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Abstract: The hypoxic environment around the fracture site develops post the blood flow disruption and leads to os-
teoblast cell death and further impairs fracture healing. Hypoxia usually leads to the mitochondrial dysfunction and 
then results in apoptotic cell death. AMPK is ubiquitously expressed and functions as an intracellular fuel sensor by 
maintaining energy balance, as is potentially activated by hypoxia, ischemia, and ROS, however, the regulatory role 
of AMPK in hypoxia-induced apoptosis in osteoblasts and in the fracture healing has not been identified. In present 
study, we firstly determined the apoptosis induction by hypoxia in mouse osteoblastic MC3T3-E1 cells via examin-
ing the apoptotic cells and the activation of apoptosis-related molecules, then investigated the activation of AMPK 
signaling by hypoxia via analyzing the phosphorylation of AMPKα and ACC1, finally we explored the association of 
the AMPK activation with the hypoxia-induced apoptosis using loss-of-function strategy. Results demonstrated that 
hypoxia induced apoptosis in MC3T3-E1 cells and activated the AMPK signaling. And the knockdown of AMPK via 
chemical treatment or RNA interfering significantly decreased the hypoxia-induced apoptosis in MC3T3-E1 cells. 
Taken together, present study unveiled the regulatory role of AMPK signaling in the hypoxia-induced osteoblast 
apoptosis.
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Introduction

Severe disruption of blood supply and inade-
quate revascularization significantly contrib-
utes to delayed fracture healing or nonunion [1, 
2]. The hypoxic environment around the frac-
ture site develops post the blood flow disrup-
tion [3] and leads to osteoblast cell death, 
delayed chondrocyte and osteoblast differenti-
ation, and further impairs fracture healing [4]. 
Cellular oxygen concentrations are normally 
maintained within narrow physiological ranges. 
Lack of oxygen can result in insufficient ATP to 
maintain essential cellular functions, whereas 
excess oxygen may result in the generation of 
damaging [5]. Disrupted blood supply by frac-
ture always results in reduced oxygen tension 
(pO2), hypoxia [6, 7], in bone tissues and inhib-
its fracture healing. Hypoxia of 1-2% O2 pro-
motes osteoblast cell generation from marrow 
precursors [8, 9], whereas 0.2% O2 promotes 

osteoclastogenesis [10]. Severe hypoxia also 
impaired multiple cellular processes of osteo-
blasts and chondrocytes, such as aerobic 
metabolism [11, 12], collagen synthesis pro-
cess [13] and the expression of several angio-
genic genes [14] during fracture healing. And 
the severe low PO2 level also inhibits stem cell 
maintenance, mobilization, and recruitment to 
fracture sites [15-19], and reduces the prolifer-
ation, mineralization [20, 21] and differentia-
tion [21] of alveolar osteoblasts. Therefore, the 
hypoxia might be one of key suppressors to 
fracture healing. 

Acute and severe hypoxia leads to the mito-
chondrial membrane potential decreasing and 
the release of cytochrome c, and further pro-
motes cell apoptosis [22, 23]. Mitochondrial 
dysfunction and cytochrome c release, which 
further triggers caspase-9, as is followed by the 
activation of apoptosis executioner caspase-3, 
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then lead to apoptotic cell death. Nitric oxide 
and hypoxia exacerbate alcohol-induced mito-
chondrial dysfunction and induces apoptosis in 
hepatocytes [24]. The hypoxia-induced mito-
chondrial dysfunction and apoptosis has also 
been reported in inflammatory arthritis [25], in 
neuronal cell death [26], in sepsis [27], in reti-
nal ganglion cells [28] and what’s more in 
osteoblasts [29]. Besides the mitochondrial 
dysfunction, activation of 5’-AMP-activated pro-
tein kinase (AMPK) has recently been reported 
to be implicated in hypoxia-induced cellular 
apoptosis [30, 31]. AMPK is ubiquitously 
expressed and functions as an intracellular fuel 
sensor by maintaining energy balance. Hypoxia, 
ischemia, and ROS potentially activate AMPK 
signaling pathway [31-33], which secondarily 
promotes the hypoxia-induced cellular apopto-
sis. AMPK has been widely recognized to pro-
mote apoptosis in human glioblastoma cells 
[34], in pancreatic β-cells [35, 36], or in hepato-
cytes [37], however, the regulatory role of AMPK 
in hypoxia-induced apoptosis in osteoblasts 
and in the fracture healing has not been 
identified.

In present study, we firstly confirmed the apop-
tosis induction by hypoxia in MC3T3-E1 osteo-
blast cells, and then investigated the AMPK 
promotion by hypoxia and identified the regula-
tory role of AMPK in the hypoxia-induced apop-
tosis in MC3T3-E1 cells. This study for the first 
time recognized the implication of AMPK signal-
ing in the hypoxia-induced apoptosis. It implies 
a novel target to ameliorate the hypoxia-
induced injury to osteoblast cells.

Materials and methods

Reagents, cell culture and treatment

α-Minimal essential medium (α-MEM), penicil-
lin-streptomycin, and fetal bovine serum (FBS) 
were obtained from Gibco Laboratories (GIBCO, 
Rockville, MD, USA). 5-FU, AICAR, DMSO and 
Compound C (Cmd C) were purchased from 
Sigma-Aldrich Corporation (St. Louis, MO, USA). 
Mouse osteoblastic MC3T3-E1 cells (cell 
resource center of Chinese Academy of Medical 
Sciences) were cultured in α-MEM supplement-
ed with 10% FBS and 1% penicillin/streptomy-
cin in a humidified atmosphere at 37°C in 5% 
CO2. For the AMPK signaling promoting by 
chemical, Mouse osteoblast MC3T3-E1 cells 
were inoculated with 0.2 mM AICAR for 24 

hours in 5% CO2. For hypoxia treatment, cells 
were placed in a hypoxia incubator infused with 
a gas mixture of 5% CO2 and nitrogen to obtain 
2% oxygen concentration, with or without a sup-
plementing with 50 μg/mL 5-FU in medium for 
12, 24 or 48 hours. Oxygen concentration was 
monitored continuously (Forma 3130; Thermo 
Scientific, Rockford, IL, USA). To knockdown the 
AMPKα expression, the AMPKα siRNA or con-
trol siRNA (25 or 50 nM; Sangon, Shanghai, 
China) was transfected with lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) to abro-
gate the AMPKα expression in MC3T3-E1 cells.

Apoptosis assay

Apoptosis of MC3T3-E1 cells were examined 
with an Annexin V-FITC apoptosis detection kit 
(Sigma-Aldrich, St. Louis, MO, USA). Briefly, 
5×105 cells post various treatment were 
stained with Annexin V-FITC and propidium 
iodide and then detected by a FACScan flow 
cytometer (Bio-Rad, Hercules, CA, USA). The 
results were calculated using the Cell QuestTM 
Pro software (Bio-Rad, Hercules, CA, USA) and 
expressed as the percentage of apoptotic cells 
from the total cells.

Western blot analysis

MC3T3-E1 cells were collected and lyzed with 
cold lysis buffer (Promega, Madison, WI, USA) 
containing protease inhibitors (Roche Diagno- 
stics, GmbH, Germany). The lysates were 
cleared by centrifugation, and the protein con-
centration was measured using the BCA protein 
assay reagent (Pierce, Rockford, IL, USA). Then 
protein samples were separated by a 8-12% 
gradient SDS-PAGE gel, transferred to PVDF 
membrane and blocked in 5% skimmed milk. 
And Rabbit polyclonal antibodies to caspase 3, 
caspase 8, ACC1, AMPKα, phosphorylated 
ACC1 (Ser89), phosphorylated AMPKα (Thr172) or 
β-actin (Cell Signaling Technology, USA) were 
used to quantify the protein level of each pro-
tein. Goat anti-rabbit IgG conjugated to horse-
radish peroxidase (Pierce, Rockford, IL, USA) 
and ECL detection systems (Super Signal West 
Femto; Pierce, Rockford, IL, USA) were used for 
detection.

ELISA for AMPK activity

The AMPK activity was examined with CycLex® 
AMPK Kinase Assay Kit (CycLex Co. Ltd., 
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Nagano, Japan) according to the manufactural 
mannual. In brief, post being treated with 0.2 
mM AICAR for 24 hours or being inoculatd 
under hypoxia for 12, 24 or 48 hours, MC3T3-E1 
cells were directly lysed in ice-cold lysis buffer. 
Then samples were serially diluted in Kinase 
buffer and supplemented with phosohorylation 
substrate, and the amount of phosphorylated 
substrate was then binded with AS-4C4, an 
anti-phospho-mouse IgG, which then assayed 

with anti mouse Ig-G conjugated with horserad-
ish peroxidase and its substrate, by absor-
bance 450 nm. 

Cell viability assay

Cells were seeded in 96-well plates, grew to 
about 85% confluence, and treated with DMSO 
(0.1%), 20 μM Cmd C, or normal medium (Blank 
control) for another 12 or 24 hours. Then cell 

Figure 1. Hypoxia induces apoptosis in mouse osteoblastic MC3T3-E1 cells. A: Apoptotic MC3T3-E1 cells were pro-
moted by hypoxia; B: Hypoxia promoted MC3T3-E1 cell apoptosis, supplementing with 50 μg/mL 5-FU treatment; 
C: Western blot analysis of cleaved caspase 8 and cleaved caspase 3 in MC3T3-E1 cells post hypoxia and 5-FU 
treatment; D and E: Relative level of cleaved caspase 8 and cleaved caspase 3 to β-actin in MC3T3-E1 cells post 
hypoxia and 5-FU treatment. Apoptosis of MC3T3-E1 cells were examined with an annexin V-FITC apoptosis detec-
tion kit, and were expressed as the percentage of apoptotic cells to total cells. Clv Casp-8: cleaved caspase 8, Clv 
Casp-3: cleaved caspase 3. All experiments were performed in triplicate. And statistical significance was showed as 
*P<0.05, **P<0.01, or ***P<0.001, ns: no significance.
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Figure 2. Hypoxia promotes the phosphorylation of AMPKα and ACC1 in MC3T3-E1 cells. (A) Western blot analysis 
of AMPKα and ACC1 with or without phosphorylation in MC3T3-E1 cells, with 0.2 mM AICAR (activator of AMPKα 
phosphorylation) treatment, or under hypoxia for 0, 12, 24 or 48 hours; (B and C) Relative level of phosphorylated 
AMPKα to AMPKα (B) or phosphorylated ACC1 to ACC1 (C) in MC3T3-E1 cells, with AICAR treatment, or with hypoxia 
for 0, 12, 24 or 48 hours; (D) Relative AMPK activity in MC3T3-E1 cells, with AICAR treatment, or with hypoxia for 0, 
12, 24 or 48 hours. All results were expressed as mean ± SEM for three independent experiments. And statistical 
significance was showed as *P<0.05, **P<0.01, or ***P<0.001.

viability was measured with MTT assay. The 
MTT assay was conducted according to the 
standard protocol. Absorbance was measured 
at 570 nm with a reference wavelength of 750 
nm using a spectrophotometer. In another 
experiment, cells were transfected with 50 nM 
AMPKα siRNA or control siRNA and inoculated 
under hypoxia or normoxia for another 24 hours 
and measured with the MTT assay. 

RNA isolation, reverse transcription, quantita-
tive real-time PCR

Total cellular RNA was isolated with RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA) according 
to the manual and supplemented with Rnase 
inhibitor (Takara, Tokyo, Japan). The expression 
of AMPKα in mRNA level was quantified by the 
real-time RT-PCR method with Takara One Step 
RT-PCT kit (Takara, Tokyo, Japan). The mRNA 
samples were amplified using primer sets spe-
cific for the genes of AMPKα or β-actin with a 
Lightcycler 480 II (Roche, Mannheim, Germany). 

Relative quantification was determined using 
the ∆∆Ct method using β-actin as reference 
gene [38].

Statistical analysis

Statistical analyses were performed using 
SPSS19.0 software (IBM SPSS, Armonk, NY, 
USA). Results were expressed as mean ± SEM, 
and the difference between two groups in the 
level of cleaved caspase 3, cleaved caspase 8, 
AMPKα or phosphorylated AMPKα, ACC1 and 
phosphorylated ACC1, the percentage of apop-
totic or viable cells, was analyzed by Student’s t 
test. A P value<0.05 or less was considered 
statistically significant.

Results

Hypoxia promotes apoptosis in MC3T3-E1 os-
teoblast cells

Hypoxia has been indicated to induce apopto-
sis by caspase activation in MC3T3-E1 osteo-
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Figure 3. Chemical inhibition of AMPK by Compound C ameliorates the viability decreasing and reduces the apop-
tosis of MC3T3-E1 cells post hypoxia. A: Western blot analysis of AMPKα and ACC1 with or without phosphorylation 
in MC3T3-E1 cells under hypoxia, post treatment, for 24 hours, with 20 μM Cmd C (inhitibor of AMPKα phosphoryla-
tion), 0.1% DMSO; B: Relative level of AMPKα and ACC1 with or without phosphorylation; C: Viability of MC3T3-E1 
cells under hypoxia, post treatment with 20 μM Cmd C or 0.1% DMSO; D: Inhibition of Cmd C on the hypoxia-induced 
apoptosis of MC3T3-E1 cells; E: Western blotting of cleaved caspase 8 and cleaved caspase 3 in MC3T3-E1 cells 
under hypoxia, post treatment, for 24 hours, with 20 μM Cmd C; F: Significant reduction of cleaved caspase 8 and 
cleaved caspase 3 by Cmd C in hypoxia-treated MC3T3-E1 cells. All results were expressed as mean ± SEM for three 
independent experiments. And statistical significance was showed as *P<0.05, or **P<0.01.

blasts [39]. To reconfirm the hypoxia-promoted 
apoptosis in the cells, we used flow cytometric 

analysis to examine the apoptosis level of 
MC3T3-E1 cells induced by hypoxia. It was indi-
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cated in Figure 1A that hypoxia significantly 
induced MC3T3-E1 cell apoptosis, 24 or 48 
hours post treatment (P<0.05 respectively). 
Then we pretreated cells with 50 μg/mL 5-FU 
before subject to hypoxia, the hypoxia-promot-
ed cell apoptosis was more significant, 
MC3T3-E1 cells under hypoxia for 12 rather 
than 24 hours suffered significant apoptosis 
than cells under normoxia (P<0.05), and the 
difference in 48-hour result was more signifi-
cant (P<0.01; Figure 1B). Promoted apoptosis 
signaling finally catalyzes procaspase 3 to be 
cleaved into 17 and 12 kDa subunits which 
execute apoptosis. Therefore, we examined the 
level of 17 KDa cleaved caspase 3 and its 
upstream molecule, cleaved caspase 8 by 
western blot assay. It was shown in Figure 1C-E 
that the activated forms of both caspase 8 and 
caspase 3 were significantly upregulated in 
5-FU-pretreated MC3T3-E1 cells by hypoxia in 
a time-dependent manner (P<0.05 or less). 

Hypoxia promotes AMPK signaling and upregu-
lates AMPK activity in MC3T3-E1 osteoblast 
cells

AMP-activated protein kinase (AMPK) signaling 
has recently been reported to be promoted by 
hypoxia [40, 41]. To confirm whether the AMPK 
signaling is activated by hypoxia in MC3T3-E1 
cells, we analyzed the expression and activa-
tion of two key molecules, AMPKα and ACC1 
(acetyl-CoA carboxylase 1), in AMPK signaling 
cascades, in hypoxia-treated MC3T3-E1 cells 
by western blot assay. Figure 2A demonstrated 
that there was no promotion to AMPKα and 
ACC1 expression in hypoxia-treated MC3T3-E1 
cells. Then we analyzed the level of activated 
forms of both molecules, phosphorylated 
AMPKα (Thr-172) and phosphorylated ACC1 
(Ser-89) in the MC3T3-E1 cells post hypoxia 
treatment. Figure 1 demonstrated that the 
AMPK activator, AICAR, promoted a significantly 
high level of phosphorylation of AMPKα (Thr-
172) and ACC1 (Ser-89) (P<0.01 respectively), 
compared to the control (second column). 
Moreover, the phosphorylation of both mole-
cules were confirmed in the MC3T3-E1 cells 
post hypoxia treatment for 12-48 hours 
(P<0.05, P<0.01 or P<0.001). 

To further recognize the promotion of AMPK sig-
naling by hypoxia in MC3T3-E1 cells, we exam-
ined the AMPK activity with the AMPK Kinase 

Assay Kit. Firstly, it was shown that 0.2 mM 
AICAR significantly promoted the AMPK activity 
in MC3T3-E1 cells (P<0.001) (Figure 2D). And 
the hypoxia upregulated the AMPK activity sig-
nificantly from 12 hours post hypoxia treatment 
(P<0.05 or P<0.001) (Figure 2D). And there 
was a time-dependence of the promotion to 
AMPK activity by hypoxia, there was significant 
difference in AMPK activity between 12- and 
24-hours treatment, or between 24- and 48- 
hours treatment (P<0.05). Taken together, we 
confirmed that AMPK signaling was promoted 
in MC3T3-E1 cells post hypoxia.

Chemical blockage of AMPK signaling inhibits 
hypoxia-induced apoptosis in MC3T3-E1 osteo-
blast cells

To investigate the association of AMPK activa-
tion with the hypoxia-promoted apoptosis, we 
applied compound C (Cmd C) to block AMPK 
activation. Firstly, we analyzed the levels of 
AMPKα and ACC1, and their activated forms, 
p-AMPKα and p-ACC1 in hypoxia-treated 
MC3T3-E1 cells by western blot assay. It was 
shown in Figure 3A, 3B hypoxia promoted a 
high level of AMPKα and ACC1 phosphorylation 
in hypoxia-treated MC3T3-E1 cells post hypoxia 
treatment for 24 hours (Control and DMSO), 
whereas the Cmd C-pretreated MC3T3-E1 cells 
were blocked in the hypoxia-promoted phos-
phorylation of both molecules (P<0.05 or 
P<0.01; Figure 3B). Therefore, Cmd C blocked 
the AMPK signaling activation by hypoxia.

Then we examined the potential role of AMPK 
signaling blockage by Cmd C in the hypoxia-
induced MC3T3-E1 cell apoptosis. MTT assay 
demonstrated that Cmd C ameliorated the 
hypoxia-induced cell viability reduction by 
hypoxia (P<0.05; Figure 3C). And the hypoxia-
induced cell apoptosis was also inhibited by 
Cmd C treatment (P<0.05; Figure 3D), com-
pared to DMSO-treatment or nontreatment. To 
reconfirm the inhibition of Cmd C on the hypox-
ia-induced apoptosis in MC3T3-E1 cells, we 
then examined the level of cleaved caspase 3 
and cleaved caspase 8 by western blot assay. 
Figure 3E and 3F demonstrated that both 
cleaved caspase 3 and caspase 8 were signifi-
cantly lower in the Cmd C-treated MC3T3-E1 
cells under hypoxia (either P<0.01). Therefore, 
the activation of AMPK is implicated in the 
hypoxia-induced MC3T3-E1 cell apoptosis.

http://en.wikipedia.org/wiki/Threonine
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Figure 4. AMPK knockdown by siRNA ameliorates the viability decreasing and reduces the apoptosis of MC3T3-E1 
cells post hypoxia. (A) Significant reduction of AMPKα in mRNA level by AMPKα siRNA transfection or control siRNA 
transfecion, as was examined by RT-qPCR and expressed as relative value to β-actin; (B) Western blot analysis of 
the AMPKα knockdown in protein level by AMPKα siRNA; (C) Western blot analysis of the phosphorylation of AMPKα 
and ACC in hypoxia-treated MC3T3-E1 cells post AMPKα siRNA transfection; (D and E) Significant reduction of 
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hypoxia-induced phosphorylation of AMPKα (D) and ACC (E) in hypoxia-treated MC3T3-E1 cells post AMPKα siRNA 
transfection; (F) AMPKα siRNA transfection ameliorates the viability reduction of hypoxia-treated MC3T3-E1 cells; 
(G) AMPKα siRNA transfection reduces the hypoxia-induced apoptosis in MC3T3-E1 cells. All experiments were 
performed in triplicate. And statistical significance was showed as *P<0.05, **P<0.01, or ***P<0.001, ns: no 
significance.

AMPKα knockdown by RNAi inhibits hypoxia-in-
duced apoptosis in MC3T3-E1 osteoblast cells

To reconfirm the association of AMPK activa-
tion with the hypoxia-promoted apoptosis, we 
adopted the RNAi technology to knockdown the 
AMPKα expression and to further re-evaluate 
the AMPK activation by hypoxia, then deter-
mined the influence of AMPKα knockdown on 
the hypoxia-induced apoptosis in MC3T3-E1 
osteoblast cells. It was demonstrated that the 
siRNA targeting AMPKα (AMPKα siRNA) trans-
fection for 24 hours significantly reduced both 
mRNA (Figure 4A) and protein (Figure 4B) lev-
els of AMPKα (P<0.01 or P<0.001), compared 
to the control siRNA transfection group. And the 
phosphorylation of AMPKα and ACC was signifi-
cantly reduced in hypoxia-treated MC3T3-E1 
osteoblast cells post AMPKα siRNA transfec-
tion than post siRNA control transfection 
(P<0.01 or P<0.001; Figure 4C-E). Finally, we 
examined the viability and apoptosis of hypox-
ia-treated MC3T3-E1 cells post AMPKα siRNA 
or siRNA control transfection. Figure 4F showed 
that hypoxia (first column) significantly reduced 
the MC3T3-E1 cell viability (P<0.01), whereas 
this kind of reduction was ameliorated by the 
AMPKα siRNA transfection (third column) 
(P<0.05). On the other side, Figure 4G showed 
that hypoxia (first column) induced a significant 
high level of apoptosis in MC3T3-E1 cells 
(P<0.01), whereas the percentage of apoptotic 
cells was significantly lower in the AMPKα 
siRNA transfected MC3T3-E1 cells (third col-
umn) (P<0.01). Taken together, AMPKα knock-
down by RNAi inhibits hypoxia-induced apopto-
sis in MC3T3-E1 osteoblast cells.

Thus, we recognized the AMPK signaling activa-
tion by hypoxia in MC3T3-E1 osteoblast cells.

Discussion

AMPK is a heterotrimeric serine/threonine 
kinase consisting of a catalytic α subunit and 
two regulatory β and γ subunits [42]. It is a met-
abolic energy sensor activated by Thr172 phos-
phorylation of the α-subunit, mainly in response 
to an increase of the AMP/ATP ratio [43]. 

Activated AMPK metabolically and genetically 
stimulates the ATP generation, inhibits ATP con-
sumption [23] and regulates mitochondrial bio-
genesis and function [24]. AMPK is ubiquitously 
expressed and functions as an intracellular fuel 
sensor by maintaining energy balance. Hypoxia, 
ischemia, and ROS are potent activators of 
AMPK [31-33]. AMPK was rapidly activated in 
vitro by both physiological and pathophysiologi-
cal low-oxygen conditions, independently of 
HIF-1 activity, or in vivo in AMPKα-null mouse 
[31]. It implies that HIF-1 and AMPK are compo-
nents of a concerted cellular response to main-
tain energy homeostasis in low-oxygen or isch-
emic-tissue microenvironments. AMPK was 
also transiently and concentration-dependently 
activated by H2O2 in NIH-3T3 cells [32], indicat-
ing that AMPK cascades are highly sensitive to 
the oxidative stress. Prolonged hypoxia promot-
ed an orchestrated AMPK signaling, which links 
to mRNA translation and cell growth in part by 
impinging on the mTOR pathway [44]. And these 
effects seemed to be mediated by the activa-
tion of AMPK and TSC2 in an HIF-independent 
fashion [45]. Other molecular and cellular path-
ways have also been recognized to be associ-
ated with the AMPK signaling during the hypox-
ia-induced cellular apoptosis. The activated 
AMPK has been confirmed to cooperate with 
deregulation of K+ homeostasis to regulate the 
hypoxia-induced cellular apoptosis in spleno-
cytes [46].

Hypoxia has been indicated to induce apopto-
sis by caspase activation in MC3T3-E1 osteo-
blasts [39]. And in our study, results of apop-
totic cells by flow cytometric analysis and of 
apoptosis-associated molecules by western 
blot analysis reconfirmed the apoptosis induc-
tion by hypoxia in MC3T3-E1 cells, the hypoxia 
treatment promoted more apoptotic cells and 
upregulated higher level of caspase 3 cleavage 
and caspase 8 cleavage. Then we investigated 
the promotion of AMPK signaling by examining 
the activation of two key molecules, AMPKα 
and ACC. And results indicated a significantly 
high level of phosphorylation of AMPKα (Thr-
172) and ACC1 (Ser-89) in the MC3T3-E1 cells 
post hypoxia treatment in a time-dependent 
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manner. And a time-dependence of AMPK 
activity promotion by hypoxia had also been 
recognized. Therefore, we confirmed in 
MC3T3-E1 cells the AMPK signaling activation 
by hypoxia, as has been revealed in other 
reports [40, 41]. Moreover, present study con-
firmed that the AMPK signaling activation by 
hypoxia contributes the hypoxia-promoted 
apoptosis in MC3T3-E1 osteoblast cells. Both 
AMPK-inhibitory chemical and siRNA targeting 
AMPK were confirmed to block the hypoxia-pro-
moted AMPK signaling activation. And the 
blockage ameliorated the viability reduction of 
MC3T3-E1 cells, inhibited the hypoxia-induced 
cell apoptosis. Therefore, the activation of 
AMPK is implicated in the hypoxia-induced 
MC3T3-E1 cell apoptosis.

Hypoxia leads to the mitochondrial membrane 
potential decreasing and the release of cyto-
chrome c, and further promotes cell apoptosis 
[22, 23]. Mitochondrial dysfunction and cyto-
chrome c release, which further triggers cas-
pase-9, as is followed by the activation of apop-
tosis executioner caspase-3, then lead to apop-
totic cell death. Recently, AMPK has been 
unveiled to play a diverse role in the molecular 
mechanism involved in mitochondrial dysfunc-
tion [47, 48]. However, it is not clear whether 
AMPK activation is beneficial or harmful to 
mitochondrial dysfunction. For example, it was 
reported that AMPK activation was found in 
neurons of brain with Alzheimer’s disease (AD) 
or Huntington’s disease, suggesting an essen-
tial role of AMPK in the neuroprotection [49, 
50]. However, abnormal AMPK activation in 
tangle- and pre-tangle-bearing neurons could 
promote neurodegeneration, which was sug-
gested as a novel common determinant of 
tauopathies [51]. In spite of controversary 
effects of AMPK activation, reports demon-
strate that the decline with age in the sensitivi-
ty and responsiveness of AMPK has been 
shown to be associated with many age-associ-
ated diseases, including cardiovascular diseas-
es, type 2 diabetes, and metabolic syndrome 
[52]. And present study has revealed that AMPK 
activation is implicated in the hypoxia-induced 
osteoblast cell apoptosis. Based on these 
recent findings, we suggest that a deeper 
understanding of the signaling cascade induced 
by AMPK activation and provide new targets for 
the treatment of delayed bone fracture healing 
and other diseases, such as obesity, insulin 

resistance, cardiovascular disease, and partic-
ularly mitochondrial dysfunction related 
diseases.

In summary, our study unveiled the promotion 
of AMPK signaling, by upregulating the phos-
phorylation of two key molecules, AMPKα and 
ACC in MC3T3-E1 osteoblast cells, in response 
to hypoxia, and we confirmed that the AMPK 
signaling activation by hypoxia contributes to 
the hypoxia-promoted apoptosis in MC3T3-E1 
osteoblast cells. Therefore, the activation of 
AMPK is implicated in the hypoxia-induced 
MC3T3-E1 cell apoptosis.

Acknowledgements

The present study was supported by the grant 
from The Second Affiliated Hospital of Inner 
Mongolia Medical University (2013016).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Shuzheng Wen, De- 
partment of Hand microsurgery, Second Affiliated 
Hospital of Inner Mongolia Medical University, 1 
Yingfang Road, Huimin District 010030, Hohhot, 
China. Tel: 00864716351295; Fax: 0086471- 
6351295; E-mail: shuzhengwen@163.com

References

[1] Dickson KF, Katzman S and Paiement G. The 
importance of the blood supply in the healing 
of tibial fractures. Contemp Orthop 1995; 30: 
489-493.

[2] Brinker MR and Bailey DJ. Fracture healing in 
tibia fractures with an associated vascular in-
jury. J Trauma 1997; 42: 11-19.

[3] Lu C, Rollins M, Hou H, Swartz HM, Hopf H, 
Miclau T and Marcucio RS. Tibial fracture de-
creases oxygen levels at the site of injury. Iowa 
Orthop J 2008; 28: 14-21.

[4] Lu C, Miclau T, Hu D and Marcucio RS. Ischemia 
leads to delayed union during fracture healing: 
a mouse model. J Orthop Res 2007; 25: 51-61.

[5] Arnett TR. Acidosis, hypoxia and bone. Arch 
Biochem Biophys 2010; 503: 103-109.

[6] Falchuk KH, Goetzl EJ and Kulka JP. Respiratory 
gases of synovial fluids. An approach to syno-
vial tissue circulatory-metabolic imbalance in 
rheumatoid arthritis. Am J Med 1970; 49: 223-
231.

[7] Aro H, Eerola E, Aho AJ and Niinikoski J. Tissue 
oxygen tension in externally stabilized tibial 



Hypoxia promotes AMPK and induces apoptosis in osteoblasts

4901 Int J Clin Exp Pathol 2015;8(5):4892-4902

fractures in rabbits during normal healing and 
infection. J Surg Res 1984; 37: 202-207.

[8] Broxmeyer HE, Cooper S, Lu L, Miller ME, 
Langefeld CD and Ralph P. Enhanced stimula-
tion of human bone marrow macrophage colo-
ny formation in vitro by recombinant human 
macrophage colony-stimulating factor in aga-
rose medium and at low oxygen tension. Blood 
1990; 76: 323-329.

[9] Bradley TR, Hodgson GS and Rosendaal M. 
The effect of oxygen tension on haemopoietic 
and fibroblast cell proliferation in vitro. J Cell 
Physiol 1978; 97: 517-522.

[10] Utting JC, Flanagan AM, Brandao-Burch A, 
Orriss IR and Arnett TR. Hypoxia stimulates os-
teoclast formation from human peripheral 
blood. Cell Biochem Funct 2010; 28: 374-380.

[11] Zhang X, Schwarz EM, Young DA, Puzas JE, 
Rosier RN and O’Keefe RJ. Cyclooxygenase-2 
regulates mesenchymal cell differentiation 
into the osteoblast lineage and is critically in-
volved in bone repair. J Clin Invest 2002; 109: 
1405-1415.

[12] Xie C, Liang B, Xue M, Lin AS, Loiselle A, 
Schwarz EM, Guldberg RE, O‘Keefe RJ and 
Zhang X. Rescue of impaired fracture healing 
in COX-2-/- mice via activation of prostaglandin 
E2 receptor subtype 4. Am J Pathol 2009; 175: 
772-785.

[13] Kivirikko KI and Prockop DJ. Enzymatic hydrox-
ylation of proline and lysine in protocollagen. 
Proc Natl Acad Sci U S A 1967; 57: 782-789.

[14] Fong GH. Regulation of angiogenesis by oxy-
gen sensing mechanisms. J Mol Med (Berl) 
2009; 87: 549-560.

[15] Lin Q, Lee YJ and Yun Z. Differentiation arrest 
by hypoxia. J Biol Chem 2006; 281: 30678-
30683.

[16] Thom SR, Bhopale VM, Velazquez OC, 
Goldstein LJ, Thom LH and Buerk DG. Stem 
cell mobilization by hyperbaric oxygen. Am J 
Physiol Heart Circ Physiol 2006; 290: 
H1378-H1386.

[17] Gallagher KA, Liu ZJ, Xiao M, Chen H, Goldstein 
LJ, Buerk DG, Nedeau A, Thom SR and 
Velazquez OC. Diabetic impairments in NO-
mediated endothelial progenitor cell mobiliza-
tion and homing are reversed by hyperoxia and 
SDF-1 alpha. J Clin Invest 2007; 117: 1249-
1259.

[18] Liu ZJ and Velazquez OC. Hyperoxia, endothe-
lial progenitor cell mobilization, and diabetic 
wound healing. Antioxid Redox Signal 2008; 
10: 1869-1882.

[19] Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper 
OM, Bastidas N, Kleinman ME, Capla JM, 
Galiano RD, Levine JP and Gurtner GC. 
Progenitor cell trafficking is regulated by hy-

poxic gradients through HIF-1 induction of 
SDF-1. Nat Med 2004; 10: 858-864.

[20] Wu D, Malda J, Crawford R and Xiao Y. Effects 
of hyperbaric oxygen on proliferation and dif-
ferentiation of osteoblasts from human alveo-
lar bone. Connect Tissue Res 2007; 48: 206-
213.

[21] Nicolaije C, Koedam M and van Leeuwen JP. 
Decreased oxygen tension lowers reactive oxy-
gen species and apoptosis and inhibits osteo-
blast matrix mineralization through changes in 
early osteoblast differentiation. J Cell Physiol 
2012; 227: 1309-1318.

[22] Sarkey JP, Chu M, McShane M, Bovo E, Ait MY, 
Zima AV, de Tombe PP, Kartje GL and Martin 
JL. Nogo-A knockdown inhibits hypoxia/reoxy-
genation-induced activation of mitochondrial-
dependent apoptosis in cardiomyocytes. J Mol 
Cell Cardiol 2011; 50: 1044-1055.

[23] Song ZC, Zhou W, Shu R and Ni J. Hypoxia in-
duces apoptosis and autophagic cell death in 
human periodontal ligament cells through HIF-
1alpha pathway. Cell Prolif 2012; 45: 239-
248.

[24] Zelickson BR, Benavides GA, Johnson MS, 
Chacko BK, Venkatraman A, Landar A, 
Betancourt AM, Bailey SM and Darley-Usmar 
VM. Nitric oxide and hypoxia exacerbate alco-
hol-induced mitochondrial dysfunction in he-
patocytes. Biochim Biophys Acta 2011; 1807: 
1573-1582.

[25] Biniecka M, Fox E, Gao W, Ng CT, Veale DJ, 
Fearon U and O‘Sullivan J. Hypoxia induces mi-
tochondrial mutagenesis and dysfunction in 
inflammatory arthritis. Arthritis Rheum 2011; 
63: 2172-2182.

[26] Douglas RM, Ryu J, Kanaan A, Del CRM, Dugan 
LL, Haddad GG and Ali SS. Neuronal death dur-
ing combined intermittent hypoxia/hypercap-
nia is due to mitochondrial dysfunction. Am J 
Physiol Cell Physiol 2010; 298: C1594-C1602.

[27] Regueira T, Andresen M and Djafarzadeh S. 
[Mitochondrial dysfunction during sepsis, im-
pact and possible regulating role of hypoxia-
inducible factor-1alpha]. Med Intensiva 2009; 
33: 385-392.

[28] Chen K, Zhang Q, Wang J, Liu F, Mi M, Xu H, 
Chen F and Zeng K. Taurine protects trans-
formed rat retinal ganglion cells from hypoxia-
induced apoptosis by preventing mitochondrial 
dysfunction. Brain Res 2009; 1279: 131-138.

[29] Liu C, Tsai AL, Chen YC, Fan SC, Huang CH, Wu 
CC and Chang CH. Facilitation of human osteo-
blast apoptosis by sulindac and indomethacin 
under hypoxic injury. J Cell Biochem 2012; 
113: 148-155.

[30] Gopalani NK, Meena RN, Prasad DN, 
Ilavazhagan G and Sharma M. Cooperativity 



Hypoxia promotes AMPK and induces apoptosis in osteoblasts

4902 Int J Clin Exp Pathol 2015;8(5):4892-4902

between inhibition of cytosolic K+ efflux and 
AMPK activation during suppression of hypox-
ia-induced cellular apoptosis. Int J Biochem 
Cell Biol 2012; 44: 211-223.

[31] Laderoute KR, Amin K, Calaoagan JM, Knapp 
M, Le T, Orduna J, Foretz M and Viollet B. 
5‘-AMP-activated protein kinase (AMPK) is in-
duced by low-oxygen and glucose deprivation 
conditions found in solid-tumor microenviron-
ments. Mol Cell Biol 2006; 26: 5336-5347.

[32] Choi SL, Kim SJ, Lee KT, Kim J, Mu J, Birnbaum 
MJ, Soo KS and Ha J. The regulation of AMP-
activated protein kinase by H(2)O(2). Biochem 
Biophys Res Commun 2001; 287: 92-97.

[33] Kahn BB, Alquier T, Carling D and Hardie DG. 
AMP-activated protein kinase: ancient energy 
gauge provides clues to modern understand-
ing of metabolism. Cell Metab 2005; 1: 15-25.

[34] Lee DH, Lee TH, Jung CH and Kim YH. Wogonin 
induces apoptosis by activating the AMPK and 
p53 signaling pathways in human glioblasto-
ma cells. Cell Signal 2012; 24: 2216-2225.

[35] Kim WH, Lee JW, Suh YH, Lee HJ, Lee SH, Oh 
YK, Gao B and Jung MH. AICAR potentiates 
ROS production induced by chronic high glu-
cose: roles of AMPK in pancreatic beta-cell 
apoptosis. Cell Signal 2007; 19: 791-805.

[36] Cai Y, Wang Q, Ling Z, Pipeleers D, McDermott 
P, Pende M, Heimberg H and Van de Casteele 
M. Akt activation protects pancreatic beta cells 
from AMPK-mediated death through stimula-
tion of mTOR. Biochem Pharmacol 2008; 75: 
1981-1993.

[37] Zhang H, Li N, Wu J, Su L, Chen X, Lin B and 
Luo H. Galangin inhibits proliferation of HepG2 
cells by activating AMPK via increasing the 
AMP/TAN ratio in a LKB1-independent man-
ner. Eur J Pharmacol 2013; 718: 235-244.

[38] Livak KJ and Schmittgen TD. Analysis of rela-
tive gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods 2001; 25: 402-408.

[39] Chae HJ, Kim SC, Han KS, Chae SW, An NH, 
Kim HM, Kim HH, Lee ZH and Kim HR. Hypoxia 
induces apoptosis by caspase activation ac-
companying cytochrome C release from mito-
chondria in MC3T3E1 osteoblasts. p38 MAPK 
is related in hypoxia-induced apoptosis. 
Immunopharmacol Immunotoxicol 2001; 23: 
133-152.

[40] Shin DH, Choi YJ and Park JW. SIRT1 and 
AMPK mediate hypoxia-induced resistance of 
non-small cell lung cancers to cisplatin and 
doxorubicin. Cancer Res 2014; 74: 298-308.

[41] Morales-Alamo D, Ponce-Gonzalez JG, Guad- 
alupe-Grau A, Rodriguez-Garcia L, Santana A, 
Cusso MR, Guerrero M, Guerra B, Dorado C 
and Calbet JA. Increased oxidative stress and 

anaerobic energy release, but blunted Thr172-
AMPKalpha phosphorylation, in response to 
sprint exercise in severe acute hypoxia in hu-
mans. J Appl Physiol (1985) 2012; 113: 917-
928.

[42] Hardie DG, Scott JW, Pan DA and Hudson ER. 
Management of cellular energy by the AMP-
activated protein kinase system. Febs Lett 
2003; 546: 113-120.

[43] Hardie DG. AMP-activated/SNF1 protein kinas-
es: conserved guardians of cellular energy. Nat 
Rev Mol Cell Biol 2007; 8: 774-785.

[44] Liu L, Cash TP, Jones RG, Keith B, Thompson 
CB and Simon MC. Hypoxia-induced energy 
stress regulates mRNA translation and cell 
growth. Mol Cell 2006; 21: 521-531.

[45] Schneider A, Younis RH and Gutkind JS. 
Hypoxia-induced energy stress inhibits the 
mTOR pathway by activating an AMPK/REDD1 
signaling axis in head and neck squamous cell 
carcinoma. Neoplasia 2008; 10: 1295-1302.

[46] Gopalani NK, Meena RN, Prasad DN, 
Ilavazhagan G and Sharma M. Cooperativity 
between inhibition of cytosolic K+ efflux and 
AMPK activation during suppression of hypox-
ia-induced cellular apoptosis. Int J Biochem 
Cell Biol 2012; 44: 211-223.

[47] Carling D. The AMP-activated protein kinase 
cascade--a unifying system for energy control. 
Trends Biochem Sci 2004; 29: 18-24.

[48] Dzamko NL and Steinberg GR. AMPK-
dependent hormonal regulation of whole-body 
energy metabolism. Acta Physiol (Oxf) 2009; 
196: 115-127.

[49] Fu J, Jin J, Cichewicz RH, Hageman SA, Ellis TK, 
Xiang L, Peng Q, Jiang M, Arbez N, Hotaling K, 
Ross CA and Duan W. trans-(-)-epsilon-Viniferin 
increases mitochondrial sirtuin 3 (SIRT3), acti-
vates AMP-activated protein kinase (AMPK), 
and protects cells in models of Huntington 
Disease. J Biol Chem 2012; 287: 24460-
24472.

[50] Vingtdeux V, Giliberto L, Zhao H, Chandakkar P, 
Wu Q, Simon JE, Janle EM, Lobo J, Ferruzzi MG, 
Davies P and Marambaud P. AMP-activated 
protein kinase signaling activation by resvera-
trol modulates amyloid-beta peptide metabo-
lism. J Biol Chem 2010; 285: 9100-9113.

[51] Vingtdeux V, Davies P, Dickson DW and 
Marambaud P. AMPK is abnormally activated 
in tangle- and pre-tangle-bearing neurons in 
Alzheimer‘s disease and other tauopathies. 
Acta Neuropathol 2011; 121: 337-349.

[52] Salminen A and Kaarniranta K. AMP-activated 
protein kinase (AMPK) controls the aging pro-
cess via an integrated signaling network. 
Ageing Res Rev 2012; 11: 230-241.


