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Postoperative cognitive dysfunction (POCD) is a severe complication of cardiopulmonary bypass (CPB) and has common
characteristics such as acute cognitive dysfunction, impaired memory, and inattention. Mesenchymal stem cells (MSCs) are
multipotent cells that have therapeutic potentials mainly through paracrine action via secreting growth factors and cytokines.
Exosomes are one of the important paracrine factors and have been reported as potential cell-free therapy for the treatment of
autoimmune and central nervous system disorders. In this study, we examined exosomes derived from antler MSCs (AMSCs) of
POCD rats after CPB and evaluated their potential regulatory mechanisms. AMSC-derived exosomes reduced neurological
damage and brain damage and prevent apoptosis in CPB rats. Furthermore, AMSC-derived exosomes were found to reduce
hippocampal neuronal apoptosis and the expression of TLR2, TLR4, MyD88, and NF-κB in CPB rats. However, the above
effects of AMSC-derived exosomes on CPB rats were abolished partially by toll-like receptor 2/4 (TLR2/TLR4) agonist (LPS-EB).
In conclusion, AMSC-derived exosomes can improve cognitive function in CPB rats through inhibiting the TLR2/TLR4
signaling pathway.

1. Introduction

The mortality rate of patients caused by postoperative post-
central nervous system (CNS) complications increases after
cardiopulmonary bypass (CPB) surgery [1, 2]. POCD is a
severe complication of CPB characterized by acute cognitive
dysfunction, impaired memory, and inattention [3, 4]. Its
onset arises from systemic and hippocampal inflammation
during clinical postsurgery [5, 6]. Although the relevance of
POCD to cardiac surgery has been identified, little is known
about the underlying mechanisms, and effective prevention
and treatment approaches are urgently needed.

Toll-like receptors (TLRs) are a group of highly con-
served type I transmembrane proteins that can activate signal

transduction pathways, induce inflammatory responses, and
promote activation of antigen-presenting cells [7]. The
TLR2/TLR4 signaling pathway plays a crucial role in various
inflammatory diseases in the CNS. It has been found that
endogenous activating substances released from damaged
tissues after cerebral hemorrhage are recognized by TLR4;
then, NF-κB is activated and proinflammatory cytokines
released, eventually leading to tissue damage [8]. Addition-
ally, TLR2 is upregulated in ischemic brain tissue and
injury-associated microglia, while cerebral ischemic injury
is significantly reduced in TLR2 knockout mice [9].

MSCs are multipotent cells that can generate different cell
types and form different tissues, such as bone, skin, and car-
tilage [10–14]. MSCs also have broad applications in the field
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of translational medicine such as tissue repair and regenera-
tion, but the mechanism is still unclear [15]. Recent studies
have shown that the therapeutic functions of MSCs mainly
depend on paracrine action rather than their own prolifera-
tion and differentiation on site [16, 17]. Exosomes are one
of the important paracrine factors that have been identified
and have been demonstrated by more and more experiments
to play a key role in the various functions of MSCs. Exosomes
are important carriers for exchanging cellular information
of which characteristics are related to their parental cells
[18, 19]. Recent reports demonstrated that exosomes pro-
tect against neuroinflammatory properties in the CNS
[20]. MSC-derived exosomes can potentially serve as cell-
free therapy for a tolerogenic immune response to treat auto-
immune and CNS disorders [21]. Importantly, intranasally
administrated exosomes were rapidly transported to the
brains of mice and absorbed by microglia. Moreover, the
numbers of activated inflammatory microglia were found to
be profoundly reduced compared with the control group [20].

Deer antler is a male secondary sexual appendage whose
constant growth depends on seasonal changes throughout
life [22, 23]. It is known that the rapid growth of antlers is
mainly achieved through the proliferation of cells residing
in the reserve mesenchyme [24]. Cells from the reserve mes-
enchyme have been isolated, cultured, and partially charac-
terized by several laboratories, defined as a type of MSCs
[25, 26]. According to previous studies, antlers have a variety
of biological activities, including anti-inflammatory, tissue
healing, antitumor, and antioxidation [27–29]. We reasoned
MSCs isolated from antlers may have similar beneficial func-
tions. This study evaluated the role of exosomes released
from AMSCs in treating postoperative cognitive dysfunction
in rats after cardiopulmonary bypass.

In summary, this work described the protective effects
and mechanisms of AMSC-derived exosomes on POCD rats,
which will provide theoretical and experimental evidence for
the treatments of POCD patients after CPB.

2. Materials and Methods

2.1. Isolation of Antler Mesenchymal Stem Cells. Fresh sika
deer antlers were obtained under conditions approved by
the local Animal Ethics Committee and in accordance with
the protocols approved by the Institute Animal Care. Antlers
were collected from anesthetized three-year-old sika deer
stags in late spring. Mesenchyme is a part of the antler tip
that was obtained by slices of tissues taken using sterilized
surgical instruments. The obtained samples were digested
with 0.075% collagenase type II (Sigma-Aldrich, USA) under
gentle agitation for 45min at 37°C and then centrifuged at
300× g for 10min to obtain a stromal cell fraction. The pellets
were filtered through a 70mm nylon mesh and resuspended
in PBS. The solution was layered onto histopaque-1077
(Sigma-Aldrich, USA) and centrifuged at 840× g for
10min. The supernatant was discarded, and cell fraction
was cultured overnight at 37°C, in Gibco Dulbecco’sModified
EagleMedium:NutrientMixture F-12 (DMEM/F-12) supple-
mented with 10% fetal bovine serum (FBS), 100 units/ml of

penicillin, and 100mg/ml of streptomycin. AMSCs from pas-
sages 3-5 were used for further research.

2.2. Isolation and Purification of AMSC-Derived Exosomes.
AMSCs were cultured in DMEM/F12 supplemented with
10% exosome-free FBS. After 48h, exosomes were isolated
from AMSC supernatant by an ultracentrifugation method
according to the protocol of Thery et al. [30]. After ultracen-
trifuging at 120,000× g for 1.5 h, the exosomes were carefully
resuspended in PBS and used immediately or stored at -80°C.
The characteristic surface marker proteins (CD9, CD63, and
Calnexin) of exosomes were analyzed by Western blot. The
morphologies of exosomes were observed with a transmis-
sion electron microscope (TEM) as previously described.
Flow Nano Analyzer model type N30 (Nano FCM Inc.,
Xiamen, China) that allows single exosome detection was
used to determine the size distribution and granular concen-
tration of AMSC-derived exosomes [31].

2.3. Transmission Electron Microscopy. The exosomes were
loaded onto a formvar-coated grid and negatively stained
with a neutral 1% aqueous phosphotungstic acid solution.
Electron microscopic images were captured and analyzed
by a transmission electron microscope (TEM, HT7700,
80 kV, Hitachi, Tokyo, Japan).

2.4. Laboratory Animals and Grouping. Forty male SPF SD
rats weighing 350-450 g were provided by the Laboratory
Animal Department of China Medical University (Rodent
use license: SYXK 20180008; Rodent production license:
SCXK 20180004). This experiment was approved by the
Experimental Animal Ethics Committee of China Medical
University (Approval number CMU2018170).

The rats were randomly divided into four groups: sham
operation group (sham group), CPB surgery group (CPB
group), exosome+CPB group (EXO group), and exosome
+CPB group+TLR2/TLR4 agonist group (TLR group) with
10 animals in each group. Except for the sham group, all
other groups were prepared using the POCD model by the
CPB method. In the EXO group, the extracted AMSC-
derived exosomes were administered 2.1mg/kg peritoneal
cavity 30min before flow. In the TLR group, 2.5mg/kg of
TLR2/TLR4 agonist (LPS-EB) was injected into the tail vein
30min before flow. After obtaining the data of water maze
test, the rats were anesthetized and placed in a tube, 5ml of
bloodwas taken through the right internal vein, and the serum
was separated by centrifugation and stored at -80°C. The bilat-
eral hippocampus was taken immediately, and a part of the
sample was stored in -80°C, while the other in formalin.

2.5. Preparation of the CPBModel. The animals were made to
fast for 6 h before surgery and anesthetized by intraperitoneal
injection of sodium (30mg/kg). After the disappearance of
righting reflex, the rats were tied to the operating table and
intubated on the trachea. The small animal ventilator was
connected, and electrocardiogram, blood oxygenation satu-
ration, and body temperature were monitored continuously.
The left femoral artery was placed in a catheter and con-
nected to an arterial kit to measure real-time arterial pres-
sure. The left femoral vein was placed in the needle and the
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colloid continuously pumped. The tail artery was placed in a
needle tube, and the CPB was infused to be prepared for use.
Then, the right internal jugular vein was drained. A total of
15ml of circulating prefilled liquid was prepared, including
6ml of hydroxyethyl starch, 1ml of heparin (the content is
250 IU/kg), 1ml of 5% sodium bicarbonate, 1ml of 20%
mannitol, and 1ml of furosemide. Six ml of prefilled liquid
was added to connect and fix each pipe. During the CPB pro-
cess, the flow rate was adjusted in real time, and the blood
volume in the blood reservoir was maintained at 1 to 2ml.
The flow rate of extracorporeal circulation was not less than
80ml/kg/min. After 1 h of the CPB process, mechanical ven-
tilation was resumed. The hematocrit (Hct) reached above
0.25, the flow rate was gradually decreased, and the machine
was stopped. The tubes in the heart were removed one at
a time and mechanical ventilation was continued. The
remaining blood was slowly infused in the reservoir, and
the tracheal intubation was withdrawn after the rats resumed
spontaneous breathing.

2.6. Water Maze. 24 h after CPB, the water maze test was per-
formed for 7 days, including hidden platform test and space
exploration test. In the hidden platform test, the rats were
placed from any quadrant into the water facing the pool wall
and had to swim for 90 s to find the hidden platform. The
time to find the hidden platform is the period for escaping
the incubation. If the rats were unable to find the platform
within 90 s, they were directed to the platform with a record-
ing score of 90 s. The experiment was conducted for 5 days,
and the first 4 days was used as acquired training. The score
of 90 s was eliminated, and the test scores on day 5 were used
as the spatial learning memory scores. In space exploration
testing, after 24 h of the hidden platform test, the platform
was removed. The rats were placed inside the water at the
same water inlet point, and the swimming path of the rats
was recorded within 60 s. Furthermore, the swimming dis-
tance and residence time of the target quadrant and the
number of crossings of the original station were recorded.
The moving trajectories of the rats were recorded, and the
information processing was performed using the Morris
water-maze video analysis system.

2.7. The Score for Neurological Function Score. After 1 day, 3
days, and 7 days of CPB bypass, the neurological function of
the experimental animals was measured using the Garcia
score scale (Table 1).

2.8. H&E Staining. Tissue samples fixed in formalin were
placed in alcohol at a concentration of 70%, 80%, 90%,
95%, and 100%. Xylene was transparent and dipped in wax
blocks. Then, the wax blocks were cut into 4μm sections with
a microtome and then dewaxed. The sections were stained
with hematoxylin for 5min, washed with PBS, and differenti-
ated with 1% hydrochloric acid alcohol and eosin dye solu-
tion for 30 s. After the gradient alcohol dehydration,
transparent treatment, and neutral gum seal, the pathological
changes in each group were observed under light microscopy.

2.9. TUNEL Staining. The in situ cell death assay kit (Roche
Diagnostics, Mannheim, Germany) was used according to

the manufacturer’s instructions. Briefly, 5μmol/l sections of
paraffin-embedded hippocampal tissue were deparaffinized,
permeabilized, and blocked. Sections were treated with
50μl TUNEL reaction solution and incubated in a humid
dark box at 37°C for 60min. Subsequently, 50μl of the
streptavidin-HRP working solution was added into the sec-
tions and incubated again in the cassette for 30min. Fluores-
cent staining used DAPI to stain nuclei, followed by
conventional dehydration, decolorization, and fixation. The
sections were examined with a microscope, and the images
were taken. For each captured image, the total number of
nuclei and TUNEL-positive cell nuclei was counted, and
the proportion of apoptosis was calculated.

2.10. ELISA Test. Inflammatory factors IL-1β (CSB-E08055r,
CUSABIO, China), IL-6 (SEA079Ra, USCN, China), TNF-α
(SEA133Si, USCN, China), IL-10 (SEA056Ra, USCN, China),
oxidative stress index SOD (SES134Hu, USCN, China), MDA
(CEA597Ge, USCN, China), GSH (CEA294Ge, USCN,
China), NO (IS100, USCN, China), and brain injury markers
S100-β (SEA567Ra, USCN, China) and NSE (SEA537 Ra,
USCN, China) in rat serum were detected using different
ELISAkits, and the operation stepswere carried out according
to the manufacturer’s instructions.

2.11. Immunofluorescence Assay. After dewaxing, the wax
pieces of hippocampal tissue were immersed in a 3%
hydrogen peroxide solution for 15min, washed with PBS
three times, and subjected to antigen retrieval by a 0.1M
sodium citrate solution. It was blocked in goat serum and
incubated at 37°C for 30min. Then, the wax pieces of hip-
pocampal tissue were incubated with primary antibodies
(anti-TLR2, Abcam, ab16894; anti-TLR4, Abcam, ab22048;
anti-MyD88, Abcam, ab28763; and anti-NF-κB, Abcam,
ab16502; Cambridge, UK) overnight at 4°C, washed with
PBS three times, incubated with the appropriate secondary
antibodies labeled with fluorescence for 30min at 37°C,
and then washed with PBS three times. Finally, the sections
were stained with DAPI and incubated for 10min at room
temperature and then washed with PBS three times, sealed
with a neutral resin, and observed under a fluorescence
microscope.

2.12. Western Blot. After homogenization of the exosomes
and hippocampus, precooled RIPA (Thermo, 89900, USA)
lysate was added and lysed on ice for 30min. The superna-
tant was collected, and the concentration was measured by
a BCA protein quantification kit (Thermo, 23225, USA).
Briefly, 40μg of proteins in the supernatant was separated
by SDS-PAGE and transferred onto a PVDF membrane.
CD9 (Abcam, ab92726, UK), CD63 (Abcam, ab59479,), and
Calnexin (Abcam, ab22595,) primary antibodies were added
to the exosomal tissue, and TLR2, TLR4, MyD88, and NF-κB
were added to the hippocampus. Bcl 2 (Abcam, ab59348),
Bax (Abcam, ab32503), pro-caspase-3 (Abcam, ab32150),
and cleaved caspase-3 (Abcam, ab49822) primary antibodies
were added onto the PVDF membrane and incubated over-
night at 4°C. After washing with PBS, secondary antibodies
were added and incubated at room temperature for 2 h. The

3Stem Cells International



T
a
bl
e
1:
T
he

G
ar
ci
a
sc
or
e
sc
al
e.

T
es
t
co
nt
en
t

0
1

2
3

5
m
in

fr
ee

ac
ti
vi
ty

in
th
e
ca
ge

N
o
ac
ti
vi
ty

A
lm

os
t
in
ac
ti
ve

A
ct
iv
e,
w
hi
le
th
e
ra
ng
e
fo
r
ac
ti
vi
ti
es

co
ul
d
no

t
re
ac
h
3
si
de
s
in

th
e
ca
ge

T
he

ra
ng
e
fo
r
ac
ti
vi
ti
es

co
ul
d
re
ac
h
at

le
as
t
3
si
de
s
in

th
e
ca
ge

Sy
m
m
et
ry

of
lim

b
m
ov
em

en
ts

In
ac
ti
ve

in
th
e
le
ft
lim

b
Le
ft
lim

bs
ca
n
be

sl
ig
ht
ly
ac
ti
ve

Le
ft
lim

bs
ca
n
m
ov
e
sl
ow

ly
B
ila
te
ra
ll
im

bs
co
ul
d
be

ac
ti
ve

sy
m
m
et
ri
ca
lly

Sy
m
m
et
ry

of
th
e
fo
re
lim

bs
In
ac
ti
ve

in
th
e
le
ft
lim

b
T
he

le
ft
lim

b
ca
n
on

ly
be

sl
ig
ht
ly

st
re
tc
he
d

T
he

le
ft
lim

b
is
le
ss
ac
ti
ve

an
d
st
re
tc
he
d

th
an

th
e
ri
gh
t

T
he

bi
la
te
ra
lf
or
el
im

bs
ca
n
be

st
re
tc
he
d

sy
m
m
et
ri
ca
lly

C
lim

bi
ng

in
a
m
et
al
ca
ge

N
ot
hi
ng

U
na
bl
e
to

cl
im

b
T
he

le
ft
si
de

is
sl
ig
ht
ly
w
ea
k

A
bl
e
to

cl
im

b

T
he

re
sp
on

se
of

to
uc
hi
ng

th
e

bi
la
te
ra
lt
ru
nk

N
ot
hi
ng

N
o
re
sp
on

se
in

th
e
le
ft
si
de

Le
ft
si
de

re
ac
ts
sl
ig
ht
ly

R
es
po

nd
s
sy
m
m
et
ri
ca
lly

T
ac
ti
le
re
sp
on

se
N
ot
hi
ng

N
o
re
sp
on

se
in

th
e
le
ft
si
de

Le
ft
si
de

re
ac
ts
sl
ig
ht
ly

R
es
po

nd
s
sy
m
m
et
ri
ca
lly

4 Stem Cells International



ECL luminescence kit (Thermo Scientific, USA) was used to
develop the color. Images were obtained by the Azure c600
Western Blot Imaging System (Azure, USA), and the gray
values were read by Quantity One software.

2.13. PCR. Frozen brain tissue lysis was prepared by Trizol
(Invitrogen, 15596026, USA). Total RNA of tissues and cells
were extracted according to the Trizol reagent operating
instructions. After the first-strand cDNA (Thermo, K1622,
USA) was synthesized by reverse transcription, TLR2,
TLR4, MyD88, and NF-κB reactions were detected by qRT-
PCR (Qiagen, 204057, Germany). The primer sequences are
shown in Table 2, which were synthesized by Shanghai
Shenggong Biological Co., Ltd. The reaction conditions were
predenaturation: 95°C for 30 s; PCR reaction: 95°C for 5 s and
60°C for 20 s, 40 cycles; and melting curve analysis: 95°C for
1 s, 65°C for 15 s, and 95°C for 5 s. After the reaction was
completed, the amplification curve and the melting curve
were confirmed.

2.14. Statistical Analysis. Results were analyzed using SPSS
19.0 (SPSS, Chicago, IL, USA) software. The measurement
data were expressed as mean ± standard deviation (x ± s).
The t-test was used for comparison between two groups,
and the difference was statistically significant when p < 0:05.

3. Results

3.1. Morphological and Phenotypic Identification of Collected
Exosomes. AMSCs were subcultured using 0.25% trypsin-
EDTA solution in vitro. After 3 days of cultivation under
normal conditions, AMSCs were found to be fusiform,
triangular, or polygonal in shape, and the cytoplasm was
transparent (Figure 1(a)). The fused cells were arranged in
a monolayer (Figure 1(b)) after 7 days of cultivation and
fusion. In the 5th generation, the cells were evenly and closely
arranged, becoming fusiform or triangular. After the 5th gen-
eration, the morphologies of certain cells changed, including
flattening of cells, the acceleration of cellular processes, and
the inconsistency of cells (Figure 1(c)). The range and size
of the exosomes were measured using the Flow Nano
Analyzer model type N30 (Nano FCM Inc., Xiamen, China).

The results demonstrated that the diameters of the parti-
cles were within the range of 50-160 nm, with an average
of 72.6 nm (Figure 1(d)). The morphologies of the exo-
somes were directly observed through TEM. The particles
were observed as round-shaped vesicles with a bilayer
membrane structure and with a diameter of approximately
50-100 nm (Figure 1(e)). The protein markers CD9, CD63,
and Calnexin of the exosomes were identified by Western
blot (Figure 1(f)). The above results indicate that the exo-
somes have been successfully isolated from AMSCs.

3.2. AMSC-Derived Exosomes Alleviated Neurological
Damage in CPB Rats. CPB can lead to neurological and men-
tal disorders represented by POCD. CPB rats were injected
with AMSC-derived exosomes, and the changes in neurolog-
ical function scores and spatial learning and memory abilities
were observed. The neurological function scores of the CPB
group were 2:7 ± 0:6, which were significantly lower than
those of the sham group (p < 0:05) (Figure 2(a)). After the
administration of the exosomes, the neurological function
scores increased to 8:5 ± 2:1 compared with the CPB group
(p < 0:05). The hidden platform training and space explora-
tion experiments were performed to test the cognitive func-
tion of rats. In Figure 2(b), compared to the sham group,
the latency for finding the platform in the CPB group was
obviously longer (p < 0:05). Compared with the CPB group,
the latency period in the EXO group was significantly shorter
(p < 0:05). The latency period in the TLR group was similar
to that of the CPB group (p > 0:05). In the space exploration
experiment (Figure 2(c)), the swimming distance and resi-
dence time of the target quadrant were significantly reduced
in the CPB group compared with the sham group (p < 0:05).
The swimming distance and residence time of rats in the
EXO group were significantly longer than those in the CPB
group (p < 0:05). Furthermore, the swimming distance and
residence time were seen to improve by intervention of
TLR2/4 signaling agonist (p < 0:05). The above results sug-
gest that AMSC-derived exosomes can alleviate neurological
damage in CPB rats.

3.3. AMSC-Derived Exosomes Prevent Brain Damage in CPB
Rats.Histopathological changes of brain tissue were observed
through H&E staining. As shown in Figure 3(a), the hippo-
campus of CPB rats was found to be seriously damaged, the
cells dispersed, and the intercellular space gradually
expanded. In addition, the proliferation of cell and vascular
tissue increased and the tissue structure and arrangement
were disordered. Compared with the CPB group, in the
EXO group, the cells were neatly arranged and the cell band
was incomplete. The damage condition of the TLR group
was similar to that in the CPB group. The cells were
sparsely distributed, and the cytoplasmic vacuoles were
gradually increased. H&E staining revealed that the hippo-
campus tissues of CPB rats were seriously damaged, and
the intervention of AMSC-derived exosomes could prevent
hippocampus tissue damages. Moreover, TLR2/TLR4 ago-
nist partially reversed the prevented effect of AMSC-
derived exosomes on CPB-induced brain damage in CPB
rats. To verify the extent of hippocampal damage in CPB

Table 2: qRT-PCR using gene primers.

Gene
Primer
(5′→3′)

TLR2
Forward: CGGAGGTCATCTCAGGAAGG

Reverse: CGATCAGCAGAGTGGCAATAG

TLR4
Forward: AAGGGCTTCTACTCAGAG

Reverse: AGGACCCACATGGGCACT

MyD88
Forward: GTAGCCAGCCTCTGAAAC

Reverse: AGCCAGGATGATGTCTAC

NF-κB
Forward: TTTCAAAAGTGGCATTGCTT

Reverse: TTAAGCTGTAAAATCACA

GAPDH
Forward: GTCATCAACGGGAAACC

Reverse: CATGGAGAAGGCTGGGG
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rats, ELISA was used to detect markers of brain injury
(Figure 3(b)). The results showed that serum NSE and
S100-β concentrations in the CPB group had significantly
increased (vs. sham, p < 0:05). The markers in the EXO
group were significantly lower than those in the CPB
group (p < 0:05) while those in the TLR group were simi-
lar to those in the CPB group (p > 0:05). These results
suggested that AMSC-derived exosomes can prevent brain
damage in CPB rats.

3.4. AMSC-Derived Exosomes Inhibited Inflammation and
Oxidative Stress in CPB Rats. Inflammatory factors and oxi-
dative stress factors in rat serum were detected by ELISA.
The results are shown in Figure 4. Compared with the sham

group, the concentrations of IL-1β, IL-6, and TNF-α
increased while those of IL-10 decreased significantly in the
CPB group (p < 0:05), indicating that CPB can lead to an
increase in inflammatory response. In the EXO group, the
concentrations of IL-1β, IL-6, and TNF-α were significantly
reduced, and IL-10 was significantly increased (vs. CPB,
p < 0:05) (Figure 4(a)). These results suggest that AMSC-
derived exosomes can effectively inhibit the inflammatory
response in CPB rats. Similarly, the SOD and NO levels in
the CPB group were significantly lower than those in the
sham group, and the MDA content had increased signifi-
cantly (p < 0:05). In the EXO group, the SOD and NO levels
were significantly higher than those in the CPB group, and
the MDA content had reduced significantly (p < 0:05)
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Figure 1: Morphological and phenotype identification of collected exosomes. (a–c) Representative bright-field microscopy image of AMSCs.
(d) Size distribution of exosomes determined by Flow Nano Analyzer. (e) Representative electron microscopy image of AMSC-derived
exosomes. (F) Representative Exo-Check antibody of isolated exosomes detected by Western blot.
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(Figure 4(b)). These results suggested that AMSC-derived
exosomes can inhibit the oxidative stress response in
CPB rats.

3.5. AMSC-Derived Exosomes Prevented Neuronal Apoptosis
in CPB Rats. POCD can cause the apoptosis of brain
neurons. Neuronal apoptosis in the brain tissue was
detected by TUNEL (Figure 5(a)), and the expressions of
apoptosis-related proteins were measured by Western blot
(Figure 5(b)). TUNEL results show that the number of posi-
tive cells in the CPB group increased significantly (vs. sham,
p < 0:05). Furthermore, the positive cells of the hippocampus
in the EXO group were significantly lower than that those in
the CPB group (p < 0:05), while the number of positive cells
in the TLR group had significantly increased compared with
that in the EXO group (p < 0:05). These results indicated that
AMSC-derived exosomes have a protective effect on the
neuronal apoptosis in CPB rats. Similarly, as shown in

Figure 5(b), Bcl-2 expression was seen to significantly
decrease in the CPB group and significantly increase in the
Bax (vs. sham, p< 0.05). The expression of Bcl-2 in the
EXO group had significantly increased, while in Bax signifi-
cantly decreased (vs. CPB, p < 0:05). However, Bcl-2 expres-
sion was found to significantly decrease in the TLR group and
significantly increase in the Bax (vs. EXO, p < 0:05). In addi-
tion, the expression of pro-caspase-3 in the CPB group signif-
icantly decreased, and the expression of cleaved caspase-3
significantly increased (vs. sham, p < 0:05). The expression
of pro-caspase-3 significantly increased in the EXO group,
while the expression of cleaved caspase-3 significantly
decreased (vs. CPB, p < 0:05). Compared to the EXO group,
the expression of pro-caspase-3 in the TLR group signifi-
cantly decreased, while cleaved caspase-3 level significantly
increased (p < 0:05). These results suggest that AMSC-
derived exosomes can inhibit neuronal apoptosis and prevent
neuronal degeneration in CPB rats.
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Figure 2: AMSC-derived exosomes alleviated neurological damage in CPB rats. SPF SD male rats were randomly divided into four
groups including the sham operation group (sham group); CPB surgery group (CPB group); exosome+CPB group (EXO group); and
exosome+CPB group+TLR2/TLR4 agonist group (TLR group) with 10 rats in each group. (a) The neurological function scores in
each group. (b) The escape latency in each group. (c) The swimming distance and residence time in each group; ∗p < 0:05 (n = 10).
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3.6. AMSC-Derived Exosomes Improved CPB-Induced POCD
in Rats via the TLR2/TLR4 Signaling Pathway. Toll-like
receptors play an important role in the inflammatory

and immune responses of CPB rats. Therefore, the levels
of TLR2, TLR4, MyD88, and NF-κB in the hippocampus
of rats were detected by Western blot, qRT-PCR, and
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Figure 3: AMSC-derived exosomes prevent brain damage in CPB rats. SPF SD male rats were randomly divided into four groups including
the sham operation group (sham group); CPB surgery group (CPB group); exosome+CPB group (EXO group); and exosome+CPB group
+TLR2/TLR4 agonist group (TLR group) with 10 rats in each group. (a) H&E staining revealed the damage of hippocampus tissues in
each group (scale bar = 50μm). (b) Brain injury markers (NSE and S100-β) in serum in each group; ∗p < 0:05 (n = 10).
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Figure 4: AMSC-derived exosomes inhibited inflammation and oxidative stress in CPB rats. SPF SD male rats were randomly divided into
four groups including the sham operation group (sham group); CPB surgery group (CPB group); exosome+CPB group (EXO group); and
exosome+CPB group+TLR2/TLR4 agonist group (TLR group) with 10 rats in each group. (a) The concentrations of inflammatory factors
(IL-1β, IL-6, TNF-α, and IL-10) in serum in each group. (b) The levels of oxidative stress factors (SOD, MDA, and NO) in serum in each
group; ∗p < 0:05 (n = 10).
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immunofluorescence. As shown in Figures 6(a) and 6(b), the
mRNA and protein expressions of TLR2, TLR4, MyD88, and
NF-κB in the CPB group were higher than those in the sham
group (p < 0:05). Compared with the CPB group, the levels of
TLR2, TLR4, MyD88, and NF-κB in the EXO group were
much lower (p < 0:05), suggesting that AMSC-derived exo-
somes can reverse the expression of TLR2/TLR4 signaling
pathway-related proteins in the CPB rats. Meanwhile, after
activation of the TLR2/TLR4 signaling pathway, the exo-
somes cannot decrease IL-1β, IL-6, TNF-α, and MAD level

and also cannot increase the levels of IL-10, SOD, and NO
(Figures 4(a) and 4(b)). Furthermore, these results were con-
firmed by immunofluorescence (Figure 6(c)). It can be seen
that AMSC-derived exosomes could alleviate POCD in CPB
rats through the TLR2/TLR4 signaling pathway.

4. Discussion

Our study revealed that AMSC-derived exosomes have neu-
roprotective effects on rats after cardiopulmonary bypass.
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Figure 5: AMSC-derived exosomes prevented neuronal apoptosis in CPB rats. SPF SD male rats were randomly divided into four groups
including the sham operation group (sham group); CPB surgery group (CPB group); exosome+CPB group (EXO group); and exosome
+CPB group+TLR2/TLR4 agonist group (TLR group) with 10 rats in each group. (a) Neuronal apoptosis in brain tissue in each group was
detected by TUNEL (scale bar = 50μm). (b) Apoptosis-related protein expression in hippocampus tissue in each group was determined by
Western blot; ∗p < 0:05 (n = 10).
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Figure 6: AMSC-derived exosomes improved CPB-induced POCD in rats via the TLR2/TLR4 signaling pathway. SPF SD male rats were
randomly divided into four groups including the sham operation group (sham group); CPB surgery group (CPB group); exosome+CPB
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In vivo, we showed that intraperitoneal administration of
AMSC-derived exosomes can reduce inflammatory response
and oxidative stress and prevent neuronal apoptosis and
brain damage, thereby hindering the development of POCD
in CPB rats.

The application of extracorporeal circulation technology
in clinical practice is expanding, and POCD is becoming a
serious complication in CPB surgery [32]. This problem is
directly related to the success of surgical treatment and seri-
ously perplexes the development of cardiac surgery. The
symptoms of POCD are closely correlated with neuroinflam-
mation, which is similarly to Alzheimer’s disease (AD) [33].
During the growth of deer antler, the proliferation of mesen-
chymal cells determines the growth rate of antler [24]. Mes-
enchymal cells are regarded as the major cell source of
velvet growth and can differentiate into fibroblasts, chondro-
cytes, and osteocytes during velvet growth [25, 26]. In addi-
tion to the multipotent differentiation potential of MSCs,
several paracrine factors of MSCs have been discovered that
act on cell migration, antioxidation, antiapoptosis, angiogen-
esis, and immunomodulation via regulating local cellular
responses. MSC-derived exosomes play an important role
in neuroinflammation, neurogenic niches and neurogenesis,
and therapeutic strategy of neurological diseases. In our
study, AMSCs and their exosomes were successfully isolated
and identified (Figures 1(a)–1(f)). The POCD model of CPB
rats was established to investigate the protective effect of
AMSC-derived exosomes. The neurological function score
and water-maze test were performed on the rats to confirm
that AMSC-derived exosomes significantly increased neuro-
logical function scores, swimming distance, and residence
time and have shorter latency period compared to the CPB
group (Figures 2(a)–2(c)). Neuron-specific enolase (NSE)
and S100 calcium-binding protein B (S100-β) are considered
the specific and sensitive biochemical markers of CNS dam-
age [34]. As shown in Figure 3(a), AMSC-derived exosomes
prevented the damage of hippocampus tissues and signifi-
cantly reduced the serum level of NSE and S100-β.

Inflammation is considered a major characteristic of sev-
eral pathological conditions. Inflammation amplifiers play
key roles in the development and progression of various
human diseases, including autoimmune, neurodegenerative,
and other inflammatory diseases [35]. Activation of the
immune system by surgery was identified as a strong stimu-
lation of the immune cell infiltration through a disrupted
blood-brain barrier (BBB), such as macrophages and neutro-
phils. The resulting cerebral inflammation can result in cog-
nitive decline [36]. As shown by a recent study, exosomes
derived from humanWharton’s jelly mesenchymal stem cells
(WJ-MSCs) have been shown to have anti-inflammatory
effects on microglia in perinatal brain injury [37]. Similar to
this result, exosomes derived from adipose stem cells can
inhibit microglial activation and prevent neuroinflammation
by inhibiting the NF-κB and MAPK pathways [38]. In our
study, plasma IL-1β, IL-6, and TNF-α levels were seen to sig-
nificantly increase in the CPB group, and this increase was
suppressed by AMSC-derived exosomal supplementation
(Figure 4(a)). IL-10, a key molecule in inhibiting proinflam-
matory cytokine production, was decreased in the EXO

group, and the effect was reversed by AMSC-derived exoso-
mal supplementation (Figure 4(a)). Oxidative stress plays a
key role in the development and progression of neuroinflam-
mation due to its activation in the CNS immune system,
which results in a central inflammatory response that stimu-
lates the production of several inflammatory mediators, such
as more reactive species, chemokines and cytokines, micro-
glial activation, and the infiltration of innate and adaptive
immune cells from the periphery [39]. In the present
study, exosomes from human umbilical cord MSCs allevi-
ate the oxidative injury via oxalate+COM in HK-2 cells
[40]. Associated with this, we have demonstrated that
POCD can induce an increase in MDA levels, while
SOD and NO levels can be reversed by AMSC-derived
exosomes (Figure 4(b)). Data from a series of studies have
reported that when POCD occurs, apoptosis is observed in
the hippocampus, which serves an important role in the
occurrence and development of POCD [41]. In our stud-
ies, the results of TUNEL showed a significant increase
in the number of positive cells in the CPB group, and this
increase was seen to be suppressed by AMSC-derived exo-
somal supplementation (Figure 5(a)). Furthermore, in the
expression of Bcl-2, pro-caspase-3 significantly decreased,
and in the expression of Bax, cleaved-caspase-3 signifi-
cantly increased in the CPB group; these effects were par-
tially abolished by AMSC-derived exosomes (Figure 5(b)).

TLRs are well-known crucial pattern recognition recep-
tors (PRRs) that are involved in the recognition of
pathogen-associated molecular patterns (PAMPs) [42]. Later
studies have shown that TLRs are responsible for the patho-
genesis of neuroinflammation under diverse conditions. For
example, microglia lacking the expression of TLR2, TLR4,
and CD14 are unable to cause a proinflammatory immune
response, which can decrease the expression of proinflamma-
tory cytokines (e.g., TNF-α, IL-1α, IL-6, and IL-8) [43, 44].
Additionally, it has been reported that WJ-MSC-derived
exosomes inhibit LPS-induced TLR4/CD14 signaling in
microglial cell [39]. Our study revealed that AMSC-derived
exosomes improved CPB-induced POCD in rats via the
TLR2/TLR4 signaling pathway. As shown in Figure 6, mRNA
and protein expressions of TLR2, TLR4, MyD88, and NF-κB
significantly increased in the CPB group, and this increase
was inhibited by AMSC-derived exosomal supplementation.
Nevertheless, the TLR2/TLR4 agonist (LPS-EB) partially
reversed the inhibitory effect of AMSC-derived exosomes
on CPB and induced the expressions of TLR2, TLR4,
MyD88, and NF-κB. Moreover, TLR2/TLR4 agonists were
also seen to partially reverse the effects of AMSC-derived
exosomes on the CPB group (Figures 2–5).

In summary, AMSC-derived exosomes can reduce
POCD brain damage, inflammation, and oxidative stress
and prevent cell apoptosis in CPB rats. This inhibition is
associated with the TLR2/TLR4 signaling pathway.

5. Conclusions

This study demonstrated that AMSC-derived exosomes can
help improve cognitive function in rats subjected to CPB,
which is associated with the TLR2/TLR4 signaling pathway.
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We identified exosomes derived from AMSCs and investi-
gated their ability to alleviate neurological damage and brain
damage and prevent neuronal apoptosis in CPB rats through
inhibiting the TLR2/TLR4 signaling pathway. These results
suggested the protective effects and mechanism of AMSC-
derived exosomes on POCD rats. Therefore, our studies
provided theoretical and experimental evidence for the
prevention, occurrence, development, and prognosis of cog-
nitive impairment after cardiopulmonary bypass.
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