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HIF-1α change in serum and callus during fracture  
healing in ovariectomized mice
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Abstract: The purpose was to detect the effects of ovariectomy (OVX) on femoral fracture healing through different 
angiogenesis and HIF-1α expression in mice. Thirty-six young female C57 mice were randomized into two groups: 
OVX and age-matched intact control (CON). The femoral fracture was generated at 3 weeks after OVX or CON. At 2 
or 4 weeks after fracture, the femoral fracture area was evaluated healing status by bone mineral density (BMD), 
callus formation and mineralization and neovascularization in callus, biomechanical analysis, and HIF-1α tests. OVX 
mice showed lower BMD as compared with CON mice. Callus geometric microstructural parameters of the femora in 
OVX mice were significantly lower than CON mice. OVX induced significant changes of biomechanical parameters in 
the femoral fracture healing area. The callus forming, callus neovascularization and HIF-1α tests in OVX mice were 
significantly lower than in CON mice. HIF-1α results have the positive proportion with osteoporotic fracture healing.
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Introduction

Osteoporosis and osteoporosis-associated 
fractures have become major causes of mor-
bidity and mortality among the elderly [13]. 
Lots of researcher thought that osteoporosis 
decrease the fracture healing [12, 22], and 
they believed that aging OVX and the genetic 
molecular background of osteoporosis cause 
delayed healing and impair regeneration. 
However other researcher found osteoporosis 
increase the fracture healing [11].

They found that the increase in bone turnover 
markers after hip fracture surgery and the sub-
sequent decrease reflect increased bone for-
mation and remodeling during the healing pro-
cess. The role of osteoporosis during fracture 
healing remains controversial [8]. Commonly, 
the healing of osteoporotic fractures is thought 
to be more complex than that of normal frac-
tures [24, 25]. Research into the causes of 
osteoporotic fractures and their underlying 
mechanisms is therefore crucial. Postmeno- 
pausal osteoporosis is one of the most com-
mon forms of osteoporosis, but its effects, if 

any, on fracture healing and how it exerts such 
effects require further verification.

Oxygen homeostasis provides a basis for stud-
ies of physiology and intermediary metabolism. 
Hypoxia-inducible factor-1α (HIF-1α), as a major 
oxygen homeostasis regulator, has attracted 
increasing attention in recent years. As a vascu-
logenesis- and growth-related transcription fac-
tor, it is considered a key factor in angiogenesis. 
In addition, increased expression of HIF-1 is an 
adaptive molecular response to ischemia and 
hypoxia in the early stages. It can regulate the 
expression of many downstream genes. During 
fracture healing, HIF can exert effects by adjust-
ing the expression of vascular endothelial cell 
growth factor (VEGF), human heme oxygenase 
1 (HO-1), and inducible nitric oxide synthase 
(iNOS) [17]. However, to the best of our knowl-
edge, no study has yet explored the role of HIF-
1α during osteoporotic-fracture healing. Using 
an ovariectomized (OVX) mouse model, we 
therefore explored the expression of HIF-1α in 
calluses and investigated the correlation of HIF-
1α expression with microvessel density (MVD) 
in new calluses, in an attempt to elucidate the 
mechanism of osteoporotic fracture healing.
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Materials and methods

Experimental design and grouping

A total of 48 6-week-old B6 male mice weighing 
25 g were randomized equally into two groups: 
an OVX group and a control group (CON). All ani-
mals were bred in the SPF Animal Breeding 
Center of Soochow University, with free access 
to sterilized pellet feed (Ca: 0.95%, P: 0.67%) 
and sterilized water. Room temperature was 
maintained at 22°C and relative humidity at 
56%. The light: dark photoperiod cycle was 
maintained at 12:12 h intervals. Regular ultra-
violet disinfection and ventilation were also pro-
vided. Animals in the OVX group were anesthe-
tized by intraperitoneal injection with ketamine, 
and bilateral oophorectomy was performed via 
two small incisions on either side of the lower 
back. Animals in the control group received 
sham surgery. Obvious atrophy of the uterus 
after surgery provided a marker of successful 
ovariectomy. Three weeks after surgery, all 
experimental animals underwent surgery under 
ketamine anesthesia to establish right femur 
fractures. All surgical procedures were per-
formed under strict aseptic conditions. After 
surgery, the mice were returned to their cages 
and allowed to eat freely. The animals were ran-
domly assigned to two postoperative time 
points: 2 weeks and 4 weeks. Blood samples 
were obtained in the morning at each time 
point for biochemical tests. Six mice were anes-
thetized with ketamine and sacrificed by exsan-
guinations through the abdominal aorta. 
Fractured femur specimens were obtained 
under a dissecting microscope. The intramed-
ullary nail was removed and the specimens 
were wrapped in phosphate-buffered saline 
(PBS)-soaked gauze and stored at -20°C for 
determination of bone mineral density, micro-
computed tomography (μCT), and biomechani-
cal parameters. A further six mice were per-
fused with silicone rubber (Microfil) and the 
fractured femur specimens were fixed and 
decalcified for the detection of callus MVD. 
Femur specimens from the other six mice were 
formalin-fixed, EDTA-decalcified, and then cut 
in the sagittal plane. The middle portion of the 
femur was dehydrated, embedded, and sliced 
for immunohistochemical tests. Finally, six right 
femora from each subgroup were immediately 
dissected and preserved in liquid nitrogen to 
determine the content of HIF-1α in bone tissue 
using real-time PCR. The contralateral femurs 
were used as controls in these experiments.

Fracture modeling

In this study, a classic unilateral femoral frac-
ture model was repeated [2, 20]. After anesthe-
sia with ketamine (80 mg/kg), the mice were 
put in a supine position, with the surgical site 
prepared and disinfected. Using an incision 
near the medial patella of the femoral ligament 
in the right knee, the skin, subcutaneous tis-
sue, fascia, and joint capsule were cut open, 
followed by an outward shift of the kneecaps. 
After the femoral condyle was exposed, an 
opening was made and the medullary cavity 
was enlarged. A size-14 needle tip was implant-
ed retrogradely as the intramedullary fixation 
nail. A transverse fracture of the midshaft of 
the femur was made using the scissors. The 
cavity was washed with normal saline, and the 
incision was sutured. The contralateral femurs 
were used as controls. All mice recovered from 
the surgical procedure and were returned to 
their cages when they appeared fully active. 
They had free access to standard laboratory 
pellet diet and water and were allowed to move 
freely. Mice with any marked dislocation of the 
intramedullary nail or with fractures that were 
not transverse or at the midshaft were exclud-
ed from further analysis.

Measurement of BMD

Femur specimens were thawed and rewarmed 
at room temperature. Bone density of the femo-
ral fracture area was measured by dual energy 
X-ray absorptiometry (Hologic QDR 4500), 
using software ((Hologic QDR Software for 
Windows XP version, Copyright© 1986-2002 
Hologic Inc.) specifically designed for small ani-
mals. The same measurement was performed 
at the corresponding site in the contralateral 
femur. The measurement for each specimen 
was repeated three times, and the intra- and 
inter-group coefficients of variation were < 2%.

Determination of callus formation and mineral-
ization using µCT

At 2 and 4 weeks after surgery, the microstruc-
tures of specimens were determined using µCT. 
The voxel was set to 21 μm. A three-dimension-
al mineralized callus was obtained based on 
reasonable mineralized domain values. We 
defined the fracture callus mineralization 
threshold (295 mg HA/cm3) as 50% of mineral-
ization, based on previous studies of bone heal-
ing [28], and the total callus volume (TV), callus 
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mineralized volume fraction (BV/TV), and aver-
age mineralization density (AMD) were then 
obtained.

Biomechanics

At 2 and 4 weeks after surgery, the biomechani-
cal properties of the fractured and contralater-
al femurs were tested. Before biomechanical 
testing, the specimens were thawed in PBS at 
room temperature for 3 hours, during which 
bone mineral density determination and μCT 
could be performed. The mechanical character-
istics of the femurs were tested using the three-
point bending method, with a sample spacing 
of 10 mm and loading rate of 10 mm/min. 
Finally, the computer automatically computed 
the load and final energy, and the internal data 
(e.g., the final pressure and coefficient of elas-
ticity) were obtained after standardization. The 
mechanical parameters at the corresponding 
sites in the contra-lateral femurs were also 
tested at the same time. The coefficient of vari-
ation was < 5% in this study.

μCT analysis of callus microvascular status at 
the fracture site [9]

Mice were placed in a supine position under 
anesthesia. After routine disinfection, a longitu-
dinal incision was made on the chest. The junc-
tion between the left ribs and sternum was 

divided to expose the heart. A 
blunt-ended hollow gauge-7 nee-
dle was placed into the left ventri-
cle and fixed. All perfusion fluids 
were administered through the hol-
low needle. First, 100 ml heparin-
ized solution was infused to inhibit 
clotting and promote vasodilation. 
Blood-letting was performed at the 
opening of the right atrium to form 
a circulation path. Silicone rubber 
(100 ml; Microfil, USA) was infused 
until the extremities turned yellow 
and an outflow of silicone rubber in 
a tiny incision could be observed. 
After perfusion was completed, 
the specimens were stored in a 
4°C refrigerator overnight to allow-
ing full interaction between the sili-
cone rubber and the specimens. 
After 24 h, the femurs were taken 
out of the refrigerator and thawed. 
The intramedullary nail was 
removed and the specimen was 
formalin-fixed, decalcified, and 

Figure 1. Analysis of Bone mineral density in OVX and CON mice. OVX 
(F): in fracture healing area in OVX mice; OVX (C): in contralateral limb 
area in OVX mice; CON (F): in fracture healing area in CON mice; CON 
(C): in contralateral limb area in CON mice; *P < 0.05 vs. CON group, # 
< 0.05 vs. 2 week.

then placed in 10% formalin for μCT. The voxel 
was set at 10.5. Two-dimensional 2D images 
were initially obtained by μCT, and then after 
the volume of interest was obtained, 3D imag-
es were also obtained. These 3D images were 
used to assess vascular volume, volume frac-
tion, and average diameter of the blood 
vessels.

HIF-1α levels in serum

Blood samples were centrifuged at 4°C at 
2,000 rpm for 10 min to separate the serum. 
HIF-1α levels were determined using enzyme-
linked immunosorbent assays (Stroughton, MA, 
USA). The coefficient of variation was < 10% in 
our laboratory.

Immunohistochemistry and quantification of 
HIF-1α

Femur specimens were fixed in 10% formalin 
and dehydrated and embedded routinely. Serial 
sections of 3-4-μm thickness were sliced from 
each specimen for immunohistochemical stain-
ing (S-P method). An HIF-1α polyclonal antibody 
reagent kit was purchased from Santa Cruz. 
The antibody working dilution was 1:100, and 
HIF-1α antigen retrieval was performed by 
microwave treatment. Serial slice images were 
obtained using an Olympus microscope 
attached to a Nikon camera. Positive staining 
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of HIF-1α in the callus was indicated by brown 
spots or wispy bands around the bone marrow, 
periosteum, and trabecular bone. Spinal cord 
tissue was used as a positive control and slices 
without primary antibody served as negative 
controls. Image Pro Plus (Media Cybernetics, 
Baltimore, MD) was used to quantitatively ana-
lyze the expression of HIF-1α by calculating the 
integrated optical density (IOD), which was the 
sum of pixels in the scanned area in 400× high-
er power images [23]. Intensity was the sum of 
number of pixels. In the present study, the scat-
tering values of chromogens were determined, 
which were the complete opposites of the stan-
dard values, and high IOD values suggested 
weak staining [23].

Real-time PCR

Fracture callus tissues were harvested at the 
designated time points after fracture. Primers 

were designed using the Primer 5.0 Express 
software (F: 5’ GCCTTCCTTCTTGGGT 3’ and 5’ 
GCATAGAGGTCTTTACGG 3’). SYBR Green inter-
calating dye (Molecular Probes) was used to 
perform real time PCR using the Gene Amp PCR 
System 9700 (Applied Biosystems). After clean-
ing all extraneous tissue, the tissue was snap 
frozen in liquid nitrogen. Through homogenized 
in QIAzol lysis reagent (Qiagen), purified using a 
commercial kit (Qiagen) and reverse tran-
scribed into cDNA using the Super Script III 
First Strand Synthesis System (Invitrogen), 
cDNA was purified using a kit (Qiagen). 
Standards for the gene were amplified from 
cDNA and purified. Standard concentrations 
were determined using spectrophotometric 
measurement at 260 nm. Standards were con-
tinuously diluted to an appropriate range of 
concentrations. At last, the amount of target 
gene in the sample was harvested from the 
standard curves.

Figure 2. Analysis of bone microarchitecture in fracture healing area with micro-CT in OVX and CON mice. A: 2D 
tomograms and 3D images of femoral fracture healing area at 4 weeks in OVX and CON mice; B: Callus volume in 
micro-CT analysis of femoral fracture healing area in OVX and CON mice; C: % callus mineralized in micro-CT analysis 
of femoral fracture healing area in OVX and CON mice; D: Mineral density in micro-CT analysis of femoral fracture 
healing area in OVX and CON mice; *P < 0.05 vs. CON group.
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Statistical analysis

Data are presented as mean ± standard devia-
tions. Two-factor analysis of variance was per-
formed using SPSS 11.5 software, with P < 
0.05 indicating statistical significance.

Results

General data

During the observation period, two OVX mice 
died of anesthetic-related complications within 
1 day after surgery and were replaced by the 
same animals. None of the analyzed animals 
had any obvious complications, and no marked 
decreases in body weight were seen among the 
OVX mice.

BMD

Bone densities are shown in the Figure 1. Bone 
density at the fracture-healing areas was sig-
nificantly lower in the OVX group than in the 
CON group at 2 and 4 weeks after fracture. 
Also, the bone density in the middle portion of 
the femur was higher at postoperative week 4 

than at week 2 on both the fractured and the 
contra-lateral side.

Microstructural changes during fracture heal-
ing

Callus volume was significantly smaller in the 
OVX group compared with the CON group at 
weeks 2 and 4. The OVX group had a signifi-
cantly higher mineralization rate at week 2, 
though the difference was not significant at 
week 4. Maybe mineralization rate in early 
stage is different in OVX mice. There was no dif-
ference in average density of the callus miner-
alized area between the groups at either time 
point (Figure 2).

Biomechanics

The results of biomechanical testing are shown 
in Figure 3. At 2 and 4 weeks after fracture, the 
maximum stress and the maximum load were 
significantly lower in the OVX group than in the 
CON group. The energy to maximum load 
increased significantly from week 2 to week 4 
in the CON group, but no such change was 
found in the OVX group. The elasticity modulus 

Figure 3. Biomechanical properties of the femora 
at 4 weeks after fracture in OVX and CON mice. A: 
Ultimate stress at 2 or 4 weeks after fracture in 
OVX and CON mice; B: Energy to ultimate load at 2 
or 4 weeks after fracture in OVX and CON mice; C: 
Young’s modulus at 2 or 4 weeks after fracture in 
OVX and CON mice; OVX (F): fracture healing limb in 
OVX mice; OVX (C): contralateral limb in OVX mice; 
CON (F): fracture healing limb in CON mice; CON 
(C): contralateral limb in CON mice; *P < 0.05 vs. 
CON group, # <0.05 vs. 4 week.
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was similar in the OVX and CON groups at week 
2, but became significantly different at week 4.

Microvessels of callus

To visualize the existing blood vessels sur-
rounding the healing fracture sites, we conduct-
ed the Microfill perfusion experiment. The con-

trast agent-filled and decalcified 
femur specimens were displayed 
using µCT, and the new vessels in 
the callus were quantified (Figure 
4). Vascular volume, average ves-
sel diameter, and vascular vol-
ume ratio were significantly lower 
in the OVX group than in the CON 
group at weeks 2 and 4, and vas-
cular volume and vessel diameter 
were significantly greater at week 
2 than at week 4.

HIF-1α levels in serum

HIF-1α levels were slightly lower 
in the OVX group compared with 
the CON group at weeks 2 and 4 
in serum (Figure 5).

Figure 4. Microvessels of the fracture healing area with micro-CT in OVX and CON mice. A: 2D tomograms and 3D 
images of femoral fracture healing area in OVX and CON mice; B: Vessel volume in micro-CT analysis of femoral 
fracture healing area in OVX and CON mice; C: Vessel volume fraction in micro-CT analysis of femoral fracture heal-
ing area in OVX and CON mice; D: Vessel diameter in micro-CT analysis of femoral fracture healing area in OVX and 
CON mice; *P < 0.05 vs. CON group, # <0.05 vs. 2 week.

Figure 5. HIF-1α levels in serum in OVX and CON mice. *P < 0.05 vs. 
CON group.

HIF-1α protein expression

HIF-1α protein expression at week 4 was seen 
mainly in the nuclei of vascular endothelial 
cells, and in part of the cytoplasm, indicated by 
brown particles (Figure 6). In addition, HIF-1α 
protein expression was also detected in some 
loose connective tissue cells around the vascu-
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lar endothelial cells. HIF-1α protein expression 
became even more obvious in areas with accu-
mulated macrophages and fibroblasts. Imm- 
unohistochemistry results of HIF-1α suggested 
that the IOD (integrated optical density) values 
in the ovariectomy group were markedly higher 
than those in the control group (OVX: 62000 ± 
1000, CON: 31000 ± 3000, P < 0.05), 
Quantitative analysis showed that the immu-
nostained percentage of the bone volume in 
the ovariectomized mice was also markedly 
reduced.

Real-time PCR

Quantitative real-time PCR demonstrated the 
difference of callus HIF-1α in fractured femora 
at two time points in all mice (Figure 7). The 
expression of HIF-1α mRNA was significantly 
down-regulated in OVX mice in comparison with 
those in CON group at all time points.

Discussion

The relationship between angiogenesis and 
bone healing has become a hot research topic 

in recent years [5, 19, 21, 29, 31]. Angiogenesis 
plays an important role in bone development 
and fracture healing. Research has shown that 
angiogenic factors, cytokines, stem cells, and 
progenitor cells can induce bone regeneration 
and fracture healing [10, 14, 30], among which 
intracartilage angiogenesis can promote bone 
repair by increasing blood flow [18]. Angio- 
genesis thus plays a critical role during bone 
repair. Our study also demonstrated that HIF, 
which has angiogenic effects, played a key role 
during osteoporotic-fracture healing in OVX 
mice, indirectly indicating that fracture healing 
is more difficult in OVX mice with osteoporosis 
than in normal mice.

Bones have mutually anatomized and compen-
satory vascular networks, which nourish the 
bone tissue. When a fracture occurs, the blood 
supply at the fracture site is almost completely 
interrupted, leading to acute hypoxia and necro-
sis of the adjacent bone tissues, and a series of 
resulting pathophysiological changes. Neovas- 
cularization in bones is a complex biological 
process, during which tissue hypoxia plays an 
important role [27]. HIF-1, with its hypoxia-
inducible transcriptional activity, is a specific 
key regulator of oxygen homeostasis. HIF-1α is 
highly sensitive to oxygen concentration, and is 
therefore known as the “master switch for 
hypoxic gene expression”. Compared with VEGF, 
HIF-1α plays an important role during neovas-
cularization [3, 15, 26]; it can affect fracture 
healing by regulating angiogenesis and is thus 
critically important during new bone growth. 
Some research found new key regulator of the 
HIF/VEGF axis in osteoblasts in response to 
hypoxia, critical step for bone angiogenesis 
[32]. Two aspects of the regulatory effects of 
HIF-1 on fracture healing have been identified: 
a) to promote angiogenesis during fracture 
healing by inducing the expression of pro-angio-
genic factors; and b) to regulate directly the 
functions of bone cells such as osteoblasts, 
osteoclasts, and chondrocytes. Our current 
study also confirmed the key role of HIF-1α dur-
ing osteoporotic-fracture healing. Levels of HIF-
1α were higher during the early stage of frac-
ture healing compared with the late stage, pos-
sibly because tissue hypoxia is more severe in 
the early stage, which may trigger HIF-1α pro-
duction and accelerate fracture healing. We 
aim to perform further studies to regulate 
osteoporotic-fracture healing by changing HIF-
1α levels, with important implications for future 
treatment options for such fractures.

Figure 6. Immunohistochemistry of HIF-1α in femoral 
fracture healing area in OVX and CON mice. A: Im-
munohistochemistry of HIF-1α in femoral fracture 
healing area in OVX mice; B: Immunohistochemistry 
of HIF-1α in femoral fracture healing area in CON 
mice; (TB = trabecular bone, Red arrows indicate Hif-
1alpha immunohistochemistry. Bar = 20μm).
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Angiogenesis is important for fracture healing 
by providing nutrition and various essential 
osteoblast components. Fracture healing is a 
complex cell-mediated process. An adequate 
bone tissue blood supply ensures the provision 
of the blood cellular components required for 
fracture repair. Furthermore, pre-osteoblasts, 
osteoclasts, and chondrocytes in bone marrow 
participate directly in the whole process of frac-
ture healing after transformation. Wang et al. 
reported that the coupling of angiogenesis and 
bone formation can increase the number of 
osteoblasts and mediate bone formation [31]. 
Along with angiogenesis, the VEGF/VEGFR2 sig-
naling pathway is considered to increase bone 
progenitor cells through the outer membrane 
cells. In the early stage of fracture healing, the 
microvessels at the periosteum callus have 
increased activities, while vascular regenera-
tion in the bone can be observed in the late 
stage of fracture healing. Along with angiogen-
esis, necrotic tissues and bone debris were 
removed, followed by the formation and remod-
eling of the corresponding bone. Fracture 
induces the involvement of a variety of cells 
and factors in the complex new bone form- 
ation.

Currently, BMD is the gold standard in the 
detection of osteoporosis and prediction of 
bone strength. However, BMD does not repre-
sent bone structure [6]. The detection of micro-

architecture is also a good 
way to precisely predict bone 
strength [4, 16]. Bone 
strength in the ovariecto-
mized mice was dramatically 
reduced compared with that 
in the control group, suggest-
ing impaired integrity of the 
bone structure, which is con-
sistent with the results from 
BMD measurement and μCT. 
Therefore, the findings of 
BMD measurement, μCT, and 
detection of microarchitec-
ture supported the use of 
ovariectomized mice as an 
adequate model of osteopo-
rosis. Nine-week-old mice 
were used in the present 
study because osteoporosis 
and bone resorption were 
active in these mice, making 
them susceptible to response 
to inadequate levels of estro-

Figure 7. Quantitative real-time PCR of the callus HIF-1α in fractured femora 
at two time points in OVX and CON mice. *P < 0.05 vs. CON group.

gen. This allowed significant changes in a short 
period.

We used 6-week-old mice in our study as bone 
formation and resorption are both active at this 
age, and the mouse fracture model can clearly 
represent the process of fracture healing [5]. In 
this model, we can observe formation of blood 
vessels and new bone within a few weeks after 
fracture. Silicone perfusion combined with 
micro-CT is a simple and effective method to 
evaluate angiogenesis [1, 7, 9], and this meth-
od can provide both two- and three-dimension-
al information on angiogenesis as indirect indi-
cation of fracture healing.

In summary, osteoporosis after ovariectomy 
can inhibit or weaken fracture healing, as con-
firmed indirectly by the expression of HIF-1α 
during this process. In addition, the strong 
angiogenetic effect in the early stage of frac-
ture healing was reflected by the expression of 
HIF-1α. Angiogenesis and HIF-1α play key roles 
in osteoporotic-fracture healing. Further stud-
ies on the regulation of osteoporotic-fracture 
healing are therefore warranted to improve clin-
ical practices.
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