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Abstract 

Treatment for spinal cord injury (SCI) remains a challenge worldwide, and inflammation is a major cause of 
secondary injury after SCI. Peripheral macrophages (PMs) have been verified as a key factor that exert 
anti-inflammatory effects after SCI, but the mechanism is unidentified. As local macrophages, microglia also 
exert significant effects after SCI, especially polarization. Exosomes show source cell-like biological functions to 
target cells and have been the subject of much research in recent years. Thus, we hypothesized the PM-derived 
exosomes (PM-Exos) play an important role in signal transmission with local microglia and can be used 
therapeutic agents for SCI in a series of in vivo and in vitro studies. For the in vivo experiment, three groups of 
Sprague-Dawley (SD) rats subjected to spinal cord contusion injury were injected with 200 µg/ml PM-Exos, 20 
µg/ml PM-Exos or PBS via the tail vein. Recovery of the rats and of spinal cord function were observed. In vitro, 
we investigated the potential anti-inflammatory mechanism of PM-Exos and evaluated microglial autophagy, 
anti-inflammatory type microglia polarization and the upstream signaling pathway. The results showed that 
spinal cord function and recovery were better in the PM-Exo groups than the control group. In the in vitro 
study, microglial autophagy levels and the expression of anti-inflammatory type microglia were higher in the 
experimental groups than the control group. Moreover, the expression of proteins related to the 
PI3K/AKT/mTOR autophagic signaling pathway was suppressed in the PM-Exo groups. PM-Exos have a 
beneficial effect in SCI, and activation of microglial autophagy via inhibition of the PI3K/AKT/mTOR signaling 
pathway, enhancing the polarization of anti-inflammatory type microglia, that may play a major role in the 
anti-inflammatory process. 
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Introduction 
Treatment for spinal cord injury (SCI) and repair 

of the spinal cord are a challenge that clinicians face 
worldwide [1]. SCI has a great impact on patients’ 
quality of life and imposes a large burden on patients’ 
families and society. Due to the insufficient 
regenerative and reparative abilities of the mature 
central nervous system (CNS), however, there are no 
satisfactory treatment strategies for SCI [2, 3]. After 
SCI, the inflammatory environment around the lesion 
site is a key factor that promotes neuronal apoptosis, 
glial scar formation and degeneration of axons, thus 

inhibiting regeneration of the spinal cord [4, 5]. 
Recent research has shown that peripheral 

macrophages (PMs) effectively improve the anti- 
inflammatory microenvironment of the lesion site and 
are the key factors that promote repair after SCI [6]. 
However, the mechanism of PMs at injured site after 
SCI is unknown, and the accumulation of PMs is 
complicated and controlled by a variety of factors, 
such as blockade of the blood-brain barrier. The 
function of microglia, s resident macrophages, is also 
important, and the polarization of microglia after SCI 
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has been studied in recent years [7], especially the 
anti-inflammatory function of anti-inflammatory type 
microglia [8]. Studies have revealed that neurons 
exposed to media conditioned by anti-inflammatory 
type microglia show improved survival [9]. Do PMs 
have an effect on local microglial polarization at the 
injured site after SCI and what is the relationship 
between them? 

In recent years, research on the ability of 
exosomes to promote nerve repair has attracted much 
attention [10]. Exosomes are vesicles that are secreted 
by cells and have a bilayer membrane and a diameter 
of 40-100 nm. Similar to the cells from which 
exosomes are derived, they mainly contain proteins, 
lipids, coding RNAs, noncoding RNAs, cytokines and 
growth factors. Exosomes can transmit biologically 

active substances and information about their source 
cells to target cells, thereby exerting cell-like biological 
functions, changing the microenvironment of effector 
cells and regulating the growth and production of 
target cells. This finding suggested that exosomes 
may exert important signal transmission effects after 
SCI, especially between PMs and microglia. 
Therefore, we hypothesize that PM-derived exosomes 
(PM-Exos) exert anti-inflammatory action at the lesion 
site by affecting the polarization of microglia, and we 
performed a series of in vitro and in vivo studies. The 
results were promising, and we conducted further 
studies to determine the underlying mechanism. We 
found that local microglial autophagy at the injured 
site plays a significant role in this process (Figure 1). 

 

 
Figure 1. Article scheme. Peripheral macrophage-derived exosomes promote repair after spinal cord injury by increasing anti-inflammatory type microglial polarization via 
enhancing autophagy. 
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Methods and Materials 
Study of exosomes extracted from PMs 

Cell culture 
Sprague-Dawley (SD) rats weighing 200-250 g 

were sacrificed. After being soaked in 75% alcohol, the 
rats were turned upside down, and 10 ml of 
serum-free DMEM culture medium was injected into 
the abdominal cavity. The abdominal cavity of each 
rat was opened after 10 min, and 10 ml of peritoneal 
fluid was extracted when the intestinal canal became 
pale yellow. The cells were then cultured with 
conventional DMEM, isolated and identified with 
CD11b. 

Preparation of exosomes 
Exosomes were extracted carefully from medium 

according to the method described by Thery et al. [11]. 
Briefly, PMs were successively cultured with 10 μl of 
medium and serum-free medium at 37 °C for 24 h. 
After three washes with phosphate-buffered saline, 
the supernatant was collected and successively 
centrifuged at 300×g and 2000×g for 10 min to remove 
floating cells, dead cells and shedding vesicles. Next, 
the supernatant was collected and centrifuged at 
10,000×g for 30 min to remove apoptotic bodies, 
exfoliated vesicles and cell debris. The supernatant 
was then collected, and the exosomes and 
contaminating proteins were precipitated by 
centrifugation at 140,000×g for 60 min in an ultra- 
high-speed centrifuge. Finally, the supernatant was 
discarded, and the pellet was resuspended in PBS and 
centrifuged at 140,000× g for 70 min to remove the 
contaminating proteins. The resulting precipitate was 
the PM-Exos. 

Identification of PM-Exos 

Transmission electron microscopy (TEM) 
The morphology of PM-Exos was examined 

using TEM. Briefly, 5 μl of isolated exosomes was 
placed onto carbon-Formvar-coated copper grids for 
20 min. The grids were contrasted with 1% uranyl 
acetate for 20 s after being washed once with PBS and 
twice with distilled water. Finally, the grids were 
loaded and imaged with a transmission electron 
microscope (JEM-1400, JEOL, Japan) with an 
accelerating voltage set at 80 kV. 

Dynamic light scattering (DLS) analysis 
For determination of the size distribution of 

PMs-Exos, NanosizerTM technology (Malvern 
Instruments, Malvern, UK) was applied, and the 
particle size distribution was measured by DLS. 
Briefly, purified exosomes were resuspended in 1 ml 

of filtered PBS and slowly added to a Zetaview 
instrument (Particle Metrix, USA) for the detection, 
tracking and analysis of the Brownian motion of each 
particle. The particle diameter and concentration were 
analyzed. 

Western blotting 
The PM-Exo-specific biomarkers CD9, CD63, 

CD81 and Tsg101 were analyzed by western blotting 
as previously reported [12]. Briefly, a certain amount 
of isolated and purified exosomes was added to RIPA 
lysis buffer for extraction, and total protein was 
extracted from exosomes. The protein concentration 
was determined by the BCA method, and the protein 
was denatured by adding an appropriate ratio of 
loading buffer at 100 °C for 10 min. The PG110 and 
PG112 PAGE gel rapid preparation kits (Yazyme, 
China) were used to prepare 6% and 10% separation 
gels and concentrated gels for SDS-PAGE 
electrophoresis. Proteins were transferred to a PVDF 
membrane in transfer buffer, and the membrane was 
incubated with 5% skim milk powder, sealed and 
shaken for 1 h. A rabbit anti-mouse primary antibody 
was added, and the membrane was shaken at 4 °C 
overnight. After removal of the primary antibody and 
three washes with PBS for 10 min, the membrane was 
incubated with a horseradish peroxidase-labeled goat 
anti-mouse secondary antibody (1:5 000) for 1 h at 
room temperature. Finally, the secondary antibody 
was removed, and the membrane was washed three 
times with PBS (10 min each wash). ECL reagent was 
added for exposure and development with a 
chemiluminescence imaging system. The BCA protein 
data was normalized as per number of exosomes and 
an equal amount of protein was loaded. 

Cell uptake of PM-Exos 
Exosomes were labeled with a PKH26 red 

fluorescent labeling kit according to the 
manufacturer’s protocol, and they were then added to 
well-grown microglia at a concentration of 20 μg/ml 
and incubated at 37 °C for 8 h. Fixative was then 
added, and the exosomes were incubated in the dark 
for 10 min. DAPI was added, and the exosomes were 
incubated for an additional 10 min. Finally, PBS was 
added, and the uptake of exosomes by microglia was 
observed under a confocal microscope. 

Analysis of the effect of PM-Exos on 
polarization of microglia 

BV2 cells (Chinese Academy of Sciences, 
Shanghai) were cultured in DMEM (Gibco, USA) and 
divided into the following three groups: control 
group, 20 μg/ml PM-Exo group and 200 μg/ml PM- 
Exo group. The 20 μg/ml PM-Exos group was treated 
with 20 μg/ml PM-Exos and medium, the 200 μg/ml 
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PM-Exos group was treated with 200 μg/ml PM-Exos 
and medium, and the control group treated with PBS 
and medium only. The culture medium was changed 
once a day, and the control group did not receive any 
treatment. 

Identification of anti-inflammatory type 
microglia 

Flow cytometry analysis 
To determine microglia polarization status, 

according to the manufacturer’s instructions, we 
labeled microglia with the LIVE/DEAD® Fixable 
Aqua Dead Cell Stain Kit. The cells were then washed 
with ice-cold FACS buffer (0.5% BSA/PBS) and 
centrifuged. The supernatant was removed, and the 
cells were incubated for 20 min on ice with an 
anti-mouse F4/80-eFluor 450 antibody (0.2 μg/100 μl; 
eBioscience), as a general marker of microglia, and a 
CD163 antibody (1 μg/100 μl; Sigma, USA), as a 
marker of anti-inflammatory type microglia. 

Quantitative polymerase chain reaction 
(qPCR) 

Total RNA extraction was performed with 
TRIzol reagent (Invitrogen, USA) according the 
manufacturer’s protocol, and SYBR Green reagent 
was used for qPCR to quantify the mRNA levels. The 
soluble mediators of anti-inflammatory type 
microglia (IL-10, CD206, Arg-1 and CD-163) were 
detected. GAPDH was used as a housekeeping gene, 
and the comparative ΔΔCT method was used to 
calculate the relative mRNA expression levels. 

Enzyme-linked immunosorbent assay (ELISA) 
IL-10 levels in the cell supernatant were detected 

with an ELISA kit (Abcam, England) according to the 
manufacturer’s instructions. 

In vivo study of a rat spinal cord contusion 
model 

Surgical procedure, groups and treatment 
All experimental rats were bred at the 

Laboratory Animal Center, and after being approved 
by the Animal Research Committee, the animal 
experiments were performed according to the 
regulations and guidelines of the Animal Ethics 
Committee. In total, twenty-four mature male SD rats 
(12 weeks old and mean body weight of 200-250 g) 
were used for this study. The surgical procedure was 
performed as described previously [13]. Briefly, after 
the rats were anesthetized with 10% chloral hydrate, a 
laminectomy was performed at the 10th thoracic 
vertebra (T10). A moderate contusion injury was 
induced by impacting the exposed dura of the spinal 

cord with a weight drop apparatus (10 g weight at a 
vertical height of 30 mm, 10 g × 30 mm). The animals 
with SCI were randomly divided into 3 groups of 6 
rats each and treated with PBS, 20 μg/ml PM-Exos or 
200 μg/ml PM-Exos via tail vein injection 30 min after 
SCI. Additionally, 6 rats were included as the sham 
group (laminectomy was performed but the spinal 
cord was not damaged). The wound of each rat was 
sutured. The rats were housed in individual cages, 
and the bladder of each rat was manually emptied 
twice a day until autonomic urination function was 
restored or the rats were sacrificed. 

Locomotion function assessment 
On days 1, 3 and 7 after surgery, Basso, Beattie 

and Bresnahan (BBB) scores and the inclined plate test 
were used to evaluate the locomotor behavior of the 
rats. Two independent and well-trained investigators 
observed and assessed the locomotor function of rats 
as previously described. The final score of each rat 
was obtained by averaging the values from both 
investigators [14]. 

Hematoxylin-eosin (H&E) staining and 
histological analysis 

After tissue preparation, pathological sections 
were made. The sections were mounted on slides to 
dry. The paraffin was then removed, and the slides 
were washed with distilled water. The sections were 
stained with hematoxylin solution for several 
minutes. After dehydration in 70% and 90% alcohol 
for 10 min, the sections were stained with eosin for 2-3 
min. The tissue was observed under an immuno-
fluorescence microscope (Leica, Japan) and analyzed. 

Nissl staining and counting of motor neurons 
Sections of the spinal cord were incubated in 

0.1% Nissl staining solution (Abcam, England) for 3 
min at 37 °C. After being rinsed with distilled water 
and dehydrated in 70, 80, 95% and 100% ethanol 
solutions, the sections were cleared in xylene for 5 
min. The number of motoneurons in each section was 
observed under an immunofluorescence microscope 
(Leica, Japan). The average number of motoneurons 
per area was calculated. 

RNA extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR) 

A 1.5-cm piece of tissue was taken from the 
injured area for qRT-PCR. TRIzol reagent (Abcam, 
England) was used to extract total RNA, and reverse 
transcription of 1 mg of total RNA was performed 
with a reverse transcription mix (synthesized by 
Invitrogen). PCR results were analyzed using 
glyceraldehyde 3‐phosphate dehydrogenase 
(GAPDH) as an internal control. Quantification of 
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gene expression for inflammatory cytokines was 
performed using the comparative cycle threshold. 

Enzyme‐linked immunosorbent assay (ELISA) 
Rats were sacrificed 7 days after SCI, and tissue 

was collected from the lesion site to detect the levels 
of inflammation‐related cytokines. The levels of 
TNF-α, IL‐10, IL‐6 and IL‐1β were detected using 
ELISA kits (Abcam, England). 

Proteome profiler 
The expression of cytokines in the rat spinal cord 

was measured in 100 μg protein per sample with a Rat 
Cytokine Array Profiler (R&D System, USA) 
according to the manufacturer’s instructions. Spot size 
was analyzed, and the results are expressed as the 
fold change in the exosome groups compared to the 
PBS and sham groups. 

Anterograde tracing of axons 
Neurobiotin 350 (10%, 10,000 MW; Vector, USA) 

was used for axon tracing. Briefly, 2 weeks after SCI, 
Neurobiotin 350 was injected at 4 sites around T2 of 
the rats after anesthesia and fixation. Two weeks later, 
the rats were sacrificed, and a 1.5-cm piece of tissue 
was taken from the damaged area after formaldehyde 
perfusion. Finally, the pathological sections were 
generated, and the axons were observed under an 
immunofluorescence microscope. 

Detection of autophagy 

TEM 
Cells were pelleted by centrifugation and 

resuspended three times in PBS. A 2.5% 
glutaraldehyde fixative solution was added, and the 
cells were fixed for 3 h after the supernatant was 
removed. After three washes with PBS, the cells were 
shaken and fixed with 0.5% osmic acid for an 
additional 3 h. After embedding and double staining 
with uranyl acetate/lead citrate, the sections were 
visualized at 60 kV under H-7650 TEM (JEOL1400). 

Tandem stubRFP-sensGFP-LC3 confocal 
microscopy 

StubRFP-sensGFP-LC3 transfected BV2 cells 
were incubated into cell culture dishes at a density of 
1×105 cells per culture dish. After being washed three 
times with PBS, the cells were placed on a 
laser-scanning confocal microscope (Nikon, Japan) for 
observation. The number of autolysosomes and 
autophagosome per field of view was observed in 20 
randomly selected fields of view. 

Western blot 
After total protein lysates were obtained with 

RIPA buffer, the BCA method was applied to measure 
the protein concentration. After the membranes were 
incubated with the corresponding primary and 
secondary antibodies, the signals were detected with 
an ECL assay kit (Amersham, Sweden). 

Statistical analysis 
All values in the figures and text were from three 

independent experiments. All results are shown as the 
mean ± SEM. Statistical analysis were performed with 
GraphPad Prism V8.0 (San Diego, CA, USA). 
Student’s t test was used to analyze the difference 
between the two groups, and the one-way ANOVA 
was used to analyze the difference among two or 
more groups. The results of the cued conditional 
response were analyzed using two-way ANOVA. 
Post-hoc correction was also performed for multiple 
comparisons between groups over time. Differences 
were considered significant at P < 0.05. 

Results 
Characterization of exosomes 

TEM images were used to observe the general 
morphology of the exosomes isolated from PMs, and 
the results showed that the majority of these particles 
exhibited a round or cup-shaped morphology. 
According to DLS analysis, the size of most particles 
ranged from 50 to 150 nm, indicating that they were 
exosomes. Moreover, western blotting revealed that 
the cells expressed representative exosome surface 
markers. Exosomes were labeled with the exosome 
marker, PKH26, and incubated with microglia to 
detect the phagocytosis of exosomes by microglia. 
After observation under a confocal microscope, the 
cells were further confirmed to be exosomes (Figure 
2). 

PM-Exos promote anti-inflammatory type 
microglial polarization 

The ELISA results showed that the expression of 
IL-10 was higher in the PM-Exo-treated cells than in 
the PBS-treated cells. PCR revealed that the RNA 
expression of CD206, CD163, Arg-1 and IL-10 in the 
PM-Exo-treated group was also higher than that in the 
control groups, especially in the 200 μg/ml 
PM-Exo-treated group, indicating that the cells were 
anti-inflammatory type microglia and there was a 
positive effect of the PM-Exos on M2 polarization. 
Moreover, flow cytometry showed that there were 
more anti-inflammatory type microglia in the 200 
μg/ml PM-Exo-treated group than in the other 
groups, confirming that the cells were 
anti-inflammatory type microglia (Figure 3). 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

1344 

PM-Exos improve functional recovery after 
SCI 

On days 1, 3 and 7 after SCI, the locomotor 
function of the animals was observed by two 
well-trained observers. As shown in Figure 4, the 
differences in BBB scores and inclined plate test 
performance among the three groups were not 
significant on day 1. On day 3, however, the rats in the 
200 μg/ml PM-Exo group performed better than those 
in the other two groups. On day 7 after SCI, the 
average BBB score and performance in the inclined 
plate test of both the 20 μg/ml and 200 μg/ml PM-Exo 
groups were better than those of the PBS group 
(Figure 4). 

PM-Exos promote tissue 
repair after SCI 

H&E staining and Nissl 
staining were used to observe the 
morphology of the spinal cord. 
As shown in Figure 4, damage to 
the central gray matter and 
dorsal white matter was 
visualized by H&E staining, and 
this damage was more 
pronounced in the PBS group 
than in the PM-Exo groups. 
Moreover, H&E staining showed 
less tissue damage in the 200 
μg/ml PM-Exo group than in the 
20 μg/ml PM-Exo group. 
Furthermore, Nissl staining was 
used to determine the number of 
spinal neurons. There were more 
Nissl-positive cells in the 
anterior horn of the spinal cord 
in the 200 μg/ml PM-Exo group 
than in the 20 μg/ml PM-Exo 
group and the PBS group. For 
axon tracing, quantitative 
analysis showed that the number 
of Neurobiotin 350-positive 
fibers was significantly increased 
in the 200 μg/ml PM-Exo group 
and the 20 μg/ml PM-Exo group. 
These findings suggested that a 
high concentration of PM-Exos 
protects damaged neurons and 
reduces the effects of SCI. 

PM-Exos attenuate the 
expression of inflammatory 
cytokines after SCI 

As shown in Figure 5, the 
qPCR results showed no 
significant differences in 

inflammatory cytokine expression among the three 
groups on day 1 after SCI, and the same results were 
obtained with ELISA. On day 7, however, the 
expression of proinflammatory cytokines was 
significantly decreased in the PM-Exo groups, 
especially in the 200 μg/ml PM-Exo group, compared 
to the PBS group. There were also differences in the 
anti-inflammatory activity in each group with the 
expression of IL-6 being much higher in the PM-Exo 
group than in the PBS group. The proteome profiler 
array also revealed differences in the expression of 
proinflammatory cytokines and anti-inflammatory 
cytokines as shown in Figure 6. 

 
Figure 2. Identification of Exosomes. (A) Morphology of exosomes observed by TEM. Scale bar: 100 nm/50 nm 
(B) Particle size distribution of exosomes measured by DLS. (C) Exosome surface markers (CD81, CD9, CD63 and 
TSG-101) were measured using western blotting. (D) Representative immunofluorescence photomicrograph of PKH26 
(red)-labeled exosomes absorbed by cells. Nuclei were stained by DAPI (blue). 
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Figure 3. Identification of anti-inflammatory type microglia. (A) Representative relative mRNA expression levels of M2 macrophages. This experiment was repeated 
independently three times. **P<0.01 and ***P<0.001 compared to the control groups. (B) Enzyme‐linked immunosorbent assay (ELISA) to measure IL-10. ***P<0.001 compared 
to the control groups. (C) Flow cytometry analysis of anti-inflammatory type microglia. 

 

Stimulation of microglia with PM-Exos 
promotes and induces autophagy 

To detect the effect of PM-Exos on microglial 
autophagy, we examined the protein levels of 
autophagy-related proteins, including LC3-II/Ⅰ, 
Beclin-1 and p62, by western blotting. As shown in 
Figure 7, the LC3-II/Ⅰ level was increased in the 200 
μg/ml PM-Exo group. The same trend was also found 
for Beclin-1, but the variation in expression of p62 was 

in the opposite direction. These results indicated that 
microglial autophagy was induced in the PM-Exo 
groups. The tandem stubRFP-sensGFP-LC3 method 
was then used to observe the occurrence of 
autophagic flux. The number of autolysosomes and 
early stage autophagosomes in the PM-Exo groups 
were notably higher than those in the PBS group. 
Moreover, TEM also indicated that there were more 
autophagosomes in the PM-Exo groups than in the 
PBS group. 
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Figure 4. The positive effect of PM-Exos on spinal cord injured rats. (A) BBB score and inclined plate test were performed, and the results are shown. *P <0.05, 
**P<0.01 and ***P<0.001 (B) Hematoxylin–Eosin (HE) staining and histological analysis. (C) Nissl staining and cell counting of motor neurons. (D) Anterograde tracing of axons. 
***P<0.001. 
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Figure 5. PM-Exos attenuate the expression of inflammatory cytokines after SCI. (A) The representative qPCR expression of inflammatory cytokines. *P <0.05, 
**P<0.01 and ***P<0.001 (B) Enzyme‐linked immunosorbent assay (ELISA) of inflammatory protein. *P <0.05, **P<0.01 and ***P<0.001. 

 

The PI3K/AKT/mTOR autophagic signaling 
pathway is downregulated 

To investigate the potential mechanism by which 
microglial autophagy is activated, western blotting 
was performed to detect the expression of AKT and 
mTOR, which are involved in the classical autophagy 
pathway. Compared to the PBS group, the expression 
of these proteins in the 200 μg/ml PM-Exo group was 
significantly decreased (Figure 7). 

Discussion 
In the present study, we investigated one way 

that PMs affect repair after SCI, and we used PM-Exos 
to intervene in the early stage of SCI for the first time. 
We verified the relationship between PMs and local 
microglia after SCI, and to explore the potential 
mechanism of this beneficial effect, we made 
reasonable inferences from recent studies showing 
that autophagy may play a significant role in the 
process. We performed a series of in vitro and in vivo 
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studies and proved that the protective effect of PM- 
Exos, which involves increasing anti-inflammatory 
type microglial polarization by enhancing autophagy 

via activation the PI3K/AKT/mTOR pathway, after 
SCI injury is an important factor for neuronal 
protection. 

 

 
Figure 6. Proteome profiler of inflammatory cytokines after SCI. (A) The proteome profiler of inflammatory cytokines was performed, and the analyzed results are 
shown. (B) Thermography of inflammatory cytokines comparison of the three groups. 
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Figure 7. PM-Exos induce microglial autophagy via downregulation of the AKT/mTOR signaling pathway. (A) Transmission electron microscopy analysis of 
microglia. The arrows indicate autophagosomes. Scale bars: 5 µm (upper) and 2 µm (lower). (B) Western blot analysis results of autophagy- and AKT/mTOR signaling 
pathway-related proteins. (C) stubRFP-sensGFP-LC3-infected rat spinal cord microglia for the autophagy study. In BV2 cells, rapamycin and PM-Exos promoted the 
occurrence of autophagy flux (red fluorescence was enhanced and green fluorescence was weakened due to the formation of autolysosomes). Chloroquine (CQ) inhibited the 
formation of autolysosomes. Therefore, when the red fluorescence was enhanced, the green fluorescence was enhanced at the same time. The difference was statistically 
significant. *vs. PBS group, P<0.05; #vs. RFP, P<0.05. 
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SCI is a worldwide problem, and the burden that 
SCI imposes on society and families is devastating. 
Additionally, treating SCI has long been a challenge 
for spinal surgeons. A series of biochemical events 
occur after SCI-mediated secondary injury [15], and 
infiltration of resident macrophages and microglia 
plays a significant role in this process. The 
proinflammatory and anti-inflammatory effects of 
macrophages and microglia play critical roles 
throughout the secondary injury processes. However, 
a recent study revealed that the recruitment of PMs is 
essential for successful spinal cord regeneration [6]. In 
our study, to explore the effect that PMs have on local 
microglia polarization, we extracted monocytes from 
the rat abdominal cavity and differentiated them into 
macrophages. We focused on exerting 
anti-inflammatory effects at the SCI site. 

Exosomes, which are small (40-100 nm) 
membranous vesicles, carry various biologically 
active molecules, including coding RNAs, noncoding 
RNAs, DNA, antigen presentation molecules and 
proteins [16-18]. Thus, exosomes regulate 
communication between cells and the transmission of 
pathogens [1, 19]. More importantly, exosomes 
derived from different cell types have different 
characteristics that reflect the type and activation state 
of their mother cells [20]. The results of our study 
confirmed the above findings. The in vivo study 
clearly indicated that PMs had anti-inflammatory 
effects, and the PCR, ELISA and proteome profiler 
results showed that the PM-Exos, especially at a 
higher concentration, had a significantly greater effect 
than the control. As expected, exosomes derived from 
PMs exerted anti-inflammatory effects similar to those 
of their mother cells. Observation of the experimental 
rats as well as Nissl staining and H&E staining of the 
spinal cord also showed that the PM-derived 
exosomes improved functional recovery after SCI. 
Further, attenuation of inflammation may play a 
significant role in this process. However, it remained 
unknown what PMs stimulate or activate. 

Microglia are glial cells that are located 
throughout the spinal cord, and they compromise 
approximately 10%-15% of all CNS cells [21]. As 
resident macrophage cells, microglia play a significant 
role in many nervous system diseases, and they are 
activated and dominating drivers of the response to 
SCI [22]. The study of polarization of microglia has 
always been a hotspot [23, 24]. Studies have shown 
that the M2 polarization of microglia is beneficial for 
local anti-inflammatory effects after SCI [25]. In the 
present research, we found that with the increasing 
number of anti-inflammatory type microglia, the 
inflammatory indicators decreased sharply, indicating 
the anti-inflammatory effect of anti-inflammatory 

type microglia. The in vivo study also indicated that in 
the PM group, with more polarization of 
anti-inflammatory type microglia, the recovery of SCI 
rats was better than in other groups. 

Recent research has shown that autophagy, as a 
vital intracellular degradation process, plays a critical 
role after neurological diseases by regulating 
microglia polarization [26]. It has been observed that 
markers of autophagy are increased in microglia after 
SCI [22]. Although the mechanism by which 
autophagy exerts an effect on microglia is currently 
unclear, the activation of microglia by autophagy after 
SCI is dynamic, changing with time and the number 
microglia [27-29]. In general, anti-inflammatory 
properties are associated with high levels of 
autophagic flux, whereas proinflammatory properties 
are associated with inhibition of autophagic flux [29]. 
In the present study, to investigate whether the anti- 
inflammatory type microglia polarization and anti- 
inflammatory environment was related to microglial 
autophagy, we performed a series of in vitro studies. 
The results showed that in the PM groups, the 
number of autophagosomes and autophagic flux were 
significantly increased compared to those in the 
control group, which is consistent with previous 
studies. 

The signaling pathway that controls autophagy 
is complex, and the PI3K/AKT/mTOR signaling 
pathway is one of the pathways that is most closely 
related to autophagy [30]. There are two mTOR 
complexes, and mTORC1 is a critical negative 
regulator of autophagy [31, 32]. The PI3K/AKT/ 
mTOR pathway is a major upstream modulator of 
autophagy. In the present study, we found that AKT 
and mTOR were decreased significantly in the 
PM-Exo groups compared to the control group as 
determined by western blotting. Therefore, we 
concluded that suppression of the PI3K/AKT/mTOR 
pathway enhances autophagy in microglia. 

Conclusion 
In summary, we aimed to treat SCI, one of the 

most challenging conditions for clinicians and society, 
by combining anti-inflammatory PMs and exosomes. 
By performing an in vivo study in a rat model of spinal 
cord contusion injury and a series of in vitro studies, 
we found that treating SCI with PM-Exos is promising 
and that the anti-inflammatory effect of PM-Exos is 
clearly beneficial for recovery after SCI. We 
investigated the potential mechanism of this 
therapeutic effect, and we found that downregulation 
of the PI3K/AKT/mTOR signaling pathway is a key 
factor that activates and promotes autophagy in 
microglia, thus increasing anti-inflammatory type 
microglial polarization and stimulating the 
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anti-inflammatory properties of local microglia. Our 
study demonstrated that therapeutic strategies 
involving PM-Exos have great potential for recovery 
from SCI. 
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