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Background: Transplantation of exosomes derived from mesenchymal stem cells (MSCs-Exo) can improve the recovery of
neurological function in rats after traumatic brain injury (TBI). We tested a new hypothesis that brain-derived
neurotrophic factor (BDNF)-induced MSCs-Exo can effectively promote functional recovery and neurogenesis
in rats after TBI.

Material/Methods: BM-MSCs of rats were extracted by whole bone marrow culture, BDNF was added to BM-MSCs as an interven-
tion, supernatant was collected, and exosomes were separated and purified by ultracentrifugation. Exosomes
were identified by Western blot (WB), transmission electron microscopy (TEM), and particle size analysis and
were subsequently used in cell and animal experiments. The experimental animals were divided into a sham
group, a PBS group, an MSCs-Exo group, and a BDNF-induced MSCs-Exo group (n=12). An electric cortical con-
tusion impactor (eCCl) was used to cause TBI in all rats except the sham group. We investigated the recovery
of sensorimotor function and spatial learning ability, inflammation inhibition, and neuron regeneration in rats
after TBI.

Results: Compared with the MSCs-Exo group, the BDNF-induced MSCs-Exo group showed better effects in promoting
the recovery of sensorimotor function and spatial learning ability. BDNF-induced MSCs-Exo successfully inhib-
ited inflammation and promoted neuronal regeneration in vivo and in vitro. We further analyzed miRNAs in
BDNF-induced MSCs-Exo and MSCs-Exo and found that the expression of miR-216a-5p in BDNF-induced MSCs-
Exo was significantly higher than that in MSCs-Exo as determined by qRT-PCR. Rescue experiments indicated
that miR-216a-5p had a similar function as BDNF-induced MSCs-Exo.

Conclusions: We found that BDNF-induced MSCs-Exo can improve cell migration and inhibit apoptosis better than MSCs-
Exo in rats after TBI, and the mechanism may be related to the high expression of miR-216a-5p.
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ANIMAL STUDY

Background

Due to increasing socio-economic development and motor vehi-
cle injuries, as well as for other reasons, the incidence of trau-
matic brain injury (TBI) is increasing every year [1,2]. TBI is ex-
pected to be the third most expensive disease by 2020 [3]. TBI
therapy has always been a medical puzzle due to the difficul-
ty in central nervous system regeneration, the complex patho-
logical mechanism, and severe secondary injury. Regeneration
after neuronal injury is the most difficult problem in TBI ther-
apy. To effectively treat TBI, problems such as nerve regen-
eration, inflammation, and oxidative stress must be solved.

In recent years, in-depth research on stem cells and exosomes
has led to new perspectives on the treatment of TBl. MSCs
are the focus of stem cell research, and many studies have
confirmed that mesenchymal stromal cells (MSCs) and exo-
somes derived from mesenchymal stem cells (MSCs-Exo) can
restore neuronal function after TBI [4-6]. Exosomes are ex-
tracellular vesicles formed by endocytosis, with a diameter of
30-100 nm. Exosomes are effective transmitters of intercel-
lular communication, especially for the transmission of small
molecules between cells. The cargos of exosomes are collec-
tions of proteins, lipids, mRNAs, microRNAs (miRNAs), and oth-
er substances that are transported to other cells to influence
their functions and physiological states [7,8]. MSCs-Exo can
improve functional recovery after TBI, rescue cognitive impair-
ments, promote neurogenesis and angiogenesis, and reduce
neuroinflammation in animal models of TBI [9-11]. Although
MSCs-Exo cannot proliferate, they have some advantages over
stem cells due to their low immunogenicity, easy storage and
transportation, and free passage through blood vessels and
the blood-brain barrier [9,12]. Brain-derived neurotrophic fac-
tor (BDNF) is one of the most widely distributed neurotrophic
factors in the brain. BDNF can promote the growth of neurons
and reduce the loss of neurons, as well as inducing the differ-
entiation of neural stem cells and MSCs into neurons [13-15].

Studies have shown that the secretion and composition of
exosomes are related to the intracellular environment or cul-
ture environment [16]. We speculated that MSCs-Exo can treat
nerve injury after BDNF stimulation. In this study, we specu-
lated that BDNF could induce more miRNAs with anti-inflam-
matory and neural regeneration characteristics in MSCs-Exo.

Material and Methods

Extraction and culture of rat bone marrow MSCs and
exosome extraction

Rats were anesthetized with 4% chloral hydrate (7 ml/kg) and
disinfected with 75% ethanol for 5 min. Femurs and tibias
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were isolated under aseptic conditions, the muscle attached
to the bone was removed, and the bone marrow cavity was
exposed at the metaphyseal ends of both ends of the bone.
Bone marrow was flushed by low glucose-Dulbecco’s modified
Eagle’s medium (L-DMEM) culture. The obtained cell suspen-
sion was centrifuged at 1000 rpm for 5 min, and the superna-
tant was discarded. The pellet was suspended in L-DMEM con-
taining 10% fetal bovine serum (FBS) (Excel Scientific, USA) in
a 37°C and 5% CO, incubator. The morphology of MSCs was
observed under a microscope. After the adherent cells reached
80~90% confluence, the adherent cells were considered PO cells.
The cells were digested with 0.25% trypsin and passaged at a
ratio of 1: 2 and stored. P3 MSCs that had been identified by
immunofluorescence (Supplementary Figure 1) were used for
the experiment, and the cell density was adjusted to 1x108/L,
which were divided into 2 groups. Exosome-free serum (Excel
Scientific, USA) was used for culturing, BDNF (Bioss, Beijing,
China) (30 ng/mL) was added to one group, and the superna-
tant was collected after culturing for 48 h.

The animal experiments were conducted at the animal labora-
tory of the Special Medical Center of PAP (Tianjin, China). The ex-
perimental protocol was approved by the Ethics Committee
of the Armed Police Characteristic Medical Center (approval
number 2017-0021.

Exosome extraction

Exosomes were extracted by ultracentrifugation [17]. The col-
lected cell culture supernatant was centrifuged at 2 000 g at
4°C for 20 min, and the precipitate was discarded. The super-
natant was centrifuged at 10 000 g at 4°C for 30 min, and the
precipitate was discarded. The supernatant was centrifuged
at 100 000xg for 70 min at 4°C, and the supernatant was dis-
carded. The precipitate collected by resuspending in PBS was
centrifuged again at 4°C for another 70 min at 120 000 g and
resuspended in 50 pL PBS to obtain the exosome suspension,
which was stored at -80°C for future use.

Establishment of the cell damage model

PC12 (Bena Culture Collection, Beijing, China) cells in logarith-
mic growth phase were collected, and the cell density was ad-
justed to 1x10%/L. The cells were inoculated into 6-well plates
in 4 groups. BDNF-induced MSCs-Exo was added to the first
group, and MSCs-Exo was added to the second group. The total
exosome protein concentration of both groups was 50 pg/ml|,
and an equal volume of PBS was added to the last 2 groups.
The medium was changed with RPMI 1640 medium after 24 h,
and the medium contained 0.521 mmol/L H,0,, with the ex-
ception of the last group. H,0, was used to induce apoptosis,
as described previously [18].
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Cell proliferation assay

CCK-8 is a widely used method for detecting cell prolifera-
tion [19]. Ten hours after the cell damage, 10 pl Cell Counting
Kit-8 (CCK-8) (Biosharp Life Sciences, Hefei, China) reagent
was added to each well, and the optical density was mea-
sured at 450 nm. The results are expressed as a ratio to the
control group values.

Determination of SOD and ROS

Superoxide dismutase (SOD) and reactive oxygen species
(ROS) were tested according to the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
SOD is expressed in units of U/mg protein, and ROS are ex-
pressed as the ratio to the control group values.

TdT-mediated dUTP nick-end labeling (TUNEL) staining

TUNEL staining was performed 10 h after the cell damage,
according to the protocol of the TUNEL kit (Keygen Biotech,
Nanjing, China). Sections of the central part of the brain tis-
sue injury in each group were obtained for TUNEL staining.
Six high-magnification fields were randomly selected from the
stained sections. The calculated stained cell count was used
for statistical analysis.

Scratch wound-healing assay

PC12 cells were plated into 6-well plates, and 2 horizontal and
2 vertical lines were scratched on the bottom of the plates
with a sterile 10-pl micropipette tip after the cells were con-
fluent. After the cells were washed with phosphate-buffered
saline (PBS), RPMI 1640 medium without FBS was added to
the 6-well plate. MSCs-Exo and BDNF-induced MSCs-Exo were
added to the culture medium in the first group and the sec-
ond group, and the concentration of exosomes was 50 pg/ml.
An equal volume of PBS was added to the third group. Images
of the same view were obtained under a microscope at 0, 6,
12, and 24 h after the scratch was made. The obtained imag-
es were analyzed using Image) software.

Establishment of animal models

The TBI model was established by the electric cortical contusion
impactor (eCCl) (CDF, USA). The specific methods were as in
previous studies [20,21]. Adult male Sprague-Dawley (SD) rats
(weight 220-250 g) were anesthetized with 4% chloral hydrate
(7 ml/kg) by intraperitoneal injection. The skull was exposed,
a bone flap with a diameter of 8 mm was removed from the
parietal bone, the bone flap was 3 mm from the sagittal su-
ture and herringbone suture, and the dura mater was protected
during the operation. The eCCl strike parameters were set as
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follows: 4 m/s strike speed, 2.5 mm strike depth, and 200 ms
strike dwell time. The bone flap was removed without strik-
ing in the sham group (n=12), and the other 3 groups (n=12)
were struck with the above parameters. Twenty-four hours af-
ter surgery, 0.5 ml PBS was injected into each rat through the
tail vein, and the PBS of the MSCs-Exo group and the BDNF-
induced MSCs-Exo group contained 100 pg exosomes (total
protein) [6,11]. Rats were sacrificed on days 3 (n=3), 7 (n=3),
and 35 (n=6) for the corresponding experiments.

Neurobehavioral assessment

Modified neurological severity score (MNSS) mNSS tests were
performed on all rats preinjury and at 1, 7, 14, and 28 days
after TBI. This test included a motion test, sensation test, and
reflection test. The possible test scores were 0-18, and the
higher the score, the more severe the functional deficiency.

Morris water maze (MWM)

This test was performed using a previously described proto-
col [22]. The MWM test was performed 31-35 days after TBI,
4 times a day. The water in a swimming pool with a diameter
of 1.8 meters inside the maze was dyed black with ink. A hid-
den platform with a diameter of 12 cm was placed under the
water. During the test, the experimental conditions were strict-
ly controlled, including the starting time each day and the tem-
perature of the water in the pool (25+1°C). A dim light and
quiet environment were ensured, and all tests were carried
out by the same experimenter. The pool was divided into 4
equal quadrants, and the rats were placed in the pool from
the midpoint of each quadrant near the arc. The rats swam
for 90 s or until they found the platform. If the rat could find
the platform within 90 s, it was allowed to remain on it for
10 s. If the rat could not find the platform within 90 s, it was
placed on the platform for 10 s. On the 5% day of the MWM
test, the underwater platform was removed, and the swim-
ming track of the rats in the pool was recorded. The track of
rats in the swimming pool was recorded by camera and an-
alyzed using a professional software system (Ethovision 2.0,
Noldus, Wageningen, the Netherlands).

Brain tissue preparation

The rats were anesthetized with 4% chloral hydrate, and the
heart was perfused with normal saline, followed by perfusion
with 4% paraformaldehyde. The skin and skull were cut lay-
er by layer to expose the brain tissue and carefully remove it.
The brain tissue was soaked in 4% paraformaldehyde for
24-48 h. After dehydration, the brain tissue was embedded
with paraffin, and then brain slices (5 pm thick) were cut from
the damaged area and the hippocampus.
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Immunofluorescent staining

To identify new immature neurons in rats, we collected brain
tissue sections of rats 7 days after TBI and labeled them with
doublecortin (DCX) (Bioss, Beijing, China) for immunofluores-
cence staining. We also identified immature and mature neu-
rons in the injured peripheral areas and the dentate gyrus of
the hippocampus. After dewaxing and rehydration, the sec-
tions were boiled in citric acid buffer (pH 6) for 10 min. Slices
were processed with 0.1% Triton X-100 for 15 min. Sections
were incubated with 5% BSA in PBS. Sections were incubated
overnight with rabbit anti-DCX (1: 200) (Bioss, Beijing, China)
at 4°C. After washing with PBS, goat anti-rabbit antibody (Alex
Fluor 488, 1: 500) (Bioss, Beijing, China) was added, followed
by incubation for 2 h. After washing with PBS, sections were
incubated with DAPI (Bioss, Beijing, China) for 10 min at room
temperature. The sections were then sealed with glycerin and
observed under a fluorescence microscope.

MiRNA analysis

To determine microRNA (miRNA) expression, total RNA was ex-
tracted from MSCs-Exo and BDNF-induced MSCs-Exo. RNA was
converted to cDNA using the QuantiMir RT system. miRNA ex-
pression levels were analyzed by quantitative real-time poly-
merase chain reaction (QRT-PCR) using the QuantiMir System
(TransGen Biotech, Beijing). cDNAs were mixed with SYBR
Green Mastermix (TransGen Biotech) and a universal reverse
primer. Specific primers (1 pl) were added to each gPCR plate.
The expression levels of each mature miRNA were evaluat-
ed using the comparative threshold cycle (Ct) method (272%).
Glyceraldehyde-3-phosphate dehydrogenase 9 (GAPDH) was
used as the internal control.

RNA transfection

RNA transfection was performed by lentivirus transfection [23].
Lentivirus containing X rat pre-miR-216a-5p was purchased
from GenePharma (Shanghai, China). When the cell density
reached 40%, the cells were transfected according to the man-
ufacturer’s instructions, and the cells were harvested at 48 h
for gRT-PCR analysis and cell function testing.

Western blot analysis

This assay was performed using a previously described pro-
tocol [24]. The bicinchoninic acid (BCA) protein assay kit was
used to quantify the protein concentration after total protein
was extracted. The proteins were denatured by boiling and
separated by 10% sodium dodecy! sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to a poly-
vinylidene fluoride (PVDF) membrane. The PVDF membrane
was soaked in 10% fat milk for 1 h at room temperature.
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The antibody (Bioss, Beijing, China) (1: 1000) was dissolved
in 5% fat milk and incubated overnight with the PYDF mem-
brane at 4°C. The next day, the corresponding secondary anti-
body (Bioss, Beijing, China) (1: 5000) was incubated at room
temperature for 1 h. The PVDF membrane was visualized by
enhanced chemiluminescence reagent.

Statistical analysis

The results are all expressed as the mean+standard error (SEM).
SPSS version 19.0 software (IBM, Chicago, IL, USA) was used
for data analysis. One-way analysis of variance (ANOVA) was
used for statistical comparison, and Fisher’s post hoc multi-
ple comparison test was used. P<0.05 was regarded as sta-
tistically significant.

Results

Characterizations of MSCs-Exo and BDNF-induced
MSCs-Exo

To understand the characteristics of exosomes, we evaluat-
ed the exosomes by transmission electron microscopy (TEM),
Western blot (WB), and nanoparticle tracking analysis (NTA).
TEM showed that exosomes were flat vesicular structures with
a diameter of 30-150 nm, and there was no significant dif-
ference in morphology between MSCs-Exo and BDNF-induced
MSCs-Exo (Figurte 1A, 1B). WB analysis showed that the exo-
some markers CD63 and CD9 were positively expressed in
MSCs-Exo and BDNF-induced MSCs-Exo (Figure 1C). NTA detec-
tion showed that the concentration of MSCs-Exo was 8.31x108
particles/frame after being diluted 10 times, with a peak val-
ue of 110 nm (Figure 1D). The concentration of BDNF-induced
MSCs-Exo was 9.0x108 particles/frame after being diluted 10
times, with a peak value of 118 nm (Figure 1E). There were no
significant differences in the concentration and diameter dis-
tribution between the MSCs-Exo and BDNF-induced MSCs-Exo.

BDNF-induced MSCs-Exo significantly enhanced migration
and inhibited oxidative stress injury in PC12 cells

PC12 cells can be used as neuronal model cells in neurobiology
experiments. To verify the effect of BDNF-induced MSCs-Exo on
the proliferation and migration of neurons, we conducted a se-
ries of experiments with PC12 cells. Compared with MSCs-Exo,
BDNF-induced MSCs-Exo significantly promoted the migration
of PC12 cells at 12 and 24 h (Figure 2A). After H,0, treatment,
the viability of PC12 cells decreased in each group, and the vi-
ability of PC12 cells pretreated with BDNF-induced MSCs-Exo
was significantly higher than that of other groups (Figure 2B).
Compared with those of the control group, the SOD values of
PC12 cells treated with H,0, decreased significantly. Compared

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€920855-4




Xu H. et al.:
Protective effect of mesenchymal stromal cell-derived exosomes...
© Med Sci Monit, 2020; 26: €920855

ANIMAL STUDY

D
20
Peak=110 nm
2 154
e
= 104
:
xR 54
0 T v T T 1
0 100 200 300 400 500

Particle diamete (nm)

MSCs-Exo BDNF*MSCs-Exo

(D63

l —— —

E

20 9

Peak=118 nm

Z 154
g
5 104
:
x5+

0 —

0 100 200 300 400 500

Particle diamete (nm)

Figure 1. Characterizations of exosomes. (A, B) Transmission electron microscopy (TEM) image of MSCs-Exo and BDNF-induced MSCs-
Exo (BDNF*MSCs-Exo) (scale bar: 100 nm). (C) Both CD9 and CD63 were positively expressed in MSCs-Exo and BDNF-induced
MSCs-Exo as determined by Western blot assay. (D, E) The peak of MSCs-Exo diameter was 110 nm, and the peak of BDNF-
induced MSCs-Exo diameter was 118 nm as detected by NTA. There were no significant differences in the concentration and
diameter distribution between MSCs-Exo and BDNF-induced MSCs-Exo.

with that of the PBS group, the SOD activity of the MSCs-Exo
and BDNF-induced MSCs-Exo groups increased significantly,
and the increase in the BDNF-induced MSCs-Exo group was
more significant, close to that in the control group (Figure 2C).
Compared with the levels in the control group, the ROS lev-
els increased significantly in each group after treatment with
H,0,. Compared with those in the PBS group, the ROS lev-
els in the MSCs-Exo and BDNF-induced MSCs-Exo groups de-
creased significantly, and the decline was more obvious in the
BDNF-induced MSCs-Exo group (Figure 2D). To verify the ef-
fect of BDNF-induced MSCs-Exo on neuronal apoptosis, TUNEL
staining was performed on PC12 cells and brain tissue. In the
sham group without H,0,, only a few cells were apoptotic,
while cells in the 3 groups treated with H,0, were significant-
ly more apoptotic than those in the sham group. There were
significantly fewer TUNEL-positive cells in the BDNF-induced
MSCs-Exo group than in the PBS group and MSCs-Exo group,
indicating that BDNF-induced MSCs-Exo had an obvious anti-
apoptotic effect (Figure 2E, 2F).
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BDNF-induced MSCs-Exo significantly promoted the
recovery of sensorimotor function and spatial learning
function in rats after TBI

After training and learning to find the platform in the MWM
test, the shorter the time the rats spent finding the platform,
the better their spatial learning ability. On the third and fourth
days of training, all rats spent significantly less time finding the
hidden platform. The time needed for the BDNF-induced MSCs-
Exo and MSCs-Exo rats to find the hidden platform was signif-
icantly shorter than in the PBS group, and the BDNF-induced
MSCs-Exo group took the shortest time (Figure 3A, 3B). On
day 5 of the test (35 days after TBI), after the platform was re-
moved, rats in the BDNF-induced MSCs-Exo group spent signif-
icantly more time in the area around the platform (Figure 3C).
From the first day after TBI, we used the mNSS to evaluate
the neurological function of rats, and the higher the score,
the more serious the functional injury. On the first day after
TBI, the mNSS of the rats was approximately 12 points, which
gradually decreased in subsequent tests. From day 7, the mNSS
of the BDNF-induced MSCs-Exo group was the lowest among
the injury groups (Figure 3D). The results showed that both
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Figure 2. BDNF-mediated MSCs-Exo significantly enhanced migration and inhibited oxidative stress injury and apoptosis in PC12 cells.
(A) Both MSCs-Exo and BDNF*MSCs-Exo promoted cell migration after cell scratch (scale bar: 100 um). (B) BDNF*MSCs-
Exo significantly increased the viability of PC12 cells after oxidative stress injury (n=>5). (C, D) BDNF*MSCs-Exo significantly
increased SOD activity and decreased ROS levels after oxidative stress injury (n=5). (E) Apoptosis of PC12 cells was detected
by TUNEL staining after H,0, injury (scale bar: 100 um). (F) The average TUNEL+cell number at high magnification (n=6).
* Mean significant difference vs. the PBS group (* P<0.05, ** P<0.01). # Mean significant difference vs. the MSCs-Exo group
(* P<0.05).
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Figure 3. BDNF-induced MSCs-Exo significantly promoted the recovery of sensorimotor function and spatial learning function, and
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BDNF-induced MSCs-Exo inhibited cell apoptosis and promoted neuron regeneration in rats after TBI. (A) The movement
path diagram of the rats in the water maze was analyzed by the software after 4 days of training in the water maze.

(B) BDNF-induced MSCs-Exo significantly improved the spatial learning ability of TBI rats (n=6). (C) The time rats swam
around the platform after removing the platform (n=6). (D) The mNSS test indicated that rats in the BDNF-induced MSCs-
Exo group recovered better than those in the MSC-Exo group (n=6). (E) The apoptosis of brain cells in the BDNF-induced
MSCs-Exo group was significantly less than that in the MSC-Exo group, as detected by TUNEL staining after TBI (scale bar:
200 um). (F) The average TUNEL+cell number at high magnification (n=6). (G) The expression of DCX+cells in brain tissues
was observed 7 days after TBI in rats (scale bar: 100 um). (H) The average number of DCX+cells at high magnification (n=6).
* Mean significant difference vs. the PBS group (* P<0.05, ** P<0.01). # Mean significant difference vs. the MSCs-Exo group
(* P<0.05).
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Figure 4. The high expression of miR-216a-5p in BDNF-induced MSCs-Exo inhibited inflammation and promoted neurogenesis. (A) Fold
changes in miRNA expression within EVs between MSCs-Exo and BDNF-induced MSCs-Exo (n=5 per group). (B) Apoptosis of
PC12 cells was detected by TUNEL staining after H,0, injury (scale bar: 200 um). (C) The average TUNEL+cell number at high
magnification (n=6). (D) According to miRBase, NEUROG?2 is the downstream target protein of miR-216a-5p. (E) Western blot
analysis of HMGB1 in PC12 cells. (F) Quantitative data of HMGB1 levels were normalized to the relevant B-actin levels (n=4).
(G) Western blot analysis of NEUROG2 in PC12 neural stem cells. (H) Quantitative data of NEUROG2 levels were normalized
to the relevant B-actin levels (n=4). * Mean significant difference vs. the PBS group (* P<0.05, ** P<0.01). # Mean significant

difference vs. the MSCs-Exo group (* P<0.05).

MSCs-Exo and BDNF-induced MSCs-Exo could improve spatial
learning ability and motor ability in rats after TBI. The BDNF-
induced MSCs-Exo were more beneficial to the recovery of
spatial learning ability and motor function than MSCs-Exo.

BDNF-induced MSCs-Exo inhibited cell apoptosis and
promoted neuron regeneration after TBI in rats

Only a few cells in the sham group were TUNEL-positive in
brain tissue sections, while the other 3 groups had a large num-
ber of TUNEL-positive cells (Figure 3E). The number of TUNEL-
positive cells was calculated by observing 5 random fields un-
der 200x magnification (Figure 3F). DCX is a protein expressed
in immature neurons and is often used as a marker of imma-
ture neurons. We collected images of DCX-positive cells from
the subcortex of the injured side of the brain. The number of
DCX-positive cells in the BDNF-mediated MSCs-Exo group was
significantly higher than that in the other groups 7 days af-
ter TBI (Figure 3G). Similarly, the number of DCX-positive cells
was calculated by observing 5 random fields under 200x mag-
nification (Figure 3H). The results showed that BDNF-induced
MSCs-Exo were better than MSCs-Exo at inhibiting apoptosis
and increasing immature neurons.

The high expression of miR-216a-5p in BDNF-induced
MSCs-Exo inhibited apoptosis and increased immature
neurons

To verify whether the role of BDNF-induced MSCs-Exo in in-
hibiting apoptosis and increasing immature neurons is relat-
ed to miRNA, both MSCs-Exo and BDNF-induced MSCs-Exo
microRNAs were assayed for the levels of 22 selected miRNAs
scientifically demonstrated to play a role in neuroprotective ef-
fects (Supplementary Table 1). According to the detection re-
sults, the expression levels of miR-92b-3p, miR-132, miR-133b,
miR-210, miR-214, and miR-216a-5p in BDNF-induced MSCs-
Exo were higher than those in MSCs-Exo (Figure 4A). The ex-
pression of miR-216a-5p in the BDNF-induced MSCs-Exo group
was significantly increased (3.32 times that of the MSC-Exo
group). Due to the high expression of miR-216a-5p in BDNF-
induced MSCs-Exo, we designed experiments to verify whether
the role of BDNF-induced MSCs-Exo neurogenesis is related to
miR-216a-5p. We transfected pre-miR-216a-5p into PC12 cells
to test the repair ability after oxidative stress injury.

HMGBT1 is a protein that promotes inflammation, and it is a
downstream target protein of miR-216a-5p [25]. miR-216a-5p
can protect cells from oxidative stress induced by H,0, by
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targeting HWGB1/NF-xB pathways [25]. mir-216a-5p can in-
hibit apoptosis after oxidative stress induced by H,0, in PC12
cells (Figure 4B, 4C). PC12 cells in each group were extracted
for the WB test, and HMGB1 expression in the miR-216a-5p
and BDNF-induced MSCs-Exo groups was significantly lower
than that in the PBS group (Figure 4E, 4F).

The expression of endogenous neurogenin-2 (NEUROG2) was in-
vestigated as a downstream target of miR-216a-5p (Figure 4D).
NEUROG?2 is a protein that inhibits apoptosis and promotes
neurogenesis [26]. The WB test showed that the expression of
NEUROG2 in NSCs significantly increased after miR-216a-5p
and BDNF-induced MSCs-Exo intervention compared to the
control group (Figure 4G, 4H).

Discussion

MSCs-Exo have been shown to have therapeutic benefits in
stroke, TBI, and other neurodegenerative diseases [6,27-29].
As stem cells, MSCs are capable of producing large numbers
of exosomes. The quality and quantity of exosome production
is not compromised by immortalization to create a permanent
MSC cell line [30]. Because lipid membranes protect their bio-
logical activity, MSCs-Exo reduce the difficulty of keeping cells
alive and functioning for storing and delivering them to pa-
tients. Exosomes carry proteins and genetic material with bio-
chemical potential to participate in a variety of biochemical
and cellular processes, so MSCs-Exo are an ideal and prom-
ising drug carrier.

Exosomes transfer proteins and RNA to target cells and then
alter the function of recipient cells. When studying the mecha-
nism of exosomes, some scholars have focused on the changes
in miRNA in exosomes. miR-124-3p was increased in microgli-
al exosomes after TBI, which inhibited neuronal inflammation
and promoted the outward growth of neurites [3]. The exo-
somes of astrocytes pretreated with oxy-glucose deprivation
(OGD) showed high expression of miR-92b-3p and attenuated
OGD-induced neuronal death and apoptosis [31]. Treatment
of stroke with customized exosomes rich in miR-17-92 clus-
ters can increase neuroplasticity and functional recovery af-
ter stroke [32]. MSCs-Exo can regulate the outward growth of
neurites by transferring miR-133b to neurons [33]. The mech-
anism of exosomes is closely related to the miRNA contained
in exosomes.

In this study, the data showed that BDNF-induced MSCs-Exo
are superior to MSCs-Exo in promoting migration and inhib-
iting apoptosis. Since exosome secretion is related to the cell
environment, we hypothesized that the contents of MSCs-Exo
undergo neurogenesis-beneficial changes due to the interven-
tion with BDNF. Because the mechanism of exosomes may be
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related to miRNAs, we assessed miRNAs contained in BDNF-
induced MSCs-Exo and MSCs-Exo by qRT-PCR, showing that
the levels of miR-216a-5p were significantly increased in BDNF-
induced MSCs-Exo, as determined by qRT-PCR. Previous stud-
ies have shown that miR-216a-5p inhibits inflammation in var-
ious ways [34,35]. Moreover, we found that pre-miR-216a-5p
could inhibit the inflammation of PC12 cells. Pre-miR-216a-5p
partially replicated the effects of BDNF-induced MSCs-Exo
in promoting migration and inhibiting apoptosis. Therefore,
we speculate that the mechanism by which BDNF-mediated
MSCs-Exo promotes migration and inhibits apoptosis involves
miR-216a-5p.

BDNF is a neuroprotective protein, but it cannot effectively
cross the blood-brain barrier due to its large molecular weight,
which limits its clinical application. Since the double lipid mem-
brane of exosomes is derived from cells, they can freely cross
the blood-brain barrier and can be used as an effective car-
rier of nervous system drugs. In this study, we first included
the substances that BDNF may be beneficial to for the ner-
vous system in exosomes and then used the exosomes in TBI
rats to obtain therapeutic effects. At present, no studies have
been conducted on the role of exosomes after BDNF interven-
tion in MSCs. Our study provides a novel approach for the clin-
ical application of BDNF and other large molecules that have
difficulty crossing the blood-brain barrier.

Although we speculated that the mechanism by which BDNF-
induced MSCs-Exo improve cell migration and inhibit inflam-
mation might be related to miR-216a-5p and its downstream
target proteins, miR-216a-5p could not completely recapit-
ulate the effects of BDNF-induced MSCs-Exo from the data.
Exosomes contain components that are too complex for us
to fully analyze their composition and bioactivity. Some oth-
er components in exosomes could also have neurogenic and
anti-inflammatory effects, and, due to their relatively weak ef-
fects and complex types, we did not focus on them.

Conclusions

Our study demonstrated that BDNF-induced MSCs-Exo can
improve cell migration and inhibit apoptosis, which was con-
firmed by in vivo and in vitro experiments. Although there are
no clinical trials to verify this result, it also provides a new di-
rection for the treatment of TBI. This is an alternative to stem
cell therapy because exosome therapy avoids the ethical is-
sues, as well as tumorigenic, thrombotic, and other issues as-
sociated with cell therapy.
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Supplementary Figure 1. Immunofluorescence identification of MSCs. MSCs expressed CD90 positively.

Supplementary Table 1. The selected 22 miRNAs have been scientifically proven to play a role in neuroprotective effects.
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