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Astrocyte-derived exosomes transfer miR-190b to inhibit oxygen and glucose
deprivation-induced autophagy and neuronal apoptosis
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ABSTRACT
Our previous work has verified that astrocytes (AS)-derived exosomes (AS-Exo) inhibited autophagy
and ameliorated neuronal damage in experimental ischemic stroke. However, the mechanism of AS-
Exo regulation of autophagy remains unclear. The aim of this study was to investigate the regulatory
mechanism of AS-Exo on neuronal autophagy. The mouse hippocampal neuronal cell line HT-22 was
cultured in oxygen and glucose deprivation (OGD) condition to mimic ischemic injury. The primary
astrocytes were used to isolate exosomes. Exosome labeling and uptake by HT-22 cells were observed
by confocal lasermicroscopy. miR-190b expressionwas determined by qRT-PCR. HT-22 cell vitality and
apoptosis were determined by CCK-8 assay and TUNEL staining, respectively. Levels of TNF-α, IL-6 and
IL-1β were analyzed by ELISA. Protein levels of apoptosis-related cleaved caspase-3, Bax, Bcl-2
and autophagy-related Beclin-1, LC3-I/II, Atg7, P62 were determined by western blot. A dual-
luciferase reporter assay was performed to confirm the direct interaction between miR-190b and
Atg7. miR-190b expression in AS-Exo was found to be significantly higher than that in AS. AS-Exo-
mediated transfer of miR-190b attenuated OGD-induced neuronal apoptosis via suppressing autop-
hagy. Moreover, Atg7 was identified as a target of miR-190b. AS-Exo-mediated transfer of miR-190b
regulated autophagy by targeting Atg7. Collectively, our data indicated that AS-Exo transferred miR-
190b to inhibit OGD-induced autophagy and neuronal apoptosis.
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Introduction

Ischemic stroke remains one of the leading causes
of morbidity and mortality worldwide [1], which is
characterized by acute loss of neurons, astroglia,
and oligodendroglia and disruption of synaptic
architecture due to cerebral artery occlusion [2].
Despite great improvement in treatment, morbid-
ity and disability of stroke are still high.

Mounting evidence suggests that astrocytes are
activated during cerebral ischemia and could
secrete exosomes to protect the central nervous system
[3–5]. Exosomes are nano-sized membrane vesicles
(40–100 nm in diameter) secreted by most cell types
[6]. These exosomes have been regarded as a crucial
means of intercellular communication by transferring
cargos such as lipids, proteins, and microRNAs
(miRNAs) [7,8]. For example, astrocytes (AS) secrete
exosomes containing miR-19a, which targeted and
downregulated expression of phosphatase and tensin
homolog (PTEN) in brainmetastatic tumor cells, thus
promoting brain metastatic outgrowth [9].

Autophagy is a homeostatic, catabolic degrada-
tion process whereby cellular proteins and organelles
are engulfed by autophagosomes, digested in lyso-
somes, and recycled to sustain cellular metabolism
[10–12]. Evidence suggests that autophagy plays
a dual role in the development of cerebral ischemia:
On one hand, excessive autophagy promotes cell
death and aggravates nerve injury [13]. On the
other hand, moderate autophagy can protect cells
through removing damaged tissues and proteins.
Our previous work has verified that astrocytes-
derived exosomes (AS-Exo) inhibited autophagy
and ameliorated neuronal damage in experimental
ischemic stroke [14]. However, the mechanism of
AS-Exo regulation of autophagy remains unclear.

Recently, Jovičić A et al compared miRNA expres-
sion in the primarymouse AS and AS-Exo, and found
that miR-190b was significantly up-regulated in AS-
Exo than that in AS [15]. In this study, we confirm
that miR-190b is increased in AS-Exo relative to AS.
Furthermore, our bioinformatics analysis revealed
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that autophagy-related gene 7 (Atg7) was a putative
target of miR-190b (Targetscan). We further demon-
strate that AS-Exo-mediated transfer of miR-190b
inhibits the OGD-induced neuronal apoptosis
through regulating autophagy via targeting Atg7.

Materials and methods

Primary astrocytes isolation and culture

Astrocytes were isolated from 3- to 4-day-old neo-
natal mice as previously described [14]. Astrocytes
were cultured in neurobasal medium supplemen-
ted with 1% penicillin/streptomycin.

Neurons cell culture

The mouse hippocampal neuronal cell line HT-22
(American Type Culture Collection, Rockville, MD)
was cultured in DMEM high glucose medium
(Sigma-Aldrich, Saint Louis, MO, USA) containing
10% fetal bovine serum (FBS), 50 mg/ml streptomy-
cin, and 50 U/ml penicillin. Cells were maintained at
37°C in atmosphere containing 5% CO2.

Isolation and characterization of AS-Exo

Exosomes were extracted from the cell culture
medium of astrocytes by differential centrifuga-
tion. Exosome-depleted FBS (Gibco) was used to
culture astrocytes to avert contamination with
FBS-derived exosomes. Briefly, the supernatant
was collected and further centrifuged at
2, 000 × g for 30 min to discard dead cells,
10, 000 × g for 30 min to discard cell debris,
and 100, 000 × g for 4 h at 4°C. The resultant
exosome pellets were resuspended in PBS and
prepared for subsequent analysis. The isolated
exosomes were washed once with PBS and resus-
pended for further characterization.

The morphologic characteristics of AS-Exo were
observed by transmission electron microscopy
(TEM). The size distribution of AS-Exo was evaluated
by Nanosizer™ technology (Malvern Instruments,
Malvern, Worcestershire, UK). The protein levels of
exosomal surface markers CD9, CD63 and Alix were
examined by western blot.

Cell transfection

The miR-190b mimic, miR-190b inhibitor,
corresponding negative controls mimic NC and
inhibitor NC, Atg7 overexpression vector, empty
vector, siRNAs targeting Atg7 (si-Atg7), and
scramble siRNA were purchased from
GenePharma (Shanghai, China). Astrocytes or
HT-22 cells were transfected with miR-190b
mimic and inhibitor or corresponding controls
at a final concentration of 50 nM. Atg7 overex-
pression vector and si-Atg7 were transfected into
HT-22 cells. Cell transfection was carried out by
using Lipofectamine® 2000 (Invitrogen, Carlsbad,
CA, USA). Following transfection for 48 h, cells
were harvested for qRT-PCR analysis to examine
miR-190b expression.

Quantitative real-time PCR (qRT-PCR)

After treatment, the cells or exosomes were lysed and
total RNA was extracted using TRIzol (Invitrogen).
After reverse transcription, the expression of miR-
190b were using the miRNA qRT-PCR kit
(GeneCopoeia) in Applied Biosystems 7500 PCR sys-
tem (Foster, CA) using specific primers miR-190b-
Forward, 5ʹ- CCGGGTGATATGTTTGATATA −3ʹ;
and a universal reverse primer, 5ʹ- GTGCAGGG
TCCGAGGT −3ʹ [16]. The expression level of miR-
190b was normalized to the relative expression of
snRNA RNU6B and was calculated using the 2−ΔΔCt

method.

Exosome labeling and uptake

Briefly, 400 μL of DiI was added to the exosome
suspension. After incubation for 5 min, an equal
volume of exosome-depleted bovine serum
albumin was added to stop the reaction.
Subsequently, the exosomes were washed twice
with PBS to remove any unbound dye. HT-22
cells were incubated with the DiI-labeled or
denatured exosomes for 24 h. Then HT-22 cells
were fixed in 4% paraformaldehyde and stained
with Hoechst 33342. The images were captured
using a confocal microscope.
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Oxygen and glucose deprivation (OGD)
treatment

Cells were converted into an ischemia-mimetic solu-
tion–Hanks’ solution (140 mM NaCl, 3.5 mM KCl,
0.43 mM KH2PO4, 1.25 mMMgSO4, 1.7 mM CaCl2,
5 mM NaHCO3, 20 mM HEPES, pH7.2–7.4) to
induce ischemia, after which cells were then cultured
in a hypoxic incubator chamber equilibrated with
95% N2/5% CO2 at 37°C for 6 h. Cells in the AS-
Exo treatment groups were pretreated with 10 μg/
mL AS-Exo and cells in the rapamycin treatment
groups were pretreated with 2 mM rapamycin in
Hanks’ solution for 12 h before OGD.

Cell viability assay

Cell viability assay was conducted using the Cell
Counting Kit-8 (CCK-8; Dojindo, Kumamoto,
Japan). Briefly, HT-22 cells were seeded in the 96-
well plates and were treated with AS-Exo (100 μg/mL)
or PBS and were then incubated with CCK-8 reagent
at 37°C for 3 h. The OD450 values of different treat-
ment groups were measured using a microplate
reader (Bio-Rad 680, Hercules, USA).

Enzyme-linked immunosorbent assay (ELISA)

The levels of various cytokines TNF-α, IL-6 and
IL-1β in cell supernatant were measured using
their commercial ELISA kits (Abcam, Cambridge,
UK) according to the manufacturer’s protocol.

Western blot

Total protein was extracted from AS-Exo or HT-22
cells using RIPA lysis buffer (Beyotime, Shanghai,
China). Briefly, forty micrograms of protein were
loaded per lane and separated using 10% SDS-PAGE
gel electrophoresis and transferred onto polyvinyli-
dene difluoride membranes. Subsequently, the mem-
branes were incubated with primary antibodies
against primary antibodies including CD9 (1:2000;
Abcam, Cambridge, UK), CD63 (1:1000; Abcam),
Alix (1:1000; Abcam), cleaved caspase-3 (1:1000,
Cell Signaling Technology, Beverly, MA, USA), cas-
pase-3 (1:1000, Cell Signaling Technology),
Bax (1:1000, Cell Signaling Technology), Bcl-2
(1:1000, Cell Signaling Technology), Beclin-1 (1:200,

Santa Cruz Biotechnology), LC3 (1:1000; Santa
Cruz Biotechnology), P62 (1:1000; Santa Cruz
Biotechnology), and Atg7 (1:1000; Abcam). The
membranes were then incubated with the horseradish
peroxidase-conjugated secondary antibody (1:2000;
Cell Signaling Technology) for 1 h at room tempera-
ture. The blots were analyzed using chemilumines-
cence detection (ECL, Amersham).

Detection of cell apoptosis

Cellular apoptosis the was assessed using a Terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) Apoptosis Assay kit (Beyotime, Shanghai,
China) according to the manufacturer’s directions.
The ratio of TUNEL-positive cells to total neuronal
cells indicates the apoptosis index.

Green fluorescent protein (GFP)-LC3
immunofluorescence

After 12 h of OGD treatment, cells were transfected
with GFP-LC3 plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instruc-
tions, then LC3 puncta in HT-22 were counted by
immunofluorescence under a fluorescence micro-
scope (Nikon Corporation, Tokyo, Japan).

Dual-luciferase reporter assay

A dual-luciferase reporter assay was performed to
validate the binding of miR-190b and the 3ʹ-UTR of
Atg7. Briefly, 3ʹ-UTR of Atg7 was amplified and then
cloned into pmirGLO vector (Promega, USA). For
luciferase assay, 293 T cells were seeded in 24-well
plates. When it reached to 70% to 80% confluence,
cells were cotransfected with wild type (wt) or
mutant Atg7 3ʹUTR luciferase reporter plasmids,
together with control mimics or miR-190b mimics
(GenePharma, China) by Lipofectamine 2000
(Invitrogen). Twenty-four hours after transfection,
firefly and renilla luciferase activities were measured
in cell lysates using the dual-luciferase reporter system.

Statistical analysis

All statistical analyses were conducted using SPSS
software version 19.0 (IBM, Chicago, IL, USA).
Differences between two groups were determined
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by Student’s t-test in two groups, or ANOVA if
more than two groups. The data are presented as
mean ± standard deviation (SD). P < 0.05 was
considered statistically significant.

Results

Identification of AS-Exo

We initially extracted exosomes from cultured
astrocytes by ultracentrifugation, and transmission
electron microscopy was used to identify the qual-
ity of isolated exosomes and a cup-shaped mor-
phology was observed (Figure 1(a)). Data from
Nanosight analysis confirmed that the average
size of the vesicles isolated from astrocytes was
consistent with exosomes in size (Figure 1(b)).
Western blot analysis revealed that the extracted
vesicles were positive for 3 different exosome mar-
kers (CD9, CD63, Alix) (Figure 1(c)), indicating

that complete AS-Exos were extracted. Then miR-
190b level was determined by qRT-PCR, and miR-
190b expression in AS-Exo was found to be
significantly higher than that in AS (Figure 1(d)).

AS-Exo-mediated transfer of miR-190b
attenuated OGD-induced neuronal apoptosis

To assess whether AS-Exo regulated apoptosis of
neurons after OGD in vitro via transferring miR-
190b, we isolated exosomes from FAM-miR
-190b-transfected astrocytes, labeled the resul-
tant exosomes with Dil and then added to HT-
22 cells. FAM-miR-190b signals were green and
Dil was red. Nuclei were stained with Hoechst
33342 (blue) (Figure 2(a)). qRT-PCR detection
showed that expression level of miR-190b
in AS-miR-190bI-Exo group was significantly
downregulated relative to AS-NCI-Exo group

Figure 1. Astrocytes exosomes identification. (a) Exosomes were observed under a transmission electron microscope, characterized
as double membrane-bound vesicles. Scale bar = 500 nm.(b) Nanosight results showed that particle size was in the range of
100–150 nm. (c) Expression of the exosome markers CD9, CD63 and Alix confirmed by western blotting. (d) MiR-190b expression in
astrocytes (AS) and astrocytes-derived exosomes (AS-Exo) was determined by qRT-PCR. *p < 0.05 versus the AS group. Data are
presented as the means ± SD (n = 3).
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(Figure 2(b)). Next, cultured HT-22 cells were
divided into 6 groups according to different
treatment: control, OGD, OGD+PBS, OGD+
AS-Exo, OGD+ AS-NCI-Exo, and OGD+ AS-
miR-190bI-Exo group. qRT-PCR analysis indi-
cated that miR-190b in HT-22 cells was strongly
up-regulated in OGD+ AS-Exo group when
compared with OGD+PBS group. Importantly,
miR-190b inhibitor attenuated the promoting
effect of OGD+ AS-Exo on miR-190b expression
(Figure 2(c)). Furthermore, compared with PBS
treatment after OGD, AS-Exo treatment after
OGD markedly enhanced cell viability.
Furthermore, the viability of HT-22 cells in the
OGD+ AS-miR-190bI-Exo group was markedly
decreased when compared with the OGD+ AS-
NCI-Exo group (Figure 2(d)). Moreover,
TUNEL staining showed that OGD markedly
promoted cell apoptosis in HT-22 cells, AS-Exo
significantly repressed apoptosis of OGD-HT-22
cells, and the ability of AS-Exo to repress

apoptosis was markedly compromised when
miR-190b expression in AS-Exo was inhibited
(Figure 3(a)). Consistently. AS-Exo significantly
decreased the OGD-induced protein levels of
pro-apoptotic cleaved caspase-3 and Bax,
whereas increased the OGD-inhibited levels of
anti-apoptotic Bcl-2. However, these effects
were effectively reversed when miR-190b expres-
sion in AS-Exo was inhibited (Figure 3(b)).
Moreover, significant reduction of TNF-α, IL-
1β and IL-6 were observed in HT-22 cells in
the OGD+ AS-Exo group when compared with
the OGD+PBS group, but treatment with AS-
Exo from miR-190b-downexpressing HT-22
cells after OGD had a significant effect in
promoting inflammatory factor expression
when compared with OGD+ AS-NCI-Exo
group (Figure 3(c–e)). To sum up, these data
manifested that AS-Exo-mediated transfer of
miR-190b attenuated OGD-induced neuronal
apoptosis.

Figure 2. The effect of AS-Exo-mediated transfer of miR-190b on the viability of neurons after OGD. (a) As-Exo transfected with FAM
(green)-miR-190b was labeled with Dil (red) and incubated with HT-22 cells (nuclei stained with Hoechst 33342, blue), the
distribution and intensity of fluorescence were observed by confocal laser microscopy to analyze exosomes uptake by neurons.
(b) Exosomes were extracted from astrocytes after transfection with miRNA inhibitor control (AS-NCI-Exo) and miR-190b inhibitor
(AS-miR-190bI-Exo), miR-190b expression in exosomes was detected by qRT-PCR (c-d) HT-22 cells were divided into 6 groups: control
group, OGD group, OGD+PBS group, OGD+ AS-Exo group, OGD+ AS-NCI-Exo group and OGD+ AS-miR-190bI-Exo group. (c) MiR-
190b expression in HT-22 cells was detected by qRT-PCR. (d) Cell viability in each group was determined by CCK-8 assay. *p < 0.05
versus the AS-NCI-Exo group; #p < 0.05 versus the control group; $p < 0.05 versus the OGD+PBS group; &p < 0.05 versus the
OGD+AS-NCI-Exo group. Data are presented as the means ± SD (n = 3).
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Figure 3. The effect of AS-Exo-mediated transfer of miR-190b on the apoptosis and inflammation of neurons after OGD. HT-22 cells
were divided into 6 groups: control group, OGD group, OGD+PBS group, OGD+ AS-Exo group, OGD+ AS-NCI-Exo group and OGD+
AS-miR-190bI-Exo group. (a) Cell apoptosis in each group was determined by TUNEL staining. (b) Relative expression of apoptosis-
related protein in HT-22 cells was analyzed by western blot. The levels of TNF-α (c), IL-1β (d) and IL-6 (e) in HT-22 cells were analyzed
by ELISA assay. *p < 0.05 versus the control group; #p < 0.05 versus the OGD+PBS group; $p < 0.05 versus the OGD+AS-NCI-Exo
group. Data are presented as the means ± SD (n = 3).
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AS-Exo-mediated transfer of miR-190b inhibited
OGD-induced neuronal apoptosis via regulating
autophagy

To identify whether autophagy was involved in the
regulation of AS-Exo-mediated transfer of miR-190b
in OGD-induced neuronal apoptosis, cultured HT-22
cells were treated according to the groups: control,
OGD, OGD+PBS, OGD+ AS-Exo, OGD+ AS-NCI-
Exo and OGD+ AS-miR-190bI-Exo group. Cell
autophagy in each group was detected by western
blot and GFP-LC3 immunofluorescence assay.
Western blot analysis showed that AS-Exo decreased
the ratio of LC3-II/LC3-I and the protein levels of
Beclin-1 and Atg7, while increased P62 level in OGD-
HT-22 cells, but these effects were reversed when the
OGD-HT-22 cells were pretreated with miR-190b
inhibitor (Figure 4(a)). Consistently, GFP-LC3 immu-
nofluorescence assay indicated that AS-Exo led to
a significant decrease in GFP-LC3 puncta in OGD-
HT-22 cells, which was rescued by AS-miR-190bI-
Exo treatment (Figure 4(b)). To further validate the
suppressing effect of miR-190b on HT-22 cell autop-
hagy, HT-22 cells were transfected with miR-190b
mimic or control and treated with/without autophagy
activator rapamycin under OGD conditions.
Compared with mimic NC+rapamycin group, the
levels of LC3-II/I ratio, Beclin-1 and Atg7 levels
were decreased while P62 level was increased in the
miR-190b mimic+rapamycin group as demonstrated
by western blot analyses (Figure 4(c)). CCK-8 assay
and TUNEL assay results indicated that induction of
autophagy by rapamycin significantly inhibited cell
activity while facilitated apoptosis in HT-22 cells
transfected with miR-190b mimic when compared
with DMSO treatment. Furthermore, miR-190
mimic significantly facilitated cell viability and sup-
pressed cell apoptosis and the proliferation-
promoting and anti-apoptotic effect of miR-190b
mimic was abrogated by the autophagy activator rapa-
mycin (Figure 5(a,b)) but further enhanced by the
autophagy inhibitor 3-MA (Figure 7(a,b)). As shown
in Figure 5(c), miR-190b mimic suppressed the pro-
tein levels of cleaved caspase-3 and Bax, and pro-
moted Bcl-2 expression, but these effects were
reversed when the cells were under the pretreatment
of rapamycin. Additionally, ELISA results showed
that miR-190b mimic caused a significant decrease

in levels of pro-inflammatory TNF-α, IL-6 and IL-1β
in HT-22 cells when compared with the mimic NC
group. In contrast, induction of autophagy by rapa-
mycin prominently increased levels of these inflam-
matory cytokines cells when compared with DMSO
treatment. Of note, the inflammation-inhibitory effect
of miR-190bmimic was effectively abrogated by rapa-
mycin (Figure 5(d–f)). Given that, our findings sug-
gested that AS-Exo-mediated transfer of miR-190b
inhibited OGD-induced neuronal apoptosis and
inflammation via suppressing autophagy.

AS-Exo-mediated transfer of miR-190b regulated
autophagy by targeting Atg7

To determine whether the transferred miR-190b,
once inside the cells, could bind directly to the 3′-
untranslated region (3′-UTR) of the target mRNA,
miRNA target gene prediction site TargetScan was
used to predict potential targets of miR-190b.
Among the candidates, we found a highly conserva-
tive and specific combination sequence between miR-
190b and Atg7 3ʹUTR (Figure 6(a)). Our results
showed that miR-190b mimic significantly repressed
luciferase activity when co-transfected with reporter
containing WT Atg7 3′UTR but not MUT Atg7
3′UTR (Figure 6(b)). Further confirmation of the
role of Atg7 in regulating autophagy was carried out
by overexpressing Atg7 in the HT-22 cells which were
incubated with AS-Exo under OGD conditions. As
shown in Figure 6(c,d), compared with control, Atg7
overexpression significantly suppressed cell viability
while enhanced apoptosis in HT-22 cells incubated
with AS-Exo under OGD conditions, moreover, the
expression of apoptosis-related proteins showed con-
sistent results with TUNEL assay results of apoptosis
(Figure 6(e)). In contrast, Atg7 silencing significantly
enhanced cell viability while inhibited apoptosis in
HT-22 cells incubated with AS-Exo under OGD con-
ditions (Figure 7(c,d)). Significant induction of IL-1β,
IL-6, and TNF-α, were observed in HT-22 cells trans-
fected with Atg7 overexpression after treatment with
OGD+ AS-Exo compared with those from vector
group (Figure 6(f–h)). The above results indicated
that AS-Exo-mediated transfer of miR-190b regulated
autophagy by targeting Atg7.

912 X. PEI ET AL.



Figure 4. AS-Exo-mediated transfer of miR-190b suppressed autophagy.
HT-22 cells were divided into 6 groups: control group, OGD group, OGD+PBS group, OGD+AS-Exo group, OGD+ AS-NCI-Exo group
and OGD+ AS-miR-190bI-Exo group. (a) The protein levels of LC3-I, LC3-II, Atg7, Beclin-1, and P62 in each group were analyzed by
western blot. (b) Autophagy vesicles formation in each group was observed by GFP-LC3 immunofluorescence assay. Scale bar:
10 μm. (c) HT-22 cells were transfected with miR-190b mimic or control and treated with/without rapamycin under OGD conditions.
The protein expression of LC3-I, LC3-II, Atg7, Beclin-1, and P62 was analyzed by western blot. *p < 0.05 versus the control group;
#p < 0.05 versus the OGD+PBS group; $p < 0.05 versus the OGD+AS-NCI-Exo group; &p < 0.05 versus the mimic NC+DMSO group,
@p < 0.05 versus the miR-190b mimic+DMSO group; %p < 0.05 versus the mimic NC+rapamycin group. Data are presented as the
means ± SD (n = 3).
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Discussion

In the present study, we initially demonstrated that
miR-190b expression in AS-Exo was found to be
significantly higher than that in AS. Furthermore,
we validated that AS-Exo-mediated transfer of miR-
190b inhibited OGD-induced neurons apoptosis via
regulating autophagy. Eventually, we identified miR-
190b targeting the 3′-UTR region of the neurotropic

gene Atg7, and AS-Exo-mediated transfer of miR-
190b regulated autophagy by targeting Atg7.

Exosomes act as mediators of cell-cell communi-
cation [17–19] and are carriers for functional
miRNA delivery [7,20,21]. Exosomes have great pro-
mise in clinical applications as biomarkers and/or as
potential therapeutic tools [7,22]. Emerging evidence
suggests that AS-Exo results in improved survival of
neurons under hypoxic and ischemic conditions [5].

Figure 5. AS-Exo-mediated transfer of miR-190b attenuated OGD-induced neuronal apoptosis and inflammation via regulating
autophagy.
HT-22 cells were transfected with miR-190b mimic or control and treated with/without rapamycin under OGD conditions. (a) Cell
viability was determined by CCK-8 assay. (b) Cell apoptosis was determined by TUNEL staining. (c) Relative expression of apoptosis-
related protein in HT-22 cells was analyzed by western blot. The levels of TNF-α (d), IL-1β (e) and IL-6 (f) in HT-22 cells were analyzed
by ELISA assay. *p < 0.05 versus the mimic NC+DMSO group; #p < 0.05 versus the miR-190b mimic+DMSO group; $p < 0.05 versus
the mimic NC+rapamycin group. Data are presented as the means ± SD (n = 3).
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In this study, we found that the miR-190b level was
increased in AS-Exo. When miR-190b expression in
AS-Exo was inhibited, the ability of AS-Exo to
repress apoptosis was markedly compromised, sug-
gesting that AS-Exo-mediated transfer of miR-190b
attenuated OGD-induced neuronal apoptosis.

Autophagy is a homeostatic, catabolic degradation
process to specifically degrade aggregated proteins
and damaged cellular organelles, which provides cel-
lular quality control and maintains homeostasis [23].
Increasing evidence has highlighted the important
role of autophagy in ischemic stroke. Li et al.

Figure 6. AS-Exo-mediated transfer of miR-190b regulated autophagy by targeting Atg7. (a) Schematic of the putative miR-190b
target site in Atg7 3′-UTR and the eleven mutated nucleotides are marked. (b) Luciferase activities were measured using the dual-
Luciferase reporter assay. (c-h) HT-22 cells were transfected with Atg7 overexpression vector or control and then incubated with AS-
Exo under OGD conditions. (c) Cell viability was determined by CCK-8 assay. (d) Cell apoptosis was determined by TUNEL staining. (e)
Relative expression of apoptosis-related protein was analyzed by western blot. Levels of IL-1β (f), TNF-α (g), IL-6 (h) were analyzed by
ELISA assay. *p < 0.05 versus the mimic NC group; #p < 0.05 versus the Vector+OGD group; $p < 0.05 versus the Vector+OGD+AS-
Exo group; &p < 0.05 versus the Atg7+ OGD group. Data are presented as the means ± SD (n = 3).
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suggested that fingolimod suppressed neuronal
autophagy and alleviated ischemic brain damage in
mice [24]. Guo D et al. showed that MALAT1 down-
regulation attenuated neuronal cell death through
inhibiting autophagy in cerebral ischemic stroke
[13]. Our previous work has verified that AS-Exo
suppressed autophagy and ameliorated neuronal
damage in experimental ischemic stroke [14]. In the
current study, we demonstrate that AS-Exo-mediated
transfer of miR-190b inhibited OGD-induced neuro-
nal apoptosis via regulating autophagy.

Accumulating data have confirmed complex asso-
ciation between autophagy and apoptosis. Caspases
can cleave various autophagy-related proteins, and
the cleaved fragments generated have different func-
tional activities and cellular localization [25].
A previous study identified that curcumin can inhibit
neural stem cell cycle progression from G1 to S, and
that these effects are mediated through the regulation

of Atg7 [26]. In the present study, miR-190b targeted
Atg7, and Atg7 overexpression significantly sup-
pressed the cell viability while enhanced apoptosis in
HT-22 cells incubated with AS-Exo under OGD con-
ditions, indicating that AS-Exo-mediated transfer of
miR-190b regulated autophagy by targeting Atg7.

In summary, the findings in the present study
suggest that the exosomes released from astrocytes
suppress neuronal apoptosis. The mechanism of this
effect is, at least in part, related to the transfer of
miR-190b, which was taken up by neurons, leading
to autophagy inhibition. Regulation of miR-190b
expression in exosomes released from astrocytes
might be a putative therapeutic strategy against the
pathogenesis of ischemic stroke.
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Figure 7. miR-190b promoted cell viability and inhibited cell apoptosis through inhibiting autophagy. (a-b) HT-22 cells were
transfected with miR-190b mimic or mimic NC before exposure to 3-MA and OGD treatment. (a) Cell viability was determined by
CCK-8 assay. (b) Cell apoptosis was determined by TUNEL staining. (c-d): HT-22 cells were transfected with si-Atg7 or scramble siRNA
control before exposure to AS-Exo and OGD treatment. (c) Cell viability was determined by CCK-8 assay. (d) Cell apoptosis was
determined by TUNEL staining. *p < 0.05 versus the mimic NC+DMSO group; #p < 0.05 versus the mimic NC+3-MA group; $p < 0.05
versus the miR-190b mimic+DMSO group; &p < 0.05 versus the scramble+OGD group; @p < 0.05 versus the si-Atg7+ OGD group; %

p < 0.05 versus the OGD+AS-Exo+scramble group. Data are presented as the means ± SD (n = 3).
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