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Hypoxia-inducible factor-1o antagonizes the hypoxia-mediated
osteoblast cell viability reduction by inhibiting apoptosis
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Abstract. Bone fracture is accompanied with poor oxygen
supply and nutrient deficiency in the local fracture site, and
oxygen supply is an important factor that can affect fracture
healing. Hypoxia-inducible factor-1 (HIF-1) plays a key role in
the regulation of oxygen homeostasis. HIF-1a is rapidly upregu-
lated in response to hypoxia and antagonizes hypoxia-induced
apoptosis. In the present study, the viability of an osteoblast
cell line, MC3T3-El, and the expression of HIF-1a protein in
the MC3T3-El cells was examined under hypoxic conditions.
The HIF-la level was then manipulated and the reduction in
the viability of the MC3T3-E1 cells in response to the hypoxia
was re-evaluated. In addition, the regulation of HIF-1a in
the adaptation of MC3T3-El cells to hypoxia was explored.
The results showed that the viability of MC3T3-El cells
decreased and the expression of HIF-la protein increased
under hypoxic conditions. Furthermore, the reduction in the
viability of MC3T3-El cells post-hypoxia was attenuated by
HIF-1a overexpression, while HIF-1a-knockdown by small
interfering RNA enhanced the hypoxia-induced decrease in
cell viability. It was additionally found that the forced expres-
sion of HIF-la inhibited the hypoxia-induced cell apoptosis.
These findings indicate that the forced expression of HIF-1a
inhibits hypoxia-induced apoptosis and thus attenuates the
hypoxia-induced decrease in cell viability.
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Introduction

Fracture not only directly destroys bone integrity, but also
causes damage to local soft tissues and interrupts blood flow,
which is followed by the onset of ischemic-hypoxia in the local
bone tissue. The poor oxygen supply and nutrient deficiency
at the fracture site affects the fracture healing, particularly
without timely treatment, as the ischemic-hypoxia deteriorates
the physiological status of local osteoblast cells and inhibits
bone repair (1). Oxygen deprivation under ischemic conditions
causes functional impairment of the cells and often structural
tissue damage (2). Furthermore, ischemia at fracture sites is
the key cause of delayed union or non-union fracture healing,
and it is rarely a solitary factor affecting fracture repair (3).
Studies have shown that the early stages of fracture in humans
are characterized by inflammation and hypoxia, and the initial
inflammatory phase of fracture represents a critical step for
the outcome of the healing process (4-6). Hypoxia-inducible
factor-1a (HIF-1a) has a regulatory function during inflamma-
tion resolution in vivo (7,8).

HIF-1 is a transcription factor that acts as a master regulator
in oxygen homeostasis, existing as a heterodimer composed
of a and  subunits. HIF-1f, an aryl hydrocarbon receptor
nuclear translocator, is expressed in normoxic cells constitu-
tively; HIF-1a is continuously synthesized and only present in
hypoxic cells, due to rapid degradation by the ubiquitin-prote-
asome system under normoxic conditions (9). HIF-1a plays a
key role in the cellular response to hypoxia and is involved in
glucose metabolism, vascular remodeling and erythropoiesis
via gene activation (10), in addition to being required for solid
tumor formation and embryonic vascularization (11). When
cells are exposed to hypoxia, HIF-1a initiates the protective
and adaptive mechanism; if this is not sufficient to rescue cells
from the severe hypoxia, the cells die via apoptosis and even
necrosis (12).

Apoptosis, which is also called programmed cell death, is
induced by hypoxic conditions, which cause decreases in the
mitochondrial membrane potential and the release of cyto-
chrome ¢ (13). The released cytochrome c then stimulates the
protein caspase 9, which activates the apoptosis executioner
caspase 3, thus leading to cell death (14). It has been reported
that the activation of HIF-la delays inflammation resolu-
tion by reducing neutrophil apoptosis (7). It has also been
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demonstrated that HIF-1a may act as a protective factor in the
apoptotic process of cardiac fibroblasts and represent a poten-
tial therapeutic target for heart remodeling following injury
due to hypoxia (15). HIF-1a plays a role in hypoxia-induced
apoptosis and does not only stimulate, but may also prevent
apoptosis (16).

In the present study, the viability of the osteoblast cell line
MC3T3-El was investigated following exposure to hypoxia,
and HIF-la protein expression was determined. The HIF-1a
level was then manipulated and the reduction in the viability
of the MC3T3-E1 cells in response to the hypoxia was
re-evaluated.

Materials and methods

Cell culture and treatment. Osteoblastic MC3T3-El cells
were purchased from the American Type Culture Collection
(Manassas, VA, USA) and cultured in a-Minimum Essential
Media (aMEM; Invitrogen Life Technologies, Carlsbad, CA,
USA) with 10% fetal bovine serum (FBS; Invitrogen Life
Technologies) at 37°C in 5% CO,. Subsequent to reaching
85-95% confluence, the MC3T3-El cells were washed with
0.1% phosphate-buffered saline (PBS) and detached with
0.25% trypsin (dissolved in 0.1% PBS; Ameresco Inc.,
Framingham, MA, USA) with 0.025% EDTA and subcul-
tured. To upregulate the HIF-1a, a murine HIF-1a coding
sequence was amplified and cloned into a eukaryotic expres-
sion vector, pcDNA3.1 (+) (Invitrogen Life Technologies), and
confirmed by sequencing. HIF-1a-pcDNA3.1 (+), or chlor-
amphenicol acetyl transferase (CAT)-pcDNA3.1 (+) vectors
were then transfected into MC3T3-El cells to upregulate the
HIF-1a level or act as a control, respectively. The positive
clone, MC3T3-El (HIF-1a), and MC3T3-El1 (Con) were
selected in the presence of 800 ug/ml G418 and maintained
in medium containing G418 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at 400 ug/ml. To suppress HIF-1a
expression, HIF-la-specific small interfering (si) RNAs
and siRNA control (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) were utilized at a concentration of 40 nM.
Each siRNA was transfected into the MC3T3-El cells using
Lipofectamine® 2000 (Invitrogen Life Technologies).

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Total mRNA was
extracted from the MC3T3-El1 or MC3T3-El1 (HIF-1a) cells
with the RNeasy® Mini kit (Qiagen, Valencia, CA, USA), and
an RNase inhibitor (Promega Corp., Madison, WI, USA) was
then added. A SYBR® Green RT-qPCR kit (Takara, Tokyo,
Japan) was used for the RT-qPCR analysis of HIF-lo mRNA,
and tubulin was used as a reference gene. The AACt method
was used for relative quantification (17).

Protein sample isolation and western blot analysis. Whole
MC3T3-El or MC3T3-El (HIF-1a) cells were collected and
lyzed with a cell lysis reagent (Pierce, Rockford, IL, USA).
Protein samples were then treated with a protease inhibitor
cocktail kit (Roche Biochemicals, Basel, Switzerland) and
quantified with a bicinchoninic acid assay kit (Thermo Fisher
Scientific, Inc., Rockford, IL, USA). SDS-PAGE gel (8-12%)
was used to separate the protein samples, which were then
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transferred to a polyvinylidene difluoride membrane. HIF-1a
and tubulin protein levels were detected by immunoblot anal-
ysis using rabbit polyclonal antibodies against mouse HIF-1a
(#ab82832) or tubulin (#ab18251; 1:500; Abcam, Cambridge,
UK). Goat anti-rabbit immunoglobulin G conjugated to
horseradish peroxidase (Pierce) and an enhanced chemilumi-
nescence detection system (SuperSignal® West Femto; Pierce)
were used for detection. The HIF-1a level was expressed as a
percentage relative to tubulin expression.

Cell viability determination by MTT assay. MC3T3-El
cells with overexpression of HIF-1a or CAT were seeded in
96-well plates. Upon reaching 85% confluence, the medium
was substituted with aMEM containing 2% FBS. At different
time-points post-normoxia or -hypoxia treatment, with or
without siRNA transfection, the MTT assay (Invitrogen Life
Technologies) was conducted according to the manufac-
turer's instructions. The optical density was then measured at
570 nm using a spectrophotometer.

Determination of caspase activation. MC3T3-El or
MC3T3-El (HIF-1a) cells were seeded on six-well plates
and treated with hypoxia for 24 or 48 h. The activity of
caspase 3 was determined as previously described (18).
Briefly, MC3T3-El or MC3T3-El (HIF-1a) cells were pelleted
and resuspended in lysis buffer, prior to being incubated
with Ac-DEVD-AMC fluorogenic peptide substrates (BD
Pharmingen, San Diego, CA, USA) for caspase 3 for 30 to
60 min at 37°C. The yellow-green fluorescence of the reac-
tion product was monitored on a spectrofluorometer by setting
the excitation and emission wavelengths to 380 and 440 nm,
respectively. The amount of yellow-green fluorescence was
proportional to the amount of active caspase 3 present in the
samples. The increase in caspase activity was expressed as a
relative value to the control group.

Detection of apoptotic cells. MC3T3-E1 or MC3T3-El
(HIF-1) cells were seeded into Nunc™ LabTek™ II chamber
slides (Nalge Nunc International Corp., Rochester, NY, USA)
and subjected to hypoxia with or without siRNA transfection.
The cells were then fixed, washed and stained with 1 pg/ml
Hoechst 33528 (Invitrogen Life Technologies) using standard
procedures (19). Apoptotic cells were screened and counted
under a fluorescence microscope (Carl Zeiss, Oberkochen,
Germany) using a 4,6-diamidino-2-phenylindole filter set.

Statistical analysis. SPSS 16.0 software (SPSS, Inc., Chicago,
IL, USA) was used for statistical analyses. The Student's t-test
was used to analyze the difference between two groups. Data
are presented as the mean + standard error of the mean, and
P<0.05 was considered to indicate a statistically significant
difference.

Results

Viability and HIF-1a expression of MC3T3-El cells under
normoxic and hypoxic conditions. To explore the effect of
hypoxia on the MC3T3-El cell line, the viability and HIF-1a
protein levels of the cells were examined. In hypoxic and
normoxic conditions, the viability of the cells was observed by
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Figure 1. Hypoxia reduces the viability of MC3T3-El cells and induces
HIF-1o expression. (A) MC3T3-E1 cells were cultured under normoxia
(20% O,) and hypoxia (1% O,) for 24 h, and the viability of the cells was
determined by MTT assay. (B) HIF-la mRNA expression induced under
hypoxia in MC3T3-El cells, as assessed by fluorescence quantitative
polymerase chain reaction analysis. (C) Hypoxia-induced HIF-1a protein
expression in MC3T3-El cells, as assessed by western blotting. “P<0.05 and
“P<0.01. ns, no significance; HIF-1a, hypoxia-inducible factor-1o;; H.P.T.,
hours post treatment..

MTT assay. The relative cell viability decreased significantly
after 16 h in hypoxia, as compared with the cell viability in
the normoxic condition (Fig. 1A). When the MC3T3-El cells
were cultured in 1% O, conditions for 8 h or longer, the relative
HIF-1a mRNA level became higher than that of cells cultured
in 20% O, conditions, particularly when the cells were cultured
for >16 h, as demonstrated by fluorescence qPCR (Fig. 1B).
Western blot analysis was also conducted to analyze HIF-la
expression at the protein level, as shown in Fig. 1C. The HIF-1a
expression in the MC3T3-El cells was significantly higher
when the cells were cultured under hypoxic conditions for
16 and 24 h. These results suggest that the hypoxic condition
reduces the viability of MC3T3-El cells and induces HIF-1a
protein expression.

Effect of upregulated HIF-1a expression on the hypoxia-induced
decrease in cell viability. As stated previously, the viability of
cells was decreased and the expression of HIF-1a was increased
by the hypoxic condition. In order to elucidate the effect of
HIF-1a expression on the viability decrease in the MC3T3-El
cell line caused by hypoxia, the viability of cells with forced

1803

>

&
1

(X
L

Relative HIF-1 . mRNA
expression (to Tubulin)

o
L

Ty o
w‘?q* o™

T Tubulin s —— *
god HIF-10 [ — L

Percentage of HIF-1 «
to Tubulin

1204 EZ Hypoxia
E=3 Control

80+

40

Relative cell viability (%)

H.P.T.

Figure 2. Effects of forced expression of HIF-1o on the decrease in cell
viability caused by hypoxia. Three groups of cells were cultured under
hypoxic (1% O,) conditions: Hypoxic group (hypoxia), chloramphenicol
acetyl transferase-overexpressed group (control) and HIF-1a-overexpressed
group (HIF-10). (A and B) Expression of HIF-1a (A) mRNA and (B) protein
under hypoxic conditions. "P<0.05 and “P<0.01 versus hypoxia. (C) Forced
expression of HIF-1a attenuated the hypoxia-induced decrease in cell
viability. “P<0.01. ns, no significance; HIF-1a, hypoxia-inducible factor-1a;
H.P.T., hours post treatment.

expression of HIF-1a was investigated using an MTT assay.
As shown in Fig. 2A and B, significantly high levels of HIF-1a.
expression were confirmed in the HIF-1a-pcDNA3.1-transfected
cells, as compared with the hypoxic and control groups. In addi-
tion, as shown in Fig. 2C, the MTT assay demonstrated that the
viability of the MC3T3-El cells was increased by the forced
expression of HIF-1a. These results showed that the effect of
the forced HIF-1a expression was in contrast to the effect of
hypoxia on the viability of MC3T3-El cells.

Effect of HIF-1a-knockdown on the hypoxia-induced
decrease in cell viability. To detect the role of HIF-1a in the
hypoxia-induced decrease in cell viability, MC3T3-El cells
were cultured under hypoxic conditions and transfected
with siRNA. The MTT assay and western blot analysis were
then conducted to confirm the relative expression levels of
HIF-1a to tubulin and determine cell viability. As shown
in Fig. 3A, low levels of HIF-la mRNA expression were
found post-siRNA transfection. The western blotting results
also demonstrated that the HIF-1lo expression in the cells
transfected with HIF-1a-siRNA was significantly lower than
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Figure 3. HIF-la-knockdown enhances the hypoxia-induced decrease in cell viability. Three groups of cells were respectively transfected with control siRNA
(siRNA-Con) and two HIF-la-specific siRNAs: siRNA1-HIF-1a and siRNA2-HIF-1a. (A and B) Expresion of HIF-1a. (A) mRNA and (B) protein following
siRNA transfection. ‘P<0.05 and “P<0.01 versus siRNA-Con. (C) HIF-1a-knockdown enhanced the hypoxia-induced decrease in osteoblast viability. "P<0.05
and “P<0.01. ns, no significance; siRNA, small interfering RNA; HIF-1a, hypoxia-inducible factor-1a.
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Figure 4. HIF-1a inhibits hypoxia-induced osteoblast apoptosis. The cell groups were cultured under hypoxic conditions. (A) Forced HIF-1a expression inhib-
ited hypoxia-induced osteoblast apoptosis. (B) HIF-1a-knockdown enhanced hypoxia-induced osteoblast apoptosis. (C) Forced HIF-1a. expression inhibited
the hypoxia-induced caspase 3 activity in osteoblasts. (D) HIF-la-knockdown enhanced the hypoxia-induced casepase 3 activity in osteoblasts. “P<0.05 and
“P<0.01. ns, no significance; siRNA, small interfering RNA; HIF-1a, hypoxia-inducible factor-1c.

that in the siRNA-control group (Fig. 3B). The viability of
the MC3T3-El cells post-siRNA transfection under hypoxic
conditions was determined by MTT assay. Fig. 3C shows that
the viability of the cells was reduced by HIF-1a-knockdown.
These results suggest that HIF-1a-knockdown enhances the
hypoxia-induced decrease in cell viability.

Effect of HIF-1a on the hypoxia-induced osteoblast apop-
tosis and caspase 3 activity. In order to explore the possible
mechanism by which HIF-1a attenuates the hypoxia-induced

decrease in MC3T3-El cell viability, the effects of HIF-1a on
the hypoxia-induced osteoblast apoptosis and the activity of
caspase 3 were investigated. The cells were transfected with
pcDNA3.1 (+) (control) and HIF-la-pcDNA3.1 (+) under
hypoxic conditions. As shown in Fig.4A, forced HIF-1a expres-
sion significantly suppressed the hypoxia-induced apoptosis
after 24 and 48 h. By contrast, when the cells were transfected
with siRNA (control) and two types of siRNA-HIF-la during
hypoxia, the levels of HIF-1a in the siRNA-HIF-1a-transfected
cell groups were decreased and the percentage of cells
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undergoing apoptosis was increased significantly (Fig. 4B). In
addition, the activity of caspase 3 was examined; as shown in
Fig. 4C, the activity of caspase 3 was inhibited in the cells with
forced HIF-1a expression under hypoxia after 24 and 48 h. By
contrast, in the siRNA-HIF-1a-transfected osteoblasts, the
hypoxia-induced caspase 3 activity was enhanced (Fig. 4D).
These results show that HIF-1la inhibits hypoxia-induced
osteoblast apoptosis.

Discussion

Secondary or indirect bone healing typically involves four
phases, known as the inflammatory, soft callus, hard callus
and remodeling phases (20). Numerous factors can affect
fracture healing, including the coordination of multiple cell
types (such as osteoblasts and chondrocytes); cytokines (such
as transforming growth factor-f3, basic fibroblast growth factor
and platelet-derived growth factor), which have a regulatory
effect on the initiation and development of the fracture repair
process (21-23); and the oxygen level of the tissues at the frac-
ture site. Since oxygen plays a critical role as a participant in
multiple basic cellular processes, hyperbaric oxygen therapy
is one of the methods used to promote fracture healing by
delivering 100% oxygen at pressures greater than one atmo-
sphere (24). Low-intensity pulsed ultrasound (LIPUS) can
also accelerate fracture healing by inducing the homing of
circulating osteogenic progenitors to the fracture site (25);
furthermore, LIPUS treatment combined with functional
electrical stimulation treatment has shown better effects in
accelerating new bone formation (26). In addition, improve-
ments in the adaptation of osteoblasts and chondrocytes to
hypoxia ameliorate the physiological status of these cells,
which are subject to hypoxia (27).

The protective role of HIF-1a has been confirmed in various
types of cells (28). Cells with high HIF-1a levels showed more
resistance to apoptosis caused by hypoxia and glucose depri-
vation than did cell lines with low HIF-1a expression under
normoxia (28). It can thus be concluded that HIF-1a plays a
role in hypoxia-induced apoptosis, and acts as an antiapoptotic
factor (12). In the present study, the viability of MC3T3-El
cells decreased and the expression of HIF-1a protein in the
MC3T3-El cells increased under hypoxic conditions. It was
also found that the viability of HIF-1a-transfected MC3T3-El
cells was higher than that in cells without forced expression
of HIF-1a (Fig. 2C), whereas HIF-1a-knockdown by siRNA
in MC3T3-El cells enhanced the hypoxia-induced decrease
in cell viability (Fig. 3C). It was ascertained that the forced
expression of HIF-1a in the MC3T3-El cell line attenuated the
hypoxia-induced decrease in cell viability by inhibiting apop-
tosis. These results indicate that HIF-1a plays a key role in the
hypoxia-induced decrease in osteoblast viability.

In conclusion, the viability of the MC3T3-El cell line
decreased under hypoxia and HIF-1a expression was upregu-
lated. The forced expression of HIF-1a in the MC3T3-El cell
line attenuated the hypoxia-induced decrease in osteoblast
viability by inhibiting apoptosis. These present findings
provide novel insight into the mechanism underlying the
hypoxia-induced decrease in cell viability, and indicate that
HIF-1a expression affects cell viability by inhibiting apop-
tosis.
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