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ABSTRACT

EXs (Exosomes) secreted by mesenchymal stem cells (MSCs) have the potential to treat spinal cord
injury (SCI), this study aimed to further explore the therapeutic effect of EXs on SCI. Firstly, EXs
were extracted from MSCs and analyzed with a transmission electron microscope. Next, MSCs with
or without the miR-145-5p plasmid were injected into the SCI rat model, and then rat damage was
evaluated by BBB score, HE staining and Nissl staining. And then Luciferase experiment verified
the targeting relationship between miR-145-5p and TLR4. Furthermore, LPS-induced PC12 cells
were established and incubated with Dil-labeled MSC-EXs to explore their effects on cell viability,
apoptosis and inflammation through MTT, flow cytometry and ELISA, respectively. In addition,
expressions of TLR4/NF-kB signaling pathway related factors were measured by qRT-PCR and
Western blot. The results showed that after MSCs were successfully isolated, the existence of EXs
in MSCs was confirmed. Moreover, MSC-EXs containing miR-145-5p improved functional recovery
and reduced histopathological injury and inflammation in SCI rats. And MSC-EXs promoted miR-
145-5p expression in spinal cord tissue and inhibited TLR4/NF-kB pathway activation in SCI rats.
MSC-EXs inhibited LPS-induced inflammatory response and activation of the TLR4/NF-kB pathway
in PC12 cells. In addition, we also found that miR-145-5p specifically targeted TLR4. TLR4 over-
expression significantly reversed the effect of EX-miR-145-5p on maintaining PC12 cell viability,
inhibiting apoptosis and inflammatory response, and activating TLR4/NF- kB pathway. In conclu-
sion, mesenchymal stem cell-derived EXs containing miR-145-5p reduce inflammation in spinal
cord injury by regulating the TLR4/NF-kB signaling pathway.
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More and more studies have found that the
inflammatory response after SCI is involved in
the injury recovery process [5,6]. At present,
some scholars have confirmed the role of inflam-
matory response in the process and repair of SCI
through animal experiments [7]; and some studies
have proposed the idea of intervening in the
inflammatory response process to promote SCI
intervention treatment [8]. Studies have shown
that the expression of many genes and post-
transcriptional regulation play an important role
in SCI-caused inflammatory response [9,10].
Increasing attention has been paid to the inhibi-
tory effect of miRNA on the translation of mRNA,
which has emerged as an important method for
post-transcriptional regulation [11]. Studies have
found that miR-136-5p can affect the inflamma-
tory response following SCI by regulating the

Introduction

Spinal cord injury (SCI) refers to the injury caused
by external force directly or indirectly acting on
the spinal cord [1]. SCI, which is rarely cured,
often results in physical impairment, loss of per-
ception, and even paralysis, bringing huge pain
and a heavy burden to patients and their families
[2]. In the past, the medical community believed
that the self-repair ability of the spinal cord was
extremely poor and that the functional repair of or
recovery from SCI was impossible [3]. In the
1980s, scientists discovered nerve cell regeneration
in the spinal cord under appropriate conditions,
which indicated that SCI might be restored [4].
However, after the onset of severe SCI, patients
often suffer from permanent paralysis. Up to now,
the treatment of SCI is still a major challenge
facing researchers.
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IKKB/NF-kB/A20 signaling pathway [12]. MiR-
145-5p can regulate the inflammatory response of
cardiomyocytes induced by hypoxia [13], as well as
inhibit the migration, invasion and epithelial-
mesenchymal transition of esophageal squamous
cell carcinoma cells by regulating the Sp1/NF-kB
signaling pathway [14]. Besides, miR-145-5p is
also found involved in the process of SCI [15,16].
However, whether miR-145-5p can affect the
pathogenesis of SCI by regulating the NF-kB sig-
naling pathway has not yet been reported.

Mesenchymal stem cell (MSC)-exosomes (EXs)
are a recently-discovered type of disc-shaped
extracellular vesicles with a diameter of
40-100 nm [17]. EXs are rich in nucleic acids,
proteins and lipids, and contain abundant biologi-
cal information [18]. MSC-EXs act on receptor
cells to regulate cell activities, and exert an oppo-
site effect on the recovery of bones, cartilages, skin,
nerves and other tissues [19]. Studies have shown
that MSC-EXs have similar biological functions to
MSCs, and are more stable and easy to store [20].
In addition, MSC-EXs contain a variety of
miRNAs which can regulate multiple signal trans-
duction pathways [21]. Given the above properties,
MSC-EXs have been increasingly employed in
orthopedic tissue repair in recent years.

Based on the above evidence, in this study, we
transplanted MSC-EXs transfected with miR-145-
5p mimic into mice with spinal cord injury to
study SCI recovery and the mechanism for the
motor function of MSC-EXs, and meantime, to
observe the effect of MSC-EXs transfected with
miR-145-5p mimic on the biological characteris-
tics of cells stimulated by LPS through in vitro cell
models. In addition, Studies have shown that the
TLR4/NFkB pathway is activated or inhibited in
the progression of many diseases. Numerous stu-
dies have shown that miRNA can participate in the
regulation of endogenous gene signaling pathways,
and studies have shown that miR-145-5p promotes
TLR4 expression and promotes osteogenic differ-
entiation by activating TLR signaling pathways
[22]. However, the effect of miR-145-5p on
TLR4/NF-kB signaling pathway in SCI body has
not been seen yet. Therefore, in this study, we
explore whether EX-miR-145-5p affects the pro-
gress of SCI by regulating the TLR4/NF-kB signal-
ing pathway.

Methods
Ethics statement

The animal experiments in this study were
approved by the animal ethics committee of
Shandong Provincial Hospital and were conducted
in accordance with the guidelines of the National
Institutes of Health (USA) for animal experiments.

Animals

Eighty one male adult Sprague-Dawley (SD) rats
(7 weeks old, 200 + 20 g) were provided by Hunan
Slake Jingda Laboratory Animal Co., Ltd. (http://
www.hnsja.com/). All rats were raised for 5 days in
an SPF environment before the experiment.

MSC isolation and culture

One adult rat was selected for isolation of MSCs.
In short, the bone marrow of the SD rat was
isolated, and the cells were washed and suspended
in the culture medium. MSCs were cultured on
75 cm? tissue culture flasks in DMEM medium
(Gibco, USA) containing 20% fetal bovine serum
(FBS, Gibco, USA) and penicillin/streptomycin
(15070063, Gibco, USA). After 48 h of culture,
the medium was replaced with a fresh medium to
remove non-adherent cells. When reaching 90%
confluence, the cells were digested with trypsin
and then passaged.

Transfection

To investigate the effects of miR-145-5p on MSC-
EXs, a transfection assay was used for experimen-
tal proof. Briefly, miR-145-5p mimic was pur-
chased from Thermo Fisher SCIENTIFIC
(MIMATO0000851), and its sequence (5K-
UCCCUAAGGACCCUUUUGACCUG-3X)  was
synthesized by Guangzhou RiboBio Co., Ltd.
Then it was transfected into MSCs (3 x 10° cells)
using Lipofectamine™™ 2000 transfection reagent
(Invitrogen, Carlsbad, California, USA). For com-
parison, miR-145-5p negative control (NC) trans-
fected cells served as a mimic control. To
investigate the effects of TLR4 on PC12 cells, the
TLR4 overexpression vector was transfected into
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PC12 cells using Lipofectamine™ 2000 transfec-
tion reagent.

EX isolation from transfected MSCs

Forty eight h after transfection, EXs were isolated
from MSCs. A 0.2 mm filter was used to filter the
supernatant of large debris and dead cells collected
in the cultured MSCs. Then small cell debris in the
cell supernatant was removed by centrifugation at
10,000 x g for 30 minutes, and then the super-
natant was centrifuged again at 100,000 x g for 3 h.
We detected the expressions of EV markers CD9
and CD63 by Western blotting (WB). The size
distribution of EXs was determined by nanoparti-
cle tracking analysis. The morphology of EXs was
confirmed under a transmission electron micro-
scopy at x 1,000 magnification.

Rat SCI model establishment and groups

The rats were randomly divided into 5 groups
(n = 16): Sham, Model, Model+PBS, Model+EX-
miR-NC, and Model+EX-miR-145-5p groups. The
rats in the Model group were used to established SCI
model. Briefly, the rats were anesthetized by intra-
peritoneal injection with 10% chloral hydrate
(0.33 mL/kg). Subsequently, the rats were fixed on
the operating table, and an incision was made along
the midline of the back to expose the spinal cord.
Thereafter, laminectomy was performed at the T9/10
position. In the Sham group, only an incision was
made along the midline of the back of the rats to
expose the spinal cord. The Model+EX-miR-NC and
Model+EX-miR-145-5p groups were set up to eval-
uate the therapeutic effect of MSC-derived EX-miR
-145-5p on the recovery of motor function after SCI.
In brief, 30 min after the operation, the rats in both
groups were injected with EXs isolated from MSCs
in the miR-NC and miR-145-5p groups (100 pg of
total EX protein was precipitated in 0.5 mL of PBS,
equivalent to 1 x 10" particles) via the tail vein. The
Model+PBS group served as the Model+EX-miR-
NC group: Rats in the Model+PBS group received
PBS injection of an equal volume of 0.5 ml. On days
1, 3,7, 14, 21, and 28 after the operation, the rats in
each group were examined by spontaneous activity
scores and horizontal step walking tests. Finally, the
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rats were euthanized at a predetermined time point,
and spinal cord tissue was collected for testing.

Basso, Beattie, and Bresnahan (BBB) score

According to previous publications [23,24], the
BBB score was used to evaluate the motor function
of each group of rats on days 1, 3, 7, 14, 21, and 28
after the injury. The score ranged from 0 (indicat-
ing complete paralysis) to 21 (indicating normal
movement). Three experienced researchers who
were unaware of the grouping of the animals in
this study independently observed and evaluated
the movement of the rats. The final score of each
animal was obtained by averaging the values of the
three researchers.

Hematoxylin and eosin (HE) staining

Histopathological observation was performed on
the spinal cord of the rats 28 days after operation.
The spinal cord of the rats was placed in 4%
formaldehyde solution for 24 h, and then decalci-
fied with 15% EDTA decalcification solution. The
decalcification was regularly checked with acu-
puncture samples. There is no resistance when
the pin is inserted into the tissue, indicating that
decalcification was complete, and then the decal-
cification was terminated. The specimen was
washed with running water, dehydrated with alco-
hol, and transparentized with xylene. Then after
the tissues were dewaxed and embedded, 5 pm
thick tissue sections were made. After that, the
tissue sections were stained using the HE staining
kit (C0105, Beyotime Biotechnology, China). In
short, the tissue sections were stained with hema-
toxylin for 5 min, differentiated with hydrochloric
acid ethanol for 30 s, and stained with eosin for
2 min. Then the tissue sections were dehydrated,
transparentized and mounted, and finally, the
pathological changes of bone tissue were observed
under a microscope (CKX31, Olympus, Japan) at
a magnification of x 200.

Nissl staining

After the spinal cord of the rats was placed in 4%
formaldehyde solution for 24 h, 20% sucrose and
30% sucrose which were prepared with 100%
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sucrose (S112226, Aladdin) and ddH,O were used
to successively incubate the spinal cord at 37°C.
Then the spinal cord tissues were sectioned,
soaked in chloroform for 30 min, and incubated
with 100% acetone (650501, Sigma-Aldrich). After
turther incubation with gradient doses of ethanol,
the tissue sections were stained with tar purple
(C861450, Macklin, Shanghai, China) for 10 min.
Then the tissue sections were rehydrated with gra-
dient doses of ethanol and incubated with xylene
for 5 min until transparent. Finally, after sealing
with neutral gum, the image of the tissue slice was
observed and collected under the microscope at
a magnification of x 200.

PC12 cell treatment

PC12 cells were obtained from the American Type
Culture Collection (ATCC; Rockville, MD, USA).
For normal culture, the PC12 cells were cultured
in the DMEM (30-2002, ATCC) contains 10% FBS
(16140063, Gibco, MA, USA) at 37°C in a humid
atmosphere with 5% CO,. The cells were divided
into four groups, namely, Control, LPS, LPS+EX-
miR-NC and LPS+EX-miR-145-5p groups.

For LPS-induced inflammatory models, the cells
were treated with 5 pg/ml LPS (Sigma-Aldrich,
MA, USA), followed by PBS treatment for 24 h.

For EX-miR-NC and EX-miR-145-5p treated cell
models, firstly, MSC-EXs were fluorescently labeled,
and 4 mg/mL Dil solution was added to PBS (1:200)
and incubated. Ultracentrifugation was used to
remove excess dye in the fluorescently labeled MSC-
EXs at 100,000 x gat 4°C for 1 h, and the pellets were
resuspended in PBS and washed 3 times. Then
3 x 10° PC12 cells were incubated with 10 pg of Dil-
labeled MSC-EXs for 48 h. Afterward, the cells were
washed with PBS and fixed with 4% paraformalde-
hyde. Then the absorption was observed with
a confocal laser microscope. PC12 cells in the
Control group were incubated for 48 h in the med-
ium without MSC-EX.

In the LPS+EX-miR-NC and LPS+EX-miR-145-
5p groups, After PC12 cells were transferred to 5 pg/
ml LPS for 12 h, 10 ug/mL EXs extracted from MSCs
with miR-145-5p mimic or mimic control were used
to treat PC12 cells for 24 h at 37°C.

Luciferase activity assay

For luciferase activity assay, the sequence of TLR4
containing the binding sites for miR-145-5p was:
5K-AAATTCAGTTGTCAAAACTGGAA-3X, and
the 3X-UTR sequence of WT TLR4 was inserted
into the pmirGLO Vector (Promega, Madison,
Wisconsin, USA) with Xhol and Sacl double diges-
tion. Both sequences were used to construct the
recombinant dual-luciferase reporter vector.
Meanwhile, The plasmid containing the MUT
TLR4 sequence was generated through DNA
synthesis (Sangon Biotech Co. Ltd., Shanghai,
China). After that, the pmirGLO vector containing
WT or MUT TLR4 sequence was co-transfected
with miR-145-5p mimic into cells by using
Lipofectamine'™ 2000 (Invitrogen, USA). After
incubation for 48 h, a Luciferase reporter gene
detection kit (RGO088S, Beyotime Biotechnology,
China) was used to measure the relative luciferase
activity of cells.

ELISA assay

The spinal cord of rats and PC12 cells were col-
lected to detect the contents of IL-6, TNF-a and
IL-1P. In short, the contents of IL-6, TNF-a and
IL-1B were detected by IL-6, TNF-a and IL-1P
ELISA detection kits (PI328, PT516, PI303,
Beyotime Biotechnology, China) separately,
100 pl of sample was added to a 96-well plate
with primary antibodies pre-coated plate, and
two duplicate wells per well were set, and incubate
at room temperature for 120 min. And then the
plates were washed three times with wash solution.
Afterward, 100 ul of diluted horseradish peroxi-
dase-labeled streptavidin was added to each well,
and incubated at room temperature for 30 min,
and subsequently, 100 ul of coloring substrate
TMB solution (P0209, Beyotime Biotechnology,
China) was added to each well and incubated at
room temperature for 10 min in the dark. Then
50 pl of stop solution 2 N H,SO, was used to stop
the color reaction. Finally, a microplate reader
(SPECTROstar® Nano, BMG LABTECH, USA)
was used to detect the OD value of each well at
450 nm and 570 nm.



Cell viability detection

An MTT kit (M8180/M1020, Solarbio, China) was
used to detect the viability of PC12 cells. The cells
were inoculated into 96-well plates, and after
reaching 80% confluence, the cells were added
with 10 pL of MTT solution and incubated for
4 h with 5% CO, at 37°C. Finally, the absorbance
of each well was detected at 550 nm using a micro-
plate reader (BMG Labtech, Germany).

Cell apoptosis

In order to investigate the effect of EX-miR-145-5p
and TLR4 on the apoptosis of PCI2 cells, an
Annexin V-FITC Apoptosis Detection Kit (C1062S,
Beyotime Biotechnology, USA) was used to detect
cell apoptosis. Briefly, after collecting the cell super-
natant, 195 pl of Annexin V-FITC binding solution
and 5 ul of Annexin V-FITC were added to cell
supernatant. Then the cells were incubated with
10 ul of propidium iodide staining solution at 25°C
for 20 min. Finally, apoptosis was detected by flow
cytometry (FACSCaliburTM; BD Biosciences, San
Jose, CA, USA).

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from cells with Trizol
reagent (R0016, Beyotime Biotechnology, USA) at
25°C. Of note, when RNA precipitation was dis-
solved in water, it needed to be quickly operated
on ice. After the RNA was identified and purified,
a PrimeScript RT kit (RR037A, Takara, China) was
used to reverse-transcribe it into cDNA. SYBR
Green PCR Master Mix (D7268M, Beyotime
Biotechnology, USA) was used to quantitate the
mRNA expression levels. PCR amplification sys-
tem was prepared as follows: 5 ul of 2 x SYBR
Green master mix, 2 ul of nuclease-free water, 1 ul
of cDNA, and 0.5 ul of Forward Primer and 0.5 pl
of Reverse Primer were mixed together. The PCR
cycle system of the ABI7500 system (Applied
Biosystems) was set as follows: Pre-denaturation
at 95°C for 10 min; then PCR reaction at 95°C for
3 s, and at 60°C for 30 s, for a total of 50 cycles.
The 27%“T method was used to calculate the
changes of relative mRNA expression levels [25].
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Primer sequences of all genes are listed in Table 1.
U6 and B-actin internal reference genes were used
to normalize QRT-PCR data.

Western blotting

The tissues and cells were washed with cold PBS,
and then lysed with the lysis buffer (R0278, Sigma-
Aldrich, USA). Then, the supernatant was col-
lected in a new tube and placed on ice, and the
precipitate was discarded. A QuantiPro ™ BCA
detection kit (QPBCA, Sigma-Aldrich, USA) was
used to measure the protein concentration. The
protein was incubated with primary antibodies:
CD9 (ab92726, 25 kDa, Abcam, USA), CD63
(ab134045, 26 kDa, Abcam, USA), TLR4 (sc-
293072, 95 kDa, Santa Cruz, USA), p-P65
(ab86299, 60 kD, Abcam, USA), p65 (ab16502, 64
kD, Abcam, USA), p-IkBa (#9246, 40 kD, CST,
USA), IkBa (#9246, 39 kD, CST, USA) and f-
actin (ab8226, 42kDa, Abcam, USA) at 4°C over-
night separately, among which B-actin served as an
internal reference. Next, the membranes were
incubated for 2 h with corresponding fluorescent
secondary antibodies (Protein tech, USA). Next,
a chemiluminescent Biotin-labeled Nucleic Acid
Detection Kit (D3308, Beyotime Biotechnology,
China) was used to measure the protein bands.
Finally, a FLoid™ Cell Imaging Station (Thermo
Fisher Scientific, Massachusetts, US) was used to
record and analyze the specific protein brands.

Statistical analysis

Statistical analysis was performed using Graphpad
prism 8.0, and the measurement data are

Table 1. Primers used in real-time PCR analysis.
Gene Primer sequence
miR-145-5p Forward: 58-GTCCAGTTTTCCCAGGAATCCC-3X
reverse: 58 TGTCGTGGAGTCGGCAATTG —3'
TLR4 Forward:5K- GTCATGCTTTCTCACGGCCT-3K
reverse:5K-AATTGTCTCAATTTCACACCTGGAT-3'

B-actin Forward:5K- GTGACGTTGACATCCGTAAAGA —-3K
reverse: 5X- GCCGGACTCATCGTACTCC -3’

U6 Forward:5K- GCTTCGGCAGCACATATACTAA —3K
reverse: 5K- CGAATTTGCGTGTCATCCTT -3’

P65 Forward:5K- CGTTCGAGCAAATCCAGAAAGTG-3X
reverse: 58 AGGAACTCACTGGCTCCTTC -3’

IkBa Forward:5K- AACAACCTGCAGCAGACTCC-3X

reverse: 5K- CACAATAGAATGCTCGGGGC-3’
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expressed as mean + standard deviation. The inde-
pendent samples ¢ test was used for comparison
between two groups. One-way analysis of variance
was used for comparison among multiple groups,
and Bonferroni or Dunnett test was used for post-
hoc comparison. To ensure the reproducibility of
the results, each experiment was repeated 3 times.
The difference was recognized as statistically sig-
nificant when p < 0.05.

Results

The identification of EXs around MSCs and the
expression level of miR-145-5p were detected in
MSC-EXs

After MSCs were successfully isolated and cul-
tured, the formation of EXs was analyzed by trans-
mission electron microscopy and nanometer scale.
Transmission electron microscopy showed that
there were spherical vesicles in the EXs which
appeared to be typically goblet shaped (Figure
la). EXs were identified by Western blotting, and
the results showed that specific EXs such as CD63
and CD9 were positive in mesenchymal EXs,
which further confirmed the existence of EXs,
WB detected the expression levels of CD63, CD9
and TSG101 in the whole cell lysate. The results
showed that the expression levels of CD63, CD9
and TSG101 were less than those in the EX-miR-
NC and EX-miR-145-5p groups (Figure 1b). After
transfecting miR-145-5p NC and miR-145-5p
mimic into MSCs separately, we used qRT-PCR
to detect the expression level of miR-145-5p in

EX-miR-NC

Exosome

EX-miR-145-5p

MSC-EXs of each group. The results showed that
the expression level of miR-145-5p in MSC-
derived EXs with miR-145-5p mimic increased
significantly (Figure 1c, p < 0.001).

MSC-EXs containing miR-145-5p improved
functional recovery and reduced
histopathological injury and inflammation in SCI
rats

We further established an SCI rat model to explore
the effects of injection with MSC-EXs on SCI
model rats. The BBB score was used to evaluate
the hind limb function recovery of rats. The hind
limb function of rats in the Model group was
severely damaged after surgery compared with
the Sham group; the hind limb function recovery
of mice in the EX-miR-145-5p-NC group was bet-
ter than that of mice in the Model+PBS group; and
the hindlimb function recovery of EX-miR-145-5p
group rats was the most significant (Figure 2a,
p < 0.01, P < 0.001). These results suggest that
injection with MSC-EXs can promote functional
recovery in SCI rats. After the rat spinal cord
tissue was collected 28 days after the operation,
HE staining and histopathological observation
were conducted. The results showed that com-
pared with the Sham group (rats in the sham
group showed a complete spinal cord structure,
normal neuronal morphology, clear cells and out-
lines, and no inflammatory cell infiltration), the
spinal cord tissue of rats in the Model group (rats
in the Model group showed the spinal cord is
incomplete and its organization is disordered.

CD63

(26 kDa)

CDS| % ——

(25 kDa)

X 10000

TSG101

Relative miR-145-5p
expression level

EX-miR-NC

EX-miR-145-5p

Figure 1. The identification of EXs around MSCs and the expression level of miR-145-5p were detected in MSC-EXGs.

(a) After MSCs were successfully isolated and cultured, the formation of EXs was analyzed by transmission electron microscopy and
nanometer scale. (b) EXs were identified by Western blotting to detect the expression of CD63 and CD9. (c) MiR-145-5p NC and miR-
145-5p mimic were transfected into MSCs separately, and gRT-PCR was used to detect the expression level of miR-145-5p in MSC-EXs

of each group (n = 3, ***P < 0.001, vs. EX-miR-NC)
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Figure 2. MSC-EXs (EX) containing miR-145-5p improved functional recovery and reduced histopathological injury in SCI rats.

(a) The BBB score was used to evaluate the hind limb function recovery of rats. (b) The rat spinal cord tissue was collected 28 days
after the operation for HE staining and histopathological observation. (c) The rat spinal cord tissue was collected 28 days after the
operation for Nissl staining. ELISA was used to detect the expressions of inflammatory factors TNF-a (d), IL-1B (E) and IL-6 (f) in spinal
cord tissue, and to explore the effect of MSC-EXs on the inflammation of SCl rats. (n = 3, ***P < 0.001, vs. Sham group; **P < 0.001,

ANAN

vs. Model+EX-miR-NC group; *"P < 0.01,

The cell nucleus division even disappears. The gap
between cells and blood vessels is enlarged, and
inflammatory cell infiltration is obvious) was
severely damaged; EX-miR-145-5p-NC (rats in
the Model + EX-miR-145-5p-NC group showed
that the disorder of tissue structure was improved,

P < 0.001, vs. Model+PBS group)

the space between cells and blood vessels was
reduced, and the infiltration of inflammatory
cells was reduced) and EX-miR-145-5p (rats in
the Model + EX-miR-145-5p group showed less
inflammatory cell infiltration and more complete
tissue structure) both could reduce spinal cord
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injury, and EX-miR-145-5p had a significantly bet-
ter repairing effect on injured spinal cord (Figure
2b). In addition, after the rat spinal cord tissue was
collected 28 days after the operation, Nissl staining
was performed. The results showed that compared
with the Sham group, the rat spinal cord tissue of
rats in the Model group had obvious neuronal
apoptosis; both EX-miR-145-5p-NC and EX-miR
-145-5p could reduce nerve cell apoptosis, and the
neuroprotective effect EX-miR-145-5p was the
most significant (Figure 2c). These results indicate
that MSC-EX injection can reduce tissue injury in
SCI rats. Then, we used ELISA to detect the
expressions of inflammatory factors TNF-a, IL-1§
and IL-6 in spinal cord tissue, and explored the
effect of MSC-EXs on the inflammation in SCI
rats. It was found that compared with the Sham
group, the spinal cord tissue of Model group rats
displayed significantly higher levels of TNF-a, IL-
1B and IL-6. Meantime, both EX-miR-145-5p-NC
and EX-miR-145-5p could reduce the release of
TNF-a, IL-1p and IL-6, and EX-miR-145-5p had
a more significant inhibitory effect on inflamma-
tion (Figure 2d-F, P < 0.001). This indicates that
MSC-EXs can reduce the inflammatory response
in SCI rats.

MSC-EXs could promote the expression of miR-
145-5p in spinal cord tissue and inhibit the
activation of TLR4/NF- kB pathway in SCI rats

QRT-PCR was used to detect the expression of
miR-145-5p in injured spinal cord tissue of mice
in the Sham, Model, Model+EX-miR-145-5p-NC,
Model+PBS and Model+EX-miR-145-5p groups.
We found that compared with the Sham group,
the expression of miR-145-5p in the spinal cord
tissue of Model group rats was significantly
reduced. Meanwhile, EX-miR-145-5p-NC and EX-
miR-145-5p both increased the expression of miR-
145-5p in the spinal cord tissue, and EX-miR-145-
5p injection had the most significant promoting
effect on miR-145-5p levels in spinal cord tissue
(Figure 3a, p < 0.001). Then, qRT-PCR and
Western blot were used to detect the expressions
of TLR4, p-P65, p65, p-IkBa and IkBa in the
spinal cord tissues of mice in each group. The
results showed that compared with the Sham
group, the expression of TLR4 in the spinal cord

tissue of Model group rats was significantly
increased, accompanied by activated NF-xB path-
way. At the same time, both EX-miR-145-5p-NC
and EX-miR-145-5p could effectively inhibit the
activation of TLR4/NF-kB pathway, and EX-miR
-145-5p had a more significant inhibitory effect on
TLR4/NF-kB pathway activation (Figure 3b-F,
P < 0.01, P < 0.001), which suggests that MSC-
EXs can affect TLR4/NF-kB activation in the
pathogenesis of SCI.

MSC-EXs inhibited LPS-induced inflammatory
response and activation of the TLR4/NF-kB
pathway in PC12 cells

We further explored the effect of exosomal miR-
145-5p on spinal cord injury through in vitro
experiments. We constructed a cell injury model
by treating PC12 cells with LPS and explored the
effect of exosomal miR-145-5p on the biological
characteristics of LPS-induced PC12 cell. Firstly,
a fluorescence microscope was used to observe the
changes in the uptake of fluorescently labeled EXs
by PC12 cells and the Control group. The results
showed that after 48 hours of incubation, Dil
labeled EXs existed in more than 56% of PCI2
cells in the EX-treated group, which shows that
we have successfully obtained PC12 cells infected
with EXs (Figure 4a). QRT-PCR was then con-
ducted to detect the expression of miR-145-5p in
PC12 cells, and the results showed that both EX-
miR-145-5p-NC and EX-miR-145-5p could reduce
the inhibitory effect of LPS on the viability of
PC12 cells, and EX-miR-145-5p had a more sig-
nificant protective effect on PC12 cells (Figure 4b,
p < 0.001). Then, we used the MTT assay to detect
cell viability. As shown in Figure 4c, both EX-miR
-145-5p-NC and EX-miR-145-5p could reduce the
inhibitory effect of LPS on PC12 cell viability, and
the protective effect of EX-miR-145-5p on PCI2
cells was more significant (P < 0.01, P < 0.001).
Flow cytometry staining was performed to detect
cell apoptosis, and we found that both EX-miR-
NC and EX-miR-145-5p could reduce the apopto-
sis of PCI12 cells induced by LPS, and EX-miR
-145-5p had a more significant inhibitory effect
on PC12 cell apoptosis (Figure 4d-E, P < 0.001).
Likewise, ELISA was used to detect the contents of
TNF-a, IL-1B and IL-6 in the cell supernatant.
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#p < 0.001, vs. Model+EX-miR-NC group; ""P < 0.01,

Figure 5a-c showed that both EX-miR-NC and
EX-miR-145-5p could inhibit the production of
inflammatory factors induced by LPS, and EX-
miR-145-5p had a more significant inhibitory

P < 0.001, vs. Model+PBS group)

effect on the production of inflammatory factors
(P < 0.001). QRT-PCR and Western blot were
used to detect the expression levels of TLR4,
p-P65, P65, p-IkBa and IkBa in the cells. The



1002 Z. JIANG AND J. ZHANG

a b c
Exosome-free
medium DAPI Merge
1.5+ 150
HHE a
3 =g *kk L3 *kk
° o O =
5 § 93 £ 100 2
Q x = AAA 2
o x S 8
= 2 = AA
20 pm - e o
— > 9 o
= o 504
8 2
T o s
“ Kl
% Exosome-CM-Dil* DAPI Merge 0
o
E &(o > ,é(' ‘Jf?Q &@ \36 §0 <R
© o o' Rl o R
g e 2 Er N PR
£ S & S & &
& x 3 & g &
g \3 s \g Cs
4
o
X
w
15
d e *kk o
Control LPS LPS+EX-miR-NC LPS+EX-miR-145-5p s Y
o o o o 2 10 —_—
"10.17% 2.27% "10.65% 10.05% 7310.26% 7.50% 740.24% 5.01% ‘é
2
E 5
Qo
o] <
ae
- 0_
23 > &2 © K
r e & &
o |94 |0.25% < & N
00 100 10! 102 108 1o x«’.‘. &
Aneexin-V-FITC Qc_, («j‘
V' s
N
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PC12 cells.

(@) A cell injury model was constructed by treating PC12 cells with LPS. A fluorescence microscope was used to observe the changes
in the uptake of fluorescently labeled EX by PC12 cells and the Control group. (b) QRT-PCR was used to detect the expression of miR-
145-5p in PC12 cells. (c) MTT was used to detect the viability of PC12 cells treated with LPS. (d,e) Flow cytometry staining was used
to detect cell apoptosis. (n = 3, ***P < 0.001, vs. Control group; ***P < 0.001, vs. LPS+EX-miR-NC group; ""P < 0.01, """P < 0.001, vs.

LPS group)

results were shown in Figure 5d-H: EX-miR-NC
and EX-miR-145-5p could both inhibit LPS-
induced increase in TLR4 expression and activa-
tion of NF-kB pathway, and EX-miR-145-5p had
a more significant inhibitory effect on TLR4/NF-
kB pathway activation (P < 0.001).

MiR-145-5p could specifically target TLR4 and
inhibit TLR4 expression

The target gene prediction database TargetScan 7.1
showed that miR-145-5p could specifically target
TLR4 (Figure 6a). Then dual luciferase assay was
used to further verify the targeting relationship
between miR-145-5p and TLR4, and the results
showed that overexpression of miR-145-5p could
significantly inhibit the fluorescent activity of
TLR4 (Figure 6b, p < 0.001). Next, the expression
of TLR4 in cells was measured. As shown in Figure

7a-7c, transfection with TLR4 overexpression plas-
mid could significantly reverse the inhibitory effect
of EX-miR-145-5p on TLR4 expression in PCI12
cells (P < 0.001).

TLR4 overexpression significantly reversed the
effect of EX-miR-145-5p on maintaining PC12 cell
viability, inhibiting apoptosis and inflammatory
response, and activating TLR4/NF- kB pathway

The effect of TLR4 overexpression on the function
of exosomal miR-145-5p in improving the inflam-
matory response of PCIl2 cells was further
explored. Firstly, the MTT method was used to
detect cell viability, and the results showed that
TLR4 overexpression could significantly reverse
the protective effect of EX-miR-145-5p on PCI2
cell viability (Figure 7d, p < 0.001). Next, apoptosis
was detected by Flow cytometry, and as shown in
Figure 7e- 7f, TLR4 overexpression could
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Figure 5. MSC-EXs inhibited LPS-induced inflammatory response and activation of the TLR4/NF-kB pathway in PC12 cells.
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(a) The target gene prediction databse TargetScan 7.1 was used to predict the target relationship between miR-145-5p and TLR4. (b)
The dual luciferase assay was used to further verify the targeting relationship between miR-145-5p and TLR4. (n = 3,*2P<0.001, vs.

miR-NC group)

significantly reverse the inhibitory effect of EX-
miR-145-5p on PC12 cell apoptosis (P < 0.001).
Moreover, ELISA was used to detect the expres-
sions of TNF-a, IL-13 and IL-6, and as shown in
Figure 8a-8c, overexpression of TLR4 could sig-
nificantly reverse the effect of EX-miR-145-5p on
inhibiting PC12 cells from producing inflamma-
tory factors (P < 0.001). Finally, the expression
levels of p-P65, P65, p-IkBa and IkBa in cells
were detected by qRT-PCR and Western blot.
The results showed that TLR4 overexpression
could significantly reverse the inhibitory effect of
EX-miR-145-5p on NF-kB pathway activation
(Figure 8d- 8h,P < 0.001).

Discussion

SClI is a serious and complex clinical disease char-
acterized by neuronal damage, axon destruction
and demyelination [26]. Due to its high incidence
and complex pathological processes, there is still
a lack of effective clinical treatment methods.
Research in recent years has shown that EX is
involved in many physiological and pathological
processes, including lactation and immune
response [27]. In addition, EX is also involved in
the occurrence and development of certain dis-
eases, such as neurodegeneration, liver disease
and tumors [28]. At present, EX-mediated cell-to-
cell communication has received widespread
attention [29]. EXs carry genetic materials
(miRNA, mRNA, etc.) into target cells through
transport and endocytosis, thereby exerting biolo-
gical effects. Multiple studies on SCI have found
that miR-17-92 in EXs can target the signaling

pathway protein Akt, mammalian target of rapa-
mycin, and glycogen synthase kinase-3p, promote
Akt phosphorylation, and activate the correspond-
ing signal pathways to promote axon growth and
remyelination [30,31]. In addition, Lankford et al.
found that MSCs mainly repaired spinal cord
injury by secreting EXs [32]. Sun et al. injected
human umbilical cord-derived MSC EXs intrave-
nously into a rat model of spinal cord injury, and
found that MSC-EXs can down-regulate inflam-
matory mediators such as TNF-a, IL-1a, IL-6 and
y-interferon to improve the recovery of nerve
function after spinal cord injury [33]. Huang
et al. injected MSC-EXs intravenously in a rat
model of spinal cord injury and found that MSC-
EXs can up-regulate the expressions of anti-
inflammatory and anti-apoptotic proteins, reduce
the release of pro-apoptotic proteins and pro-
inflammatory mediators, and inhibit cell apoptosis
[34].

Studies have shown that the down-regulation of
miR-145-5p in injured spinal cord is related to
astrocyte hyperplasia and glial scar formation
after spinal cord injury [15]. Global screening of
miRNA expression changes under different muscle
atrophy conditions in SCI rats showed that miR-
145-5p expression was down-regulated after
denervation or starvation [16]. Studies have
found that EXs derived from adipose stem cells
(ADSCs) can deliver miR-122 to liver cancer cells,
and regulate the expression of its target genes
cyclin G1 and insulin-like growth factor receptor
1, making liver cancer cells more sensitive to che-
motherapy drugs [35]. In a rat model of primary
brain tumor, after intratumor injection with MSC-
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Figure 7. MiR-145-5p inhibited TLR4 expression and TLR4 overexpression significantly reversed the protective effect of EX-miR-145-
5p on PC12 cell viability, inhibition of apoptosis.
(a,b) Western blot was used to detect the expression of TLR4 in cells. (c) QRT-PCR was used to detect the expression of TLR4 in cells.
(d) MTT was used to detect the viability of PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression vector. (e,f) Flow
cytometry was used to detect the apoptosis of PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression vector. (n = 3,

*¥**p < 0.001, vs. LPS group;

derived EXs, it was found that EXs can deliver
miR-146b to glioma cells, inhibit tumor growth,
and reduce tumor volume [36]. In addition, EXs
can promote the expression of miR-21 in human

AAN

P < 0.001, vs. LPS+EX-miR-NC group)

bronchial epithelial cells, activate STAT3, increase
the level of VEGF, promote angiogenesis, and has
a closely relation to the occurrence of lung cancer
[37]. Similarly, many studies have confirmed that
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Figure 8. TLR4 overexpression significantly reversed the effect of EX-miR-145-5p on inhibiting inflammatory response and activating
TLR4/NF- kB pathway in PC12 cells.
(a) ELISA was used to detect TNF-a expression in PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression vector. (c)
ELISA was used to detect IL-1 expression in PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression vector. (c) ELISA
was used to detect IL-6 expression in PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression vector. (d) The
expressions of p65 and IkBa were detected by qRT-PCR in PC12 cells transfected with miR-145-5p mimic and TLR4 overexpression
vector. (e—h) The expressions of p65 and IkBa were detected by Western blot in PC12 cells transfected with miR-145-5p mimic and

TLR4 overexpression vector. (n = 3, ***P < 0.001, vs. LPS group; ""P < 0.01,
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the ability of stem cells to repair damaged organs
is closely related to the EXs they secrete.

Based on the above research, we established an
SCI rat model to explore the effect of EXs secreted
by MSCs transfected with miR-145-5p on func-
tional damage in rats. First of all, we found that
EX loaded with miR-145-5p can significantly
improve the functional recovery of hind limbs in
SCI rats. Histopathological observation also
demonstrated that EX loaded with miR-145-5p
can not only significantly reduce tissue damage
in SCI rats, but also reduce the levels of inflam-
matory factors in the spinal cord tissue, which
indicates that miR-145-5p in MSC-EXs can allevi-
ate the pathogenesis of SCI. At present, TLR4/NF-
kB signaling pathway is the most common signal-
ing pathway in studying the molecular mechan-
isms related to the pathogenesis of SCI [38-40],
Shiokarin has been shown to inhibit inflammation
induced by SCI by inhibiting the TLR4/NF -
B signaling pathway [38]. And therefore, we also
tested the effect of EX-miR-145-5p on TLR4/NF
-kB signaling pathway related proteins in the SCI
rat model. It was found that EX-miR-145-5p can
effectively inhibit the activation of TLR4/NF-xB
signaling pathway.

Studies have found that miR-145-5p regulates
the AKT/GSK signaling pathway by targeting
CXCL16, thereby inhibiting the proliferation and
inflammatory response of rat mesangial cells [41].
MiR-145-5p is also found to inhibit the occurrence
and metastasis of malignant melanoma by target-
ing TLR4 signaling pathway through NF-kB [42].
In the present study, in order to explore whether
EX-miR-145-5p can affect the TLR4/NF-kB signal-
ing pathway to inhibit the occurrence of inflam-
mation and regulate the progress of SCI, we
established a PC12 cell model stimulated by LPS.
We confirmed that miR-145-5p can specifically
bind to TLR4, and through transfection experi-
ments found that overexpression of TLR4 can sig-
nificantly reverse the protective effect of EX-miR
-145-5p on LPS-induced PC12 cell viability and
anti-apoptosis, and that EX-miR-145-5p inhibits
the production of pro-inflammatory factors.
Moreover, overexpression of TLR4 can signifi-
cantly reverse the effect of EX-miR-145-5p on the
activation of the NF-kB pathway. It can be seen
that EX-miR-145-5p may improve the progress of
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SCI by regulating the TLR4/NF-«B signaling path-
way. For this reason, we speculate that this may be
closely related to EX’s mechanism of carrying
a large amount of miR-145-5p and enhancing
intercellular communication.

In summary, based on the previous research, we
suspect that EXs secreted by MSCs can function as
a vector for the delivery of miR-145-5p between
cells, promote the expression of miR-145-5p and
further regulate the expression of its target gene
TLR4. Our results indicated that EXs can inhibit
the activation of TLR4/NF-kB signaling pathway
to inhibit inflammatory response and protect the
spinal cord of SCI rats. However, we should also
observe the structural characteristics of vesicles
more accurately, such as using nanoparticle track-
ing analysis (NTA) experiments to observe particle
size and distribution, and quantitatively analyze
foreign bodies.
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