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Background: Interleukin-1β (IL-1)-treated mesenchymal stem cells (MSCs) and IL- 
1-MSCs-conditioned medium (CM) exert anti-inflammatory roles. Astrocytes are essential 
for the modulation of synaptic activity and neuronal homeostasis in the brain. Exosomes are 
the critical mediators in intercellular communication. However, the mechanism underlying 
the anti-inflammatory effect of IL-1-treated MSCs remains unknown.
Methods: In this study, exosomes (IL-1-Exo) were isolated from IL-1-treated MSCs. In 
addition, lipopolysaccharide (LPS)-treated hippocampal astrocytes and status epilepticus 
(SE) mice were treated with IL-1-Exo. Inflammatory activity, astrogliosis, and cognitive 
performance were measured to determine the effect of IL-1-Exo on inflammation.
Results: The results revealed that IL-1-Exo significantly inhibited LPS-induced astrogliosis 
and inflammatory responses of astrocytes. Also, IL-1-Exo reversed the LPS-induced effect 
on calcium signaling. The Nrf2 signaling pathway was associated with the effect of IL-1-Exo 
in LPS-treated astrocytes. Furthermore, IL-1-Exo reduced the inflammatory response and 
improved the cognitive performance of SE mice.
Conclusion: The results suggest that IL-1-Exo inhibited LPS-induced inflammatory 
responses in astrocytes and SE mice and that the effect of IL-1-Exo was primarily mediated 
through the Nrf-2 signaling pathway. This study provides a new understanding of the 
molecular mechanism of inflammation-associated brain diseases and an avenue to develop 
nanotherapeutic agents for the treatment of inflammatory conditions in the brain.
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Introduction
It is well studied that inflammation is a cardinal host defense mechanism in 
response to tissue injury, ischemia, and infectious agents.1 In general, the inflam-
mation in the peripheral system promotes the production of cytokines, including 
interleukin-1β (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNFα), 
which interact with the brain to induce a series of sickness responses such as 
fever, increased metabolism, and reduced cognitive ability.2 To date, accumulating 
evidence has been demonstrated that the inflammatory response in the central 
nervous system (CNS) is tightly associated with neurodegenerative disorders, 
such as Parkinson’s disease3 and Alzheimer’s disease. In addition, microglia parti-
cipate in the innate immune system and play an essential role in immune surveil-
lance and tissue maintenance.3 For example, TNFα synthesized in the microglia can 
function as a pro-inflammatory factor in the acute phase of the inflammatory 
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response and act as an anti-inflammatory factor in the 
chronic phase.1 In addition, activated microglia releases 
IL-1, which induces various responses, including reduced 
glutamate release, enhanced activation of inducible nitric 
oxide synthase (iNOS), and increased growth factors.4

Human mesenchymal stem cells (MSCs) are a group of 
multipotent stem cells that are able to differentiate into 
multiple cell lineages, such as fat, bone, muscle, and 
marrow stroma.5 It has been reported that MSCs can 
migrate into the brain through crossing the blood-brain 
barrier (BBB) to promote the release of growth factors 
and cytokines, thereby promoting tissue repair.6,7 

Therefore, these notable therapeutic properties allow 
MSCs to be promising strategies for developing the treat-
ment of brain diseases.6 Currently, MSCs-based therapies 
have emerged in many CNS diseases, including 
Parkinson’s disease,8 ischaemic stroke,9 and amyotrophic 
lateral sclerosis.10 However, MSCs-based therapies are 
still not fully applied to clinical settings, suggesting the 
urgent need to explore the molecular mechanisms of the 
therapeutic role of MSCs.

In a recent study,11 Redondo-Castro et al reported 
that MSCs derived from human bone innately release 
anti-inflammatory cytokines and trophic factors. In addi-
tion, IL-1-treatment significantly induces MSCs to pro-
duce higher levels of anti-inflammatory and pro-trophic 
factors, inhibiting the lipopolysaccharide (LPS)-induced 
inflammatory responses in BV2 microglial cells. 
Intriguingly, the conditioned medium (CM) of IL-1-trea-
ted MSCs can also play an anti-inflammatory role in 
LPS-treated BV2 cells. Due to the significant anti- 
inflammatory effect of MSCs, especially in MSCs- 
cultured CM, we were interested in elucidating the 
mechanism by which MSCs/MSCs-cultured CM exerts 
anti-inflammatory roles in astrocytes, a significant tar-
get/source of inflammatory signaling.12,13

Exosomes are nano-size membrane vesicles with 
30–150 nm in diameter and can be synthesized and 
released from almost all types of cells.14,15 Exosomes 
can transport bioactive molecules, including long non- 
coding RNAs, mRNAs, DNAs, and enzymes, from donor 
cells to recipient cells, thereby regulating the cellular 
processes of recipient cells.16 Thus, exosomes have been 
considered essential information transporters in intercellu-
lar communication.16 Furthermore, growing evidence 
demonstrates that MSCs-derived exosomes play a critical 
role in neuroinflammation and neurogenesis.17,18 Given 
the importance of MSCs-derived exosomes in intercellular 

communication, we speculated that the anti-inflammatory 
effect of MSCs was mainly mediated by exosomes derived 
from IL-1-treated MSCs. Therefore, to address this 
hypothesis, we aimed to determine the role of exosomes 
derived from IL-1-treated MSCs in LPS-treated astrocytes 
as well as any related mechanisms.

Materials and Methods
Human MSCs
Human bone marrow-derived MSCs were purchased from 
American Type Culture Collection (ATCC) and cultured in 
flasks coated with 0.1% gelatin PBS solution overnight. The 
MSCs were then washed with PBS solution and cultured in 
MesenPRO RS™ Medium (Thermo Fisher Scientific, 
USA) supplemented with 2mM glutamine and 1% penicil-
lin/streptomycin. When the MSCs reached about 80–90% 
confluency, MSCs were detached with 0.25% trypsin- 
EDTA solution (Thermo Fisher Scientific, USA) and sepa-
rated into different cultured flasks. Next, MSCs were col-
lected from passage 4–6 for subsequent experiments. In 
addition, the flow cytometry assay was performed to char-
acterize MSCs through detecting MSC surface markers 
CD90, CD73, and CD105 (BD Biosciences, USA).

Primary Astrocytes
Primary astrocytes were isolated as previously described.19 

Briefly, bilateral hippocampus tissues were collected from 
newborn C57BL/6 mice (SIPPR-BK Laboratory Animal 
Ltd., Shanghai, China). Next, hippocampus tissues were 
digested with 0.25% trypsin for 10 min and suspended in 
Dulbecco’s Modified Eagle Medium (DMEM) 
(MilliporeSigma, USA) supplemented with 2mM glutamine, 
100 μg/mL penicillin and streptomycin, and 10% fetal 
bovine serum (FBS) (MilliporeSigma, USA). Single-cell 
solution was collected through pipetting tissue fragments 
repeatedly and passed through cell strainers to collect astro-
cytes (Thermo Fisher Scientific, USA). Fluorescence stain-
ing assay using antibodies against glial fibrillary acidic 
protein (GFAP) and ionized calcium binding adaptor mole-
cule 1 (Iba1) (Abcam, USA) was performed to characterize 
isolated astrocytes. The purity of astrocytes and microglia 
were 95.3 ± 2.2% and 2.7 ± 0.1%, respectively.

IL-1 Treatment on MSCs and Conditioned 
Medium
The MSCs were treated with IL-1 (Abcam, USA) at 
a concentration of 10 ng/mL for 24 h. Subsequently, IL-1 
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receptor antagonist (Abcam, USA) was added to MSCs 
culture. The culture supernatants were collected for the 
ELISA assay. For the CM, MSCs (2x104) were cultured 
in 24-well plates and treated with 10 ng/mL IL-1. Next, 
MSCs were washed with PBS twice and cultured in fresh 
MesenPRO RS™ Medium (Thermo Fisher Scientific, 
USA) as described above. The CM (MSCs-IL-1-CM) 
was collected 24 h later. The CM collected from MSCs 
without IL-1 treatment was used as the control (MSCs- 
CM).

Exosome Isolation and Characterization
Exosomes (IL-1-Exo) were isolated from MSCs-CM or 
MSCs-IL-1-CM as previously described.20 Briefly, cells 
were removed by centrifugation at 400 g for 10 min and 
then the supernatants were centrifuged at 3000 g for 10 
min to remove cellular debris. Apoptotic bodies were 
removed by centrifugation at 10,000 g for 30 min. Next, 
the ultracentrifugation method (100,000 g for 70 min) was 
used to isolate exosomes, and the isolated exosomes were 
suspended by PBS. Exosomal markers, CD63 and CD81 
(Abcam, USA), were determined through Western blotting 
assays. The morphology of exosomes was determined by 
JEM-1230 transmission electron microscope (JEOL Ltd., 
Japan) according to the manufacturer’s instructions. The 
size distribution of exosomes was investigated by nano-
particle tracking analysis (NTA; Malvern Panalytical, UK) 
according to the manufacturer’s instructions. Pierce BCA 
Protein Assay Kit (Thermo Fisher Scientific, USA) was 
used to measure exosomes’ protein content according to 
the manufacturer’s instructions.

Fluorescence Staining
After receiving the treatments as indicated, cells, exosomes, 
and hippocampal tissues were collected for fluorescence 
staining assays as previously described.21 Briefly, the sam-
ples were first fixed with 4% paraformaldehyde and incu-
bated with the primary antibodies overnight, including 
antibodies against GFAP (1:1000), Iba1 (1:1000), 4ʹ, 6-dia-
midino-2-phenylindole (DAPI) (1:1000), C3 (1:500), CD81 
(1:200), TNFα (1:200) (Abcam, USA). After incubation, 
samples were washed with PBS 3 times and treated with 
corresponding secondary antibodies for 2 h. Next, IL-1-Exo 
were labeled with lipophilic dye, DiO (Thermo Fisher 
Scientific, USA), according to the manufacturer’s instruc-
tions. Finally, samples were imaged using the 
FluoViewFV1000 confocal microscope (Olympus, Japan).

CCK-8 Assay
Cell Counting Kit-8 kit (CCK-8; Abcam, USA) was used 
to determine cell viability according to the manufacturer’s 
instructions. Optical density (OD) was measured using 
a microplate reader at 450 nm (Bio-Rad, USA).

ELISA Assay
Supernatants collected from astrocyte culture and the blood 
sample of mice were used for ELISA analysis. The ELISA 
analysis kits were used to measure the levels of brain- 
derived neurotrophic factor (BDNF), IL-1 receptor antago-
nist (IL-1Ra), vascular endothelial growth factor (VEGF), 
interleukin-10 (IL-10), and nerve growth factor (NGF) 
(Research And Diagnostic Systems, Inc., USA) according 
to the manufacturer’s instructions. The absorbance was mea-
sured using a microplate reader at 450 nm (Bio-Rad, USA).

RNA Interference
The siRNAs against Nrf2 were purchased from the 
RiboBio Company (RiboBio, China). The sequence of 
siRNA was as follows: 5ʹ- AGAATTCCTCCC 
AATTCAGC-3ʹ. The siRNA sequence was transfected to 
astrocytes using the Lipofectamine™ 3000 Transfection 
Reagent according to the manufacturer’s instructions 
(Invitrogen, USA).

Western Blotting
Total protein was isolated using lysis buffer (Sigma-Aldrich, 
USA) and the protein concentration was determined using 
the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific, USA) according to the manufacturer’s instruc-
tions. The proteins were transferred to nitrocellulose mem-
branes (Millipore, USA) and were incubated with primary 
antibodies against CD63, CD81, C3, CD81, Nrf2, p-P65, 
P65, Keap-1, HO-1, and β-Actin at 4°C overnight. Next, the 
membranes were incubated with corresponding secondary 
antibodies (Thermo Fisher Scientific, USA) for 2 h. The 
protein bands were imaged using the Bio-Rad imaging sys-
tem (Bio-Rad, USA) and quantified using ImageJ software.

Animal Experiments
All animal experiments were carried out according to the 
guidelines for the Care and Use of Laboratory Animals of 
the National Institutes of Health and were approved by 
the Animal Care and Use Committee of Heilongjiang 
University of Traditional Chinese Medicine (Approval 
#: 2015483BMC-2). C57BL/6 male mice (6–8 weeks 
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old, SIPPR-BK Laboratory Animal Ltd., Shanghai, 
China) were housed in a standard environment with ad 
libitum feeding conditions in a 12:12 h light/dark cycle. 
The status epilepticus (SE) mouse model was established 
as previously described.21 The SE mice were injected 
intraventricularly with 1.5 µL PBS or IL-1-Exo using 
a 2 μL Hamilton Syringe. The Stereotaxic coordinates 
were as following: Bregma: −0.6 mm, Midline: ±1.5 mm, 
Depth: 1.7 mm.22 Mice that received the PBS (sham 
procedure) were considered the control group. One- 
week post-SE procedure, mice were sacrificed and the 
hippocampus tissues and blood were collected for subse-
quent experiments. To assess the cognitive ability of the 
mice, the Morris Water Maze tracking system was per-
formed at 8 weeks post-SE procedure as previously 
described.23

Statistical Analysis
Data were shown as means ± SD. The statistical analysis 
was performed using GraphPad Prism 8 software 
(Graphpad Prism, USA). The multiple comparisons were 
analyzed using one-way ANOVA or Student’s t-test. Each 
experimental group had at least three replicates. P < 0.05 
was considered to be statistically significant.

Results
Characterization of Exosomes Derived 
from IL-1-Treated MSCs
In a previous study,11 Redondo-Castro et al reported that 
IL-1 can increase secretions of anti-inflammatory cyto-
kines and trophic factors in MSCs and that conditioned 
medium (CM) of IL-1-treated MSCs can inhibit the 
inflammatory response of microglial cells in response to 
LPS treatment. In the present study, we aimed to investi-
gate the mechanism underlying the effect of MSCs-IL 
-1-CM in hippocampal astrocytes after LPS treatment. 
First, we identified human bone marrow-derived MSCs 
through flow cytometry assays, and the results showed 
that MSCs positively expressed MSC surface markers 
CD90, CD73, and CD105 (Figure 1A). Next, MSCs-IL 
-1-CM was collected and added to astrocytes. Compared 
with CM of MSCs without IL-1 treatment (MSCs-CM), 
MSCs-IL-1-CM notably increased secretions of anti- 
inflammatory cytokines and trophic factors, including 
BDNF, IL-1Ra, VEGF, IL-10, and NGF (Figure 1B). 
Additionally, the fluorescence staining assay with Iba1 
(microglia marker) and GFAP (astrocyte marker) were 

applied to determine the identification of cultured astro-
cytes (Figure 1C).

It has been well studied that exosomes derived from 
MSCs function primarily as information transporters in 
intercellular communication and thereby regulate biologi-
cal processes in recipient cells.24,25 Thus, we speculated 
that exosomes derived from IL-1-treated MSCs are essen-
tial for the effect of MSCs-IL-1-CM on the inflammatory 
response of astrocytes. Through ultracentrifugation, exo-
somes derived from MSCs-IL-1-CM (IL-1-Exo) were iso-
lated and the morphology of IL-1-Exo was determined by 
transmission electron microscope (Figure 1D). The size 
distribution of IL-1-Exo ranged from 50–150 nm (Figure 
1E). Western blotting assay revealed that IL-1-Exo posi-
tively expressed exosomal markers, CD63 and CD81 
(Figure 1F). In addition, the levels of BDNF, IL-1Ra, 
VEGF, IL-10, and NGF were higher in IL-1-Exo than 
exosomes derived from MSCs (Exo) (Figure 1G). 
Furthermore, by using lipophilic dye, Dio, to label IL- 
1-Exo, we observed that IL-1-Exo was taken up by astro-
cytes and was enriched in the cytoplasm (Figure 1H). 
Collectively, we successfully isolated IL-1-Exo from 
MSCs-IL-1-CM, and IL-1-Exo could be internalized by 
astrocytes.

IL-1-Exo Attenuates LPS-Associated 
Effect on Astrocytes
During in vitro studies, LPS has been widely used to 
induce neuroinflammation.26 In the present study, 
astrocytes were subjected to different concentrations 
of LPS, ranging from 0.5 to 2.0 μg/mL. The cell 
viability was evaluated through CCK8 assays which 
showed that the LPS treatment significantly decreased 
cell viability with all concentrations (Figure 2A). 
Notably, IL-1-Exo attenuated the effect of LPS (0.5 
μg/mL) on the cell viability of astrocytes, and the 
role of IL-1-Exo displayed a dose-dependent pattern 
(Figure 2B). In addition, we determined the protein 
expressions of C3, an A1 astrocyte marker,27 and 
CD81, an indicator of astrocytic activation,28 by 
Western blotting (Figure 2C). The results suggest that 
IL-1-Exo could inhibit the protein levels of C3 and 
CD81 after treating with LPS (0.5 μg/mL). These 
results were also confirmed by the fluorescence stain-
ing assay (Figure 2D and E). Meanwhile, the levels of 
anti-inflammatory cytokines and trophic factors, such 
as BDNF, IL-1Ra, VEGF, IL-10, and NGF were 
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Figure 1 Characterization of exosomes derived from IL-1-treated MSCs. (A) Expressions of CD90, CD73, and CD105, as showed by the flow cytometry assay. (B) 
Expressions of anti-inflammatory cytokines and BDNF in astrocytes treated with conditioned mediums of MSCs or IL-1-treated MSCs. (C) Identification of hippocampal 
astrocytes through the double fluorescence staining assay. Green fluorescence represents microglial marker, Iba1. Blue fluorescence represents the nuclei. Red fluorescence 
represents astroglial marker, GFAP. Scalar bar: 20 μm. (D) Morphology of exosomes derived from IL-1-treated MSCs (IL-1-Exo), as determined by transmission electron 
microscope (TEM). Scalar bar: 100 nm. (E) Size distribution of IL-1-Exo, as investigated by nanoparticle tracking analysis (NTA). (F) Expressions of exosomal markers, CD63 
and CD81. (G) Expressions of anti-inflammatory cytokines and BDNF in astrocytes treated with exosomes derived from MSCs (Exo) or IL-1-treated MSCs (IL-1-Exo). (H) 
IL-1 Exo is taken up by astrocytes, as investigated by fluorescence staining assays. Green fluorescence represents IL-1 Exo. Blue fluorescence represents the nuclei. Red 
fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. **P < 0.01, ***P < 0.001. Data are presented as mean ± S.D.
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increased by IL-1-Exo in the presence of LPS treat-
ments (Figure 2F). Furthermore, the expression of 
Ki67, a marker of cell proliferation,29 was also inhib-
ited by IL-1-Exo in LPS-treated astrocytes (Figure 3A). 
Taken together, these results demonstrate that IL-1-Exo 
may suppress the LPS-induced activities in astrocytes.

IL-1-Exo Reverses LPS-Associated Effect 
on Calcium Signaling of Astrocytes
Next, we continued exploring the effect of IL-1-Exo on 
calcium signaling of LPS-treated astrocytes. As shown in 
Figure 3B, we used a calcium indicator to determine the 
intracellular level of Ca2+, and the results showed that 

Figure 2 IL-1-Exo attenuates LPS-associated effect on astrocytes. (A) Cell viability of astrocytes treated with different doses of LPS (0.5–2.0μg/mL), as investigated by the 
CCK8 assay. (B) Cell viability of astrocytes treated with LPS (0.5 μg/mL) plus different doses of IL-1 Exo, as investigated by the CCK8 assay. (C) Expressions of C3 and CD81 
in astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) plus IL-1 Exo (5 μg/mL). (D) Expression of C3 in astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) 
plus IL-1 Exo (5 μg/mL). Green fluorescence represents C3. Blue fluorescence represents the nuclei. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. 
(E) Expression of CD81 in astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) plus IL-1 Exo (5 μg/mL). Green fluorescence represents CD81. Blue fluorescence 
represents the nuclei. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. (F) Expressions of anti-inflammatory cytokines and BDNF in astrocytes 
treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) plus IL-1 Exo (5 μg/mL). *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as mean ± S.D.
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astrocytes displayed distinct Ca2+ dynamic after being 
treated with LPS or LPS plus IL-1-Exo. Collectively, IL- 
1-Exo reverses the LPS-induced effect on calcium signal-
ing of astrocytes.

Nrf2 is Associated with the Effect of 
IL-1-Exo in Astrocytes
It has been well documented that Nrf2-associated path-
ways are involved in the inflammatory response of 
astrocytes.30–32 Thus, we measured the protein expres-
sions of inflammatory factors, including p-P65 and 
P-65, and antioxidant factors, including Nrf2, Keap1, 
and HO-1. We found that LPS treatment significantly 
increased the levels of these inflammatory and antiox-
idant factors, and IL-1-Exo reversed this effect of LPS 
on astrocytes (Figure 4A). Furthermore, we used 
siRNA against Nrf2 to treat astrocytes and the results 

revealed that Nrf2 knockdown inhibited the expres-
sions of P-65, Keap1, and HO-1. Meanwhile, LPS 
treatment and LPS plus IL-1-Exo reversed the effect 
of Nrf2 knockdown by increasing the levels of these 
inflammatory and antioxidant factors, of which the 
combinational treatment of LPS plus IL-1-Exo played 
a more potent role than LPS treatment only (Figure 
4B). These results together suggest that the Nrf2 sig-
naling pathway is associated with the effect of IL- 
1-Exo in LPS-treated astrocytes.

IL-1-Exo Attenuates Inflammatory 
Response and Behavioral Impairment in 
SE Mice
Pilocarpine-induced SE mice were used to further inves-
tigate the effect of IL-1-Exo on astrocytes in vivo. 
Compared with control mice treated with PBS, SE 

Figure 3 IL-1-Exo reverses LPS-associated effect on calcium signaling of astrocytes. (A) Expression of Ki67 in astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) 
plus IL-1 Exo (5 μg/mL). Green fluorescence represents Ki67. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. (B) Fluorescence staining showing 
effect of IL-1-Exo on intracellular Ca2+ dynamic of astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) plus IL-1 Exo (5 μg/mL). Green fluorescence represents 
calcium indicator, Fluo-8 AM. *P < 0.05. Data are presented as mean ± S.D.
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mice treated with IL-1-Exo had lower expressions of C3 
and CD81 in the hippocampal tissues (Figure 5A), 
which was confirmed by fluorescence staining assays 
(Figure 5B and C). The inflammatory factor, TNFα, 
was increased in the hippocampus of SE mice and was 
reduced by the IL-1-Exo treatment (Figure 5D). Similar 
to the observation of the in vitro experiments, the levels 
of BDNF, IL-1Ra, VEGF, IL-10, and NGF were inhib-
ited by LPS treatment in SE mice, but were increased by 
IL-1-Exo treatment (Figure 5E). Regarding the beha-
vioral impact of IL-1-Exo, we performed the Morris 
Water Maze learning and memory behavioral assay. 
The results demonstrated that IL-1-Exo could notably 
improve the learning and memory performance of SE 
mice through decreasing escape latency time (Figure 
6A), increasing time spent in the target quadrant 
(Figure 6B), and the number of platform crossings 
(Figure 6C). Together, these results indicate that IL- 
1-Exo attenuates the inflammatory response and cogni-
tive impairment of SE mice.

Discussion
As demonstrated by Redondo-Castro et al,11 IL-1-treated 
MSCs exert anti-inflammatory responses in LPS-activated 
microglial cells, providing a promising therapeutic approach 
for neuroinflammation-associated CNS diseases. To address 
the molecular mechanism underlying the anti-inflammatory 
effect of IL-1-treated MSCs, we hypothesized that IL-1-Exo 
was a significant mediator for the role of IL-1-treated MSCs 
in the regulation of the inflammatory response. In the present 
study, we reported that IL-1-Exo could attenuate LPS- 
induced inflammation in astrocytes through inhibiting astro-
gliosis and generating inflammatory cytokines and trophic 
factors. We also observed that IL-1-Exo ameliorated inflam-
mation-associated responses in SE mice and impaired cogni-
tion. Moreover, the effect of IL-1-Exo was mediated by the 
Nrf2 signaling pathway (Figure 6D).

Inflammation in the brain has been gradually recognized 
as a crucial pathological manifestation in neuronal disorders, 
such as traumatic brain injury,13 stroke,33 Alzheimer’s 
disease,34 and epilepsy.35 Astrocytes are the most abundant 

Figure 4 Nrf2 is associated with the effect of IL-1 Exo in astrocytes. (A) Expressions of Nrf2-κB signaling in astrocytes treated with LPS (0.5 μg/mL) or LPS (0.5 μg/mL) plus 
IL-1 Exo (5 μg/mL). (B) Expressions of Nrf2-κB signaling in astrocytes treated with Nrf2 siRNA (siRNA), siRNA plus LPS (0.5 μg/mL), or siRNA plus LPS (0.5 μg/mL) and IL-1 
Exo (5 μg/mL). *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as mean ± S.D.
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cell type in the brain36 and play a critical role in the modula-
tion of synaptic activity and providing support for neuronal 
homeostasis under normal physiological conditions.37 In 
pathological processes, astrocytes are activated, namely 
astrogliosis, in response to pathological alterations, includ-
ing trauma, tumorigenesis, and neurodegeneration.38 

Regarding neuroinflammation, astrocytes are responsible 
for regulating the entrance of peripheral proinflammatory 
leukocytes to the brain.39,40 Essentially, astrocytes have 
been demonstrated to modulate the activity of oligodendro-
cytes and microglia and participate in the regulation of 

adaptive immune responses.41 Moreover, astrogliosis is 
more potent and persistent in proinflammatory processes, 
relative to microgliosis, leading to severe impairment of 
the brain.42 Thus, it is essential to investigate the molecular 
mechanism involved in the role of astrocyte activation in the 
neuroinflammatory processes. In the present study, we 
reported that LPS-induced inflammatory responses of astro-
cytes could be attenuated by MSCs-IL-1-CM, in which the 
astrogliosis was inhibited, as well as the levels of proinflam-
matory cytokines and trophic factors were increased. These 
observations collectively demonstrated that the MSCs-IL 

Figure 5 IL-1-Exo inhibits astrogliosis and inflammatory responses in SE mice. (A) Expressions of C3 and CD81 in SE mice treated with PBS (control) or IL-1 Exo. (B) 
Fluorescence staining showing expression of CD81 in SE mice treated with PBS (control) or IL-1 Exo. Green fluorescence represents CD81. Blue fluorescence represents 
the nuclei. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. (C) Fluorescence staining showing expression of C3 in SE mice treated with PBS (control) 
or IL-1 Exo. Green fluorescence represents C3. Blue fluorescence represents the nuclei. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. (D) 
Fluorescence staining showing expression of TNFα in SE mice treated with PBS (control) or IL-1 Exo. Green fluorescence represents CD81. Blue fluorescence represents 
the nuclei. Red fluorescence represents astroglial marker, GFAP. Scalar bar: 20 μm. (E) Expressions of anti-inflammatory cytokines and BDNF in SE mice treated with PBS 
(control) or IL-1 Exo. ***P < 0.001. Data are presented as mean ± S.D.

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1431

Dovepress                                                                                                                                                               Liu et al

http://www.dovepress.com
http://www.dovepress.com


-1-CM-induced anti-inflammatory effect may be a potential 
avenue to effectively regulate the neuroinflammation of 
astrocytes.

In the study reported by Redondo-Castro et al,11 one 
of the intriguing findings is that CM of IL-1-treated 
MSCs has a similar anti-inflammatory role in LPS- 
treated microglia, suggesting that the functional anti- 
inflammatory components exist in CM. Accumulating 
evidence demonstrated that MSCs-CM plays biological 
roles in recipient cells through exosomes derived from 
donor MSCs.43–45 Exosomes have emerged as an essen-
tial mediator in the intercellular communication through 
transporting bioactive molecules, including nucleic acids, 
proteins, and enzymes.46 Also, exosomes derived from 
MSCs have been reported to alleviate inflammatory 
responses in the brain. For example, exosomes derived 
from bone mesenchymal stem cells (BMSCs) play 
a neuroprotective role in mice with traumatic brain injury 

through attenuating neuroinflammatory activation of 
microglia.47 In perinatal brain injury, exosomes derived 
from umbilical cord MSCs dampen microglia-associated 
with inflammation through the TLR4/CD14 signaling 
pathway.48 Consistent with these previous studies, we 
found that exosomes derived from IL-1-treated MSCs 
reduced LPS-induced inflammation in hippocampal 
astrocytes, in which the astrogliosis was inhibited, and 
the levels of pro-inflammatory cytokines and trophic 
factors were elevated. Moreover, we found that IL- 
1-Exo exerted neuroprotective roles in SE mice through 
attenuating the inflammatory response, as well as 
improving SE-associated cognition and memory perfor-
mance. Thus, our findings suggest that IL-1-Exo may be 
a promising therapy for treating astrocytes with 
inflammation.

Next, we attempted to further investigate the molecu-
lar mechanism by which IL-1-Exo inhibited LPS-induced 

Figure 6 IL-1-Exo attenuates behavioral impairment of SE mice. (A) Escape latency of SE mice treated with PBS (control) or IL-1 Exo. (B) Percentage of targeting quadrant 
of SE mice treated with PBS (control) or IL-1 Exo. (C) Number of platform crossings of SE mice treated with PBS (control) or IL-1 Exo. (D) Graphic summary. **P < 0.01, 
***P < 0.001. Data are presented as mean ± S.D.
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inflammation in astrocytes. Innamorato et al reported that 
Nrf2, a regulator of redox homeostasis, is a target in LPS- 
induced inflammatory responses in the hippocampus.49 

Meanwhile, the upregulation of Nrf2 promotes heme 
oxygenase-1 (HO-1) activation, which is thought to reg-
ulate the acute inflammatory response in the CNS.49 In 
general, inflammation and oxidative stress takes place 
simultaneously in brain diseases,50 in which the interac-
tion between Nrf2 and NF-κB signaling pathways is an 
essential regulatory mechanism.51 In the present study, 
LPS treatment promoted the levels of inflammatory fac-
tors, including p-P65 and P-65, and antioxidant factors, 
including Nrf2, Keap1, and HO-1, which were signifi-
cantly reversed by IL-1-Exo treatment. In addition, Nrf2 
knockdown inhibited the inflammatory and antioxidant 
factors, which was reversed by IL-1-Exo treatment. 
These results suggest that Nrf2-related signaling path-
ways were activated in the presence of neuroinflamma-
tion in astrocytes and that Nrf2 could be used as a target 
for IL-1-Exo to synergistically modulate hippocampal 
inflammation.

Conclusion
The results indicate that IL-1-Exo inhibited the inflamma-
tory responses in hippocampal astrocytes and SE mice and 
that the effect of IL-1-Exo was mainly mediated through 
the Nrf-2 signaling pathway. This study provides a new 
avenue to develop nanotherapeutic agents for the treatment 
of inflammatory conditions in the brain.
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