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Abstract

One of the big challenges in tissue engineering for treating large bone defects is to promote the
angiogenesis of the tissue-engineered bone. Hypoxia inducible factor-la (HIF-1a) plays an im-
portant role in angiogenesis-osteogenesis coupling during bone regeneration, and can activate a
broad array of angiogenic factors. Dimethyloxaloylglycine (DMOG) can activate HIF-1a expres-
sion in cells at normal oxygen tension. In this study, we explored the effect of DMOG on the
angiogenic activity of bone mesenchymal stem cells (BMSCs) in the tissue-engineered bone. The
effect of different concentrations of DMOG on HIF-la expression in BMSCs was detected with
western blotting, and the mRNA expression and secretion of related angiogenic factors in
DMOG-treated BMSCs were respectively analyzed using qRT-PCR and enzyme linked immuno-
sorbent assay. The tissue-engineered bone constructed with B-tricalcium phosphate (3-TCP) and
DMOG-treated BMSCs were implanted into the critical-sized calvarial defects to test the effec-
tiveness of DMOG in improving the angiogenic activity of BMSCs in the tissue-engineered bone.
The results showed DMOG significantly enhanced the mRNA expression and secretion of related
angiogenic factors in BMSCs by activating the expression of HIF-1a. More newly formed blood
vessels were observed in the group treated with 3-TCP and DMOG-treated BMSCs than in other
groups. And there were also more bone regeneration in the group treated with 3-TCP and
DMOG-treated BMSCs. Therefore, we believed DMOG could enhance the angiogenic activity of
BMSCs by activating the expression of HIF-1a, thereby improve the angiogenesis of the tis-
sue-engineered bone and its bone healing capacity.

Key words: angiogenesis, bone marrow stromal cells, bone substitutes, dimethyloxaloylglycine,
hypoxia inducible factor-1a

Introduction

Large bone defects, which caused by severe
trauma, tumor resection or congenital deformities,
were still difficult to treat in the clinic. The limited
supply, the risk of rejection and the cost are serious
limitations for autologous or allogeneic bone implan-
tation to treat large bone defects [1,2]. Tissue-

engineered bone is a new therapeutic strategy to re-
pair large bone defects. Angiogenesis is a prerequisite
step in bone tissue regeneration, and sufficient vas-
cular supply is beneficial to bone repair and regener-
ation. Implantation of bone substitutes without ade-
quate vascularity could lead to apoptosis and carti-
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lage formation [3]. Therefore, how to promote the
angiogenesis of the tissue-engineered bone is an in-
teresting issue of tissue engineering.

Hypoxia inducible factor-1a (HIF-1a) is a crucial
mediator of the adaptive cells response to hypoxia,
which plays an important role in angiogene-
sis-osteogenesis coupling during bone regeneration
[4]. Previous studies showed HIF-1a could activate a
broad array of genes and modulates cell proliferation,
differentiation and pluripotency [5]. One of the major
target genes of HIF-1a is vascular endothelial growth
factor (VEGF), which is a potent mitogen for endo-
thelial cells and plays an important role in neovascu-
larization and angiogenesis [6]. Besides, HIF-la can
also activate the transcription of many other angio-
genic genes in cells, such as SDF1, Ang-1, SCF, PLGF,
bFGF, TGF-f and ANGPT1 [7, 8]. Previous studies
have transduced the HIF-1a gene into mesenchymal
stem cells (MSCs) with lentivirus vectors, and found
HIF-1a transgenic MSCs had better angiogenic ca-
pacity, leading to better bone healing in large bone
defects [9, 10]. However, once transduced into cells,
the HIF-1a gene will be overexpressed throughout the
cell’s life. The risks of lentivirus vectors, such as tu-
morigenesis, should also be carefully considered be-
fore the application in the clinic.

Dimethyloxaloylglycine (DMOG) is a small mo-
lecular drug, and is a cell permeable
prolyl-4-hydroxylase inhibitor, which can stabilize the
expression of HIF-1a in cells at normal oxygen tension
[11]. Therefore, DMOG is expected to be an alterna-
tive strategy for enhancing HIF-1a expression in cells,
which may be safely used in the clinic. In previous
studies, by activating the expression of HIF-1q,
DMOG has been successfully used to attenuate
post-ischemic myocardial injury [12] and renal injury
in remnant kidney [13], induce angiogenesis in is-
chemic skeletal muscles [14], and provide neuropro-
tection in a middle cerebral artery occlusion model
[15]. In our previous study, we demonstrated that
DMOG could improve the bone healing capacity of
adipose-derived stem cells (ASCs) through enhancing
its osteogenic differentiation and angiogenic potential
[16]. In this study, we explored whether DMOG could
increase the angiogenic activity of bone marrow
stromal cells (BMSCs) in the tissue-engineered bone
though activating the expression of HIF-1a in cells,
and thereby improve the angiogenesis of the tis-
sue-engineered bone.

Materials and Methods

Isolation and culture of BMSCs

Primary BMSCs were harvested from the bone
marrow of F344 rats (Shanghai Animal Experimental

Center, Shanghai, China) according to the protocol
reported previously [17]. All procedures adhered to
the recommendations of the US Department of Health
for the care and use of laboratory animals and were
approved by the Ethics Committee of Shanghai Jiao
Tong University. Briefly, both ends of the femur of
6-weeks-old F344 rats were cut off at the epiphysis,
and the marrow was then flushed out with Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO BRL,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA, USA)
and 200 U/ml of heparin (Sigma, St. Louis, MO, USA).
Cells were cultured in DMEM containing 10% FBS at
37°C in a humidified 5% CO2 incubator. The culture
medium was replaced every 3 days with
non-adherent cells removed. When 90% confluence
was reached, BMSCs were released from the culture
substratum using 0.25% trypsin (Invitrogen, Carlsbad,
CA, USA), and were then passaged at a 1:3 split. To
avoid contamination of hematopoietic cells in earlier
passages and differentiated cells in later passages,
cells of four to six passages were used for the follow-
ing experiments.

Construction and transduction of HIF-1a
shRNA

To inhibit the expression of HIF-1la in BMSCs,
the  HIF-la shRNA  (Forward oligo: 5
TCCAGTTGAATCTTCAGATATTCAAGAGATATC
TGAAGATTCAACTGG TTTTTIT C 3, Reverse oligo:
5 TCGAGAAAAAACCAGTTGAATCTTCAGATA
TCTCTTGAATATCTGAAGATTCAACTGGA 3,
Invitrogen, Carlsbad, CA, USA) was constructed with
pll3.7(Lentilox 3.7)-Zsgreen vector (addgene, cam-
bridge, MA, USA). For transduction, BMSCs were
plated on a 6-well plate (Corning, Tewksbury, MA,
USA) at 1x10° cells and infected with the HIF-1a
shRNA lentivirus at a multiplicity of infection (MOI)
of 75 in the presence of 8 pg/ml polybrene (Sigma, St.
Louis, MO, USA). The infection efficiency of the
shHIF-1a lentivirus for BMSCs was reflected by the
GFP-positive proportion of cells detected with flow
cytometry, and the result showed that 92.3 £ 2.6% was
GFP-positive at 48 h after transduction.

Western blotting analysis

Western blotting analysis was performed to
evaluate the influence of DMOG on the expression of
HIF-1a in BMSCs. The cells were cultured in regular
medium added with different concentrations of
DMOG (0, 200, 500, 1000 pM) under normal oxygen
conditions. After 12, 24 and 72 h, total protein was
harvested from the cultured cells according to stand-
ard protocols. Then the protein concentration was
measured with a BCA protein assay kit (Thermo Sci-
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entific, Waltham, MA, USA). The cell lysates were
separated on SDS-PAGE using 12% gels and trans-
ferred to nitrocellulose membranes. The membranes
were then incubated with primary antibodies of
HIF-1a (abcam, cambridge, MA, USA) at a 1:800 dilu-
tion overnight, followed by incubation with infra-
red-conjugated secondary antibodies at 1:10000 for 60
minutes at room temperature. The membranes were
scanned in an Odyssey Scanner (Li-COR Biosciences,
Lincoln, NE, USA), and bands were quantified with
the Odyssey software V3.0. The protein levels were
normalized against B-actin (abcam, cambridge, MA,
USA). shHIF-1a BMSCs cultured in regular medium
added with 1000 pM DMOG were also performed as
controls.

Quantitative RT-PCR analysis

Quantitative RT-PCR was carried out to detect
the expression of related angiogenic genes in BMSCs
at 0, 1, 3, 7 and 14 days after exposing to 1000 ptM
DMOG. Total RNA was extracted using the TRIzol
Plus RNA purification kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
One microgram of pure RNA in a final volume of 20
pl, as assessed spectrophotometrically using the
A260/A280 ratio, was reverse transcribed using
PrimeScriptTM RT reagent kit (Takara Bio, Shiga,
Japan). Two microliters of the reverse transcription
reaction were mixed with iQ SYBR Green super mix
and amplified using iQ5 real-time system. The prod-
uct was quantified using a standard curve and all
values were normalized to GAPDH. Highly purified
gene-specific primers for vascular endothelial growth
factor (VEGF), stromal-derived factor 1 (SDF1), basic
fibroblast growth factor (bFGF), placenta growth fac-
tor (PLGF) and GAPDH were synthesized commer-
cially, and the primer pairs are listed in Table 1. All
reactions were performed in triplicate.

Enzyme linked immunosorbent assay (ELISA)

The effect of DMOG on the secretion of related
angiogenic factors from BMSCs were evaluated with
ELISA. Normal BMSCs and shHIF-la BMSCs were
cultured in the regular medium added with 1000 pM
DMOG, and passaged as usual when reached to 90%
confluence. After 0, 1, 3, 7 and 14 days, the cells were
seeded into six-well plates at 300,000 cells/well, and
cultured with the regular medium. After incubation
for 24 h, the medium was harvested and stored at
-80°C. Then the protein secretions of VEGF, SDF1,
bFGF and PLGF were analyzed using ELISA Kkits
(Wuhan Xingidi Biological Technology, Wuhan, Chi-
na) according to the manufacturer’s instructions.
Normal BMSCs cultured in the regular medium
without DMOG were also performed as controls.

Table I. Quantitative real-time polymerase chain reaction primer
sequences.

Gene Primer sequence (5'-3") (F/R) Product Accession num-

size ber
(bp)
GGCTCTGAAACCATGAACTTTCT 165
GCAGTAGCTGCGCTGGTAGAC
SDF1 ACCTCGGTGTCCTCTTGCTG 172
GATGTTTGACGTTGGCTCTGC

VEGF NM_ 031836.2

NM_001033883.1

bFGF  AAATCGCTATCTTGCTATGAAGGA 153 NC_005101.2
GTTCGTTTCAGTGCCACATACC

PLGF  GGGAACAACTCAACAGAAATGG 158 NM_053595.2
CACTACAGCGACTCAGAAGGACA

GAPDH ATGTTTGTGATGGGCGTGAAGGTCT 174 NM_017008.3

TCTGGGTGGCAGTGAT

Animal experiments

The B-tricalcium phosphate (B-TCP) scaffolds
(Shanghai Bio-lu Biomaterials, Shanghai, China) was
pie-shaped (@5 mmx2 mm3) and porous with an av-
erage pore size of 500 pm and 75% porosity. Before
attachment to the scaffolds, BMSCs were pretreated
with 1000 pM DMOG for 72 h. Then cells at a density
of 1.0 x 10° cells/ml were slowly added to the p-TCP
scaffolds until saturated, and were incubated with the
scaffolds for at least 4 h. The BMSCs-scaffolds con-
structs were subjected to scanning electron micros-
copy (SEM). To evaluate the in vivo angiogenic activ-
ity of DMOG-treated BMSCs, critical-sized calvarial
defects models in rats were performed. In brief, fol-
lowing anesthesia with intraperitoneal pentobarbital
(3 mg/100 g, Sigma, St. Louis, MO, USA), two 5-mm
defects in the frontal parietal bone were carefully
made using a trephine drill (Nouvag AG, Goldach,
Switzerland). Then scaffolds with or without cells
were implanted into the defects in the parietal bones.

These animals were randomly divided into four
groups. Group I (n=10) underwent implantation of
B-TCP scaffolds alone. Group II (n=10) underwent
implantation of the tissue-engineered bone con-
structed with normal BMSCs and B-TCP. Group III
(n=10) underwent implantation of the tis-
sue-engineered bone constructed with DMOG-treated
BMSCs and B-TCP. Group IV (n=10) underwent im-
plantation of the tissue-engineered bone constructed
with DMOG-treated shHIF-1a BMSCs and B-TCP.

Microfil perfusion

Eight weeks after surgery, these rats were eu-
thanized and perfused with Microfil (Microfil
MV-122, Flow Tech; Carver, MA, USA). In brief, the
animals were anesthetized with intraperitoneal pen-
tobarbital (3 mg/100 g, Sigma, St. Louis, MO, USA).
The rib cage was opened, the descending aorta was
clamped, and the inferior vena cava was incised. Then
20 ml of heparinized saline (Shanghai No.1 Biochem-
ical & Pharmaceutical Co., Ltd, Shanghai, China) and
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20 ml of Microfil were respectively perfused into the
left ventricle with an angiocatheter. Subsequently, the
animals were stored at 4°C for 1 h to ensure
polymerization of the contrast agent.

MicroCT Scanning

After microfil perfusion, the parietal bone of the
animals were harvested and fixed in paraformalde-
hyde (4%). Then they were scanned by microCT
(SkyScan 1076, Kontich, Belgium) with a
high-resolution system to evaluate new bone for-
mation in the calvarial defect area. Briefly, the sam-
ples were scanned continuously at a resolution of 25
pm per voxel. The images were segmented with a low
pass filter to remove noise, and bone tissue was de-
fined at a threshold of 800. The parameters of bone
volume (BV), tissue volume (TV) and bone mineral
density (BMD) of the calvarial defect area were cal-
culated using the analysis software. The ratio of BV to
TV indicates the relative amount of new bone in the
calvarial defect area. BMD represented the mean bone
density of the calvarial defect area.

Half of the samples for each group (n=5) were
then decalcified with ethylene diamine tetra acetic
acid (EDTA, 10%, PH 7.4), and scanned again by mi-
croCT to measure the angiogenesis in the calvarial
defect area. The scan was performed at a resolution of
18 pm per voxel with 1024 x 1024 pixel image matrix.
Noise was removed with a low pass Gaussian filter.
The blood vessels filled with Microfil were included
with semi-automatically drawn contour at each
two-dimensional section by built-in “Contouring
Program” for automatic reconstruction of 3-D image
of vasculature in the samples. The axial slices through
the samples were then visualized. The number of
vessels in the defects area and the vessels volume
represented by the voxels counted in the specified
microfil range were calculated.

Histological observation

The other five samples of each group were de-
hydrated in alcohol from 70% to 100%, and embedded
in polymethylmethacrylate (PMMA, Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China). Then
the samples were cut with a microtome (Leica, Ger-
many) at the sagittal section, which represented the
central area of the bone defect. The sections were pol-
ished to a final thickness of approximately 40 mm,
and stained with van Gieson’s picrofuchsin (Si-
nopharm Chemical Reagent Co., Ltd, Shanghai, Chi-
na) according to standard procedures [18]. Newly
formed bone showed red, and the TCP scaffolds
showed black. To evaluate new bone formation, the
surface areas of the newly formed bone were calcu-
lated based on the entire defect area, using a Leica

digital imaging system and NIH image analysis soft-
ware.

Immunohistochemistry

After microCT, the decalcified samples were
embedded in paraffin, and coronal cross sections at 5
pm were made at the central area of the defect. To
evaluate the new blood vessels formation, immuno-
histochemistry for CD31 (ab24590, abcam, 1:200) was
then performed in the sections. Briefly, the sections
were dewaxed and rehydrated, and treated with an-
tigen retrieval. The primary antibody were diluted in
5% BSA/TBS and applied to the sections at 4°C over-
night. Subsequently, the biotinylated secondary anti-
body and ABC complex were applied, and DAB sub-
strate was used to stain the sections. Finally, the sec-
tions were treated with hematoxylin and mounted.
The results were analyzed with a light microscope.
Blood vessels were defined with the positive CD31
stain and their typical round or oval structure.

Statistical analysis

Statistical analysis was performed using SPSS
12.0 software for Windows. All of the in vitro exper-
iments were performed in triplicate and data were
presented as mean * SD. Statistical significance was
assessed using ANOVA with a SNK post-hoc analy-
sis, where P-values <0.05 were considered statistically
significant.

Results

DMOG promotes expression of HIF-1a in
BMSCs

To evaluate the influence of DMOG on the ex-
pression of HIF-la in BMSCs, the protein levels of
HIF-1a in BMSCs treated with different concentra-
tions of DMOG was detected by western blotting. The
results showed the level of HIF-1a protein was en-
hanced in response to DMOG treatment in a
dose-dependent manner. However, there was no no-
table increase in shHIF-1a BMSCs treated with 1000
M DMOG (Figure 1A). After treatment with DMOG
for 24 h, the expression of HIF-1a in BMSCs increased
to stable levels, which were approximately 2-, 4- and
5-fold for 200, 500 and 1000 pM DMOG, respectively.
And the expression levels of HIF-1a in BMSCs treated
with DMOG for 72 h had no significant difference
compared to that treated with DMOG for 24 h (Figure
1B).

DMOG enhances mRNA expression of
angiogenic factors in BMSCs

The mRNA levels of related angiogenic genes in
BMSCs exposing to DMOG were detected using
qRT-PCR in vitro. In DMOG-treated BMSCs, the ex-
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pression of VEGF, SDF1, bFGF and PLGF were all
markedly increased compared to that in normal
BMSCs (Figure 2). The increase in the expression of
these angiogenic genes began at day 1 and reached to
a stable level at day 3. Then mRNA expression of
these genes maintained at a high level from day 3 to

>
%
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12h ; . —

24 h L — — —

72h |+ L o — —
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day 14. The mRNA levels of these factors in shHIF-1a
BMSCs treated with DMOG remained at low levels
from day O to day 14, which indicated DMOG en-
hanced mRNA expression of related angiogenic fac-
tors through activating the expression of HIF-1a.
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Figure I. Effect of DMOG on the expression of HIF-1a in BMSCs. (A) Western blotting showed that DMOG significantly enhanced the protein levels of HIF-1a in BMSCs. (B)
The analysis suggested that the expression of HIF-1a in BMSCs was increased by DMOG in a dose-dependent manner, and there was no notable increase in shHIF-1a BMSCs
treated with 1000 yM DMOG. (#, significant difference between the two groups, p < 0.05)
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Figure 2. The effect of DMOG on the mRNA expression levels of related angiogenic genes in BMSCs were detected using qRT-PCR. The transcriptional levels of VEGF (A),
SDFI (B), bFGF (C) and PLGF (D) in DMOG-treated BMSCs were all markedly increased compared to that in normal BMSCs from day | to day 3, and maintained at a high level
from day 3 to day |4. The increase was not significant in shHIF-1a BMSCs treated with DMOG. (¥, significant difference between normal BMSCs and DMOG-treated BMSCs, p
< 0.05; #, significant difference between DMOG-treated BMSCs and DMOG-treated shHIF-1a BMSCs, p < 0.05)
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DMOG enhances secretion of angiogenic
factors fromm BMSCs

To further detect the effect of DMOG on the an-
giogenic activity of BMSCs, the levels of related an-
giogenic factors secreted from BMSCs were analyzed
by ELISA (Figure 3). VEGF production in BMSCs
treated with DMOG markedly increased from day 1 to
day 3 and was then maintained at a high level until
day 14, which was obviously higher than VEGF pro-
duction in normal BMSCs. However, VEGF produc-
tion in shHIF-la BMSCs treated with DMOG main-
tained at a lower level and did not change signifi-
cantly from day 0 to day 14. Other angiogenic factors,
such as SDF1, bFGF and PLGF, showed the same
pattern as VEGF. Taken together, these data sup-
ported that DMOG could enhance the secretion of
related angiogenic factors from BMSCs in vitro, which
was consistent with the qRT-PCR results.

MicroCT analysis

Before decalcification, the samples were scanned
by microCT to evaluate new bone formation in the
calvarial defect area. From the sagittal view, the new
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bone formation in Group III was more than that in
other three groups (Figure 4A). A quantitative analy-
sis showed that BV/TV of Group Il was markedly
higher than that of Group II, which was higher than
that of Group I. However, BV/TV of Group IV was
obviously lower than that of Group III (Figure 4B).
Additionally, BMD of the four groups showed the
same pattern as for BV/TV (Figure 4C). After decalci-
fication, the samples were scanned again by microCT
to evaluate the angiogenesis of the tissue-engineered
bone in the calvarial defect area of each group. The
reconstructions of the three-dimensional microCT
images directly showed new blood vessels formation
in the bone defects. Larger vascular network area was
observed in Group III, which appeared significantly
denser compared to other three groups (Figure 5A).
Quantification analysis showed the number and total
volume of blood vessels in the Group III were more
than those in Group [, Il and IV. The number and total
volume of blood vessels in Group Il were similar to
those in Group IV, and more than those in Group I
(Figure 5B,C).
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Figure 3. The effect of DMOG on the secretion of related angiogenic factors from BMSCs were analyzed by ELISA. The production of VEGF (A), SDFI (B), bFGF (C) and PLGF
(D) secreted from normal BMSCs, DMOG-treated BMSCs and DMOG-treated shHIF-1a BMSCs were quantified.
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Figure 4. Bone regeneration in the defect area was evaluated using Micro-CT at 8 weeks after implantation with the tissue-engineered bone. (A) Micro-CT images of calvarial
defects taken at 8 weeks after implantation. (B, C) Quantitative analysis showed bone mineral density (BMD) and bone volume/tissue volume (BV/TV) of the newly formed bone
in the defects area of each group. (#, significant difference between the two groups, p < 0.05)
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Figure 5. Angiogenesis in the defect area was evaluated using Micro-CT at 8 weeks after implantation with the tissue-engineered bone. (A) Representative images of micro-CT
reconstructed 3D microangiography of the defect areas, which were evaluated as the region of interest (ROI) within the white frame. (B, C) Quantitative analysis showed the
numbers and volumes of newly formed blood vessels in each group. (#, significant difference between the two groups, p < 0.05)
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Histological analysis and
immunohistochemistry

vessels formation in Group III than in Group II and
IV, and nearly no blood vessels formed in Group I

(Figure 7). The quantification analysis showed there
were 0.8£0.3 new vessels per field in Group I, 4.1£1.3
in Group II, 7.2£1.6 in Group III and 3.7+1.1 in Group
IV. The microCT results were further supported by
histological analysis and immunohistochemistry.

B

Based on histological observation, the percent-
age of new bone area were 8.29+2.58 % in Group I,
22.14%3.05% in Group 11, 30.62+3.45% in Group III and
21.57+#3.11% in Group IV (Figure 6). Immunohisto-
chemistry for CD31 showed there were more new
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Figure 6. Histological analysis of bone regeneration in the defect area of each group. (A) Representative histological photomicrograph of bone regeneration in the defect area.
(B) Histomorphometric analysis showed that there were more new bone formation in the defect area of Group lll than that of Group Il and IV, and there was nearly no bone
regeneration in Group |. (#, significant difference between the two groups, p < 0.05)
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Figure 7. Immunohistochemical analysis of CD31 in the defect area of each group at 8 weeks after implantation. Blood vessels were defined with the positive CD31 stain and
their typical round or oval structure. Immunohistochemistry for CD3| showed there were more newly formed blood vessels (red arrows) in Group Ill (C) than in other three
groups (A, B and D). (Scale bars = 50 um.)
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Discussion

In this study, we explored the effect of DMOG on
the angiogenic activity of BMSCs in the tis-
sue-engineered bone constructed with BMSCs and
B-TCP. The artificial bone substitutes such as trical-
cium phosphate (TCP), hydroxyapatite and coralline
scaffolds are promising therapeutic approaches for
bone regeneration in large bone defects. However,
researchers found the artificial bone substitutes alone
are insufficient to repair large bone defects [19]. An-
giogenesis is often limited to the periphery of these
bone substitutes as they lack adequate capability to
induce new vessels formation. Tissue engineering
studies have explored the use of various cells in com-
bination with these scaffolds to construct the tis-
sue-engineered bone, thereby improve their angio-
genic activities.

BMSCs are characterized as undifferentiated
cells and possess a mesodermal differentiation poten-
tial, which are widely used as an attractive cell source
for the regeneration of bone tissues [20, 21]. In the
tissue-engineered bone, they not only directly differ-
entiate into endothelial cells to participate in new
blood vessels formation in the bone defect area [22,
23], but also secret angiogenic factors to promote local
angiogenesis [24, 25]. This study showed there were
obviously more new blood vessels formation in the
normal BMSCs group than in the only 3-TCP group,
which demonstrated that the tissue-engineered bone
had better angiogenic capacity than the artificial bone.
However, limited numbers of functional cells could be
seeded on the bone substitutes, so modified BMSCs
with improved angiogenic activity will be greatly
beneficial to the angiogenesis of the tissue-engineered
bone.

Angiogenic activity of MSCs is regulated by
various signaling pathways, which include bFGF,
IGF-1, prostaglandins E1 and E2, TGF-p and endo-
thelin-1. All of them are associated with the HIF-1
pathway [26]. HIF-1 is an oxygen-sensitive complex,
which is composed of HIF-la and HIF-1B. Under
normoxic conditions, HIF-1a is hydroxylated by the
enzyme HIF-PH, causing the ubiquitylation and deg-
radation of HIF-la. DMOG is a cell permeable
prolyl-4-hydroxylase inhibitor, which can upregulate
the protein level of HIF-1a post-transcriptionally un-
der normoxic conditions. In this study, western blot-
ting demonstrated that the expression levels of
HIF-1a in BMSCs could be obviously upregulated
when cells were exposed to DMOG, and the increase
was dose-dependent. Therefore, after BMSCs expos-
ing to DMOG, HIF-1a will be accumulated in cells,
and then bound to HIF-1p. The HIF-1 complex then
activates the expression of various angiogenic genes.

The results of qRT-PCR in this study showed
DMOG treatment could significantly enhance the
transcriptional levels of VEGF, SDF1, bFGF and PLGF.
Of them, VEGF is the most important angiogenic fac-
tor and has the most significant biological activity to
promote new blood vessels formation [27]. The slow
and continued release of VEGEF is thought to be crucial
for angiogenesis during bone regeneration [28, 29].
SDF1 plays an important role in recruiting endothelial
progenitor cells (EPCs) to the ischemia area, and ac-
tivation of the SDF1/CXCR4 axis has a direct effect on
vascular endothelial cells to promote blood vessels
growth [30]. bFGF is believed to have an more pro-
found effect on blood vessels growth than VEGF at
the early time point of the revascularization process
[31]. PLGF has been reported to have a comparable
effect to that of VEGF and bFGF on the microvascular
endothelium, which could stimulate the migration of
endothelial cells in vitro and induce angiogenesis in
vivo [32].

The increase of the transcriptional levels of these
genes was also significantly inhibited in shHIF-1a
BMSCs, which indicated that DMOG enhanced the
expression of these genes through activating HIF-1a
expression in cells. ELISA for these angiogenic factors,
which indicated the secretion of these factors from
BMSCs, showed the same tendency as the qRT-PCR
results. Angiogenesis is a complex process, which
needs the involvement of multiple angiogenic factors.
Researchers have reported that the use of a single
factor was insufficient to form functional vascular
structures [33]. All of the above factors take part in the
process of angiogenesis, and the cooperation of these
factors would have a better result in promoting new
blood vessels formation [32, 34, 35].

To test the effectiveness of DMOG in improving
the angiogenic activity of BMSCs in the tis-
sue-engineered bone in wvivo, B-TCP with
DMOG-treated BMSCs were implanted into the criti-
cal-sized calvarial defects in rats. Micro-CT examina-
tion showed there were more new blood vessels ob-
served in the DMOG-treated BMSCs group than in the
normal BMSCs group, which demonstrated that
DMOG could enhance angiogenesis of the tis-
sue-engineered bone in vivo. The vessels formation
was less in the DMOG-treated shHIF-la BMSCs
group than that in the DMOG-treated BMSCs group.
This might be due to DMOG enhanced angiogenesis
of the tissue-engineered bone through activating the
HIF-1a expression in BMSCs, and DMOG played no
role in the shHIF-la BMSCs. The result of immuno-
histochemistry for CD31 also supported the above
point of view.

There is a close association between angiogenesis
and osteogenesis in bone regeneration, and affluent
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blood flow is an important favorable element for new
bone formation [36, 37]. Orchestration of bone for-
mation is closely linked to the crosstalk of endothelial
cells and osteoblasts [38]. VEGEF is believed to be an
important mediator of this crosstalk. It is primarily
released by osteoblasts, and its action is conducted by
endothelial cells [39]. Endothelial cells could increase
alkaline phosphatase activity and collagen I synthesis
of BMSCs via gap junction communication, and stim-
ulate osteoprogenitor cell differentiation, thereby im-
prove osteogenesis [40, 41]. The direct osteogenic ef-
fect of VEGF on osteoblasts may also play an im-
portant role in bone regeneration [36]. So there was
more bone regeneration observed in the defect area of
the DMOG-treated BMSCs group than that of other
groups in this study.

In this study, we mainly explored the effect of
DMOG on the angiogenesis of the tissue-engineered
bone. However, the effect of DMOG on the angio-
genesis of the biomaterial alone were also deserved to
be studied. Wu et al had loaded DMOG on mesopo-
rous bioactive glass scaffolds, found the release of
DMOG from the scaffolds could improve angiogene-
sis and osteogenesis of nearby BMSCs [42]. We
thought DMOG alone also had an effect on angio-
genesis of the biomaterial which can release DMOG
continuously. However, the effect of DMOG alone on
the angiogenesis of such biomaterial in vivo is also
need to be explored in the future. In our previous
study, we demonstrated that DMOG could inhibit
MSCs death induced by serum deprivation in a
dose-dependent manner in vitro [16]. So we thought
DMOG could enhance MSCs survival in vivo, which
still need to be demonstrated by the further study in
vivo.

In summary, this study demonstrated DMOG
could increase the expression and secretion of some
angiogenic factors in BMSCs in vitro by stabilizing the
expression of HIF-1a in cells, and DMOG could im-
prove the angiogenesis of the tissue-engineered bone
through enhancing the angiogenic activity of BMSCs.
The results provide an evidence for the further ap-
plication of DMOG in improving angiogenesis and
promoting bone regeneration in bone tissue engi-
neering,.
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