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Zoledronic acid inhibits osteoclastogenesis and bone
resorptive function by suppressing RANKL-mediated NF-kB
and JNK and their downstream signalling pathways
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Abstract. Targeting excessive osteoclast differentiation and
activity is considered a valid therapeutic approach for osteopo-
rosis. Zoledronic acid (ZOL) plays a pivotal role in regulating
bone mineral density. However, the exact molecular mecha-
nisms responsible for the inhibitory effects of ZOL on receptor
activator of nuclear factor (NF)-«xB ligand (RANKL)-induced
osteoclast formation are not entirely clear. The present study
aimed to investigate the role of ZOL in osteoclast differen-
tiation and function, and to determine whether NF-«B and
mitogen-activated protein kinase, and their downstream
signalling pathways, are involved in this process. RAW264.7
cells were cultured with RANKL for differentiation into osteo-
clasts, in either the presence or absence of ZOL. Osteoclast
formation was observed by tartrate-resistant acid phosphatase
staining and bone resorption pit assays using dentine slices.
The expression of osteoclast-specific molecules was analysed
using reverse transcription-quantitative polymerase chain
reaction and western blotting assays to deduce the molecular
mechanisms underlying the role of ZOL in osteoclastogenesis.
The results showed that ZOL significantly attenuated osteo-
clastogenesis and bone resorptive capacity in vitro. ZOL also
suppressed the activation of NF-xB and the phosphorylation
of c-Jun N-terminal kinase. Furthermore, it inhibited the
expression of the downstream factors c-Jun, c-Fos and nuclear
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factor of activated T cells cl, thereby decreasing the expression
of dendritic cell-specific transmembrane protein and other
osteoclast-specific markers. In conclusion, ZOL may have
therapeutic potential for osteoporosis.

Introduction

Under normal conditions, skeletal bone mass is maintained
by the net balance between the number of bone-forming
osteoblasts and bone-resorbing osteoclasts. If either of these
bone cells undergo a change in activity, an imbalance in bone
maintenance can occur. The dysregulation of bone remodel-
ling can result in different types of skeletal diseases, such
as osteoporosis and osteopetrosis (1). Osteoporosis, a global
public health concern, is characterised by bone mass reduc-
tion and microarchitectural deterioration of bone, resulting in
increased risk of fragility fractures (2). Osteoporosis-related
fractures can cause disability, substantial pain and even death
in patients with osteoporosis (3).

Osteoclasts are unique bone-resorbing and multinucleated
giant cells derived from the fusion of hematopoietic precursor
cells of the monocyte/macrophage lineage (4). This fusion is
regulated by the fusion-related molecule dendritic cell-specific
transmembrane protein (DC-STAMP). The failure of cell
fusion can result in an increase in bone mass, as observed
in osteopetrosis (5). In addition, osteoclast differentiation
is mainly governed by two crucial cytokines: Macrophage
colony-stimulating factor (M-CSF) and receptor activator of
nuclear factor (NF)-«xB ligand (RANKL). M-CSF is constitu-
tively produced by mesenchymal cells in the bone marrow in
response to osteotropic factors; it induces the differentiation
of precursor cells into mature osteoclasts (6). RANKL is most
abundantly expressed on the cell surfaces of bone marrow
stromal cells, osteoblasts and osteocytes (7); it stimulates
the commitment of osteoclast precursors to the osteoclastic
phenotype by interacting with RANK, which is expressed in
osteoclast precursors. The RANKL/RANK interaction leads
to the recruitment of signalling adaptor molecule tumour
necrosis factor receptor-associated factor 6 (TRAF6). This
in turn triggers the activation of a series of downstream
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signalling pathways, activating all three mitogen-activated
protein kinases (MAPKSs) [c-Jun N-terminal kinase (JNK),
extracellular signal-regulated kinase (ERK) and p38], as well
as transcription factors such as NF-xB (8,9). NF-kB is a key
pleiotropic transcription factor involved in the early stages of
RANKL-induced osteoclast differentiation (10). Activation
of the NF-«B signalling pathway promotes the phosphoryla-
tion and subsequent degradation of inhibitor of kBa (IkBa),
followed by the phosphorylation and translocation of down-
stream p65 to the nucleus. In addition, MAPK activation
results in the phosphorylation of c-Jun and its binding to c-Fos
to form the essential activator protein-1 (AP-1) transcription
factor, which ultimately evokes the induction and activation of
nuclear factor of activated T cell c1 (NFATcl), a well-known
calcineurin- and calcium-regulating transcription factor that
promotes osteoclast differentiation and function (11,12). These
transcription factors consequently regulate several target
genes involved in bone matrix degradation, including tartrate
resistant acid phosphatase (TRAP), calcitonin receptor (CTR)
and RANK (13).

Bisphosphonates (BPs) are a class of antiresorptive drugs
that have a high affinity with bone. BPs are widely used
for the clinical treatment of osteoporosis, bone metastasis,
multiple myeloma, breast cancer and Paget's disease, as they
help prevent hypercalcemia, pain and pathological frac-
tures (14-16). Furthermore, they have been revealed to prevent
diabetes-induced bone loss, and can enhance bone density in
diabetic animals (17). Zoledronic acid (ZOL) is the most widely
used nitrogen-containing BP. ZOL inhibits the differentiation
and apoptosis of osteoclasts (18-20). In previous years, ZOL
has been applied in stomatology, and numerous studies have
focused on the outcomes of dental extractions in patients using
ZOL, either alone or in combination with steroids (21-23).
Data are also available regarding the outcomes of placing
dental implants in these patients (24). Numerous researchers
have concluded that ZOL can reverse the negative effects of
osteoporosis and improve the fixation and osseointegration of
dental implants, for both local and systemic treatments, and in
autologous bone grafts under osteoporotic conditions (21,25).
However, the utility of ZOL is currently limited, as it can give
rise to several side effects, one of which is termed bisphos-
phonate-related osteonecrosis of the jaw (BRONJ) (26-28).
BRONI has been associated with studies in various fields,
including general medicine, oncology, and dental, oral and
maxillofacial surgical procedures. Despite this, researchers
have reached a consensus that the benefits of BP treat-
ment generally outweigh the risks (21,29,30). Importantly,
several oral health-related risk factors, including periodontal
disease and oral infections, implants, poor oral health, tooth
extractions and dentoalveolar surgery (before and during
treatment) are considered to be triggers for BRONJ develop-
ment. However, the exact molecular pathways involved in
BRONIJ pathogenesis require further investigation (15,28,31).
Additionally, the precise molecular mechanisms of ZOL in
the treatment of osteoporosis remain unclear. Our previous
study (32) reported that ZOL may inhibit NF-kB and JNK
signalling by reducing the levels of p-IkBa, p-p65 and p-JNK
in a time-dependent manner, but the evidence showing that
ZOL blocks the RANKL-induced activation of the NF-xB
and JNK signalling pathways is insufficient. The present study

hypothesized that suppressing these signalling pathways may
be an effective therapeutic approach for treating bone loss
diseases, including osteoporosis. Therefore, the present study
further investigated the mechanisms through which ZOL
inhibits osteoclast differentiation and function in RAW264.7
cells. In particular, focus was given to its effects on the NF-xB
and JNK/c-Jun/c-Fos/NFATcl/DC-STAMP signalling axis, to
provide new strategies for the treatment of osteoporosis.

Materials and methods

Cells, reagents and antibodies. The a-modification of Eagle's
medium (o-MEM; cat.no. SH30265.01B) and fetal bovine serum
(FBS; cat. no. 10099141C) were obtained from Gibco; Thermo
Fisher Scientific, Inc. The RAW264.7 mouse macrophage
cell line (osteoclast precursor; cat. no. TIB71) was purchased
from the American Type Culture Collection. The recombinant
murine soluble RANK ligand (SRANKL,; cat. no. 315-11C) and
macrophage colony-stimulating factor (M-CSF; cat. no. 315-02)
were obtained from PeproTech, Inc. The TR AP staining kit (cat.
no. 386 A) and ZOL (cat. no. SML0223-10MG) were purchased
from Sigma-Aldrich; Merck KgaA. Specific antibodies against
IkBa (cat. no. 4812), phospho-IxBa (p-IkBa; cat. no. 2859)
(Ser32), p38 (cat. no. 8690), phospho-p38 (p-p38; cat. no. 4511)
(Thr180/Tyr182), c-Jun N-terminal kinase (JNK; cat. no. 9252),
phospho-JNK (p-JNK; cat. no. 4668) (Thr183/Tyrl85), extra-
cellular signal-regulated kinase 1/2 (ERK1/2; cat. no. 9102),
phospho-ERK (p-ERK; cat. no. 4370) (Thr202/Tyr204), p65
(cat. no. 8242), phospho-p65 (p-p65, cat. no. 3033), c-Fos (cat.
no. 2250), NFATcl1 (cat. no. 8032) and c-Jun (cat. no. 9165) were
obtained from Cell Signaling Technology, Inc. Specific anti-
bodiesagainst DC-STAMP (cat.no. MABF39-1) were purchased
from Sigma-Aldrich; Merck KgaA. Specific antibodies against
GAPDH (cat. no. AB-P-R 001) were obtained from Hangzhou
Xianzhi Biotechnology Co., Ltd., and those against Lamin Bl
(cat. no. bs-1840R) were obtained from Beijing Biosynthesis
Biotechnology Co., Ltd. Horseradish peroxidase-conjugated
goat anti-rabbit IgG secondary anti-body (cat. no. 014-090S)
was obtained from PMK Bioprimacy Co., Ltd. ECL solution
(cat. no. WBKLSO0100) was obtained from EMD Millipore.

Osteoclastogenesis. Osteoclast differentiation was performed
according to the method previously described by Chen ez al (33).
RAW264.7 cells were seeded in 96-well tissue culture plates
with a-MEM (10% FBS and 1% penicillin-streptomycin) at
a density of 1.5x10° cells/well and incubated at 37°C under
5% CO, and 95% humidity overnight. Cells were divided
into four groups as follows: i) Vehicle; ii) RANKL-only;
iii) RANKL + M-CSF and iv) RANKL + M-CSF + ZOL.
Cells were cultured for 5 days. The conditioned medium was
replaced with fresh o-MEM every 2 days, and cells were then
stained for TRAP at 37°C for 1 h using a TRAP staining kit
according to the manufacturer's protocol. TRAP* cells with
three or more nuclei were manually counted as mature multi-
nucleated osteoclasts by bright field microscopy.

Detection of osteoclast bone resorption. To detect osteoclast
bone resorption, sterile bovine bone slices (IDS Nordic) were
placed in 96-well plates in triplicate. RAW264.7 cells were
then placed onto the bovine bone slices in a-MEM complete
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medium at a density of 1.5x10° cells/well, and the medium
was replaced every 48 h. After 10 days of induction, cells
were brushed off the bone slices, and the resorption pits were
observed using a scanning electron microscope (E-1010;
Hitachi, Ltd.). Finally, the number of pits was quantified using
ImagelJ software 6.0 (National Institutes of Health) (34).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). RAW?264.7 cells were seeded onto 6-well plates at
a density of 1x10° cells/well and cultured in complete a-MEM
with 100 ng/ml RANKL. Cells were or were not treated with
1 uM ZOL at 37°C for 0, 1, 3 and 5 days. Total RNA was
extracted from the cells using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). cDNA was synthesised from
1 mg of total RNA using the PrimeScript RT reagent kit
(Takara Bio, Inc.) according to the manufacturer's protocol
and stored at -70°C until further use. gPCR was performed
using the SYBR® Premix Ex Taq™ kit (TaKaRa Bio, Inc.).
Thermocycling conditions were as follows: Initial denatur-
ation for 2 min at 95°C, followed by 40 cycles of denaturation
at 95°C for 15 sec and amplification at 60°C for 1 min and final
extension for 15 sec at 95°C, 15 sec at 60°C and 15 sec at 95°C.
The 2-*4““method was used to calculate the relative mRNA
expression, and all reactions were performed in triplicate (35).
GAPDH was used as a quantitative control for the expression
levels of each gene in all experimental groups (33). Data is
expressed as fold-change relative to the control. The refseq
of NFATc1, c-fos, DC-STAMP, TRAP, RANK, CTR, and
GAPDH were as follows: TRAP, 001102405.1; DS-STAMP,
029422 .4; RANK, AF019046.1; NFATcl, 016791.4; CTR,
001355192.1; c-fos, 010234.3; and GAPDH, 001289726.1. The
primer sequences of these osteoclast-specific markers and
GAPDH are listed in Table I.

Western blot analysis. Total protein was extracted from cells
using RIPA buffer containing 150 mM NaCl, 5 mM EDTA,
50 mM Tris-HCI, 1 mM sodium fluoride, 1 mM sodium
vanadate, 1% Triton X-100, 1% phosphatase and 1% protease
inhibitors. The protein concentrations were quantified using the
bicinchoninic acid method. Next, total protein (30 pg per lane)
was subjected to 10% SDS-PAGE and transferred to PVDF
membranes. Following transfer, membranes were blocked
with 5% non-fat milk in Tris-buffered saline containing 0.1%
Tween-20 at room temperature for 2 h. After incubation with
indicated primary antibodies [p-ERK (1:1,000), ERK (1:1,000),
p-p38 (1:1,000), p38 (1:1,000), p-IkBa (1:1,000), IxBa, (1:1,000),
p-JNK (1:1,000), INK (1:1,000), p-p65 (1:1,000), p65 (1:1,000),
NFATcl (1:1,000), c-Fos (1:600), DC-STAMP (1:800), c-Jun
(1:1,000), Lamin B1 (1:1,000) and GAPDH (1:1,000)] overnight
at 4°C, the membranes were washed and then incubated with
horseradish peroxidase-conjugated secondary antibodies diluted
at 1:10,000 for 1 h at room temperature. ECL was used to develop
a fluorescent signal. Antibody reactivity was detected using
the Gene Gnome Imaging System (Syngene Europe) and band
densities were quantified using ImageJ software 6.0 (National
Institutes of Health). Only representative blots are shown.

NFATcl reporter assay. To examine whether ZOL inhibited
NFATcl activation, RAW264.7 cells stably transfected with
a luciferase reporter construct NFATcl-Luc were seeded
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Table I. Sequences of primers used in quantitative PCR.

Primer Gene sequence (5'-3")
Mouse NFATcl

Forward GACCGAAGATACCTGGCTCG

Reverse GTCAGAAGTGGGTGGAGTGG
Mouse c-Fos

Forward CCGGTTCCTTCTATGCAGCA

Reverse GCTTGGGAAGGAGTCAGCTT
Mouse CTR

Forward GTCCAGAGTGAAAAGGCGGA

Reverse AGGGCAACTGATGAATCCGG
Mouse TRAP

Forward AAGAGATCGCCAGAACCGTG

Reverse TTCCAGCCAGCACATACCAG
Mouse DC-STAMP

Forward CCCTTGGGCTGTTCTTCCTT

Reverse AGGAATGCAGCTCGGTTCAA
Mouse RANK

Forward TTCGACTGGTTCACTGCTCC

Reverse TCAGGTGCTTTTCAGGGGAC
Mouse GAPDH

Forward GGTTGTCTCCTGCGACTTCA

Reverse TGGTCCAGGGTTTCTTACTCC

NFATcl, nuclear factor of activated T cells 1; CTR, calcitonin
receptor; TRAP, tartrate-resistant acid phosphatase; DC-STAMP,
dendritic cell-specific transmembrane protein; RANK, receptor acti-
vator of nuclear factor kB.

onto 96-well plates at a density of 1x10* cells/well. These
cells were pre-treated with 1 uM ZOL for 1 h, and then
incubated in the absence or presence of 100 ng/ml RANKL
at 37°C for 8 h. At the end of the treatments, cells were
lysed and luciferase activity was measured using Luciferase
Assay System according to the manufacturer's protocol
(Promega Corporation).

Statistical analysis. All data were collected from at least
three independent experiments. Values are expressed as the
mean + standard deviation. An unpaired Student's t-test was
used for comparisons between two groups, and one-way
ANOVA followed by Tukey's post-hoc test was used for
multiple comparisons, assessed via GraphPad Prism 6.0
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.

Results

ZOL inhibits RANKL-mediated osteoclastogenesis and bone
resorption. Increasing evidence has suggested that RANKL
and M-CSF are sufficient and necessary for the formation
and differentiation of osteoclasts (36-38). Our previous study
revealed that ZOL had no cytotoxic effects on RAW264.7 cells
at the concentrations used in the present study (32). The present
study confirmed that RAW264.7 cells differentiated into
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Figure 1. Inhibition of RANKL-induced osteoclast formation and bone resorption in RAW264.7 cells by ZOL. Images showing (A) TRAP staining and
(B) bone resorption pits (indicated by white arrows). Scale bars: (A) 200 gm and (B) 500 ym. (C) RANKL-induced formation of TRAP* multinucleated
osteoclasts. (D) Determination of number of resorption pits. #P<0.01 vs. vehicle group and “P<0.01 vs. RANKL-only group. ZOL, zoledronic acid; TRAP,
tartrate-resistant acid phosphatase; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor-xB ligand.

TRAP* multinucleated osteoclasts (Fig. 1A) and subsequently
displayed enhanced bone resorptive function (Fig. 1B) in the
presence of RANKL. However, no significant difference was
observed between the RANKL and RANKL + M-CSF groups.
Therefore, RAW264.7 cells were cultured in the presence of
100 ng/ml RANKL (with no M-CSF) for subsequent experi-
ments. The effects of ZOL on osteoclast differentiation and
resorption pit formation were then investigated. Pre-treatment
with ZOL strongly inhibited the RANKL-induced formation of
TRAP* multinucleated osteoclasts (Fig. 1A) and bone-resorbing
pits (Fig. 1B). The numbers of osteoclasts (Fig. 1C) and resorp-
tion pits (Fig. 1D) were both significantly reduced following
incubation with 1 yM ZOL. These findings convincingly
demonstrated that ZOL inhibits the fusion of osteoclast precur-
sors and the bone-resorbing activity of mature osteoclasts.

ZOL inhibits the expression of osteoclast-specific markers.
The effects of ZOL on osteoclast-specific markers were
further explored by analysing the mRNA expression levels of
RANK, TRAP and CTR in the absence or presence of ZOL.
The stimulation of RAW264.7 cells with RANKL markedly
induced the expression of these osteoclast marker genes. By
contrast, treatment with ZOL after 3 days of RANKL stimu-
lation markedly suppressed the mRNA expression levels of

RANK, TRAP and CTR (Fig. 2). These results are consistent
with the previous finding that ZOL inhibits osteoclastogenesis
and bone resorption.

Effect of ZOL on RANKL-induced NF-kB activation. The
NF-«kB pathway plays a vital role in RANKL-induced osteo-
clastogenesis. To investigate the molecular mechanism by
which ZOL suppresses the proteins associated with osteoclast
differentiation, the present study first focused on the effect of
ZOL on NF-xB activation by analysing the phosphorylation
of IxkBa (the inhibitor of NF-kB) and the phosphorylation and
translocation of p65, all of which are critical steps in NF-xB
activation. The rapid phosphorylation of IkBa and the p65
subunit was detected in RAW264.7 cells treated with RANKL,
indicating that the NF-«B pathway was activated. However,
ZOL downregulated the RANKL-induced phosphorylation
of IxBa, while upregulating the level of non-phosphorylated
IxBa. Similarly, RANKL-induced phosphorylation of p65 was
attenuated by ZOL in a dose-dependent manner (Fig. 3A-D).
To further confirm this finding, the nuclear translocation of
p65 was assessed by western blotting of cytosolic and nuclear
extracts, which revealed that RANKL treatment increased p65
levels in nuclear extracts. By contrast, treatment with ZOL,
followed by stimulation with RANKL, inhibited the nuclear
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Figure 2. Inhibition of RANKL-induced expression of osteoclastic marker genes by ZOL. (A) CTR, (B) RANK and (C) TRAP. "P<0.05,”P<0.01 vs. RANKL-only
group. ZOL, zoledronic acid; RANKL, receptor activator of nuclear-kB ligand; CTR, calcitonin receptor; TRAP, tartrate-resistant acid phosphatase.
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Figure 3. Inhibition of RANKL-induced NF-«B activity by ZOL. (A) RAW264.7 osteoclast precursors treated with RANKL for 30 min following pre-treatment
with ZOL (0, 0.1, 1, or 5 uM) for 4 h. Band intensity ratios of (B) p-IkBa/GAPDH, (C) IxkBa/GAPDH and (D) p-p65/p65. Expression levels of p65 in (E) cyto-
plasmic and (F) nuclear extracts, as analysed via western blotting. Band intensity ratios of (G) p65/GAPDH and (H) p65/Lamin B1. “P<0.05 vs. vehicle group
and "P<0.05 vs. RANKL-only group. ZOL, zoledronic acid; RANKL, receptor activator of nuclear factor-«B ligand; p-IxBo, phosphorylated inhibitor of kBa.

translocation of p65 (Fig. 3E-H). These results suggested that ~ ZOL inhibits RANKL-induced JNK phosphorylation. MAPKs
the inhibitory effects of ZOL on RANKL-induced osteoclast are located downstream of TRAF6 signalling complexes
differentiation and bone resorption may occur in part due to  and play a significant role in RANKL-mediated osteoclast
inhibition of the NF-kB pathway. differentiation (39). Therefore, the effects of ZOL on MAPK
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Figure 4. Suppression of RANKL-induced JNK signalling by ZOL. (A) RAW264.7 osteoclast precursors treated with RANKL for 30 min following pre-
treatment with ZOL (0, 0.1, 1, or 5 M) for 4 h. Band intensity ratios of (B) p-ERK/ERK, (C) p-p38/p38 and (D) p-JINK/INK. “P<0.05 vs. vehicle group; "P<0.05
and “P<0.01 vs. RANKL-only group. ZOL, zoledronic acid; RANKL, receptor activator of nuclear factor-kB ligand; JNK, c-Jun N-terminal kinase; ERK1/2,

extracellular regulated protein kinases.

family proteins were examined. Treating RAW264.7 cells
with RANKL increased the phosphorylation of p38, JNK
and ERK. By contrast, ZOL treatment downregulated JNK
phosphorylation in a dose-dependent manner. However,
the phosphorylation of the p38 and ERK proteins was not
significantly affected by ZOL (Fig. 4). These results suggested
that ZOL suppresses RANKL-induced JNK phosphorylation
during osteoclast differentiation.

ZOL suppresses RANKL-induced downstream expression
of c-Jun, c-Fos and NFATcl. As ZOL can suppress
RANKTL-induced activation of JNK and NF-kB during osteo-
clastogenesis, the ability of ZOL to inhibit the downstream
expression of c-Jun, NFATcl and c-Fos was further explored.
The expression of c-Jun, which is downstream of JNK, was
increased in RANKL-stimulated RAW264.7 cells and was
reduced significantly by exposure to ZOL. Consistent with
aforementioned results, the mRNA and protein expression
levels of c-Fos and NFATcl both increased from the first day
of RANKL treatment. However, ZOL treatment significantly
reduced the RANKL-induced mRNA and protein expression
of these two transcription factors (Fig. SA-J). Furthermore,
a luciferase reporter assay revealed that the transcriptional
activity of NFATcl signalling was also significantly inhib-
ited by ZOL treatment (Fig. 5K). Collectively, these results
suggested that ZOL targets the upstream kinase to inhibit the
expression of downstream functional transcription factors.

ZOL negatively regulates RANKL-induced expression of
fusion-related molecules DC-STAMP. Cell-cell fusion is
crucial for the formation of osteoclasts, and fusion-related
molecule DC-STAMP is involved in this process (38). To
determine whether the suppressive effect of ZOL on osteoclast
differentiation and bone resorption arose from the inhibition
of cell-cell fusion, DC-STAMP expression was examined

using qPCR and western blot analyses. The results indicated
that RANKL-induced protein expression of DC-STAMP was
significantly inhibited by ZOL compared with the RANKL
control (Fig. 6A and B). ZOL treatment also suppressed
the RANKL-induced mRNA expression of DC-STAMP
(Fig. 6C). These results indicated that the inhibitory effect of
ZOL on the RANKL-induced expression of DC-STAMP may
also suppress RANKL-induced osteoclast differentiation and
bone resorption.

Discussion

Osteoclasts are known to mediate physiological bone
remodelling during tooth eruption, bone growth and fracture
healing (40,41). Notably, to date, no endogenous factors other
than RANKL have been found to induce osteoclast formation
without RANKL participation. Additionally, M-CSF is vital
for providing osteoclast precursor cells with proliferation and
survival signals, and increasing RANK expression, which is
a prerequisite for the differentiation and function of osteo-
clasts (3). However, no significant difference was here observed
between the RANKL and RANKL + M-CSF groups during
osteoclast differentiation in RAW?264.7 cells. Therefore, in the
follow-up study, the RANKL-induced osteoclast differentiation
platform was adopted to examine the effect of ZOL on osteoclast
formation in RAW264.7 cells. The results of the present study
revealed that ZOL significantly inhibited RANKL-induced
osteoclastogenesis without any cytotoxic effects. Bone resorp-
tion is known to occur in conjunction with osteoclastogenesis.
The present study confirmed that ZOL significantly suppressed
both mature osteoclast formation and bone resorptive func-
tion. These findings partly explain the effectiveness of ZOL in
treating bone-destroying skeletal diseases.

The role of NF-«B in osteoclastogenesis and bone homeo-
stasis has been widely investigated (42). NF-kB-knockout mice
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have shown defects in osteoclast differentiation and severe
osteopetrosis (39). In addition, in an unstimulated state, NF-xB
exists in the cytoplasm as a complex with IkB, an inhibitory
protein. When the NF-«xB signalling pathway is activated by
RANKL, IkB is phosphorylated and degraded. The p65/p50
heterodimer then translocates to the nucleus, thereby acti-
vating the transcription of osteoclastogenesis-related genes.
In the present study, western blot analysis revealed that the
suppressive effect of ZOL on osteoclastogenesis was depen-
dent on the NF-«xB signalling pathway. NF-kB signalling in
RAW264.7 cells was activated by RANKL treatment but was

suppressed by ZOL treatment. In particular, pre-treatment with
ZOL markedly attenuated RANKL-induced NF-«B activation
by inhibiting IxBa degradation and the phosphorylation and
nuclear translocation of p65 in RAW264.7 cells. These results
suggested that ZOL inhibits RANKL-induced osteoclast
differentiation by blocking NF-kB activation.

Downstream of RANKL/RANK signalling, JNK, p38 and
ERK have been implicated as prominent regulators of various
cellular responses, such as apoptosis, differentiation and cell
proliferation (43,44). Specifically, RANKL-activated MAPKs
play vital roles in osteoclastogenesis. Thus, they are essential
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molecular targets for therapeutic applications in inflammatory
bone diseases (33,45,46). The inhibition of p38, ERK and INK
can disturb RANKL-induced osteoclastogenesis (11,47,48). In
the present study, the effects of ZOL on the MAPK signal-
ling pathway were investigated, demonstrating that ZOL
significantly inhibited the phosphorylation of JNK, but did not
significantly inhibit ERK or p38 signalling in RAW264.7 cells.
The significance of JNK signalling in osteoclastogenesis has
been previously reported. The activated JNK phosphorylates
c-Jun and c-Fos bind to form heterodimers of AP-1, a crucial
transcription factor during osteoclast differentiation (49).
NFATcl is another transcription factor that plays a crucial role
in osteoclast formation by upregulating several genes respon-
sible for osteoclast acidification, migration and adhesion, and
for the degradation of inorganic and organic bone matrix (50).
NFATcl-deficient embryonic stem cells cannot form mature
osteoclasts via RANKL exposure, and the overexpres-
sion of NFATcl in osteoclast precursors induces osteoclast
differentiation (39,51). The results presented in the current
study revealed that ZOL treatment not only suppressed JNK
phosphorylation, but also downregulated c-Jun levels. It was
also identified that ZOL treatment reduced RANKL-induced
NFATcl activation in a luciferase activity assay, which is
consistent with the evidence demonstrating that the stimulation
of RAW264.7 cells with RANKL significantly upregulated the
mRNA and protein expression levels of c-Fos and NFATcl,
and this effect could be significantly suppressed by ZOL treat-
ment. Additionally, the present study demonstrated that ZOL
suppressed the expression of specific phenotypic markers,
including TRAP, RANK and CTR. This indicated that the
JNK/c-Jun/c-Fos/NFATc1 signalling axis may be involved in
the inhibitory effects of ZOL on osteoclast differentiation.

In osteoclast precursors, RAW264.7 cells first proliferate
and are then induced to become TRAP* mononuclear cells,
which are termed preosteoclasts. These preosteoclasts then fuse
together under the regulation of the fusion-related molecule
DC-STAMP to form mature osteoclasts, and cell-cell fusion
determines osteoclast size and initiates osteoclast bone resorp-
tive activity (52). Without fusion-related molecules, RAW264.7
cells will only proliferate. After the effects of these molecules,
RAW264.7 cells were found to preferentially differentiate into
osteoclasts instead of proliferating. An anti-DC-STAMP mono-
clonal antibody has been reported to strongly inhibit osteoclast
formation in vitro (53). Furthermore, DC-STAMP-deficient
cells cannot differentiate into multinucleated osteoclasts and

suffer from impaired bone resorptive function (54). As the
expression of DC-STAMP is induced by RANKL/RANK
signalling (38), it was hypothesized in the present study that
DC-STAMP may also be involved in the inhibitory effects
of ZOL on osteoclast differentiation. The data of the present
study revealed that ZOL treatment reduced the expression of
DC-STAMP at both the protein and mRNA levels. Therefore,
ZOL may suppress both RANKL-mediated osteoclastogenesis
and bone resorptive capacity by downregulating the expres-
sion of DC-STAMP.

As the RANKL/RANK pathway plays a key role in the
pathological processes that induce bone loss, RANKL-targeted
therapy is a valid approach for treating osteoporosis. In addi-
tion to the results of the present study, it has been previously
demonstrated that the inhibiting effect of ZOL is involved in the
RANKL/RANK pathway (19,55). Denosumab, another effec-
tive medication for osteoporosis, is a fully human monoclonal
anti-RANKL antibody that has high affinity and specificity
for RANKL. However, whether denosumab is a valid alter-
native for patients unable to receive standard adjuvant i.v.
ZOL remains controversial. Lee et al (56) conducted a large
population-based cohort study using claims data (2010-15)
from two large US commercial insurance databases to explore
ocular outcomes in patients with osteoporosis in whom treat-
ment was initiated with either ZOL or denosumab. It was
identified that initiation of denosumab decreased osteoclast
activity and exerted a prolonged effect on calcium metabolism,
leading to decreased calcium deposition in the lens and lower
likelihood of necessary cataract surgery compared with that
of ZOL, but that the risk of age-related macular degeneration
was similar between the two drugs. Kondo et al (57) suggested
that sequential therapy using ZOL could suppress decreases
in bone mineral density and increase of bone turnover marker
if the period of denosumab administration was <3 years.
Mori et al (58) used a simulation model to evaluate the effec-
tiveness and cost of two treatment strategies. It was found that
annual i.v. ZOL was more economical than biannual subcu-
taneous denosumab followed by weekly oral alendronate for
3 years. Notably, both ZOL and denosumab have been associ-
ated with BRONJ. Ikesue et al (59) evaluated the association
between clinical characteristics and development of BRONJ
in patients who underwent dental examinations before the
initiation of treatment with denosumab or ZOL. The data
suggested that BRONJ caused by denosumab resolves faster
than that caused by ZOL. It was also reported that switching
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from ZOL to denosumab markedly increased the risk of
developing BRONI in patients with bone metastases (60). That
is likely due to ZOL having high affinity for bone hydroxy-
apatite, thus leading to prolonged drug action and excessive
toxic effects. In general, it remains unknown which treatment
strategy exhibits improved value from economic and health
perspectives. In particular, comprehensive guidelines claim
that there is insufficient evidence for recommending one of
these bone-targeting drugs over another for the treatment of
metastatic bone disease (61). Therefore, the clinical utilities of
these two drugs require further exploration.

Accumulating evidence has indicated that ZOL inhibits
osteoclast differentiation in vitro by affecting various signal-
ling pathways. For example, evidence has indicated that
ZOL acts by inhibiting farnesyl pyrophosphate synthase
in the HMGA-CoA reductase pathway, also known as the
mevalonate pathway (62-64). In addition, certain previous
studies have indicated that ZOL suppresses the non-
canonical Wnt/Ca®*/calmodulin-dependent protein kinase IT
pathway (65,66). Certain studies have also demonstrated that
ZOL is involved in the RANKL/RANK pathway. Specifically,

Panetal (67) revealed that ZOL inhibits recruitment and osteo-
clastogenesis by significantly reducing the protein expression
of transmembrane RANKL. It was also found that it does not
markedly affect RANKL gene expression in osteoblast-like
cells. Thus, there are conflicting results regarding the effects
of ZOL on RANKL. In addition, Kimachi ez al (55) reported
that ZOL hinders osteoclast differentiation by inhibiting
RANK expression and the migration of RAW264.7 and bone
marrow cells; it was hypothesized that the inhibitory effects
of ZOL on RANK expression may be associated with the
inhibition of the NF-kB pathway. Cheng et al (68) further
confirmed that ZOL modulates osteoclast apoptosis through
activation of the NF-«kB signalling pathway using an ovari-
ectomised rat model. Furthermore, ZOL has been reported to
inhibit the NF-kB pathway by promoting the deubiquitination of
TRAFG6 (19). Our previous study also reported that ZOL reduces
the levels of p-IkBa, p-p65 and p-JNK at different time points
following RANKL exposure in RAW264.7 cells (32). In the
present study, the expression levels of these signaling pathways
were also found to be suppressed in a concentration-dependent
manner. To the best of our knowledge, the present study also
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revealed for the first time that ZOL inhibits the nuclear transloca-
tion of p65 and the levels of the downstream factors c-Jun, c-Fos
and NFATcl, thus decreasing the expression of the fusion-related
molecule DC-STAMP and other osteoclast-specific markers in
RAW?264.7 cells. To a certain extent, the present data confirmed
the previous conclusion that NF-xB and JNK signalling
pathways may be involved in the inhibitory effects of ZOL on
osteoclastogenesis.

However, the present study has several limitations. First,
the effects of ZOL on other cell types, such as osteocytes and
osteoblasts, need to be revealed through future investigations.
Second, the findings of the present study need to be validated
by additional assays. For example, luciferase activity assays
could be used to further verify the activation of downstream
factors; the findings could then be compared to establish their
consistency with the present evidence. In addition, molecular
docking assays could be performed to determine whether the
expression of the gene encoding the osteoclast differentiation
marker can be silenced by ZOL. In conclusion, the results of the
present study demonstrated that ZOL suppressed both osteo-
clast formation and bone resorption in vitro. Mechanistically,
the study confirmed that the inhibitory effects of ZOL occur via
the inhibition of JNK and NF-«kB activation, thus decreasing
the downstream expression of c-Jun, c-Fos and NFATcl. This
subsequently reduces the expression of the fusion-related
molecule DC-STAMP, as well as other osteoclastic marker
genes (Fig. 7). These results highlight the potential usefulness
of ZOL in preventing osteoclast formation and provide further
insights into the mechanism of action of ZOL in this context.
Therefore, ZOL may be a potential target for the treatment
of osteoclast-related diseases such as osteoporosis, and thus
warrants further study.
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