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Impact statement

In aged individuals, osteopenia is a great
concern for achieving solid spinal fusion.
Spinal malunion could lead to various
implant-related complications and reduce
postoperative quality of life. Most previous
authors performed studies concerning
osteoinductive strategy in young animal
models whose osteopenia was induced by
physical or chemical methods. Based on
the physiological characteristics of osteo-
genetic and angiogenic dysfunction in
aging body, this study first uses an effec-
tive sustained delivery system of collagen
scaffold binding with bone morphogenetic
protein-2 (CBD-BMP-2) to enforce the
spinal fusion in aged rats with osteopenia
and explores whether platelet-rich plasma
(PRP) could help CBD-BMP-2 to achieve a
better outcome in terms of bone repair. Our
approving results could provide a refer-
ence for clinical practice to address the
postoperative complications associated
with osteopenia in elderly patients.

Abstract

In aged individuals, osteopenia is a great concern for achieving solid spinal fusion. Spinal
malunion could lead to various implant-related complications and reduce postoperative qual-
ity of life. This study aims to investigate the efficacy of collagen-binding bone morphogenetic
protein-2 (CBD-BMP-2) on the treatment of lumbar inter-transverse defects and to explore
whether platelet-rich plasma could help CBD-BMP-2 to achieve a better outcome in terms of
osteogenesis in senile rats with osteopenia. In vitro experiment proved the angiogenic func-
tion of platelet-rich plasma and osteogenic effect of CBD-BMP-2. Rats were performed
posterolateral lumbar inter-transverse fusion. Rats implanted with CBD-BMP-2 + platelet-
rich plasma were assigned to Group A (n=20), rats implanted with CBD-BMP-2 were
assigned to Group B (n=20), and those with platelet-rich plasma were assigned to Group
C (n=20). Four weeks after implantation, radiographic assessment, manual palpation, and
histological evaluation were performed. In vivo experiments showed satisfactory therapeutic
effect on lumbar inter-transverse fusion in both Groups A and B and better results of bone
microarchitecture in Group A. Solid fusion rate was 77.8% in Group A, 66.7% in Group B, and
0% in Group C (P < 0.001). Our study indicated that CBD-BMP-2 could effectively facilitate
the lumbar inter-transverse fusion in aged rats with osteopenia and platelet-rich plasma could
help CBD-BMP-2 to enhance the bone healing of vertebral defects.
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Introduction

Entering the aging society, more and more elderly patients
suffering from degenerative spinal disorders receive spinal
fusion surgeries to improve their living qualities. For these

Promoting osteoblast activity with the help of biological
agents is a feasible approach to prevent the nonunion-
related problems, in addition to improving surgical techni-
ques.®” As the most effective osteoinductive factor, bone

individuals, osteoporosis is a great concern for achievin% morphogenetic protein-2 (BMP-2) has gradually become

solid spinal fusions and satisfactory long-term outcomes."

Primarily attributed to the dysfunctions of bone marrow
mesenchymal stem cells (BMSCs) and osteoblasts, osteopo-
rosis is generally characterized by osteopenia and micro-
architecture deformation.” Management of osteoporotic
bone defect is often hindered by reduced bone healing,
subsequent disability, and increased complications.
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the focus of laboratory and clinical researches.®® A great
deal of bone defect models has verified its effectiveness
on increasing bone cell proliferation and promoting bone
regeneration. In most cases, however, BMP-2 was delivered
through physical or electrostatic adsorption without strong
binding affinity to scaffold. Releasing BMP-2 in burst
2 would result in quick degradation wupon initial
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implantation and restrict its therapeutic effect on bone
repair in a prolonged period.'"

In order to address this problem, a collagen-binding
domain (CBD) was introduced to tightly bind BMP-2 to
the collagen scaffold (CBD-BMP-2), which could maintain
BMP-2 at high local concentration and prolong its bioavail-
ability.">'® With good biocompatibility and bioactivity, this
recombinant collagen-binding factor CBD-BMP-2 has been
demonstrated to be able to effectively improve the bone
healing in several animal models with better histological
and radiographic results, indicating its promising prospect
of application and spreading.®'*'® In a recent study, Cui
et al. *® used CBD-BMP-2 to help bovine bone collagen par-
ticle (BBCP) to promote bone repair in vertebral laminar
defect model in the newly weaned rabbits. Laminar defects
recovered better in BBCP/CBD-BMP-2 group than BBCP
group. They concluded that BBCP combined with CBD-
BMP-2 might be a good strategy for vertebral laminar
defects in children. Up to now, however, the efficiency of
this bone repair system on promoting bone healing is still
unknown in the aging body with osteopenia.

Concerning the physiological characteristic of slow bone
metabolism, biological agents are more necessary in aging
body. Besides the dysfunctions of bone cells, bone micro-
circulatory disturbance was also described in the senile
animals with os’ceoporosis,”‘19 which would restrict the
bone homeostasis and repair.’ Authors even found dys-
functional microcirculation of lumbar vertebral marrow
might be prior to bone loss.*' As a highly concentrated
form of autogenous platelets, platelet-rich plasma (PRP)
contains a rich source of angiogenic and osteogenic factors
that play an important role in angiogenesis and osteogen-
esis.”>® Therefore, we designed the present study to inves-
tigate the efficacy of CBD-BMP-2 in the treatment of lumbar
inter-transverse defects and to explore whether PRP could
help CBD-BMP-2 to achieve a better outcome in terms of
osteogenesis in senile rats with osteopenia.

Materials and methods

Aged osteopenia rats

The study protocol was approved by the Ethics Committee
of Xuanwu Hospital of Capital University of Medical
Sciences. Senile male Sprague Dawley rats aged 18 month
and young rats aged 8 week were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). Ten senile rats and 10 young rats were
sacrificed to test the bone mineral density (BMD) of their
isolated lumbar vertebrae, using dual-energy X-ray absorp-
tiometry (NORLAND XR-46, USA).** Senile rats were con-
firmed to have reduced BMD relative to younger rats.

Preparation of demineralized bone matrix scaffolds

Demineralized bone matrix (DBM) that was mainly com-
posed with collagen was produced from bovine’s spongy
bone as previously described.’>** Spongy bones were sep-
arated and cut into proper size, followed by soaked in ace-
tone for 48 h to remove the fatty composition. After washed
by ddH,0O, enzyme treated and washed again by ddH,0,

the spongy bones were demineralized using the 0.6 y; HCl
and then freeze-dried.

CBD-BMP-2 preparation

The preparation of CBD-BMP-2 was followed by the previ-
ous procedures.® The DNA sequence of hexahistidine and
DNA fragment of mature human BMP-2 were inserted into
bacterial expression vector pET-28a (Novagen, Germany),
followed by transformed into BL21 strain of E. coli. The
fusion protein was then induced by 1mM isopropyl-
thiogalactopyranoside to express recombinant protein.
The target protein was separated as inclusion body from
the lysate of E. coli, collected by centrifugation, and purified
with chromatography. After renatured, the fusion protein
CBD-BMP-2 was concentrated by ultrafiltration.

Preparation of PRP 26

Ten male rats aged 18 month were selected as donors for
PRP preparation. Blood samples taken from the right ven-
tricle were transferred into test tubes that contained 3.2%
sodium citrate (blood/citrate ratio was 9:1), followed by
centrifugation at 400g for 10min at 37°C. Centrifugation
of upper layer of the blood samples was performed again
at 800g for 10 min in anther tube. The supernatant contain-
ing the platelet-poor plasma was then removed. Finally, the
left layer was PRP.

Retinal microvascular endothelial cells proliferation
assay

Retinal microvascular endothelial cells (RMECs) (the Cell
Bank of the Chinese Academy of Sciences, Shanghai,
China) were seeded on 96-well plates at a density of
5x 10 cells/well and cultured in DMEM-F12 (Biofluids,
USA) at 37°C for 24h. Cells were then stimulated with
0.1mL PRP and 0.1mL mock (10% FBS) respectively at
37°C for three days. Absorbance was measured at 450 nm
with spectrophotometer (Thermo Scientific, Rockford, IL).

Conjunction to DBM scaffolds

After dissolved in normal saline, CBD-BMP-2 was mea-
sured by ELISA. Anti-poly-histidine antibody (1:1000,
Sigma, USA) was utilized as the primary antibody and
alkaline phosphatase (ALP)-conjugated goat anti-mouse
IgG (1:10,000 dilution, Sigma, USA) was selected as the sec-
ondary antibody. The procedures had been previously
described.®'® DBMs were then respectively soaked in the
CBD-BMP-2 solutions, PRP solutions, and the mixed solu-
tions of CBD-BMP-2 and PRP at 37°C for 2h. The concen-
trations of CBD-BMP-2 and PRP were 3pug/DBM and
0.2mL/DBM, respectively.

Biological activity of CBD-BMP-2 and release assay

in vitro

The procedures had been described in our previous study.®
After cultured in DMEM-F12 (Bioflfluids, USA) for 24 h, the
MC-3T3-EL1 cells (the Cell Bank of the Chinese Academy of
Sciences, Shanghai, China) were respectively stimulated
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with CBD-BMP-2, commercial BMP-2 (East China
Pharmaceutical Group Co. LTD, Hangzhou, China), and
PRP for threedays. Cells were then washed using PBS
and lysed using 0.1% TritonX-100/PBS, followed by three
times of freezing/thawing to disrupt cell membranes. Cell
activities were presented as ALP activities that were deter-
mined with ALP reagent kit (ANASPEC, Fremont, CA,
USA). DBM scaffolds respectively soaked CBD-BMP-2
and commercial BMP-2 was placed in different sterilized
tubes containing 200 pL PBS. At different time points (2h,
4h,12h, 24 h, 2d, and 3d), the scaffolds were removed from
tubes and the released amount of protein in the tubes was
determined with bicinchoninic acid protein assay reagent
(Santa Cruz Biotechnology, USA).

Surgical procedure

A minimally invasive operation with good reproducibility
of posterolateral lumbar inter-transverse fusion was per-
formed, which could reduce the mortality of these aging
rats after surgery ®* (Figure 1). Three different fusion
materials were implanted between left L4 and left L5 trans-
verse processes. Rats implanted with the combination of
DBM and CBD-BMP-2 + PRP were assigned to Group A
(n=20), implanted with DBM and CBD-BMP-2 were
assigned to Group B (n=20), and implanted with DBM
and PRP were assigned to Group C (n=20). Surgeries
were completed by an experienced surgeon (S.L.). All rats
were maintained in individual cages on a 12-h light-dark
cycle at 22°C, fed with rat chow (1.24% calcium, 0.92%
phosphorous), water, and antibiotics. After radiographic
analysis, they were sacrificed for further study.

Radiographic evaluation of spinal fusion

At four-week post-operation, radiographic assessment
using posteroanterior radiograph scanner (Giotto image
MD, Italy) was performed for each rat. On the radiographs,
the presence of new formed bone connecting the two
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Enhanced spinal fusion strategy in senile osteopenia rats

transverse processes without any gap was considered as
continuous bone bridge.?**’

Micro-computerized tomography (uCT) with high-
resolution (SKYSCAN, Skyscan-1176, Belgium) was uti-
lized to evaluate bone microstructure.® 3D images were
reconstructed by CTVox software (Skyscan, Belgium).
Mean fusion area at the cross-section view and total
fusion volume on pCT images were calculated and then
compared among the three groups. Mean area and total
volume were calculated based on the cross-section view
from the tip of transverse process of L4 to L5.

Bone microstructure was analyzed with CTAn software
(Skyscan, Belgium) based on the pCT images.® Trabecular
volume (TV), trabecular thickness (TT), and trabecular sep-
aration (TS) in a 1 mm® volume of interest (VOI) of fusion
mass were calculated.’® BMD referring to standard sub-
stances (Skyscan, Belgium) was also tested.” Two blinded
independent authors (EP. and X.S.) performed the radio-
graphic analysis.

Manual palpation

Spinal stability at the site of fusion was evaluated by
manual palpation.>*> After the collection of spinal seg-
ments from L1 to sacrum, the two blinded independent
authors (E.P. and X.S.) applied flexion and extension force
on the intervertebral space between L4 and L5 of each
sample. Motion was defined as mobility on both flexion
and extension, partial motion was defined as mobility
only on flexion or extension, and solid bony union was
defined as no mobility neither on flexion nor on extension.
Both motion and partial motion were recorded as non-solid
bony union.

Hematoxylin-eosin staining

Specimens near the grafting site were sectioned to a thick-
ness of 20-25 um, followed by stained using hematoxylin
and eosin (H&E). Stained sections were then examined

Demineralized bene matrix scaffold

Figure 1. A 15-20 mm vertical midline incision in the skin and a left paramedian incision along the spinous processes through the dorsolumbar fascia was made. The
left paravertebral muscles overlying the articular processes of L4-L5 were separated from the spinous processes by blunt dissection, followed by the exposure of left
transverse processes of L4 and L5 (white arrow). After the transverse processes were decorticated with a high-speed burr until punctuate bleeding was observed,
fusion materials were implanted (yellow arrow). In order to reduce the mortality caused by surgical trauma, only the left unilateral inter-transverse spinal fusion was

performed. (A color version of this figure is available in the online journal.)
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under fluorescence microscopy (Axio imager. M1, Zeiss,
Germany).

Statistical analysis

SPSS version 19.0 (Chicago, IL, USA) was used to perform
statistical analysis. Data were presented as mean =+ stan-
dard deviation. Continuous data were compared among
the three groups with ANOVA test. Categorical data were
compared using nonparametric Chi-square test. P val-
ue <0.05 was considered as statistically significant.

Results

The biological assays in vitro

After stimulation for three days, PRP was showed to be able
to promote the proliferation of RMECs. The absorbance
was 0.453 £0.046 in the wells stimulated with PRP, while
0.192 £ 0.030 in the wells with mock (10% FBS). In terms of
osteogenesis, ALP activities in the wells stimulated with
CBD-BMP-2 (3ug/well) and commercial BMP-2 (3 pg/
well) were both higher than that in the wells with PRP,
while similar with each other. The release curves of CBD-
BMP-2 and commercial BMP-2 are shown in Figure 2.
Compared with commercial BMP-2, CBD-BMP-2 was obvi-
ously sustained released. After 12 h, releasing rate was sig-
nificantly lower of CBD-BMP-2 than commercial BMP-2. At
48h, almost all the commercial BMP-2 (90.4 +6.6%) was
released, while only 18.7 +7.2% of CBD-BMP-2 was tested.

Radiographic assessment of spinal fusion

Four weeks after implantation, two rats in Group A, two
rats in Group B, and three rats in Group C died. All the
other rats were performed radiographic assessment focus-
ing on the efficiency of lumbar inter-transverse fusion.
Evaluation based on plain radiographs observed 17 contin-
uous bone bridges (94.4%) between L4 and L5 in Group A
and 15 continuous bone bridges (83.3%) in Group B, while
only 2 continuous bridges (11.8%) in Group C (P <0.001,
Figure 3). uCT images also presented better fusion efficien-
cy in rats implanted with CBD-BMP-2 4 PRP and CBD-
BMP-2 than PRP, with larger fusion area at cross-section
view and larger fusion mass on 3D reconstruction images

(Figures 4 and 5(a, d and g)).

Assessment of bone microarchitecture

The values of trabecular quantitive parameters are shown
in Figure 5(b, e, f and h). TV of the new bone formation in a
VOI of 1 mm® was 0.122 +0.015 mm? in Group A, 0.105 +
0.009 mm?® in Group B, and 0.062 +0.003 mm? in Group C
(P=0.007). TS was also significantly different among the
three groups, with smaller value in Group A (P=0.023).
TT was similar among the three groups. As a result, mean
BMD of fusion mass in Group A was statistically larger than
those in Groups B and C (Figure 5(c and i), P = 0.011).

- BMP-2
-+ CBD-BMP-2

0 2n 4h 12h
Time

24h 48Bh 72h

Figure 2. The release assay of CBD-BMP-2 in vitro. The releasing rate of CBD-
BMP-2 was significantly lower than that of commercial BMP-2. At 48 h, only a
few of CBD-BMP-2 was tested, while almost all the commercial BMP-2 was
released.

Manual palpation

After radiographic assessments, rats were sacrificed to col-
lect lumbar specimens for manual palpation. Twenty-four
rats were revealed to achieve solid lumbar fusion after sur-
gery. The rate of solid bony union was 77.8% in Group A,
55.6% in Group B, and 0% in Group C (Table 1, P < 0.001).

Histological evaluation

H&E sections presented newly woven bone in the fusion
mass in Groups A and B, with dense newly formed trabec-
ulae surrounded by plentiful osteoblasts. Compared with
Group C, there were more trabeculae and smaller trabecu-
lar separation in Groups A and B. Neither evidence of for-
eign body rejection nor reaction such as inflammation or
debris encapsulation was found (Figure 6).

Discussion

Osteoporosis leading to delayed bone healing, nonunion,
and increased postoperative complications has pushed
researchers to investigate efficient biomaterial for reinforc-
ing bone fusion in animal models. After approved for clin-
ical application by the US Food and Drug Administration,
BMP-2 has been widely used as an alternative bone graft in
spinal fusion procedures.®*** With the aim of alleviating
systemic adverse effects associated with the burst release
and supraphysiological dosage of BMP-2, various targeted
therapies have been developed including the genetically
engineered CBD-BMP-2. Previous studies have demon-
strated the similar biological activity of CBD-BMP-2 with
natural BMP-2 and its sustained releasing ability in a pro-
longed time.*'*® Adult ' and infant '® animal models
both supported that the local highly concentrated CBD-
BMP-2 could promote bone regeneration and meanwhile
diminish the adverse effects.

Sustained releasing and prolonged osteogenetic effect
would have more values in senile subjects who were
often complained with decreased spinal fusion rate. Up to
now, however, this effective targeted therapy has not been
investigated in the aging body. Due to having similar bone
metabolisms with human, rats provide invaluable insights
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Figure 3. Plain radiographs (coronal view) of lumbar at four weeks after implantation. Obvious bone bridges were detected between the left transverse processes of L4
and L5 in the 18 rats implanted with CBD-BMP2 + PRP (a) and in the 18 rats implanted with CBD-BMP2 (b). Continuous bone bridges were not observed in the 17 rats

implanted with PRP (c). The white arrow indicates implant site.

Figure 4. nCT assessment of the fusion mass at four weeks after implantation (a, b, ¢ Cross-section views, d—-i 3D reconstructions). In the cross-section view, more
new bone formation was induced in the 18 rats implanted with CBD-BMP2 + PRP (a) and the 18 rats with CBD-BMP2 (b) than the 17 rats with PRP (c). The white arrow
indicates implant site. In 3D reconstructions images (d, e, f dorsal view, g, h, i ventral view), continuous and considerable fusion mass was only observed in rats

implanted with CBD-BMP2 + PRP (d, g). In rats implanted with CBD-BMP2 (g, h), the fusion mass was relatively smaller than those with CBD-BMP2 + PRP (d, g). Inrats
implanted with PRP (e, h), the new bone formation was scattered, which was not merged into a whole mass. (A color version of this figure is available in the online

journal.)

to our understanding of bone biology, bone decay mecha-
nism, and osteoporosis-related malunion. However, most
authors performed their studies in young models whose
osteopenia was induced by physical or chemical meth-
0ds.*>? It is not reasonable to perform a study concerning
an age-related disease in young body, whose physiological
function, metabolic rate, and bone microenvironment are
quite different from the aging body.

In order to simulate the physiological condition of
aging body, senile rats aged 18 months that were equivalent
to the aged stage of normal people were selected as
the experimental subjects in the present study.*
Osteopenia was identified by dual-energy X-ray

absorptiometry. Despite the dysfunction of bone cells in
aging body, osteoinduction could still be activated in
response to the stimulation of BMP-2. In vivo experiments
showed satisfactory efficiency of lumbar inter-transverse
fusion with acceptable radiographic and histological
assessments (Table 1, Figures 3 to 6). The measurable dif-
ferent results reminded that general osteogenic manage-
ment might not be equally applicable to the elderly.
Compared with the results in young healthy rats® TV
(0.142 £ 0.014 mm?® vs. 0.105+0.009 mm?®), BMD (0.496 +
0.106 mg/mm> vs. 0.284+0.047mg/mm?), and solid
fusion rate (95% vs. 66.7%) were relatively smaller in the
current study. In our opinions, the osteogenetic dysfunction
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Figure 5. Assessment of the new bone formation by pCT. (a) Mean fusion area (FA) in cross-section view and total fusion volume (FV) in 3D reconstruction of new bone
formation were greater in Group A including 18 survived rats than Group B including 18 rats and Group C with 17 rats. (b) Compared with Groups B and C, Group A had
the larger trabecular volume (TV) and smaller trabecular separation (TS). Trabecular thickness (TT) was similar among the three groups. (c) Bone mineral density was
larger in Group A than the other two groups. Statistical significance was *P < 0.05. (d-i) The data were presented as dot plots.

Table 1. Manual palpation evaluation.

Group
N Group A (n=18) Group B (n=18) Group C (n=17) P*
Motion 11 0 1 10 <0.001
Partial motion 16 4 5 7 0.457
No motion 26 14 12 0 <0.001
N 53 18 18 17

*Calculated by Chi-square analysis.

and aging condition in osteopenia rats should be both
responsible for the inferior outcome.

The bone repair was a complicated process that included
stem cell differentiation, osteogenesis, and angiogenesis. In
recent years, bone microcirculatory disturbance was increas-
ingly considered as one of the pathogenesis of age-related
osteoporosis.”’"* We believed facilitating osteogenesis by
one aspect might not be enough to achieve an inspiring
result, especially for the aging body. Containing various
osteogenic and angiogenic growth factors, PRP was also
used to accelerate bone healing.*”?® In1 vitro assay in the pre-
sent study showed PRP was effective in promoting the pro-
liferation of RMECs, but animal models did not present
satisfactory efficiency of fusion when rats implanted with
PRP alone (Table 1, Figures 3 to 6). Based on the physiolog-
ical characteristics of both osteogenetic and angiogenic dys-
function in aging body, we transplanted the combination of

CBD-BMP-2 and PRP in senile rat models with osteopenia.
Four weeks after implantation, the radiographic assessments
revealed better efficiency with larger fusion area, larger
fusion volume, more trabeculae, and greater BMD in
Group A than Groups B and C (Table 1, Figures 3 to 6);
77.8% of rats in Group A reached solid fusion, while 66.7%
in Group B and no rat in Group C reached solid bony union.
In addition, histological assessment was also better in Group
A when compared with Groups B and C. We thought the
ambidextrous promotions on the osteogenesis and angio-
genesis were responsible for this desirable efficiency.
Selecting aging body as subjects embraced all the age-
related risk factors of osteopenia. The optimistic results in
the current study indicated that CBD-BMP-2 combined
with PRP was an enhanced bioactive osteogenetic manage-
ment for senile osteopenia rats. In addition, BMP-2 and PRP
have the advantages of large quantity, easy availability, and
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Figure 6. Histological observations using hematoxylin—eosin staining. The staining showed more osteocytes, more trabeculae, and smaller trabecular separation in
the 18 rats implanted with CBD-BMP2 + PRP (a, b) and the 18 rats CBD-BMP2 (c, d) than the 17 rats with PRP (e, f). (A color version of this figure is available in the

online journal.)

better biocompatibility, giving this osteogenic strategy a
promising prospect of application and spreading. Despite
the above findings, some limitations should be addressed.
First, we did not directly evaluate the microvessel repair
function of PRP. Second, X-ray analysis, manual palpation,
and histological evaluation were to some extent subjective,
which was remedied by the quantitative parameters in pCT
evaluation. Third, the duration of biological materials
implanted in rats was relatively short. With the consider-
ation of more aged rats might die after surgery, we did not
prolong the implanted time. It would be better to perform
the radiographic and histological assessment over longer
time after implantation, which would strengthen the reli-
ability of results. Fourth, bone formation and resorption
biomarkers were not tested in the present study, which
could help better explaining the mechanisms of promoting
bone defect healing by the implanted materials. Fifth, we
only performed investigation in male rats. Further investi-
gations are warranted in female rats. In addition, sham
controls that are only implanted DBM or implanted noth-
ing should also be included. Finally, large animals could
provide more proper vertebral defects with biomechanics
analysis.

In summary, the current study determined that DBM-
CBD-BMP-2 could effectively facilitate the Iumbar
inter-transverse fusion in aged rats with osteopenia.
PRP could help DBM-CBD-BMP-2 to enhance the bone
healing of vertebral defects with better radiographic
and histological results. DBM, BMP-2, and PRP have the
advantages of large quantity, easy availability, and better
biocompatibility, enabling this bone repair system more
practicable and promising for clinical application in
aging body.
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