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osteogenic induction medium, AMD3100 supplement led 
to a considerable decrease in the expression of alkaline 
phosphatase and early osteogenic marker genes. However, 
the amount of calcium deposits in rat MSCs did not differ 
between the groups. Therefore, our study demonstrated that 
the DO process induced higher expression of SDF-1, which 
collated to rapid induction of callus formation. Local appli-
cation of SDF-1/Cxcr4 signaling antagonist AMD3100 sig-
nificantly inhibited bone mineralization and osteogenesis in 
DO, which may represent a potential therapeutic approach 
to the enhancement of bone consolidation in patients under-
going DO.
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Introduction

Distraction osteogenesis (DO) is a technique applied 
in orthopedic surgery for the reconstruction of skeletal 
deformities and bone defects [1, 2]. Living tissues can 
become metabolically activated when subjected to slow and 
steady traction (strain force), which is characterized by the 
stimulation of proliferative and biosynthetic cellular func-
tions [3]. Despite the successful induction of tissue regen-
eration in DO, the clinical protocols are still hampered by 
the lengthy consolidation period [4]. Recent investigations 
indicated that the molecular signaling cascade plays a 
vital role in the process of mechanical strain-induced tis-
sue regeneration [2]. Therefore, the understanding of the 
molecular mechanisms underlying this process would help 
enhance callus formation and reduce long DO consolida-
tion period.

Abstract  Distraction osteogenesis (DO) is a widely 
applied technique in orthopedics surgery, which involves 
rapid stem cell migration, homing, and differentiation. 
Interactions between the chemokine receptor Cxcr4 and its 
ligand, stromal derived factor-1 (SDF-1), regulate hemat-
opoietic stem cell trafficking to the ischemic area and 
induce their subsequent differentiation. Here, we exam-
ined SDF-1 expression and further investigated the role 
of SDF-1/Cxcr4 signaling antagonist AMD3100 during 
bone regeneration in rat DO model. The results showed 
that expression levels of SDF-1 and osteogenic genes were 
higher in DO zones than in the fracture zones, and SDF-1 
expression level was the highest at the termination of the 
distraction phase. Radiological, mechanical, and histologi-
cal analyses demonstrated that the local administration of 
AMD3100 (400  μM) to DO rats significantly inhibited 
new bone formation. In the rat bone marrow mesenchy-
mal stem cells culture, comparing to the group treated with 
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Neovascularization is an important factor in bone heal-
ing, especially during the DO process, and it involves the 
rapid migration of endothelial progenitor cells (EPCs) and 
mesenchymal stem cells (MSCs), and their homing and 
differentiation, contributing to the formation of primi-
tive tubular vessel structures [2, 5–7]. The sprouting and 
remodeling of blood vessels from the existing vasculature 
and the subsequent formation of new tissue have been sug-
gested to be crucial for successful distraction osteogenesis 
[8]. These processes cooperatively promote angiogenesis 
and osteogenesis through a key stem cell homing fac-
tor, stromal cell-derived factor-1 (SDF-1) [8]. SDF-1 was 
first identified as a soluble ligand secreted by bone mar-
row stromal cells, and it belongs to the CXC subfamily 
of chemokines and plays a major role in angiogenesis [9]. 
CXCR4 is a seven-pass G protein-coupled transmembrane 
receptor for SDF-1, expressed on the surface of MSCs and 
bone marrow stromal cells [10]. The crucial role of SDF-1/
CXCR4 signaling during development has been demon-
strated in heart and nervous systems [11]. In bones, SDF-1 
can stimulate chondrocyte hypertrophy, regulate bone mar-
row protein (BMP) 2-stimulated osteogenic differentiation, 
mediate EPC differentiation through the enhancement of 
cell adhesion, and promote early osteoclast differentiation 
[12–14]. Moreover, SDF-1 is rapidly upregulated at the 
sites of ischemic tissue damage, and it attracts circulating 
CXCR4-expressing MSCs, assisting the process of tissue 
repair [15, 16]. The inhibition of SDF-1/CXCR4 signaling 
was demonstrated to attenuate fracture healing [17]. Taken 
together, SDF-1/CXCR4 signaling may play a crucial role 
in bone regeneration.

In this study, we compared the expression of SDF-1 and 
early osteogenic markers during tibial DO and fracture 
healing in rats. Afterward, we examined the roles of SDF-1/
Cxcr4 signaling in bone regeneration, by locally apply-
ing a Cxcr4 antagonist, AMD3100 [18], to rats undergo 
DO procedure. Furthermore, we investigated the effect of 
AMD3100 on osteogenic differentiation of rat bone mar-
row mesenchymal stem cells (rBMSCs), in order to deter-
mine the potential beneficial approaches modulating Cxcr4 
and SDF-1 signaling pathway during bone regeneration in 
DO treatment.

Materials and Methods

Animals

Three-month-old male Sprague–Dawley rats were obtained 
from the Laboratory Animal Services Centre of the Chi-
nese University of Hong Kong (n = 5 for rBMSCs harvest; 
n = 3 for normal bone harvest; n = 15 for fracture model; 
n = 35 for DO model). All rats were housed in plastic cages 

at 25 ± 1 °C and constant humidity and had free access to 
standard laboratory chow and sterile water.

Rat Fracture Model

Fifteen rats (belonging to the fracture group) were anesthe-
tized using xylazine (4  mg/kg) and ketamine (40  mg/kg), 
administered intraperitoneally. A mid-diaphysis transverse 
osteotomy was performed on the right tibia under ster-
ile conditions. A monolateral external fixator/lengthener 
(Xinzhong Medical Device Company, Tianjin, PR China) 
was assembled to fix two segments with four stainless steel 
pins, followed by the sequential suture of the incision. Ani-
mals belonging to the fracture group were sacrificed at day 
5, 10, 15, 29, and 43 (n = 3 at each time point) after surgery. 
At day 0, normal tibia segments from three rats belonging 
to the control group were harvested.

Rat DO Model

A total of 35 rats were operated under general anesthesia 
and sterile conditions [19]. The surgical procedure was the 
same as previously described for the rats belonging to the 
fracture group. Following a 5-day latency period, lengthen-
ing was initiated and maintained at a rate of 0.25 mm/12 h 
for 10 days, and the total lengthening was 5 mm. After the 
lengthening completed, the position of bone segments was 
maintained by the external fixator/lengthener for another 
4 weeks before termination. Fifteen rats designated as DO 
group were used for comparison with the fracture group. 
Rats were sacrificed at day 5, 10, 15, 29, and 43 (n = 3 at 
each time point) after surgery. The remaining twenty rats 
were randomly divided into two groups: phosphate-buff-
ered saline (PBS) group (n = 10) and AMD3100 (Sigma-
Aldrich, St. Louis, MO, USA) group (n = 10). From the 
initiation of the lengthening period, animals were injected 
with either 100 μL of PBS or 100 μL of AMD3100 solu-
tion (at a concentration of 400  μM in PBS) into the dis-
traction gap every 2 days until their termination. AMD3100 
was used at the concentration of 400  μM in PBS, which 
was shown to inhibit SDF-1/Cxcr4 signaling effectively, 
without causing toxicity [12, 20]. Calcein (10 mg/kg) and 
xylenol orange (30 mg/kg) (Sigma-Aldrich, St Louis, MO, 
USA) were subcutaneously injected into the rats at day 16 
and day 40 following initial surgery, respectively. At termi-
nation, bilateral tibias were harvested by removing the fixa-
tors at day 43 after the surgery, for further analyses.

Detection of SDF‑1 Expression

After termination, the segments of the callus were removed 
in animals in the fracture and DO groups, weighed, and 
kept in liquid nitrogen until further use. Enzyme-linked 
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immunosorbent assay (ELISA; Shanghai LanPai Biotech-
nology Co., Ltd) was used to detect the expression of SDF-
1, and the obtained measurements were normalized to the 
weight of each segment, according to the manufacturer’s 
protocol.

Bone RNA Extraction and Real‑Time PCR

Five days after the distraction, total RNA was isolated 
using TRIzol (Life Technologies, USA) from the regen-
erate tissues in each rat after homogenization with liquid 
nitrogen, and the RNA was reverse-transcribed with Pri-
meScript RT Reagent Kit (Takara, Japan), according to the 
manufacturer’s instructions. Real-time PCR was performed 
with SYBR Green PCR Master Mix (Applied Biosystems, 
USA). Osteogenic gene primer sequences are listed in 
Table  1. Gapdh was used as an internal control, in order 
to evaluate the relative expression, and the changes were 
quantified using the delta–delta Ct method.

Digital Radiography

At the end of the distraction phase, anterior–posterior 
X-ray images including the distraction zone were obtained 
weekly under general anesthesia until the sacrifice. A digi-
tal X-ray machine (MX-20, Faxitron X-Ray Corp., Wheel-
ing, IL, USA) was used, with the exposure time of 6000 ms 
and a voltage of 32 kV.

Micro‑computed Tomography (μCT) Analysis 
of the Regenerating Tissue

Structural changes within the distraction zone in the DO 
rats (n = 8) were quantitatively assessed using a high-
solution μCT40 scanner (SCANCO Medical, Bassersdorf, 
Switzerland) at the termination. Three-dimensional (3D) 
reconstruction of the mineralized tissues was performed by 
applying a global threshold (165 mg hydroxyapatite/cm3), 
and a Gaussian filtering (σ = 0.8, support = 2) was used to 
suppress background noise. The middle 200 layers in the 
horizontal plane of the distraction zone were selected as 

our region of interest. Using different thresholds (low atten-
uation n = 158, high attenuation n = 211), low- and high-
density mineralized tissues, representing newly formed 
callus and highly mineralized bones, respectively, were 
reconstructed according to an established protocol [21]. 
Bone mineral density (BMD), bone volume/total tissue vol-
ume (BV/TV), Tb.N (trabecular number), Tb.Th (trabecu-
lar thickness), Tb.Sp (trabecular separation), and connected 
density (Conn-Dens) were determined using the built-in 
software.

Four‑Point Bending Mechanical Test

This mechanical test was performed within 24 h after ter-
mination at room temperature. A four-point bending device 
(H25KS; Hounsfield Test Equipment, Surrey, UK) with a 
250-N load cell was used to test tibial failure in the ante-
rior–posterior direction with the inner and outer span of 
the blades set to 8 and 18 mm, respectively. The long axis 
of the tibia was oriented perpendicular to the blades dur-
ing the tests. A load was constantly applied to the distrac-
tion zone at a displacement rate of 5 mm/min. The modulus 
of elasticity (E-modulus), ultimate load, energy to failure, 
and maximum stress were recorded with QMAT Profes-
sional software (Tinius Olsen, Horsham, PA, USA). The 
contralateral tibia was used as an internal control (n = 8 per 
group).

Histological Analyses

Following the animal termination, bone specimens (n = 3 
per group) were dehydrated in a graded series of alcohol 
and xylene and embedded in methyl methacrylate. Each 
sample was cut in half with a SP1600 saw microtome 
(Leica, Nussloch, Germany) along the long axis of the tibia 
in the midsagittal plane, and 5- and 10-μm-thick sections 
were cut with an RM2155 hard tissue microtome (Leica, 
Wetzlar, Germany) along the long bone axis. The 5-μm sec-
tions were stained with Von Kossa, Safranin O, Masson’s 
Trichrome, and Goldner’s Trichrome stains, in order to per-
form static histomorphometric analysis, while unstained 

Table 1   Primer sequences used in quantitative real-time PCR analyses

Gene name Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) Product 
size 
(bp)

Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH)

CGG​CAA​GTT​CAA​CGG​CAC​AG GAA​GAC​GCC​AGT​AGA​CTC​CAC​GAC​ 148

Alkaline phosphatase (ALP) GGA​CAA​TGA​GAT​GCG​CCC​ CAC​CAC​CCA​TGA​TCA​CAT​CG 101
Runt-related transcription factor 2 

(Runx2)
AAG​GTT​GTA​GCC​CTC​GGA​GA TTG​AAC​CTG​GCC​ACT​TGG​TT 128

Osteopontin (Opn) GGC​TGA​ATT​CTG​AGG​GAC​CAA GCT​GTA​ATG​CGC​CTT​CTC​CT 131
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10-μm sections were used for dynamic histomorphometric 
measurements, performed using a fluorescence microscope 
(DMRXA2; Leica). Bone analysis software, OsteoMeasure 
(Osteometrics, Decatur, GA, USA), was used to analyze 
the obtained parameters, including the ratio of mineralized 
surface to bone surface (MS/BS), mineral apposition rate 
(MAR), bone formation rate per unit of bone surface (BFR/
BS), bone formation rate per bone volume (BFR/BV), and 
bone formation rate per TV (BFR/TV).

Isolation and Culture of rBMSCs

rBMSC isolation and culturing were described previously 
[19]. Briefly, bone marrow of 12-week-old Sprague Dawley 
rats was flushed out from the femoral cavity and cultured in 
the complete α-modified Eagle’s medium (α-MEM, Invit-
rogen, USA) at 37 °C in the atmosphere containing 5% CO2 
and with 95% humidity. rBMSCs from passages 3–5 were 
used in further experiments. Surface markers, including 
CD34, CD44, CD45, and CD90 were used to determine the 
purity of cells by flow cytometry.

Immunofluorescence Staining

Nestin- and Cxcr4-positive cells were determined by 
immunofluorescence staining. rBMSCs were incubated in 
12-well plates at a concentration of 10,000 cells/cm2. After 
24 h, cells were fixed with 4% paraformaldehyde for 10 min 
and permeabilized with 0.1% Triton-X 100 for 5  min. 
Following their blocking with 5% normal goat serum 
for 30  min, we incubated the cells with primary antibod-
ies against rabbit Nestin (Sigma, 1:300, N5413) or mouse 
Cxcr4 (R&D., 1:300, N5413) overnight at 4 °C. Afterward, 
the cells were incubated with the Alexa Fluor 488-conju-
gated secondary antibody (Invitrogen Corporation, Carls-
bad, CA, USA) for 1  h at room temperature. Mounting 
solution containing 1  μg/mL DAPI (Sigma-Aldrich) was 
used to stain the cell nuclei.

Osteogenic Differentiation

Briefly, after cells seeded in 12-well plate reached over 
80% confluence, α-MEM was replaced with osteogenic 
induction medium (OIM; 100  nmol/L dexamethasone, 
0.05 mmol/L l-ascorbic acid-2-phosphate, and 20 mmol/L 
β-glycerophosphate with complete α-MEM). In order 
to block SDF-1/Cxcr4 signaling in primary rBMSCs, 
AMD3100 (400  μM) was added into OIM. OIM without 
AMD3100 and α-MEM were used as positive and negative 
controls, respectively. Media were replaced every 3 days. 
All experiments were performed in triplicates.

Alkaline Phosphatase (ALP) Staining

Three days after seeding, rBMSCs were equilibrated twice 
by using ALP buffer (0.1 M NaCl, 0.1 M Tris–HCl, 50 mM 
MgCl2·6H2O; pH 9.5) for 5 min, incubated with ALP sub-
strate solution (5 μL BCIP and 10 μL NBT in 1 mL ALP 
buffer) at 37 °C in dark for 60  min, and the reaction was 
stopped by distilled water. Plates were dried before obtain-
ing the images.

Alizarin Red S Staining

Fourteen days after seeding, rBMSCs were stained with 
Alizarin Red S (pH 4.2) for 10 min at room temperature, 
and washed with distilled water. The monolayer was eluted 
with 10% cetylpyridinium chloride (CPC) to quantify the 
mineralization, and the optical density (OD) of the extract 
was measured at 570 nm.

Cellular RNA Extraction and Real‑Time PCR

After 7 days of incubation, total cellular RNA was isolated 
using TRIzol (Life Technologies, USA) and it was reverse-
transcribed with PrimeScript RT Reagent Kit (Takara, 
Japan). The method was the same as that applied for bone 
RNA extraction.

Statistical Analysis

All quantitative data were transferred to statistical spread-
sheets and analyzed using SPSS 18.0 software for Windows 
(SPSS, Chicago, IL, USA). Mann–Whitney U test with a 
Bonferroni correction was performed for the comparison 
of mean values, and p < 0.05 was considered statistically 
significant.

Results

Expression of SDF‑1 and Early Osteogenic Markers 
in DO and Fracture Groups

At day 5, bone segments of the rats belonging to differ-
ent groups were harvested. No significant difference in 
SDF-1 concentration between the DO and fracture groups 
was observed (p > 0.05). In the fracture group, the expres-
sion of SDF-1 remained at the baseline level following 
the surgery, and no significant change in the expression 
levels was observed over time, compared with the control 
group. In the DO group, SDF-1 expression increased by 
234.4 ± 57.5% at day 15 after the surgery (end of the dis-
traction phase) and remained higher than that of the con-
trol group. At day 29 and 43, SDF-1 expression in the 
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distraction zones was significantly higher than that in the 
fracture zones (p < 0.05) (Fig.  1a). However, at the early 
phase of distraction (10 days after surgery), there was no 
difference in SDF-1 expression levels between the DO and 
fracture groups. For further identification, the expression 
levels of early osteogenic markers, ALP, Runx2, and Opn, 
and SDF-1 in callus were determined, and it was shown 
that the expression of all these markers was significantly 
upregulated in the DO group, compared with those in the 
control and fracture groups (Fig. 1b).

Radiographic Assessments

Weekly X-ray images of each rat in the DO group, treated 
with AMD3100 or PBS, were obtained (Fig. 2a). The repre-
sentative images presented in Fig. 2b demonstrate the pro-
gression of bone consolidation. Although the rate of new 
callus formation increased with time in both groups, the 
quality of the newly mineralized bone in terms of the vol-
ume of the regenerating tissue was considerably decreased 
in AMD3100 group than that in the PBS group (Fig. 2b).

μCT Analyses of the Distraction Regenerates

The 3D reconstructed μCT images show that the continu-
ity of the regenerates was not complete in the AMD3100 
group (Fig.  3a). Considerable differences in the param-
eters obtained by using the μCT analysis were observed 
as well. The BMD values of the distraction zone in 
the AMD3100 group (328.8 ± 37.9  mg/cm3) signifi-
cantly decreased in comparison with those in the PBS 
group (381.4 ± 30.1  mg/cm3) (Fig.  3b). Similarly, BV/

TV values were shown to be considerably downregulated 
after AMD3100 administration in all three thresholds 
(158–211, 0.15 ± 0.05; 158–1000, 0.49 ± 0.09; 211–1000, 
0.35 ± 0.05), compared with those in the PBS-treated 
animals (158–211, 0.22 ± 0.04; 158–1000, 0.62 ± 0.07; 
211–1000, 0.40 ± 0.04) (Fig. 3c). Furthermore, Tb.N values 
in all three thresholds were lower in the AMD3100 group 
(158–211, 1.51 ± 0.52 mm−1; 158–1000, 1.29 ± 0.41 mm−1; 
211–1000, 1.08 ± 0.38  mm−1) than in the PBS group 
(158–211, 2.35 ± 0.37 mm−1; 158–1000, 1.92 ± 0.29 mm−1; 
211–1000, 1.63 ± 0.31  mm−1) (Fig.  3d), and Tb.Th val-
ues in the AMD3100 group (158–211, 0.07 ± 0.02  mm; 
158–1000, 0.41 ± 0.04  mm) were significantly lower 
in 158–211 and 158–1000 thresholds, in comparison 
with those in the PBS group (158–211, 0.10 ± 0.02  mm; 
158–1000, 0.46 ± 0.04  mm) (Fig.  3e). However, in the 
AMD3100 group (158–211, 0.74 ± 0.21  mm; 158–1000, 
1.03 ± 0.33  mm; 211–1000, 1.16 ± 0.34  mm), Tb.Sp 
values in all three thresholds significantly increased 
in comparison with those in the PBS group (158–211, 
0.46 ± 0.07  mm; 158–1000, 0.58 ± 0.13  mm; 211–1000, 
0.70 ± 0.14  mm) (Fig.  3f). Conn-Dens values in 158–211 
threshold were shown to be higher in the AMD3100 group 
(35.84 ± 5.83  mm−3) compared with those in the PBS 
group (27.80 ± 3.76 mm−3) (Fig. 3g).

Mechanical Properties of the Distraction Regenerates

E-modulus, ultimate load, and maximum stress values were 
shown to be significantly decreased following the admin-
istration of AMD3100 (33.7 ± 13.2  MPa, 48.1 ± 19.6  N, 
24.0 ± 9.8  N/mm, respectively), compared with these 

Fig. 1   Expression of SDF-1 and early osteogenic markers in the DO 
and fracture sites. a ELISA results, showing that SDF-1 expression at 
different time points in the DO and fracture groups. b Real-time PCR 
results, showing the expression of SDF-1 and early osteogenic mark-

ers, including ALP, Runx2, and Opn in new callus of the DO, con-
trol, and fracture groups. *p < 0.05, compared with the fracture group 
(n = 3 in each group)
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values measured after PBS treatment (66.7 ± 6.9  MPa, 
74.9 ± 11.0  N, 37.4 ± 5.5  N/mm, respectively). No signifi-
cant difference in the energy to failure values between two 
groups was observed (p > 0.05) (Fig. 4; Table 2).

Histological Assessments of the Newly Formed Bones 
in Rats with DO Treatments

Undecalcified sections obtained from the rats in each group 
at day 43 after surgery were stained with Von Kossa, Safra-
nin O, Goldner’s Trichrome, and Masson’s Trichrome 
stains. Following the Von Kossa staining, the newly formed 
calluses were shown to be almost consolidated in the 
PBS group, whereas the callus formation was still ongo-
ing, with rare signs of bone remodeling at the center of 
the regenerate in the AMD3100 group (Fig. 5a, b). Safra-
nin O staining demonstrated that chondrocytes (cartilage) 
were still observable in the AMD3100 group, unlike in the 
PBS-treated animals (Fig. 5c, d). Goldner’s Trichrome and 

Masson’s Trichrome staining showed the presence of bone 
marrow cavities in the PBS group (Fig. 5e-h).

The dynamic bone formation in distraction regenerates 
is presented in Fig. 6. The distance between the green (cal-
cein) line and the red (xylenol orange) line indicates the 
speed of new callus mineralization. In comparison with 
the PBS group, the bone formation rate was obviously 
decreased after the administration of AMD3100 (Fig. 6a). 
Quantitative measurements including MS/BS, MAR, BFR/
BS, BFR/BV, and BFR/TV values, were significantly 
decreased in the AMD3100 group, compared with those in 
the PBS group (Fig. 6b).

SDF‑1/Cxcr4 Signaling During rBMSC Osteogenic 
Differentiation

Immunofluorescence staining demonstrated that Nestin-
positive rBMSCs (green) express Cxcr4 (red), the SDF-1 
receptor (Fig.  7). To clarify the effect of the osteogenic 
differentiation of rBMSCs in  vitro, ALP and Alizarin 

Fig. 2   Experimental design 
and representative X-ray images 
of the DO rats. a After a 5-day 
latency period, lengthening was 
initiated at 0.25 mm/12 h for 
10 days. PBS and AMD3100 
were locally administrated from 
the beginning of the distraction 
phase until the animal sacrifice 
(43 days after surgery), every 
2 days. b X-ray images, show-
ing bone consolidation and the 
quality of the newly mineralized 
bone (n = 10 in each group)
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Fig. 3   Bone consolidation following the AMD3100 administration. 
a 3D μCT images of distraction regenerating tissue, showing less 
mineralized bone in the AMD3100 group. b BMD in the AMD3100 
group, significantly decreased in comparison with that in the PBS 
group. c, d BV/TV and Tb.N values in AMD3100 and PBS-treated 

animals. e Tb.Th values, measured in the AMD3100 and PBS-
treated groups. f Tb.Sp values, determined in the AMD3100 and PBS 
groups. g Conn-Dens values, measured in the AMD3100 and PBS 
treatment groups (n = 8 per group)

Fig. 4   Mechanical properties of 
the regenerating tissues. E-mod-
ulus (a), ultimate load (b), and 
maximum stress (d) values 
were significantly decreased 
after AMD3100 administration, 
and no significant difference in 
energy to failure (c) levels was 
observed between two groups. 
*p < 0.05 (n = 8 per group)

Table 2   Mechanical properties 
of the distraction regenerating 
tissue

*p < 0.05, **p < 0.01, compared to the PBS group (n = 8 in each group)

E-modulus (MPa) Ultimate load (N) Energy to failure (J) Max stress (N/mm)

PBS 66.65 ± 6.91 74.85 ± 10.95 0.0320 ± 0.0103 37.42 ± 5.48
AMD3100 33.66 ± 13.19** 48.09 ± 19.62* 0.0228 ± 0.014 24.05 ± 9.82*
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Red S staining were performed at day 3 and day 14 after 
the initiation of osteogenic differentiation, respectively. 
The expression of ALP and the amount of calcium depos-
its were markedly increased after the incubation of these 

cells in OIM, compared with those in the α-MEM. After 
AMD3100 treatment, ALP expression at day 3 significantly 
decreased, compared with that in the OIM-induced cells, 
while no difference in the calcium deposit levels at day 14 

Fig. 5   AMD3100 administration led to the inhibition of new callus 
consolidation. a, b Von Kossa staining showed many newly formed 
calluses in AMD3100-treated animals, while the continuity of the 
cortical bone was evident in the PBS group. c, d Safranin O staining, 

showing increased areas of cartilage in the AMD3100 group, in com-
parison with the PBS group. e–h Masson’s and Goldner’s Trichrome 
staining, showing the continuity of bone marrow cavities in the PBS 
group, but not in the AMD3100 group

Fig. 6   AMD3100 administration leads to the decreased rate of 
bone formation. a The distance from the green (calcein) line to the 
red (xylenol orange) one indicates the speed of new bone forma-
tion in AMD3100 and PBS groups. b Dynamic histomorphometric 

parameter (MS/BS, MAR, BFR/BS, BFR/BV, and BFR/TV) values in 
AMD3100 and PBS-treated animals. **p < 0.01, compared with the 
PBS group. (Color figure online)
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was seen between the two groups (Fig.  8a). Furthermore, 
real-time PCR results showed a considerable decrease in 
ALP, Runx2, and Opn after AMD3100 treatment of the 
cells maintained in OIM, compared with the cells in OIM 
alone (Fig. 8b).

Discussion

Here, we demonstrated that the expression of SDF-1 is 
increased in the regenerate in DO process, compared with 
that in the fracture-healing process, especially during the 
distraction phase. Additionally, we examined the effects of 
the local administration of SDF-1/Cxcr4 signaling antago-
nist AMD3100 on the mineralization of new bone in the 
DO gap. AMD3100 was shown to inhibit DO-mediated 
tissue regeneration and rBMSC osteogenic differentiation, 
demonstrating a crucial role of SDF-1/Cxcr4 signaling dur-
ing bone regeneration.

The potential enhancements of new bone formation 
during DO have been reviewed recently [22], most of 
these interventions focused on the downstream effectors 
of complex molecular/physiological mechanisms, in order 
to accelerate bone consolidation. Upstream factors, such 
as those involved in the processes of neovascularization, 
during which the SDF-1/Cxcr4 signaling plays a critical 
role [23], may also be potential therapeutic targets. Previ-
ously, tissue hypoxia was observed during bone healing 
[17], and the expression of SDF-1 was increased in hypoxic 
tissues [24]. The regulation of neovascularization in dis-
traction tissues is associated with the increased levels of 

hypoxia-inducible factor 1α (HIF-1α) in the regenerate tis-
sues, in comparison with those in the fracture calluses [2, 
25]. The recruitment of CXCR4-positive progenitor cells, 
such as EPCs and MSCs, to regenerating tissues is medi-
ated by hypoxic gradients via HIF-1α-induced expression 
of SDF-1 [25], which explains the increased expression of 
SDF-1 in DO callus observed in our experiments. Three 
well-known phases can be observed during DO process, 
including latency, distraction, and consolidation. During 
the distraction phase, the callus is stretched gradually to 
the maximum extent. The expression of HIF-1α-induced 
SDF-1 in the ischemic gap-tissue increased gradually, and 
peaked at the end of the distraction phase, which was fol-
lowed by a marked increase in blood flow and vascular pro-
liferation that continued throughout the consolidation phase 
[26]. Together with SDF-1 expression, the expression lev-
els of early osteogenic markers, including ALP, Runx2, 
and Opn, in DO were markedly upregulated as well when 
mechanical strain was applied.

SDF-1 inhibition in the regenerating tissue or Cxcr4 
inhibition in the progenitor cells may prevent cell recruit-
ment to the ischemic sites [24]. Therefore, to confirm 
the role of SDF-1/Cxcr4 signaling in the DO process, 
AMD3100 was injected locally into the regenerating tissue, 
and the reduction of total new bone volume in AMD3100-
treated rats was observed. Similarly, μCT data showed sig-
nificant differences in the measured parameters between the 
PBS-treated and the AMD3100-treated animals. Four-point 
bending tests demonstrated that the mechanical properties 
of the regenerates considerably decreased after AMD3100 
administration, while histomorphometric callus analyses 

Fig. 7   Immunofluorescence staining, showing that MSCs isolated from rat bone marrow were Nestin-positive (green) and expressed Cxcr4 
(red). The nuclei were stained with DAPI (blue). (Color figure online)
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revealed that chondrocytes and fibroblasts were still seen in 
the distraction gap 4 weeks after the initiation of distraction 
in AMD3100 group, and some newly formed chondrocytes 
have not been mineralized completely after AMD3100 
injection, whereas the new bone is completely mineralized 
and the bone marrow cavity was almost re-connected (dem-
onstrating rapid bone remodeling) in the control group. 
Dynamic histomorphometric data showed that the speed 
of new bone mineralization was significantly less in the 
AMD3100 treated group in comparison to the PBS injec-
tion group.

In several studies, AMD3100 was reported as a hemat-
opoietic stem cell mobilizer, which were administrated 
intraperitoneally to mobilize the circulating progenitor cells 
and to improve neovascularization and osteogenesis associ-
ated with enhanced bone healing [23, 27]. In a related study 
from Toupadakis et al. [17], it was suggested that a long-
term local administration of AMD3100 can significantly 
hinder fracture repair. As demonstrated by Kitaori et  al. 

[28], SDF-1 expression was induced in the periosteum of 
injured bone, which promoted endochondral bone repair 
by recruiting MSCs to the ischemic tissues. AMD3100, 
SDF-1/Cxcr4 signaling antagonist, significantly attenuated 
load-induced periosteal bone formation [29], and therefore, 
during DO process the regeneration of the weight-bearing 
long bones may be inhibited by AMD3100 treatment.

The interruption of SDF-1/Cxcr4 signaling may also 
affect osteogenic differentiation of rBMSCs. Granero-
Moltó et  al. [30] showed that MSCs homing to the frac-
ture site was exclusively time-dependent and Cxcr4 dose-
dependent. Here, we isolated rBMSCs from the rat bone 
marrow and showed that they expressed Cxcr4. We dem-
onstrated that the inhibition of the SDF-1/Cxcr4 signal-
ing during the osteogenic differentiation of rBMSCs with 
AMD3100 treatment led to a significant decrease in ALP 
activity, and reduced the expression of osteogenesis-related 
genes, which are the indicators of early-stage osteogenic 
differentiation [20]. Luan et al. [31] reported an inhibitory 

Fig. 8   The role of SDF-1/Cxcr4 signaling in rBMSC osteogenic dif-
ferentiation. a ALP staining at day 3 after AMD3100 administration, 
showing a decreased expression of ALP. Alizarin Red S staining at 
day 14 after AMD3100 administration showed no difference in the 
rate of calcium deposit formation between the groups. b The expres-

sion early osteogenesis-related genes (ALP, Runx2, and Opn), sig-
nificantly downregulated after AMD3100 administration. All experi-
ments were performed in triplicates. *p < 0.05, **p < 0.01, compared 
with the OIM group
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effect of AMD3100 on osteogenic differentiation of 
MC3T3-E1 cells, especially in the early stage of this pro-
cess. Furthermore, the addition of exogenous SDF-1 does 
not affect calcium deposition rate, which represents a late 
osteogenic marker, and SDF-1/Cxcr4 exert their functions 
in the early and middle stages of osteogenic differentiation 
through the activation of Smad and MAPK signaling path-
way [20]. In this study, we obtained similar results and no 
significant difference in the formation of calcium nodules 
was observed between the groups. SDF-1/CXCR4 sign-
aling was shown to be a key axis linking EPCs, BMSCs, 
osteoblasts, and osteoclasts during the normal homeostatic 
regulation of bone regeneration and remodeling [13, 14].

The limitation of this study is that the detailed molecu-
lar mechanisms determining the degree of consolidation 
after the administration of AMD3100 remain unclear. In 
agreement with the results obtained in previous studies, an 
increased number of progenitor cells recruited by SDF-1 
lead to the expression of multiple pro-angiogenic factors in 
the DO gap during the distraction phase, and this is asso-
ciated with an increased rate of vascularization, compared 
with that observed at the fracture site during the immedi-
ate-early phase of healing [5, 26]. The inhibition of SDF-1/
Cxcr4 signaling by AMD3100 may affect the migration 
and differentiation of progenitor cells and neovasculariza-
tion in the distraction regenerate; further investigations 
are required to confirm SDF-1-mediated angiogenesis and 
osteogenesis.

In conclusion, DO process promotes an increase in 
SDF-1 expression. Local application of SDF-1/Cxcr4 sign-
aling antagonist AMD3100 may significantly hinder bone 
mineralization and rBMSC osteogenic differentiation. 
These findings may suggest novel therapeutic manipula-
tion of osteoprogenitor cell homing and differentiation, 
to induce bone consolidation in patients undergoing DO 
treatment.
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