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Abstract
In this study, we examined whether local deferoxamine (DFO) administration can promote angiogenesis and bone repair in steroid-

induced osteonecrosis of the femoral head (ONFH). Steroid-induced ONFH was induced in 65 mature male New Zealand white

rabbits by methylprednisolone in combination with lipopolysaccharide. Six weeks later, the rabbits received no treatment (model

group, N¼ 15), bilateral core decompression (CD group, N¼ 20) or CD in combination with local DFO administration (DFO group,

N¼ 20). Six weeks after the surgery, vascularization in the femoral head was evaluated by ink artery infusion angiography and

immunohistochemical staining for von Willebrand Factor (vWF). Bone repair was assessed by histologic analysis and micro-

computed tomography (micro-CT). Immunohistochemical staining was performed to analyze the expression of vascular endothe-

lial growth factor (VEGF), hypoxia-inducible factor-1a (HIF-1a), bone morphogenetic protein-2 (BMP-2), and osteocalcin (OCN). Ink

artery infusion angiography and microvessel analysis by immuohistochemical staining for vWF showed more blood vessels in the

DFO group than other groups. The expression of HIF-1a, VEGF, BMP-2, and OCN, indicated by immunohistochemical staining,

was higher in the DFO group compared with other groups. Micro-CT scanning results indicated that the DFO group had larger

volume of newly formed bone than the CD group. This work indicated that local DFO administration improved angiogenesis and

bone repair of early stage ONFH in rabbit model, and it may offer an efficient, economic, and simple therapy for early stage ONFH.
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Introduction

Steroid-induced osteonecrosis of the femoral head (ONFH)
is one of the most serious complications in patients who
have long-term glucocorticoid use or heavy use in a short
time as treatment for diseases including glomerulonephritis,
inflammatory bowel disease, and immunosuppression after
renal transplants.1 It is a chronic progressive disease and if
not treated properly and promptly, 85% of symptomatic
patients at stages I and II will have to undergo hip arthro-
plasty in 2 y because of the articular cartilage collapse.2

Besides, corticosteroid-induced ONFH tends to occur in
those aged 30–50 y and the joint prosthesis is not durable
enough in younger patients with corticosteroid-induced
ONFH.3,4 Thus, numerous studies have been performed to
find a novel method to avoid the collapse and arthroplasty.

So far, many surgical therapies including core decom-
pression (CD), vascularized bone grafting, stem cells trans-
plantation, and rotational osteotomy are used to treat
early-stage ONFH. CD was the most commonly used

method to treat ONFH in the past, but the efficacy is contro-
versial.5 Although the vascularized fibular graft has

acquired satisfactory success rate in early stage osteonecro-
sis, it also has serious complications.6 Stem cells transplant-

ation is a potentially effective method by providing more
osteogenic progenitor cells and cell factors that induce
angiogenesis and bone formation. However, its clinical

application is limited due to the high death rate of stem
cells after transplantation and limited sources.

Hypoxia-inducible factor-1 (HIF-1) plays a crucial role in
regulating the adaptive response of cells to hypoxia. So far,
more than 100 target genes of HIFs including vascular endo-
thelial growth factor (VEGF) have been found, and they are

particularly relevant to angiogenesis, erythrocytopoiesis,
and cytoprotection. Recent studies showed that HIF-1a
and its target gene VEGF play important roles in angio-

genic–osteogenic coupling during bone development and
regeneration.7 Deferoxamine (DFO), an iron chelator, is usu-
ally used to treat disorders of excess iron. Also, DFO is a HIF
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prolyl hydroxylase inhibitor (PHI) and inhibits degradation
of HIF-1a both in vitro and in vivo under normoxia, subse-
quently increasing the expression of HIFs target genes.8–10

Recently, it has been demonstrated that in bone fracture and
bone defect model, local DFO injection can promote angio-
genesis and bone formation.11,12 However, the effect of DFO
on vascularization and bone repair in ONFH has not been
studied.

So, the present study is to study whether local DFO
administration promotes vascularization and bone repair
of steroid-induced ONFH in a rabbit model.

Materials and methods

All the animals used were from the Experimental Animal
Center of Xi’an Jiaotong University, China. The experimen-
tal protocols were approved by the Animal Ethical
Committee of the Xi’an Jiaotong University and adhered
to the NIH Guide for the Care and Use of Laboratory Animals.

Establishment of animal ONFH model and treatments

Sixty-five mature male New Zealand (age: 28 weeks) were
housed at the Experimental Animal Center of Xi’an Jiaotong
University and received standard laboratory diets.
Osteonecrosis was induced by methods according to the
previously published protocols.13 Briefly, the rabbits
received an intravenous injection of 10mg/kg body weight
of lipopolysaccharide (Sigma, St. Louis, MO, USA). Twenty-
four hours later, the rabbits received three intramuscular
injections of methylprednisolone (Pfizer, New York, USA)
at 20 mg/kg body weight at a time interval of 24 h. It was
reported that six weeks after the last injection of methyl-
prednisolone, ONFH gradually developed. During the
establishment of ONFH model, five rabbits died of infec-
tion. Six weeks after the last injection of methylpredniso-
lone, five rabbits were sacrificed and hematoxylin and eosin
(HE) staining was performed to confirm ONFH. The
remaining 55 rabbits received no treatment (model group,
N¼ 15), bilateral CD group (N¼ 20) or CD in combination
with local DFO administration (DFO group, N¼ 20). Six
weeks later, the rabbits were sacrificed and the femoral
head of rabbits in each group were obtained and assessed
by histological, ink artery infusion angiography, micro-CT
scanning, and immunohistochemistry analysis.

Surgical procedure

Strict aseptic technique was observed throughout the pro-
cedure. After the animals were anesthetized with pentobar-
bital sodium, the greater trochanter of the femoral head was
exposed for the CD. A drill with an outer diameter of
1.5 mm was inserted from the flare of the greater trochanter
to the femoral neck and into the femoral head, without
crossing the boundary surface of the femoral head cartilage.
The location of the drill was confirmed radiographically
(Figure S1). For the rabbits in DFO group, 500-mM DFO
(Sigma, St. Louis, MO, USA) loaded in gelatin sponge
(BIOT Biology, Wuxi, Jiangsu Province, China) was slowly
plugged into the tunnel made by drill in the femoral head.
Isometric saline loaded in gelatin sponge was slowly

injected in the CD group. Then the hole was sealed by
bone wax and the incision was closed layer by layer.

Ink artery infusion angiography and analysis

Six weeks after the surgery, five rabbits of each group were
anesthetized with pentobarbital sodium and used to per-
form ink artery infusion angiography to investigate the
blood supply of the femoral head. After anesthetized, the
abdominal aorta and inferior vena cava were exposed and
ligated immediately. A tube was punctured into the abdom-
inal aorta at distal end of ligation, used to affuse ink.
Another tube was distally inserted in the inferior vena
cava for drainage. The abdominal aorta was irrigated with
heparinized saline (25,000 units in 250 ml of 0.9% sodium
chloride), until the liquid outflowed from the inferior vena
cava was clear. The abdominal aorta was then injected con-
tinuously with a solution of 10% gelatin/Indian ink (20 g of
gelatin in 100 ml of Indian ink and 100 ml of water) at pres-
sure of 90 mmHg, until the skin and nails of the bilateral
crura completely turned black. Then animals were eutha-
nized and 24 h after the refrigeration at 4�C, the bilateral
thighbones were dissected and harvested. The samples
were fixed, decalcified, embedded, cut into slices of 20-mm
thick, and stained by HE. The blood distribution of the fem-
oral head was observed under a stereomicroscope.

Histopathology

Six weeks after the surgery, the remaining rabbits of each
group were euthanized and bilateral thighbones were dis-
sected and observed by macrography. Bilateral femoral
head was obtained for histological analyses after micro-
CT scanning. For HE staining, briefly, after fixed with 10%
neutral-buffered formalin, bone samples were decalcified
with 10% ethylene diamine tetraacetic acid neutralized
with sodium sulfate buffer, then embedded in paraffin,
cut along the coronal plane into 4-mm thick sections, and
stained with HE. The microscopic changes in the femoral
heads were observed under a light microscope. During the
observation of the trabeculae at 100 times magnification, 10
fields were chosen randomly and 50 bone lacunae in each
field were counted. The number of empty lacunae in 10
sections was counted and the percentage of empty lacunae
was calculated by researchers who were blind to assure that
all the work was honestly reported.

Immunohistochemistry

To analyze microvessels and osteogenic potential in the
femoral head, immunohistochemistry was performed
using antibodies specific for: HIF-1a (Upstate
Biotechnology, Lake Placid, New York, USA), VEGF
(Upstate Biotechnology, Lake Placid, New York, USA),
vWF (Santa Cruz Biotechnology, Dallas, Texas, USA), osteo-
calcin (OCN) (Santa Cruz Biotechnology, Dallas, Texas,
USA), and bone morphogenetic protein-2 (BMP-2) (Santa
Cruz Biotechnology, Dallas, Texas, USA). Briefly, sections
were immersed in 3% hydrogen peroxide in 0.01 M phos-
phate-buffered saline (PBS) for 10 min to block endogenous
peroxidase activity and then were rinsed several times in
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PBS. After being blocked with 10% goat normal antiserum
(Vector, Burlingame, California, USA) for 30 min at room
temperature, sections were treated with a primary antibody
overnight at 4�C and incubated with the biotinylated sec-
ondary antibody for 30 min, followed by streptavidin per-
oxidases for 30 min at room temperature. To reveal the
immunoreactivity (IR), the sections were then reacted
with diaminobenzidine solution in the dark. Finally, the
sections were treated with hematoxylin and mounted.
Sections without primary antibodies processing were used
as the negative control. The sections were observed and
photographed by the eclipse 50i optical microscope ima-
ging system (Nikon Co., Ltd., Tokyo, Japan). The positive
staining images were quantitatively analyzed by using the
Image-Pro� Plus 6.0 image analysis software and calculat-
ing the mean optical density using a single blind method.
Ten randomly fields in bone marrow cavities in each section
were selected and the positive staining was quantitated
according to the integrated optical density (IOD) value.
The mean optical density was defined as the ratio of IOD
to the corresponding cavity area. To calculate the mean
optical density, eight sections for each protein from each
group were analyzed.

After immuohistochemical staining for vWF, microvessel
was analyzed by light microscopy. Any single vWF-positive
endothelial cell or cluster of vWF-positive endothelial cells
which were clearly separated from adjacent microvessels
was regarded as one microvessel. Ten random areas in
each section were counted and the microvessels number
was calculated. Ten sections in each group were analyzed.
The evaluation was performed by researchers who were
blind regarding the identity of three groups.

Micro-CT scanning

Bone structure of the femoral head was analyzed by micro-
CT (eXplore Locus SP, GE, Fairfield, Connecticut, USA)
using a high-resolution system (MS-8) six weeks after the
surgery. Briefly, each femoral head was scanned continu-
ously with a slice thickness and increment of 14 mm at
80 kVp with an exposure time of 3000 ms/frame. The
voxel size was 14� 14� 14 mm3. Along the center line of
the femoral neck, a 1.5 mm� 3 mm� 5 mm cuboid region
of interest (ROI) containing the bone tunnel generated by
CD was selected with a semiautomatic contouring method
in the center of the femoral head. Three-dimensional recon-
struction images of the cuboid ROI were acquired by
Reconstruction Utility with 16-bit gray levels.
Microstructural parameters of ROI including bone mineral
density (BMD; expressed as mg/cm3), bone volume fraction
(BVF; expressed as a percentage), trabecular thickness
(Tb.Th; expressed as mm), trabecular number (Tb.N;
expressed as 1/mm), and trabecular separation (Tb.Sp;
expressed as mm) were calculated from the 3-D images by
using Advanced Bone Analysis software (GE Health Care).

Statistical analysis

All the data were described as mean� standard deviation.
One-way analysis of variance was performed to analyze the
statistical data. The Statistical Package for the Social

Sciences 17.0 software was used for analysis. P< 0.05 was
considered as statistically significant.

Results
Histological analysis

In the subchondral bone of the femoral head, the model
group showed sparser trabecular bone with more empty
lacunae (29.0� 5.75%), surrounded by few spindle-shaped
osteoblasts and more marrow fat cells which dominantly
occupied the marrow space. In the CD group, a somewhat
decreased number of empty lacunae (24.6� 6.11%) in the
subchondral bone of the femoral head was observed
(P> 0.05, n¼ 10).

In the DFO group, fewer empty lacunae (10.8� 4.44%)
were observed in the subchondral bone of the femoral head
compared with that in the model group and CD group
(P< 0.05, n¼ 10). Besides, there was abundant hematopoi-
etic tissue in the bone marrow (Figure 1(a)). In the tunnels of
both the CD group and the DFO group, the gelatin sponge
was not observed. In the CD group, the tunnel made by CD
was almost filled with fibrovascular tissue. However, in the
DFO group, massive newly formed trabecular tissue filled
the tunnel of the CD (Figure 1(b)). This was also confirmed
by micro-CT scanning. Around the bone tunnel, the CD
group showed more empty lacunae in the trabecular
bone, which was surrounded with fibrous tissue. In the
DFO group, less empty lacunae were found in the trabecu-
lar bone, which was surrounded with normal marrow
(Figure 1(c)). The histologic results indicated that DFO
had the potential to improve bone repair.

Microvessel analysis

Ink artery infusion angiography of the femoral head
showed that in the model group few ink-stained blood ves-
sels were found. In the CD group, increased ink-stained
blood vessels were observed. Compared with the model
group and the CD group, more ink-stained blood vessels
were present (Figure 2).

Microvessels were also analyzed by immuohistochem-
ical staining for vWF and similar results were obtained.
Few microvessels were observed in the model group
(Figure 3(a)). In the CD group, increased microvessels
were found compared with the model group (Figure 3(b)).
In comparison with the model group and the CD group,
significantly higher numbers of microvessels were present
in the DFO group (Figure 3(c)).

New bone formation analyzed by micro-CT scanning

Six weeks after the surgery, newly formed bone was present
in the bone tunnel of both the CD group and the DFO group
(Figure 4). Compared with the CD group, the DFO group
formed significantly more new bone in the bone tunnel,
which was also confirmed by histologic observation.

The histomorphometric parameters of ROI including
BMD, BVF, Tb.Th, Tb.N, and Tb.Sp were significantly dif-
ferent between the CD group and the DFO group (Table 1).
The DFO group had significantly higher values of BMD,
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BVF, Tb.N, and Tb.Th, and lower values of Tb.Sp than the
CD group (P< 0.05 for each parameter, n¼ 10).

Local expression of HIF-1a, VEGF, BMP-2, and OCN

The expression of angiogenic factors including HIF-1a and
VEGF, and osteogenic factors including BMP-2 and OCN
was analyzed by immunohistochemical staining.

The appearance of yellow brown substance indicated
positive staining. HIF-1a and VEGF IR were mainly
observed in the osteoblasts and endothelial cells in each
group. In the model group, a slight HIF-1a-IR and VEGF-
IR was found (Figure 5(a) and (e)). The CD group showed
increased level of HIF-1a-IR and VEGF-IR in osteoblasts
and endothelial cells (Figure 5(b) and (f)). In comparison
with the model group and the CD group, DFO group

showed considerably strong HIF-1a-IR and VEGF-IR in
osteoblasts and endothelial cells (Figure 5(c) and (g)).

Slight BMP-2-IR and OCN-IR were observed in the
model group which was concomitant with the number of
osteoblasts (Figure 6(a) and (e)). Compared with the model
group, the CD group showed increased BMP-2-IR, OCN-IR,
and number of osteoblasts (Figure 6(b) and (f)). In the DFO
group, the BMP-2-IR and OCN-IR significantly increased
which was proportional to the increased number of osteo-
blasts (Figure 6(c) and (g)).

Discussion

Corticosteroid-induced ONFH is a progressive disease that
mostly affects 30–50 y old patients.14 Numerous methods
have been taken to treat steroid-induced ONFH.
Unfortunately, none of these methods is 100% successful,

Figure 2 Ink artery infusion angiography and analysis (200�magnification). (a) Few ink-stained blood vessels were found in the model group. (b) Increased ink-

stained blood vessels were observed in the CD group. (c) More ink-stained blood vessels were present in the DFO group compared with the model group and the CD

group. (A color version of this figure is available in the online journal.)

Figure 1 Histological observations of the femoral head six weeks after the surgery (200�magnification). (a) Representative photomicrograph of the subchondral

bone of the femoral head in three groups. (a1) The model group showed sparser trabecular bone with more empty lacunae (29.0�5.75%), surrounded by few spindle-

shaped osteoblasts, few marrow cells, and more marrow fat cells. (a2) In the CD group, a somewhat decreased number of empty lacunae (24.6� 6.11%) in the CD

group was observed (P> 0.05, n¼10). (a3) Compared with the model group and the CD group, the DFO group showed fewer empty lacunae (10.8�4.44%) and

abundant hematopoietic tissue in the bone marrow (P< 0.05, n¼10). (b) Representative photomicrograph of tissue within the bone tunnel. (b1) The tunnel made by core

decompression was filled with fibrovascular tissue in the CD group. (b2) The tunnel was filled with massive newly formed trabecular tissue in the DFO group. (c)

Representative photomicrograph of tissue around the bone tunnel. (c1) In the trabecular bone around the bone tunnel in the CD group, more empty lacunae were found.

In addition, the trabecular bone was surrounded with fibrous tissue. (c2) In the DFO group, less empty lacunae were found in the trabecular bone and the trabecular

bone was surrounded with normal marrow. (A color version of this figure is available in the online journal.)
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and the results have been variable. Recent studies indicated
that HIF-1a and its downstream target VEGF play vital roles
in regulation of angiogenic–osteogenic coupling during
bone repair and regeneration.15 Activating HIF pathway
by molecular HIFs PHIs has been used as an approach to
accelerate bone healing following injury.11,12,16,17 However,
the application of PHI in treating corticosteroid-induced
ONFH has not been reported.

In the present study, we use DFO, a molecular inhibitor
of HIFs prolyl hydroxylase, to activate HIFs and VEGF.

We demonstrated that DFO enhances angiogenesis and
increases bone repair in steroid-induced ONFH in rabbits.

Interruption to the bone microcirculation of the femoral
head is considered as the final common pathway leads to
corticosteroid-induced ONFH, which was generally agreed.
Corticosteroid decreases expression of VEGF and disrupts
the process of vascularization and growth of new blood
vessels into the necrotic bone.18,19 HIF-1 is an important
transcription factor which plays essential roles in mediating
the adaptive response of cells to hypoxia. HIF-1a and its

Figure 3 Immuohistochemical staining for vWF (200�magnification) and microvessel analysis. (a) Representative photomicrograph of the model group showed that

there were few microvessels in the femoral head. (b) In the CD group, increased microvessels were observed. (c) In the DFO group, significantly higher numbers of

microvessels were present. (d) Bar graph shows the number of microvessels in each group. *P<0.05 versus model group; #P<0.05 versus CD group; n¼10. (A color

version of this figure is available in the online journal.)

Figure 4 Representative three-dimensional micro-CT scanning images. (a) In the CD group, few newly formed bone was present. (b) Compared with the CD group,

significantly more newly formed bone was observed in the DFO group. (A color version of this figure is available in the online journal.)
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target gene VEGF play a central role in angiogenesis and
neovascularization.20–22 DFO, an iron chelator in Food and
Drug Administration, was also known as an inhibitor of
HIFs prolyl hydroxylase. Previous studies have shown
that DFO leads to HIF activation and promotes VEGF
expression.8 In our study, we estimated local expression
of HIF-1a and VEGF by immunohistochemical staining
and it showed that DFO increased local level of HIF-1a
and VEGF in the femoral heads. In the study of Shen
et al.,11 DFO and DMOG, two inhibitors of HIFs prolyl
hydroxylase which have small molecular weight, were dir-
ectly injected at the fracture site to activate HIF-1a in a mice
femur fracture model. It was found that DFO increases the
vascularity as assessed by micro-CTangiography.11 Steward
et al. found that the vascularity increased by using DFO
combining with a biodegradable, weight-bearing scaffold
in a femoral segmental defects model.12 In our study, ink
artery infusion angiography and micro vessel density

analysis after immuohistochemical staining for vWF
showed more blood vessels in femoral heads of the DFO
group, indicating that DFO improves angiogenesis.

Recently, HIF-1a and its target gene VEGF were reported
to promote bone repair and bone regeneration partially by
inducing angiogenesis and they played critical roles in
angiogenic–osteogenic coupling.7 Considering the role of
HIF-1a and VEGF in angiogenic–osteogenic coupling, the
use of HIF activators to increase vascularity and promote
bone repair is attractive. In distraction osteogenesis model,
Wan et al.16 demonstrated that HIF-1a activation by admin-
istering DFO into the distraction gap promotes angiogen-
esis and obviously accelerates bone regeneration.16 In our
study, DFO was locally delivered into the tunnel made by
CD in a rabbit model of steroid-induced ONFH. Six weeks
later, bone repair was evaluated by HE staining and micro-
CT scanning. Micro-CT scanning indicated that the DFO
group had more new bone formation and better microstruc-
tural parameters than the CD group, which was also con-
firmed by HE staining. The volume of newly formed bone
in both groups was directly proportional to the number of
blood vessels. In addition, local expression of osteogenic
factors including BMP-2 and OCN was invested in this
study. Immunohistochemical results showed that expres-
sion of BMP-2 and OCN increased in the DFO group com-
pared with the model group and the CD group. In the study
of Shen et al.11 and Steward et al, it was also indicated that
DFO improves angiogenesis and promotes bone repair.11,12

The precise cellular and molecular mechanisms of angio-
genic–osteogenic coupling are still not clear. It seems to
require interaction between vascular endothelial cells and
osteoprogenitor cells. Studied indicated that VEGF and
endothelial cells induces osteogenic differentiation of bone
marrow-derived stromal cells.23,24 Also, osteoprogenitors
have effects on endothelial cells. Mesenchymal stem cells

Table 1 The comparison of histomorphometric parameters of region of

interest

Parameters

significancea

CD group

(n¼10)

DFO group

(n¼ 10) Statistical

BMD 133.56� 17.47 168.37�24.29 P<0.01

BVF 14.91� 3.71 20.15�4.37 P<0.05

Tb.N 1.106� 0.329 1.501�0.351 P<0.05

Tb.Th 0.098� 0.016 0.164�0.017 P<0.01

Tb.Sp 0.740� 0.155 0.594�0.114 P<0.05

Note: BMD: bone mineral density, expressed as mg/cm3; BVF: bone volume

fraction, expressed as a percentage; Tb.N: trabecular number, expressed as

1/mm; Tb.Th: trabecular thickness, expressed as mm; Tb.Sp: trabecular separ-

ation, expressed as mm.
aStatistical significance was evaluated by independent samples t-test.

Figure 5 Immunohistochemical staining (200�magnification) and semiquantitative analysis of HIF-1a and VEGF. HIF-1a and VEGF IR were mainly observed in

osteoblasts and endothelial cells in each group. (a,e) Representative photomicrograph from the model group showed that HIF-1a-IR and VEGF-IR was weak. (b,f)

Compared with the model group, the CD group showed increased level of HIF-1a-IR and VEGF-IR in osteoblasts and endothelial cells. (c,g) The DFO group showed

strong HIF-1a-IR and VEGF-IR in osteoblasts and endothelial cells compared with other groups. (d,h) Bar graphs showed the mean optical density of HIF-1a and VEGF

in bone marrow. Semiquantitative analysis was performed for eight sections (10 fields per section) in each group and the mean optical density was calculated. *P<0.05

versus model group; #P<0.05 versus CD group; n¼ 8. (A color version of this figure is available in the online journal.)
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may serve as trophic mediators that benefit migration and
formation of tubular structures of endothelial cells.25

Moreover, mesenchymal stem cells promote the extracellu-
lar matrix invasion, migration, survival, and proliferation of
endothelial cells.26 We propose that the mechanisms that
couple angiogenesis to bone formation are: (1) the blood
vessels deliver chemical signals that induce bone formation
and carry more osteoprogenitors that subsequently mature
and form new bone; (2) the endothelial cells of blood vessels
induce osteoblast differentiation; (3) the osteoblast progeni-
tors brought by blood vessels in turn promote the formation
of blood vessels by promoting the extracellular matrix inva-
sion, migration, survival, and proliferation of endothelial
cells. Future studies should focus on exploring the cellular
and molecular mechanisms of angiogenic–osteogenic
coupling.

Because of the importance of neoangiogenesis and osteo-
genesis in bone repair, attention has been focused on angio-
genic factors (e.g. VEGF and bFGF), osteogenic factors (e.g.
BMP-2), and stem cells27 in steroid-induced ONFH. Local
angiogenic factors, osteogenic factors, or stem cells delivery
after CD has been successfully applied in animal ONFH
models and in patients to increase vascularity and bone
healing, but success has not been universal.28 Besides, con-
sidering the high price of recombinant proteins, the high
death rate of stem cells after transplantation and limited
sources, we thought that our strategy to promote angiogen-
esis and bone regeneration by targeting HIFs activation has
advantages over angiogenic–osteogenic factors and stem
cells therapy. First, vascular formation needs cooperative
action of several angiogenic factors and only one proangio-
genic factor is insufficient to form mature and functional
vascular structures.29 HIF pathway can activate both
VEGF and other associated angiogenic factors (e.g. angio-
poeitins).22,30 Second, HIF pathway inhibits apoptosis, pro-
motes metabolic flexibility, and induces recruitment and
proliferation of stem cells.31–33 Also, local DFO injection is

simpler and cheaper than methods involving recombinant
growth factors and stem cells, avoiding the increased
expense and biological safety concerns.

It was indicated that continuously systemic applying of
HIFs PHIs may result in neoplasm formation, polycy-
themia, thrombosis, and serious cardiocerebrovascular dis-
eases.34 In order to decrease the incidence of these side
effects, DFO should be delivered and administrated locally
in a short period of time which was adopted in our study. In
our study and other researches in which DFO was used
locally, potential side effects mentioned above were not
present.

In summary, this study indicated that local DFO admin-
istration enhance angiogenesis and bone repair of early
stage ONFH in rabbit model and it may offer an efficient,
economic, and simple therapy for early stage ONFH.
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