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Exosomes derived from bone marrow mesenchymal 
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Abstract  
Exosomes derived from bone marrow mesenchymal stem cells can inhibit neuroinflammation through regulating microglial phenotypes and promoting nerve 
injury repair. However, the underlying molecular mechanism remains unclear. In this study, we investigated the mechanism by which exosomes derived from 
bone marrow mesenchymal stem cells inhibit neuroinflammation. Our in vitro co-culture experiments showed that bone marrow mesenchymal stem cells 
and their exosomes promoted the polarization of activated BV2 microglia to their anti-inflammatory phenotype, inhibited the expression of proinflammatory 
cytokines, and increased the expression of anti-inflammatory cytokines. Our in vivo experiments showed that tail vein injection of exosomes reduced cell 
apoptosis in cortical tissue of mouse models of traumatic brain injury, inhibited neuroinflammation, and promoted the transformation of microglia to the anti-
inflammatory phenotype. We screened some microRNAs related to neuroinflammation using microRNA sequencing and found that microRNA-181b seemed to 
be actively involved in the process. Finally, we regulated the expression of miR181b in the brain tissue of mouse models of traumatic brain injury using lentiviral 
transfection. We found that miR181b overexpression effectively reduced apoptosis and neuroinflamatory response after traumatic brain injury and promoted 
the transformation of microglia to the anti-inflammatory phenotype. The interleukin 10/STAT3 pathway was activated during this process. These findings 
suggest that the inhibitory effects of exosomes derived from bone marrow mesenchymal stem cells on neuroinflamation after traumatic brain injury may be 
realized by the action of miR181b on the interleukin 10/STAT3 pathway. 
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Introduction 
Microglia are the resident macrophages of the nervous system (Arslan et 
al., 2013). They are responsible for regulating the microenvironment of 
the nervous system, phagocytosis of extracellular debris, and initiation of 
inflammation. Therefore, they are considered to be basic immune cells 
in the central nervous system that regulate immune responses and brain 
function (Hansson and Rönnbäck, 2003). Microglia have two phenotypes 
after traumatic brain injury (TBI): either the “classically activated” M1 
phenotype or “alternatively activated” M2 phenotype. The balance between 
classically and alternatively activated microglial phenotypes was associated 
with the prognosis of central nervous system diseases (Qin et al., 2018). 
The M1 phenotype exhibits pro-inflammatory responses and expresses pro-
inflammatory cytokines. In contrast, the M2 type exhibits anti‐inflammatory 
effects and produces anti‐inflammatory factors. However, there is no absolute 
boundary between them. There are cells that exhibit markers of both the M1 
and M2 phenotypes. Nonetheless, researchers believe that demonstrating 
the complex phenotype of microglia in the central nervous system based on 
the M1/M2 classification is quite controversial because the two phenotypes 

exist upon stimulation and may thus revert to the other phenotype. It is a 
reversible process of modification. Transformation of phenotype and function 
may be a process with temporal and spatial heterogeneity (Stout and Suttles, 
2004; Kigerl et al., 2009; Kumar and Loane, 2012).

In the wave of stem cell research at the beginning of the 21st century, 
mesenchymal stem cells (MSCs) from various tissues were used to treat nerve 
damage after brain injury or cerebral ischemia. Cells and their exosomes 
have shown some neurorestorative effects for neurological diseases and 
injury in preclinical and clinical studies (Shevela et al., 2019; Huang et 
al., 2020). Bone marrow mesenchymal stem cells (bMSCs) are capable of 
repairing and replacing damaged tissues by differentiating into effector cells, 
such as neurons and glial cells (Hermann et al., 2004; Wislet-Gendebien 
et al., 2005; Pirzad Jahromi et al., 2015; Zhao et al., 2015; Fesharaki et al., 
2018; Wood et al., 2018). They can also secrete some cytokines to inhibit 
neuroinflammation and promote nerve repair. Thus, MSCs were considered 
to be a promising method for treating diseases affecting the central nervous 
system. Researchers have found that the role of repair is through paracrine 
effects and the exosomes secreted by MSCs rather than cell replacement 
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(Lai et al., 2010; Reis et al., 2012; van Koppen et al., 2012; Arslan et al., 2013; 
Bian et al., 2014; Tian et al., 2018). Exosomes are membranous vesicles 
secreted by different cells and are capable of crossing the blood-brain 
barrier (Zhuang et al., 2011). They play a major role in cell-cell interactions. 
Exosomes contain many components such as proteins, lipids, and nucleic 
acids. MicroRNAs contained in exosome vesicles have been found to play 
important roles in many physiological and pathological processes (Timmers 
et al., 2007; Reis et al., 2012; Arslan et al., 2013; Xin et al., 2013; Bian et al., 
2014; Shao et al., 2017). Exosomes have been previously reported to display 
neuroprotective effects in rats after TBI (Kim et al., 2016). Some scholars have 
suggested that exosomes derived from MSCs can inhibit neuroinflammation 
and promote neural repair by regulating microglial phenotypes (Li et al., 
2017; Xu et al., 2017). However, the molecular mechanisms involved have 
not been reported. Moreover, there is still no conclusion regarding the 
mechanism involved during exosome regulation of the microglial phenotype 
after TBI. As such, this study hypothesized that bMSC-derived microRNAs in 
exosomes exhibit neuroprotective effects. In vivo and in vitro experiments and 
microRNA sequencing was conducted to explore the microRNAs involved in 
neuroprotection. Lentivirus was subsequently used to regulate the expression 
levels of related microRNAs to test the hypothesis and verify the possible 
downstream mechanisms. 
 
Materials and Methods   
All animal experiments were approved by the Animal Ethics Committee of the 
First Affiliated Hospital, School of Medicine, Zhejiang University (Reference 
No. 201991) on February 13, 2019 and followed the National Institutes of 
Health guide for the Care and Use of Laboratory Animals.

Culturing and identification of BV2 cells and bMSCs
BV2 cells (RRID: CVCL_0182) were provided by the Institute of Neuroscience, 
School of Medicine, Zhejiang University. The BV2 cells were cultured in 
Dulbecco’s modified Eagle medium high glucose culture medium (Hyclone, 
Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco, 
Melbourne, Australia). BV2 cells were activated using lipopolysaccharide (1000 
ng/mL; Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 48 hours. bMSCs were 
derived from tibia and femur bone marrow from male C57BL/6J mice (n = 5, 
specific-pathogen-free, aged 6–8 weeks and weighing 18–20 g; Experimental 
Animal Center of Zhejiang Province, Zhejiang, China; license No. SCXK (Zhe) 
2014-0001). The tibia and femur of mice were immediately harvested and 
immersed in 75% alcohol for 15 minutes after being sacrificed by dislocating 
the cervical vertebrae under ketamine anesthesia. The epiphyses of each 
side of the femur and tibia bone were cut. Femur and tibia bone marrow was 
flushed with Roswell Park Memorial Institute medium 1640 (Hyclone) and 
collected into 10 mL culture dish with 10% fetal bovine serum. They were 
cultured at 37°C in a 5% CO2 environment. Half of the volume of culture 
medium was changed after 48 hours. The medium was then changed every 
3 days for a further 15–21 days. Cell passage was performed when cell 
confluence reached approximately 80%. Cultured bMSCs between passages 
3 and 5 were used for the following experiments. BV2 cells and bMSCs were 
subsequently identified through immunostaining using anti-ionized calcium 
binding adapter molecule 1 (Iba1) and anti-CD44 antibodies, respectively. 

Extraction and identification of exosomes
Exosomes were extracted from the cell culture supernatant of bMSCs. 
The bMSCs were first washed twice with phosphate-buffered saline 
(Servicebio, Wuhan, China). The culture medium was then replaced with 
exosome depleted fetal bovine serum (System Biosciences, Palo Alto, CA, 
USA) for another 48 hours. The resultant supernatant was collected and 
first centrifuged for 10 minutes at 300 × g. It was then transferred to an 
ultracentrifuge (Hitachi Limited, Tokyo, Japan, Himac cp80wx) and centrifuged 
for 30 minutes at 10,000 × g. Further centrifugation of the supernatant 
was performed at 100,000 × g for 70 minutes to form an exosome pellet. 
The supernatant was discarded, and the pellet was resuspended in 500 μL 
phosphate-buffered saline for use in subsequent experiments. The exosomes 
were then identified using a transmission electron microscope (FEI, Hillsboro, 
OR, USA). Nanoparticle tracking analysis was performed using ZetaVIEW 
8.04 (Particle Metrix, Meerbusch, Germany) to measure the diameter and 
particle number of the exosomes. Two protein samples from exosomes with 
different concentrations were prepared. The antibodies of exosome marker 
tumor susceptibility gene 101 (TSG101; Abcam, Cambridge, UK) and heat 
shock protein 70 (HSP70; Biolegend, San Diego, CA, USA) were detected using 
western blot assay.

In vitro co-culture experimental design
BV2 cells were first kept at 37 °C and activated using lipopolysaccharide for 
48 hours. The upper inserts of Transwell chamber (0.4  μm pore size, Corning 
Life Sciences, Corning, NY, USA) were filled with Dulbecco’s modified Eagle 
medium (500 μL/well) and seeded with bMSCs (0.5 × 105 cells/well) or 
exosomes derived from bMSCs (6.3 × 109 particles/well). The lower chambers 
were seeded with activated BV2 cells (2 × 105 cells/well). Cell-climbing 
slices were set in the lower chambers in advance. The Transwell plates were 
incubated for 48 hours in an incubator set at 37°C and 5% CO2. The total 
RNA of BV2 cells was extracted, and the cell-climbing slices were harvested 
for further analysis. The BV2 cells in the microglia (MG) group served as a 
negative control. BV2 cells from the co-culture system were used in flow 
cytometry, immunofluorescence, and quantitative polymerase chain reaction. 
The in vitro experiments were repeated three times with five samples for 
each group.

Cell phenotype analysis
BV2 cells in the lower chambers were collected after 48 hours of co-
culturing for flow cytometry analysis. To verify the percentage of M1 and 
M2 macrophages, the cells were incubated with the following mixture of 
directly conjugated antibodies: fluorescein isothiocyanate-conjugated anti-
Iba1 antibodies, allophycocyanin-conjugated anti-CD86 antibodies, and 
phycoerythrin-conjugated anti-CD206 antibodies. They were then fixed with 
1000 μL phosphate-buffered saline for 30 minutes at room temperature 
(25°C) followed by determination of the proportions of Iba1+CD86+CD206– (M1 
phenotype) and Iba1+CD86–CD206+ (M2 phenotype) BV2 microglia. BV2 cells 
were evaluated using a flow cytometer (BD FACSCanto™ II Flow cytometer; 
BD Biosciences, San José, CA, USA) and FlowJo v10.4 software (FlowJo, LLC, 
Ashland, OR, USA). Six samples were detected per group.

MicroRNA sequencing
After culturing in exosome-depleted fetal bovine serum for 48 hours, the 
total RNA from bMSCs and exosomes derived from bMSCs were collected for 
the following experiment. MicroRNA sequencing was performed to compare 
microRNA expression levels between bMSCs and exosomes derived from 
bMSCs. The sequencing process included the following steps: 1) total RNA 
collection, 2) 3′ and 5′ adapter ligation, 3) real-time polymerase chain reaction 
amplification, 4) small RNA library gel purification, and 5) library validation. The 
microRNA data was analyzed using ACGT101-miR (LC Sciences, Houston, Texas, 
USA). The analysis process was as follows: 1) 3′ connector and non-specific 
sequences were removed, 2) the length of sequences was maintained between 
18–26 nt through length screening, 3) mRNAs were used for comparative 
analysis and the filtration of remaining sequences, 4) filtering was used to 
obtain effective data and for microRNA identification, and 5) differentially 
expressed microRNAs were analyzed. A P-value ≤ 0.05 was considered 
statistically significant. The microRNAs sequencing and data analysis were 
performed by OBiO Technology (Shanghai) Corp., Ltd. (Shanghai, China). 

In vivo animal experimental design
Healthy C57BL/6J male mice (n = 100, specific-pathogen-free, aged 6–8 weeks 
and weighing 18–20 g) were purchased from the Experimental Animal Center 
of Zhejiang Province (Zhejiang, China; certificate No. SCXK (Zhe) 2014-0001). 
The in vivo experiment was divided into two parts. 

In the first part, C57BL/6J mice were randomly divided into four groups (n = 
5/group): sham (sham operation), brain trauma (TBI), normal saline (200 μL 
normal saline was injected through the tail vein after TBI, TBI + saline), and 
exosome groups (200 μL exosomes (6.3 × 1010 particles/mL) were injected 
through the tail vein after TBI, TBI + Exo). The normal saline and exosomes 
were daily injected until the mice were sacrificed at 1, 3, or 7 days post-TBI.

In the second part, mice were randomly divided into three groups (n =  
5/group): TBI (TBI in normal mice), TBI-down (TBI in microRNA downregulated 
mice), and TBI-up groups (TBI in microRNA upregulated mice).  

TBI model 
A TBI model was induced as described in our previous study (Wen et al., 
2019). A scalp incision was first made to expose the skull. A cranial window 
(3-mm diameter) was then drilled in the right parietal area of the skull, 2 
mm away from the midline. A lateral fluid percussion injury device (Virginia 
Commonwealth University Biomedical Engineering, Richmond, VA, USA) was 
used to induce TBI. Mice were anesthetized with an intraperitoneal injection 
of ketamine (80–100 mg/kg; Sigma). The device was tested by delivering 
approximately 10 pulses until a steady signal was produced. The angle of 
the pendulum starting position was adjusted to reach a pulse intensity of 
approximately 2.0 atm.

Lentiviral transfection
MiR-181b inhibitor lentivirus and miR-181b-overexpressing lentivirus 
were purchased from Jikai Gene (Jikai Gene Chemical Technology Co., Ltd., 
Shanghai, China). The lentiviruses were injected into the exposed cortex of 
each mouse (1 μL per mouse) through the cranial window using a stereotaxic 
instrument and a microinjection pump (RWD Life Science, Shenzhen, China) 7 
days before TBI. Infectious lentiviruses were used to up- or downregulate the 
expression level of microRNA-181b. The expression level of microRNA-181b 
in the cerebral cortex was tested by real-time quantitative polymerase chain 
reaction 7 days after the transfection.

Tissue preparation
The C57BL/6J mice were injected intraperitoneally with ketamine (80–100 
mg/kg) for anesthesia, and then sacrificed using 3 L/min CO2 asphyxiation and 
brains were removed following decapitation. The brain tissues were harvested 
and excised on ice on days 1, 3, and 7 post-initiation of brain trauma. Total 
RNA and proteins of the brain tissues were extracted for follow-up real-time 
quantitative polymerase chain reaction and western blot assay. Brain tissues 
harvested on day 7 post-initiation of TBI were prepared into sections for TdT-
mediated dUTP nick-end labeling (TUNEL) staining and immunofluorescence 
analysis. The in vivo experiments were performed twice with five biological 
replicates per group.

Immunofluorescence analysis
Immunofluorescence analysis was performed based on the classical protocol. 
Anti-Iba1 (mouse, 1:500, Abcam, Cat# ab15690, RRID: AB_2224403) and anti-
CD44 (rabbit, 1:500, Proteintech, Cat# 15675-1-AP, RRID: AB_2076198) were 
used to identify BV2 cells and bMSCs, respectively. The cell climbing slices 
in the in vitro experiments were double stained with anti-arginase-1 (Arg1; 



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 12｜December 2022｜2719

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

rabbit, 1:1000, Proteintech, Cat# 16001-1-AP, RRID: AB_2289842) and anti-
inducible nitric oxide synthase (iNOS; mouse, 1:500, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA, Cat# sc-7271 AF546, RRID: AB_2891105) followed by 
4′,6-diamidino-2-phenylindole (DAPI) staining. Brain tissues collected in the 
first part of the animal experiments were prepared into sections and stained 
with anti-Arg1 and DAPI. All primary antibodies were applied sequentially 
with overnight incubations at 4°C. CoraLite594 donkey anti-rabbit IgG (1:500, 
Proteintech, Cat# SA00013-8, RRID: AB_2857367), CoraLite488 donkey anti-
rabbit IgG (1:500, Proteintech, Cat# SA00013-6, RRID: AB_2890972), and 
CoraLite488 donkey anti-mouse IgG (1:500, Proteintech, Cat# SA00013-
5, RRID: AB_2890971) were used as secondary antibodies. The secondary 
antibodies were incubated for 30  minutes at room temperature in the dark. 
Evaluation of the cell-climbing slices and brain sections was performed using 
a confocal microscope (Olympus, Melville, NY, USA). Data were analyzed 
by counting the number of Iba1-, CD44-, or Arg1-positive cells in the two 
randomly selected high-magnification (200× or 400×) fields in each cell 
climbing slice or brain section.

Real-time polymerase chain reaction
The mRNA expression levels of inflammatory factors, such as interleukin-1beta 
(IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), interleukin-10 
(IL-10), and transforming growth factor-β (TGF-β), were quantified using 
real-time polymerase chain reaction to determine whether exosomes and 
micro181b could inhibit neuroinflammation. BV2 cells were collected 48 
hours after the coculture experiments. The expression factors were quantified 
to verify the effect of bMSCs and exosomes derived from bMSCs. The factors 
were quantified on day 1, 3, and 7 post-TBI in the in vivo experiment. This was 
done to observe the dynamic changes in related factors in both parts of the 
animal experiments. Moreover, the expression levels of candidate microRNAs 
selected and key proteins of inflammatory signaling pathway (nuclear factor-
kappa B, NFκB; activator of transcription 3, STAT3) were quantified as well.

Total RNA from BV2 cells and brain tissues of mice from all groups were 
extracted using an RNA purification kit (EZBioscience, Roseville, MN, USA) in 
accordance with the manufacturer’s instructions. The concentration of RNA 
samples was measured using a Nanodrop® spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA), and the samples were stored at −80°C 
for preservation. First-strand cDNA synthesis was performed using normal 
reverse transcription for mRNA analysis. A 4× EZscript Reverse Transcription 
Mix II (EZBioscience, Roseville, MN, USA) was used in this process. A poly(A) 
tail was added to the microRNAs followed by reverse transcription for 
microRNA analysis. All primers were synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China). The primer sequences are listed in Tables 1 and 2. U6 was 
used as the internal reference gene to determine microRNA expression while 
glyceraldehyde-3-phosphate dehydrogenase served as the internal reference 
gene for expression of other genes. Gene expression levels were calculated 
using the comparative CT (ΔΔCT). Three samples were provided for each 
group, and every real-time quantitative polymerase chain reaction experiment 
was repeated twice.

TdT-mediated dUTP nick-end labeling assay
TUNEL assay was done in the two in vivo experiments to determine whether 
bMSCs-Exo and different expression levels of microRNA-181b would influence 
apoptosis in the damaged cerebral cortex at 7 days post-TBI. TUNEL staining 
was performed using a TUNEL kit (Biyuntian Biotechnology Co., Ltd., Shanghai, 
China) in accordance with the manufacturer’s instructions. The number of 
TUNEL-positive cells in two high-magnification fields (400×) of each brain 
section was counted to evaluate the effect of exosomes or microRNA-181b. 
The TUNEL assay was performed twice.

Western blot analysis
The expression level of iNOS and Arg1 were verified using WB analyses to 
determine the expression of iNOS positive cells (M1) and Arg1 positive cells 
(M2), respectively, in the in vivo experiments. The expression level of signal 
transducer and activator of transcription 3 (STAT3), a potential responsible 
pathway, was measured to verify its effect in the second part of the animal 
experiments. Protein extracts were obtained from the brain tissue samples on 
day 7 post-TBI and their concentration determined using a bicinchoninic acid 
kit (Biyuntian Biotechnology Co., Ltd.). The primary antibody anti-Arg1 was 
used at 1:1000 dilution, anti-iNOS (mouse, Santa Cruz Biotechnology, Cat# sc-
7271 AF546, RRID: AB_2891105) at 1:500 dilution, anti-STAT3 (mouse, Santa 
Cruz Biotechnology, Cat# sc-8019, RRID: AB_628293) at 1:200 dilution, anti-
α-tubulin (rabbit, Invitrogen, Cat# PA5-19489, RRID: AB_10984311) at 1:500, 
and anti-β-actin (rabbit, Abcam, Cat# ab8227, RRID: AB_2305186) at 1:500 
dilution in the western blot assay. The blots were incubated with the primary 
antibody at 4°C overnight on a shaker. The following secondary antibodies 
were used: horseradish peroxidase-conjugated goat anti-mouse (1:10,000, 
Biosharp, Guangzhou, China, Cat# BL001A, RRID: AB_2827665), horseradish 
peroxidase-conjugated goat anti-rabbit (1:10,000, Biosharp, Cat# BL003A, 
RRID: AB_2827666). Horseradish peroxidase-conjugated secondary antibodies 
were incubated with polyvinylidene fluoride membranes (Millipore, Bedford, 
MA, USA) for 30 minutes at room temperature. Protein expression relative to 
the internal reference was detected using ImageJ software (v1.52a, National 
Institutes of Health, Bethesda, MD, USA) to compare optical densities. This 
process was performed twice.

Statistical analysis
No statistical methods were used to predetermine sample size for animal 
experiments. The selection of sample size for animal experiments was carried 
out in preliminary experiments, as well as by examining similar studies 
(Zhuang et al., 2011; Xin et al., 2013). The evaluator was blinded to grouping. 
Statistical Product and Service Solutions (SPSS, Version 17.0, SPSS, Chicago, 
IL, USA) was used to perform data analyses. Data are reported as mean ± 
standard deviation (SD). Variations between groups were calculated using 
one-way analysis of variance. In addition, the least significant difference test 
was employed for group comparisons. P-values less than 0.05 indicated a 
significant difference between groups.

Results
bMSCs and their derived exosomes induce the transformation of microglial 
polarization towards the anti-inflammatory phenotype
Exosomes were isolated from bMSCs using ultracentrifugation and identified 
using transmission electron microscopy, nanoparticle tracking analysis, and 
western blot analysis. A typical cup-shaped membrane vesicle morphology 
was observed (Figure 1). The size distribution profiles from the nanoparticle 
tracking analysis revealed that most vesicles had a diameter of ~130 nm. The 
original concentration of exosomes was 6.3 × 1010 particles/mL (exosomes 
detected were diluted by 1000-fold). Western blotting analysis further 
revealed that exosome markers TSG101 and HSP70 were expressed in the 
exosomes (Figure 1).

Table 1 ｜ Primer sequences of several mRNAs 

Primer Sequence (5'–3')

GAPDH Forward: TGG ATT TGG ACG CAT TGG TC
Reverse: TTT GCA CTG GTA CGT GTT GAT

IL-1β Forward: GCA ACT GTT CCT GAA CTC AA CT
Reverse: ATC TTT TGG GGT CCG TCA ACT

IL-6 Forward: TAG TCC TTC CTA CCC CAA TTT CC
Reverse: TTG GTC CTT AGC CAC TCC TTC

TNF-α Forward: GCA GGA GGG ACT TCA GGT GA
Reverse: GCC CCC ACT GTC CGT TCT

IL-10 Forward: CGG CTG AGG CGC TGT
Reverse: TGC CTT GCT CTT ATT TTC ACA GG

TGF-β Forward: TCT GCA TTG CAC TTA TGC TGA
Reverse: AAA GGG CGA TCT AGT GAT GGA

NF-κB Forward: ATG GCA GAC GAT GAT CCC TAC
Reverse: TGT TGA CAG TGG TAT TTC TGG TG

STAT3 Forward: CAA TAC CAT TGA CCT GCC GAT
Reverse: GAG CGA CTC AAA CTG CCC T

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; IL: interleukin; NF-κB: nuclear 
factor kappa-B; STAT3: signal transducer and activator of transcription 3; TGF-β: 
transforming growth factor-β; TNF-α: tumor necrosis factor-α.

Table 2 ｜ Primer sequences of some microRNAs 

microRNA Sequence (5'–3')

U6 Forward: AGA GAA GAT TAG CAT GGC CCC TG
mmu-let-7c Forward: GCG TGA GGT AGT AGG TTG TAT GGT T
mmu-miR-124 Forward: TAA GGC ACG CGG TGA ATG C
mmu-miR-21a Forward: CGG GTA GCT TAT CAG ACT GAT GTT GA
mmu-miR-181b Forward: AAC ATT CAT TGC TGT CGG TGG G
Universal reverse primer Reverse: ATC CAG TGC AGG GTC CGA GG
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Figure 1 ｜ Identification of exosomes derived from bone marrow mesenchymal stem 
cells. 
(A, B) Transmission electron microscopy revealed the membrane vesicle had a typical 
cup-shaped morphology. Scale bars: 100 nm. (C) Nanoparticle tracking analysis revealed 
that most vesicles had a diameter of approximately 130 nm. The original concentration 
of the exosomes was 6.3 × 1010 particles/mL. (D) Western blot assay further revealed that 
the exosome markers, TSG101 and HSP70, were expressed in the exosomes. HSP70: Heat 
shock protein 70; TSG101: tumor susceptibility gene 101.

After BV2 microglia cells were activated, they were then co-cultured with 
bMSCs or exosomes for 48 hours to facilitate the polarization of activated 
BV2 cells toward the anti-inflammation type (Figure 2A). This was performed 
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to investigate the effects of bMSCs and bMSC-derived exosomes on the 
polarization phenotypes of activated BV2 cells in a co-culture system. The 
expression of the anti-inflammation marker, Arg1, was increased significantly 
in the MG + bMSCs and MG + Exo groups, and the expression of pro-
inflammation marker iNOS was decreased in the MG + bMSCs and MG + 
Exo groups. Flow cytometry analysis was then performed to determine the 
proportion of pro-inflammatory and anti-inflammatory phenotype cells 
(Figure 2B). Activated BV2 cells were transformed to the anti-inflammatory 
phenotype after 48 hours of co-culturing with bMSCs or exosomes. Moreover, 
the exosomes were associated with a stronger anti-inflammatory effect (Figure 
2C).

bMSCs and their derived exosomes promote the expression of  
anti-inflammatory factors
Real-time quantitative polymerase chain reaction was used to detect the 
mRNA expression of BV2 cell-related inflammatory factors after 48 hours of 
co-culture with bMSCs or exosomes. Both bMSCs and exosomes inhibited 
the mRNA expression of pro-inflammatory factors (IL-1β, IL-6, and TNF-α), 
but promoted the mRNA expression of anti-inflammatory factors (IL-10 and 
TGF-β) (Figure 3). 

Exosomes decrease apoptosis in injured cerebral cortex of TBI mice
The lesion area and apoptotic cerebral cortical cells were determined 7 days 
after TBI to detect the effects of exosomes on the nervous system post-TBI in 
vivo (Figure 4). The damaged area in mice in the TBI + Exo group was smaller 
than that in the TBI and TBI + saline groups (Figure 4A and B). Brain sections 

were then subjected to TUNEL staining followed by quantification of TUNEL-
positive cells. The TBI + Exo group had significantly fewer apoptotic neurons 
than did the TBI and TBI + saline groups (Figure 4C and D).

Exosomes inhibit inflammation of the brain tissue after TBI
An in vivo experiment was designed in which exosomes were injected through 
the tail vein followed by induction of the TBI model to examine whether 
exosomes could inhibit inflammation in the central nervous system after 
induction of TBI. The expression levels of Arg1, iNOS, and inflammatory factors 
were then detected using immunofluorescence, western blot, and real-time 
quantitative polymerase chain reaction (Figure 5). The proportion of Arg1-
positive cells in the TBI + Exo group was significantly higher than that in the 
other groups (Figures 5A and B). In the same line, according to the western 
blot results, the protein expression level of Arg1 in the TBI + Exo group was 
significantly higher than that in the other groups. However, the expression 
of iNOS protein in the TBI + Exo group was significantly lower than that in 
the TBI and TBI + saline group (P < 0.05; Figure 5C). Figure 5DI–III shows the 
mRNA expression levels of the related inflammatory factors 1, 3, and 7 days, 
respectively, after the onset of TBI. Evidently, the mRNA expression levels 
of IL-10 and TGF-β in the TBI + Exo group were higher than those in the TBI 
and TBI + saline groups on days 1, 3, and 7 post-TBI. Moreover, the mRNA 
expression levels of IL-1β and TNF-α in the TBI + Exo group were lower than 
those in the TBI and TBI + saline groups on days 3 and 7 post-TBI. Injection of 
exosomes upregulated the expression of STAT3 but inhibited the expression of 
nuclear factor-kappa B (NFκB) 7 days post-TBI (Figure 5D [IV]).
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Figure 5 ｜ Effects of exosomes on neuroinflammation of injured area in TBI mice.
(A) Immunofluorescence assay of Arg1 (CoraLite488, green) on brain slices 7 days post TBI. DAPI was stained as blue. TBI + Exo group showed more Arg1-positive cells (arrows) than 
any other groups. Scale bars: 200 μm. (B) Proportion of Arg1-positive cells. (C) Relative protein expression of Arg1 and iNOS using western blot assay. (D) mRNA expression levels of 
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miRNA-181b is highly expressed in both bMSC exosomes and TBI brain 
tissues
microRNA sequencing of bMSCs and exosomes derived from bMSCs was 
performed to explore the effective components of exosomes. Sequencing 
results revealed that there were more than 500 microRNAs highly expressed 
and more than 300 microRNAs lowly expressed in the exosomes relative 
to their expression in bMSCs. The differentially expressed microRNAs are 
shown in the heatmap and volcano plot (Figures 6A and B). Based on 

microRNAs reported in other relevant studies (Ni et al., 2015; Harrison et 
al., 2016; Liu et al., 2018; Meng et al., 2019), let-7c, miR-124, miR-21a, and 
miR-181b were chosen to be intensively studied. The expression levels of 
these microRNAs in brain tissues of mice in the TBI + Exo group on day 7 
post-TBI were determined. miR-181b was found to be highly expressed in 
the TBI + Exo group (Figure 6C). This strongly suggested that miR-181b plays 
a major role in inhibiting neuroinflammation and regulating the phenotype 
of microglia.

Figure 6 ｜ Differential expression of microRNAs between bMSCs and exosomes. 
(A) Heatmap of differentially expressed microRNAs between bMSCs and exosomes. The relative expression levels of hundreds of detected microRNAs were displayed in the heatmap. 
The intensity of the color indicates the expression of microRNAs, with a darker color meaning higher expression level. (B) Volcano plot of the differentially expressed microRNAs. Blue 
represents low expression while red denotes high expression in exosomes. Gray denotes lack of differences between them. (C) The differentially expressed microRNAs in vivo. Data 
are expressed as mean ± SD (n = 5 per group). *P < 0.05 (one-way analysis of variance followed by the least significant difference test). bMSCs: Bone marrow mesenchymal stem cells; 
Exo: exosome; mmu: musmusculus; TBI: traumatic brain injury.

Upregulation of microRNA-181b inhibits apoptosis of cortical cells, reduces 
neuroinflammation, and regulates the phenotype of microglia post TBI 
Lentiviral vectors were used to obtain different expression levels of miR-
181b to verify the role of miR-181b in the neuroinflammation process post-
TBI. The expression level of miR-181b was detected 7 days after transfection 
of the mice with the lentivirus. Cell apoptosis detected in each group on day 
7 post-TBI revealed that the number of TUNEL-positive cells in the miR-181b 
upregulation group was significantly lower than that in the other two groups 
(Figures 7A and B). The expression level of miR-181b in the upregulation and 
downregulation group was 2.7 times higher and 0.4 times lower than that 
in normal C57BL/6J mice, respectively (Figure 7C). The microglial markers, 
Arg1 and iNOS, and the transcriptional regulator, STAT3, were detected using 
western blot (Figure 7D). The TBI-up group had a higher expression level of 
Arg1 and STAT3, but a lower expression level of iNOS than did the normal 
and TBI-down groups. Inflammatory factors were also detected on day 1, 
3, and 7 post-TBI (Figure 7E [I–III]). The mRNA expression level of IL-10 and 
TGF-β in the TBI-up group was significantly higher than that in the other two 
groups on day 1, 3, and 7 post-TBI (P < 0.05). However, the mRNA expression 
level of IL-1β in the TBI-up group was significantly lower than that in the 

other two groups on day 1, 3, and 7 post-TBI (P < 0.05). Similarly, the mRNA 
expression level of TNF-α in the TBI-up group was significantly lower than that 
in the other two groups on day 3 and 7 post-TBI (P < 0.05). Nonetheless, the 
expression level of IL-6 mRNA was not significantly different between groups 
on day 1, 3, and 7 post-TBI. Further analysis of the TBI-up group revealed that 
the expression levels of IL-10 and TGF-β mRNA gradually increased after TBI 
(Figure 7E [IV]).

Discussion
Microglia play an important role in regulating neuronal functions such as cell 
survival, neurogenesis, and neuroinflammation (Zhang and Fedoroff, 1996; 
Arnò et al., 2014; Ransohoff et al., 2015; Mosser et al., 2017). In healthy 
brain tissues, microglia can phagocytose cell debris and damaged neurons. 
Activated microglia can also release various pro-inflammatory and anti-
inflammatory cytokines and mediators, such as interleukin-1β, interleukin-6, 
interleukin-10, arginase-1, cyclooxygenase-2, and inducible nitric oxide 
synthase among others (Kirkley et al., 2017; Pozzo et al., 2019).
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Figure 7 ｜ The effect of different expression levels of miR-181b on cerebral cell apoptosis and neuroinflammation in injured area of TBI mice. 
(A) TUNEL staining showing the levels of cerebral cell apoptosis (arrows) in the three groups. There were fewer apoptotic cells (TUNEL-positive cells) in the TBI-up group than in the 
other two groups. Scale bars: 0.2 mm. (B) Quantification of TUNEL-positive cells. (C) Expression level of miR-181b 7 days after the transfection with lentivirus. (D) Protein expression 
of microglia markers, Arg1 and iNOS, as well as the transcriptional regulator, STAT3. (E) mRNA expression of inflammatory factors on days 1, 3, and 7 post TBI (I–III). Dynamic changes 
in inflammatory factors in TBI-up group (IV). Data are expressed as mean ± SD (n = 5 per group). *P < 0.05 (one-way analysis of variance followed by the least significant difference 
test). Arg1: Arginase-1; DAPI: 4′,6-diamidino-2-phenylindole; Dpi: days post injury; IL: interleukin; iNOS: inducible nitric oxide synthase; STAT3: signal transducer and activator of 
transcription 3; TBI: traumatic brain injury; TGF-β: transforming growth factor-β; TNF-α: tumor necrosis factor-α.

Exosomes derived from MSCs protect various tissues from damage (Arslan 
et al., 2013; Tan et al., 2014; Zhu et al., 2014; Kim et al., 2016; Rager et al., 
2016). Tian et al. (2018) conjugated c (RGDyk) to the surface of exosomes 
and then injected exosomes through the tail vein. Their results suggest 
a targeting delivery effect of exosomes after ischemia (Tian et al., 2018). 
Nonetheless, there are still many unanswered questions regarding their role 
in the pathophysiological process. Kim reported that exosomes isolated from 
MSCs could improve the cognitive impairment in TBI mice (Kim et al., 2016). 
However, the molecular signals that mediated interactions between exosomes 
and neurons to promote neuronal survival were still unclear. 

Neuroinflammation affects the recovery of nerve function and the survival of 
neurons. As such, it is an important process in secondary brain injury. Herein, 
exosomes co-cultured with bMSCs inhibited the pro-inflammatory effect of 
activated microglia-like BV2 cells. They also played a crucial role in promoting 
macrophage polarization towards the M2 phenotype. Moreover, the BV2 cells 
expressed both Arg1 and iNOS at the same time. This result was consistent 
with other reports (Pettersen et al., 2011; Wong et al., 2011; Vogel et al., 
2013). In the same line, Italiani reported that human macrophages could be 
polarized to the M1 phenotype and then mature to the M2 phenotype with 
continuous changes in culture conditions (Italiani et al., 2014). Similarly, after 
exposure to classic M1 activation signals or interferon-γ, M2 macrophages 
can express M1-specific cytokines and markers, thereby transforming to 
the M1 phenotype (Stout et al., 2005; Mylonas et al., 2009). Although there 
is no universal consensus on the transformation of microglial phenotype, 
phenotype changes in macrophages induced by external factors are dynamic 
and show heterogeneity in space and time. Consequently, the phenotypic 
definition of macrophages should be interpreted based on specific markers 
and function. As such, the real situation is by no means as simple as M1/M2.

Zhang et al. (2015) reported that TBI rats treated with bMSC exosomes had 
significantly stronger learning ability than those in other groups when tested 
using the Morris water maze at 34–35 days after injury. In addition, their 
sensory function and behavioral scores were higher than those of other 
groups at 14–35 days post-TBI. In the same study, the exosome treatment 
group also had significantly more neovascular endothelial cells in the dentate 
gyrus that effectively reduced neuroinflammation. This was the first in 
vivo study of exosomes and their role in the treatment of TBI. Herein, the 
damaged area in the TBI + Exo group was significantly less than that of the TBI 
and TBI + saline groups. In addition, the number of TUNEL-positive cells in the 
damaged area was also significantly reduced after treatment with exosomes. 
This strongly indicated that the use of exosomes in the acute phase after TBI 
could reduce brain tissue damage and cerebral cortical cells apoptosis. In the 
same line, the neuroinflammatory response in the exosome treatment group 
was inhibited. The expression of pro-inflammatory factors, IL-1β and TNF-α, 
was significantly suppressed while that of the anti-inflammatory factors, IL-
10 and TGF-β, was significantly increased. The expression of the M2-type 
microglia marker, Arg1, was also significantly increased in the exosome 
treatment group.

There are numerous studies on neuroinflammation-related signal pathways. 
Cheng et al. (2019) reported that the expression of the Notch1/NFκB pathway 
protein was significantly higher in the cerebral ischemic stroke models. 
However, Zeng et al. (2017) reported that hypertonic saline attenuated 
the expression of pro-inflammatory mediators and downregulate the 
Notch signaling pathway. The role of the STAT3 signaling pathway during 
inflammation is controversial. Ryu et al. (2019) reported that dasatinib 
regulated the neuroinflammatory response of lipopolysaccharide-induced 
microglia and astrocytes by inhibiting the expression of STAT3 and pro-
inflammatory factors. Similarly, Zhang et al. (2018) reported that ginkgo biloba 
extract protected brain tissues after ischemic stroke by significantly reducing 
the expression of pro-inflammatory cytokines. These effects may have been 
achieved by inhibiting the JAK2/STAT3 pathway. However, Staples reported 
that IL-10 activated the phosphorylation of transcription factor STAT3 through 
the autocrine feedback. As such, activation of STAT3 could upregulate the 
expression of IL-10. The autocrine feedback enhanced the anti-inflammatory 
effects of IL-10 (Staples et al., 2007).

The relationship between IL-10 and STAT3 seems to be particularly subtle. IL-
10 plays a role in the anti-inflammatory response by binding to its receptor. 
The activation of the IL-10/JAK1/STAT3 cascade pathway in turn causes 
activation of phosphorylated STAT3 within seconds. Although STAT3 has no 
anti-inflammatory effects, it can activate many anti-inflammatory effector 
genes that can inhibit pro-inflammatory genes at the transcriptional level 
(Murray, 2005, 2006). Herein, the IL-10 level in the exosomes treatment 
group was significantly higher than that in the other two groups on days 1, 3, 
and 7 post-TBI. Moreover, the expression of STAT3 in the exosome treatment 
group was significantly higher than that in the TBI group on day 7 post-TBI. 
Based on the interaction between IL-10 and STAT3, it can be concluded that 
IL-10 activates the STAT3 cascade pathway to inhibit neuroinflammation and 
promote the transformation of microglia to an anti-inflammatory phenotype.

Recently, researchers have postulated that the therapeutic effect of exosomes 
depends on large amounts of microRNAs (Mateescu et al., 2017; Shao et 
al., 2017). microRNA sequencing was performed to measure the expression 
level of microRNAs in exosomes and bMSCs. Based on microRNAs reported 
in other relevant studies and the sequencing results, let-7c, miR-124, miR-
21a, and miR-181b were screened to identify those strongly associated 
with neuroinflammation. Subsequent quantitative polymerase chain 
reaction results of the brain tissue revealed that the expression of miR-
181b in the exosome treatment group was significantly higher than that in 
the other groups. It was thus concluded that miR-181b may be involved in 
the regulation of neuroinflammation, as well as regulation of the microglial 
phenotype.

Further investigations on the effects of miR-181b using lentiviral vectors 
revealed that there were significantly fewer apoptotic cells in the TBI-up 
group than in the other groups. The TBI-up group had significantly higher 
levels of IL-10 and TGF-β and lower levels of IL-1β and TNF-α than the TBI-
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down and TBI groups. Further analysis revealed that the expression levels 
of IL-10 and TGF-β gradually increased after TBI. Compared with the TBI 
group, the expression levels of ARG1 and STAT3 in the TBI-up group were 
significantly higher, while the expression of iNOS was lower. Taken together, 
these results strongly suggested that there may be some interaction between 
the miR-181b and IL-10/STAT3 pathway. These effects could culminate with a 
phenotype transformation of microglia and inhibition of neuroinflammation 
and cell apoptosis. 

This study was limited by several factors. The direct targets of miR181b and 
the mechanism of how miR-181b activates the IL-10/STAT3 pathway were 
not identified. Further studies on miR181b targets and their mechanisms of 
action are therefore needed to decipher its role in neuroprotection. Despite 
the limitation, our current study disclosed that exosomes derived from 
bMSCs can inhibit neuroinflammation both in vitro and in vivo as well as 
reducing apoptosis after TBI. microRNA-181b plays a role as a potential target 
that may regulate the IL-10/STST3 pathway and subsequently influence the 
neuroinflammation in some manner.

In conclusion, exosomes derived from bMSCs promote the polarization 
of microglia to the anti- inflammatory phenotype and inhibit the 
neuroinflammatory response both in vitro and in vivo. miR-181b seems 
to play a role in this process. The prominent role of microRNAs in 
neuroprotection offers new potential avenues of research into the treatment 
of neuroinflammation post-TBI.
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