
Hou et al. Fluids and Barriers of the CNS            (2024) 21:8  
https://doi.org/10.1186/s12987-024-00510-2

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Fluids and Barriers of the CNS

Oxygen glucose deprivation-pretreated 
astrocyte-derived exosomes attenuates 
intracerebral hemorrhage (ICH)-induced BBB 
disruption through miR-27a-3p /ARHGAP25/
Wnt/β-catenin axis
Ying Hou1†, Ye Xie1†, Xiaoxuan Liu1, Yushan Chen1, Fangfang Zhou1 and Binbin Yang1* 

Abstract 

Background Blood brain barrier (BBB) breakdown is one of the key mechanisms of secondary brain injury follow-
ing intracerebral hemorrhage (ICH). Astrocytes interact with endothelial and regulate BBB integrity via paracrine 
signaling factors. More and more studies reveal astrocyte-derived extracellular vesicles (ADEVs) as an important way 
of intercellular communication. However, the role of ADEV in BBB integrity after ICH remains unclear.

Methods ADEVs were obtained from astrocytes with or without oxygen and glucose deprivation (OGD) pre-stimula-
tion and the role of ADEVs in ICH was investigated using ICH mice model and ICH cell model. The potential regulatory 
effect of ADEVs on endothelial barrier integrity was identified by TEER, western blot and immunofluorescence in vitro. 
In vivo, functional evaluation, Evans-blue leakage and tight junction proteins (TJPs) expression were analyzed. MiRNA 
sequencing revealed that microRNA-27a-3p (miR-27a-3p) was differentially expressed miRNA in the EVs from OGD-
pretreated astrocytes compared with normal control. The regulatory mechanism of miR-27a-3p was assessed using 
Luciferase assay, RT-PCR, western blot and immunofluorescence.

Results OGD-activated astrocytes reduced hemin-induced endothelial hyper-permeability through secreting EVs. 
OGD-activated ADEVs alleviated BBB dysfunction after ICH in vivo and in vitro. MicroRNA microarray analysis indicated 
that miR-27a-3p is a major component that was highly expressed miRNA in OGD pretreated-ADEVs. OGD-ADEVs 
mitigated BBB injury through transferring miR-27a-3p into bEnd.3 cells and regulating ARHGAP25/Wnt/β-catenin 
pathway.

Conclusion Taken together, these findings firstly revealed that miR-27a-3p, as one of the main components of OGD-
pretreated ADEVs, attenuated BBB destruction and improved neurological deficits following ICH by regulating 
endothelial ARHGAP25/Wnt/β-catenin axis. OGD-ADEVs might be a novel strategy for the treatment of ICH.

this study implicates that EVs from OGD pre-stimulated astrocytes.
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Graphical Abstract

Background
ICH, which accounts for approximately 15% of strokes, is 
a devastating stroke type [1]. At least 30% of patients die 
within first month and 70% survivors have functional and 
cognitive impairment [2, 3]. Despite many  pre-clinical 
studies and  clinical  trials  have  been  performed recent 
years, effective therapeutic treatments to improve the 
prognosis of ICH patients are not available. Accumulat-
ing evidence indicates that a series of catastrophic effect 
caused by BBB disruption account for the poor prognosis 
of patients with ICH [4]. Following ICH, degradation of 
tight junction proteins (TJPs) contributes to BBB impair-
ment, which subsequently leads to vasogenic edema for-
mation, hemorrhagic transformation, and irreversible 
progressive deterioration [5, 6]. Therefore, BBB protec-
tion and recovery may represent a potential treatment 
strategy for ICH.

Astrocytes, brain microvascular endothelium and peri-
cytes communicate with each other to synergistically 
produce signals required to maintain BBB integrity [7]. In 
recent years,  it  is  increasingly  clear  that astrocytes play 
active roles in health and disease, and many crucial func-
tions are executed in a paracrine manner [8–10]. ADEVs, 
as a fundamental component of astrocyte biology, have 
been attributed with pivotal roles in the central nervous 
system. Normal/resting astrocytes release a large number 
of EVs and perform homeostatic functions critical for the 
proper functioning of the CNS [11–13]. Under stimu-
lation in pathological or aging conditions, astrocytes 

become alternatively activated, and cargo composition 
of ADEVs can be altered [14, 15]. The diversity in cargo 
allows ADEVs contribute to damage or repair in CNS 
diseases [16, 17]. Increasing evidence has suggested that 
astrocytes communicate with endothelial cells by secret-
ing EVs and support BBB integrity [18]. However, studies 
focusing on the impact of ADEVs on BBB in ICH is still 
in its infancy.

The present study was implemented to evaluate, both 
in  vivo and in  vitro, the therapeutic effects of ADEVs 
on ICH-induced BBB injury. ADEVs, especially OGD-
stimulated ADEVs (OGD-ADEVs), improved  neurologi-
cal  function  and alleviated BBB breakdown in an ICH 
mice model, and hindered hemin-induced endothelial 
barrier dysfunction in an ICH cell model. Using a bioin-
formatic analysis, the miRNAs enriched in OGD-ADEVs 
were sequenced to identify the key molecules specifically 
modified by hypoxia. Among top 10 upregulated miR-
NAs, miR-27a-3p was previously shown to modulate BBB 
during ICH. We further demonstrated that ADEVs trans-
ferred miR-27a-3p into bEnd.3 cells, which then targeted 
Rho GTPase Activating Protein 25(ARHGAP25)/Wnt/β-
catenin axis and consequently protected against ICH-
induced BBB injury.

Methods
Cell culture
Primary astrocytes were obtained and purified as previ-
ously described [19]. Briefly, brain cortex of neonatal 
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(1–2  days old) C57/BL6J mice were collected, cut into 
pieces and were minced enzymatically (0.25%  trypsin 
and 50 mg/mL of DNase I, 37 °C, 15 min). Cells were col-
lected by mechanical trituration followed by centrifuga-
tion at 1500 rpm × 10 min. Cells were then re-suspended 
and seeded onto ploy-L-lysine 75-cm2 flasks, and incu-
bated in the incubator (37  °C, 5%  CO2). After 7–9 days, 
cell cultures were shaken at 300 rpm for 24 h at 37 °C to 
remove the loosely attached contaminated microglia and 
OPCs.  Immunostaining confirmed astrocyte purity. Ini-
tially, the astrocytes were cultured in a base medium with 
an astrocyte growth supplement and fetal bovine serum. 
After 72  h of culture, astrocytes cells were treated with 
or without OGD for 6 h and then cultured in an EV-free 
medium consisting of the base medium plus EV-depleted 
serum and supplement in the 5%  CO2 incubator at 37 °C 
for an additional 24  h. Afterwards, conditioned media 
(C.M.) were collected.

In vitro ICH model and monolayer BBB model
The mouse brain endothelial cell line bEnd.3(ATCC) 
were seeded on a type I collagen-coated 12 mm transwell 
filters (1 × 105 cells/insert, 0.4 μm pore size; Corning Life 
Sciences) for 48 h until a confluent monolayer was estab-
lished. In the subsequent experiments, treatment with 
50 μM hemin for 24 h was selected as an in vitro model of 
ICH, according to previous study [20]. bEnd.3 cells were 
allocated into following groups: blank group (bEnd.3 cells 
received no treatment), hemin group(bEnd.3 cells treated 
with hemin), hemin + N-astrocyte group (bEnd.3 cells 
treated with hemin with half of cell medium replaced 
by the C.M. from normoxia-pretreated astrocytes), 
hemin + OGD-astrocyte group(bEnd.3 cells treated 
with hemin with half of cell medium replaced by the 
C.M. from OGD-pretreated astrocytes), hemin + OGD-
astrocyte + GW4869 group(GW4869 at a concentra-
tion of 10  μM was added into astrocyte medium and 
cultured for 6  h. Then the medium was collected and 
cultured with bEnd.3 cells during hemin treatment); 
hemin + N-ADEVs group (bEnd.3 cells cocultured with 
EVs released normoxia-pretreated astrocytes 24 h before 
hemin treatment), hemin + OGD-ADEVs group (bEnd.3 
cells cocultured with EVs released OGD-pretreated 
astrocytes 24 h before hemin treatment), hemin + OGD-
ADEVs miR−27a−3p inhibitor group (bEnd.3 cells cocultured 
withOGD-ADEVs transfected with miR27a-3p inhibitor 
24  h before hemin treatment), hemin + OGD-ADEVsNC 

inhibitor group (bEnd.3 cells cocultured with OGD-ADEVs 
transfected with NC inhibitor 24  h before hemin treat-
ment), hemin + miR27a-3p mimic + NC group (bEnd.3 
cells co-transfected with miR-27a-3p mimic and NC 
vector 72  h before hemin treatment), hemin + miR27a-
3p mimic + ARHGAP25 group (bEnd.3 cells transfected 

with miR-27a-3p mimic and ARHGAP25 overexpression 
pasmid simultaneously 72  h before hemin treatment). 
ADEVs were added to the culture medium of bEnd.3 cells 
in concentration of 20  μg/mL. The experiment’s sche-
matic diagram for all experiments is shown in Additional 
file 1: Figure S1.

Evaluation of BBB integrity in vitro
The integrity of monolayer bEnd.3 cells was evaluated by 
transepithelial electrical resistance (TEER). bEnd.3 cells 
were plated on the top of Transwell chambers and the 
TEER was monitored using an EndOhm Chamber con-
nected to an EVOM2 epithelial voltmeter (World Preci-
sion Instrument), according to the instructions of the 
manufacturer. TEER value of the cell layers was obtained 
through sample TEER subtracting the background TEER 
values (the resistance of bank filters). TEER monolayer 
(Ω   cm2) = [TEER total (Ω)  −  TEER blank (Ω)] × 4.67 
 (cm2).

Separation and identification of astrocyte derived‑EVs
ADEVs were isolated from the primary astrocyte super-
natants as previously described [21]. Conditioned media 
were collected from 80 to 90% confluent astrocytes and 
centrifuged at 1500 ×g for 10  min. Supernatants were 
collected and sequentially centrifuged at  1000 × g  for 
10  min and 10,000 ×g  for 30  min, followed by filtra-
tion using 0.22  μm needle filters. ADEVs were pelleted 
by  centrifugation at 200,000 ×g for 2  h. Morphology 
of ADEVs was observed under transmission electron 
microscope (TEM), and quantified by Nanosight track-
ing analysis(NTA). The exosome protein content was 
measured using BCA protein assay (Thermo Scientific). 
Primary antibody of CD63 (ab216130, 1: 2000), TSG101 
(ab125011, 1: 1000), Syntenin 1 (ab22595, 1: 100), and 
CD9 (ab92726, 1: 2000) were used to identify exosomes.

Cellular uptake of ADEVs in vitro
ADEVs were stained with a green fluorescent dye PKH67 
(Sigma Alderich, USA) according to the manufactur-
er’s manual. bEnd.3 cells were incubated with stained 
ADEVs at 37  °C for 4 h to allow bEnd.3 cells to take up 
the ADEVs. After incubation, cells were washed twice 
with PBS and fixed with 4% paraformaldehyde for 15 min 
at 4 °C. The nuclei were stained with DAPI. Photographs 
were taken with a fluorescence microscope.

ICH model
All animal experiments complied with the  ARRIVE 
guidelines and  and should be carried out in accordance 
with the National Research Council’s Guide for the Care 
and Use of Laboratory Animals. All animal experiments 
were approved by the Ethics Committee of the 2nd 
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Xiangya Hospital of Central South University. Adult male 
C57B/6 mice were 8–9 weeks of age. The ICH model was 
induced in a stereotaxic frame, according to previous 
report [22]. A 0.6 mm burr hole was drilled in the skull, 
and a 26-gauge needle was inserted through the burr 
hole into the left striatum (coordinates: 0.8 mm anterior, 
3.0 mm ventral, and 2.0 mm lateral to the bregma). Colla-
genase IV (0.05 units in 0.5 μl of saline) was infused using 
a microinfusion pump at rate of 0.05  μl/ min. Animals 
were randomly assigned to four groups: sham group, 
ICH group, ICH + N-ADEVs group and ICH + OGD-
ADEVs group. ADEVs were resuspended in 0.9% saline 
and injected intravenously through the tail vein at a con-
centration of 80 μg per 2 ml at 4 h after ICH induction, 
according to previous study [23].

Behavioral tests
A modified Neurological Severity Scores (mNSS) was 
employed to evaluate the neurological function at 1, 3 
and 7 days after ICH, as previously described.

Brain water content assessment and evans blue 
extravasation assay
The brains were removed and hemispheres were sepa-
rated and weighed immediately (wet weight). The hemi-
spheres were weighed again after dried for 24 h at 110 °C. 
Brain water content was assessed as: (wet weight-dry 
weight)/(wet weight) × 100%.

BBB permeability was investigated by the leakage of 
Evans Blue (EB) extravasation. 2% EB dye (2 mL/kg) was 
injected through the tail vein followed by transcardially 
perfusion with PBS. Both the left and right hemisphere 
tissues of the brain were then collected and weighed, 
soaked in formamide solution for 24 h at 55 °C. Samples 
were centrifuged at1200 ×g for 20 min at 4 °C. The super-
natants collected and EB content was measured with 
a spectrophotometer (λ = 632  nm) and was calculated 
using a standard curve.

Exosomal miRNA sequencing
Total RNA was extracted from N-ADEVs and OGD-
ADEVs using miRNeasy Micro Kit (QIAGEN) accord-
ing to the manufacture’s protocol. The libraries of small 
RNAs were sequenced using Illumina HiSeqTM 2500. 
Significance of differentially-expressed miRNAs between 
two groups were identified through fold change > 1.5. P 
value < 0.05 was set as the threshold. Target gene predic-
tion, target gene functional enrichment and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment 
analysis were also performed.

Detection of Cy3‑labelled miR‑27a‑3p transfer
Astrocyte was transfected with Cy3 labeled miR-27a-3p 
mimic. ADEVs extracted by the above method of separa-
tion and purification of exosomes. The ADEVs, including 
Cy3- miR-27a-3p, were stained with PKH67 according to 
the manufacturer’s instructions. For fluorescence micros-
copy analysis, bEnd.3 cells were seeded on 24-well plate 
cell slides in a 5% CO2 incubator for 24 h and co-incu-
bated with stained exosomes for 6  h. Cells were fixed 
with 4% PFA and then stained with DAPI. The slides were 
visualized under a confocal fluorescence microscope.

Cell transfection
The miR-27a-3p inhibitor, corresponding negative con-
trols (inhibitor NC), were purchased from GenePharma 
(Shanghai, China). miR-27a-3p inhibitor or inhibitor NC 
were transfected into astrocytes using  Lipofectamine® 
2000 (Invitrogen, USA), according to the manufacturer’s 
protocols. EVs extracted from mi-R transfected astro-
cytes were OGD-ADEVs miR−27a−3p inhibitor or OGD-
ADEVs NC inhibitor and used for the treatment of BMECs.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR)
Total RNA was isolated using Trizol reagent (Invitro-
gen) and reverse-transcribed to cDNA using using an 
RT2 First Strand Kit (Qiagen). qRT-PCR was conducted 
using the SYBR Premix ExTaq II. The relative expres-
sion of miRNA expression was evaluated using the 
–2ΔΔCt  method. The primer sequences were shown in 
Table 1.

Western blot
Total protein was isolated from brain samples and bEnd.3 
cells was lysed with RIPA lysis buffer. The protein concen-
tration was determined by the BCA kit. Next,  the same 
amounts of proteins from each sample were electro-
phoresed on a 12% SDS-PAGE gels and then transferred 
to the PVDF membrane. The membranes were blocked 
with 5% nonfat skim milk for 2  h at room temperature 
and probed overnight at 4 °C with the primary antibody. 
HRP-labeled secondary antibody were used for detection 
on  ChemiDoc XRS system (Bio-rad). The membranes 
were then incubated with HRP-conjugated second-
ary anti-rabbit antibody (1:2000, ab288151, Abcam) or 

Table 1 The primer sequences used for Real-Time PCR

miR-27a-3p Sense 5ʹ—TGA GGA GCA GGG CTT AGC TG—3ʹ
Antisense 5ʹ—AAC CAC CAC AGA TTC ACT AT—3ʹ

GAPDH Sense 5ʹ—GCG GAA CTT AGC CAC TGT GA—3

Antisense 5ʹ—GCA GGA GGC ATT GCT GAT —3ʹ



Page 5 of 13Hou et al. Fluids and Barriers of the CNS            (2024) 21:8  

mouse antibody (1:5000, ab97040, Abcam) for 1  h at 
room temperature, and then visualized with enhanced 
chemiluminescence (ECL) reagent on  ChemiDoc XRS 
system (Bio-rad). β-actin was cited as the internal ref-
erence. Primary antibodies were as follows: occluding 
(1:1000, ab216327, Abcam), claudin-5(1:500, 35–2500, 
Invitrogen), ZO-1(1:1000, ab276131, Abcam), ARH-
GAP25 (1:1000, ab192020, Abcam), β-catenin (1:1000, 
9562, Cell signaling), wnt3a (1:1000, ab219412, Abcam), 
β-actin (1:2000, ab210083, Abcam).

Immunofluorescence staining
Coronal brain Sects.  (20 μm thick) or bEnd.3 cells were 
blocked for 1 h with 5% goat serum. Sections were immu-
nostained with primary antibodies against ZO-1 (5  μg/
ml, 40–2300, Thermo Fisher Scientific) overnight at 4 °C 
overnight. After being washed with PBS, sections were 
incubated with corresponding secondary antibodies con-
taining Alexa Fluor 647 Donkey Anti-Goat IgG or Alexa 
Fluor 488 donkey anti-mouse IgG at room temperature 
for 1 h. The images were captured by a fluorescent micro-
scope and analyzed using ImageJ software.

Dual‑Luciferase reporter gene assay
ARHGAP25 3ʹ UTR sequence (ARHGAP25-WT) or 
the mutant sequence of ARHGAP25 3ʹ UTR containing 
the predicted binding sites of miR-27a-3p (ARHGAP25-
MUT) was cloned into the pGL3 promoter vector. The 
luciferase reporter plasmids were transfected into 293 T 
cells, respectively and then with miR-27a-3p mimic or 
mimic NC. The relative activity of luciferase was detected 
by dual-luciferase reporter assay kit.

Statistical analysis
The data are shown as the mean ± standard deviation. 
Two-group differences were analyzed by unpaired Stu-
dent’s t test. Multiple-group differences were analyzed by 
one-way analysis of variance followed by Dunnett’s post 
hoc  analysis. Statistical analyses were performed with 
GraphPad Prism software. Statistical significance was 
defined as p < 0.05.

Results
OGD‑activated astrocytes reduced hemin‑induced 
endothelial hyper‑permeability through secreting EVs
We stimulated bEnd.3 cells with 50  μM hemin for 24  h 
to mimic ICH conditions  in vitro. bEnd.3 cells were 
treated with conditioned medium (C.M.) from astrocytes 
with or without OGD pre-stimulation, respectively. The 
TEER of monolayer bEnd.3 cells was decreased signifi-
cantly by hemin stimulation, while C.M. from astrocyte 
significantly refrained hemin-induced decrease of TEER 

(Fig.  1A). Notably, C.M. from OGD-preconditioned 
astrocytes (OGD-astrocytes) displayed.

showed stronger protective ability than that from nor-
mal astrocyte (N-astrocyte) (Fig. 1A). Studies have shown 
that disturbance of TJ proteins, mainly including clau-
din-5, ZO-1, and occludin, contributes to impairment 
of the BBB [24]. Western-blot in our study showed that 
hemin decreased the expression of tight junction pro-
teins (TJPs), occludin, claudin-5 and ZO-1, which was 
partially restored by C.M. from astrocytes. OGD-astro-
cyte group had stronger rescuing capacity than N-astro-
cyte (Fig.  1B, Additional file 1: Figure S2). To verify the 
paracrine mechanism of astrocyte through EVs release, 
we inhibited exoxomal secretion with GW4869. The abil-
ity of astrocytes to restore barrier integrity was offset by 
the treatment with GW4869 (Fig. 1A–B). EVs were then 
isolated from astrocytes by ultracentrifugation and evalu-
ated as described below. TEM showed that both normal 
and  OGD-preconditioned astrocyte-derived vesicles 
were round-shaped nanovesicles (Fig. 1C).NTA revealed 
that both ADEVs had  diameters ranging  from 30 and 
200  nm (Fig.  1D). Additionally, western blot analysis 
indicated that  ADEVs were positive for surface markers 
(CD63, TSG101, syntenin 1 and CD9) of EVs (Fig.  1E). 
The data demonstrated the successful isolation of ADEVs. 
The extracted ADEVs were labeled via PKH67 green 
fluorescence and co-cultivated with bEnd.3 cells. After 
6  h of culture, PKH67 green fluorescence was observed 
in bEnd.3 cells, indicating ADEVs were internalized by 
bEnd.3 cells (Fig. 1F).

ADEVs alleviated BBB dysfunction after ICH in vivo 
and in vitro
To explore the effect of ADEVs on BBB integrity after 
ICH, the leakage of microvascular endothelial barrier 
was measured using TEER. TEER of the bEnd.3 cell mon-
olayer models was destroyed by hemin. The reduction 
of TEER was significantly improved by N-ADEVs cocul-
turing (vs. hemin group). A more significant increment 
was found after treating with OGD-ADEVs (Fig.  2A). 
The protein expression of claudin-5, ZO-1, and occludin 
was significantly decreased in hemin group, compared 
to NC,  while ADEVs coculturing could partially reverse 
this decline. Compared with N-ADEVs, OGD-ADEVs 
showed a better improvement (Fig. 2B, D–F). The results 
of immunofluorescence staining were consistent with the 
above results. Compared with hemin group, the expres-
sion of ZO‐1 was significantly increased in N-ADEVs and 
OGD-ADEVs group. Specifically, the expression of ZO‐1 
in OGD-ADEVs was higher than N-ADEVs (Fig. 2E).

We next examined the effect of ADEVs on BBB in ICH 
mice (Fig. 3A). The results of the neurological score are 
shown in Additional file  1: Figure S3.  Compared with 
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Fig. 1 Astrocyte protected against hemin-induced BBB disruption through secreting exosomes A. TEER of monolayer bEnd.3 cells. B. Immunoblot 
images showing the expression of occludin, claudin-5 and ZO-1 in bEnd.3 cell monolayers. C. Morphological characterization of ADEVs observed 
under a TEM. D. The concentration and size distribution of ADEVs analyzed by NTA. E. Western blot analysis of EV surface maker proteins TSG101, 
CD81, CD63, and CD9. F. Fluorescence microscope was used to observe the uptake of PKH67-labeled ADEVs (green) by bEnd. 3 cells. Scale bar: 
20 μm. **p < 0.01 versus indicated group; *p < 0.05 versus indicated group. All data were expressed as mean ± SEM of at least 3 independent 
experiments

Fig. 2 ADEVs protected against barrier hyperpermeability and TJPs disruption in bEnd.3 cells after hemin treatment A. Determination of TEER 
to evaluate the barrier integrity of monolayer bEnd.3 cells. B. Western blot analysis of tight junction protein markers (occludin, Claudin-5, and ZO-1) 
in bEnd.3 cells. C. Immunofluorescence staining for ZO-1 in bEnd.3 cells D–E. Quantification of the relative protein expression levels of occludin, 
Claudin-5, and ZO-1. **p < 0.01 versus indicated group; *p < 0.05 versus indicated group. All data were expressed as mean ± SEM of at least 3 
independent experiments
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sham group, ICH mice exhibited higher neurological 
deficit scores on days 1, 3, and 7. ADEVs treatment led 
to improvement in the mNSS. Notably, compared with 
N-ADEVs, OGD-ADEVs treatment recovered neuro-
logical function to higher level. Brain water content 
was investigated on the 3rd-day post-ICH. ICH remark-
ably increased the brain water content in the ipsilateral 
brain. ADEVs treatment dramatically reduced brain 
water content (Additional file  1: Figure S3). Addition-
ally, in the ICH group, EB extravasation increased 
remarkably compared with sham group. However, this 
leakage was attenuated by ADEVs administration. The 
degree of EB leakage in OGD-ADEVs group was rela-
tively lower than that in N-ADEVs group (Fig.  3B–C, 
D) showed that ICH-indued downregulation of ZO-1, 
occludin, and claudin-5 level was greatly reversed by 
ADEVs administration. Notably, the TJP levels were 
strengthened in OGD-ADEVs group compared with 
N-ADEVs group with statistically significant differences 
(Fig. 3D, Additional file 1: Figure S4). Co-immunostain-
ing of ZO-1 with CD31 showed linear distribution of 
ZO-1 in normal brains. After ICH, we observed dis-
ruption of junction arrangement, indicative of dam-
aged BBB. However, in the N-ADEVs and OGD-ADEVs 
treatment group, the co-localization of ZO-1 and CD31 
around the hematoma areas was markedly increased 
compared to ICH animals (Figs. 3E).

miRNA expression profile of OGD‑ADEVs
An  increasing  number of studies  has  shown  that EVs-
contained miRNAs play protective roles in CNS diseases, 
including stroke [25, 26]. Hence, we focused our mecha-
nistic investigation on ADEVs-contained miRNAs. To 
identify differentially expressed miRNAs in EVs released 
from hypoxic astrocyte, a high-throughput miRNA-
sequencing was performed in our study. All produced 
reads were compared with the known human miRNAs 
in miRbase.  A volcano plot of differentially enriched 
miRNAs showing 36 up-regulated miRNAs and 244 
down-regulated miRNAs in the OGD-ADEVs compared 
with N-ADEVs [Log2(fold change) > 2] (Fig.  4A). Then, 
GO analysis of target genes  (Fig. 4B), and KEGG analy-
ses (Fig.  4C) were performed. The results showed that 
miR-27a-3p was one of the most abundant encapsulated 
signaling molecules in OGD-ADEVs (Fig. 4D), which has 
been reported to maintain BBB integrity [27]. To validate 
the elevated miR-27a-3p expression in OGD-ADEVs, 
qRT- PCR was performed. The results showed that miR-
27a-3p was significantly elevated in OGD-ADEVs com-
pared with N-ADEVs (Fig. 4E).

OGD‑ADEVs suppress hemin‑induced barrier 
hyperpermeability through transferring miR‑27a‑3p
We next investigate whether miR-27a-3p can be trans-
ferred from astrocytes to bEnd.3 cells by ADEVs. We 

Fig. 3 ADEVs mitigated ICH-induced BBB injury A. Schematic illustration presented that EVs from OGD-stimulated astrocytes was injected 
into mice from tail vein. B. Representative images showing EB extravasation 3 days after ICH induction. C. Quantitative analysis of EB extravasation. 
D. Representative western blot image of occludin, claudin‐5 and ZO-1 in peri-hematoma region of mice brain were measured by western blotting. 
E. Immunofluorescence staining for ZO-1/CD31 in the peri-hematoma region. Scale bar: 20 μm. **p < 0.01 versus indicated group; *p < 0.05 
versus indicated group. All data were expressed as mean ± SEM of at least 3 independent experiments
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knocked down miR-27a-3p in OGD-ADEVs through 
miR-27a-3p inhibitor transfection. The expression of 
miR-27a-3p in OGD-ADEVs was detected by RT-qPCR. 
miR-27a-3p expression was decreased in OGD-ADEVs 
miR−27a−3p inhibitor compared with OGD-ADEVs and 
OGD-ADEVs NC inhibitor (Fig. 5A). bEnd.3 cells were incu-
bated with untransfected OGD-ADEVs, OGD-ADEVs 
miR−27a−3p inhibitor or OGD-ADEVsNC inhibitor for 6 h, respec-
tively. qRT-PCR analysis showed that miR-27a-3p was 
significantly downregulated in bEnd.3 cells incubated 
with OGD-ADEVsmiR−27a−3p inhibitor compared with OGD-
ADEVs and OGD-ADEVs NC inhibitor (Fig.  5B). Further-
more, OGD-ADEVs were labelled with PKH67 (green) 
and then transfected with Cy3 labeled miR-27a-3p mimic 
(red). Labeled ADEVs were incubated with bEnd.3 cells 
for 6  h (Fig.  5C). As shown in Fig.  5D, PKH67-labeled 
OGD-ADEVs entered bEnd.3 cells. In addition, Cy3-
labeled miR-27a-3p mimic were found inside bEnd.3 
cells. Collectively, these data indicated that miR-27a-3p 
can be transferred from hypoxic astrocytes to endothelia 
via the route of EVs.

To explore whether OGD-ADEVs-enriched miR-
27a-3p is involved in the regulation of TJs after ICH 
in  vitro, hemin-stimulated bEnd.3 cells were incubated 
separately with OGD-ADEVs, OGD-ADEVs NC inhibitor, 
and OGD-ADEVs miR−27a−3p inhibitor. Hemin stimulation 

markedly decreased the TEER of monolayer of bEnd.3 
cells, whereas the decrease was mitigated by OGD-
ADEVs or OGD-ADEVs NC inhibitor administration. The 
effect of OGD-ADEVs was reversed by miR-27a-3p 
inhibitor. The western blot analysis showed that OGD-
ADEVs or significantly reduced the expression of occlu-
din, claudin-5 and ZO-1. However, the effect disappeared 
after transfected  with miR-27a-3p inhibitor (Fig.  5F, 
Additional file 1: Figure S5). These results revealed OGD-
ADEVs attenuated hemin-induced BBB injury, at least, 
partially through miR-27a-3p.

ARHGAP25 is a direct target of miR‑27a‑3p
We next probed the molecular mechanisms underly-
ing the potential role of OGD-ADEV-enriched miR-
27a-3p in BBB protection. Target genes of miR-27a-3p 
were predicted using the miRanda, PITA and RNAhy-
brid databases (Fig.  6A). Through the miRanda data-
base, Rho GTPase activating protein 25(ARHGAP25) 
as a target gene of miR-27a-3p was found. The binding 
sequence of miR-27a-3p and ARHGAP25 was shown in 
Fig.  6B. We transfected miR-27a-3p inhibitor in bEnd.3 
cells and detected ARHGAP25 expression. miR-27a-3p 
inhibitor caused ARHGAP25 upregulation. Conversely, 
miR-27a-3p mimic caused downregulated ARHGAP25 
expression (Fig. 6C–D). A subsequent luciferase reporter 

Fig. 4 miRNA expression signature profiling in OGD-ADEVs A. miRNA volcano plot. Red point in the plot represents differentially upregulated 
miRNAs, and green point represents downregulated miRNAs, with statistical significance (fold change > 2.0 or < − 2.0; P < 0.05) C–D. The bubble map 
of GO enrichment and KEGG pathway analysis of miRNA target genes. D. A heat map of the first 20 significantly differentially expressed miRNAs. E. 
Expression of miR-27a-3p in N-ADEVs and OGD-ADEVs evaluated by qRT-PCR
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assay indicated that miR-27a-3p mimic decreased lucif-
erase intensity in HEK293T cells transfected with entire 
WT‐ARHGAP25 3’UTR but not MUT ARHGAP25 
3′UTR (Fig.  6E). These data indicated that miR-27a-3p 
could directly target ARHGAP25.

miR‑27a‑3p attenuates BBB disruption via regulating 
ARHGAP25/Wnt/β‑catenin pathway
Western blot showed that expression of ARHGAP25 
was downregulated by miR-27a-3p mimic transfec-
tion, and  co-transfection with miR-152-3p mimic and 

Fig. 5 ADVEs abrogated hemin-induced barrier injury in bEnd.3 cells through transferring miR-27a-3p A. RT-qPCR analysis of miR-27a-3p expression 
in ADEVs from different groups. B. RT-qPCR analysis of miR-27a-3p expression in BMECs from different groups. C. Schematic illustration presented 
that OGD-stimulated astrocyte was transfected with Cy3 labeled miR-27a-3p mimic, ADEVs extracted was labeled with PKH67 and incubated 
with bEnd. 3 cells. D. Confocal images of PKH67- labeled ADEVs, including Cy3-miR-27a-3p, internalized by bEnd.3 cells. E. TEER of monolayer 
bEnd. 3 cells. Scale bar: 20 μm F. The protein levels of occludin, claudin-5 and claudin-5 in bEnd.3 cells determined by western blot. **p < 0.01 
versus indicated group; *p < 0.05 versus indicated group. All data were expressed as mean ± SEM of at least 3 independent experiments

Fig. 6 ARHGAP25 was a target gene of miR-27a-3p A. Venn diagram analysis of the predicted downstream target genes of miR-27a-3p by miRanda, 
PITA and RNAhybrid databases. B. The putative miR-27a-3p binding sites in ARHGAP25 C-D. Western blot and quantitative analysis of ARHGAP25. 
E. Luciferase reporter assay to evaluate the interaction ability between miR-27a-3p 3ʹ—UTR and ARHGAP25. **p < 0.01 versus indicated group; 
*p < 0.05 versus indicated group. All data were expressed as mean ± SEM of at least 3 independent experiments
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oe-ARHGAP25  reversed  the reduction of ARHGAP25 
expression (Fig.  7A). As illustrated in  Fig.  7B–E, over-
expression of miR-27a-3p increased the occludin, clau-
din-5 and ZO-1 compared with hemin group, while the 
effect was inhibited by co-transfection with miR-27a-3p 
mimic and oe-ARHGAP25. ARHGAP25 was  identi-
fied as an inhibitor of Wnt/β-catenin signaling, which has 
been reported to play a non-negligible role in BBB main-
tenance. Hence, miR-27a-3p may protect against BBB 
injury via ARHGAP2/Wnt/β-catenin axis. Western-blot 
unveiled that the expression of Wnt3a and β-catenin was 
significantly repressed  by hemin treatment. Conversely, 
the protein level of Wnt3a and β-catenin was elevated in 
bEnd.3 cells transfected with miR-27a-3p mimic, while 
the increase was reversed in cells co-transfected with 
miR-27a-3p mimic + oe-ARHGAP25. Collectively, these 
data indicated that miR-27a-3p promoted endothelial 
barrier recovery through ARHGAP2/Wnt/β-catenin 
signaling pathway in in vitro ICH model.

Discussion
To the best of our knowledge, this is the first work to 
document the role of OGD-stimulated ADEVs in BBB 
repair after ICH in vitro and in vivo. The significant find-
ings of the current study are as follows: (1) OGD-ADEVs 
alleviated the neurological deficits and attenuated BBB 
disruption in mice ICH model; (2) OGD-ADEVs restored 
TEER and rescued TJPs in hemin-treated monolayer 
bEnd.3 cell model; (3) OGD-ADEVs were enriched with 

miRNA-27a-3p, which can be transferred into bEnd.3 
cells; (4) miR-27a-3p effectively suppressed TJPs degra-
dation and mitigated BBB injury via ARHGAP25/ Wnt/
β-catenin signaling pathway.

We initially demonstrated in vitro the protective effect 
of C.M. from astrocyte (normal astrocyte and OGD-stim-
ulated astrocyte) on barrier integrity in ICH cell model. It 
is now accepted that degrading TJPs, such as claudin-5, 
occludin and ZO-1, facilitates capillary leakage and con-
tributes to the loss of BBB function [28, 29]. Our in vitro 
experiments revealed that  hemin caused degradation of 
the occludin, claudin-5 and ZO-1 in bEnd.3 cells. These 
changes were reversed by C.M. from astrocytes. Impor-
tantly, C.M. from OGD-pretreated astrocytes was more 
effective than C.M. from normal astrocytes. GW4869 
counteracted the capacity of C.M. from astrocytes of res-
cuing TJPs. The results indicated that ADEV, as a new 
paracrine mediator, plays an important role in intercellu-
lar communication between astrocytes and bEnd. 3 cells.

EVs are diverse, nano-sized vesicles secreted by virtu-
ally all cell types under both.

normal  and  pathological  conditions, which  deliver 
active molecules between cells locally or over longer dis-
tances [30, 31]. Recent studies have highlighted the cen-
trality of ADEVs for the cell-to-cell communication in 
neuron-glia network [32, 33]. Several studies have sug-
gested that ADEVs play an  essential  role  in the physi-
ological and pathological processes of the CNS [34, 35]. 
Similar to EVs from other sources, ADEVs also express 

Fig. 7 miR-27a-3p suppressed TJPs degradation via ARHGAP25/Wnt/β-catenin pathway A. Western blot analysis of ARHGAP25 B. Protein expression 
of occludin, claudin‐5, ZO-1, Wnt3a and β-catenin by western-blot. C–G. Quantitation of the bands in B. **p < 0.01 versus indicated group; *p < 0.05 
versus indicated group. All data were expressed as mean ± SEM of at least 3 independent experiments
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markers, such as CD9, CD63, TSG101, and syntenin 1. 
The TEM and NTA results were consistent with those 
of EVs from other sources. ADEVs have been identified 
as a novel therapeutic strategy in acute neural injuries 
such as  ischemic stroke and TBI [36, 37]. Effective sup-
pression of neuroinflammation and neural injury has 
been achieved via the ADEVs administration. However, 
very little research has been conducted on the role of 
ADEVs in ICH. Our data demonstrated for the first time 
that ADEVs treatment lightened neurological deficits and 
reduced BBB disruption in the ICH mice model. Consist-
ently, ADEVs significantly reduced BBB permeability and 
rescued TJPs degradation in vitro. Specifically, compared 
with N-ADEVs, OGD-ADEVs has more profound effect 
on mitigating BBB injury during ICH.

Increasing evidence suggests the cargo of EVs is highly 
dynamic and could be altered by the state and origin 
of the EV-secreting cell [38]. Using high-throughput 
miRNA sequencing, we demonstrated a unique miRNA 
signature in EVs from OGD-pretreated astrocytes. 
Among top 10 upregulated miRNA in OGD-ADEVs, 
miR‐27a‐3p retained our attention. Previously, an miRNA 
array revealed that miR-27a-3p was one of the down-
regulated miRNAs in the serum of ICH patients [39], 
suggesting that it may have a pathogenic role in ICH. A 
study by Xi et al. showed that miR-27a-3p protected BBB 
integrity in mice with ICH [40]. In our study, qRT-PCR 
validated that miR-27a-3p showed a distinct difference 
between OGD-ADEVs and N-ADEVs. Hence, we prior-
itized miR-27a-3p for mechanistic investigation. When 
miR-27a-3p expression in OGD-ADEVs was inhibited, 
the ability of OGD-ADEVs to repress TJPs degradation 
was markedly compromised, suggesting the vital role of 
miR-27a-3p in ADEVs during this process. Subsequently, 
our findings indicated that miR-27a-3p in bEnd.3 cells 
was upregulated following ADEVs co-culturing, and this 
effect was abolished by ADEVs transfected with miR-
27a-3p inhibitor. Co-localization of Cy3- miR-27a-3p 
mimic with PKH27-ADEVs further indicates that  miR-
27a-3p can be transferred from to hypoxic astrocytes 
cells via the route of EVs. Furthermore, bEnd.3 cells were 
transfected with miR-27a-3p mimic and inhibitor for the 
gain- and loss of-function investigation. Transfected with 
exogenous miR-27a-3p mimic to bEnd.3 cells exhibited 
protective effect against hemin-induced BBB disruption 
and TJPs reduction, whereas transfection with exogenous 
miR-27a-3p inhibitor significantly attenuated this effect. 
Collectively, ADEVs-mediated shuttling of miR-27a-3p 
into bEnd.3 cells may be sufficient to protect BBB from 
hemin injury.

In the subsequent experiment, target  prediction of 
miR-27a-3p  was  performed using the miRDB, PITA 
and miRbase databases. ARHGAP25 was identified as a 
novel target of miR-27a-3p, and such targeting was fur-
ther verified by subsequent luciferase reporter assays, 
and western blot analysis. ARHGAP25, a member of 
the ARHGAP family, is a GTPase-activating protein 
for Rac [41]. Evidence suggests that overexpression of 
ARHGAP17 exerts  anticancer  effect  on colorectal can-
cer by inhibiting Wnt/β-catenin signaling pathway [42]. 
Previous publications have  revealed the essential role 
of endothelial Wnt/β-catenin signaling in BBB forma-
tion and maintenance in healthy CNS [43], as well as 
in BBB repair in neurologic diseases [44]. Chen et  al. 
revealed that immunoproteasome-activated Wnt/β-
catenin signalling pathway reversed ischemia/hypoxia-
induced  BBB  injury [45].  Wang et  al. showed that BBB 
malfunction was restored via activating Wnt/β-catenin 
pathway in the AD mouse model [46]. In our stud-
ies, ARHGAP25 overexpression partially reversed the 
effect of miR-27a-3p on BBB integrity in ICH cell model. 
Hemin-induced reduction of wnt3a and β-catenin was 
attenuated by miR-27a-3p  mimic, while ARHGAP25 
overexpression suppressed miR-27a-3p-mediated eleva-
tion of Wnt3a and β-catenin. Together, our results dem-
onstrated that miR-27a-3p mitigated BBB injury after 
ICH via targeting  ARHGAP25 and regulating Wnt/β-
catenin pathway.

Conclusion
In summary, the findings in the present study highlight 
the important role of OGD-ADEVs in BBB repair dur-
ing ICH. The mechanism of this effect is, at least in part, 
related to miR-27a-3p transfer from OGD-ADEVs to 
endothelial cells. ARHGAP25 may serve as a target gene 
to mediate the protective effect of miR-27a-3p via regu-
lating the Wnt/β-catenin signaling pathway. Regulation 
of miR-27a-3p expression in OGD-ADEVs might be a 
promising strategy for BBB protection in patients with 
ICH.
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ADEVs  Astrocyte-derived extracellular vesicles
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restored the decrease of TJPs in bEnd.3 cells. A. Quantification of immu-
noblot of occludin, B. Quantification of immunoblot of Claudin-5, and C. 
Quantification of immunoblot of ZO-1. All data were expressed as mean 
± SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01. Figure 
S2.ADEVs treatment ameliorated neurological deficits and reduced brain 
water content after ICH. A. mNSS score at days 1, 3, and 7 in the sham, 
ICH, ICH+ N-ADEVs and ICH+ OGD-ADEVs groups. B. Brain water content 
of ipsilateral and contralateral hemisphere 24h after ICH. All data were 
expressed as mean ± SEM of at least 3 independent experiments. *P < 
0.05, **P < 0.01Figure S3.ADEVs reversed the downregulated expression 
of TJPs after ICH. A. Quantification of immunoblot of occludin, B. Quantifi-
cation of immunoblot of Claudin-5, and C. Quantification of immunoblot 
of ZO-1. All data were expressed as mean ± SEM of at least 3 independ-
ent experiments. *P < 0.05, **P < 0.01Figure S4.OGD-ADEVs miR-27a-3p 
attenuated the decrease in TJP levels. A. Quantification of immunoblot of 
occludin, B. Quantification of immunoblot of Claudin-5, and C. Quantifica-
tion of immunoblot of ZO-1. All data were expressed as mean ± SEM of at 
least 3 independent experiments. *P < 0.05, **P < 0.01.
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