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post-fracture, and induced promoted callus ossification and 
remodeling at 8 weeks post-fracture compared to control.

Introduction

Postmenopausal osteoporosis is a skeletal disorder char-
acterized by low bone mass and deterioration of bone 
microarchitecture due to increased bone turnover induced 
by estrogen deficiency [1]. Previous studies show that 
osteoporotic bodies with fracture are usually subject to 
depressed callus quality and prolonged healing time than 
normal, even nonunion [2, 3]. Thus, there has been interest 
in treatments that can suppress excessive bone resorption 
or enhance new bone formation during bone regeneration, 
such as estrogen, selective estrogen receptor modulators 
(SERM), calcitonin, bisphosphonates (BPs), parathyroid 
hormone (PTH), strontium ranelate, sclerostin antibodies, 
and dickkopf-1 antibodies [4–7].

Bone tissue is densely innervated, and there is increas-
ing evidence that neuronal regulation is critical for bone 
metabolism, and that semaphorin 3A (Sema3A) is up-reg-
ulated in response to nerve injury [8, 9]. In patients with 
traumatic brain injury and extremity fractures, accelerated 
speed of fracture healing and overgrowth of callus and het-
erotopic ossification are often encountered in clinical prac-
tice [10, 11]. A recent study found that Sema3A exerted 
an osteoprotective effect by both suppressing osteoclastic 
bone resorption and increasing osteoblastic bone forma-
tion. After intravenous administration of Sema3A, normal 
mice showed decreased osteoclastic and increased osteo-
blastic formation and function, mice with drill hole induced 
bone defects revealed enhanced bone regeneration, and 
ovariectomized mice showed a decrease in bone loss [12]. 
However, knowledge about the effect of Sema3A on callus 
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formation and fracture healing in osteoporotic animals was 
limited.

Thus, this primary study aims to investigate the effects 
of local injected Sema3A on fracture healing in ovariec-
tomized (OVX) rats. Four and eight weeks after fracture 
surgery, callus formation and fracture healing were evalu-
ated by radiology, histology, micro-computed tomography 
(micro-CT) and biomechanical assessment.

Materials and methods

Animals

Seventy-four 3-month-old female Sprague–Dawley rats 
weighing 245 ±  28  g were included in this study. Every 
four animals were kept in one cage with climate-controlled 
conditions (25 °C; 55 % humidity; 12 h of light alternating 
with 12 h of darkness). Free access to tap water and stand-
ard laboratory diet containing 1.56 % calcium, 0.8 % phos-
phorus and 800  IU/kg vitamin D were permitted. Princi-
ples of laboratory animal care (NIH publication No. 85-23, 
revised 1985) were followed, and the study protocol was 
approved by the Ethics in Animal Research Committee of 
Sichuan University.

Surgical procedure

After bilateral ovariectomy (69 rats) or sham operation (5 
rats) according to a previous report, 12 weeks were allowed 
to pass for the establishment of standard osteoporotic ani-
mal models [13]. The body weight of animals reached 
400 ± 43 g for OVX rats and 345 ± 25 g for sham operated 
rats. Five randomly selected OVX rats and all the sham 
operated ones were sacrificed for bone mineral density 
(BMD) and micro-CT evaluation of the proximal tibiae.

Subsequently, all the remaining animals (64 rats) 
underwent unilateral transverse osteotomy on the right 
tibiae according to previous studies [14]. General anes-
thesia was obtained by abdominal injections of ketamine 
(100  mg/kg; 3B Scientific Corporation, USA) and xyla-
zine (10  mg/kg; Atomax Chemicals Co., Ltd., China). 
Briefly, a transverse osteotomy was made at the proximal 
one-third of the right tibia, then fracture fragments were 
contacted and a stainless steel wire (1.0 mm in diameter, 
Shanghai Medical Devices Co., Ltd; China) was inserted 
through the tibial nod surface across the fracture ends via 
the medullary cavity. X-ray analysis was performed using 
RADspeed (RadSpeed M CH with FPD; SHIMADZU 
Corporation) to assess the location and quality of frac-
tures immediately after surgery (Fig. 1a). All the animals 
received an intramuscular antibiotic and analgesic injec-
tion for 3 postoperative days. Unrestricted activity was 
allowed after wake-up from anesthesia.

Pharmaceutical treatment

During fracture operation, all the animals were randomly 
divided into two groups (32 rats per group) for vehicle 
or Sema3A treatment. Animals from the Sema3A group 
accepted injection of Sema3A dissolved in sterile PBS 
(1 μg/μl), and rats from the vehicle group accepted injec-
tion of sterile PBS. The pharmaceutical treatment plan was 
blinded for the surgeon on the operation day. Sema3A or 
vehicle was locally injected exactly to the fracture gap dur-
ing surgery and subcutaneously at the fracture site after-
wards. Dosage of local application of Sema3A in rats was 
very limited. In this primary study, the dose of recombinant 
human Sema3A/Fc Chimera (R&D Systems) was 500 μg/
kg weekly. During the treatment period, body weight of 
animals was measured weekly, and the drug dosage was 
adjusted accordingly.

Fig. 1   a Radiograph of the 
fractured tibia taken immedi-
ately after surgery: the arrow 
shows the fracture line. b 
Scheme of the three-point 
bending test of the fractured 
tibia; specimen was placed in 
a repeated position with its 
medial surface facing down-
ward on two lower support bars 
15-mm apart, and the arrow 
shows the pressure through the 
central part of the callus
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Specimen harvest

At the end of the observation time (4 and 8  weeks after 
fracture), animals were euthanized by cardiac puncture 
under general anesthesia and fractured tibiae were col-
lected carefully. After complete excision of soft tissues, 
half the specimens from each group were stored at −80 °C 
until biomechanical testing, and the other half were kept in 
70 % alcohol for radiological, micro-CT and undecalcified 
section analysis.

Radiography

Radiographs of the fractured tibiae were taken using RAD-
speed at settings of 40 kilovolts and 1.2 milliamps immedi-
ately after harvesting. Fracture healing was evaluated in a 
blinded manner according to the classification of Goldberg 
et al. [15] mainly as follows: nonunion, possible union, or 
complete union.

Callus BMD analysis

BMD analysis of the callus was performed using Lunar 
iDXA (GE Healthcare Lunar, USA), with the hand regional 
high resolution and small-animal scan mode. Briefly, the 
fractured tibiae were placed in deionized water with the 
same position for X-ray scan. The region of interest (ROI) 
was chosen as a longitudinal rectangle covering the whole 
callus area. BMD values (mg/cm2) were obtained for statis-
tical analysis.

Micro‑CT examination

For micro-CT examination, specimens were prepared as 
10-mm-long blocks with callus and kept in 70  % etha-
nol. All blocks were scanned on a μCT system (μCT 80 
scanner Scanco Medical, Bassersdorf, Switzerland) with 
an isotropic voxel size of 10 μm and reconstructed for a 
detailed qualitative and quantitative evaluation. The con-
strained 3D Gaussian filter (σ =  1.2, support =  1) was 
used for partial noise suppression in the image. The vol-
ume of interest (VOI) was defined as a cylinder covering 
the whole callus area; the newly formed bone tissue was 
defined on the basis of the threshold level. In brief, the 
high and low radio-opacity mineralized tissues were dif-
ferentially segmented by a two-level global thresholding 
procedure, with low attenuation =  250 and high attenu-
ation =  500 in per mille of maximal image gray value 
[16, 17]. After segmentation, bone volume (BV), percent 
bone volume (BV/TV), and average cross-sectional area 
(CsAr) were quantified within the VOI using software 
attached to the μCT 80 scanner running on OpenVMS 
operating system.

Histological analysis

For histological sections, specimens were dehydrated 
in graded ethanol (80–100  %), and embedded in methyl-
methacrylate (Technovit 7200 VCL; Exact Apparatbau, 
Nordenstedt, Germanny) without decalcification. Coronal 
sections 5-μm thick were prepared (Leica, Germany) and 
stained in 1 % toluidine blue. Images were acquired under 
light microscopy (Eclipse 80i, Nikon, Japan) with a digital 
camera. The percent of bone union, i.e., rate of the length 
of bone union to the total length of the osteotomy, was cal-
culated with Leica DMI 6000 B micro-systems (Germany). 
Bone-to-bone binding was defined as bone union, while 
fibrous binding was defined as non-union.

Biomechanical testing

A three-point bending test on the fractured calluses was 
performed by a commercial material testing system (Instron 
4302; Instron, Norwood, MA, USA). Briefly, all specimens 
were placed in a repeated position with the medial surface 
facing downward on two lower support bars 1.5 cm apart, 
and the testing area was defined as the central part of the 
callus (Fig.  1b). The specimen was then compressed at 
the velocity of 1 mm/min until breakage. From the load–
deflection curve recorded by a connected computer, the 
ultimate load at failure (N; maximum force that the tibia 
could bear), stiffness (N/mm; slope of the load–deflection 
curve from the linear part), and total energy absorption 
(mJ; energy absorbed by tibia during compression pro-
gress) were calculated.

Statistical analysis

Data were expressed as mean ±  standard deviation (SD). 
Statistical analyses were performed using the statistics 
package SPSS 13.0 (SPSS, Chicago, IL, USA). Com-
parisons of means were carried out using Student’s t-test, 
whereas comparisons of proportions were performed 
by Fisher’s exact test. The significance level of 0.05 was 
applied for all analyses.

Results

Establishment of osteoporotic model

Twelve weeks after sham or OVX operation, micro-CT 
cross-slices showed the changes of bone mass and micro-
architecture of the proximal tibiae before and after sham 
or OVX operation. In quantitative analysis, OVX operation 
decreased the BV/TV by 40.6 %, the mean trabecular num-
ber by 44.1  %, the mean trabecular thickness by 42.3  %, 
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but increased the mean trabecular separation by 55.4  % 
when compared to sham operation (Fig. 2).

Radiography

Four weeks after fracture, distinct fracture lines were 
observed on the X-ray films taken from rats in the control 
group, but those of the Sema3A group had reached possible 
union. Eight weeks after fracture, the fracture gap reached 
bony union in both groups. However, specimens from the 
Sema3A group showed higher radiodensity of the callus 
compared to the control (Fig. 3).

Callus BMD analysis

Results of callus BMD analysis showed that both groups 
showed significantly increased BMD values at 8  weeks 
than that of 4  weeks after fracture (p  <  0.05, data not 
shown). For group comparison, no significant difference 
was observed at 4  weeks after fracture. However, callus 
BMD value of the Sema3A group was 12.4 % higher than 
the control at 8  weeks after fracture (p  <  0.05, data not 
shown).

Micro‑CT examination

Representative 2D images from coronal cutaways and 
transverse slices through the center of the callus are pre-
sented in Fig.  4, and the results of quantitative analysis 
within VOI were expressed as BV, BV/TV, and CsAr in 

Table  1. At 4  weeks post-fracture, Sema3A increased the 
value of BV by 55.7 %, BV/TV by 32.8 %, and CsAr by 

Fig. 2   Micro-CT cross-slices of the proximal tibiae before (base-
line) or 12  weeks after sham or OVX operation on rats, as well as 
the results of quantitative analysis. Data are expressed as mean ± SD, 
n = 5 specimens per group. *p < 0.05 OVX vs sham group (Student’s 

t-test). BV/TV percent bone volume, Tb. N the mean trabecular num-
ber, Tb. Th the mean trabecular thickness, Tb. Sp the mean trabecular 
separation

Fig. 3   Radiographs of the fractured tibiae from control and Sema3A 
groups at 4 and 8 weeks post-fracture
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51.6  % compared to the control (p  <  0.05). At 8  weeks 
post-fracture, Sema3A increased the value of BV/TV by 
44.4  % compared to control (p  <  0.05); the value of BV 
showed no difference between groups; while the value of 
CsAr in the control group was 43.8 % higher than that of 
Sema3A group (p < 0.05).

Histological analysis

Undecalcified histological images are exhibited in 
Fig.  5. At 4  weeks post-fracture, increased callus forma-
tion and better bone union were observed in the Sema3A 
group; the bone union rate (%) was 25.7  ±  9.7 in the 
control and 75.1 ±  20.3 in the Sema3A group (p < 0.05, 
by Fisher’s exact test). At 8  weeks post-fracture, callus 
remodeling seemed to be delayed and not well bridged 

in the control group, while bone union was almost com-
pleted in the Sema3A group; the bone union rate (%) was 
40.2 ± 11.3 in the control and 87.4 ± 9.5 in the Sema3A 
group (p < 0.05, by Fisher’s exact test).

Biomechanical testing

Results of biomechanical testing are presented in Table 2. 
At 4  weeks post-fracture, Sema3A increased the value of 
ultimate load by 135.2 %, stiffness by 117.4 %, and energy 
absorption by 134.8 % compared to the control (p < 0.05). 
At 8  weeks post-fracture, Sema3A increased the value of 
ultimate load by 76.2 %, stiffness by 70.7 %, and energy 
absorption by 97.1 % compared to the control (p < 0.05).

Discussion

Over the whole lifetime, bone remodeling is tightly regu-
lated through a complex network of hormones, cytokines 
and direct cellular interactions by affecting the crosstalk 
between osteoblasts and osteoclasts. Any disturbance in 
this regulating network may lead to abnormal bone resorp-
tion and formation, such as osteoporosis [1, 18]. Osteopo-
rosis is a systemic bone metabolic disease characterized by 
low bone mass and microarchitectural deterioration of bone 
tissue, relating to enhanced bone fragility and a consequent 
increase in fracture risk. The aging population of humans 
has continually increased, thus more and more middle-
aged and senile patients are affected by post-menopausal 
or age-related osteoporosis. A previous study reported that 
over 50  % of women as well as 13  % of men older than 

Fig. 4   Representative 2D 
images of coronal cutaways and 
transverse slices through the 
center of the callus from control 
and Sema3A groups at 4 and 
8 weeks post-fracture

Table 1   Quantitative results of the calluses at 4 and 8  weeks post-
fracture by micro-CT evaluation

Data are expressed as mean ± SD, n = 8 specimens per group

BV bone volume, BV/TV percent bone volume, CsAr average cross-
sectional area

* p < 0.05 vs control group (Student’s t-test)

BV (mm3) BV/TV (%) CsAr (mm2)

4 weeks post-fracture

 Control 35.7 ± 5.3 40.3 ± 6.3 15.3 ± 2.5

 Sema3A 55.6 ± 8.4* 53.5 ± 8.1* 23.2 ± 4.3*

8 weeks post-fracture

 Control 40.6 ± 7.9 50.7 ± 8.5 15.1 ± 3.0

 Sema3A 43.1 ± 5.1 73.2 ± 9.4* 10.5 ± 2.2*
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50 might be subject to osteoporosis-related fractures during 
their lifetime [19]. Patients with osteoporotic fractures have 
dramatic difficulty in performing daily living activities and 
suffer from significant pain. Moreover, osteoporotic frac-
tures have been a significant burden on society and health-
care systems [20, 21].

Sema3A, first described as an axon-guiding molecule, is 
a protein produced by osteoblasts with the ability to inhibit 
receptor activator of nuclear factor κB ligand (RANKL)-
induced osteoclastogenesis and to promote osteoblastic 
bone formation [12, 22]. Results from radiography, iDXA, 
histology, micro-CT, and three-point bending test in this 
study indicated that Sema3A treatment increased callus 

mass, quality, and biomechanical strength at the early stage 
of fracture healing (4  weeks post-fracture), and induced 
promoted callus ossification, remodeling and biomechani-
cal strength at the middle stage of fracture healing (8 weeks 
post-fracture) compared to the control. Since previous stud-
ies showed that osteoporosis impaired callus quality and 
prolonged fracture healing time compared to normal [2, 3], 
results in this study suggested that Sema3A held the prom-
ise of promoting fracture healing in osteoporotic bodies.

Since osteoporosis is characterized by increased bone 
resorption, most anti-osteoporotic drugs target osteoclast-
genesis by reducing the rate of bone resorption, such as 
RANKL inhibitor and bisphosphonates [16, 23]. However, 

Fig. 5   The representative 
histological images stained with 
toluidine blue (magnification, 
×40) from control and Sema3A 
groups at 4 and 8 weeks post-
fracture

Table 2   Biomechanical results 
of the fractured tibiae at 4 and 
8 weeks post-fracture by three-
point bending test

Data are expressed as mean ± SD, n = 8 specimens per group

* p < 0.05 vs control group (Student’s t-test)

Ultimate load (N) Stiffness (N/mm) Energy absorption 
(mJ)

4 weeks post-fracture

 Control 21.3 ± 4.4 102.7 ± 13.6 13.8 ± 3.5

 Sema3A 50.1 ± 9.4* 223.3 ± 25.9* 32.4 ± 5.2*

8 weeks post-fracture

 Control 75.1 ± 9.8 160.1 ± 20.4 24.5 ± 4.0

 Sema3A 132.3 ± 17.5* 273.3 ± 33.2* 48.3 ± 8.3*
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these drugs often cause reduction in new bone forma-
tion because of the consequent disruption of the linkage 
between osteoclast and osteoblast activity. Parathyroid hor-
mone (PTH) is the representative anabolic drug which can 
directly stimulate bone formation, and is currently the only 
Food and Drug Administration approved anabolic agent for 
osteoporosis treatment [24]. However, the anabolic effect 
of PTH is usually related to enhanced bone resorption, 
and the withdrawal of PTH is reported to lose the thera-
peutic effects [25]. Strontium ranelate is one of the agents 
reported to promote osteoporotic fracture healing, with the 
dual effects of promoting bone formation and inhibiting 
bone resorption [15, 26, 27].

Information about the effect of Sema3A on fracture 
healing in osteoporotic animals was limited. Hayashi et al. 
found that intravenous injection of recombinant Sema3A 
led to increased osteoblastic parameters and decreased 
osteoclastic parameters in intact mice; Sema3A enhanced 
bone regeneration in a mouse model of cortical bone defect; 
and that Sema3A treatment rescued bone loss in ovariec-
tomized mice [12]. Although it has been suggested that 
Sema3A regulates bone remodeling directly by regulating 
the activities of osteoclasts and osteoblasts in  vitro [12], 
in vivo study seems to indicate that decreased expression of 
Sema3A in bone was not the cause of the bone abnormality. 
Osteoblast-specific Sema3A-deficient mice were demon-
strated to have normal bone mass, although the expression 
of Sema3A in bone significantly decreased. However, mice 
lacking Sema3A in neurons showed low bone mass, which 
seems to indicate that neuron-derived Sema3A is respon-
sible for the decreased bone mass independent of the local 
role of Sema3A in bone, namely Sema3A regulates bone 
remodeling by indirectly engaging in sensory nerve inner-
vations [28]. These results are somehow inconsistent with 
in  vitro results that Sema3A directly promotes osteoblas-
tic bone formation and inhibits osteoclastic bone resorption 
[12].

Results of this preliminary study indicated that locally 
applied Sema3A promoted fracture healing and callus 
remodeling in osteoporotic rats. The sensory nerve pro-
jections were not detected in this study, thus it cannot be 
confirmed whether local Sema3A influences bone remod-
eling indirectly by regulation of sensory nerve innerva-
tions. At 4 weeks post-fracture, increased callus formation 
in the Sema3A group can be observed in histological sec-
tions and confirmed by quantitative micro-CT examina-
tion. This result can be easily explained by increased bone 
formation and inhibited bone resorption due to Sema3A 
treatment. However, at 8  weeks post-fracture, quantita-
tive micro-CT analysis indicates that the value of BV 
showed no difference between groups; while the value of 
CsAr in the control group was 43.8 % higher than that of 
Sema3A group (p < 0.05). It seems that Sema3A promotes 

callus remodeling at the middle stage of fracture healing 
(4–8 weeks after fracture). One plausible explanation may 
be that Sema3A shortened the period of callus formation, 
so that the period of callus remodeling started earlier than 
in thecontrol. Moreover, osteoporosis is usually accompa-
nied by uncoupled bone resorption and formation, thus the 
different physiological conditions of OVX animals from 
intact bodies may be another explanation.

There are many other possible functions of Sema3A that 
may be involved in bone healing when systemic treatment 
is used, e.g., influences on platelets, hematopoietic stem 
cells movement, and inflammatory roles. Previous studies 
indicated that the sensory innervation of bone might play 
an important role in sensing and responding to low-inten-
sity pulsed ultrasound and explain its effect in promoting 
fracture healing. Lam et al. [29] found that daily ultrasound 
treatment significantly increased the rate of union and the 
volumetric bone mineral density in the fracture callus in the 
neurally intact rats, but this stimulating effect was absent 
in the rats with sciatic neurectomy. Nordsletten et al. stud-
ied the effect of sciatic nerve resection on tibial fracture 
healing. Higher bone mineral content but low mechanical 
strength in three-point cantilever bending was observed in 
the nerve-resected rats, implying a defective organization 
of the large callus [30]. These results suggest that neural 
regulation plays a role in the type of fracture healing, direct 
or indirect, and in the amount and quality of the callus.

Conclusions

The results of this study demonstrated that Sema3A treat-
ment could increase callus formation, bone mineral density 
and biomechanical strength at the early stage of fracture 
healing (4 weeks post-fracture), and promote callus ossifi-
cation, remodeling and biomechanical strength at the mid-
dle stage of fracture healing (8 weeks post-fracture). It was 
suggested that Sema3A induced improved callus quality 
and shortened healing time in osteoporotic fracture settings.
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