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Abstract During the traumatic brain injury (TBI), improved expression of circulatory miR-21 serves as

a diagnostic feature. Low levels of exosome-miR-21 in the brain can effectively improve neuroinflamma-

tion and bloodebrain barrier (BBB) permeability, reduce nerve apoptosis, restore neural function and

ameliorate TBI. We evaluated the role of macrophage derived exosomes-miR-21 (M-Exos-miR-21) in

disrupting BBB, deteriorating TBI, and Rg1 interventions. IL-1b-induced macrophages (IIM)-Exos-miR-

21 can activate NF-kB signaling pathway and induce the expressions of MMP-1, -3 and -9 and downregu-

late the levels of tight junction proteins (TJPs) deteriorating the BBB. Rg1 reduced miR-21-5p content in
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IIM-Exos (RIIM-Exos). The interaction of NMIIAeHSP90 controlled the release of Exos-miR-21, this

interaction was restricted by Rg1. Rg1 could inhibit the Exos-miR-21 release in peripheral blood flow to

brain, enhancing TIMP3 protein expression, MMPs proteolysis, and restricting TJPs degradation thus pro-

tected the BBB integrity. Conclusively, Rg1 can improve the cerebrovascular endothelial injury and hold the

therapeutic potential against TBI disease.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Traumatic brain injury (TBI) poses a major risk of infirmity and
death accompanied by long-term grave neurological impairment
in the central nervous system (CNS) of survivors1,2. TBI may be
the primary cause of mechanical stress or secondary in nature due
to the pathophysiological disruptive changes in bloodebrain bar-
rier (BBB), cell apoptosis, inflammatory responses, free radical
production, and excitotoxic damage3. These changes evolve
within minutes to months after the primary injury1. It has been
reported that BBB disruption is due to disconnection of cerebro-
vascular endothelial cells (ECs) from integrated vascular system
via intercellular tight junctions (TJs)4. This disruption of BBB
further takes part in deterioration of microenvironment of normal
neuronal physiology1.

Exosomes (Exos) with a diameter of 30e150 nm are
endogenous nanovesicles responsible for cell-to-cell trans-
mission by transporting functional molecules of central dogma5.
Some transport proteins (e.g., TSG101 and HRS), lipids (e.g.,
ceramide), and tetraspanins (e.g., CD63 and CD9) have been
confirmed to control multivesicular bodies (MVB) biogenesis
and exosome secretion6. Nonmuscle myosin IIA (NMIIA) par-
ticipates in the stage wise cytoskeletal reform that is vital for
lytic granule release7e9. However, the role of NMIIA for exo-
some regulation in TBI still remains unstated. Lately, studies
have identified that exosomes can voluntarily cross the BBB
and act as delivery vehicles with a possible role to deliver
explicitly designed components to CNS10. These transferred
exosomes can modify the brain structure and its functionality,
and may offer a preferable approach for the TBI disease
interventions11.

As small non-coding RNA molecules, microRNAs (miRNAs,
miRs) induce translation repression or mRNA degradation12,13.
The dysregulation of miRNAs in TBI models has been evidently
reported several times in previous studies11,14,15. Clinical and
basic research findings have shown that miR-21 expression was
improved both in the brain cortex after TBI and cultured neurons
after scratch injury11,14,15. Furthermore, exosomes miRNA are
known to facilitate the neuroinflammation and neuronal
injury14,16,17.

Ginsenoside Rg1, as a major biomolecule, is mainly respon-
sible for the pharmacological activities (neurotrophic and neuro-
protective) of ginseng18e20. Nevertheless, findings from
pharmacokinetic studies indicated that ginsenoside Rg1 cannot be
proficiently transported across the BBB21e23. Moreover, the ma-
chinery by which ginsenoside Rg1 “lessens” TBI in vivo is still not
fully explored. In this study, we hypothesize that ginsenoside Rg1
can suppress the secretion of exosome-miR-21 via NMIIA as key
regulator besides improving the effect of cerebral vascular endo-
thelial injury, protecting the integrity of the BBB, and thus plays a
central role in prevention and treatment of cerebral vascular
disease.

2. Materials and methods

2.1. Reagents

IL-1b and blebbistatin were procured from PeproTech Inc. (NJ,
USA) and Selleckchem (Houston, TX, USA), respectively.
Ginsenoside Rg1, dimethyl sulfoxide (DMSO), and anti-HSP90
antibody were acquired from SigmaeAldrich (St. Louis, MO,
USA). Primary antibodies against TIMP3, HSP90, p-P65, and
P65 were obtained from Cell Signaling Technology (Beverly,
MA, USA). ZO-1, occludin, claudin-5, TSG101, and GFAP
were procured from Abcam (Cambridge, MA, USA). Antibody
against NMIIA was purchased from Proteintech (Wuhan,
China). Antibodies against MMP-3, MMP-9, CD6, CD9, VEGF,
GAPDH and b-actin were acquired from EnoGene BIO
Inc. (Nanjing, China). Secondary antibodies conjugated with
horseradish peroxidase (HRP) were obtained from Bioworld
Technology Inc. (St. Louis Park, MN, USA). MMP-1 antibody
was acquired from Boster Biological Technology (Wuhan,
China). Enhanced chemiluminescene (ECL) reagents, RIPA
lysis buffer, and protease inhibitor were procured from Vazyme
Biotech (Nanjing, China).

2.2. Cells culture

After procurement from American Type Culture Collection
(Manassas, VA, USA), primary human brain microvascular
endothelial cells (HBMECs) and human myeloid leukemia
mononuclear cells (THP-1 cells) were respectively cultured in
supplemented Dulbecco’s modified Eagle’s medium (DMEM;
Gibco Laboratories, Grand Island, NY, USA) and RPMI1640
(Gibco Laboratories) followed by incubation at 37 �C in a 5% CO2

humidified atmosphere.

2.3. Preparation and isolation of exosomes

THP-1 cells were seeded into the dishes at appropriate density and
differentiated into macrophages24 after treatment with 100 ng/mL
phorbol-12-myristate acetate (PMA) (SigmaeAldrich, Missouri,
USA) for 24 h. Cell morphology was characterized by phase
contrast microscopy (Olympus CKX31, Tokyo, Japan). Then, time
dependent IL-1b (20 ng/mL) treatment was given [with or without
Rg1 or blebbistatin (1 mmol/L)] to macrophages. Subsequently,
the supernatants were collected and purified by ultracentrifugation
of exosomes as described previously25, i.e., normal macrophages
(NM-Exos), IL-1b-induced macrophages (IIM-Exos), IL-1b-
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induced macrophages þ Rg1 (RIIM-Exos), and IL-1b-induced
macrophages þ blebbistatin (BIIM-Exos). Briefly, the above su-
pernatant was centrifuged at 1000�g and then at 10,000�g for
20 min in order to get rid of cell debris. After obtaining the pu-
rified exosomes, they were passed through a 0.22 mm filter fol-
lowed by ultracentrifugation at 100,000�g to pellet exosomes.
The exosome-enriched fraction was then washed with phosphate
buffer saline (PBS) and then centrifuged twice at 100,000�g.
Finally, the purified exosome fraction was re-suspended in PBS
and were quantified by BCA protein assay kit for further use. NM-
Exos, IIM-Exos, RIIM-Exos, and BIIM-Exos were quantified to
100 mg/mL for each cell groups.

2.4. Evaluation of exosomes through transmission electron
microscopy

According to earlier described study26, in order to examine the
morphology of IIM-Exos, 20 mL of Exos was fixed over a carbon-
coated copper grid (Nisshin EM, Co., Ltd., Tokyo, Japan) for
5 min followed by staining with 2% uranyl acetate and drying for
10 min. Finally, the stained grids were pictured with transmission
electron microscope (Tecnai G2 Spirit TEM, Zeiss, Oberkochen,
Germany) at 120 kV.

2.5. Identification of exosomes by nanoparticle tracking
analysis

Size distribution of Exos (diluted with deionized water to 1.0 mL)
was tracked on the basis of Brownian movement and diffusion
coefficient using Nanoparticle Tracking Analysis (NTA, Nano-
Sight NS300, Malvern, Worcestershire, UK)27 using blank me-
dium and deionized water as references.

2.6. Western blot analysis

Lysates of cells, exosomes, and tissues and dilutions of quantified
proteins were arranged following the previous methods28,29. After
resolving the protein samples (30 mg) on SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), they were shifted to poly-
vinylidenedifloride (PVDF) films. The loaded membranes were
blocked with 5% skimmed milk and incubated with primary and
secondary antibodies for over-night at 4 �C and 2 h at room
temperature, respectively. Immunoreactive protein bands and their
intensities were visualized under the FluorChem HD2 Imaging
system (Protein Simple, CA, USA) and Alpha View SA,
respectively.

2.7. TaqMan quantitative RT-PCR

For the RT-PCR, total RNA was extracted (Haigene Biotech,
Haerbin, China) and quantified (NanoDrop 2000 Spectropho-
tometer, Thermo-Fisher Scientific, Wilmington, DE, USA). Cell
supernatant or plasma exosomal RNAs were used for TaqMan-
based miRNA assays in order to measure the expression level of
miR-21-5p. After reverse transcription (Haigene Biotech, Haerbin,
China), miRNA expression levels were evaluated using qRT-PCR.
The detection of mature miRNAs was carried out using MiRcute
Plus miRNA qPCR Kit (Haigene Biotech, Haerbin, China) con-
taining a QuantiTect SYBR Green PCR Master Mix and the
miScript Universal Primer along with the miRNA-specific primer.
Amplified PCR products were detected on a ViiA™ 7 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The
normalization of the miR-21-5p expression levels was performed
using U6 small RNA as an internal control.

2.8. TIMP3 mRNA quantification by qPCR

Total RNA extraction (Life Technologies, Gaithersburg, MD,
USA)28,29 was followed by concentrations (260 nm) and purity
determination (280 nm). Reverse transcriptase reactions were
prepared using the PrimeScript� RT reagent Kits (Takara, Otsu,
Shiga, Japan) and ViiA™ 7 Real-Time PCR System (Applied
Biosystems). The qPCR was performed using cDNA fragments
treated with SYBR Green RT-PCR (Takara Biotechnology Co.,
Ltd., Tokyo, Japan) using ViiA™ 7 system and data was analyzed
using the DDCT method and 18S was taken as internal control.

2.9. Exosome precipitation and RNA isolation in serum

For exosomes isolation, ExoQuick (System Biosciences, Moun-
tain View, CA, USA) was used as per the manufacturer’s in-
structions with slight modifications30. The isolate was centrifuged
at 10,000�g for 5 min, and the obtained supernatant was mixed
with 125 mL of ExoQuick solution. After incubation at 4 �C
overnight, the mixture was centrifuged at 1500�g for 30 min. The
exosome pellet was dissolved in 25 mL PBS and RNA was
extracted using miRNeasy Micro Kit (QIAGEN, Valencia, CA,
USA). The obtained RNA was subjected to quantity and quality
determinations using the NanoDrop 2000 Spectrophotometer.

2.10. NMIIA knockdown

As reported in our earlier studies28,29, the sequences of the siRNAs
(50-GAGGCAAUGAUCACUGACUdTdT-30 and 50-AGUCAGU-
GAUCAUUGCCUCdTdT-30) used to suppress NMIIA expression
were designed and produced by Biomics Biotechnologies Co.,
Ltd. (Nantong, China). After the HBMECs reached 70%e80%
confluence, they were transfected with siRNA (100 nmol/L) using
ExFect Transfection Reagent and further co-incubated with Exos
for designated time.

2.11. In vitro BBB model

The establishment of in vitro BBB model was carried out in cell
culture inserts, dishes and plates following the previous proto-
col31. Collagen (15 mg/mL) and fibronectin (30 mg/mL) were
coated on the trans-well PET membranes (0.4-mm pore, 11-mm
diameter; Corning, Lowell, MA, USA) prior to HBMECs seed-
ing. After seeding at appropriate density, cultures were maintained
at 37 �C in a 5% CO2 humidified atmosphere for 3 days to reach
confluence enable to form BBB. Subsequently, HBMECs were
stimulated macrophage-derived exosomes.

2.12. Tracking of PKH67 labelling of Exos

Exo samples (100 mg) from macrophages were incubated with
230 mL of Diluent C and 2 mL of PKH67 dye (SigmaeAldrich) as
reported previously32. After suspension of this mixture for 5 min,
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FCS depleted of Exos were added to the Exo mixture to block the
staining reaction. Ultra-centrifugation (100,000�g) of labeled
Exos was followed by the resuspension in PBS and then incuba-
tion with HBMECs in dishes for 18 h. In addition, 5-mm sections
in vivo were incubated with PKH67 dye. Sections were again
stained with the above mixture, then the staining reaction was
stopped with FCS depleted of Exos. The PKH67 labelling samples
were assessed using the confocal microscope (Olympus, Tokyo,
Japan).

2.13. TEER measurements

The integrity of the in vitro BBB models was evaluated by
measuring the trans-endothelial electrical resistance (TEER)33,34.
The HBMECs were seeded on each insert (upper compartment) in
Transwell™ plate and stimulated with 0.1 mg/mL exosomes. The
TEER was measured on daily basis using a Millicell� ERS-2
Electrical Resistance System according to manufacturer’s pro-
tocols. The TEER values of coated but cell-free inserts were
subtracted from the measured TEER values, and the difference
was multiplied with the size of the insert (0.3 cm2 for each 24-well
insert).

2.14. Measurement of Evens blue albumin

HBMECs were allowed to confluently grow on a porous poly-
ethylene terephthalate Transwell insert for 48 h to mimic the
endothelium of the BBB. According to previous studies34,35,
endothelial barrier leakage was detected using the flux of Evans
blue dye-labeled albumin (EB-albumin, Sigma) across a HBMECs
monolayer. Briefly, after macrophage-derived exosomes treat-
ment, lower section of the well was supplemented with 150 mL of
bovine serumal bumin (BSA, 4%), whereas top compartment was
filled with 50 mL of EB-albumin solution (2%) 1 h prior to the end
of the stimulation. To quantify the migration in the Transwell
inserts, absorbance of the medium at a detection wavelength of
620 nm was determined.

2.15. Transfection of miR-21 mimic and inhibitor

After 16 h culturing of the HBMECs in 6-well plates (about
5 � 105 cells/well), transfection was carried out with miR-21
minic (50 nmol/L), or miR-21 inhibitor (100 nmol/L), or their
equivalent negative controls. More efficient transfection was
ensured with the supplementation of RNAifectin™ transfection
reagent (6 mL)36 followed by the replacement of culture medium
to remove the transfection reagent and then, detection after 24 h of
transfection. RNAifectin™ transfection reagent and other com-
pounds were purchased from Biomics Biotechnologies Co.,
Ltd. (Nantong, China).

2.16. Dualluciferase reporter assay

As the 293T cells reached the confluency of 85%e90%, they were
co-transfected with 2 mg of pLenti-UTR-GFP vector with human
TIMP3-3ʹUTR and human mutant TIMP3-3ʹUTR cloned behind
the coding sequence and 2 mg of pre-miR-21-5p or negative
control in serum- and antibiotics-free DMEM with DNAfectin™
Plus Transfection Reagent (FulenGen, Guangzhou, China) for
6 h36. After the medium replacement, the cells were incubated for
another 12 h period. Firefly and Renilla luciferase were measured
in cell lysates (FulenGen) on Luminometer 20/20n (FulenGen).
The cellular density and transfection efficiency were determined
in terms of Renilla luciferase.

2.17. Co-immunoprecipitation

The treated THP-1 cells were lysed in a RIPA lysis buffer con-
taining protease inhibitor (Vazyme Biotech, Nanjing, China).
Anti-NMIIA antibody (Abcam, USA) together with protein A/G
agarose, was used to immunoprecipitate NMIIA and associated
proteins. Proteins were resolved by SDS-PAGE and the resulting
bands were detected by Western blot analyses or stained with
silver staining and then comparatively analyzed to identify spe-
cific binding proteins by MALDI-TOF-MS.

2.18. Animals preparation

Adult male SpragueeDawley (SD) rats were procured from the
Yangzhou University (Yangzhou, China) and experimental pro-
tocols were approved by the animal ethic guidelines at experi-
mental animal care, Suzhou University (Suzhou, China).

2.19. Rat TBI model

Six groups of rats were prepared as Sham group, TBI þ Vehicle
group, TBI þ Rg1 (5 mg/kg) group, TBI þ Rg1 (10 mg/kg) group,
TBI þ Rg1 (15 mg/kg) group and TBI þ blebbistatin (10 mg/kg)
group according to the instructions given previously37. Briefly, rats
were subjected to anesthesia using 3.6% chloral hydrate (1mL/100 g,
ip) and underwent an incision of the skin overlying the scalp followed
by the fixation of stainless-steel plate on the craniostosis with cement.
Then, a 500 g weight was dropped from 100 cm through a guide tube
onto the stainless-steel plate. After surgery, the scalp was sutured.
Sham animals were subjected to the same procedures without injury.
After injury for 30 min, Rg1 and blebbistatin were intraperitoneally
injected into the corresponding rats. Rats were again administered
with Rg1 or blebbistatin at 24 h after injury. Two days later, rats,
serum and the brains were collected for analyses.

2.20. Evaluation of neurological outcome

According to the previous study38, the neurological outcome was
evaluated in terms of neurological severity score (NSS). The NSS
comprised of 10 individual clinical parameters, including tasks on
motor function, alertness and physiological behavior39. Higher
score specified an inferior neurological outcome, and lesser score
reflected a healthier neurological outcome assessed at 48 h after
the surgery.

2.21. Measurement of brain water content

To examine the brain water content in rats using the dry and wet
weight method40, brain tissues were weighed on an electronic
weighing balance before and after drying for more than 24 h at
60 �C overnight. Eq. (1) was used for brain water content (%)
calculation:

Brain water content ð%Þ Z ðWet weight�Dry weightÞ
=Wet weight� 100

ð1Þ
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2.22. Evans blue assay

Evans blue extravasation was performed to investigate BBB
permeability 48 h following TBI as described previously40.
Briefly, Evans blue dye (2%; 4 mL/kg, SigmaeAldrich) was
infused for more than 2 min into blood circulation through the
caudal vein. After 2 h, rats were anaesthetized, and brains were
removed and observed. Then, removed brains were divided into
left and right cerebral hemispheres for homogenate preparation.
After centrifugation (at 15,000�g for 30 min), an equal volume of
trichloroacetic acid was added to the resultant supernatant. The
samples were again centrifuged at 15,000�g for 30 min after
overnight incubation at 4 �C, and absorbance was measured at
615 nm by a spectrophotometer.
2.23. Immunofluorescence analysis

After cell fixation and permeabilization, they were incubated
overnight with primary antibody at 4 �C followed by Alexa Flu-
or� 488 conjugated Donkey Anti-Goat IgG (H þ L) antibody
(Invitrogen, Carlsbad, CA, USA) and/or Alexa Fluor� 594
Donkey Anti-Goat IgG (H þ L) antibody (Invitrogen, Carlsbad,
CA, USA) and DAPI (Beyotime Biotechnology, China). The im-
ages were taken using a confocal microscope (Olympus, Tokyo,
Japan).
2.24. Immunohistochemistry analysis

Brains were placed overnight in 4% paraformaldehyde (PFA) at
pH 7.4, washed with PBS and then placed in graded sucrose so-
lutions overnight before optimal cutting temperature compound
(OCT, Sakura Finetek Japan, Tokyo, Japan) embedding41. Thick
sections (5 mm) were cut and analyzed by immunostaining. Sec-
tions were stained with the immunohistochemistry kit (BOSTER
Biological Technology Co. Ltd., Wuhan, China) following the
manufacturer’s instructions.
2.25. ELISA

IL-1b, TNF-a, and IL-6 contents were determined using com-
mercial ELISA kits (Yifeixue Bio Tech, Nanjing, China) followed
by measurement of optical density at 450 nm using Microplate
Reader (M200 PRO, Tecan, Switzerland).
2.26. In situ hybridization

In situ hybridization was performed as described previously14. In
brief, after hydration and antigen retrieval, 5-mm sections were
incubated with double DIG (digoxigenin) labeled LNA probes
(Exiqon, BOSTER Biological Technology Co. Ltd., China)
overnight at 37 �C followed by SSC washes. An alkaline
phosphatase-linked anti-DIG antibody (11093274910, Roche-
Applied-Science, Mannheim, Germany) was used for visualiza-
tion after which nitro blue tetrazolium chloride and 5-bromo-4-
chloro-3-indolyl phosphate were administered (NBT-BCIP tab-
lets, 11697471001, Roche-Applied-Science, Mannheim, Ger-
many). DAPI was used as a nuclear counterstain. Slides were
visualized using a confocal microscope (Olympus, Tokyo, Japan).
2.27. TUNEL staining

The sections (5 mm thick) were subjected to staining with
TUNEL Bright Green apoptosis detection kit (Vazyme
Biotech, Nanjing, China) following the manufacturer’s
instructions42. Slides were visualized using a confocal micro-
scope (Olympus).

2.28. Statistical analysis

The obtained data was read as means � standard error of mean
(SEM). Student test or one-way analysis of variance (ANOVA)
followed by Dunnett post hoc test were used to determine the
significant difference at P-value of less than 0.05.

3. Results

3.1. Isolation and characterization of Exos

Macrophages are one of the sources of the exosomes. The THP-1 cells
were induced by PMA (Fig. 1A). The results from the studies show
that the pseudopods in the cell surface gradually outstretched
leaving the space between. The cells gradually developed tentacles
and moved towards the walls, indicating the differentiation into
macrophages (Fig. 1A). The structure, size and number of the
isolated Exos were identified by TEM and NanoSight particle
tracking analysis (Fig. 1B and C). The macrophage-derived Exos
were cup-shaped with the size range of about 100 nm. A slightly high
yield of IIM-Exos was obtained from IL-1b-induced macrophages
group as compared to the NM-Exos group. In addition, typical
Exos markers CD63 and CD9 were perceived by Western blot
(Fig. 1D and E). The significant finding of CD63 and CD9 in IIM-
Exos group as compared to the NM-Exos group indicated the suc-
cessful isolation of Exos.

3.2. Rg1 improved HBMECs injury via inhibiting macrophage-
derived Exos miR-21

Clinical and experimental studies have shown that secreted miR-
21 plays a key role in cranio-cerebral injury14. Therefore,
TaqMan-based quantitative real-time PCR analysis was used to
detect the expression of miR-21-5p in different processing
macrophage-derived Exos groups. The results confirm that the
expression of miR-21-5p was higher in IIM-Exos, whereas the
expression level of miR-21-5p was declined after Rg1 or bleb-
bistatin or MYH9-siRNA (NMIIA inhibitor blebbistatin or NMIIA
gene MYH9 interference) treatment in macrophages (Fig. 2AeC).
The reduced expression illustrated that inhibition of NMIIA could
significantly inhibit the macrophage-derived Exos miR-21. The
inhibition of macrophage-derived Exos miR-21 release by Rg1
may pass through NMIIA. Furthermore, internalization of
macrophage-derived Exos in HBMECs were visualized by PKH67
fluorescent tracer technique. PKH67 labeled macrophage-derived
Exos was remarkably localized in HBMECs after co-culture for
18 h (Fig. 2D). In addition, the expression levels of MMP-1, -3,
and -9 in HBMECs were assessed by Western blot and
quantification analysis. Results show that the expression of
MMP-1, MMP-3 and MMP-9 in the IIM-Exos stimulation
group was significantly higher than that in the NM-Exos
group (P < 0.01). In contrast, the expression of MMP-1,



Figure 1 Isolation and characterization of IL-1b-induced macrophages Exos. (A) The THP-1 cells were induced to macrophages by PMA

(100 ng/mL). Scale bar 40 mm. (B) Ultrastructure of macrophage-derived Exos (IIM-Exos) was observed by TEM. The representative electron

microscopy image shows somehow circular membrane-bound vesicles (100 nm). Scale bar 50 nm. (C) NanoSight particle tracking analysis

displaying different sizes of Exos. The value of the abscissa represents the mean particle size within each nanometer thickness range. (D) Standard

markers CD63 and CD9 were detected by Western blot in macrophage-derived Exos.

Figure 2 Rg1 improves HBMECs injury via inhibiting macrophage-derived Exos miR-21. (A)e(C) TaqMan-based quantitative real-time PCR

analysis of miR-21-5p expression in macrophage-derived Exos. (D) Confocal microscopy analysis of PKH67-labeled macrophage-derived Exos

localized in HBMECs. Representative micrographs of PKH67-labeled Exos in HBMECs are in merge images. The Exos-labeled PKH67 in

HBMECs shows green fluorescence. Nuclei were counterstained with DAPI (blue fluorescence). Scale bar 50 mm. (E) The expressions of MMP-1,

MMP-3, and MMP-9 were assessed by Western blot and quantification analysis. Data represent mean � SEM of three or more independent

experiments. #P < 0.05, ##P < 0.01 vs. NM-Exos group; *P < 0.05, **P < 0.01 vs. IIM-Exos group.
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MMP-3 and MMP-9 in the RIIM-Exos group was significantly
lower than that in the IIM-Exos group (P < 0.01) (Fig. 2EeG).
Acquisitively, these findings indicate that Rg1 inhibited matrix
metalloproteinases-1, -3 and -9 expression and ameliorated the
HBMECs injury.
3.3. Rg1 improves BBB permeation via inhibiting macrophage-
derived Exos miR-21

Fig. 3AeC reveals that treatment of HBMECs with IIM-Exos
miR-21 downregulated the levels of ZO-1, occludin and claudin-



Figure 3 Rg1 improves bloodebrain barrier permeation via inhibiting macrophage-derived Exos miR-21. (A)e(C) The expressions of tight

junction proteins in HBMECs. (D)e(F) The expressions of tight junction protein in HBMECs were detected by immunofluorescence. (G)

Bloodebrain barrier function was validated by analysis of Evens blue (EB) albumin leakage assays. (H) Trans endothelial electric resistance

(TEER) was used to detect the permeability of BBB. (I) After 24 h of the HBMECs treatment with negative control (80 nmol/L), miR-21-5p

inhibitor (80 nmol/L) and minics (80 nmol/L), combined NM-EVs (100 mg/mL), IIM-EVs (100 mg/mL) and RIIM-EVs (100 mg/mL). Data

represent mean � SEM of three or more independent experiments. #P < 0.05, ##P < 0.01 vs. NM-Exos; *P < 0.05, **P < 0.01 vs. IIM-Exos.
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5 (P < 0.01), while RIIM-Exos miR-21 pre-treatment significantly
promoted the up-regulations of ZO-1, occludin and claudin-5
(P < 0.01). Similarly, immunofluorescence staining analysis
also confirmed that IIM-Exos miR-21 significantly promoted the
degradation of TJPs (ZO-1, occludin and claudin-5), while RIIM-
Exos pre-treatment significantly blocked the degradation of TJPs
(Fig. 3DeF). As tight junction proteins are important components
of the BBB, a further confirmation of BBB function was validated
by analysis of Evans blue permeation and trans-endothelial elec-
trical resistance (TEER). As seen in Fig. 3G, the integrity of
HBMECs monolayer was gradually increased with lower Evans
blue albumin permeability following by NM-Exos stimulation.
Compared with NM-Exos, IL-1b-induced macrophage-derived
Exos miR-21 (IIM-Exos) significantly increased Evans blue al-
bumin permeability. IL-1b-induced macrophage-derived Exos
miR-21 with Rg1 or blebbistatin pre-treatment (i.e., RIIM-Exos or
BIIM-Exos) significantly decreased the Evans blue albumin
permeability, suggesting that Rg1 or blebbistatin improved the
permeability of BBB. Consistent with these results, IIM-Exos
miR-21 significantly decreased TEER, suggesting that IIM-Exos
miR-21 damaged the BBB integrity (Fig. 3H). RIIM-Exos or
BIIM-Exos pre-treatment significantly increased TEER, suggest-
ing that Rg1 or blebbistatin protected the BBB integrity (Fig. 3H).
In addition, miR-21-5p inhibitor and minic were used to determine
whether miR-21-5p was involved in the effects of Exos on
HBMECs ZO-1 expression. The inhibitory effect of IIM-Exos on
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the ZO-1 expression of HBMECs was reversed by the miR-21-5p
inhibitor. The promoting effects of RIIM-Exos on the ZO-1
expression of HBMECs were canceled by the miR-21-5p
mimics (Fig. 3I). These results suggest that miR-21-5p in Exos
could inhibit the HBMECs ZO-1 expression.

3.4. Exos miR-21 directly targeted the TIMP3 and affects NF-
kB signaling pathway in HBMECs

As per the TargetScanHuman (http://www.targetscan.org/), tissue
inhibitor of matrix metalloproteinases (TIMP3), a protein inter-
ceding cellular glycosylation4, may be a target of miR-21-5p. The
projected site of the combination was situated at 1032e1039 of
TIMP3 3ʹ-UTR (Fig. 4A). Luciferase activity was pointedly
repressed after co-transfection with pre-miR-21-5p in wild-type
and mutant 293T cells. The pre-miR-21-5p inhibitory activity
of luciferase in mutant 293T cells decreased significantly
compared with wild-type 293T cells (P < 0.01), demonstrating
that TIMP3 was a target of miR-21-5p (Fig. 4B). Thus, the effects
of Exos miR-21-5p on TIMP3 mRNA and protein expression in
Figure 4 TIMP3 as a direct downstream target of Exos miR-21-5p in HB

TIMP3 as a target of hsa-miR-21-5p in 293 T cells. (C) and (D) Effects of

TIMP3 mRNA and protein expressions in HBMECs. After 24 h of trans

(100 mg/mL) and BIIM-Exos (100 mg/mL) to the media of HBMECs.

80 nmol/L), miR-21-5p inhibitor (80 nmol/L) and miR-21-5p minics (80 nm

or RIIM-Exos (100 mg/mL). (F) NF-kB P65 and phosphorylated P65 exp

experiments. #P < 0.05, ##P < 0.01 vs. NM-Exos; *P < 0.05, **P < 0.0
HBMECs were evaluated. High miR-21-5p in IIM-Exos dramat-
ically inhibited TIMP3 mRNA and protein expression in
HBMECs. Lower levels of miR-21-5p in both RIIM-Exos and
BIIM-Exos significantly upregulated the TIMP3 mRNA and pro-
tein expression in HBMECs compared with IIM-Exos group
(Fig. 4C and D). Consistent with these results, inhibitor and
minics of miR-21-5p were used to determine the role of miR-21-
5p in the effects of Exos on TIMP3 expression in HBMECs. The
inhibitory effect of IIM-Exos miR-21-5p on the TIMP3 expression
in HBMECs was reversed by the miR-21-5p inhibitor. The
endorsing effects of RIIM-Exos miR-21-5p on the TIMP3
expression in HBMECs were canceled by the miR-21-5p minics
(Fig. 4E). Furthermore, miR-21-5p expression or TIMP3 sup-
pression likewise encouraged the NF-kB phosphorylation
(Fig. 4F), while TIMP3 overexpression repressed the NF-kB
phosphorylation. These results provide the evidence that miR-21-
5p could inhibit the TIMP3 expression in HBMECs. IIM-Exos
transferring an army of miR-21-5p inhibited the TIMP3 expres-
sion, while, RIIM-Exos carrying a small amount of miR-21-5p
promoted the TIMP3 expression. MiR-21-5p influenced the
MECs activation. (A) Projected site of the hsa-miR-21-5p mixture. (B)

miR-21-5p from NM-Exos, IIM-Exos, RIIM-Exos, and BIIM-Exos on

ferring NM-Exos (100 mg/mL), IIM-Exos (100 mg/mL), RIIM-Exos

(E) After 24 h of HBMECs treatment with negative control (NC,

ol/L), combined with NM-Exos (100 mg/mL), IIM-Exos (100 mg/mL)

ression. Data represent mean � SEM of three or more independent

1 vs. IIM-Exos.

http://www.targetscan.org/
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HBMECs function by interceding the activation of NF-kB
signaling.
3.5. Interfering the interactions of NMIIAeHSP90 by Rg1
controls exosome release in macrophages

Because non-muscle myosin IIA (NMIIA) is an actin-based motor
protein28,29 essential to the stepwise cytoskeletal reorganization7

and lytic granule release8. We sought to test whether NMIIA
controls extracellular secretion or not. Upon IL-1b stimulation of
PMA-induced macrophages that express endogenous NMIIA
protein, it was found that the Exos-associated protein TSG101
evacuated from the cell cytosol, indicating that abundant Exos
contained NMIIA were released from the cytoplasm to the
extracellular (Fig. 5A). Consistent with these results, we then
further co-localized NMIIA with TSG101 in PMA-induced mac-
rophages that constitutively secrete Exos. It was observed that
TSG101 was with a discrete vesicular-like distribution, while,
NMIIA was more evenly expressed across the cytosol, clearly
distinguishing NMIIA from a canonical vesicular protein (Fig. 5B
and C). Fig. 5AeC collectively show that Rg1 or blebbistatin
pretreatment significantly reduced the macrophage-derived Exos
release. Furthermore, to investigate the interactions of NMIIA in
Figure 5 Interfering the interactions of NMIIA-HSP90 by Rg1 controls ex

(20 ng/mL) with or without Rg1 and blebbistatin (1 mmol/L) for the indicat

respectively later. NMIIA, HSP90, TSG101 and GAPDH expression were de

NMIIA (green signal) with the exosome marker TSG101 (red signal) u

revealed. Scale bars represent 80 mm. (D) NMIIA and HSP90 were identified

PMA-induced macrophages. (E) Macrophages were immunoprecipitated wit

followed by immunoblotting analysis.
the regulation of Exos release, NMIIA antibody was then used for co-
immunoprecipitation (Fig. 5D). The amount of w230 and w90 kD
proteins, as found by SDS-PAGE, progressively increased in
macrophages followed by IL-1b stimulation. MALDI-TOF-MS
analyses of the w230 and w90 kD proteins identified them as
NMIIA and HSP90 (Supporting Information Fig. S1), suggesting that
HSP90 might be a specific binding protein of NMIIA. Similar results
were seen after performing the co-immunoprecipitation assay
(Fig. 5E) and Western blot (Fig. 5A). These results demonstrate
that interfering the interactions of NMIIAeHSP90 by Rg1 altered the
subcellular localization, where diffused cytoplasmic distribution as-
sociates to extracellular discharge.
3.6. Rg1 administration decreased the BBB permeability and
inflammation early following traumatic brain injury (TBI)

With an aim to reveal the severity level of brain injury in different
experimental groups, we assessed the thoroughness of nerve
injury, brain water content and Evans blue infiltration examination
of brain tissues. It was found that severity score of nerve injury in
TBI group was developed in comparison to Sham group (Fig. 6A),
brain water content (Fig. 6B), and Evans blue osmotic volume
(Fig. 6C and D). A pretreatment with Rg1 or blebbistatin after TBI
osome release. (A) PMA-induced macrophages were treated with IL-1b

ed time. Then, Exos in the supernatant and cell cytosols were collected

tected by Western blot. (B)e(C) Immunofluorescence co-localization of

sing confocal immunofluorescence. Representative micrographs were

by co-immunoprecipitation combined with MALDI-TOF-MS assays in

h NMIIA antibody and these complexes were separated by SDS-PAGE



Figure 6 Rg1 administration decreased the BBB permeability and inflammation early following TBI. (A) Nerve injury severity score (NSS) of

all the experimental groups. (B) Brain tissue water content was used to determine the weight of dry-wet assay. (C) Quantification of Evans blue

content in the brain. (D) Images showing Evans blue extravasation in Sham, TBI þ vehicle, TBI þ Rg1, and TBI þ blebbistatin groups on the 2nd

day after TBI. (E) Serum inflammatory cytokines (IL-1b, TNF-a, and IL-6) were measured by ELISA. Data represent mean � SEM of three or

more independent experiments. #P < 0.05, ##P < 0.01 vs. Sham group; *P < 0.05, **P < 0.01 vs. TBI group.
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showed significantly lower disease severity score as compared to
non-treatment group. Interestingly, the significant difference was
increased on gradual increase of dose of Rg1 or blebbistatin
indicating a dose-dependent relationship against TBI and Rg1 or
blebbistatin (Fig. 6AeD). These results indicate that Rg1 or
Figure 7 Rg1 inhibits the release of Exos miR-21 in peripheral blood

peripheral blood. (B) The number of secretory micro-vesicles in brain tissu

in brain tissue was evaluated by in situ hybridization of miR-21-5p (red) wi

in brain tissue. Data represent mean � SEM of three or more independe

**P < 0.01 vs. TBI group.
blebbistatin pretreatment had a significant inhibitory effect on
BBB permeability and protective effects against TBI injury.
Moreover, the serum levels of inflammatory cytokines including
IL-1b, TNF-a, and IL-6 drastically increased in response to TBI;
alternatively, our results show that Rg1 or blebbistatin
transferring to the brain. (A) Exos miR-21-5p expression in serum in

e was labeled with PKH67 fluorescent dye. (C) The content of miR-21

th TBI lesions from the mice. Scale bars 50 mm. (D) TIMP3 expression

nt experiments. #P < 0.05, ##P < 0.01 vs. Sham group; *P < 0.05,
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administration to rats significantly decreased the IL-1b, TNF-a,
and IL-6 levels in serum compared with TBI (Fig. 6E).

3.7. Rg1 inhibited the release of Exos miR-21 in peripheral
blood transferring to the brain

After experimental TBI, we isolated serum Exos and further
examined the expression of Exos miR-21 in peripheral blood. It
was found that Exos miR-21 levels in serum remarkably improved
after TBI, and reduced after Rg1 treatment (Fig. 7A). Using
PKH67 fluorescence tracer technique, Exos (green) levels in brain
tissue sections in TBI group was significantly increased (Fig. 7B)
alternatively, Rg1 dose-dependently restricted the uplift of Exos
(green) level in brain tissue sections, indicating that Rg1 can
inhibit Exos from peripheral blood flow towards the brain.
Furthermore, FISH assay showed that Exos miR-21 (red) in TBI
group was significantly improved (Fig. 7C), and Rg1 significantly
subdued the Exos miR-21 levels in brain tissue, indicating that
Rg1 may inhibit Exos miR-21 levels in brain tissue. Consistent
with the functions of Rg1, blebbistatin treatment also functionally
decreased the release of Exos miR-21 in peripheral blood which
Figure 8 Rg1 protected BBB damage by inhibiting MMPs expressions a

in brain tissues were analyzed by Western blot. (D)e(F) Expression le

Immunohistochemical technique was used to evaluate the expression of ZO

expression level of MMP-9 protein (purple granules) in brain tissues was e

represent mean � SEM of three or more independent experiments. #P < 0.
was further supposed to flow towards brain (Fig. 7AeC). To assess
the target of miR-21 from peripheral blood in brain tissue, TIMP3
expression was measured using Western blot analysis. Fig. 7D
reveals that TIMP3 was markedly reduced after injury while a
pretreatment with Rg1 or blebbistatin restricted this variation.
Altogether, these data suggest that Rg1 inhibited the release of
Exos miR-21 in peripheral blood flow towards brain and blocked
the degradation of TIMP3 in vivo.

3.8. Rg1 protected from BBB damage by inhibiting MMPs
expressions against deprivation of tight junction proteins in rats

In order to further confirm that Exos wrapped miR-21 served as a
regulatory factor in brain tissue and could interfere with the
degradation of TJPs, the expression levels of ZO-1 (Fig. 8A),
occludin (Fig. 8B) and claudin-5 (Fig. 8C) in brain tissues were
assessed. The outcomes showed that the TJPs (ZO-1, occludin and
claudin-5) expression levels were decreased swiftly after cranio-
cerebral injury, while the expressions of TJPs were dose-
dependently upregulated after treatment with Rg1 or blebbista-
tin. Further detection of ZO-1 in brain tissue sections by
gainst degradation of TJPs in rats. (A)e(C) The TJPs expression levels

vels of MMP-1, MMP-3, and MMP-9 protein in brain tissue. (G)

-1 protein (brown granules) in brain tissues. Scale bars 25 mm. (H) The

valuated by immunohistochemical technique. Scale bars 25 mm. Data

05, ##P < 0.01 vs. Sham group; *P < 0.05, **P < 0.01 vs. TBI group.
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immunohistochemical technique, showed a decrement of ZO-1 in
TBI group (expression level of brown granule; Fig. 7G). It was
found that content of ZO-1 improved after treatment with Rg1 or
blebbistatin, indirectly indicated that Rg1 or blebbistatin sup-
pressed the degradation of TJPs in brain tissue after TBI. Upon the
analyses of MMPs, Western blot assay presented that the
expression levels of matrix protease MMP-1 (Fig. 8D), MMP-3
(Fig. 8E) and MMP-9 (Fig. 8F) in TBI group were increased
significantly (P < 0.01), and dose-dependently decreased with
Rg1 or blebbistatin treatment. Similarly, the results of immuno-
histochemistry analyses confirmed that the content of MMP-9 in
brain tissue of TBI group was higher than that in Sham group, and
it was significantly decreased after Rg1 or blebbistatin adminis-
tration. Altogether, these data demonstrate that Rg1 served as
protective shield for TJPs in rats by playing its potential inhibitory
role against MMPs.
3.9. Rg1 may reduce apoptosis and secrete VEGF to improve
the neural functional in rats

The vascular endothelial growth factor (VEGF) acts as an effec-
tive proangiogenic factor43. The lowered cerebral VEGF/VEGF-A
levels in mice were linked to reduced blood vessel density, lower
neural structure density, reduced synapses, and decreased neuro-
genesis44. In this study, Western blot and immunohistochemistry
methods were firstly used to evaluate the glial fibrillary acidic
protein (GFAP) expression in brain tissues (Fig. 9A and B). The
results exhibit that the content of GFAP protein in TBI group was
lowered, and the expression of GFAP protein was significantly
upregulated after Rg1 or blebbistatin treatment, indicating that
Rg1 or blebbistatin had protective effect on neuroproteins. In
Figure 9 Rg1 may reduce apoptosis and secrete VEGF to improve neura

P65 protein expression in brain tissues. (B) Analysis of GFAP protein ex

histochemistry. Scale bars 25 mm. (D) TUNEL detection and evaluation of

mean � SEM of three or moreindependent experiments. #P < 0.05, ##P <
order to approve the anti-apoptosis effect of Rg1, the expression
level of VEGF in brain tissues was analyzed (Fig. 9C). Our
findings specified that the content of VEGF protein in TBI group
was lesser, and the protein expression of VEGF after Rg1 or
blebbistatin administration was remarkably upregulated, suggest-
ing that the increased VEGF by Rg1 improved nerve function.
Upon TUNEL staining, significant apoptosis effects (green color
granules) were observed in TBI group (Fig. 9D). Interestingly,
Rg1 or blebbistatin treatment after the injury showed swift
downregulation of apoptosis, indicating their potential contribu-
tory role in neuronal repair against the injury. In addition, we
further investigated the anti-apoptotic signaling pathway of Rg1.
The results show that Rg1 or blebbistatin administration dramat-
ically attenuated TBI induced NF-kB activation (Fig. 9E).
4. Discussion

Following the traumatic brain injury (the primary, mechanical
injury), secondary brain damageis accompanied by various bio-
molecular and pathophysiological responses1,11,15,37. Since these
secondary events occur after the trauma and may appear within
few hours to days, fair chances can be availed for therapeutic
targeting to prevent further deterioration. Lately, miRNAs are
recognized as relevant posttranscriptional regulators of various
cellular functions in the brain15,45. The remarkable upregulation
was observed in Exos miR-21 of serum after TBI, while the
treatment with ginsenoside Rg1 resulted into a significant decrease
in the expression level of Exos miR-21. Ginsenoside Rg1 inhibited
the release of Exos miR-21 in peripheral blood flow to the brain
leading to a new mechanism of action for Rg1. Our findings from
the present study and earlier reported results11,14,15 further
l functional in rats. (A), (C), (E) Analysis of GFAP, VEGF, p-P65 and

pression (brown neurons) in brain tissues was observed by immuno-

the level of brain neuronal apoptosis. Scale bars 50 mm. Data represent

0.01 vs. Sham group; *P < 0.05, **P < 0.01 vs. TBI group.



Figure 10 Proposed signaling mechanism of ginsenoside Rg1 from

ginseng for the therapeutic utility via multiple directions converging

to one objective of traumatic brain injury treatment. BBB,

bloodebrain barrier; HSP, heat shock protein: NMIIA, non muscle

myosin IIA; Exos-miR-21, exosomal micro RNA-21; IL-1b, inter-

lukin 1-b; ZO-1, zona occuludin-1; VEGF, vesicular endothelial

growth factor; MMP, matrix metallo proteinases.
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suggested that miR-21 is an important functional molecule, which
acts as a biomarker for diagnosis and treatment in TBI.

BBB regulates ionbalance, nutrient transport and blocks the
possibly detrimental particles that act as an interface between the
CNS and peripheral circulatory system46,47; and it consists of
specific brain capillary endothelial cells for highly specialized
transport system48,49. Disruption of BBB and TJPs strictly disturb
the neuronal functions and lead to neurological diseases46. Herein,
we observed that ginsenoside Rg1 could significantly improve the
neurological deficits, brain edema, BBB permeability, inflamma-
tory factors, and related protein levels in the TBI, indicating that
natural active ginsenoside Rg1 is a good protective agent of BBB.
Besides digesting TJPs and indicating their key roles in BBB
disruption, matrix metalloproteinases (MMPs) minerals dependent
enzymes modulate many intercellular signaling mechanisms4,50.
The present study revealed that high expression of MMPs
including MMP-1, -3, and -9 in HBMECs could strongly promote
the degradation of TJPs and damage the BBB in TBI. Ginsenoside
Rg1 protected the integrity of the BBB in TBI by increasing
TIMP3 protein expression and accelerated MMPs proteolysis. The
controlled proteolytic activity of MMPs played an imperative part
in development and maintenance of CNS.

MiR-21 is negatively associated to the BBB in TBI and par-
ticipates in the disruption of tight junctions11,14,51. The low level
of miR-21-5p played beneficial roles in attenuating BBB perme-
ability, neuroinflammation, brain edema, and neurological deficits
in TBI rats, suggesting that reducing miR-21-5p may serve as a
possible therapeutic approach in the treatment of TBI. It was
interesting that the change of exosome miR-21-3p was not very
significant (data not shown), which is not consistent with previous
report52. The reason for this difference may be due to the fact that
miR-21 originate from exosomes. Bioinformatic analysis and dual
luciferase assay exhibited TIMP3 as an essential target of miR-21-
5p, which was further experimentally established from our results
indicating that miR-21-5p subdued TIMP3 mRNA and protein
expressions in HBMECs and in brain tissues of TBI. Alternatively,
IIM-Exos inhibited TIMP expressions and increased miR-21-5p
levels in HBMECs and in brain tissues of TBI. Our results indicate
that miR-21-5p accelerated HBMECs damage via lowering the
TIMP expression. The neuroprotective action of RIIM-Exos was
facilitated by the inhibitory effect of miR-21-5p on TIMP ex-
pressions in HBMECs.

While exploring the natural products, ginsenoside Rg1 is an
important chemical constituent from ginseng responsible for the
neurotrophic and neuroprotective effects in CNS. Although other
isoforms of non-muscles myosin, particularly NMIIC have been
reported to link with brain injury, however the association of
NMIIA has been profoundly found connected with TBI53. Earlier
studies have reported that Rg1 was associated with the regulation
of NMIIA-actin cytoskeletal structure in certain neurological
diseases54,55. In this study, our results show that inhibition of
NMIIA by Rg1 may significantly restrain macrophage-derived
Exos miR-21 release. Co-immunoprecipitation and MALDI-
TOF-MS assays show that HSP90 was one of the interactors of
NMIIA in macrophages. Therefore, prying the interactions of
NMIIAeHSP90 by Rg1 or blebbistatin can effectively control
exosome release. Our results show that ginsenoside Rg1 can
suppress the secretion of exosome-miR-21 transferred to the brain
via inhibiting the interaction of NMIIA and HSP90 in macro-
phages. These findings further spot a niche for future studies
signifying that an interference in proteineprotein interactions by
natural products might be considered as a new strategy for
mediating extracellular vesicles release. However, the exact
mechanism of interaction between particular functional domain of
NMIIA with Rg1 and HSP90 is still not confirmed and may
require Myh9�/� and Hsp90�/� experimental animals for in vivo
confirmation.

Neuroinflammation exerts a negative effect on brain cells and
also plays a role in brain edema56. We evaluated the release of
exosome miR-21 transferring to the injured brain from peripheral
blood after TBI. The exosomal miR-21 flow to BBB activates the
NF-kB signaling pathway that consequently leads to neuronal
inflammation. In return, this inflammation inhibits the VEGF
expression and consequently induces the nerve apoptosis and
leads to damaged GFAP proteins. Interestingly, our results show
that ginsenoside Rg1 can inhibit the exosomal miR-21 release in
peripheral blood thus improving the neuroinflammation by less
BBB permeability and ultimately reducing the nerve apoptosis in
response to TBI. It is necessary that peripheral blood exosomes
miR-21 crossing the BBB dynamically in the model of TBI are
visualized by real-time dynamic monitoring, which will be further
studied in the future.
5. Conclusions

The data presented in this study suggest that ginsenoside Rg1 may
improve the effects of cerebral vascular endothelial injury, protect
the integrity of the BBB, and has a considerable potential for the
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treatment of TBI. It was further concluded that ginsenoside Rg1
could suppress the secretion of exosome-miR-21 transferred to the
brain by restricting the interaction of NMIIA and HSP90 in
macrophages. Our findings implicated the novel mechanism of
ginsenoside Rg1 in the management of TBI disease, revealing the
biological signal transduction characteristics and signaling path-
ways of exosomal miR-21 cross-cerebral microvascular endothe-
lial cells (Fig. 10). Targeting the interactive triad of
NMIIAeHSP90eginsenoside Rg1 provides a new research di-
rection for the prevention and treatment of cerebrovascular
disease.
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