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Abstract. Zoledronate is one of the most potent 
nitrogen‑containing bisphosphonates which has been demon-
strated to result in osteoblast apoptosis and impact osteogenic 
differentiation in vitro. This effect of Zoledronate on osteoblasts 
may partially explain bisphosphonate‑associated osteonecrosis 
of the jaw, a serious complication associated with treatment 
with bisphosphonates. Apoptosis repressor with caspase 
recruitment domain (ARC) is a multifunctional inhibitor of 
apoptosis that is physiologically expressed predominantly in 
post‑mitotic cells such as cardiomyocytes, neurons and skeletal 
muscle cells. However, its effect on human osteoblasts remains 
unclear. The current study aimed to investigate the effects 
of ARC on human osteoblasts under the treatment of high 
concentrations of Zoledronate. ARC‑overexpressed human 
osteoblasts were established and were exposed to Zoledronate 
with different concentrations (0, 1 and 5 µM) in vitro. Cell 
numbers were detected using the MTT assay, and flow cytom-
etry was used to identity cell apoptosis. Alkaline phosphatase 
staining, quantitative analysis and ectopic osteogenesis in 
nude mice were used to evaluate the osteogenic differentiation 
of ARC‑overexpressed osteoblasts. It was observed that 

ARC is able to reverse the inhibitory effect of Zoldronate on 
osteoblasts. ARC is additionally able to promote osteogenic 
differentiation of osteoblasts and inhibit their apoptosis. These 
observations suggest a critical role for ARC in the regulation 
of human osteoblasts under Zoledronate treatment.

Introduction

Bisphosphonates are currently the most widely used drugs for 
anti‑resorptive therapy, and have been used for the treatment 
of metabolic bone diseases with increased bone resorp-
tion (1). Bisphosphonates represent a family of pyrophosphate 
analogues in which the oxygen linking the phosphates has been 
replaced by carbon. There are two major classes of bisphospho-
nates, the non‑nitrogen‑containing and nitrogen‑containing, 
which have different molecular mechanisms of action  (2). 
Among the currently used bisphosphonates, Zoledronate has 
been identified as one of the most potent nitrogen‑containing 
bisphosphonates. Zoledronate can cause caspase‑associated 
apoptosis in numerous cell types  (3). It has been demon-
strated that continuous exposure of osteoblasts to high‑doses 
of Zoledronate can result in caspase‑associated apoptosis 
of osteoblasts and thus inhibits osteoblasts function and/or 
survival (4). Short‑term treatment with micromolar concentra-
tions of Zoledronate may lead to a reductions of proliferation, 
mineralization, viability and alkaline phosphatase (ALP) 
activity in osteoblastic cell lines (5). Notably, based the results 
of a previous study, Zoledronate was identified to inhibit 
human osteoblast proliferation and osteogenic differentiation 
and lead to the apoptosis of osteoblasts in vitro (6).

Apoptosis repressor with caspase domain (ARC), also 
termed nol3, is an endogenous inhibitor of cell death that is 
highly expressed in cardiomyocytes, skeletal muscle cells and 
neurons in physiological conditions (7‑9). It is able to inhibit 
extrinsic and intrinsic apoptosis pathways, and the mecha-
nism of action includes inhibition of Fas‑FADD binding and 
assembly of the death‑inducing signaling complex, suppres-
sion of the activation of caspase‑2 and caspase‑8 and blocking 
of Bax activation (10‑12). Elevated expression of ARC has 
been demonstrated to inhibit various modalities of apoptotic 
cell death signaling, while conversely loss of ARC sensitizes 
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cells to apoptosis. However, it remains unclear whether this 
inhibitory effect of Zoledronate on osteoblasts can be reversed 
by ARC.

In the present study, the effect of ARC on anti‑apoptosis 
of human osteoblasts was investigated under the treatment of 
high concentrations of Zoledronate. In addition, the effect of 
regulation of ARC was investigated on cell growth, osteogenic 
differentiation and new bone formation ability in osteoblast 
cells derived from the human jaw. It was identified that ARC 
was able to reverse the inhibitory effect of Zoledronate on 
osteoblasts, leading to an increase in the cell survival ability 
and osteogenic differentiation of human osteoblasts, and a 
reduction in apoptosis. The results of the current study may 
provide a novel strategy for the treatment of the side effects of 
Zoledronate on osteoblasts.

Materials and methods

Cell isolation and culture. The primary human osteoblasts 
were isolated and cultured as previously described (13). The 
sequential enzyme digestion method was used to obtain osteo-
blastic cells from excised alveolar bones of patients undergoing 
tooth extraction. The excised alveolar bones were first treated 
with 0.25% trypsin for 10 min, and digested by 0.2% collage-
nase type II for 30 min and then 0.2% collagenase type II for 
60 min. The 0.25% trypsin was diluted by phosphate‑buffered 
saline (PBS) and the 0.2% collagenase type II was diluted by 
Hank's balanced salt solution. Step one and step two digests 
were not used and the last digested cells were resuspended 
in Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc. Waltham, MA, USA). Fetal 
bovine serum (10%; GE Healthcare Life Sciences, Logan, 
UT, USA), 100 U/ml streptomycin, 100 U/ml penicillin and 
2 M L‑glutamine (Sigma‑Aldrich, St. Louis, MO, USA) were 
added into the DMEM. Cells were cultured in a humidified 
atmosphere of 37˚C and 5% CO2 for 2‑4 days. Upon reaching 
confluence, cells were passaged for expansion and the second 
or third passages were used for the subsequent experiments. 
Each experiment was repeated 3 times using 3 different osteo-
blast strains isolated from 3 patients.

Lentiviral packaging and osteoblast transduction. For 
lentivrial packaging, human embryonic kidney  293T 
(HEK293T) cells were cultured in 10‑cm dishes until 90‑95% 
confluence. Recombinant virus plasmid pLV‑nol3‑enhanced 
green f luorescent protein (EGFP) and control vectors 
pLV‑EGFP, together with packaging plasmids (pLP1, pLP2 
and pLP/VSVG), were co‑transfected into HEK293T cells 
using Lipofectamine™ 2000 (all from Genechem Co., Ltd., 
Shanghai, China).

Subsequent to 48 h of transduction, the supernatant of 
HEK293T cells which containing lentiviral particles was 
harvested and concentrated by passing through a 0.45‑µm filter. 
The concentrated lentiviral solutions of pLV‑nol3‑EGFP and 
pLV‑EGFP were then added into cultured human osteoblasts 
at a variety of multiplicity of infections ranging from 0‑100. 
After 72 h, expression of EGFP was detected via fluorescence 
microscopy. Reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) and western blotting were used to 
analysis nol3 gene expression.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide  
(MTT) assay. The MTT assay was used to detect the number 
of viable cells which may further infer cell survival ability. 
Briefly, cells were seeded on a 96‑well plate at a density of 
5x103 cells/well and were cultured for 1, 3, 5 and 7 days with 
fresh medium supplemented with various concentrations (0, 
1 and 5 µM) of Zoledronate. At each time point, cells were 
washed twice with PBS and then incubated in 100 µl DMEM 
supplemented with MTT (5 mg/ml) for 4 h. Dimethyl sulfoxide 
were added into each well to dissolve the formazan crystals 
subsequent to removing the previous medium. The absorbance 
was read at the wavelength of 490 nm by a microplate reader 
(BioTek Instruments, Inc., Winooski, VT, USA) according to 
the manufacturer's instructions.

ALP staining and ALP activity assay. Cells were seeded at a 
density of 25,000 cells/well on 24‑well plates and were treated 
with different concentrations (0, 1 and 5 µM) of Zoledronate for 
7 and 14 days. For ALP staining, cells were washed twice with 
PBS and then fixed with paraformaldehyde. After 15 min at 4˚C, 
paraformaldehyde was removed and cells were washed twice 
again with PBS and 5‑bromo‑4‑chloro‑3'‑indolyphosphate 
p‑toluidine salt/nitro‑blue tetrazolium chloride solution 
(Beyotime Institute of Biotechnology, Shanghai, China) were 
added into each well, then incubated in the dark. Bicinchoninic 
acid assay (BCA) protein assay kit (Beyotime Institute of 
Biotechnology) were used to detect the ALP activities. ALP 
activities were normalized to total protein content and were 
expressed as percentage of total protein.

Cell apoptosis detection. Cells were treated with different 
concentrations of Zoledronate for 3 days, then the supernatant 
and adherent cells were collected for cell apoptosis analysis 
using centrifugation at 1,500 x g for 10 min at 4˚C. The BD 
Pharmingen™ APC Annexin V Apoptosis Detection kit (BD 
Biosciences, Franklin Lakes, NJ, USA) was used according 
to the manufacturer's instructions. Cells were washed twice 
with PBS and then suspended in 500  µl  binding buffer, 
5 µl Annexin V‑APC and 1 µl propidium iodide (PI) solution 
were added into the binding buffer and incubated for 15 min in 
the dark at 37˚C. Cell apoptosis was analyzed by flow cytom-
etry.

Gene expression analyzed by RT‑qPCR. Cells were cultured 
under different concentrations of Zoledronate for 7 days, total 
RNA was extracted by TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and then reverse transcribed to cDNA 
with PrimeScript RT reagent kit (Takara Bio, Inc., Otsu, 
Japan). Specific gene primers were synthesized commercially 
and their sequences are listed in Table I. The Bio‑Rad iQ5 
real‑time PCR system (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA) and 10 µl SYBR Premix Ex Taq kit (Takara Bio, 
Inc.) were used to amplify 1 µl cDNA (in a reaction mixture 
with 0.5 µl each primer and 8 µl distilled water) and detect 
gene expression of ALP, bone sialoprotein (BSP), osteocalcin 
(OCN) and runt‑related transcription factor 2 (Runx2). The 
thermocycling conditions were as follows: 95˚C for 5 min; and 
40 cycles of 95˚C for 10 sec, 60˚C for 30 sec. All relative gene 
expression values were normalized to β‑actin based on the 
2‑ΔΔCq method (14).
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Western blot analysis. For the western blot assay, cells 
were collected subsequent to being treated with different 
concentrations of Zoledronate for 7  days, and then they 
were lysed with a protein extraction reagent containing 
protease inhibitor cocktail, phosphatase inhibitor cocktail 
and phenyl‑methanesulfonylfluoride (Shanghai Qianchen 
Technology Co., Ltd., Shanghai, China). The obtained protein 
concentrations were measured using the BCA protein assay 
kit (Beyotime Institute of Biotechnology) according to the 
manufacturer's instructions. Equal amounts (36 µg) of protein 
from different samples were separated on sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene difluoride membranes. Membranes 
were incubated overnight at 4˚C with the following primary 
antibodies: Rabbit anti‑human ARC (1:1,000; Bioworld, 
Technology, Inc., St. Louis Park, MN, USA; cat. no. BS1018), 
rabbit anti‑human cleaved caspase‑3 (1:1,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA; cat. no. 9664) and rabbit 
anti‑human OCN (1:1,000; Cell Signaling Technology, Inc.; 
cat. no. 2890). Finally the membranes were visualized with 
horseradish peroxidase‑conjugated goat anti‑rabbit (Beyotime 
Institute of Biotechnology, Inc.) using the ECL Plus reagents 
(Amersham Pharmacia Biotech, USA) by UVItec Alliance 4.7 
gel imaging system.

In‑vivo osteogenic differentiation analysis. Cells were 
treated with 0 and 1 µM Zoledronate for 3 days, seeded 
into calcium phosphate cement (CPC) constructs and then 
implanted subcutaneously into nude mice. A total of 8 male 
nude mice (BALB/c‑nu; weight, 30‑50  g; age, 4  weeks) 
were obtained from Shanghai SLAC Animal Laboratory 
Co., Ltd. (Shanghai, China), maintained under specific 
pathogen‑free conditions and used in the experiment. The 
mice were housed separately with access to sterilized 
food and autoclaved water ad  libitum. The environment 
was maintained at 24˚C, 35‑40% humidity with a 14/10‑h 
light/dark cycle. For each mouse, four dorsal subcutaneous 
pockets were made and one CPC construct was inserted into 
each pocket. A total of 32 constructs were divided into four 
groups: Group A, CPC/OB‑nol3 0 µM Zoledronate (n=8); 
group B, CPC/OB‑con 0 µM Zoledronate (n=8); group C, 
CPC/OB‑nol3 1  µM Zoledronate (n=8); and group  D, 
CPC/OB‑con 1 µM Zoledronate (n=8). After 10 weeks, the 
mice were sacrificed by cervical dislocation and the implants 

were removed, decalcified, paraffin‑embedded, sectioned 
and hematoxylin and eosin‑stained.

Photomicrographs were captured using a light microscope 
(Olympus Corporation, Tokyo, Japan) and Image Pro 5.0 soft-
ware (Media Cybernetics, Inc., Rockville, MD, USA) was used 
to perform histomorphological analysis. New bone formation 
was defined as the percentage of observed new bone area in 
the entire implant (15). All of the animal and experimental 
protocols were approved by the Animal Research Committee 
of the Ninth People's Hospital Affiliated to Shanghai Jiao Tong 
University School of Medicine.

Statistical analysis. Results were expressed as mean ± stan-
dard deviation. Independent sample t‑tests were performed 
using SPSS software, version 11.0 (SPSS, Inc., Chicago, IL, 
USA) to determine statistically significant results. P<0.05 was 
considered to indicate a statistically significant difference.

Results

ARC is stably expressed in human osteoblasts and can promote 
cell survival. The ARC‑overexpressed osteoblasts were consid-
ered as the experimental groups and the empty vector transfected 
osteoblasts as the control groups. Three days subsequent to 
lentiviral infection, >70% of osteoblasts were EGFP‑positive as 
assessed by fluorescence microscopy (Fig. 1A). ARC expression 
in transfected osteoblasts was additionally detected by RT‑qPCR 
and western blotting. As presented in Fig. 1B and C, ARC RNA 
and protein expression levels were significantly increased in 
ARC‑overexpressed human osteoblasts when compared with 
the control group. In different concentrations of drug‑treated 
ARC‑overexpressed osteoblast groups, they both revealed 
significant increases in cell numbers in comparison with control 
groups from day 3‑7 (P<0.05). The 0 and 1 µM‑treated osteo-
blasts exhibited a continuous increase in growth and reached 
the plateau stage between days 5 and 7 in the ARC and control 
groups. In the 5 µM‑treated groups, cell numbers were reduced 
from day 2 and the control group reduced more rapidly (Fig. 1C).

ARC inhibits apoptosis of human osteoblasts. High concentra-
tions of Zoledronate lead to apoptosis of osteoblasts. In the 
current study, it was identified that ARC was able to reverse 
this effect and reduce cell apoptosis (Fig. 2). After 3 days of 
Zoledronate treatment, the percentages of apoptotic cells 

Table I. Sequences of the primers used for reverse transcription‑quantitative polymerase chain reaction.

Genes	 Forward primer	 Reverse primer

Actin	 TGAAGTGTGACGTGGACATC	 GGAGGAGCAATGATCTTGAT 
ARC	 ACAGCCTTGGGAAGTGAGAC	 GTCCAGAGAGAAGCCAGACAA
OCN	 GCGAGACATCAAGGAGAAGC	 CCAATAAAGGAAGGCTGGAA
ALP	 TCAAGCCAAACACAAACAGC	 GGAGCCACAATCCAGTCATT
BSP	 AAGGACGCTGGGAAATCTGT	 GGGCATCTCGTTGTCTGAGT
Runx2	 GAAGAGGAGGAGGAAGAAGAGG	 TCCATAGCCCAGTGTTGTAGC

ARC, apoptosis repressor with caspase recruitment domain; OCN, osteocalcin; ALP, alkaline phosphatase; BSP, bone sialoprotein; Runx2, 
runt‑related transcription factor 2.
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(including the early and later stages) were significantly reduced 
in ARC‑overexpressed groups compared with the control 
groups (P<0.05; Fig. 2B). In the 0 µM drug‑treated groups, the 
apoptosis percentages were 3.87 and 2.83% in control cells 
and ARC‑overexpressed cells, respectively. Cell apoptosis 
percentages were increased to 13.35 and 8.15% in the 1 µM 
treatment groups and 26.96 and 17.4% in 5 µM treatment groups, 

respectively (Fig. 2A). The results of the western blot analysis 
identified a reduced production of the apoptosis marker protein 
cleaved‑caspase‑3 in ARC‑overexpressed groups (Fig. 2C).

ARC promotes osteogenic differentiation of human osteoblasts. 
At day 7 post‑Zoledronate treatment, ARC‑overexpressed cells 
demonstrated stronger ALP‑positive staining compared with 

Figure 1. ARC overexpression in human osteoblasts by stable transduction and it can enhance survival of human osteoblasts. (A) The fluorescence microscopy 
detection of enhanced green fluorescent protein‑positive human osteoblasts on day 3 subsequent to lentiviral infection (magnification, x100). (B) ARC mRNA 
and (C) protein expression levels were increased significantly in ARC‑overexpressed cells compared with control cells. ****P<0.0001 vs. control group. (D) Cell 
numbers [as measured by the 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay] were significantly higher in ARC‑overexpressed human 
osteoblasts compared with empty vector‑transfected controls under 0, 1 and 5 µM concentrations of Zoledronate. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
vs. empty vector‑transfected control groups. ARC, apoptosis repressor with caspase recruitment domain; OB, osteoblast; con, control; nol, Zoledronate.

  A

  B   C

  D
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control cells (Fig. 3A). In the 0 µM‑treated group, ALP activity 
in the ARC‑overexpressed cells increased to 112% of that of the 
control cells. In the 1 and 5 µM‑treated groups, ALP activity 
was significantly increased to 136 and 118%, respectively 
(Fig. 3B). Subsequent to 14 days of Zoledronate treatment, cell 
survival was 0% in the 1 and 5 µM‑treated groups. However, 
the 0 µM‑treated ARC‑overexpressed cells exhibited stronger 
ALP‑positive staining compared with control cells (Fig. 3C) and 
the ALP activity increased to 132% of that of the control cells 
(Fig. 3D). RT‑qPCR results indicated a high expression level of 
ALP, BSP, OCN and Runx2 genes in ARC‑overexpressed cells 
(Fig. 3E) and western blot analysis confirmed high expression 
levels of OCN in ARC‑overexpressed osteoblasts (Fig. 3F).

In vivo osteogenic potential of ARC overexpressed osteoblasts 
and control osteoblasts. At 10 weeks subsequent to implanta-
tion, histological examinations were conducted for four groups 
under light microscopy. In osteoblasts treated with 0 and 1 µM 
Zoledronate, increased new bone formation was observed in 
the CPC/OB‑nol3 groups in comparison with CPC/OB‑con 
groups, respectively (Fig. 4A). Histomorphometrical analysis 
further revealed that in the 0 µM Zoledronate‑treated groups, 
the percentage of new bone area in the CPC/OB‑nol3 group 
increased to 149.6% of the control group, and in 1 µM‑treated 
groups, the percentage of new bone area in the CPC/OB‑nol3 
group increased to 144.9% of the control group (Fig. 4B). These 
in vivo results further indicated that the ARC‑overexpressed 

Figure 2. ARC inhibits apoptosis of human osteoblasts. (A) Cell apoptosis was detected by flow cytometry. One representative image from 3 indepen-
dently performed experiments is presented. (B) Cell apoptosis was significantly reduced in ARC‑overexpressed human osteoblasts compared with empty 
vector‑transfected controls on day 3 under 0, 1 and 5 µM concentrations of Zoledronate treatment. *P<0.05, **P<0.01 vs. empty vector‑transfected controls. 
(C) Western blot analysis identified reduced expression of cleaved‑caspase‑3 in ARC‑overexpressed human osteoblasts compared with empty vector‑transfected 
controls on day 7 under 0, 1 and 5 µM concentrations of Zoledronate treatment. ARC, apoptosis repressor with caspase recruitment domain; PI, propidium 
iodide; OB, osteoblast; con, control; nol, Zoledronate.
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osteoblasts exhibited higher osteogenic potential compared 
with the control cells.

Discussion

Zoledronate is one of the most potent nitro‑containing 
bisphosphonates which is widely used in the clinic for 

antiresorptive therapies, and has been demonstrated to 
cause osteoblast apoptosis in vitro. Zoledronate acid can 
inhibit the synthases of the enzymes farnesyl and geranyl-
geranyl diphosphate and further lead to the substrate and 
upstream accumulation of isoprenoid pyrophosphate lipids. 
The enzymes farnesyl and geranylgeranyl diphosphate are 
important parts of the mevalonate pathway and their inhibi-

Figure 3. ARC promotes osteogenic differentiation of human osteoblasts. (A) ALP staining and (B) ALP activity of ARC‑overexpressed human osteoblasts 
and empty vector‑transfected controls at day 7. (C) ALP staining and (D) ALP activity of ARC‑overexpressed human osteoblasts and empty vector‑transfected 
controls at day 14. The ALP activity was significantly upregulated in ARC‑overexpressed human osteoblasts compared with empty vector‑transfected controls 
under 0, 1 and 5 µM concentrations of Zoledronate treatment. (E) Reverse transcription‑quantitative polymerase chain reaction analysis of the expression 
of ALP, BSP, OCN and Runx2 at day 7. The expression levels were significantly increased in ARC‑overexpressed human osteoblasts compared with empty 
vector‑transfected controls under 0 and 1 µM concentrations of Zoledronate treatment. While in the 5 µM drug‑treated groups, no significant differences 
between ARC‑overexpressed human osteoblasts and empty vector‑transfected controls were observed in the ALP, BSP and OCN expression levels. *P<0.05, 
**P<0.01 vs. empty vector‑transfected controls. (F) Western blot analysis identified that increased expression of OCN in ARC‑overexpressed human osteoblasts 
compared with empty vector‑transfected controls on day 7 under 0, 1 and 5 µM concentrations of Zoledronate treatment. ARC, apoptosis repressor with 
caspase recruitment domain; ALP, alkaline phosphatase; BSP, bone sialoprotein; OCN, osteocalcin; Runx2, runt‑related transcription factor 2; OB, osteoblast; 
con, control; nol, Zoledronate.

  A   B

  C   D

  E

  F
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tions can disrupt the prenylation of guanosine triphosphate 
binding proteins Ras and Rho, and further influence the 
subcellular distribution of these proteins (16,17). This accom-
panied by downstream events can lead to caspase‑associated 
apoptosis in osteoclasts and any other cell types in vitro, 
including osteoblasts, mesenchymal precursor cells and 
in addition tumor cells using µM concentrations  (18,19). 
This effect of Zoledronate on osteoblasts may partially 
explain bisphosphonate‑associated osteonecrosis of the jaw 
(BRONJ), the first described long‑term complication associ-
ated with Zoledronate treatment (20). Trauma is a risk factor 
for the occurrence of BRONJ. Bisphosphonates are able 
to tightly bind to hydroxyapatite and they can be continu-
ously released from the traumatic lesions, which may lead 
to high concentrations of drugs in the traumatic sites. Thus 
µM concentrations of bisphosphonates that are comparable 
to in‑vivo concentrations in the traumatic sites were used to 

treat osteoblasts in vitro (21). The tested concentrations of 
Zoledronate were additionally based on preliminary experi-
ments which enabled us to exclude the levels that cause rapid 
cell death. As an anti‑apoptotic suppressor, ARC is highly 
expressed in terminally differentiated cells and diverse 
types of cancer including pancreatic, colorectal, breast, lung, 
cervical and prostate cancer (22‑24). In the present study, the 
effects of ARC on osteoblasts derived from human jaw under 
Zoledronate treatment were investigated.

In the present study, ARC‑overexpressed osteoblasts 
were established, and they were exposed to 0, 1 and 5 µM 
concentrations of Zoledronate. Subsequent to 3  days of 
culture, it was identified that the ARC‑overexpressed groups 
exhibited reduced cell apoptosis compared with control 
groups, which was verified by the increased expression levels 
of the cleaved‑caspase‑3 protein (Fig. 2C). This process is 
suggested to be predominantly due to the fact that ARC is able 

Figure 4. (A) Histological observations at 10 weeks subsequent to implantation (magnification, x100). (a) 0 µM Zoledronate CPC/OB‑nol3; (b) 0 µM Zoledronate 
CPC/OB‑con; (c) 1 µM Zoledronate CPC/OB‑nol3; (d) 1 µM Zoledronate CPC/OB‑con. Newly formed bone was observed in the CPC/OB‑nol3 groups 
(a and c) and the CPC/OB‑con groups (b and d). (B) The percentages of new bone area were significantly increased in the CPC/OB‑nol3 groups compared with 
the CPC/OB‑con groups by histomorphometric analysis (**P<0.01 vs. CPC/OB‑con groups). CPC, calcium phosphate cement; OB, osteoblast; nol, Zoledronate; 
con, control.
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to block the caspase‑associated apoptosis pathways caused by 
Zoledronate treatment.

ARC can also enhance osteoblast cell survival (Fig. 1C) 
and osteogenic differentiation (Fig. 3). In the current study, 
it was identified that the osteogenic markers ALP, Runx2, 
OCN and BSP, in addition to ALP activity, were significantly 
increased in ARC‑overexpressing groups compared with the 
control groups. Ectopic new bone formation in nude mice 
was additionally observed, and the results revealed that bone 
formation was increased in ARC‑overexpressed osteoblasts. 
The cells in the 5 µM Zoledronate‑treated groups were not set 
due to the fact that the cells exhibited lower rates of vitality 
following 3 days of 5 µM drug treatment. Taken together, 
these results suggested that ARC is able to promote osteogenic 
differentiation, however, the exact mechanism is unclear and 
requires further exploration.

In conclusion, the present study revealed a previously 
unknown role of ARC in the regulation of cell apoptosis 
and osteogenic differentiation of osteoblasts under different 
concentrations of Zoledronate treatment. Briefly, ARC 
increases osteoblast anti‑apoptotic effect and promotes osteo-
blast osteogenic differentiation. Thus, the observations of the 
present study offer novel insight into the role of ARC in osteo-
blast survival and differentiation. ARC may be considered as 
a promising agent to block the toxic effects of Zoledronate 
on osteoblasts, and thus may be applicable to rescue BRONJ. 
However, this effect requires further study.
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