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Abstract
Alzheimer’s disease (AD) is the most common neurodegenerative disease characterized by excessive accumulation of the 
amyloid-β peptide (Aβ) in the brain, which has been considered to mediate the neuroinflammation process. Microglial 
activation is the main component of neuroimmunoregulation. In recent years, exosomes isolated from human umbilical 
cord mesenchymal stem cells (hucMSC-exosomes) have been demonstrated to mimic the therapeutic effects of hucMSCs 
in many inflammation-related diseases. In this study, exosomes from the supernatant of hucMSCs were injected into AD 
mouse models. We observed that hucMSC-exosomes injection could repair cognitive disfunctions and help to clear Aβ 
deposition in these mice. Moreover, we found that hucMSC-exosomes injection could modulate the activation of microglia 
in brains of the mice to alleviated neuroinflammation. The levels of pro-inflammatory cytokines in peripheral blood and 
brains of mice were increased and the levels of anti-inflammatory cytokines were decreased. We also treated BV2 cells with 
hucMSC-exosomes in culture medium. HucMSC-exosomes also had inflammatory regulating effects to alternatively activate 
microglia and modulate the levels of inflammatory cytokines in vitro.

Keywords  Alzheimer’s disease · Exosomes · Human umbilical cord mesenchymal stem cells · Neuroinflammation · 
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Introduction

Alzheimer’s disease (AD) is the most common dementia 
which severely damages memories and cognitive functions 
of patients. According to the statistical data published 
by WHO in 2015, more than 47 million people suffered 
from dementia and this number will triple by 2050 [1]. 
All forms of AD are characterized by excessive amyloid-β 
peptide (Aβ) accumulation in the brain, which triggers 
the neuroinflammation process in the central nervous sys-
tem (CNS). Neuroinflammation is an obvious pathologi-
cal feature of neurodegenerative diseases which has been 
indicated to mediate neuronal damage and also aggravate 
the backward accumulation of Aβ in AD [2, 3]. It is urgent 
to seek an effective strategy to treat this disease based on 
its pathophysiology.

In recent years, cell therapies have been demonstrated 
as potential approaches for AD treatment. In consideration 
of the ethical issues, the administration of mesenchymal 
stem cells (MSCs) in vivo has become an ideal choice. 
MSCs are considered to possess superiorities in extensive 
sources (such as human umbilical cord, bone marrow, and 
adipose tissues), low immunogenicity, and outstanding 
self-renewal characters [4, 5]. In previous researches, our 
team investigated the therapeutic effects of hucMSCs on 
AD in vivo. We demonstrated that the injection of huc-
MSCs reduced the accumulation of Aβ in the brains of 
AD mice through alleviating neuroinflammation [6, 7]. 
However, hucMSCs have relative limitations in the main-
tenance of biological activity, the quantification of bioac-
tive substances, and the logistics of delivery in clinical 
therapies. Thus, there is an urgent need to find an effective 
cell-free approach to mimic the functions of hucMSCs and 
avoid their flaws.

A novel member of extracellular vesicles named 
exosomes has been considered as a promising cell-free 
therapy because of their multiple biological activities and 
function of cell-to-cell communication [8]. In recent years, 
numerous research teams have proved that as a new thera-
peutic method for many diseases, exosomes isolated from 
hucMSCs (hucMSC-exosomes) possess their particular 
morphological and functional characteristics. HucMSC-
exosomes are 30–150 nm extracellular membrane vesi-
cles with CD9, CD63 and CD81 positive. They serve as 
natural transporters of RNA, cytokines, and proteins from 
hucMSCs to other cells in different tissues to act on cell 
proliferation, immune-regulation and many other func-
tions [9, 10]. In clinical treatment, hucMSC-exosomes 
express all of the advantages of hucMSCs and avoid their 
imperfections. They are also easier to be quantified and 
maintain their bioactivities in preservation and transport. 
Moreover, multiple researches have shown that exosomes 

can cross the blood–brain barrier (BBB), especially under 
pathological conditions such as AD and other neurode-
generative diseases [11–13]. They realize the intercellular 
communication from peripheral circulation to the CNS. 
In addition, because of the source is human, hucMSC-
exosomes seem easier to be accepted in clinic treatment by 
both doctors and patients in the future. However, whether 
hucMSC-exosomes can be used in the treatment of AD 
remains unknown, especially concerning the anti-neuroin-
flammatory effects of hucMSC-exosomes. In this study, we 
isolated exosomes from the supernatant of hucMSCs, and 
injected the hucMSC-exosomes into AβPP/PS1 transgenic 
AD mouse models. The impacts of hucMSC-exosomes 
injection on neuroinflammation, microglial reaction, Aβ 
deposition, and cognitive functions in these mice were 
investigated. We also treated BV2 cells with hucMSC-
exosomes in culture medium to detect the inflammatory 
regulating effects of hucMSC-exosomes on BV2 cells.

Methods

HucMSC Isolation and In Vitro Culture

With informed written consent approved by the Second 
Hospital of Shandong University ethical committee, we 
obtained fresh human umbilical cords of full-term births by 
cesarean section. The procedure was based on our previous 
research [14]. In short, after three washes with phosphate-
buffered saline (PBS, Corning, USA), we removed the arter-
ies and veins from the umbilical cords. The mesenchymal 
tissue, Wharton’s jelly, was exposed and cut into small 
pieces (0.5–1 cm3). Then we placed them in tissue culture 
dishes with Dulbecco modified Eagle’s medium with 1 g/L 
glucose, l-glutamine and sodium pyruvate (DMEM-1X; 
Corning, USA) containing 10% fetal bovine serum (FBS; 
Gibco), and 100 mg/mL penicillin for 7 days under incubat-
ing condition at 37 °C with 5% CO2 for cultivating the cells 
to migrate from the tissues. We changed the culture medium 
every 3 days. By using 0.25% trypsin–EDTA solution, we 
expanded the cells in culture up to passage-3 for further 
research. According to a previous study, we analyzed the 
cells by flow cytometry to indicate the immune-phenotype 
of hucMSCs [15]. The cells used in this study were positive 
for CD73, CD90, and CD105, but negative for CD34, CD45, 
and HLA-DR, in accordance with hucMSCs characteristics.

Isolation of hucMSC‑Exosomes

HucMSCs as previously described were cultured in fresh 
conditioned medium (DMEM-1X with 100 mg/mL penicil-
lin) for 48 h. HucMSC-exosomes were extracted by employ-
ing ExoQuick-TC (System Bioscience, CA, USA) [16]. 
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Based on the manufacturer’s protocol, supernatants of the 
cell culture were centrifuged at 3000×g for 15 min to elimi-
nate cells and cell debris. ExoQuick-TC exosome precipita-
tion solution was added into the supernatants (1:5) and the 
mixture was stored at 4 °C overnight. Then, the mixture was 
centrifuged at 1500×g for 30 min and the supernatants were 
discarded. After centrifugation, the hucMSC-exosomes were 
dissolved in 100–200 µL PBS and then stored at − 80 °C 
until further use. The total protein content of the exosomes 
was also quantified. In order to avoid the influence of sub-
stances in ExoQuick-TC in our test, we used ExoQuick-TC 
on fresh conditioned medium with the same process, added 
the same quantities of PBS and then stored the solution as 
the reagent of the control group at − 80 °C until further use.

Transmission Electron Microscopy

We used differential ultracentrifugation for fine purification 
of hucMSC-exosomes. Then the samples were loaded onto 
a formvar-coated grid and negatively stained with neutral 
1% aqueous phosphotungstic acid. The electron microscopic 
images were captured and analyzed by a transmission elec-
tron microscope at 80 kV [17].

BV2 Cells Culture

Murine microglia cell line BV2 cells were cultivated in 
DMEM/F12 (Corning, USA) containing 10% fetal bovine 
serum (FBS; Gibco), and 100 mg/mL penicillin in a humidi-
fied incubator at 37 °C with 5% CO2. We washed the cells 
with PBS and added serum-free medium before treatment. 
In this study, we treated BV2 cells (5 × 104 cells per well in 
24-well plate) with Aβ25–35 peptide (20 µmol/L) which was 
resuspended in sterile distilled water and kept for one week 
at 37 °C before use. Two different groups of cells were set. 
We treated the first group of cells with Aβ25–35 peptide and 
hucMSC-exosomes (30 µg/mL), and the control group with 
Aβ25–35 peptide and the reagent of the control group (RC) 
for 24 h incubation [18].

Animals

We used a transgenic mouse model of AD to estimate the 
therapeutic functions of hucMSC-exosomes injection. Het-
erozygous AβPPswe/PS1dE9 double-transgenic mice with 
C57BL/6 background were obtained from Beijing HFK 
Bio-Technology Co., Ltd., Institute of Laboratory Animal 
Science, Chinese Academy of Medical Science (Beijing, 
China). This type of mouse has been widely used in the 
research of AD [19, 20] because of possessing the represent-
ative features of AD and expressing an early accumulation of 
Aβ plaque and enhanced activation of “M1 microglia” [21]. 
In addition, we used wild-type mice (WT) with a C57BL/6 

background as the proper controls in behavior tests. In this 
study, we used 18 APP/PS1 mice for the hucMSC-exosomes 
group and 18 APP/PS1 mice for the control group. In the 
hucMSC-exosomes group and the control group, 6 mice 
per group were used for immunofluorescent staining and 
the other 12 mice per group were used for PCR, ELISA 
and Western blot. We removed the cortex and hippocampus 
from every hemi-cerebrum of the mice, hen flash-froze the 
mixtures of cortex and hippocampus respectively. They were 
stored at − 80 °C until PCR, ELISA and Western blot. In 
these tests, the mixture of cortex and hippocampus were 
used as the brain sample (n = 6). We only used male mice 
for the gender specific differences in the performance of Aβ 
accumulation [22]. The animals were kept in a temperature-
controlled room of 20–22 °C with a controlled humidity of 
50–60%, lights on\off in a 12 h cycle, and freely available 
food and water. All procedures in this study were approved 
by the Ethical Committee for Animal Experiments of Shan-
dong University.

Injection of hucMSC‑Exosomes in AβPP/PS1 
Transgenic Mice

We conducted this study with male 7 months old AβPP/PS1 
transgenic mice. The hucMSC-exosomes suspension or RC 
as previously mentioned was injected into them through tail 
veins, every 2 weeks, four times altogether. After quantifica-
tion of the total protein content of the hucMSC-exosomes, 
the hucMSC-exosomes solution (30 µg dissolved in 100 µL 
PBS), or 100 µL RC was injected into the mice each time.

Behavior Test

Three weeks after the last injection, we evaluated the spatial 
memory performance of mice by using the modified Morris 
water-maze (MWM) test based on a previously published 
study [23, 24]. On the first day of the test, the mice were 
placed in the water to adapt to the environment. During the 
next 5 days, the mice were released and swam around the 
water tank searching for a platform for up to 60 s. The start-
ing locations were semi-randomly selected at the northern, 
eastern, southeastern, or northwestern corner. If a mouse 
failed to arrive at the platform in 60 s, it would be placed 
on the platform by the experimenter. We monitored every 
mouse with four trials every day and located the platform 
in the southwestern quadrant of the pool. Finally, we had 
the spatial probe test on the last day of the test without a 
platform. In this test the time spent in the platform quad-
rant and the times passing the location of the platform were 
measured as an evaluation of the memory of the mice. Each 
group contained 12 mice. The time to find the platform, 
swim speed, and other variables were recorded by a video 
tracking system.
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Immunofluorescent Staining

After the MWM tests, we anesthetized the mice (six mice 
per group) with chloral hydrate and then rapidly infused 
their hearts with 0.9% saline solution and then with 4% 
paraformaldehyde (PFA, pH 7.4). After the infusion sacri-
fice, we removed the brains of the mice and immersed them 
into PFA at 4 °C overnight, and then the tissues were dehy-
drated in 30% sucrose at 4 °C to be equilibrated. A freezing 
microtome was used to cut the tissues into 10 µm coronal 
sections. All sections were stored at − 20 °C until the further 
experiments.

Immunofluorescent staining was conducted on cortex and 
hippocampus sections in 10 µm which were incubated with 
the primary antibody against Iba-1 (rabbit IgG, 1:500, Wako, 
Richmond, VA, USA) at 4 °C overnight, and then with the 
fluorescent dye-conjugated secondary antibodies (IgG-
FITC). The staining was captured and analyzed by Image 
Pro Plus 6 (Media Cybernetics, Rockville, MD, USA).

We plated BV2 cells on glass coverslips and fixed them 
with 4% PFA for 20 min. The cells were permeabilized 
with 0.1% TritonX-100 for 20 min and then blocked with 
goat serum for 1 h at room temperature. Primary antibodies 
(Anti-Ym-1 + Ym-2 antibody, rabbit IgG, 1:100, Abcam) 
were reacted with the cells at 4 °C overnight. Then we used 
secondary antibodies (Goat Anti-Rabbit IgG, 1:200, Alexa 
Fluor 488, Abcam) to react with the cells. Nuclei were 
counterstained by 40,6-diamidino- 2-phenylindole (DAPI, 
Abcam).

Quantitative Real‑Time PCR

The trizol method (Invitrogen, USA) was used to extract the 
total RNA from brains and BV2 cells. Reverse transcription 
was done in every 1 µg total RNA within a final volume of 
20 µL according to the manufacturer’s protocol (DRR047A, 
TAKARA, Japan). We used an amount of 2 µL cDNA for 
real-time PCR with the SYBR Premix Ex Taq (DRR041A, 
TAKARA, Japan) in a procedure which was 40 cycles of 
95 °C for 15 s, 95 °C for 5 s, and 60 °C for 30 s. All PCR 
reactions were conducted in triplicate. We analyzed the fold 
change in expression of the target gene based on the 2−ΔΔCT 
method [25], with GAPDH as a normalization control. The 
following primers were used:

Arg-1 forward: 5′-TCA​TGG​AAG​TGA​ACC​CAA​CTC​
TTG​-3′,

Arg-1 reverse: 5′-TCA​GTC​CCT​GGC​TTA​TGG​TTACC-3′ 
[NM_007482.3, NCBI];

Ym-1 forward: 5′-AGA​CTT​GCG​TGA​CTA​TGA​AGC​
ATT​G-3′;

Ym-1 reverse: 5′-GCA​GGT​CCA​AAC​TTC​CAT​CCTC-3′ 
[NM_009892.2, NCBI];

CD163 forward: 5′-GGG​TCA​TTC​AGA​GGC​ACA​
CTG-3′,

CD163 reverse: 5′-CTG​GCT​GTC​CTG​TCA​AGG​CT-3′; 
[NM_001170395.1,NCBI]

MRC1 forward: 5′-CTT​CTG​GGC​CTG​CTG​TTC​A-3′,
MRC1 reverse: 5′-CCA​GCC​TAC​TCA​TTG​GGA​TCA-3′; 

[NM_008625.2,NCBI]
FIZZ1 forward:5′-TCC​AGC​TAA​CTA​TCC​CTC​CAC​TGT​

-3′,
FIZZ1 reverse: 5′-GGC​CCA​TCT​GTT​CAT​AGT​CTTGA-

3′. [NM_020509.3,NCBI]

Enzyme‑Linked Immunosorbent Assay

Inflammation-related factors from mice brains, peripheral 
blood (PB) and culture medium of BV2 cells, transform-
ing growth factor-β (TGF-β), Interleukin-10 (IL-10), Tumor 
necrosis factor-α (TNF-α) and Interleukin-1β (IL-1β) were 
analyzed by enzyme-linked immunosorbent assays (ELISAs) 
which were performed based on the manufacturer’s protocol 
by using ELISA kits (ZCi Bio, Shanghai, China). The mouse 
brains and PB for ELISAs were homogenized in ten volumes 
of ice-cold PBS and then centrifuged at 5000×g at 4 °C for 
5–10 min. The supernatant was used for the ELISA assays.

Aβ40/Aβ42 ELISAs were conducted based on the manu-
facturer’s Aβ40/Aβ42 protocol of ELISA kits (Invitrogen, 
Carlsbad, CA, USA). Tissue for ELISAs was homogenized 
in ten volumes of ice-cold guanidine buffer (5.0 M guani-
dine-HCl, 50 mM Tris–HCl, pH 8.0). The mixtures were set-
tled by standing for 4 h at room temperature and then stored 
at − 20 °C until the further tests. The sample was diluted 
in 20 volumes of ice-cold reaction buffer BSAT-DPBS 
(Dulbecco phosphate-buffered saline, with 5% BSA, 0.03% 
Tween-20, 0.2 g/L KCl, 0.2 g/L KH2PO4, 8.0 g/L NaCl, 
1.150 g/L Na2HPO4, pH 7.4) containing 1 × protease inhibi-
tor cocktail (PMSF, aprotinin, leupeptin, EDTA, pepstatin A, 
NaF, and NaVO3) and then centrifuged at 15,000×g at 4 °C 
for 20 min. The supernatant was used for the ELISA assays.

Western Blot Analysis

The hucMSC-exosomes were stored at − 80 °C until homog-
enization. We homogenized the hucMSC-exosomes and the 
mixture of cortex and hippocampus in ice-cold RIPA lysing 
buffer (Beyotime, Shanghai, China) for 30 min, and then 
centrifuged the solutions at 12,000×g for 10 min at 4 °C. 
The supernatant was used for Western blot analysis. The 
proteins in the sample were separated with SDS–PAGE and 
electrophoretically transferred to PVDF membranes. Then 
we pretreated them were with a blocking solution (5% non-
fat dry milk in 0.1% Tween 20 in PBS) for 1 h and incu-
bated them with primary antibodies against CD9 (rabbit 
IgG, 1:2000, Abcam), CD63 (rabbit IgG, 1:1000, Abcam), 
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Neprilysin (NEP, goat IgG, 0.2 µg/mL, R&D, Minneapolis, 
MN, USA), Insulin-degrading enzyme (IDE, rabbit IgG, 
1:5000, Abcam), and β-actin (mouse IgG, 1:500, Abcam). 
Then they were rinsed with a washing solution (0.1% Tween 
20 in PBS) three times and incubated with secondary anti-
bodies (Goat anti-mouse IgG/HRP, 1:5000, Golden Bridge 
International, Beijing, China), (Goat anti-rabbit IgG/HRP, 
1:5000, Golden Bridge International), and (Rabbit anti-goat 
IgG/HRP, 1:5000, Golden Bridge International) for 1 h. The 
intensity of the protein bands was analyzed by using ImageJ 
(Bethesda, MD, USA).

Thioflavin S Staining

We cut the brains into floating sections of 30 µm. The sec-
tions were stained with 0.5% thioflavin S (Solarbio, Beijing, 
China) dissolved in 50% ethanol for 5 min followed by rins-
ing twice with 50% ethanol for 5 min, and finally rinsed 
with distilled water for 5 min [26]. Green fluorescent-stained 
plaques in the cortex and the hippocampus were observed 
under a fluorescent microscope. Previous research showed 
that these regions commonly have an increased number of 
Aβ plaques in patients with AD which are related to memory 
disfunction [27].

Statistical Analysis

All data were recorded as mean ± standard error of the mean 
(SEM). A value of P < 0.05 was considered as statistically 
significant. A one-way Anova was used to measure the dif-
ference between three groups in behavior test. A t test was 
conducted to detect the difference between two groups. 
Data were analyzed with SPSS 17.0 (SPSS Inc., Chicago, 
IL, USA).

Results

Injection of hucMSC‑Exosomes Increases Spatial 
Learning and Memory Function of AβPP/PS1 Mice

To investigate the potential therapeutic effects of hucMSC-
exosomes on AD, we estimated the effects of hucMSC-
exosomes on the behavior of AD mice. We first isolated 
exosomes from the culture supernatants of hucMSCs as 
described in the “Methods” section. Under transmission 
electron microscopy, the purified exosomes exhibited a 
round shape with a hypodense center and a diameter rang-
ing from 30 to 150 nm (Fig. 1a, b). To examine whether 
they were successfully purified, we performed Western blot 
analyses and found that the hucMSC-exosomes contained 
subsets of proteins that are commonly found in exosomes, 
such as CD63 and CD9. (Fig. 1c).

MWM was conducted to assess the spatial learning and 
memory function on the post-injection day. The mice treated 
with hucMSC-exosomes performed significantly better in 
the MWM test than the mice in treated with the reagent of 
control group. The mice treated with hucMSC-exosomes had 
a significantly shorter mean escape latency than the con-
trol group. Compare with WT group, the mice treated with 
hucMSC-exosomes had a longer mean escape latency in the 
second and third days but had no significant difference in the 
fourth and fifth days (Fig. 2a). The mice spatial memory was 
evaluated by performing probe trials 24 h after the last train-
ing. The mice treated with hucMSC-exosomes accomplished 
a larger number of platform location crossing times and a 
longer time spent in the target quadrant than the mice from 
the control group but had no significant difference compared 
with WT group (Fig. 2b, c), suggesting that the hucMSC-
exosomes injection increased the behavioral performance 

Fig. 1   Characterization of 
hucMSC-exosomes. a, b The 
ultrastructure of exosomes 
was analyzed by transmission 
electron microscopy [reference 
bar, 500 nm (a), 200 nm (b)]. 
HucMSC-exosomes showed 
round membrane vesicles 
with a hypodense center and 
a diameter ranging from 30 
to 150 nm. c Expressions of 
protein markers CD63 and CD9 
which are commonly found in 
exosomes were determined by 
Western blot
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of the mice. The swimming speed was similar between the 
two groups (Fig. 2d), proposing that the improved behav-
ioral performance had nothing to do with the noncognitive 
components.

Effects of HucMSC‑Exosomes Injection on Aβ 
Deposition and Soluble Aβ Quantities

The injection of hucMSC-exosomes was found to increase 
spatial learning and memory function of AβPP/PS1 mice. 
Accumulation of Aβ in the brain is the most common patho-
logical feature of AD which triggers disfunction of cogni-
tive behavior. So we used thioflavin S staining to detected 
the effects of hucMSC-exosomes injection on Aβ deposition 
in AD mice. We found that the number of Aβ plaques in 
the cortex and the hippocampus areas of the brain was sig-
nificantly lower in the hucMSC-exosomes-injected group 
than in the control group (Fig. 3a, b). Furthermore, ELISA 
was performed to explore soluble Aβ40 and Aβ42 quantities 
in the brains of AD mice which confirmed that hucMSC-
exosomes injection reduced both Aβ40 and Aβ42 levels in the 
mice (Fig. 3c). Our data suggested that hucMSC-exosomes 
injection reduced Aβ deposition in AD mice.

HucMSC‑Exosomes Promote the Secretion 
of Aβ‑Degrading Enzymes

Two main Aβ-degrading enzymes IDE and NEP are related 
to clearance of Aβ deposition in the brain. Since we found 
hucMSC-exosomes could reduce accumulation of Aβ, we 
next detected whether hucMSC-exosomes could regulate 
IDE and NEP. We found that the levels of IDE and NEP 
were higher in the mice treated with hucMSC-exosomes than 
in the control group (Fig. 4). Our data indicated that huc-
MSC-exosomes could increase the levels of Aβ-degrading 
enzymes in vivo.

HucMSC‑Exosomes Injection Reduces 
the Inflammatory Reaction of Microglia and Induces 
Alternative Microglial Activation In Vivo and In Vitro

All forms of AD are characterized by excessive Aβ accu-
mulation in the brain [2, 28]. Neuroinflammation which is 
mediated by accumulation of Aβ manifested an increased 
number of activated microglia in the brain [29]. Therefore, 
as the resident innate immune cells in CNS, microglia are 
always counted for evaluation of neuroinflammation. In our 

Fig. 2   Injection of hucMSC-exosomes increases spatial learning and 
memory function of AβPP/PS1 mice. a The mice treated with huc-
MSC-exosomes had a significantly shorter mean escape latency than 
the control group. Compare with WT group, the mice treated with 
hucMSC-exosomes had a longer mean escape latency in the second 
and third days but had no significant difference in the fourth and fifth 
days. b and c The mouse spatial memory was evaluated by perform-

ing probe trials 24  h after the last training. The mice treated with 
hucMSC-exosomes accomplished a larger number of platform loca-
tion crossing times b and a longer time spent in the target quadrant c 
than the mice from the control group but had no significant difference 
compared with WT group. d The swimming speed was not signifi-
cantly different between three groups. (n = 12 in each group) Data are 
presented as mean ± SEM; */#P < 0.05, **P < 0.01
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tests, the total number of activated microglia was counted 
for investigating the effect of hucMSC-exosomes injection in 
regulation of neuroinflammation. The density of Iba-1-posi-
tive microglia presented by quantitative image analysis was 
lower in the hucMSC-exosomes injection group than in the 
control group (Fig. 5a, b). These data suggested that in the 
AD mouse model, hucMSC-exosomes injection produced a 
lower number of activated microglial cells.

Microglia contain different states in neuroinflammation: 
proinflammatory “M1 microglia” and anti-inflammatory 
“M2 microglia”. “M2 microglia” are indicated to increase 
the expression of the two main Aβ-degrading enzymes in 
the brain [30, 31]. Therefore, to explore whether hucMSC-
exosomes injection induces alternative microglial activation 
(M2-like microglia) can further estimate the role of huc-
MSC-exosomes injection in neuro-immuno-regulation, we 

Fig. 3   Effects of HucMSC-exosomes injection on Aβ deposition and 
soluble Aβ quantities. a Thioflavin S staining was used to evaluated 
Aβ deposition according to the description in the “Methods” section. 
Images were captured with a camera system connected to a fluores-
cence microscope (Olympus 1 × 71S1F-3, Japan). Scale bar, 200 µm. 
b Quantification of thioflavin S staining. The Aβ plaque burden was 

calculated as the percentage of the thioflavin S staining area over the 
total area. (n = 6 in each group) Image Pro Plus 6 (Media Cybernet-
ics) was used to analyze the images. c ELISA kits (Invitrogen) were 
performed to quantify soluble Aβ40 and Aβ42 levels in the mice. 
(n = 6 in each group) Data are presented as mean ± SEM; *P < 0.05; 
the hucMSC-exosomes transplantation group versus the control group

Fig. 4   HucMSC-exosomes promote the secretion of Aβ-degrading 
enzymes. Expression of Aβ-degrading enzymes in brains of AD 
mice, including IDE and NEP was determined by Western blot with 
hucMSC-exosomes transplantation group or the control group; The 

relative densities of all proteins bands were normalized to β-actin 
in the same samples. (n = 6 per group) Data were presented as 
mean ± SEM. *P < 0.05; the HUMSC-exosomes transplantation group 
versus the control group
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used the following markers for M2-like microglia: Chitinase 
3-like 3 (YM-1), arginase-1 (Arg-1), and AMCase, mannose 
receptors C type 1 (MRC1), found in inflammatory zone 1 
(FIZZ1), and the haptoglobin/hemoglobin scavenger recep-
tor (CD163). It was demonstrated by the qRT-PCR assay that 
gene-expression levels of YM-1, Arg-1, MRC1, FIZZ1, and 
CD163 in the brains of the mice with hucMSC-exosomes 
injection were higher than those in the mice treated with the 
reagent of the control group (Fig. 5c). This suggested that 
hucMSC-exosomes injection increased the number of “M2 
microglia” in AD mice.

To investigate the influence of hucMSC-exosomes on 
microglial alternative activation in vitro, Aβ25–35 pretreated 
BV2 cells were treated either with hucMSC-exosomes 
(30 µg/mL) or with the reagent of the control group for 
24 h. The assessment of the alternative activation relied on 
molecule markers Arg1 and Ym1. In our tests of immuno-
fluorescent staining, Ym-1 staining intensity was increased 
in the hucMSC-exosomes group compared with the control 
group (Fig. 6a). This suggested that hucMSC-exosomes 
treatment induced the alternative activation of BV2 cells. 
Using qRT-PCR the up-regulation of Arg1 and Ym1 was 
also determined. A significant increase in Arg1 and Ym1 
RNA levels was observed after treatment with hucMSC-
exosomes (Fig. 6b).

The above data indicated that hucMSC-exosomes could 
alleviate acute inflammation and induced alternative activa-
tion of microglia in vivo and in vitro.

Effects of hucMSC‑Exosomes on the Levels 
of Inflammatory Cytokines In Vivo and In Vitro

Along with an alleviation of acute inflammation and an 
increase of microglial alternative activation, the total num-
ber of microglia is reduced and “M2 microglia” is growing. 
One can imagine, “M1 microglia” will decrease accord-
ingly. “M2 microglia” is launched by as well as lead to the 
up-regulation of anti-inflammatory cytokines, TGF-β and 
IL-10. Conversely, pro-inflammatory cytokines, IL-1β and 
TNF-a are secreted by “M1 microglia”. We used ELISA kits 
to detect the inflammatory cytokines in both PB and brains 
of mice treated with hucMSC-exosomes and the ones treated 
with the reagent of the control group. The levels of the pro-
inflammatory cytokines IL-1β and TNF-α were lower in the 
hucMSC-exosomes injection group than in the control group 
in PB and brains respectively (Fig. 7a, b). In contrast, the 
levels of the anti-inflammatory cytokines IL-10 and TGF-β 
were higher in the hucMSC-exosomes injection group than 
in the control group (Fig. 7a, b).

Fig. 5   HucMSC-exosomes transplantation reduces the inflammatory 
reaction of microglia and induces alternative microglial activation 
in  vivo. a As described in the “Methods” section, Immunofluores-
cence staining with anti-Iba1 was performed to detect microglia in 
both the hippocampus and cortex of mice. The processed tissue sec-
tions were stained with rabbit anti-mouse Iba-1 IgG (1:500, Wako), 
and then visualized by the fluorescent dye-conjugated secondary anti-
bodies IgG-FITC. Scale bar, 20 µm. b Quantification of the staining 

images. The Iba-1 burden was calculated as the percentage of Iba-
1-positive area over the total area by using the software Image Pro 
Plus 6 (Media Cybernetics). (n = 6 in each group) Data are presented 
as mean ± SEM. *P < 0.05; the hucMSC-exosomes transplantation 
group versus the control group. c mRNA levels of Arg-1, YM-1, 
MRC1, FIZZ1, and CD163 in brains of AD mice were evaluated by 
quantitative RT-PCR. GAPDH was measured as the reference gene. 
(n = 6 in each group)
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We also used ELISA kits to detect the inflammatory 
cytokines in the culture medium of BV2 cells (pretreated 
with Aβ25–35) treated with hucMSC-exosomes (30 µg/mL) 
and the ones treated with the reagent of the control group 
(Fig. 7c). The levels of the proinflammatory cytokines, IL-1β 
and TNF-a, were lower in the hucMSC-exosomes group than 

in the normal control group. In contrast, the level of the anti-
inflammatory cytokines IL-10 and TGF-β were higher in the 
hucMSC-exosomes group than in the normal control group.

The above data indicated that hucMSC-exosomes were 
associated with up-regulation of the levels of the anti-
inflammatory cytokines and down-regulation of those of 

Fig. 6   HucMSC-exosomes 
induces alternative microglial 
activation in vitro. a Immu-
nofluorescence staining for 
Ym-1 demonstrated increased 
staining intensity for Ym-1 
after treatment with hucMSC-
exosomes. Scale bars indicate 
100 µm. b Quantitative RT-PCR 
showed a significant increase 
in Arg1 and Ym1 RNA levels 
of BV2 after treatment with 
hucMSC-exosomes. (n = 6 in 
each group) Data are presented 
as mean ± SEM. *P < 0.05, 
**P < 0.01

Fig. 7   HucMSC-exosomes modulate neuroinflammation by regulat-
ing the secretion of inflammatory cytokines in  vivo and in  vitro. a 
Pro-inflammatory cytokines IL-1β and TNF-a, and the anti-inflam-
matory cytokines TGF-β and IL-10 in brains of mice were analyzed 
by ELISAs according to the manufacturer’s protocol by using ELISA 
kits (ZCi Bio, ShangHai, China) (n = 6 in each group). b Pro-inflam-
matory cytokines IL-1β and TNF-a, and anti-inflammatory cytokines, 
IL-10 and TGF-β, in PB of mice were analyzed by ELISAs according 

to the manufacturer’s protocol by using ELISA kits (ZCi Bio, Shang-
Hai, China) (n = 6 in each group). c Pro-inflammatory cytokines 
IL-1β and TNF-a, and the anti-inflammatory cytokines IL-10 and 
TGF-β in the culture medium of BV2 cells (pretreated with Aβ25–35) 
were analyzed by ELISAs according to the manufacturer’s proto-
col by using ELISA kits (ZCi Bio, Shanghai, China) (n = 6 in each 
group). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01; the 
hucMSC-exosomes-treated group versus the control group
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pro-inflammatory cytokines in vivo and in vitro, suggest-
ing that hucMSC-exosomes played an important role in 
modulating neuroinflammation by regulating the secretion 
of inflammatory cytokines.

Discussion

Exosomes have a round morphology with a hypodense 
center and a diameter ranging from 30 to 150 nm. The outer 
membranes of exosomes, which are composed of lipids 
and proteins, express the specific surface markers CD9 and 
CD63. In recent years, many researches have demonstrated 
that exosomes carry multiple kinds of functional proteins, 
DNAs, RNAs, lipids, and microRNAs to conduct cell-to-
cell communication [32–34]. As an important form of par-
acrine secretion, the proteins, DNAs, lipids and RNAs are 
encapsulated in cholesterol-rich phospholipid vesicles and 
transported through out bodies without enzymolysis [35]. 
The exosomes derived from MSCs can mimic the therapeu-
tic effects of MSCs and avoid their imperfections in clinical 
treatment. Especially the exosomes from human umbilical 
cord mesenchymal stem cells have a more extensive appli-
cation prospect in promising clinic treatment than those 
from mice. HucMSC-exosomes transfer a large number of 
therapeutic factors from hucMSCs and manifest no tumo-
rigenicity, low immunogenicity, outstanding self-renewal 
and immunoregulation character. Because of the source 
in human, hucMSC-exosomes seem easier to be accepted 
in clinical treatment by both doctors and patients in the 
future. However, there has been no research about effects 
of hucMSC-exosomes in AD. In this study, the hucMSC-
exosomes were injected into the mice through tail veins and 
rapidly moved forward with the blood flow without uptake 
or destruction by tail endothelial cells. When they are car-
ried to the tissues such as the brain, the blood flow slows 
down which facilitates hucMSC-exosomes fusing with the 
target cells. Moreover, exosomes are able to easily cross the 
BBB, especially under pathological conditions such as AD 
and other neurodegenerative diseases [11–13]. Therefore 
hucMSC-exosomes replaced hucMSCs to communicate with 
cells such as microglia, astrocytes and neurons in the brains 
of the AD mice.

It has been widely reported that exosomes derived from 
MSCs possess immunomodulatory effects and relieve 
inflammation in different disease [36, 37]. Exosomes from 
MSCs can inhibit the proliferation of T cells and signifi-
cantly reduce IFN-γ production [38]. In our research, we 
detected a similar immunoregulatory function of hucMSC-
exosomes in AD mice and BV2 cells.

Neuroinflammation which is mediated by accumulation 
of Aβ is an obvious pathological feature of AD. Microglial 
activation generally induced by Aβ plaque in AD is the 

main component of neuro-immuno-regulation [29]. As for 
the lymphocyte system, a dichotomy has been proposed for 
macrophage activation: classic versus alternative, also M1 
and M2, respectively [39, 40]. Similar to peripheral mac-
rophages, several studies have demonstrated that microglia, 
like peripheral macrophages, exhibit two entirely different 
functional activation states [41–43]. In vitro, BV2 cells 
also have two types of polarization, M1/M2 [44, 45]. In 
the pro-inflammatory activated state, microglial cells are 
related to the up-regulation of pro-inflammatory cytokines 
such as IL-1β(a dominating cytokine secreted by classic 
activated microglia and related to neuroinflammation) and 
TNF-α (another dominating cytokine secreted by classic 
activated microglia and also involved in neuroinflamma-
tion). These pro-inflammatory cytokines cause neurode-
generation by inducing Aβ accumulation and reducing Aβ 
clearance [46–48]. Alternatively activated microglia, which 
was demonstrated to be neuroprotective by alleviating acute 
inflammation and degrading abnormal Aβ accumulation are 
launched by as well as lead to the up-regulation of anti-
inflammatory cytokines including IL-10 (a prominent anti-
inflammatory cytokine) and TGF-β (a pleiotropic cytokine 
with an anti-inflammatory function) [3, 41]. These anti-
inflammatory cytokines lead to wound healing, alleviates 
pro-inflammatory immune-responses, and return tissue 
homeostasis [42, 49–51].

In addition, growing evidence suggests that CNS and 
peripheral inflammation might present common features in 
the disease. Recent findings indicate that microglia in AD 
is senescent whereas peripheral blood mononuclear cells 
(PBMCs) could infiltrate the brain to phagocyte amyloid 
deposits. Autophagy is a physiological degradation of pro-
teins and organelles and can be enhanced by pro-inflamma-
tory cytokines. Inflammation would induce autophagy in the 
PBMCs of AD patients while an anti-inflammatory environ-
ment could inhibit their autophagic response [52, 53].

In this study, we observed an upregulation of TGF-β and 
IL-10 expression and a downregulation of IL-1β and TNF-α 
in the PB and brains of hucMSCs-exosomes-injection mice 
and in the culture medium of BV2 treated with hucMSCs-
exosomes. These results indicated that hucMSCs-exosomes 
had immunoregulatory functions in CNS and in vitro. Fur-
thermore, the reduction of peripheral inflammation resulted 
from hucMSCs-exosomes injection might decrease the 
autophagy of PBMCs. Consequently, more Aβ deposits 
could be phagocyted by PBMCs which infiltrated into the 
brain.

In addition, in the review by Ransohoff, by approaches 
such as genome-wide transcriptomics, epigenomics and pro-
teomics, the M1/M2 categories of microglial polarization 
are fine in vitro, but fail to yield a meaningful account of 
the transcriptional profile of the cell in vivo [54]. This new 
standpoint provided us innovative and meaningful research 
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views and methods of microglia and enlightened us much on 
the future study of neuroinflammation. Meanwhile, we also 
noticed that in a great many studies of inflammation in vivo, 
the “M1/M2” was still applied extensively in researches of 
microglia, and the markers of M1/M2 such as arginase-1 and 
Ym1 were still used in studies about microglial activation 
[40, 55, 56]. In our future research, we will definitely think 
over the new viewpoint and reconsider the phenotypes of 
microglia.

In AD, Aβ shows a significant imbalance between bio-
synthesis and elimination [57]. The predominant protease 
which has been reported to conduct cleavage of Aβ is NEP, 
a type II integral membrane protein. It has been demon-
strated that the intracerebral expression of NEP obviously 
decreases in AD and the up-regulation of NEP expression 
in brains is related to lower Aβ deposition [30, 58]. IDE 
is another zinc metallopeptidase associated with the clear-
ance of Aβ in brains [31]. “M2 microglia” was indicated to 
increase expression of IDE and NEP in vivo [26, 59, 60]. 
We found that hucMSC-exosomes injection significantly 
enhanced expression of IDE and NEP in AD mice by alter-
natively activating microglial cells. We also detected that 
hucMSC-exosomes injection significantly reduced Aβ depo-
sition and soluble Aβ levels. Increasing evidence suggests 
that Aβ plaque deposition surrounding microglia in brains 
is responsible for neuronal and synaptic loss which leads to 
the damages of memories, cognitive functions, and person-
alities of the patients [61, 62]. In this study, we found that 
hucMSC-exosomes injection enhanced spatial learning and 
alleviated memory decline in AD mice.

Several previous studies suggested that exosomes derived 
from MSCs conduct their immunomodulatory functions by 
miRNA. miR-21 has been reported to regulate immuno-
reaction through the mechanisms of inhibiting the NF-κB 
pathway and reducing STAT3 expression [63]. miR-181c 
also acts an important role in modulating inflammation 
by suppressing the TLR4 signaling pathway and weaken-
ing NF-κB activation. Both miRNAs were proposed to be 
found in exosomes from MSCs and applied in the treatment 
of AD and other inflammation-related diseases [37, 64]. 
In the study by Cui et al. exosomes from C57BL/6 mice 
bone marrow mesenchymal stromal cells were injected into 
APP/PS1 double transgenic mice. Their findings suggested 
that the exosomes from C57BL/6 mice bone marrow mes-
enchymal stromal cells could repair cognitive decline and 
regulate neuroinflammation. In our study, we used hucMSC-
exosomes to inject into APP/PS1double transgenic mice and 
explored the effects on cognitive decline and neuroinflam-
mation. For the ultimate purpose of clinical treatment of AD 
patient, the use of exosomes derived from human cells is 
more progressive and has higher clinical value. In addition, 
we also detected the effects of hucMSC-exosomes on BV2 
cells which confirmed the function of neuroinflammatory 

modulation in vitro. Our findings contributed new evidence 
and foundation to the field of cell-free treatment of AD. 
However the exact miRNA or other substance transported 
by hucMSC-exosomes, through which hucMSC-exosomes 
attenuated neuroinflammation, needs further exploration.
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