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Semaphorin3A promotes osseointegration of titanium implants
in osteoporotic rabbits
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Abstract
Objective In the present study, we intend to assess the function of Sema3A in osteointegration of titanium implants both in vivo
and in vitro.
Material and methods Briefly, Sema3A was transfected in HBMSCs cells to detect its effect on osteogenesis. Subsequently, an
in vivo rabbit model was established. Eighteen female rabbits were randomly assigned into three groups (n=6), and rabbits in the
two treatment groups (OVX groups) were subjected to bilateral ovariectomy, while those in the control group were treated with
sham operation. Twelve weeks later, we first examined expression levels of Sema3A in rabbits of the three groups. Titanium
implants were implanted in rabbit proximal tibia. Specifically, rabbits in sham group were implanted with Matrigel, while the
remaining in the OVX experimental group (OVX+Sema3A group) and OVX group were implanted with Matrigel containing
Sema3A adeno-associated virus or empty vector, respectively.
Results Histomorphometry results uncovered that rabbits in the OVX+Sema3A group had a significantly higher BIC
compared with those of the OVX group on the 12th week of post-implantation. And compared with the OVX group,
the maximum push-out force increased by 89.4%, and the stiffness increased by 39.4%, the toughness increased by
63.8% in the OVX+Sema3A group at 12 weeks.
Conclusion Sema3A has a positive effect on promoting early osseointegration of titanium implants in osteoporotic rabbits.
Clinical relevance Our research found that Sema3A can improve the osteogenic ability of bone marrow stem cells and promotes
osseointegration during osteoporosis.

Keywords Bone-implant contact ratio . Implant osseointegration . NF-kappa B . Osteoporosis . Semaphorin3A

An Song and Feng Jiang contributed equally to this work.

* Wei Zhang
sxm813121@163.com

* Junbo Zhou
songan04551@163.com

1 Department of Oral and Maxillofacial Surgery, The Affiliated
Stomatological Hospital of Nanjing Medical University,
Nanjing, Jiangsu, People’s Republic of China

2 Jiangsu Province Key Laboratory of Oral Diseases, Jiangsu Province
and Stomatological Institute of Nanjing Medical University, No.1,
Shanghai Road, Gulou District, Nanjing 210029, Jiangsu, People’s
Republic of China

3 Jiangsu Province Engineering Research Center of Stomatological
Translational Medicine, Nanjing, China

4 Department of Stomatology, Nanjing Integrated Traditional Chinese
and Western Medicine Hospital, No.179, Xiaolingwei Road,
Xuanwu District, Nanjing 210014, Jiangsu, China

https://doi.org/10.1007/s00784-021-04081-6

/ Published online: 6 August 2021

Clinical Oral Investigations (2022) 26:969–979

http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-021-04081-6&domain=pdf
http://orcid.org/0000-0001-5670-8217
mailto:sxm813121@163.com
mailto:songan04551@163.com


Introduction

In recent decades, implant supported prosthesis have been
widely used to replace missing teeth [1]. However, the defi-
ciency of bone quantity and quality can cause adverse effects
on possibly implant supported prosthesis [2]. Traditionally,
bone quantity deficiency can be improved by autogenous
bone graft, allogeneic or xenogeneic bone transplantation,
bone replacement, distraction osteogenesis, and many other
methods [3, 4]. These methods, however, are not as enough
to completely reverse the deficient bone quality [5]. It is re-
ported that osteoporosis influences the alveolar process and
impairs alveolar bone healing. Osteoporosis has become a
major cause of fixation failure due to poor implant
osseointegration and has an adverse effect on osseointegration
of the dental implant [6]. Besides, osteoporosis also impairs
the osseointegration and long-term stability of the implant [7].
Therefore, osteoporosis is as one of the recognized risks of
dental implant treatment. Although the function of osteoporo-
sis in implant osseointegration has been widely studied, the
conclusions remain inconsistent [8].

Recently, bone tissue engineering and gene therapy have
been highlighted because of their potentials in promoting bone
regeneration [9]. These methods intend to generate new bone
tissues in the bone defect area fast and efficiently as original
bones [10]. Currently, several gene modification techniques
have been used to promote osteogenesis and osseointegration
around implants, including SATB2 and BMP-2, and they can
promote osteoblasts [11]. It is necessary to develop a novel
method that promotes the activity of osteoblasts, thus acceler-
ating osteogenesis.

Semaphorin3A (Sema3A) is a member of the semaphorin
family, which is of significance in the development of the
nervous system, vascular system, immune system, and various
other organs [12, 13]. Sema3A is the only secreted
semaphorin protein, which exerts the biological function by
binding to neurobilin1 (Nrp1)—PlexinA1 protein complex on
the cell membrane surface [14]. Recently, Sema3A has been
identified to inhibit osteoclast-induced bone resorption and
accelerate osteoblast-induced bone formation, thus protecting
bone metabolism. Besides, the use of Sema3A is capable of
promoting bone deposition and repairing the wounded area of
cortical bone defect in mice formed by artificial drilling. It is
reported that an inhibition of osteoclasts induced by receptor
activator of NF-kappa B ligand (RANKL) can cause bone
resorption decline [16]. Interestingly, NF-kappa B promotes
proliferative ability of osteoprogenitors and suppress differen-
tiation of terminal osteoblasts [17]. The NF-kappa B signaling
pathway is able to negatively control bone formation and ac-
tivation of NF-kappa B significantly downregulates the key
osteogenic transcription factor RUNX2 [18].

Sema3A plays an important role in accelerating osteogen-
esis. However, in vivo effect of Sema3A on osseointegration

of implants is unclear. Therefore, in this study, we established
a rabbit osteoporosis model and wanted to investigate the
biological effect of Sema3A on implant osseointegration.

Methods

Cell culture and reagents

HBMSCs obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) were cultured in Dulbecco’s mod-
ified Eagle’smedium (DMEM) supplemented with 15%FBS and
1% penicillin/streptomycin at 37°C in 5% CO2 atmosphere. Cells
passaged to 3–6 generations were used in the experiments. Fresh
mediumwas replacedwith a 3-day interval. The full-length coding
region of Sema3A was constructed by GenePharma (Shanghai,
China); the recombinant adeno-associated virus vector overex-
pressing rabbit Sema3A and empty vector control were construct-
ed by GenePharma (Shanghai, China). The sequences were as
follows:si-Sema3A-1: 5′- GCUAGAAUAGGUCAGAUAUTT-
3′; si-Sema3A-2:5′-GGAUGGACCCAACUAUCAATT-3′;si-
Sema3A-3:5′-GCAAUGGAGCUUUCCACUATT-3′;si-NC: 5′-
TTCTCCGAACGTGTCACGT-3′. Cells were cultured in a 6-
well dish with 50–60% confluency, starved in medium without
FBS for 16h and then transfections of HBMSCs cells with the
related plasmids were performed with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. To in-
duce stable transfection, transfected cells were selected with puro-
mycin (2μg/mL)(Gibco).

Determination of alkaline and mineralized matrix
formation

Cells were induced to osteogenic differentiation in the osteo-
genic medium containing 10mM β-glycerophosphate, 100nM
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA) and
100nM ascorbic acid for 14–21 days. ALP activity was quan-
tified using an Alkaline Phosphatase Assay Kit (Jiancheng
Corp., Nanjing, China). The formation of mineralized matrix
nodules was determined by Alizarin Red S (pH=4.4) (Sigma-
Aldrich) staining [19].

Real-time quantitative-polymerase chain reaction

Total RNA was isolated using TRIzol reagent (Vazyme
Biotech, Nanjing, China). cDNA was synthesized using
5×PrimeScript RT Master Mix (Vazyme Biotech, Nanjing,
China). QRT-PCR was performed using the SYBR Premix
Ex Taq Kit (Vazyme Biotech, Nanjing, China) and ABI
7900 real-time PCR system (Applied Biosystems, 3175
Staley Road, Grand Island, NY). Relative levels were calcu-
lated by 2−ΔΔCT method and normalized to that of GAPDH.
The primers were listed as follows:
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Sema3A (5′→3′): CCCGAGACCCTTACTGTGCTT
(forward), and TTGTCGTCTTGTGCGTCTCTTTG
(reverse); ALP (5′→3′): TGGAGGTTCAGAAGCTCAAC
ACCA (forward), and ATCTCGTTCTCTGAGTACCA
GTC (reverse); OCN (5′→3′): CATGAGAGCCCTCACA
(forward), and AGAGCGACACCCTAGAC (reverse); OPN
(5′→3′): ATGGCCGAGGTGATAGTGTGG (forward), and
CATCAGGGTACTGGATGTCAGGT (reverse); p65 (5′→
3 ′ ) : GTCCTTTCAGCGGACCCA (forward) , and
ACAGCAATGCGTCGAGGTG (reverse); IKBα(5′→3′):
GGAAGTGATCCGCCAGGTGA (forward) , and
AGTGGAGTGGAGTCTGCTGC (reverse); GAPDH (5′→
3 ′): GAAGGTGAAGGTCGGAGTC (forward), and
GAGATGGTGATGGGATTTC (reverse).

Western blotting

After washing in pre-cooled PBS, cells were lysed in
lysis buffer (Beyotime, Shanghai, China) for 30min.
Isolated protein samples were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, MA). The
membranes were blocked using 5% BSA for 2h at room
temperature (RT). Immunoblots were probed using pri-
mary antibodies overnight at 4°C, and washed in TBST
(3×5min). Later, they were probed with horseradish
peroxidase-conjugated (HRP) secondary antibodies
(Proteintech Group, Wuhan, China) for 1h at RT.
Finally, immunoreactive bands were exposed by an
Immobilon Western Chemiluminescent HRP Substrate
(Millipore) using the ImageQuantLAS 4000 mini imag-
ing system (General Electrics). The blots were probed
using primary antibodies and incubated overnight at
4°C: Sema3A (ab23393, abcam), ALP (ab229126,
abcam), OPN (22952-1-AP, Proteintech), OCN (23418-
1-AP, Proteintech), NF-kappa B p65 (#8242, CST),
Phospho-NF-kappa B p65 (Ser536)(#3033, CST),
IκBα(#4814S, CST), Phospho-IκBα (#5209S, CST),
GAPDH (#5174S, CST).

Implants

The implant was designed using pure titanium with the fol-
lowing parameters: diameter = 2.5mm; length = 10mm; thread
depth = 0.5mm; pitch thread = 1.2mm. The conical implants
were manufactured by OSSTEM Co., Ltd. The surface of the
implant was originally smooth. Implants were ultrasonically
washed in deionized water, anhydrous ethanol, and deionized
water in sequence (15 min each) and dried at RT. Sterilization
of implants were conducted by 121°C autoclaving for 20 min.

Experimental rabbits

This study was approved by the Animal Care Committee of
Nanjing First Hospital, Nanjing Medical University (IACUC
Approval No. SYXK20160006). All animal procedures were
in accordance with the Guidelines of International
Standards on the Animal Ethical and Welfare
Committee (AEWC), and the ARRIVE guideline for
the care and use of laboratory animals released by
National Institutes of Health (NIH Publications No.
8023, revised in 1978). A total of 18 New Zealand
white female rabbits with 8 months old, weighing about
2.5–4.0kg were used in this experiment. Rabbits were
housed in cages in a 12-h light/dark cycle and normally
fed with free accesses to food and water. After 1 week
of acclimatization, they were randomly assigned into
three groups (n=6). Rabbits in two groups underwent
ovariectomy surgery (OVX), while those in the control
group had sham surgery (Supplemental Figure.1). After
surgery, all rabbits were observed for 3 months. BMD
was measured using a dual-energy X-ray absorptiometry
(Lunar DPX-IQ, Lunar Co., Wisconsin, WI, USA) prior
to ovariectomy or sham surgeries, and re-measured at
12 weeks postoperatively [20].

Surgical procedures

One day before surgery, rabbits were fasted overnight and
intramuscularly injected with cefazolin (33mg/kg). They were
sedated and anesthetized intraperitoneally with ketamine
(100mg/kg) and xylazine (10mg/kg) on the day of surgery.
To avoid contamination in the surgical field, an electric shaver
was used to shave the proximal medial region of the tibia, and
washed with povidone-iodine solution. Rabbits were injected
with articaine (1:100000 epinephrine). Then, the skin was
incised with a scalpel, and the soft tissues were separated for
exposing the bone. A hole was drilled on the flat surface of the
tibia using a 2.5-mm diameter dental split drill accompanying
the irrigation of sterile saline. The implant was inserted man-
ually into the drilled hole with a 15N torque 0.5mm above the
upper tibial cortex. The rabbits in three groups were all im-
planted with Matrigel and were implanted over the entire im-
plant. SHAM group rabbits were implanted with Matrigel
containing 5uL AAV empty vector, while OVX rabbits were
implanted with Matrigel containing 5uL AAV empty vector
or adeno-associated virus vector overexpressing rabbit
Sema3A, respectively. The concentration of AAV empty vec-
tor and AAV vector overexpression was approximately
10×109 vg/ml. After implantation, the surgical site was su-
tured in layers (Supplemental Figure.2). Penicillin was admin-
istered intramuscularly for postoperative three days to prevent
infection. On the 4th and 12th week of post-implantation, two
rabbits per group were euthanized with an overdose
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intravenous injection of 20% trichloroacetaldehyde hy-
drate (Sinopharm, Shanghai, China) solution. The tibia
sample was collected and immediately immersed in a
4% neutral formalin solution for 48h.

Immunocytochemistry

Rabbit bone samples were decalcified in EDTA at RT for 21
days, and the decalcification solutionwas replaced every other
day. Subsequently, bone samples were dehydrated, paraffin
embedded and heated at 37°C for 2 h. After dewaxing in
xylene and rehydrating in gradient concentrations of ethanol,
sections were subjected to 10-min incubation in 3%H2O2, and
20-min boiling in citric acid buffer (pH=6.0). They were then
incubated with 10% bovine serum albumin, and
immunoreacted with rabbit anti-RUNX2 (Cell Signaling
Technology, Inc., Danvers, MA, USA). After washing, sec-
tions were immunoreacted with goat anti-rabbit secondary
antibody (Cell Signaling Technology, Inc., Danvers, MA,
USA) at RT for 1 h. Tissue sections were dyed in 3,3′-diami-
nobenzidine (DAB), and counterstained with hematoxylin,
dehydrated, cleaned, and fixed. These sections were stained
by hematoxylin and eosin-dyed to confirm microscopic
characteristics.

Radiographic examination

All bone mass samples containing the implants were scanned
by micro-computed tomography (SkyScan, Kontich,
Belgium). A high-resolution scanner (image pixel size
=27.45μm, source voltage = 90kV, source current = 100μA,
and exposure time = 1500ms) and 3D reconstruction software
(SkyScan, Kontich, Belgium) were used to generate 3D
models and obtain images within the regions of interest.
Reconstructed images were segmented, registered, and quan-
tized. A total of three variables in two regions of interest along
the length of the implant were analyzed. Meanwhile, the
equivalent peri-implant volume-of-interest (VOI) per sample
was calculated to estimate the surrounding bone of the im-
plant. Three variables were included, the 3D bone-to-implant
contact ratio, a 500-μm fixed VOI zone surrounding the im-
plant surface and used to analyze the bone volume: tissue
volume (BV/TV) of newly formed bone on the implant
surface and reconstructed 3D images of surrounding
bones of the implant at 500 μm from the implant sur-
face in a volume rendering function.

Histological examination

Bone samples were fixed in formalin for 48 h and then gently
washed with slow running water for 24 h. Following dehydra-
tion with gradient ethanol and vitrification with dimethyl ben-
zene, samples containing implants were induced in a mixture

of absolute alcohol and Technovit 7200 resin solution
(Heraeus Kulzer, Germany) (3:7) for 2 days, and then soaked
in a mixture of absolute alcohol and Technovit 7200 resin
solution (1:1) for 2 days. Later, samples were soaked in
Technovit 7200 resin solution for 7 days and a fresh
one for 3 days, which were embedded and polymerized
with a light-curing machine. The implanted samples
were longitudinally sliced in 200 μm thickness using
an automatic slicer (EXAKT, 300CP, Germany), and
polished using a 320, 800, 1200, and 400 mesh
Buehler (EXAKT, 400CS, Germany) to the thickness
of 25 μm. Hard tissue sections were stained with meth-
ylene blue acid fuchsin staining solution to distinguish
osteoblasts, mineralized bones, and osteoid tissues. Bone
morphology was observed and implant osseointegration
rate was calculated by experienced researchers using
OsteoMeasurexp (version 1.01).

Biomechanical test

The tibiae with implants were tested using a commercial ma-
terial testing system (Instron 4302; Instron, Norwood, MA)
immediately after harvest. The two ends of the implant were
exposed about 2mm. A custom mold made of self-curing
plastic was prepared for each sample. Pressure was applied
from the distal end of the implant at a speed of 1mm/min,
and calculated the maximum push-out force (N), stiffness
(N/mm), and toughness (N.mm) based on the displacement-
force curve.

Statistical analyses

SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism software (GraphPad Software, Inc., La Jolla, CA,
USA) were used for statistical processing. All data were
expressed as mean± standard deviation (SD). The Student’s
t-test and one-way analysis of variance (ANOVA) were con-
ducted to compare differences between two and multiple
groups, respectively. A significant difference was set at
p<0.05 (*P<0.05, **P<0.01, and ***P<0.001).

Results

Overexpression of Sema3A promotes osteogenic
differentiation

To confirm the role of Sema3A in osteogenesis, HBMSCs
were stimulated to osteogenesis, followed by examination of
osteogenesis, ALP activity, and mineralization matrix forma-
tion. QRT-PCR and Western blotting data both showed that
transfection of Sema3A significantly altered osteogenesis
markers ALP, OCN, and OPN (Fig. 1a, b). Besides,

972 Clin Oral Invest (2022) 26:969–979



transfection of Sema3A remarkably improved osteogenic
compatibility in HBMSCs, manifesting as enhanced mineral-
ization and ALP activity (Fig. 1c, d).

Sema3A modulates the activity of the NF-kappa B
signaling

Recent studies have shown the ability of Sema3A in mediat-
ing the NF-kappa B signaling. Here, to explore the association
between Sema3A and NF-kappa B signaling in HBMSCs
cells, the role of canonical NF-kappa B signaling in regulating
Sema3A overexpression or knockdown-mediated osteogene-
sis by HBMSCs was elucidated. The transfection efficiency of
Sema3A siRNAs was examined by Western blotting
(Supplemental Figure 3). The mRNA levels of p65 and
IκBα were examined by qRT-PCR (Fig. 2a, b). Compared
with the control group, NF-kappa B signaling pathway activ-
ity was inhibited in overexpression of Sema3A. Meanwhile,
knockdown of Sema3A activated the NF-kappa B signaling
(Fig. 2a, b). Furthermore, we examined the protein expression
of overexpression or knockdown of Sema3A; these results
were consistent with previous studies (Fig. 2c, d).

Sema3A is downregulated in rabbits of the OVX group

Rabbit ovaries were removed following standard procedures
(Supplemental Figure.1). The mean BMD (g/cm2) of the

lumbar spines (L3–L6) was determined before and after
OVX or sham operations. At postoperative 12 weeks, a lower
mean BMD in the OVX group compared with that of the
SHAM group confirmed the successful establishment of the
osteoporosis model in rabbits (Table 1). BV/TV of the cancel-
lous bone was listed in Table 2. Immunohistochemical results
also confirmed our verification (Fig. 3a, b). Micro-CT images
of the proximal femur were captured in rabbits (Fig. 3c).
Compared with sham rabbits, we observed evident cortical
porosity, decreased cancellous bone density, magnophyric tra-
beculae of cancellous bones, low-density changes of honey-
comb, or irregular small pieces and thinning cortical bones in
representative reconstructed images of the OVX group. In
addition, a lower mRNA level of Sema3A was detected in
the OVX group than controls (Fig. 3d).

Sema3A promotes osseointegration of titanium
implants

Bone quality of the proximal tibia of rabbits around implants
in each group at 4 and 12 weeks after implantation was
assessed by micro-CT reconstructed 3D models (Fig. 4).
Histological analyses demonstrated that Sema3A around the
implants pronouncedly protected the bone density and
osseointegration of implants. Besides, the surface bone
mass and the bone-to-implant contact ratio of the OVX
group were remarkably lower than the SHAM group. At
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Fig. 1 The effect of Sema3A on osteogenesis. a, b qRT-PCR and
Western blotting analyses examined the transfection efficacy of
Sema3A overexpression in HBMSCs. c ALP activity measured after

10-day osteogenic induction using the ALP assay kit. d Mineralized
matrix formation measured after 14-day osteogenic induction using
Alizarin Red S staining. *p < 0.05, **p < 0.01
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12 weeks, the contact between the bone and the implant
was satisfactory in both experimental groups, especially in
the OVX+Sema3A group. A representative image of the
methylene blue acid fuchsin–stained section was shown in
Fig. 5a and Supplemental Figure 4. In comparison with
rabbits of the SHAM group, Sema3A significantly in-
creased bone mass around the implant (Fig. 5b).
Biomechanical results showed that Sema3A had a protec-
tive effect on implant fixation in ovariectomized rabbits.
Compared with the SHAM group, the values of the other
two groups were significantly lower. And there was no
significant difference in all parameters at 4 weeks be-
tween the OVX group and OVX+Sema3A group.
However, compared with the OVX group, the maximum
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Table 1 Quantitative results of biomechanical test of implant fixation 4
and 12 weeks after implant insertion, presented as the maximal push-out
force, stiffness, and toughness

SHAM OVX OVX+Sema3A

4 weeks
Maximal push-out
force

78.2±4.5** 40.6±3.1 42.5±4.9

Stiffness 238.8±23.1** 169.8±20.2 167.4±15.3
Toughness 49.3±3.8** 22.3±1.4 23.4±3.1
12 weeks
Maximal push-out
force

283.9±20.2** 100.4±15.8 190.2±18.3*

Stiffness 495.2±49.2** 275.4±30.2 383.9±27.3*
Toughness 174.3±18.8** 89.3±7.4 146.3±6.3*

Data were expressed as mean ± standard deviation (SD). * p < 0.05, ** p <
0.01 vs. OVX (Student’s t-test)
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push-out force increased by 89.4%, the stiffness increased
by 39.4%, and the toughness increased by 63.8% in the
OVX+Sema3A group at 12 weeks (Table 3).

Discussion

Osteoporosis has been a public health problem of consider-
able concern, with the aging population [21]. Osteoporosis
is a common metabolic bone disease featured by decreased
bone mass and qua l i ty , and di s rup t ion of bone
microarchitecture, resulting in compromised bone strength
and fracture risks [22]. In addition, osteoporosis also influ-
ences dental implantation [23]. Previous studies have
shown that osteoporosis reduces the stability and success
rate of implant restoration [24]. How to improve the
osseointegration of implants in osteoporosis patients is a
challenge in the medical field. With the recent advancement
and development of medical technologies, implant restora-
tion has become more common in clinical practice, which
replaces traditional removable and fixed partial dentures
[25]. As a result, implants have been widely used in replac-
ing missing teeth. Besides, implants are also widely used in
the plastic repair of defective maxilla and mandible.
However, osteoporosis greatly limits the clinical applica-
tion of implants because osteoporosis-caused low bone den-
sity significantly influences osseointegration [26].

In recent years, several concerns have been raised on
the surface modification of titanium alloy, which illus-
trates that the surface modification technologies play a
significant role in improving the surface properties of
the implant [27, 28]. Some special treatments, including
coating or activation of the implant surface, can pro-
mote osseointegration of the implant. Bone tissue engi-
neering can be enhanced by the Sema3A gene to pro-
mote local osteogenic activity through biological self-
regulation, thereby eliminating the possible adverse ef-
fects of heterogeneous or xenogeneic materials. Sema3A
is identified to be important in bone metabolism, which
is capable of reducing the calcium absorption capacity
of osteoclasts, and promoting the formation of osteo-
blasts [13]. After Sema3A binds to Nrp1, RANKL-
induced osteoclast differentiation is suppressed.
Abundant classic pathways can be activated by almost

all stimuli that affect the NF-kappa B signaling, includ-
ing the major osteoclast factor RANKL, TNFα, and
other inflammatory mediators. The IKK complex is the
fundamental key regulator of the NF-kappa B signaling
pathway, including IKKα and IKKβ. It targets IκBα
and induces its degradation, thus activating the classic
p65 signaling pathway. Since IκBα is one of the earli-
est transcription target of the NF-kappa B signaling
pathway, a transient activation, as a result, is emerged
by an effective negative feedback loop. Sema3A also
regulates bone remodeling through sensory nerves.
Distinct from other proteins, Sema3A significantly in-
hibits the activity of osteoclasts, while promoting that
of osteoblasts. It produces a stronger osteogenic effect
and osteolysis in osteoporosis patients. Sema3A may,
therefore, be a promising agent for improving bone health in
elderly patients. Current research on biotechnology develop-
ment intends to improve biological sources, aiming to im-
prove the function of human tissues and organs.

Hayashi M et al. determined the therapeutic potential of
Sema3A in a cortical bone defect model in mice [13].
Sema3A significantly accelerates bone regeneration, mani-
festing as increased volume of regenerated bone in the mouse
cortex, recovered osteoblast parameters, and decreased
osteoclast parameters around the injured area [15].
Sema3A treatment, in conclusion, rescues bone loss in
ovariectomized mice. Permuy et al. and Calciolari et al.
reported that OVX rabbits and rats are generally used
osteoporosis models because of convenient procedures
and high replicability [29, 30]. An osteoporosis model
established by OVX is usually used to the research on
secondary osteoporosis. However, primary osteoporosis
after menopause or aging cannot be simulated. A previ-
ous study demonstrated that at post-ovariectomy, poten-
tial influences on osteoporosis-induced bone and mineral
metabolism are time-dependent [31]. In the present
study, bone mass of OVX-operated rabbits was signifi-
cantly reduced at postoperative 12 weeks, indicating the
successful establishment of the in vivo osteoporosis
model. An ovariectomized rabbit presents decreased
mineral density and BMD in a short period, which are
similar to post-menopausal conditions. In addition,
ovariectomized rabbits develop a relatively rapid bone
renewal and bone remodeling process.

Table 2 Bone mineral density
(BMD)(g/cm2) before operation
and at 12 weeks postoperatively

Time SHAM OVX

Pre-operation 0.324±0.017 0.321±0.019

Post-operation 0.329±0.021 0.224±0.021*

Decrease(%) 1.45±1.15 30.36±2.42

*P<0.01
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Fig. 3 The expression of
Sema3A was low in osteoporosis
group. Representative images for
a H&E staining and b
immunohistochemistry of
RUNX2, and quantification of the
number of positive cells. c The
model of the micro-CT analysis. d
Differences of Sema3A and
osteogenic-related genes between
OVX group and SHAM group.
Data were presented as mean ±
SEM. Original magnification =
100×. *p < 0.05, **p < 0.01
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Fig. 4 Representative 3D reconstructed images of peri-implant bone at a distance of 500μm from the outer surface of the implant at 4 and 12 weeks after
implantation. The gray color represented bone tissues, while the green color represented the implant

Fig. 5 Histology and
histomorphometric analysis. a
The hard tissue slices were
stained with methylene blue acid
fuchsin of post-implantation bone
at 4 and 12 weeks. b The statisti-
cal figure of BIC using
OsteoMeasurexp software analy-
sis with implants from OVX,
OVX+Sema3A, and SHAM
groups at 4 and 12 weeks. *p <
0.05, **p < 0.01
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Here, Sema3A was used to the treatment of abnormal
bone metabolism. In vitro experiments revealed that
overexpression of Sema3A in HBMSCs had no side
effects and significantly upregulated osteoblast-related
genes, and accelerated calcium deposition. Sema3A
inhibited the osteoclast formation of in vitro cultured
HBMSCs and promoted the formation of osteoblasts
via NF-kappa B signaling. Therefore, Sema3A can exert
an effective bone protection by simultaneously suppress-
ing bone resorption and promoting bone formation.

In the present study, the implant was embedded in the tibial
metaphysis as previously reported [32]. Sema3A adeno-
associated virus vector was injected around the implant and the
expression level of Sema3A around the peri-implant was signif-
icantly upregulated. Micro-CT, histological, and
histomorphological analysis showed that Sema3A remarkably
increased newly formed surrounding bones of the implant and
the trabecular bone. Such a favorable microstructure was con-
ductive to the fixation of implants and the formation of new
bones around the implant of osteoporosis rabbits. Here, we found
that there was no significant difference in OVX and OVX+
Sema3A at 4 weeks. It may be that AAV vector overexpressing
Sema3A affects the osteogenic differentiation of bone marrow
mesenchymal stem cells and it still takes some time. And we
observed a significant difference in 12 weeks. Although com-
pared with the normal group, the osseointegration ability of
the OVX+Sema3A group was still not satisfactory, but com-
pared with OVX, the osseointegration ability was significantly
improved. Hence, Sema3A is conductive to new bone forma-
tion or bone resorption decline, or both. However, further
research is required to reveal the mechanism of Sema3A on
implant osseointegration. Although our statistical error is very
small (a small part of the extrapolation error bar), the results
are relatively accurate. However, the small number of exper-
imental animals may affect the accuracy of the results.
Therefore, we will expand the number of samples and extend
the experiment period in further experiments to obtain more
convincing results.

In summary, our research demonstrated that Sema3A
significantly increased the BMD of peri-implant cancel-
lous bone and had a positive effect on promoting early
osseointegration of titanium implants in osteoporotic

rabbits. It is concluded that local application of
Sema3A can improve the osteogenic ability of bone
marrow stem cells and promotes osseointegration during
osteoporosis. Therefore, gene therapy of Sema3A is a
promising approach to accelerate implant fixation in os-
teoporosis patients, the elderly and climacteric women.

Abbreviations HBMSCs, Human bone mesenchymal stem cells; OVX,
Ovariectomy
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