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A B S T R A C T

Background: In patients with traumatic brain injury (TBI) combined with long bone fracture, the fracture healing is
always faster than that of patients with single fracture, which is characterized by more callus growth at the
fracture site and even ectopic ossification. Exosomes are nanoscale membrane vesicles secreted by cells, which
contain cell-specific proteins, miRNAs, and mRNAs.
Methods: In this study, we used exosomes as the entry point to explore the mechanism of brain trauma promoting
fracture healing. We established a model of tibia fracture with TBI in mice to observe the callus growth and
expression of osteogenic factors at the fracture site. Blood samples of model mice were further collected, exosomes
in plasma were extracted by ultra-centrifugation method, and then identified and acted on osteoblasts cultured in
vitro. The effects of exosomes on osteoblast differentiation at the cell, protein and gene levels were investigated by
Western Blot and q-PCR, respectively. Furthermore, miRNA sequencing of exosomes was performed to identify a
pattern of miRNAs that were present at increased or decreased levels.
Results: The results suggested that plasma exosomes after TBI had the ability to promote the proliferation and
differentiation of osteoblasts, which might be due to the increased expression of osteoblast-related miRNA in
exosomes. They were transmitted to the osteoblasts at the fracture site, so as to achieve the role of promoting
osteogenic differentiation.
Conclusion: The TBI-derived exosomes may have potential applications for promoting fracture healing in future.
The Translational Potential of this Article: Plasma exosomes early after TBI have the ability to promote osteoblast
proliferation and differentiation. The mechanism may be achieved by miRNA in exosomes. Plasma exosomes may
be used as breakthrough clinical treatment for delayed or non-union fractures.
1. Introduction

Traumatic brain injury (TBI) with limb fractures usually occurs in
high-energy injuries, such as traffic accident injuries. In the 1960s,
Gilbson reported a large amount of callus formation at the fractured end
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of TBI patients with fractures. Clinicians have also observed that TBI can
accelerate the growth of callus and increase the amount of callus, thereby
accelerating fracture healing. But its exact mechanism of action has not
been fully elucidated [1]. It is believed that the influence of TBI on
fracture healing is jointly regulated by the internal environment of the
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body and the local microenvironment of the fracture. Humoral factors
play an important role in the promotion of fracture healing by TBI [2].
Brain trauma leads to the destruction of the blood–brain barrier, and
brain tissue releases a series of cytokines, including bone morphogenetic
protein (BMP) [3], basic fibroblast growth factor (bFGF) [4], vascular
endothelial cell growth factor (VEGF) [5], etc., are transmitted to the
fractured end through body fluids. On the one hand, they can directly
enhance proliferation and differentiation of osteoblasts, matrix synthesis
and calcification, and increase local blood circulation. On the other hand,
they can accelerate bone healing by upregulating cytokines that regulate
bone metabolism in the fracture area.

Exosomes are small membrane vesicles with a lipid bilayer membrane
structure that can be secreted by most cells and are about 30–150 nm in
diameter [6]. Exosomes were first discovered on sheep's reticulocytes in
1987. At that time, they were considered as excretory channels for
transferrin receptors, and were subsequently found in peripheral blood,
cerebrospinal fluid, urine and other body fluids. Exosomes contain
cell-specific proteins, miRNA, and mRNA, which can be transmitted to
other cells as signal molecules to affect their function. Exosomes from
different cell sources have different functions. Osteoblasts are differen-
tiated from bone marrow mesenchymal stem cells, and the secreted
exosomes promoted the differentiation of osteoblasts by activating EIF2
signaling pathway [7]. Exosomes secreted by osteoblasts can also acti-
vate the RANKL–RANKL signaling pathway to regulate osteoclast dif-
ferentiation [8]. Exosomes secreted by osteoclast precursor cells can
promote osteoclast differentiation, while exosomes secreted by mature
osteoclasts inhibit osteoclast differentiation [9].

Therefore, we propose a hypothesis that plasma exosomes with TBI
play an important role in promoting fracture healing. To this end, we
established a mouse model of tibia fracture combined with brain trauma,
extracted plasma exosomes and co-cultured them with osteoblasts to
explore the effect of exosomes on osteoblasts after brain trauma. We have
also sequenced the miRNAs of these exosomes to further probe into their
possible mechanism of action and provide new ideas and theoretical basis
for clinical treatment of delayed or non-union fractures.

2. Materials and methods

2.1. Animals

8-week-old male C57BL/6J mice weighting 22–25 g were selected as
subjects. All mice were fed with food and water ad libitum and raised in
the specific pathogen-free (SPF) animal experiment room under condi-
tions of controlled temperature (23 � 1 �C) and humidity (55 � 10%) on
a 12h light/dark cycle. The official animal approval license number is
SYXK(Su)2017–0043.

2.2. Induction of TBI combined with tibia fracture model and design of
experiment

After 1 week of acclimatization, mice were randomly assigned to two
groups (N¼ 16/group): (1) TF: TBIþ F, traumatic brain injury combined
with tibia fracture; (2) SF: Sham-TBI þ F, performed relevant surgical
procedures without damaging the brain parenchyma, but with tibia
fracture.

The model was performed under anesthesia of 1% pentasorbital so-
dium (50 mg/kg, intraperitoneally) and every effort was made to mini-
mize suffering. During revival period in full anesthesia, body temperature
of mice was maintained at 37 �C with a heating pad.

TBI model: A craniotomy of approximately 3.5 mm in diameter was
performed on mice on the right parietal cortex between bregma and
lambda 1mm from the midline using a portable drill. The dura mater was
kept intact. A cone with a tip diameter of 3 mm and a weight of 20 g was
used to strike the mouse brain at a height of 30 cm at a free-fall speed to
induce injury.

Sham-TBI model: Suture the wound after a craniotomy of
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approximately 3.5 mm in diameter was performed on mice without
damaging the brain parenchyma.

Tibia Fracture model: A longitudinal skin incision was made in the
middle of the front of the left knee joint of the mouse to expose the
patellar ligament, the patellar ligament was cut longitudinally, and the
tibial plateau was exposed. After opening with the needle tip of the sy-
ringe, a needle with a diameter of 0.3 mm was inserted. Then expose the
middle tibia and make a transverse fracture with sharp scissors. 80,000 U
of penicillin was injected intraperitoneally for 3 consecutive days to
prevent wound infection.

2.3. Radiologic analysis for bone union

Radiographic imaging was performed at 3 (n ¼ 9/group) and 5
(n ¼ 7/group) weeks after fracture. The left tibia specimens of 9 mice in
each group were randomly collected 3 weeks after the operation, and the
remaining 7 specimens were collected 5 weeks later. After taking X-rays
of the specimens, the intramedullary nails were taken out and then
scanned by Micro-CT scan (Skyscan 1176). Three-dimensional CT images
were recreated by NRecon, DataViewer, CTAn, and Mimics software
followed by analysis of the following parameters: bone volume (BV),
total volume (TV), bone volume fraction (BV/TV) and trabecular number
(Tb.N).

2.4. Histological evaluation

The tibial specimens of mice were examined by histopathology after
imaging analysis at 3 weeks and 5 weeks after surgery. Specimens were
soaked in 4% paraformaldehyde for 48 h, decalcified in 10% EDTA for 3
weeks, and embedded in wax blocks. The tibias were longitudinally cut
into 5 mm thick slices and analyzed for histological differences using
hematoxylin-eosin staining.

2.5. Immunohistochemical analysis

First, paraffin-embedded tibial slices were dewaxed in xylene, and
then rehydrated in ethanol and water. After washing with PBS, the sec-
tions were blocked with 10% serum at room temperature for 20 min.
Anti-RUNX2 (ab192256, abcam, USA) and Anti-Osterix (ab209484,
abcam, USA) antibodies were added and incubated at 4 �C overnight.
After washing with phosphate-buffered saline, the secondary antibody
was incubated for 30 min at room temperature. DAB coloring solution
was added dropwise in the dark for 5 min. The reaction was stopped by
washing with deionized water. Afterwards, hematoxylin staining solu-
tion was added for 2 min. Observe under a microscope after being
transparent and mounted.

2.6. Isolation of exosomes and identification of exosome markers

45 mice were randomly divided into 3 groups, normal group (NOR),
TBI þ Fracture group (TF), sham-TBI þ Fracture group (SF), 15 mice in
each group. On the 1st, 3rd, and 7th days after modeling, 1 ml of blood
was obtained by abdominal aortic puncture and blood sampling from five
mice in each group. Blood samples were added to EDTA anticoagulation
tubes and centrifuged for 30min (3500g, 4 �C) to collect plasma. The
ultracentrifugation method was used to separate the exosomes in the
plasma. When the temperature of the centrifuge was reduced to 4 �C, the
following steps were performed in sequence: (1) 10 min at 300g, take the
supernatant; (2) 10 min at 2000g, take the supernatant; (3) 30 min at
10000g, take the supernatant; (4) Pass the supernatant through a 0.22 μm
filter to further remove impurities; (5) 70min at 100000g, take the pre-
cipitate; (6) Resuspend the pellet in PBS and centrifuge again at 100,000g
for 70min. The resulting precipitate is the exosome. After resuspending
with a small amount of PBS, aliquot and store at �80 �C.

Transmission electron microscope (Tecnai G2 spirit BioTwin, FEI,
USA) was used to observe the morphology of exosomes. Nanoparticle



Table 1
Primer sequences used for the validation amongst upregulated genes.

Name Direction 5’→30

COL1A1 Forward GCTCCTCTTAGGGGCCACT
Reverse ATTGGGGACCCTTAGGCCAT

RUNX2 Forward GACTGTGGTTACCGTCATGGC
Reverse ACTTGGTTTTTCATAACAGCGGA

GAPDH Forward AATGGATTTGGACGCATTGGT
Reverse TTTGCACTGGTACGTGTTGAT
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Tracking Analysis (NTA) was used to analyse the size distribution and
concentration of exosomes by ZetaView (Particle Metrix, Germany). In
addition, Western Blot was used to detect the expression of exosome
marker proteins TSG101 and CD9.

2.7. Cell culture

MC3T3-E1 cell line was obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and maintained in α-Modified
Eagle’s Medium (α-MEM, SH30265.01, Hyclone, USA) with 10% fetal
bovine serum (FBS, 10099141, Gibco, USA) and 1% Penicillin-
Streptomycin solution (15140–122, Gibco, USA). The MC3T3-E1 cells
were cultured at 37 �C under 5% CO2, and during osteogenic induction,
replace osteogenic differentiation medium (MUBMD-90021, Cyagen,
USA). Cells were intervened by exosomes from different groups and
divided into NOR group, TF group and SF group. Here, we introduce the
control group (CTRL, without exosomes intervention) as a blank control.

2.8. Immunofluorescence

MC3T3-E1 cells were washed 3 times with PBS, fixed with 10%
paraformaldehyde for 10 min, and then permeabilized with 1% TritonX-
100 (Sigma–Aldrich) in PBS for 5 min. After blocking in staining blocking
buffer (Beyotime) for 1 h, the cells were incubated with primary anti-
bodies against RUNX2 (1: 500) or COL1A1 (1: 500) at 4 �C overnight. The
nuclei were counterstained with 406-diamidino-2-phenylindole (DAPI)
(Thermo Fisher Scientifc) for 5 min in the dark at room temperature. Use
Olympus IX51 microscope (Olympus) to observe the image.

2.9. Western blotting of osteogenesis associated markers

Samples were sonicated and homogenized in the buffer (RIPA with
protease cocktail inhibitor, phosphatase inhibitor, and phenyl-
methanesulfonyl fluoride), and assayed for protein levels of TSG101,
CD9, COL1A1 and RUNX2. Protein concentration was determined with a
BCA protein assay kit (P0012, Beyotime, China). Samples (10 μg protein
each) were separated by 10% SDS-PAGE, transferred to PVDF mem-
branes (Millipore, Billerica, USA), and incubated in blocking buffer [5%
BSA in Tris-buffered saline (TBS) with 0.1% Tween 20] for 1 h. Mem-
branes were then incubated overnight at 4 �C with rabbit anti-TSG101
(1:1000; 14497-1-AP, proteintech, USA), rabbit anti-CD9 (1:1000;
ab223052, abcam, UK), rabbit anti-COL1A1 (1:1000; #84356, CST,
USA), rabbit anti-RUNX2 (1:1000; #12556, CST, USA) and β-actin
(1:3000; GB12001, Servicebio, China) antibody. The secondary incuba-
tion of membranes was in the goat anti-rabbit (1:3000; GB23303, Serv-
icebio, China) for 1 h at room temperature. Densitometry was performed
using the Bio-rad ChemiDoc Touch Imaging System.

2.10. Quantitative real-time PCR

PrimeScript™ RT Master Mix (TAKARA) was used to extract the total
RNA (0.5 μl) of CTRL, NOR, TF and SF group samples and convert it to
cDNA with a total capacity of 10 μl. Quantitative PCR was performed
using the BioRad CFX96 Touch Real-Time Quantitative PCR system. The
final reaction volume was 25 μl, and each sample used a 2 μl cDNA
template. GAPDH acted as an internal control. The reaction was repeated
3 times, with at least 3 independent runs. Data analysis was performed
using the ΔΔCt method Bio-Rad Ranking Manager 3.1. Primer sequences
are shown in Table 1.

2.11. Alizarin Red Staining

After MC3T3-E1 cells undergo osteogenic differentiation, ARS stain-
ing was used to detect the mineralization of the extracellular matrix. The
cells were washed with PBS and fixed in 4% paraformaldehyde for
15 min at room temperature. Then incubate the cells in 1% ARS solution
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(pH ¼ 4.2, Sigma–Aldrich) for 15 min. An Olympus IX51 microscope
(Olympus) was used to take images of matrix mineralization. Finally, 5%
perchloric acid (200 μL/well, Sigma–Aldrich) was used to dissolve the
staining of the calcified matrix, and a microplate spectrophotometer
(BioTek) was used to measure the absorbance at 420 nm for quantitative
analysis.
2.12. RNA-seq data processing

The exoRNeasy Serum/Plasma Maxi Kit (QIAGEN) was used to
extract exosome miRNA from mouse plasma samples, and Qubit 3.0 was
used to quantify the exosome miRNA. The library was constructed using
Small RNA Sample Pre Kit. Small RNA had special structure at the 30and
50ends (complete phosphate group at 50end and hydroxyl group at 30end),
with total RNA as the starting sample, reverse transcription synthesized
cDNA. Subsequently, after PCR amplification, the target DNA fragments
were separated by PAGE gel electrophoresis, and the cDNA library was
recovered by excising the gel. After the library construction was
completed, first used Qubit2.0 for preliminary quantification, diluted the
library to 1 ng/μL, and then used Agilent 2100 to detect the insert size of
the library, and qPCR to accurately quantify the effective concentration
of the library (the effective concentration of the library>2 nM). The
different libraries were sequenced after pooling according to the re-
quirements of effective concentration and target data volume.
2.13. Statistical analysis

All data are shown as the mean values � standard deviation of the
mean (SD). Imaging comparisons and western blotting data were
analyzed across groups with a one-way ANOVA with Tukey’s multiple
comparisons post-test. All the analysis and statistics were performed
using GraphPad Prism Version 6.0. In all cases, a p value less than or
equal to 0.05 was considered as statistically significant.

3. Result

3.1. TBI promoted callus formation at the tibia fracture site

X-ray visually show the formation of callus and healing of tibia
fractures between groups while Micro-CT could quantitatively compare
fracture healing parameters through three-dimensional reconstruction.
X-rays at 3 and 5 weeks postoperatively indicated that the fracture lines
of the tibia specimens in both groups were blurred, accompanied by a
large amount of callus growth at the fracture site. 3 weeks after surgery,
the TF group had more callus than the SF group, but there was no sig-
nificant difference in the amount of callus between the two groups at 5
weeks. The trend of Micro-CT is consistent with X-ray (Fig. 1A and B). At
3 weeks postoperatively, the BV, TV and Tb.N values of the TF group
were significantly higher than those of the SF group. Although the BV/TV
value was not statistically significant, the mean value of the TF group was
higher than that of the SF group. At 5 weeks after surgery, there was no
significant difference in BV, TV, BV/TV and Tb.N values between the two
groups (Fig. 1C–F).

Histopathological examination of tibial specimens was performed to
observe the morphology of bone tissue and detect the expression of



Figure 1. Representative X-ray (A) and Micro-CT (B) images of mice in TF and SF groups at 3 and 5 weeks after modeling (C–F) Quantitative analysis of fracture
healing parameters (BV, TV, BV/TV, and Tb.N) of mice in TF and SF groups at 3 (n ¼ 9 in each group) and 5 (n ¼ 7 in each group) weeks after modeling (*p < 0.05).
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osteogenic markers. HE staining showed that 3 weeks after the operation,
a large number of disorderly and dense trabeculae were seen in the callus
of the TF group with the surface covered with many short columnar,
single-row arranged osteoblasts (yellow dotted curve, Fig. 2A), while the
trabecular bone in the SF group is looser and the amount of osteoblasts is
less than that in the TF group.

RUNX2 and Osterix are transcription factors necessary for osteoblast
differentiation and the latter is specifically expressed only in developing
bone tissue. Immunohistochemical results showed that a large number of
RUNX2 and Osterix positive expression factors scattered in the trabecular
bone were found in the callus of the TF group at 3 weeks after operation,
while the expression of the two factors in the SF group was less. 5 weeks
after surgery, both factors in the TF group and the SF group were
expressed in small amounts near the surface of the callus (Fig. 2B–E).

3.2. Exosomes derived from plasma in TF group promoted osteoblast
proliferation

Exosomes were extracted by ultracentrifugation after collecting blood
samples at three time points: 1, 3, and 7 days after surgery. Then the
exosomes were identified by transmission electron microscopy, particle
size analysis and Western Blot. Under the transmission electron micro-
scope, a saucer type with a diameter of about 100 nm or a hemispherical
substance with a concave side were seen (Fig. 3A). The particle size
analysis showed that the sample size is concentrated at about 100 nm
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(Fig. 3B), and Western Blot also detected exosome-marking proteins
TSG101 and CD9 (Fig. 3C). The above results confirmed that we had
successfully extracted exosomes and could be used in subsequent
experiments.

Exosomes were extracted from the same volume of plasma in each
group on the 1, 3, and 7 days after modeling. The results showed that the
amount of exosomes was the largest on 1 day, compared with the amount
on 3 and 7 days, the difference was statistically significant (p < 0.01)
(Fig. 4A). CCK-8 was used to detect cell proliferation, and it was found
that cell proliferation in the TF1 group no longer increased significantly
after 24 h (Fig. 4B). The proliferation of MC3T3-E1 cells was detected
after co-cultured with exosomes for 24 h in each group. The results
showed that the exosomes in TF1 group had the strongest effect in pro-
moting the proliferation of MC3T3-E1 cells, and the difference was sta-
tistically significant compared with the SF1 group (p < 0.05) (Fig. 4C).

3.3. Exosomes derived from plasma in TF group enhanced osteogenetic
activity of osteoblast

COL1A1 and RUNX2 are specific markers reflecting osteoblast ac-
tivity and bone formation. After co-cultured with exosomes in each group
for 1 week, the MC3T3-E1 cells were assayed for osteogenic differenti-
ation by measuring the expression of osteogenic proteins using western
blot and q-PCR. Fig. 5A–B showed that the mRNA expression levels of
COL1A1 and RUNX2 genes in the TF1 group were significantly higher



Figure 2. Histopathology differences of mice in TF group and SF group 3 and 5 weeks after modeling (A) H&E staining of fracture specimens in each group. RUNX2
(B) and Osterix (C) immunohistochemical staining of fracture specimens from TF and SF groups (D–E) Quantitative analysis of RUNX2 and Osterix positive cells (n ¼ 4
in each group, **p < 0.01) Red arrows indicate RUNX2 and Osterix positive cells.
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Figure 3. Identification of exosomes (A) Circular membrane-like structures with diameters of about 100 nm under transmission electron microscopy (B) The sample
size is concentrated at about 100 nm (C) Western-blotting for exosome markers, TSG101and CD9.
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than those in the SF1 group (both p < 0.01) (Fig. 5A–B). Besides,
Fig. 5C–F showed an increased expression of the COL1A1 and RUNX2
protein in TF1 group compared to those in SF1 group (both P < 0.01)
(Fig. 5C–F). Immunofluorescence was also performed to compare the
expression of COL1A1 and RUNX2 proteins in each group. The results
showed that the protein expression of COL1A1 and RUNX2 in the TF1
group was significantly higher than that in the SF1 group (both p< 0.01)
(Fig. 5G–H).

After 2 weeks, the cells were stained with Alizarin Red to compare the
matrix mineralization of the cells in each group. The results showed that
the matrix mineralization in TF1 group was significantly enhanced than
in SF1 group (p < 0.01) (Fig. 6).

3.4. miRNAs in exosomes derived from plasma in TF group had a potential
role in promoting osteogenic activity

Mouse plasma exosome miRNAs were sequenced. Different colors
represent different miRNA expression levels, and the colors from blue to
red represent the expression level from low to high. Red indicates highly
expressed genes, and dark blue indicates low expressed genes. Data
processing screened to obtain 14 miRNAs that were highly expressed in
the TBI group (TF group and T group) and low expressed in the non-TBI
group (NOR group and SF group), namely: miR-148a-3p, miR-9182_L-4,
miR-5121_L-1Rþ3, miR-125b-1-3p, miR-154–5p, miR-29a-5p_R-1, miR-
34a-5p, miR-378a-5p, miR-22–3p, miR-149–5p_R-3, miR-4508_Lþ2R-1,
miR-455–5p, miR-378c_R-1, miR-378a-3p_R-1 (Fig. 7A). Among them,
we selected miR-22–3p, miR-34a-5p, and miR-378a-3p to verify their
ability to promote osteogenic differentiation. We induced the transfected
MC3T3-E1 cells to undergo osteogenic differentiation and stained with
Alizarin Red 2 weeks later to compare the matrix mineralization of the
cells in each group. The results showed that the matrix mineralization of
miR-22–3p group, miR-34a-5p group, and miR-378a-3p group were
significantly enhanced than that of CTRL, miR-NC group (Fig. 7B–C,
p < 0.01).

4. Discussion

In this experiment, we extracted exosomes from plasma as the
research object. First, a mouse model of tibia fracture combined with TBI
was established. Plasma was collected on days 1, 3, and 7, and exosomes
were extracted by ultracentrifugation. Exosomes were identified by
transmission electron microscopy, particle size analysis and western
blotting. It was found that the concentration of exosomes was the highest
on the 1st day after modeling. CCK-8 detection showed that cell prolif-
eration in TF1 group no longer increased after 24 h, and it indicated that
the exosomes in TF1 group had the strongest effect in promoting the
proliferation of MC3T3-E1 cell. After co-cultured with exosomes in each
group for 1 week, the MC3T3-E1 cells were assayed for osteogenic dif-
ferentiation by measuring the expression of osteogenic proteins using
immunofluorescence, western blot and q-PCR. The results showed that
the expressions of COL1A1 and RUNX2 in TF1 group were significantly
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higher than those in SF1 group. Alizarin Red Staining was used to
compare the mineralization of cell matrix in each group. The results
showed that the matrix mineralization of TF1 group was significantly
enhanced than that of SF1 group. We performed miRNA sequencing on
plasma exosomes in each group, and screened out miRNAs with high
expression in the TBI groups and low expression in the non-TBI groups.
Three of the miRNAs were transfected into MC3T3-E1 cells, and then
subjected to osteogenic differentiation and stained with Alizarin Red.
The results showed that the cell matrix mineralization of miR-22–3p,
miR-34a-5p, miR-378a-3p transfection groups were significantly
enhanced than that of CTRL group. Our experimental results show that
plasma exosomes after TBI have the ability to promote osteoblast
differentiation.

Among the many factors affecting the prognosis of complex fractures
in patients with multiple injuries, the mechanism of action of traumatic
brain injury (TBI) continues to be an intriguing topic. Surgeons found
that patients with fractures and brain trauma healed faster than patients
with a single fracture, and the growth of the callus at the end of the
fracture was more abundant [10,11]. In order to investigate whether TBI
will affect the prognosis of peripheral bone fractures, we developed a
new multi-trauma mouse model, including weight-drop TBI and tibia
fracture. In the process of TBI modeling, we found that different degrees
of TBI have different effects on fracture healing. Mild TBI has no obvious
effect on fracture healing, while moderate and severe TBI can promote
fracture healing. However, severe TBI is very easy to cause the death of
mice, so we control the weight and height of the free fall weight to make
a moderate TBI model of mice. The method of making the tibia fracture
model is relatively mature. In this experiment, the posterior patellar
ligament was selected as the intramedullary nail insertion point, which
improved the success of the puncture, and could avoid excessive peeling
of soft tissue and reduce additional trauma. The selection of the trans-
verse position of the middle tibia of the fracture site reduced the devia-
tion of the fracture position selection. At the same time, this position does
not exceed the distal tibiofibular joint, which also plays a certain role in
the stability of the tibia fracture. Through X-ray and micro CT, fracture
healing following tibial osteotomy with external fixation and additional
TBI was characterized by increased callus formation and the gradual
formation of bone bridges.

In recent years, bone tissue engineering studies have combined exo-
somes with scaffolds, revealing the active role of exosomes in bone
regeneration [12–15]. Liu et al. found that lithium-containing bioactive
scaffold (Li-BGC) promotes the angiogenesis of HUVECs by stimulating
the secretion of exosome miR-130a derived from bone marrow stromal
cells [13]. Wei et al. demonstrated that exosomes coated with titanium
nanotubes can promote the osteogenic differentiation of human bone
marrow mesenchymal stem cells [14]. Exosomes act like extracellular
carriers, transferring lipids, proteins, and miRNAs from donor cells to
recipient cells, thereby affecting the function of target cells. Exosomes
from different cells can regulate the function of osteoblasts.
BMSC-derived exosomes have a therapeutic effect on bone loss in rats
during the repair of damaged osteoblast differentiation. Intravenous



Figure 4. The effect of exosomes on the proliferation
of MC3T3-E1 cells (A) The concentration of exosomes
extracted at different time points (B) The time gradient
of the effect of exosomes on the proliferation of
MC3T3-E1 cells (C) Cell proliferation of each group of
exosomes co-cultured with MC3T3-E1 cells for 24 h.
CTRL: without exosomes intervention; NOR: exosomes
extracted from normal mice. TF1, TF3, TF7: exosomes
extracted on the 1st, 3rd and 7th day after TBI com-
bined with left tibia fracture modeling. SF1, SF3, SF7:
exosomes extracted on the 1st, 3rd and 7th day after
sham-TBI combined with left tibia fracture modeling
(*p < 0.05).
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Figure 5. The mRNA and protein expression levels of COL1A1 and RUNX2 (A–B) qPCR analysis of COL1A1 and RUNX2 mRNA expression levels (C–F) Western
blotting bands and quantification of COL1A1 and RUNX2 (G–H) Representative immunofluorescence images and quantification analysis of COL1A1 and
RUNX2 (**p < 0.01).
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Figure 6. The matrix mineralization and quantification analysis after osteogenic differentiation under Alizarin Red staining. (A) Representative Alizarin Red staining
images. (B) Quantification analysis of OD values of the destained solution from above cells staining. (** p<0.01).
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injection of exosomes derived from bone marrow stromal stem cells can
reduce bone loss. At the same time, exosome treatment increased calcium
deposition at the mRNA and protein levels and expression of the osteo-
genic gene RUNX2 compared to the untreated group [16]. Studies have
found that exosomes extracted from MC3T3 mouse osteoblasts contain a
large number of proteins that are highly enriched in osteogenic signaling
pathways, such as eukaryotic initiation factor 2 signaling pathway,
integrin signaling pathway and mTOR signaling pathway [7]. Another
study showed that MC3T3 mouse osteoblasts can release exosomes
containing osteogenic miRNAs, which are taken up by mouse bone
marrow-derived stromal ST2 cells, thereby promoting the osteoblast
differentiation of the receptor ST2 cells [17]. At the same time, osteoclast
precursor monocytes were also found to have the ability to release exo-
somes. Li et al. reported that osteoclasts release exosomes containing
miR-214–3p, which can be transferred to osteoblasts and inhibit osteo-
blast activity and bone formation [18]. Osteoclast-derived exosomes
participate in the communication between osteoclasts and osteoblasts.

The blood–brain barrier is a complex system composed of brain
microvascular endothelial cells, astrocytes, pericytes, macrophages
around blood vessels, and basement membrane. Patients with brain
trauma often have blood–brain barrier damage and dysfunction [19].
When brain trauma occurs, the function of the blood–brain barrier
changes significantly. The permeability of the blood–brain barrier in-
creases, while the large osteogenic molecules in the central nervous
system are released from the damaged brain tissue and act on the fracture
through the systemic circulation [20,21]. Proteomics studies have shown
that the response of serum and cerebrospinal fluid proteins to TBI has
changed, which may be related to the osteogenic effect of TBI on fracture
healing [22]. Bidner et al. found that, compared with patients with no
TBI, the serum of patients with TBI can increase the proliferation of fetal
rat skull cells [20]. Boes et al. found that compared with the serum of rats
with simple fractures, the mixed serum of TBI and fractured rats can
increase the proliferation of mesenchymal stem cells, but not the prolif-
eration of fibroblasts or osteoblast cell lines [23].

There is increasing evidence that miRNAs play a key role in bone
reconstruction. miRNA has become an important post-transcriptional
regulator of bone formation and bone resorption. Serum exosome miR-
214–3p increased in elderly fracture patients. Exosome miR-214–3p can
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prevent osteoblast differentiation and bone formation [18]. In 175 pa-
tients with recent osteoporotic fractures of the femoral neck, there are 6
miRNAs (miR-10a-5p, miR-10b-5p, miR-22–3p, miR-133b, miR-328–3p,
let-7g-5p) different from the control group. The first three miRNAs are
up-regulated, and the last three miRNAs are down-regulated [24],
revealing that exosome miRNAs play a crucial role in identifying osteo-
genic differentiation. In this experiment, we performed miRNA
sequencing on the isolated exosomes, and further screened the data to
obtain 14 miRNAs that were highly expressed in the TBI group and lowly
expressed in the non-TBI group. Through literature search, we found that
miR-22–3p, miR-34a-5p, miR-378a-3p, miR-146a-5p and miR-342–3p
have the effect of promoting osteoblast differentiation [25–28], while
miR-125b-1-3p, miR-154–5p and miR-375–3p have the effect on inhib-
iting the differentiation of osteoblast [29–31], and miR-148a-3p,
miR-378a-5p and miR-378c have the effect of promoting the osteo-
clasts differentiation [32,33]. In our study, we also verified that
miR-22–3p, miR-34a-5p, and miR-378a-3p have the ability to promote
osteoblast differentiation, consistent with the results reported in the lit-
eratures. However, the effects of other miRNA candidates need to be
investigated in the future research. In summary, exosomes may promote
fracture healing by delivering miRNA to the fracture end, promoting
osteoblast differentiation or inhibiting osteoclast differentiation.

Although TBI can promote the healing of fractures, heterotopic ossi-
fication is an important issue that cannot be ignored. Heterotopic ossi-
fication (HO) is a pathological phenomenon that forms mature bone in
the soft tissue outside the bone [34]. The disease is usually caused by
fractures, burns, nervous system damage (brain damage and spinal cord
injury) and joint replacement. Patients with HO may have symptoms
such as tissue swelling, inflammation, pain, restricted mobility, and joint
adhesions, which significantly affect patients' lives and emotions [35,36].
There are three types of HO, namely progressive ossifying myositis,
traumatic HO and neurological HO [37]. In theory, HO may occur in any
part of the body, but in most cases, it occurs in joints such as the hips,
elbows, and shoulders [38]. Recent studies have found that patients with
fractures and severe TBI have a significantly increased risk of HO [39].
The incidence of neurogenic heterotopic ossification (NHO) in patients
with TBI is about 20%, but when TBI and femoral fractures occur at the
same time, the incidence of NHO exceeds 50% [37]. Fracture healing and



Figure 7. (A) Highly expressed in the TBI group (TF group and T group) and low expressed in the non-TBI group (NOR group and SF group) (B–C) The matrix
mineralization and quantification of cells after osteogenic differentiation under Alizarin Red staining (**p < 0.01).
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HO have common initial events (inflammation, angiogenesis, chondro-
genesis and bone formation) [40]. Indeed, fractures can in turn stimulate
the release of inflammatory cytokines and aggravate TBI symptoms.
Study showed that chronic fractures occurred 4 days after craniocerebral
injury. The volume of brain injury and brain water content increased
significantly, which was related to fractures. It is worth noting that the
79
stimulation of the immune system by fractures can significantly promote
the release of various inflammatory factors, such as TNF-a, IL-1b, and IL-6
are all increased [41]. Also in C57BL/6J mice, TBI with fractures resulted
in increased levels of various body fluid inflammatory cytokines [42].

In summary, this study used a mouse model of TBI combined with
tibia fractures, to investigate the impact of TBI as a factor conducive to
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fracture healing. Plasma exosomes early after TBI have the ability to
promote osteoblast differentiation. The mechanism may be achieved by
miRNA in exosomes. Plasma exosomes can be used as breakthrough
clinical treatment for delayed or non-union fractures.

However, this study has several limitations. First, the source of exo-
somes in plasma has not been traced. Second, the mechanism by which
exosomes promote the proliferation and differentiation of osteoblasts has
not been clarified. Further research is needed to clarify the relationship
between TBI and fractures. Finally, the translation of natural exosomes to
the clinic is often limited due to the lack of scalable isolation and effective
drug loading methods. Alternative strategy to use exosomes for clinical
treatment is to develop exosome mimics. Liposomes are synthetic,
spherical vesicles with bilayer lipid molecules, ranging in diameter from
25 to 1000 nm. Liposome has the characteristics of good biocompati-
bility, biodegradability and non-immunogenicity, and is an excellent
drug carrier. At present, it has been widely used in anti-tumor drugs, anti-
fungal drugs, antibiotic drugs, etc. However, they are often criticized for
short blood circulation and low intracellular drug delivery efficiency.
Exosome-mimicking liposomes, which exhibit significantly higher
cellular uptake and intracellular delivery efficiency than traditional li-
posomes, could be envisioned for promoting fracture healing in future.
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