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Abstract. Bisphosphonates (BPs) are widely used for the 
prevention and treatment of osteoporosis. However, there 
have been numerous reports of side effects of BPs, including 
osteonecrosis of the jaw. In the present study, we investigated 
whether hypoxia inhibits BP-induced apoptosis, and examined 
the mechanisms of this inhibition. The cell viability of the MG 
63 human osteoblast-like cell line treated with the nitrogen-
containing (N)-BPs alendronate, risedronate and zoledronate 
was investigated, and hypoxia was assessed by crystal violet 
staining and the MTT assay, and by observing cell morphology. 
The effect of N-BPs and hypoxia on apoptotic cell signaling 
was evaluated using Western blotting, immunocytochemistry 
and the TUNEL assay. The results of crystal violet staining 
and the MTT and TUNEL assays showed that the N-BPs 
inhibited proliferation and induced apoptosis in MG 63 cells. 
Hypoxia significantly prevented N-BP-induced MG 63 cell 
apoptosis, and also attenuated BP-induced c-Jun N-terminal 
kinase (JNK) phosphorylation and BCL-xL reduction. Hypoxia 
prevented BP-induced cell damage by blocking JNK phospho-
rylation and by regulating the BCL-xL protein. Thus, hypoxia 
or hypoxia-related genes, including hypoxia-inducible factor 
1α, may be a potential therapy for BP-related side effects such 
as osteonecrosis of the jaw.

Introduction

Hypoxia has been clearly identified as a physiological abnor-
mality associated with solid tumors and is markedly involved 

in the outcome of cancer treatment (1). Although hypoxia is 
toxic to both cancer and normal cells, cancer cells undergo 
genetic and adaptive changes that allow them to survive and 
even proliferate in a hypoxic environment (2). Exposure to 
long-term hypoxia results in resistance to apoptosis, as well 
as to radiotherapy and chemotherapy, and enhances survival 
signals (3-7). The main transcription factor involved in the 
adaptation to hypoxia is hypoxia-inducible factor 1 (HIF-1). 
HIF-1 modulates the activity of other transcription factors, 
including nuclear factor κB (NF-κB), p53, c-myc and c-jun (8). 
In addition, NF-κB regulates the expression of anti-apoptotic 
effectors, such as Bcl-2, Bcl-xL, c-IAP2 or A1/Bfl1 (8).

Bisphosphonates (BPs) suppress osteoclastic bone 
resorption and are currently the most important class of 
antiresorptive drugs used for the treatment of metabolic bone 
diseases, and are also frequently used in oncology to treat 
bone complications (9-11). In osteoporosis, BPs are regarded 
as first-line therapy. Their antiresorptive action inhibits the 
function and survival of mature osteoclasts (12). Nitrogen-
containing bisphosphonates (N-BPs) act on bone metabolism 
by binding and blocking the enzyme farnesyl diphosphate 
synthase (FPPS) in the 3-hydroxy-3-methylglutaryl coen-
zyme A  (HMG-CoA) reductase pathway. Disruption of the 
HMG-CoA reductase pathway at the FPPS prevents the 
formation of two metabolites (farnesol and geranylgeraniol) 
essential for connecting various small proteins to the cell 
membrane. The addition of either of these two metabolites to 
proteins is known as prenylation, and is important for proper 
subcellular protein trafficking (13,14). Inhibition of protein 
prenylation may affect many proteins found in an osteoclast, 
influencing osteoclastogenesis, cell survival and cytoskeletal 
dynamics (15-18). BPs also cause apoptosis and activate 
the MAPK and c-Jun N-terminal kinase (JNK) signaling 
pathways in osteoclasts and J774 macrophages in vitro (19). 
Various studies have shown that JNK induces cell apoptosis 
by phosphorylation and activation of the transcription factor 
p53 (20,21) or by phosphorylation (and inactivation) of the 
anti-apoptotic proteins of the Bcl-2 family (22-24).

Through these antiresorptive mechanisms, BPs are 
widely used for the prevention and treatment of osteoporosis. 
However, recently there have been many reports of side effects 
associated with BP use. Among the potential adverse clinical 
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events associated with the use of BPs, none has received 
greater attention than osteonecrosis of the jaw (ONJ) (25). The 
risk of ONJ associated with oral BP therapy for osteoporosis 
or Paget's disease was estimated to be between 1/10,000 and 
1/100,000 patient-treatment years, although the true incidence 
may be higher (26,27). The exact mechanisms of ONJ are 
not known, but one suggested mechanism is that BP causes 
an excessive reduction of bone turnover, leading to the accu-
mulation of microfractures that make the bone susceptible to 
necrosis when there is increased demand for osseous repair 
owing to trauma or infection (28,29).

Therefore, in this study we examined whether hypoxia 
regulates BP-induced cell damage to determine the possibility 
of hypoxia as a therapeutic tool for ONJ. We showed for the 
first time that hypoxia inhibits BP-induced cell damage. In 
addition, the inhibitory mechanisms of hypoxia against the 
BP-induced cell damage linked to the JNK pathway were 
investigated. 

Materials and methods

Materials. Human MG 63 osteoblast-like osteosarcoma cells 
were grown in DMEM with 10% fetal bovine serum (FBS) to 
70% confluence. Cells were treated for 24 or 48 h with BPs 
at concentrations ranging from 10-3 to 10-5 M. Human osteo-
blastoma MG 63 cells were maintained in DMEM containing 
10% FCS and supplemented with 100 U/ml of gentamicin. 
Prior to treatment, cells were pre-incubated for 2 h in DMEM 
with 1% FBS (basal medium). Cells were treated with alen-
dronate (ALN) sodium trihydrate (Sigma), risedronate sodium 
(Actonel®; Procter & Gamble Pharmaceuticals) and zoledronic 
acid (Zometa®; Norvartis). 

Hypoxic treatment. A hypoxic chamber was used to create 
a low-oxygen environment, with a gas mixture of 1% O2, 
5% CO2 and 94% N2 added to the sealed chamber and the 
ambient air evacuated by an outlet tube. The O2 flow was 
allowed to stream through the chamber for 2-3 min to main-
tain the desired O2 concentration inside the chamber. Culture 
plates were incubated in sealed chambers containing 1% O2 
at 37˚C.

Determination of cell viability
Direct microscopic observation. The hallmarks of cell 
degeneration were assessed by morphological criteria. After 
the proper treatment, the cells were photographed with a light 
microscope (Eclipse TS100; Nikon Corporation, Japan). 

Crystal violet staining. The cells were plated in 12- or 
24-well plates and placed under hypoxic conditions for 
12 h, then incubated with ALN from 25 to 200 µM for 72 h. 
Cell morphology was photographed under a light micro-
scope, and cell viability was determined by the crystal 
violet staining method as previously described (30). Briefly, 
the cells were stained for 10 min at room temperature with 
staining solution (0.5% crystal violet in 30% ethanol and 
3% formaldehyde), washed four times with water and then 
dried. The cells were then lysed with 1% SDS solution, and 
the absorbance was measured at 550 nm. Cell viability was 
calculated based on the relative dye intensity compared to 
the controls.

Trypan blue exclusion test. Cells were plated in 6- or 
12-well plates and placed under hypoxic conditions for 12 h. 
They were then incubated with ALN or risedronate for addi-
tional experimental hours. Cell viability was determined by 
the trypan blue exclusion method as previously described 
(31). Briefly, a 100-µl portion of resuspended cell pellet was 
placed in 100 µl trypan blue (0.5% dilution in 0.85% NaCl). 
Subsequently, 10 µl of the cell suspension was loaded into 
a hemacytometer and the proportion of non-viable to viable 
cells was determined. 

MTT assay. The colorimetric 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT) assay was performed 
to quantify the effect of different test agents on cell viability 
and to standardize the loading of gels. Briefly, 2x104 cells/
well were seeded in a 96-well microplate at a final volume of 
200  µl, incubated overnight and treated with test agents for 
24 h. Three hours prior to the completion of the treatment, 
10 µl of 5 mg/ml MTT (Sigma) was added to the cells, then 
the cells were further incubated for 3 h. The MTT solution 
was then removed and replaced by 100 µl dimethylsulfoxide, 
and the plates were agitated for 3 min. The optical density was 
determined at a wavelength of 570 nm. 

Lactate dehydrogenase cytotoxicity test. Lactate dehydroge-
nase (LDH) activity in the previously frozen supernatants was 
measured using a cytotoxicity detection kit (Takara Bio Inc., 
Shiga, Japan) according to the manufacturer's instructions. 

TUNEL assay. Terminal uridine deoxynucleotidyl transferase 
dUTP nick end labelling (TUNEL) analysis was performed 
to measure the degree of cellular apoptosis using an in situ 
ApoBrdU DNA fragmentation assay kit (BioVision, Mountain 
View, CA, USA) following the manufacturer's instructions. 
Cells were fixed by suspension in 70% (v/v) ethanol and 
stored at -20˚C overnight. The sample was then incubated 
with DNA-labeling solution (10 µl reaction buffer, 0.75 µl TdT 
enzyme, 8 µl BrdUTP, 31.25 µl of dH2O) for 1 h at 25˚C. Each 
sample was then exposed to an antibody solution consisting of 
5 µl Alexa Fluor® 488-labeled anti-BrdU antibody with 95 µl 
rinse solution and allowed to react for 20 min. Images were 
captured at x20 objective using a fluorescence microscope 
(Nikon Eclipse 80i; Nikon Corporation). 

Western blotting. MG 63 cells were lysed in a lysis buffer 
[25 mM HEPES (pH 7.4), 100 mM NaCl, 1 mM EDTA, 5 mM 
MgCl2, 0.1 mM DTT and protease inhibitor mixture]. Proteins 
were electrophoretically resolved on an 8-15% sodium 
dodecyl sulfate (SDS) gel, and immunoblotting was performed 
as previously described (32). Equal amounts of lysate protein 
were resolved on an 8-15% SDS-polyacrylamide gel and 
electrophoretically transferred to a nitrocellulose membrane. 
Immunoreactivity was detected through sequential incubation 
with horseradish peroxidase-conjugated secondary antibodies 
and ECL reagents. The antibodies used for immunoblotting 
were Rap 1A, p-JNK, cleaved caspase-3, Bcl-xL and β-actin 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). 

Immunofluorescent staining. MG 63 cells cultured on glass 
slides were fixed with cold acetone, blocked by 5% FBS in 
TBST and incubated with mouse Bcl-2 antibody (Santa Cruz 
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Biotechnology) and rabbit active caspase-3 antibody (R&D 
systems) overnight at 4˚C. After washing with TBST, the cells 
were incubated with goat anti-mouse IgG conjugated with 
Alexa Fluor 488 (green) and goat anti-rabbit IgG conjugated 
with Alexa Fluor® 546 (red). Cells were washed with TBST, 
mounted with fluorescence mounting medium (Dako) and 
observed under a fluorescence microscope (Nikon Eclipse 80i). 
Images were acquired and processed using a Nikon digital 
camera and software (Diagnostic Instruments, Australia) as 
well as Image J software. 

Statistical evaluation. Data are expressed as the means ± stan-
dard deviation (SD) and were compared using the Student's 
t-test and the ANOVA Duncan test with the SAS statistical 
package. The results were considered significant at values of 
P<0.05 and P<0.01.

Results 

Hypoxia inhibits BP-induced MG 63 cell death. The effects 
of hypoxia on the viability of MG 63 cells treated with BPs 
were investigated. ALN inhibited MG 63 cell growth in a 
concentration-dependent manner at concentrations >50 µM 
(Fig. 1A). Exposure to hypoxic conditions for 84 h reversed 
ALN-induced MG 63 cell death. MG 63 cells were exposed 
to hypoxic conditions for 12 h and then treated with ALN 

dose-dependently for 72 h. Physical indicators of cell death 
in MG 63 cells exposed to 50, 100 or 200 µM of ALN were 
determined microscopically. Initial cell damage at 200  µM 
was visualized as early as 24 h of incubation, whereas damage 
to the 50 and 100 µM-treated cells was observed at 48 and 
36 h, respectively (data not shown). After 24 h, MG 63 cells 
appeared to fragment and detach from the culture dish in 
a dose-dependent manner in response to ALN (Fig. 1B). 
Hypoxia reversed ALN-induced cell death. 

The inhibitory effect of zoledronate (50 µM) and rise-
dronate (200 µM) on MG 63 cell viability was reversed 
by hypoxia (Fig. 1C). BPs induce apoptosis by inhibiting 
the prenylation of small G protein families (33). This is 
prevented by the addition of exogenous isoprenoid lipids, 
such as farnesol and geranylgeraniol (GGOH), which 
replenish the cytosolic isoprenoid substrate (17,34-36). 
Therefore, we examined the effects of exogenous GGOH on 
cell viability. GGOH at 10 µM recovered cell death induced 
by risedronate. Hypoxia was also effective at inhibiting cell 
death (Fig. 1D). 

DNA fragmentation and activation of caspase-3 in MG 63 
cells are stimulated by BPs and blocked by hypoxia. To 
confirm whether exposure to hypoxic conditions mitigated 
the apoptosis caused by BPs, DNA fragmentation and the 
activation of caspase-3 were examined. DNA fragmenta-

A
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D

Figure 1. Hypoxia inhibits MG 63 cell death induced by N-BPs. (A) Alendronate (ALN) inhibited the viability of MG 63 cells. This was reversed by expo-
sure to hypoxic conditions. MG 63 cells were exposed to hypoxic conditions for 12 h and treated with ALN dose-dependently for 72 h. Cell viability was 
determined using the crystal violet staining method. Viability of control cells was set at 100%, and viability was presented relative to the control. (B) Cell 
morphology was photographed (x200) under the indicated conditions. (C) Zoledronate (ZOL) induced apoptotic cell death in a dose-dependent manner. 
MG 63 cells plated in 96 wells were exposed to hypoxic conditions for 12 h and treated with ALN at the indicated doses for 72 h. Cell viability was deter-
mined by the MTT assay. Viability of control cells was set at 100%, and viability was presented relative to the control. (D) Risedronate induced apoptotic cell 
death at a concentration of 200 µM and was reversed by 10 µM of geranylgeranyl diphosphate (GGOH) under hypoxic conditions. Cells were collected and 
quantified, and cell death was assessed by trypan blue exclusion and expressed as the number of dead cells over the total number of cells. Data were analyzed 
using analysis of variance (ANOVA) and Duncan's multiple range test. Group means with different alphabets in A differed significantly (P<0.05). *P<0.05; 
**P<0.01, significantly different from the control.
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tion, which was evident in BP-treated cells when measured 
by the TUNEL assay, was inhibited by hypoxia (Fig. 2A). 
BP treatment resulted in caspase-3 activation, illustrated 
by an increase in its active form (19 kDa), as assessed by 
Western blot analysis using an anti-cleaved caspase-3 anti-
body (Fig. 2B) and by immunofluorescent staining (Fig. 2C). 
BP-induced caspase-3 activation was decreased with 
hypoxia. Similar to the viability results, as the concentra-
tion of ALN increased, the apoptosis and cytotoxicity of the 
MG 63 cells was observed to increase. Exposure to hypoxic 
conditions decreased this effect (Fig. 2C and D). These data 
showed that hypoxia effectively inhibited MG 63 apoptosis 
and cytotoxicity caused by BPs. The hypoxic inhibition 
of BP-induced cytotoxicity was caused by blockade of the 
apoptotic pathway, including DNA fragmentation and the 
activation of caspase-3. 

Exposure to hypoxia reduces the BP-induced increase in JNK 
phosphorylation in MG 63 cells. To determine the mechanisms 
underlying the hypoxic inhibition of BP-induced cell death, 
Rap 1A, a geranylgeranylation marker that binds to the non-
geranylgeranylated form, was measured. As expected, ALN 
inhibited geranylgeranylation. This inhibition was reversed 
by GGOH, which restores geranylgeranylation. However, 
hypoxia did not reverse the ALN-induced inhibition of gera-
nylgeranylation. These results indicate that hypoxia does not 
regulate prenylation, but rather regulates cell survival through 
other signaling pathways. 

To investigate the mechanisms of hypoxia regulation of 
BP-induced apoptosis, the JNK pathway was examined using 

Western blotting and immunofluorescent staining. MG 63 
cell exposure to ALN at a concentration of 100 µM for 24 h 
caused JNK phosphorylation (Fig. 3B). Hypoxia inhibited the 
phosphorylation of JNK caused by ALN (Fig. 3B). Moreover, 
ALN-induced phosphorylation of JNK was inhibited by 
hypoxia in a time-dependent manner (Fig. 3C). These data 
revealed that exposure to hypoxic conditions decreased the 
up-regulation of JNK phosphorylation caused by BP treat-
ment. Based on these data, it appears that JNK plays a pivotal 
role in BP-induced cell apoptosis, and that hypoxia has 
inhibitory effects on BP-induced cell apoptosis by the down-
regulation of JNK phosphorylation, but not by the regulation 
of prenylation.

Hypoxia induces BCL-xL activation. BCL-xL (BCL2-like 1 or 
BCL2L1) is a major anti-apoptotic protein of the Bcl-2 family 
that is overexpressed in many types of cancer, and is a key 
molecule underlying hypoxia-driven cell death resistance (4). 
Since Chen et al recently reported that BCL-xL is a target 
gene regulated by hypoxia-inducible factor-1α (HIF-1α) (3) 
and BCL-xL is regulated by JNK (22-24), we investigated 
whether the anti-apoptotic effect of hypoxia is related to 
BCL-xL signaling. 

Exposure of MG 63 cells to ALN at a concentration of 
100 µM for 24 h had a minimal effect on BCL-xL activation 
(Fig. 4A and B). However, hypoxia enhanced BCL-xL activa-
tion, as noted in the Western blots and immunofluorescent 
staining (Fig. 4A and B). These results indicate that hypoxia 
inhibits BP-induced MG 63 cell apoptosis by the BCL-xL-
induced blockade of caspase-3 activation. 

A

B
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D

Figure 2. Apoptotic features of N-BP-induced cell death. (A) MG 63 cells were treated with 100 µM alendronate (ALN) for 60 h, with or without hypoxia for 
72 h, subjected to TUNEL assay and counterstained with propidium iodide. (B) MG 63 cells were treated with 100 µM ALN for 24 h, with or without hypoxia 
(HYPA) for 36 h. Cell lysates were analyzed by immunoblotting using antibodies for cleaved caspase-3. (C) MG 63 cells were treated dose-dependently 
with ALN for 24 h, with or without hypoxia for 36 h. Cells were fixed by cold acetone and stained with cleaved caspase-3 and Alexa fluor 546-conjugated 
secondary antibodies, followed by fluorescence microscope analysis. (D) Cytotoxicity was calculated by measuring the amount of LDH released from the 
cytosol of ALN-damaged cells into the supernatant. The results showed that the higher the amounts of ALN in the cell culture, the higher the cytotoxicity and 
hypoxia recovered ALN-induced cytotoxicity.
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Discussion

Studies have shown that hypoxia enhances the expression of 
genes and proteins associated with survival. However, there 
have been no studies on whether hypoxia inhibits BP-induced 
MG 63 cell death. 

This study revealed for the first time a protective effect of 
hypoxia on BP-related bone cell damage. The cell viability 
data, including crystal violet staining, trypan blue exclusion, 
MTT assays and microscopic observation, revealed that 
various BPs, including ALN, risedronate and zoledronate, 
induced bone cell death in a dose-dependent manner, and that 
hypoxic conditions inhibited the bone cell death effect of the 
BPs. Moreover, hypoxia was more effective at inhibiting cell 
death than exogenous GGOH. BPs are currently the major 
class of drugs used for the treatment of osteoporosis and 
other diseases characterized by increased bone resorption, 

such as Paget's disease, hypercalcemia and metastatic cancer 
in bone (36). Recently, there have been numerous reports of 
side effects associated with BP use, particularly ONJ (25). 
The exact mechanisms of ONJ are not known, but one of 
the suggested mechanisms is that BPs cause an excessive 
reduction in bone turnover, leading to the accumulation of 
microcracks that make the bone susceptible to necrosis when 
there is increased demand for osseous repair owing to trauma, 
such as tooth extraction (28,29). Focusing on the mechanisms 
of an excessive reduction in bone turnover, our results suggest 
that hypoxic conditions have a protective effect on BP-related 
side effects such as ONJ. 

The mechanism of BP-induced bone cell damage was 
also investigated. One of the rationales for using BPs in 
osteoporosis is that they inhibit bone resorption by inducing 
osteoclast apoptosis (38). Additionally, it has been reported 
that BPs actually suppress bone formation in vivo (39) and 
cause osteoblast apoptosis and inhibit bone nodule formation 
in vitro (40). Based on the current TUNEL assay results and 
the observed cleavage of caspase-3, we confirmed that the 
type of cell death caused by BPs was indeed apoptosis, and 
that this bone cell apoptosis was protected by pre-treatment 
under hypoxic conditions. These results confirm that hypoxia 
has a protective effect against bone cell apoptosis resulting 
from long-term BP treatment. 

BPs exhibit apoptotic effects by inhibiting the prenyla-
tion of small G protein families (33). GGOH is an exogenous 
isoprenoid metabolite required for lipid modification (prenyla-
tion) of G protein families (37). By the addition of GGOH, 
the prenylation of small G protein families occurs, blocking 

  A

  B

  C

Figure 3. Hypoxia prevents the JNK phosphorylation by alendronate (ALN). 
(A) MG 63 cells were treated with 100 µM ALN for 24 h, with or without 
hypoxia for 36 h, and lysates were collected and immunoblotted with anti-
bodies specific for unprenylated Rap 1A and β-actin. (B) MG 63 cells were 
treated as described above, and cell lysates were analyzed by Western blot-
ting using antibodies for p-JNK. (C) MG 63 cells were treated with 100 µM 
ALN for 24 h, with or without hypoxia in a time-dependent manner, and 
Western blotting was performed as described in A.

  A

  B

Figure 4. Hypoxia prevents the activation of BCL-xL by alendronate (ALN). 
(A) MG 63 cells were treated with 100 µM ALN for 24, with or without 
hypoxia for 36 h, and cell lysates were analyzed by Western blotting using 
antibodies for BCL-xL. (B) MG 63 cells were treated as described in Fig. 2C, 
and cells were stained with BCL-xL antibodies and secondary antibodies 
conjugated with Alexa Fluor 488, followed by fluorescence microscope 
analysis.
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the apoptotic effects of BPs. The results of immunodetec-
tion for Rap 1A showed that the addition of GGOH reversed 
unprenylation by BPs. However, hypoxia did not reverse the 
ALN-induced inhibition of prenylation. These results demon-
strated that hypoxia does not regulate prenylation inhibited by 
BP, but rather regulates cell viability through other signaling 
pathways. 

Various studies have shown that JNK acts as a key 
component of apoptosis regulation in several cell types (41). 
The JNK/SAPK signaling pathway is stimulated by a variety 
of stresses, and may be involved in diverse cellular activities 
including cell growth, differentiation and cell death. The 
persistent activation of the JNK/SAPK pathway often medi-
ates the intracellular signaling that leads to cell death (42). 
Osteoblast and osteoclast exposure to ALN and pamidronate 
was found to result in the activation of caspase-3 and the 
activation of the p38 MAPK and JNK signaling pathways 
(40). Dunford et  al recently reported that BPs cause apop-
tosis and activate the MAPK and JNK signaling pathways 
in osteoclasts and J774 macrophages in  vitro (19). JNK 
induces cell apoptosis by phosphorylation and activation 
of the transcription factor p53 (20,21). In the present study, 
when phosphorylation of JNK was detected in the MG 63 
cells treated with ALN and with or without hypoxia in a 
time-dependant manner, the increase in JNK phosphoryla-
tion induced by BP treatment was gradually decreased by 
hypoxia. Based on these data, it appears that JNK has a 
pivotal role in BP-induced cell apoptosis, and that hypoxia 
confers inhibitory effects on BP-induced cell apoptosis by 
the down-regulation of JNK phosphorylation, but not by the 
regulation of prenylation.

Exposure of MG 63 cells to ALN had a minimal effect 
on BCL-xL activation, while hypoxia enhanced BCL-xL 
activation, as shown by immunodetection. BCL-xL (BCL2-
like  1 or BCL2L1) is a major anti-apoptotic protein of the 
Bcl-2 family overexpressed in many types of cancer, and is a 
key molecule underlying hypoxia-driven cell death resistance 
(4). Chen et al recently reported that BCL-xL is a target gene 
regulated by HIF-1α (3). In addition, JNK has been shown to 
induce cell apoptosis by phosphorylation (and inactivation) 
of the anti-apoptotic proteins of the Bcl-2 family (22-24). 
Our results therefore demonstrated that HIF-1α, which is 
induced under hypoxic conditions, increased the expression 
of BCL-xL; thus, the hypoxic condition led to the blockage 
of apoptosis by inhibiting the cleavage of caspase-3. In 
addition, due to BCL-xL regulation by JNK, the hypoxic 
condition-induced reduction of JNK phosphorylation led 
to the increase in BCL-xL proteins and cell survival. Since 
BCL-xL is regulated by HIF-1α and JNK, further studies 
using HIF-1α knockdown and JNK inhibitors are warranted. 
Through further study, gene therapy using HIF-1α may be 
validated as a valuable treatment for the side effects arising 
from BP-induced cell damage. 

In conclusion, the findings presented in this study clearly 
demonstrate that hypoxic conditions protect osteoblast-like 
cells from apoptosis induced by BPs via regulation of JNK 
phosphorylation and BCL-xL activation. These findings 
present the possibility that hypoxia or hypoxia-related genes, 
including HIF-1α, may be used as successful therapeutic tools 
for BP-related side effects such as osteonecrosis of the jaw.
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