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Abstract: Neuroinflammation is the most common cause of neurological diseases. Exosomes derived from mes-
enchymal stem cells (MSCs-exos) have been reported to reduce inflammation and neuronal injury. Its underlying
mechanism remains poorly unknown. In this study, identification of bone marrow MSCs-derived exosomes (BMSCs-
exos) was conducted by nanosight tracking analysis, transmission electron microscope, and western blot assay.
Enzyme-linked immunosorbent (ELISA) was used to analyze microglial M1/M2 polarization and detect levels of
inflammatory factors. Cell viability was determined by Cell Counting Kit (CCK)-8 assay. Cell apoptosis was assessed
by flow cytometry, caspase-3 activity assay, and DNA fragmentation assay. Quantitative real-time polymerase chain
reaction was used to detect gene expression. Luciferase reporter and RNA pull-down assays were exploited to vali-
date the interaction between genes. BMSCs-exos promoted M2 polarization while inhibited M1 polarization in LPS-
stimulated BV-2 cells. BMSCs-exos inhibited the secretion of interleukin (IL)-18, IL-6, and TNF-a, while increased the
levels of IL-10. BMSCs-exos resisted the cytotoxicity and apoptosis induced by LPS in HT22 cells. BMSCs-exosomal
long noncoding RNA (IncRNA) H19 enhanced the anti-inflammatory ability of BMSCs-exos in BV-2 microglia follow-
ing LPS stimulation, and strengthened the neuroprotective effect of BMSCs-exos on HT22 cells in the presence of
LPS. Moreover, H19 functioned as a sponge for miR-29b-3p. miR-29b-3p mimics abolished the effects of BMSCs-
exosomal H19 on M1/M2 polarization and inflammation in LPS-stimulated BV-2 cells. The neuroprotective function
of BMSCs-exosomal H19 was attenuated by miR-29b-3p mimics in LPS-stimulated HT22 cells. BMSCs-exosomal
H19 modulates LPS-stimulated microglial M1/M2 polarization and alleviates inflammation-mediated neurotoxicity
by sponging miR-29b-3p.
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Introduction

The substantial damage of intrauterine infec-
tion is mainly due to the inflammatory response,
which is shared by various damages and disor-
ders of the central nervous system [1]. Fetal
inflammatory response syndrome (FIRS) ca-
used by intrauterine infection during pregnancy
is the most common reason of preterm and
premature white matter damage (WMD), and is
associated with subsequent neurological im-
pairment of various severity (Including cerebral

palsy) [2]. Microglia, as the prime innate im-
mune cells in the brain, are derived from the
monocyte/macrophage lineage and act a key
part in immune regulation and inflammation
after brain injury [3]. It is well known that
microglia are in a classic balance of pro-inflam-
matory (M1 phenotype) and anti-inflammatory
(M2 phenotype). The phenotypic change of
microglia is related to the local microenviron-
ment [4]. Microglia can be induced to M1 polar-
ization by lipopolysaccharide (LPS) or interferon
y, and also can be induced to M2 polarization by
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interleukin (IL)-4, IL-10, and transforming grow-
th factor « in vitro [5]. Therefore, the neuroin-
flammatory response can be repressed by
adjusting the balance of the polarization of M1/
M2, which is of great significance for protecting
the nervous system from secondary damage
[6].

So far, the transplantation of mesenchymal
stem cells (MSCs) has been studied in the ther-
apy of kinds of organ injuries due to its immu-
nosuppressive and anti-inflammatory proper-
ties [7]. MSCs-based therapy can restore the
structure and function of damaged tissues [8,
9]. MSCs-derived exosomes (MSCs-exos) are
membrane-like structure derived from the cyto-
plasm, recognized by the enrichment of CD9,
CD63, and CD81, which are specific markers
from the transmembrane protein superfamily
[10]. Exosomes have been shown to mediate
communication between neurons and glia, pro-
mote neuronal repair and growth, and regulate
immune responses [11, 12]. Recent studies
have confirmed that MSCs-exos can effectively
trigger the differentiation of macrophages from
M1 to M2 phenotype [13]. Moreover, MSCs-
exos can reduce inflammation and brain dam-
age after ischemia-reperfusion injury [14].

Exosomes, as key regulators of cell-to-cell com-
munication [15], mediate local cell communica-
tion by transferring coding RNA, noncoding
RNA, DNA, and proteins [16]. A few long non-
coding RNAs (IncRNAs) have been found to be
enriched in exosomes and function as novel
biomarkers and therapy targets in various dis-
eases. For example, exosomal IncRNA-high
expression in hepatocellular carcinoma can be
used as a potential biomarker in hepatitis C
virus infection-related hepatocellular carcino-
ma [17]. Exosomal IncRNA-urothelial carcino-
ma associated 1 may be used as a diagnostic
biomarker in bladder cancer [18]. Mustafa et
al. [19] showed that the monitoring of exosomal
IncRNA-p21 may be used as a diagnostic indi-
cator for evaluating the malignant state of pros-
tate cancer patients. Chen et al. [21] showed
that macrophage derived exosomal IncRNA
growth arrest-specific 5 can enhance oxidized
low density lipoprotein-induced apoptosis of
vascular endothelial cells. Additionally, Liu et al.
[22] showed that Krippel-like factor 3 anti-
sense RNA 1 derived from MSCs exosomes can
inhibit the cartilage damage induced by IL-13
stimulation. Up to now, it is not clear whether
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MSCs-derived exosomal IncRNAs can be used
as therapeutic targets for inflammation-in-
duced nerve damage.

Lipopolysaccharide (LPS)-stimulated microglia
BV-2 has been widely accepted as an in vitro
model of neuroinflammation [23]. Herein, we
investigated the anti-inflammatory function of
BMSCs-derived exosomal H19 in LPS-induced
mouse BV-2 microglia cells in vitro. Moreover,
the protection of BMSCs-exos against neuroin-
flammation-induced neuronal injury in mouse
hippocampal HT22 cells was further investigat-
ed. This study may produce a new insight into
exosomal circulation IncRNAs during neuroin-
flammation.

Materials and methods
Cell culture and treatment

Mouse BMSCs were obtained from Cyagen
Biosciences Inc. (Guangzhou, China). BMSCs
were maintained in DMEM medium containing
10% FBS (growth media) or exos-depleted FBS
(exosome derivation media), 100 U/mL penicil-
lin and streptomycin, and incubated in a humid
environment at 37°C and 5% CO,. Passage 3-7
cells were used for subsequent experiments.
In order to overexpress H19, the complete
sequence of H19 was subcloned into the
pcDNA3.1 vector to construct pcDNA-H19. Use
empty pcDNA3.1 (pcDNA) as a control. pcDNA-
H19 or pcDNA was transfected into BMSCs
using Lipofectamine 2000 (Invitrogen, Car-
Isbad, CA, USA) in accordance with the user’s
instructions. After 48 h, the overexpression
efficiency was checked by quantitative real-
time polymerase chain reaction (QRT-PCR). As
per the user’s instructions, the total exosome
isolation kit (Invitrogen) was used to isolate the
corresponding exosomes from the supernatant
of BMSCs and BMSCs transfected with pcDNA-
H19 or pcDNA, including BMSCs-exos, pcDNA-
H19-exos, and pcDNA-exos.

BV-2 microglia cells were purchased from
CoBioer (Nanjing, China). BV-2 cells were incu-
bated in DMEM (Gibco, Grand Island, NY, USA)
with 10% FBS (growth media) or exos-depleted
FBS (for experiment analysis) and 1% penicillin
and streptomycin (Sigma-Aldrich, St. Louis.,
MO, USA) at 37°C in a incubator with 5% CO,. To
evaluate the effect of BMSCs-exos on LPS-
stimulated BV-2 cells, BV-2 cells were exposed

Am J Transl Res 2021;13(3):935-951



MSCs-secreted exosomal H19 mitigates neuroinflammation

to the specified dose of LPS (1 pg/mL; Sigma-
Aldrich) for 12 h and cultured with different
concentrations (5, 10, and 20 ug/ml) of BMSCs-
exos for 48 h. To confirm the anti-neuroinflam-
mation effect of miR-29b-3p on BMSCs-ex-
osomal H19, BV-2 cells transfected with miR-
29b-3p mimic were cultured with exosomes
derived from different BMSCs for 48 h. miR-
29b-3p mimics and corresponding control
were purchased from GenePharma (Shanghai,
China).

Mouse hippocampal cells HT22 were obtained
from Procell Life Science & Technology Co.,
Ltd. (CL-0595; Wuhan, China). HT22 cells were
maintained in DMEM (Gibco) supplemented
with 10% FBS (growth media) or exos-depleted
FBS (for experiment analysis). To explore the
exact mechanism of BMSCs-exosomal H19 in
neuronal apoptosis induced by LPS, miR-29b-
3p mimics were transfected into HT22 cells
and then treated with LPS for 12 h (1 yg/mL)
and pcDNA-H19-exos for 48 h.

Extraction and identification of BMSCs-derived
exosomes

After cell transfection and incubation for 24 h
in DMEM (Gibco) supplemented with 10% exos-
depleted FBS, exos were isolated from the
supernatant of BMSCs. Briefly, BMSCs condi-
tioned medium was collected and centrifuged
at 3000 g for 15 minutes at 4°C. The superna-
tant was incubated with 0.5 volume of total
exosomes separation reagent (Invitrogen) at
4°C overnight. After centrifuging the mixture at
12000 g for 1 h, the precipitate was collected.
The exosomes pellet was resuspended in 200
ul PBS for verification. The concentration and
size distribution of BMSCs-exos were assessed
by the Nanosight LM10 system (Nanosight,
Amesbury, UK). The transmission electron
microscopy (TEM) was applied to assess the
morphological characteristics. The characteris-
tic surface marker proteins of BMSCs-exos
were determined by western blot assay.

Western blot assay

The concentration of total proteins extracted
from cells or exosomes was measured with the
BCA kit (Beyotime, Shanghai, China). Equal
amounts (50 mg) of protein lysates were sepa-
rated on 10% SDS-PAGE and then transfer-
red onto PVDF membranes. Membranes were
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blocked in 5% skim milk followed by incubation
overnight at 4°C with anti-CD63, anti-CD9, or
anti-CD81 antibody. Membranes were incubat-
ed with corresponding secondary antibody
(Abcam) for 1 h at room temperature. After
washing, the immunoblots were visualized with
the enhanced chemiluminescence Western
blotting substrate (ThermoFisher, San Jose, CA,
USA).

Cell Counting Kit (CCK)-8 assay

As per the user’s instructions, the cell viability
was detected using the CCK-8 kit (Beyotime).
Briefly, BV-2 cells were planted in the 96-well
plates (2 x 103 cells/well) and cultured at 37°C
under 5% CO,/95% air overnight. After rinsing
with PBS, HT22 cells are exposed to LPS com-
bined with or without exosomes derived from
different BMSCs. After 48 h of treatment, 10 pl
of CCK-8 was supplemented to each well and
cultured at 37°C for 3 h. The optical density
(OD) value was detected at 450 nm wavelength
plate.

qRT-PCR

TRIzol kit (Invitrogen) was used to pick up total
RNA from cells or exosomes. The iScript cDNA
synthesis kit (Bio-Rad, China) was used to
reverse transcribe RNA into cDNA. gRT-PCR
was performed using the SYBR Premix Ex Tag™
kit (TaKaRa). The 222°t method was used to
determine the relative gene expression level.

Enzyme-linked immunosorbent (ELISA) assay

The contents of IL-1B, IL-6, TNF-&, and IL-10
released in the conditioned medium were eval-
uated according to the specific ELISA kits
(Beyotime) according to the manufacturer’s
protocol.

A commercially ELISA kit (Roche Applied Sci-
ence, Penzberg, Germany) was utilized to evalu-
ate the cellular DNA fragmentation in HT22
cells as per the manufacturer’'s protocol. The
OD value at 450 nm was detected and ex-
pressed as the level of DNA fragmentation.

Caspase-3 activity
Apoptosis was evaluated according to the cas-

pase-3 activity assay kit (Beyotime). In brief,
cells were collected and lysed using RIPA buf-
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co-transfected into BV-2 cells
using Lipofectamine 2000 (In-
vitrogen). At 48 h after trans-
fection, luciferase activity was
analyzed using a luciferase
reporter assay system (Pro-
mega).

Figure 1. Morphological observation of BMSCs and identification of BMSCs-
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BV-2 cells were lysed using
RIPA lysis buffer (Beyotime).
Followed by the lysate was
incubated with 3 ug of biotinyl-
ated miR-29b-3p probe at
room temperature for 2 h. The
lysate was then incubated with
pre-coated M-280 streptavidin
magnetic beads (Sigma-Al-
drich) for 4 h. The bound RNA
was further purified by TRIzol,
and then detected by qRT-PCR
for H19 enrichment.

exos. A. The morphology of BMSCs was observed using phase morphology.

B. The diameter of exosomes was detected by Nanosight tracking analysis.

Statistical analysis

C. Transmission electron microscope was used to observe the morphology

of MSCs-derived exosomes (MSCs-exos). D. The expression of CD63, CD9,
and CD81 on the surface of exosomes was detected by Western blot.

fer. Reagents were added according to the
manufacturer’'s recommendation, and the ac-
tivity of caspase-3 was calculated by measur-
ing the OD value at 450 nm.

Cell apoptosis assay

Annexin V and propidium iodide (Pl) apoptosis
assay kit (Beyotime) was applied to analyze the
apoptosis rate of HT22 cells treated as indicat-
ed. After washing three times with PBS, HT22
cells were stained with Annexin V (5 ul) and PI
(5 ul) for 20 min at room temperature in the
dark. The percentage of apoptotic cells was
then analyzed by flow cytometry (BD Bio-
sciences, San Jose, CA, USA).

Luciferase reporter assay

The fragment of IncRNA H19 containing the
predicted wild-type (WT) or mutant (MUT) bind-
ing sites were amplified and subcloned into the
priCHECK2 vector (Promega, Madison, USA),
named H19-WT and H19-MUT. Luciferase plas-
mid and miR-29b-3p mimics or miR-NC were
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Statistical analysis was per-
formed by SPSS 17.0 software
(SPSS, Inc., Chicago, IL, USA).
Data were showed as the mean % standard
deviation (SD) of three independent experi-
ments. Differences between two groups was
evaluated using unpaired Student’s t-test and
differences among multiple groups was as-
sessed with one-way analysis of variance
(ANOVA). A P value <0.05 was considered to be
statistically significant.

Results

Morphological observation and identification
of BMSCs and BMSCs-exos

BMSCs showed uniform morphology and spin-
dle-shaped appearance (Figure 1A). Subse-
quently, BMSCs-derived exosomes (BMSCs-
exos) were isolated and purified, and identified
by TEM and western blot. As shown in Figure 1B
and 1C, the results showed that BMSCs-exos
were successfully detached and purificated
from the culture medium of BMSCs. Moreover,
the enrichment of CD63, CD9, and CD81 on the
surface of exosomes was detected by western
blot assay (Figure 1D). These results indicated
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that the BMSCs-exos obtained meet recog-
nized standards.

BMSCs-exos attenuated LPS-induced M1 po-
larization and inflammatory response in BV-2
cells

To evaluate the effect of BMSCs-exos on the
phenotype of LPS-stimulated BV-2 cells, qRT-
PCR was utilized to measure the mRNA levels
of M2 markers CD206, IL-10, and Arg-1 (Figure
2A), and M1 markers iNOS, CD86, and TNF-«
(Figure 2B). As shown in Figure 2A and 2B, LPS
stimulation could down-regulate the levels of
CD206, IL-10, and Arg-1 mRNA, whereas up-
regulate the levels of INOS, CD86, and TNF-a
mRNA. In contrast, BMSCs-derived exosomes
could inhibit the levels of iINOS, CD86, and
TNF-a mRNA, while promote the expression of
CD206, IL-10 and Arg-1 mRNA in LPS-stimulated
BV-2 cells. Simultaneously, BMSCs-derived
exosomes inhibited the secretion of pro-inflam-
matory factors (including IL-13, IL-6, and TNF-)
caused by LPS, while increased the level of
infammation inhibitory factor (IL-10) in BV-2
cells (Figure 2C-F). These data suggested that
BMSCs-exos inhibited M1 polarization in LPS-
stimulated BV-2 cells, meanwhile inhibited the
neuroinflammation in LPS-activated BV-2.

BMSCs-exos inhibited neuronal apoptosis in
HT22 cells following LPS stimulation

As shown in Figure 3A, a significant cell viability
reduction of HT22 cells induced by LPS was
noticed. However, BMSCs-exos treatment could
resist the cytotoxicity induced by LPS in HT22
cells. The results of DNA fragmentation also
showed that BMSCs-exos treatment reduced
the apoptosis of HT22 cells induced by LPS
(Figure 3B). Additionally, the increase in cell
apoptosis rate and caspase-3 activity induced
by LPS stimulation could be blocked by BMSCs-
exos in a dose-dependent manner (Figure 3C
and 3D). These data revealed that BMSCs-exos
could prevent LPS-induced neuronal apoptosis
in HT22 hippocampal cells.

BMSCs-exosomal IncRNA H19 enhanced the
effects of exosomes on BV-2 cells following
LPS stimulation

To ascertain whether pcDNA-H19 could be

packaged into exosomes, we transfected pcD-
NA-H19 or pcDNA into BMSCs. At 48 h after
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transfection, BMSCs-exos were isolated and
purified. As a result, the expression of H19 in
BMSCs transfected with pcDNA-H19 was sig-
nificantly increased compared with that trans-
fected with pcDNA (Figure 4A). Meanwhile,
pcDNA-H19-exos also showed enhanced ex-
pression of H19 (Figure 4B).

To determine whether BMSCs-exos successful-
ly delivered H19 to BV-2 cells, BMSCs-exos car-
rying pcDNA-H19 (pcDNA-H19-exos) or pcDNA
(pcDNA-exos) was co-cultured with BV-2. gRT-
PCR showed that the H19 expression was
increased in BV-2 cells co-cultured with pcDNA-
H19-exos (Figure 4C).

Next, we explored whether BMSCs-exosomal
H19 affects the polarization and neuroinflam-
mation of LPS-stimulated BV-2 cells. pcDNA-
H19-exos was co-cultured with BV-2, and then
BV-2 was exposed to LPS. gRT-PCR revealed
that co-culture of BV-2 cells with pcDNA-
H19-exos enhanced the promotive effects of
BMSCs-exos on the M2 polarization and the
inhibition of M1 polarization in LPS-stimulated
BV-2 cells, indicated by increased CD206,
IL-10, and Arg-1 mRNA levels (Figure 4D), and
reduced iNOS, CD86, and TNF-a mRNA levels
(Figure 4E). Similarly, co-culture of BV-2 cells
with pcDNA-H19-exos improved the anti-inflam-
matory effect of BMSCs-exos in LPS-stimulated
BV-2 cells, which was manifested in inhibiting
the secretion of IL-1B, IL-6, and TNF-&, and
increasing the content of IL-10 (Figure 4F-I).
Therefore, BMSCs-exos inhibited the M1 polar-
ization and neuroinflammation of LPS-sti-
mulated BV-2 cells by transferring BMSCs-
derived exosomal H19.

BMSCs-exosomal IncRNA H19 enhanced the
neuroprotective effect of exosomes on HT22
cells treated with LPS

Next, we analyzed whether BMSCs-exosomal
H19 treatment enhanced the neuroprotective
effect of BMSCs-exos in HT22 cells treated
with LPS. As expected, pcDNA-H19-exos treat-
ment can enhance the effect of BMSCs-exos
on the viability of HT22 cells induced by LPS
(Figure 5A). Moreover, pcDNA-H19-exos enhan-
ced the inhibitory effect of BMSCs-exos on
apoptosis induced by LPS in HT22 cells, as indi-
cated by the reduction of DNA fragmentation
(Figure 5B), caspase-3 activity (Figure 5C), and
apoptosis rate (Figure 5D).
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Figure 2. BMSCs-exos attenuated LPS-induced M1 polarization and inflammatory response in BV-2 cells. The mRNA levels of M2 markers (CD206, IL-10, and Arg-1)
and M1 markers (iNOS, CD86, and TNF-a) (A and B) were detected by qRT-PCR. The contents of IL-1 (C), IL-6 (D), TNF-a (E), and IL-10 (F) in the cell supernatant
were detected by ELISA. ""P<0.001 vs the control group; #P<0.05, #P<0.01, ##P<0.001 vs the LPS group.
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Figure 3. BMSCs-exos inhibited neuronal apoptosis in HT22 cells following LPS stimulation. HT22 cells were exposed to LPS for 12 h, and then incubated with
BMSCs-exos for 48 h. A. Cell viability of HT22 cells was measured by CCK-8 assay. B. Cellular DNA fragmentation was analyzed by ELISA assay. C. Caspase-3 activity
was measured by caspase-3 assay kit. D. Cell apoptosis rate was measured by flow cytometry. ""P<0.01 and "*"P<0.001 vs the control group; *P<0.05, #P<0.01 vs
the LPS group.
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Annexin V

Figure 5. BMSCs-exosomal IncRNA H19 enhanced the neuroprotective effect of exosomes on HT22 cells treated
with LPS. A. Cell viability of HT22 cells was measured by CCK-8 assay. B. Cellular DNA fragmentation was analyzed
by ELISA assay. C. Caspase-3 activity was measured by caspase-3 assay kit. D. Cell apoptosis rate was measured by

flow cytometry. ""P<0.01, *"P<0.01, "*P<0.001.

IncRNA H19 targeted miR-29b-3p

We next investigated the potential molecular
target of IncRNA H19. Starbase predicted that
miR-29b-3p and H19 had complementary
sequences (Figure 6A). Subsequently, a lucifer-
ase activity was measured to assess the rela-
tionship between H19 and miR-29b-3p. H19-
WT and H19-MUT luciferase reporter vectors
were constructed and co-transfected with miR-
29b-3p mimic or miR-NC into HT22 cells or
BV-2 cells, respectively (Figure 6B). Luciferase
reporter assay showed that miR-29b-3p mimic
resulted in an obvious reduction of luciferase
activity in H19-WT reporter compared with that
in the miR-NC group, but it had no significant
effect on H19-MUT reporter in HT22 cells and
BV-2 cells (Figure 6B). Additionally, RNA pull
down assay (Figure 6C) also confirmed the
interaction between H19 and miR-29b-3p.
Moreover, pcDNA-H19 or si-H19 were trans-
fected into HT22 cells, respectively. gRT-PCR
results showed that pcDNA-H19 transfec-
tion decreased miR-29b-3p expression, while
si-H19 transfection increased miR-29b-3p
expression in HT22 cells (Figure 6D).
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miR-29b-3p overexpression reversed the ef-
fects of BMSCs-exosomal IncRNA H19 on LPS-
stimulated BV-2 cells

To explore the role of H19/miR-29b-3p axis in
BMSCs-exos-mediated attenuation of LPS-
stimulated M1 polarization and inflammatory
response, BV-2 cells were transfected with miR-
29b-3p mimics, and then co-cultured with
BMSCs-exos or pcDNA-H19-exos in the pres-
ence of LPS. miR-29b-3p mimics significantly
reversed pcDNA-H19-exos-mediated M2 polar-
ization induction (Figure 7A) and M1 polariza-
tion inhibition (Figure 7B) in LPS-stimulated
BV-2 cells. Also, miR-29b-3p mimics significant-
ly attenuated pcDNA-H19-exos-mediated anti-
neuroinflammatory activity in LPS-stimulated
BV-2 cells, as confirmed by ELISA (Figure 7C-F).

miR-29b-3p upregulation reversed the neuro-
protective effect of BMSCs-exosomal IncRNA
H19 on LPS-stimulated HT22 cells

miR-29b-3p mimics markedly attenuated pcD-

NA-H19-exos-mediated neuroprotective effects
on LPS-stimulated HT22 cells, indicated by the

Am J Transl Res 2021;13(3):935-951
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re associated with exosomal
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Figure 6. INcRNA H19 targeted miR-29b-3p. A. The putative binding site
between IncRNA H19 and miR-29b-3p was shown. B. The effect of miR-
29b-3p mimic on luciferase activity of H19 wild-type (H19-WT) or mutant
(H19-MUT) luciferase reporter vector. C. The relationship between miR-29b-
3p and H19 was confirmed by RNA pull down assay. D. The effect of H19
pcDNA or H19 siRNA on miR-29b-3p expression in HT22 cells. *"P<0.01,

“*P<0.001.

reduction of cell viability (Figure 8A) and the
increase of DNA fragmentation (Figure 8B),
caspase-3 activity (Figure 8C), and apoptosis
rate (Figure 8D). The above data indicated that
exosomal H19 derived from BMSCs implica-
ted in BMSCs-exos-mediated neuroprotective
effects via targeting miR-29b-3p (Figure 9).

Discussion

Neuroinflammation triggered by microglia is the
key mechanism leading to secondary damage
to the central nervous system [24]. Therapeutic
targeting of inflammation is thought to be a
promising approach for preventing neuron-
al injury [25]. Herein, we demonstrated that
MSCs-exos improved the neuroinflammatory
response induced by LPS in BV-2 cells and pro-
moted the polarization of BV-2 cells from M1 to
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H19-WT

H19-MUT . .
ny neuropathological diseas-

es, ranging from acute injury
and chronic inflammation [26]
to neurodegenerative disease
[27]. There are two different
phenotypes of microglia. M1
microglial cells exacerbate bra-
in damage by releasing pro-
inflammatory and neurotoxic
factors, including IL-13, TNF-q,
CD86, and iNOS. In contrast,
M2 microglia cells secrete anti-
infammatory and neurotrophic
mediators to repair brain inju-
ry, and their polarization mark-
ers include Arg-1, CD206, TGF-
B, and IL-10 [28]. Compared
with blocking the activation of
microglia along, inhibiting the
polarization of M1 microglia
and promoting the polarization
of M2 microglia may be an attractive strategy
against brain lesions [29]. To date, it has been
proved that MSCs can act as effective immune
regulatory cells and have therapeutic effects in
the inflammatory and autoimmune diseases
[30]. It has been confirmed in experimental
models of cerebral ischemia and brain injury
that MSCs from bone marrow and adipose tis-
sues can improve experimental autoimmune
encephalomyelitis and protect neurons from
neuroinflammation damage [31-33]. Although
the mechanism involved is largely unclear, it is
worth noting that MSCs-exos seem to be able
to regulate the activation of microglia [34].
Exosomes can serve as messengers between
MSCs and differentiated cells [35]. So far,
MSCs-exos alleviate acute brain injury by in-
hibiting microglia inflammation [15]. Consis-
tent with previous reported anti-inflammatory

*kk
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Figure 7. miR-29b-3p upregulation reversed the effects of BMSCs-exosomal IncRNA H19 on LPS-stimulated BV-2 cells. BV-2 cells transfected with miR-29b-3p mim-
ics were treated with BMSCs-exos or pcDNA-H19-exos, and subsequently exposed to LPS. The mRNA levels of M2 markers (CD206, IL-10, and Arg-1) and M1 mark-
ers (iNOS, CD86, and TNF-a) were detected by qRT-PCR (A and B). The contents of IL-1( (C), IL-6 (D), TNF-a (E), and IL-10 (F) in the cell supernatant were detected
by ELISA. "P<0.05, ""P<0.01.
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Figure 8. miR-29b-3p upregulation reversed the neuroprotective effect of BMSCs-exosomal H19 on HT22 cells
treated with LPS. HT22 cells transfected with miR-29b-3p mimics were treated with BMSCs-exos or pcDNA-H19-
exos, and subsequently exposed to LPS treatment. A. Cell viability of HT22 cells was measured by CCK-8 assay. B.
Cellular DNA fragmentation was analyzed by ELISA assay. C. Caspase-3 activity was measured by caspase-3 assay
kit. D. Cell apoptosis rate was measured by flow cytometry. “*P<0.01, *"P<0.01, "*P<0.001.

effects, we also observed that MSCs-exos
attenuated LPS-induced inflammatory cytokine
release by reducing M1 polarization of BV-2
microglia. Besides, BMSCs-exos could polarize
BV-2 cells from M1 phenotype to anti-inflamma-
tory M2 phenotype under LPS stimulation, thus
promoting the production of anti-inflammatory
cytokines. Moreover, we found that MSCs-exos
also protected mouse hippocampal HT22 cells
from LPS-stimulated injury. Therefore, BMSCs-
exos could promote the LPS-stimulated microg-
lia to M2 phenotypic polarization and protect
against inflammation-induced neurotoxicity in
HT22 cells.

RNA molecules (including mRNA, miRNA, circu-
lar RNA, and IncRNA) are highly enriched in exo-
somes [36, 37]. A large number of studies have
proved that MSCs-exos are involved in the pro-
cess of nerve repair by transporting functional
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proteins and RNAs. For instance, Chen et al.
[38] discovered that the increase of exosomal
miR-233 is related to the occurrence, severity,
and short-term prognosis of acute ischemic
stroke, which can be used as a new biomarker
for ischemic stroke. Wang et al. [39] proposed
that adipose-derived MSCs-exosomal miR-21
enhances cardioprotection by inhibiting cardio-
myocyte apoptosis via PTEN/AKT pathway. Tao
et al. [40] showed that miR-140-5p derived
from MSCs exosomes promotes proliferation
and migration of rat chondrocytes to improve
osteoarthritis. IncRNAs are no less than 200 bp
in length and highly conserved non-protein-
coding RNAs. Increasing evidence showed that
IncRNAs are implicated in microglia activation
[41, 42]. LncRNA H19 is a multiple functioned
imprinted gene, which is located on human
chromosome 11 [43]. H19 is upregulated in
glioblastoma tissues and promotes the prolif-
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MSCs-secreted exosomal H19 mitigates neuroinflammation

peDNA-H19-exosomes
202200800

194

mil{-]‘ﬂw.-}p#

IR

Neuronal injury

Figure 9. Schematic illustration of the mechanism underlying the effect of BMSCs-exosomal H19 on LPS-induced
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eration, migration, and invasion of glial cells
[44, 45]. It has reported that H19 can promote
the activation of hippocampal glial cells by reg-
ulating the JAK/STAT pathway [43]. Luo et al.
[46] found that H19 inhibited the secretion of
proinflammatory cytokines in retinal endotheli-
al cells under high glucose condition. It is inter-
esting to find that H19 transported by exo-
somes from MSCs enhance the invasion and
migration, and inhibit apoptosis of trophoblast
cells in preeclampsia [47]. Herein, we found
H19 was enriched in BMSCs and BMSCs-exos.
In addition, H19 could be delivered to BV-2 cells
through BMSCs-secreted exosomes. More
importantly, the upregulation of H19 in BMSCs-
exos could enhance the effects of exosomes
on LPS-stimulated microglia, including reduc-
ing the M1 polarization and increasing the
M2 polarization of BV-2 microglia. Moreover,
BMSCs-exosomal H19 enhanced the neuropro-
tective effect of BMSCs-exos on mouse hippo-
campal HT22 cells. These data suggested that
exosomal H19 released by BMSCs could con-
tribute to the anti-inflammatory and neuropro-
tective effects mediated by exosomes.

It is well known that IncRNAs isolate miRNAs
from target mRNA by acting as competing
endogenous RNA (ceRNA). For example, exo-
somal H19 acts as a ceRNA of miR-141 to acti-
vate the B-catenin pathway, thereby promoting
the dryness and chemoresistance of colorectal
cancer cells [48]. Using bioinformatics analysis,
a predicted binding site for the miR-29b-3p on
H19 was noticed. A recent study reported that
miR-29b-3p expression was overexpressed in
JEV-infected BV-2 cells, and miR-29b-3p knock-
down could inhibit JEV-induced microglial acti-
vation and neuroinflammation [49]. Herein,
we confirmed the targeting reaction between
H19 and miR-29b-3p. In addition, the effects of
BMSCs-derived exosomal H19 were correla-
ted with its regulation of miR-29b-3p. BMSCs-
derived exosomal H19 targeted miR-29b-3p to
attenuate LPS-induced M1 polarization and
inflammatory response in BV-2 cells, and inhibit
neuronal apoptosis of HT22 cells following LPS
stimulation.

In conclusion, our data indicated that BMSCs-
exos mitigated LPS-induced M1 polarization
and inflammation in BV-2 cells. Moreover, exo-
somal H19 attenuated injury of HT22 cells
induced by LPS by targeting miR-29b-3p. The
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present research will support novel insights
for the treatment of inflammation-induced neu-
rological diseases from the perspective of
BMSCs-based treatment.
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