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Background: Spinal cord injury (SCI) is a global medical problem. The smallest mem-

brane-bound nanovesicles, known as exosomes, have a role in complex intercellular com-

munication systems and can be used directly as therapeutic agents by acting as important

paracrine factors. Nevertheless, the use of exosomes derived from BMSCs (BMSC-Exos) to

treat SCI has been less, and the specific mechanism has not yet been reported.

Methods: BMSC-Exos were characterized by TEM, NTA and Western blot. The effects of

BMSC-Exos treatment were compared by SCI in vivo model and a series of in vitro

experiments.

Results: BMSC-Exos were found to enhance the expression of autophagy-related proteins

LC3IIB and Beclin-1 and enabled autophagosomes formation. After BMSC-Exos treatment,

there was marked decline in the level of expression of proapoptotic protein cleaved caspase-3,

while that of the antiapoptotic protein Bcl-2 was upregulated.

Conclusion: BMSC-Exos can attenuate neuronal apoptosis by promoting autophagy and

promote the potential efficacy of functional behavior recovery in SCI rats. In summary, these

findings expand the theoretical knowledge and forms a realistic route for the future treatment

of SCI by BMSC-Exos.

Keywords: bone marrow mesenchymal stem cells, exosomes, spinal cord injury, apoptosis,

autophagy

Introduction
Spinal cord injury (SCI) can be divided into two stages: primary mechanical and

secondary injury. Secondary injuries, such as axonal destruction, edema, excito-

toxicity and inflammation, can lead to neuronal apoptosis that is key in the

neurological damage after physiological and functional defects in SCI.1

The transplantation of stem cells is one of the effective methods for treating

various nerve injuries. Bone marrow mesenchymal stem cells (BMSCs) can divided

several types of cells because they are multifunctional and self-renewing.2 Studies

have shown that BMSCs provide a microenvironment that facilitates cell survival

by secreting neurotrophic factors, neuroprotective cytokines, and anti-inflammatory

molecules as well as by reducing the production of stress-related proteins, reactive

oxygen species, and proinflammatory cytokines.3 One study demonstrated that

BMSC transplantation is effective in the treatment of acute brain injury.4 There

are indications that BMSCs have the potential to treat ischemic and hemorrhagic

stroke.5 However, there remains a challenge of transplanting stem cells directly into
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target tissues. For instance, the survival rate of trans-

planted stem cells in ischemia have been found to be

low.6 The limitations of direct stem cell transplantation

clinically for the treatment of SCI are further due to

some risks such as immune rejection, cell differentiation

and tumor formation.

Recently, reports have indicated that transplanted stem

cells have an important therapeutic function under para-

crine mechanism, and also exosomes have been shown to

be key in this process.7 As the smallest endocytic-derived

membrane-bound nanovesicles, exosomes take part in the

complex intercellular communication systems.8 When

under normal or pathological conditions, exosomes are

released from different types of cells and by carrying an

activity signal they create an effect on the normal func-

tions of the recipient cells. Besides lipids and cellular

proteins, exosomes also hosts the cell messenger RNA

(mRNA) and microRNA (miRNA).8 BMSC-derived exo-

somes (BMSC-Exos) have been used in animal models of

various diseases including reduction of myocardial ische-

mia, promotion of skin healing, promotion damaged kid-

ney repair and spinal nerves, and inhibition of liver

vitaminization.9–11 Studies have also shown that BMSC-

Exos have a repairing effect on SCI, but the specific

mechanism is unclear.

Autophagy poses as a highly guarded catabolic phenom-

ena where degradation of cytoplasmic components occurs

and it is also results in a variety of illnesses including

traumatic brain injury or SCI. Autophagy displays a type

of “self-feeding” phenomenon in cells, which mainly era-

dicates the aged proteins or damaged organelles through the

lysosome pathway.12 As an important intracellular degrada-

tion system, autophagy recycles and reuses the damaged

organelles and macromolecules.12 It has an important role

in the survival of cells and also as cell differentiation,

growth, survival and homeostasis. Reports indicate that

autophagy is crucial for the regulation of cell death during

SCI before apoptosis.13 Autophagy is involved in the

expression of the autophagy proteins Beclin-1 and light

chain 3-II (LC3-II) and is importantly involved in neurode-

generative diseases for cytoprotection.14 However, it is still

uncertain if the activation of autophagy after SCI can be

promoted by BMSC-Exos.

Herein, according to our knowledge, is the first time

that BMSC-Exos has been shown to attenuate neuronal

apoptosis by promoting autophagy in the early stage and

can promote the potential therapeutic effect of functional

behavior recovery in SCI rats.

Materials and Methods
Preparation and Identification of

Exosomes
First, BMSCs, purchased from the company (Cyagen,

China), were fused to 70–80%, washed with PBS twice

and then incubated in stem cell medium without any

serum for 48 h (Gibco, USA). The collected medium was

centrifuged at 300 g for 10 min and the supernatant obtained

via filtration using a 0.22-μm filter that eliminates cell

debris. The supernatant was then centrifuged at 4000 g at

4 °C using Amicon Ultra-15 centrifugal filter. To obtain

200 μL solution, the ultrafiltered PBS was washed twice

and ultrafiltered. For further exosome purification, a 30%

sucrose/D2O pad in an Ultra-ClearTM tube was used and an

optima L-100 XP Ultracentrifuge was used to centrifuge the

medium at 100,000 g for 60 min at 4 °C. Exosomes that

underwent partial purification were obtained using an 18G

needle, then they were diluted with PBS, and centrifuged

through the filter unit at 4000 g at 4 °C to achieve 200 μL in

the final volume. For further experiments, the recovered

exosomes were stored at −80 °C. Nanovisual tracking ana-

lysis (NTA) was used to determine the size distribution and

of concentration exosomes. Morphological identification of

exosomes was performed by TEM. The Western blot ana-

lysis was employed to analyze the exosome’s surface mar-

ker proteins, including CD9, CD63, and TSG101.

Exosomal Uptake
For exosome fluorescent labeling, DiI solution (Eugene,

USA) was introduced into PBS and incubated was con-

ducted in accordance to the manufacturer’s guidelines.

Ultracentrifugation at 4 °C removed the excess DiI dye.

Dil-labeled exosomes (Dil-Exos) were washed with PBS

triplicately and late resuspended. They were incubated

with neuronal cells for 24 h. PBS was used to wash the

cells and then they were fixed with 4% paraformaldehyde,

and the absorption of Dil-Exos by the cells was observed

by laser confocal microscopy.

Primary Neuron Culture
Twenty-four hour-old sprague-Dawley newborn rats were

subjected to 75% ethanol immersion, where the skin and

cartilage of the back portion were cut open to separate the

spinal cord. The separated spinal cord was rinsed in pre-

cooled DMEM/F-12 medium, sliced, and then placed in

a tube for centrifugation. Using 0.25% trypsin and 0.05%

DNase, the neurons were dissociated in an incubator
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through digestion at 37 °C for 20 min. Then, on adding the

horse serum the reaction halted, then centrifuging of the

cells at 4 °C and 300 g for 5 min was performed, and

resuspension was done in 10% horse serum solution of

DMEM/F12, streptomycin (100 mg/mL), penicillin (100

IU/mL), and glutamine (0.5 mM). Seeding of the cells was

done in poly-D-lysine-coated plates after counting, and

incubated for 4 h at 37 °C and 5% CO2. After the cells

exhibited adherence, the seed plate fluid was replaced with

a serum-free 96% Neurobasal medium consisting of B27

(2%, w/v), glutamine (0.5 mM), penicillin (100 IU/mL),

and streptomycin (100 mg/mL). Every 2 days, half of the

medium was replaced and the growth of the cells was

monitored using an inverted microscope. Cell culturing

was performed for 7 days and used for subsequent

experiments.

Double-Labeled Adenovirus mRFP-GFP-

LC3 Transfection
For 4 days, the obtained neuronal cells were seeded in

confocal culture dishes and then transfected with mRFP-

GFP-LC3 lentivirus (Han Heng Bio, China). The cells were

then allocated to two groups: control group and BMSC-

Exos group (100µg/mL); they were then fixed with 4%

paraformaldehyde, washed with PBS, and observed by

fluorescence confocal. Red spots represent autolysosomes

and yellow spots represent autophagosomes.

TEM
Trypsin (Thermo Fisher Scientific) digested the adherent

neurons and then centrifuged after cell treatment. After,

the supernatant was disposed, 2% glutaraldehyde precool-

ing solution was introduced into the cell pellet at 4 °C for

2 h. Staining of the cell pellet with 2% uranyl acetate

solution commenced for 2 h and dehydration in 50%,

70%, 90%, and 100% acetone, followed successively.

The ultrastructure of the cells was investigated by electron

microscope.

Animals and Grouping
220–260 g thirty adult healthy male SD rats were used in

this study. A specific pathogen-free (SPF) animal center

laboratory was prepared for rearing rats in a constant envir-

onment of 23 ± 0.5 °C with alternate 12-h light and dark

cycles. The rats were randomly assigned to Sham group,

SCI group, and BMSC-Exos group randomly (n=10/group).

The SCI and BMSC-Exos groups were injected with 200 μL

saline solution (PBS) and BMSC-Exos (1 μg μL−1 concen-

tration of total protein in PBS), respectively, by intravenous

tail administration 1 h after SCI.

Establishment of Rat Model of SCI
Briefly, deep anesthesia for 3 mL/kg body weight a dose of

10% chloral hydrate was induced in male rats intraperito-

neal injection. Then, cutting of the skin and muscles of the

back ensued, exposing the spine, and the T10 lamina was

then removed. After the complete exposure of the dorsal

spinal cord surface, the rat was dropped from a height of

12.5 mm using a 10 g rod (2.5 mm in diameter). After

successful modeling, the muscles and skin were quickly

sutured. To avoid urinary retention, the rat’s bladder was

manually and gently evacuated thrice in a day until up to

when the restoration of the reflex control of urination was

complete. The study was approved by the Ethics Committee

of Suzhou university. All procedures were conducted in

accordance with the guidelines of the National Institutes

of Health Laboratory Animal Care and Use Guidelines.

Behavioral Assessment
The Basso-Beattie-Bresnahan (BBB) score and footprint

test aided the assessment of the motor function, according

to previous reports. The scores were determined before

surgery and after the 1st, 3rd, 7th, 14th, 21st, and 28th day

after surgery. The BBB score ranges from 0 to 21. A total

score of 0 represents severe neurological dysfunction and

21is attributed to normal performance. 28 days after sur-

gery, the gait and motor coordination were assessed.

Different colored dyes were used to coat the front and rear

paws of the rat. The rat which surrounded by a cage, was

made to move in a straight direction on a piece of an

absorbent paper. Then, the digitized footprint patterns

helped to asses the coordination.

Western Blot Analysis
BCA method was utilized to estimate the concentration of

total protein extracted. Electrophoresis on the sample by

sodium dodecyl sulfate gel was performed, and the separated

protein was transferred to a PVDF membrane. The 5%

bovine serum albumin (BSA) was used to block the mem-

brane at room temperature for 1 h. Primary antibodies

included CD9 (1:2000), CD63 (1:1000), TSG101 (1:1000),

Calnaxin (1:1000), LC3B (1:1000), Beclin-1 (1:1000;

Abcam), P62 (1:1000), Cleaved caspase-3 (1:1000), Bcl-2

(1:1000), and GAPDH (1:5000). It was then incubated with

anti-rabbit IgG and anti-mouse IgG (1:2000) for 120 min and
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then visualized using enhanced chemiluminescence (ECL)

reagent. The bands were reacted, and the Image J software

determined the protein expression levels by densitometry.

Organizational Preparation
A potent dose of chloral hydrate was used to anesthetize

the rats and the cutting of the chest and abdomen skin

commenced. To fully expose the chest cavity, the xiphoid

was raised exposing the thoracic cavity along the ribs.

Then, clamping of the sternum with hemostatic forceps

forced it backwards to allow fixing of an empty needle into

the heart. At the right atrial appendage, a small gap was

cut to infuse ice-cold saline through the heart. Until the

viscera of the rat turned whitish, the process was halted

and to indicate that the blood was replaced by saline,

a colorless liquid was made to overflowed from the right

atrial appendage. To make the limbs and trunk of the rat

stiff, sustained perfusion with 4% paraformaldehyde was

conducted. While maintaining the integrity of the tissue,

the spine was removed, exposing the lamina and the spinal

cord was carefully separated. The portion of the spinal

cord between 1 cm from the head and the tail was taken.

Fixing and dehydration of the tissue was performed in 4%

paraformaldehyde for 24 h and 30% sucrose solution for

48 h respectively. Dehydration was considered to be thor-

ough when the tissue sank at the bottom of the container.

The tissue was then embedded in an OTC embedding

agent, and the frozen slice was sliced along the longitudi-

nal axis of the spinal cord. The slice thickness was 18 µm,

and it was placed on a polylysine-treated anti-offset slide.

For subsequent use, all slides were stored at −80 °C.

Immunofluorescence Staining of Immune

Cells and Tissues
Primary antibodies used in this study included MAP2

(1:200), LC3B (1:400), NeuN (1:800), and P62 (1:50),

and the secondary antibody was a Cy3- or FITC-

conjugated secondary antibody (1:200). First, cells or

spinal cord sections were disrupted in Triton X-100 PBS

solution (0.3%, w/v) for 20 min and then blocked with

native goat serum PBS solution (10%, v/v). Incubation of

the with primary antibody was conducted overnight at

4 °C, washed triplicately in PBS, and treated with second-

ary antibody for 2 h. To obtain a fluorescent image, the

nuclei were then stained with DAPI. All images for dif-

ferent exposure times and conditions were taken at the

same time.

TUNEL Staining
After the sections were fixed, ruptured, and blocked, they

were incubated at 37 °C for 1 h with the colorimetric TUNEL

reaction mixture (Promega), stained with DAPI, and analyses

conducted under a fluorescence microscope. Then calcula-

tion of the number of TUNEL-positive cells in each group

was conducted.

Statistical Analysis
SPSS 17.0 statistical software performed the statistical ana-

lysis, and the mean ± standard deviation was utilized as

a way to express the results. One-way analysis of variance

analyzed the differences between groups followed by

Bonferroni’s post hoc test. Differences with P ≤ 0.05 were

considered to be statistically significant.

Results
Identification and Uptake of BMSC-Exos
Exosomes were obtained from the BMSC culture super-

natants through ultrafiltration-centrifugation combined

with ultracentrifugation. After isolation and purification,

the BMSC nanoparticles were characterized by TEM,

NTA, and Western blot. TEM image suggests that the

BMSC nanoparticles have the typical exosomal structures

(Figure 1A). NTA suggests that the particle size distribu-

tion of these nanoparticles is between 30 and 150 nm

(Figure 1B), which is similar to that in other reports.

Furthermore, positive specific exosomal surface markers

CD9, CD63, and TSG101 can be found in BMSC-Exos

through Western blot (Figure 1C), which corroborates the

presence of exosomes. The above analyses suggest the

successful isolation and identification of the exosomes

extracted from BMSCs.

To further investigate whether neuronal cells can

absorb BMSC-Exos, in vitro incubation of Dil-Exos with

neuronal cells was performed, and fluorescence micro-

scopy was utilized to observe this uptake. After 24 h of

incubation, Dil-Exos were found to be taken up by neuro-

nal cells and transferred to the cytoplasm (Figure 1D). All

together, these findings indicate that neuronal cells can

take up BMSC-Exos. In vivo experiments demonstrated

that Dil-Exos can reach the site of spinal cord injury and

be absorbed by nerve cells after injection (Supplementary

Figure 1). In summary, these data show that BMSC-Exos

can be transmitted to the SCI area and be absorbed by

nerve cells.
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Identification of Primary Cultured

Neurons in vitro
MAP2 is specific for neurons and promotes assembly and

stability of microtubule networks; therefore, it is consid-

ered as a hallmark of mature neurons. Cells isolated from

neonatal rats exhibit neuronal morphology consisting of

cell bodies, dendrites, and axons, and express MAP2.

Culturing of primary neurons was performed until the

7th day; neuronal nuclei were identified by NeuN, and

neuronal axons were identified by MAP2 expression

(Supplementary Figure 2).

BMSC-Exos Induce Autophagy Activation

in vitro
Since autophagy is crucial for the protection against SCI,

the impact of BMSC-Exos on the activation of autophagy

was examined. To detect autophagy-related indicators,

neuronal cells were cultured with or without BMSC-

Exos. TEM results suggests that the was an increase in

the number of autophagosomes in BMSC-Exos-treated

cells compared to that in the Control group (Figure 2A

and B). For better understanding of autophagy, neurons

were transfected with mRFP-GFP-LC3 virus and the

autophagy flux was observed using a laser confocal micro-

scope. For this assay, autophagic lysosomes were labeled

with red fluorescence (red spots) and the autophagosomes

were labeled with red and green fluorescence (yellow

spots). There were more yellow and red spots in the

BMSC-Exos group than in the Control group (Figure 2C

and D). The autophagy-related proteins were detected by

Western blot. The results indicate that BMSC-Exos treat-

ment enhanced the expression of LC3BII and Beclin-1

autophagy-related proteins and decreased the expression

of the P62 protein (Figure 2E and F). BMSC-Exos was

found to be activated by autophagy in the neuronal cells.

Neuroprotective Effect of BMSC-Exos on

SCI
The BBB score evaluated the effect of BMSC-Exos treat-

ment on the motor recovery function after SCI. The find-

ings revealed that the recovery of motor function was

Figure 1 Identification and uptake of BMSC-Exos. (A) Representative TEM images of exosomes. (B) NTA to measure the particle size distribution of exosomes. (C) The

analysis of specific exosome surface markers by Western blot. (D) Uptake of the red fluorescence dye Dil-Exos in neurons.
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Figure 2 BMSC-Exos induce autophagy in neuronal cells in vitro. (A, B) TEM images of neuronal autophagosomes. Representative images show typical autophagosomes in

BMSC-Exos-treated neurons. (C, D) Laser confocal microscopy to observe the autophagy flux of mRFP-GFP-LC3-transfected neurons. Autophagosomes are marked with

red and green fluorescence (yellow spots) and autophagic lysosomes are marked with red fluorescence (red spots). Compared to the Control group, the BMSC-Exos group

has a higher number of yellow and red spots. (E, F) The expression of autophagy markers LC3II, Beclin-1, and P62 in neurons were detected. *p<0.05, relative to the

Control group.
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gradually improved in the BMSC-Exos and SCI groups

after 1 week of treatment. Compared to the SCI group, the

BBB score of the BMSC-Exos group continued to increase

significantly in 2–4 weeks after SCI (Figure 3A). Gait

analysis showed that the coordination of front paw and

hind paw movement was significantly decreased after SCI,

but compared to the SCI group, the gait recovery of the

BMSC-Exos-treated group was markedly accelerated and

the movement coordination was improved (Figure 3B).

Subsequently, neuronal apoptosis in the SCI area was

detected by TUNEL staining method. The TUNEL experi-

ment confirmed that the proportion of TUNEL-positive

neurons in the BMSC-Exos group was lower than that in

the SCI group on the third day after SCI (Figure 3C and

D). In addition, Western blot analysis showed an increase

in apoptosis-related proteins in the spinal cord after SCI.

The level of the proapoptotic protein cleaved caspase-3

was significantly decreased compared to the SCI group

and that of the antiapoptotic protein Bcl-2 was increased

in the BMSC-Exos group (Figure 3E and F). These results

indicate that BMSC-Exos treatment has a certain neuro-

protective effect on the injured spinal cord and assists in

the functional behavior recovery after SCI.

BMSC-Exos Induces Activation of

Autophagy After SCI
To investigate the activation of autophagy after BMSC-

Exos treatment, neurons were subjected to immunohisto-

chemical staining for LC3 and P62, and the number of LC3/

NeuN/DAPI and P62/NeuN/DAPI double-positive cells

was counted. Compared to the SCI groups, the cells in the

BMSC-Exos-treated group showed increased expression of

LC3 (Figure 4A and B) and decreased expression of P62

(Figure 4C and D), indicating that BMSC-Exos promoted

autophagy after SCI; this finding was corroborated by the

in vitro test results. The results of immunofluorescence

analysis were confirmed by Western blot analysis.

Compared to the SCI group, the LC3BII and Beclin-1

proteins expressions were increased in the BMSC-Exos

group on the third day after injury, while the expression of

the P62 protein was decreased (Figure 4E and F). These

results indicate that BMSC-Exos treatment promotes autop-

hagy of neuronal cells after SCI.

Discussion
SCI is a medical problem worldwide. Secondary injury has

a significant effect on SCI and is caused by various factors

including apoptosis, oxidative stress, inflammation and

autophagy.1,15 This present work is the first demonstration

that BMSC-Exos can suppress neuronal apoptosis enhan-

cing autophagy and improving the behavioral function of

rats. Briefly, the abundance of autophagy-related protein

LC3IIB and Beclin-1 were found to be increased by

BMSC-Exos, which also promoted the autophagosomes

formation. After BMSC-Exos treatment, there was notable

decline in the abundance of cleaved caspase-3 in SCI rats.

However, there was an upregulation in the level of Bcl-2.

Given the recent developments in transplantation treat-

ments, BMSCs are beneficial as they possess strong

self-renewal and differentiation ability, and also low immuno-

genicity, thus drawing immense interest.16 Previous reports

have shown that BMSCs have a unique neuroprotective effect

and can aid in the functional recovery after SCI.17 However, it

has also been suggested that only 1% of transplanted BMSCs

can be transferred to the desired target tissue, successfully. In

addition, after intravenous injection, a large number of trans-

planted BMSCs are trapped in the liver and lungs.18 Although

BMSC therapy is successful in several animal disease models,

there are still some underlying problems yet to be solved

before the translation of this approach into clinical applications

due to the great physiological differences between animals and

humans.

Exosomes produced from many cell-types contain sur-

face antigens which vary depending on the source cell.8

The vesicles facilitate cell-to-cell communication based on

bioactive lipids, proteins and RNA. Numerous studies

indicate that that various types of MSC-Exos play a role

in cell protection, angiogenesis, antiapoptosis and inflam-

mation regulation.19 BMSC-Exos have been utilized in

numerous fields including immunological diseases, cardi-

ovascular diseases, kidney damage, nervous system dis-

eases and tumors.20,21 In regeneration medicine, exosomes

may have an edge over stem cells because they are limited

by direct stem cell transplantation.22 The transplantation

therapy of stem cell probably functions through

a paracrine mechanism. Hence, we postulated that direct

transplantation of BMSC-Exos can remove the impedi-

ments brought as a result of direct inoculation of stem

cell therapy. First, we successfully extracted BMSCs and

prepared highly concentrated dispersions of exosomes

from the supernatant of stem cells. NTA findings indicated

that the exosomes have a diameter of 30–150 nm and these

results were confirmed by TEM and exosomal CD63,

CD9, and TSG101.
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Figure 3 BMSC-Exos promote functional behavior recovery after SCI and reduce neuronal apoptosis. (A) BBB scores at different time points after SCI (n=8/group). (B)
Representative footprint of animal walking at 28 days after SCI (n=5/group). Blue: paw print of the front paw; red: paw print of the hind paw. (C, D) TUNEL staining showed

that TUNEL-positive neurons in the BMSC-Exos group were markedly reduced compared to that of the SCI group. A typical photomicrograph of a TUNEL-positive neuron

is shown (Injured area). (E, F) The expression of apoptosis-related protein after SCI. Relative to the SCI group, the level of cleaved caspase-3 was significantly decreased and

that of Bcl-2 was increased in the BMSC-Exos group. *p<0.05, relative to the Sham group; #p<0.05, relative to the SCI group.
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Figure 4 BMSC-Exos induce activation of autophagy after SCI. (A, B) The number of LC3/NeuN/DAPI double-positive neurons were observed under a fluorescence

microscope (area around injury). Compared to the BMSC-Exos group, the LC3-positive neuronal cells in the SCI group were significantly reduced. (C, D) The number of

P62/NeuN/DAPI double-positive neurons were observed under a fluorescence microscope (area around injury). Compared to the SCI group, the number of P62-positive

neurons in the BMSC-Exo group was significantly reduced. (E, F) Autophagy-related proteins were detected 3 days after SCI by Western blot. Compared to the SCI group,

the expression of LC3BII and Beclin-1 proteins in the BMSC-Exos group was increased, while that of the P62 protein was decreased. *p<0.05, compared to the Sham group;
#p<0.05, relative to the SCI group.
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The developmental process of SCI is complex, and

apoptosis is a major process of secondary injury of SCI.

After neuronal injury, there was an upregulation of the

expression of the proapoptotic protein cleaved caspase-3,

while there was a downregulation of the antiapoptotic pro-

tein Bcl-2.23,24 To verify the BMSC-Exos protective effect

on neurons after SCI, we evaluated the extent of neuronal

apoptosis after SCI by TUNEL staining in vivo. As

expected, the apoptosis of injured spinal cord cells was

found to be effectively prevented by BMSC-Exos according

to findings from in vivo TUNEL experiments. Western blot

results showed the downregulation of the expression of

proapoptotic markers in the injured spinal cord, while that

of antiapoptotic markers was upregulated, thus further con-

firming our results. The BBB score and gait analysis also

showed that the gait recovery of the animals after BMSC-

Exos treatment was significantly accelerated, and the move-

ment coordination improved, indicating that BMSC-Exos

accelerates the motor function restoration after SCI.

Recent studies show that autophagy influences the

recovery of motor function following SCI.25,26 It is also

involved in numerous neurodegenerative illnesses as well

as in ischemic and traumatic brain damage.27 Several stu-

dies show that autophagy is essential to the regulation of

cell homeostasis as it acts as a quality control process for

cellular biomolecules.28 Cells develop adaptive and protec-

tive mechanisms to survive due to cellular stress-induced

autophagy. After autophagy, LC3IIB and Beclin-1 were

upregulated and P62 expression was downregulated.29–31

Numerous reports have suggested that in the models of

trauma-based brain injury in rats, a reduction in cell damage

can be induced by an increase in autophagy by treating the

components of the lesion.32 Notably, that self-protection

mechanism induced by autophagy is thought to be induced

by traumatic SCI in several experimental model of cell

injury.13 Baixauli et al discovered that exosomes with are

very important for maintaining RNA homeostasis and intra-

cellular protein due to their special ability to utilize both

autophagy-lysosomal pathways for the elimination of intra-

cellular stress conditions.33 However, there is no report

indicating if BMSC-Exos can cause autophagy to target

cells so as to avert tissue damage. In our work, co-

incubation of BMSC-Exos induced autophagy was found

when in vitro electron microscopy and mRFP-GFP-LC3

lentiviral transfection tests were conducted. To further

understand the mechanism of BMSC-Exos-induced autop-

hagy, in vivo immunofluorescence experiments confirmed

that BMSC-Exos can effectively increase the expression of

LC3 and downregulate the expression of P62, further con-

firming our in vitro results. The BMSC-Exos was found to

increase the expression of autophagy-related proteins

LC3IIB and Beclin-1 and decrease the expression of P62

on the third day after SCI after Western blot test.

Taken together, this is the first demonstration that

BMSC-Exos can attenuate neuronal apoptosis by promot-

ing autophagy in the early stage and promote the potential

therapeutic effect of functional behavior recovery in SCI

rats. Therefore, these findings expand the knowledge and

form a realistic route for the future treatment of SCI by

BMSC-Exos.
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