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Exosomes activate hippocampal microglia
in atrial fibrillation through long-distance
heart-brain communication
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Abstract

Background There is growing evidence that atrial fibrillation (AF) is a risk factor for cognitive impairment (Cl) and
dementia in the presence or absence of stroke. The purpose of this study was to explore the mechanism of Cl caused
by AF.

Methods Eighteen male canines were randomly divided into a sham group, a pacing group, and a pacing + GW4869
group. An experimental model of AF was established by rapid atrial pacing (450 beats/min) for 2 weeks, and the
sham group received pacemaker implantation without atrial pacing. The GW4869 group received an intravenous
GW4869 injection (0.3 mg/kg, once a day) during pacing. All canines were locally injected with Ad-CD63-RFP in
epicardial adipose tissue (EAT) to trace the exosomes. Ultracentrifugation was employed to isolate EAT-derived
exosomes, followed by RNA sequencing and quantitative real-time PCR (gRT-PCR) to assess RNA in both exosomes
and hippocampal tissue. The miRanda database was used to predict the targeting relationships between miRNA
and mRNA, which were further validated by luciferase reporter assays. Western blot analysis was conducted to
detect exosomal markers (CD63, CD81, TSG101) in EAT exosomes, while immunofluorescence was used to detect
Ad-CD63-RFP signals in both EAT and hippocampal tissues, as well as microglial activation marker IBA-1.To further
explore the effects of exosomes on microglial cells, in vitro experiments using brain microvascular endothelial cells
(bEnd3) and microglial cells (BV2) were conducted. IBA-1 expression and RNA levels in BV2 cells were analyzed by
immunofluorescence and qRT-PCR, respectively.

Results After 14 days of pacing of the canine atrium, compared to the sham group, both the pacing and GW4869
groups exhibited an increased number of AF inductions, along with prolonged AF duration. The fluorescence
intensity of Ad-CD63-RFP and the microglial activation marker IBA-1 were markedly greater in the hippocampus.
RNA sequencing showed that the differentially expressed gene cfa-miR-22e in EAT exosomes was upregulated, and
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its target gene IL33 was downregulated in the hippocampus. gRT-PCR showed that the levels of cfa-miR-22e were
increased in both EAT exosomes and the hippocampus, while the expression of IL-33, a target of cfa-miR-22e, was
decreased in the hippocampus. The administration of GW4869 abolished these effects. The in vitro results from bEnd3
and BV2 cell experiments were consistent with the conclusions drawn from the in vivo studies.

Conclusion Our study indicated that the exosomes secreted by EAT in canines with AF can penetrate the BBB and
activate microglia in the hippocampus through the cfa-miR-22e/IL33 signalling pathway.

Keywords Atrial fibrillation, Exosomes, Cognitive impairment, Microglia, Canine

Introduction

Atrial fibrillation (AF) is the most common type of
arrhythmia worldwide, and cognitive impairment (CI) is
one of the serious complications of AF [1, 2]. In 1977, Ott
et al. first reported that arrhythmia can increase the risk
of cognitive impairment [3], and a systematic review and
meta-analysis suggested that AF may be associated with
an increased risk of both CI and Alzheimer’s disease in
a broad population [4]. Stroke, cerebral small vessel dis-
ease and cerebral hypoperfusion are considered to be
important causes of AF-associated CI [5, 6]. However,
clinical studies have shown that there are no significant
differences in cerebral small vessel disease between AF
patients and non-AF patients [7, 8]. Recent studies have
also shown that AF has little effect on regional cerebral
blood flow in patients with Alzheimer’s disease [9]. To
date, the exact mechanism by which AF increases the risk
of CI remains unclear.

Recent research has suggested that glial cells (espe-
cially microglia) may cause neuronal damage through the
release of inflammatory factors and chemokines, adhe-
sion and invasion, and oxidative stress and increase the
risk of pathological changes related to CI. Intervention in
the activation of microglia can reduce neuroinflamma-
tion and improve CI [10, 11]. Exosomes are 40—150 nm
small extracellular vesicles secreted by most cells, and
RNA (including mRNA, miRNA, and other noncoding
RNA), proteins, and lipids are selectively incorporated
into exosomes and then released into the extracellu-
lar space [12]; these vesicles are involved in cell signal-
ling, cell differentiation, immune regulation, substance
metabolism and gene regulation and carry proteins and
RNA that can be inserted into recipient cells to induce
short- or long-term phenotypic changes [13]. Epicardial
adipose tissue (EAT) of patients with AF can release a
large number of exosomes [14], and the direct transfer
of exosomal miR-1 from the heart to the hippocampus
may lead to microtubule damage in the hippocampus
[15]. Other studies have shown that microRNAs (miR-
NAs) play a proinflammatory role in the activation of
microglia and participate in the activation of microglia
by inhibiting anti-inflammatory-related proteins [16, 17].
However, it is unclear whether the cognitive dysfunction
caused by AF is related to the activation of microglia by

EAT-derived exosomes. This study explored the potential
mechanism by which EAT-derived exosomes increase the
risk of cognitive impairment in AF.

Materials and methods

Animal preparation

All animal experiments were conducted in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals of the US National Institutes of Health and were
approved by the Animal Ethics Committee of Renmin
Hospital at Wuhan University. Eighteen male beagle
canines weighing 10 to 15 kg were used in this experi-
ment and maintained under the same conditions in the
Animal Experimental Center of Renmin Hospital of
Wuhan University. After one week of acclimatization, the
canines were randomly assigned to three groups (=6
for each group). The sham group received pacemaker
implantation without atrial pacing. The pacing group
received pacemaker implantation with continuous rapid
atrial pacing (450 beats/min) for 2 weeks, the pacing
parameters were determined based on previous research
experiences [18]. The GW4869 group underwent the
same pacing model as the pacing group and was adminis-
tered a slow intravenous injection (0.3 mg/kg, once a day)
of GW4869 (MedChemExpress, USA), the injection dose
was based on our experience from previous studies [19].
All canines were injected with Ad-CD63-RFP (Design-
Gene Co., Ltd., Shanghai, China) at multiple EAT points
in the left atrial free wall to trace the exosomes. Pacing
was measured 3 days after pacemaker implantation in
the pacing group and GW4869 group. The canines were
euthanized by air embolism at the end of the experiment.

Cardiac pacemaker implantation and administration

After anaesthesia with 3% pentobarbital sodium (30 mg/
kg), the canines were trachea cannulated and ventilated
with a positive pressure respirator (WATO EX-20Vet;
Mindray, Shenzhen, China) with 2 L/min oxygen. The
left atrial appendage and left atrial EAT were completely
exposed through the left third intercostal space incision.
The distal end of the bipolar pacing lead (QM7222-53;
LEPU MEDICAL, Beijing, China) was secured to the left
atrial appendage with cotton thread (5—0), and the proxi-
mal end of the pacing lead was connected to a rapid pulse
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generator (Harbin University of Science and Technology,
China), which was implanted into a submuscular pocket
on the left side of the chest. After testing for normal
atrial pacing function, the surgical incision was sutured
layer by layer. Ad-CD63-RFP (100 pul of 1x10'" pfu/ml)
was administered to all groups as described above. An
intravenous infusion of saline was supplied to compen-
sate for fluid loss during the procedure, and continuous
ECG monitoring was performed by a computer-based
multichannel electrophysiology system (Lead 7000, Jinji-
ang Inc., China). A 30-second single-lead ECG was moni-
tored three times a week after the pacemaker was turned
on to ensure that atrial pacing was normal.

All operations were performed under sterile condi-
tions, and 100 mg/day ceftiofur sodium was intramus-
cularly injected for 7 days for prophylactic anti-infective
treatment.

Cardiac electrophysiological measurement

At the end of the experiment (after two weeks of atrial
pacing), we performed programmed stimulation on the
left atrium (LA), left atrial appendage (LAA), and the
left superior and inferior pulmonary veins (LSPV/LIPV)
in each group of canines to assess AF inducibility. After
preparing the canines in a manner similar to pacemaker
implantation, we exposed these four anatomical sites
and sutured the mapping/stimulation electrodes to these
areas, ensuring proper display of atrial potentials. High-
frequency S1S1 programmed stimulation was employed
to test AF inducibility. The stimulation parameters were
set as follows: S1S1 intervals of 120, 100, 75, and 60 ms,
pulse width of 2 ms, and pacing voltage at the minimum
pacing threshold, approximately 5 V. Each pacing cycle
length was stimulated 3 times, with each stimulation last-
ing 5 s. AF was defined as the appearance of fibrillation
waves in the atrial potentials recorded by the Lead7000
multi-lead electrophysiological system, with an atrial
frequency>500 beats per minute, irregular ventricular
rhythms, and a duration exceeding 5 s. The number and
duration of AF inductions were recorded.

Exosome isolation

Left atrial EAT samples from all groups of canines were
obtained immediately after the canines were euthanized,
rinsed with normal saline, and then stored in sterile cryo-
preserved tubes in liquid nitrogen until examination. The
tissues were thawed in a 37 °C incubator, washed twice
with PBS, cut into approximately 1 mm? tissue frag-
ments, and placed in a 50 ml centrifuge tube. Then, 0.25%
trypsin-EDTA (Gibco, 25200-072) was added to an equal
volume, and the tissue was digested in a 37 °C incuba-
tor with slight shock for 2—3 hours until the cell suspen-
sion was milky. Digestion was terminated with DMEM
containing 10% nonexosomal serum, the mixture was
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centrifuged at 2000 x g for 5 min, and the supernatant
was collected. The exosomes were extracted from the
supernatant by ultracentrifugation at 4 °C at 10,000 x g
and 100,000 x g. The extracted exosomes were used for
further detection.

RNA sequencing and data analysis

miRNA was detected in EAT exosomes from canines in
the sham group and the pacing group, and mRNA was
detected in hippocampal tissue from the same group of
canines. Total RNA was extracted from EAT exosomes
and hippocampal tissues using a Total RNA Kit (TIAN-
GEN, DP761) according to the manufacturer’s proto-
col and then qualified and quantified using a NanoDrop
Onec spectrophotometer (Thermo Fisher Scientific Inc.)
and a Qubit 3.0 with a Qubit™ RNA Broad Range Assay
kit (Life Technologies, Q10210). Unique molecular
identifier RNA-seq experiments and high-throughput
sequencing were conducted by Seghealth Technology
Co., Ltd. (Wuhan, China). The differentially expressed
miRNAs/mRNAs between groups were identified using
the edgeR package (version: 3.12.1). Thresholds of
log, fold change (FC)>1 and P value<0.05 were used
to determine the statistical significance of differences in
RNA expression. The target miRNAs of the differentially
expressed mRNAs were predicted with miRanda v3.3a.

Construction of adenovirus vectors

Ad-hCD63-mCherry (Ad-CD63-RFP) was designed by

DesignGene (DesignGene Co., Ltd., Shanghai, China).

The DNA sequences of primers used were as follows:
hCD63-Nhel-Forward:
5-CTAGCTAGCCACCATGGCGGTGGAAGGAGG

AATGAAA-3;

hCD63-AscI-Reverse:

5-ATTTGGCGCGCCTCATCACCTCGTAGCCACT
TCTGATA-3!

The adenoviral plasmid pDC315-hCD63-mCherry was
transfected into HEK293 cells to obtain adenoviruses
containing the target gene, labelled Ad-hCD63-mCherry.
The viral particles were harvested at 48 h posttransfec-
tion. After purification and concentration, the recom-
binant adenovirus vectors were obtained at a titre of
1x 10" PFU/ml for injection.

Cell culture and in vitro treatments

Brain microvascular endothelial cells (bEnd.3) and
microglial cells (BV2), both purchased from IMMOCELL
(Xiamen, China), were cultured in high-glucose DMEM
containing 10% fetal bovine serum and 1% penicillin/
streptomycin (all from Gibco, USA) under standard con-
ditions (37°C, 5% CO2, humidified incubator). bEnd.3
cells were used to simulate the blood-brain barrier (BBB),
and bEnd.3 and BV2 cells were co-cultured in Transwell
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plates (pore size 0.4 um, diameter 11 mm; Corning, Low-
ell, MA, USA) to observe whether exosomes could pen-
etrate the BBB and affect microglial activation (Fig. 2D).
After 48 h of culture, the bEnd.3 cells fully covered the
upper chamber, and the integrity of the BBB was verified
using fluorescein isothiocyanate (FITC)-dextran (1 mg/
mL, Sigma-Aldrich) [20]. Subsequently, exosomes iso-
lated from the EAT of sham-operated and paced canines
were added to the upper chamber bEnd.3 medium in
the co-culture system. After an additional 48 h of co-
culture, the BV2 cells in the lower chamber were col-
lected for immunofluorescence analysis to evaluate the
impact of exosomes on microglial activation. Next, BV2
cells were divided into four groups: control, mimics-
NC, cfa-miR-22e-mimics, and cfa-miR-22e-inhibition,
and cultured for 48 h. Lipofectamine 6000 (Beyotime,
China) was used to transfect mimic-NC and cfa-miR-
22e mimic/inhibitor, and cells were harvested after 24 h
for further experiments. To verify the role of IL-33 in
the cfa-miR-22e-mediated effects on microglial cells,
additional groups were set up: control, mimics-NC,
cfa-miR-22e-mimics, cfa-miR-22e-inhibitor, and cfa-
miR-22e-mimics+1L-33 (MedChemExpress, USA). The
mimics-NC  (5-UCACAACCUCCUAGAAAGAGUAG
A-3), cfa-miR-22e-mimics (5-AGGAAGGUGGGGAUG
AAG-3’), and cfa-miR-22e-inhibition (5-CUUCAUCCC
CACCUUCCU-3’) were all synthesized by General Biol
(China).

Quantitative real-time PCR analysis

Total RNA was isolated from EAT exosomes, hippocam-
pal tissues, and BV2 cells using Total RNA Extraction
Reagent (Servicebio, China) according to the manufac-
turer’s protocols. The relative levels of cfa-miR-22e and
IL33 were detected by stem-loop RT-qPCR using uni-
versal Blue SYBR Green qPCR Master Mix (Service-
bio, China) with a real-time PCR instrument (Bio-Rad,
USA). The data were analysed by the 2-AACT method.
The primer sequences for qRT-PCR were as follows:
cfa-miR-22e:  5-ACACTCCAGCTGGGAGGAAGGT
GGGG-3' (Forward), 5-TGGTGTCGTGGAGTCG-3
(Reverse); IL33: 5-AAGATTTCACCTCTGATGTCCCT
A-3 (Forward), 5-GGAATCATAATAACGGAATAACA
CC-3’ (Reverse); canine-U6: 5-CTCGCTTCGGCAGCA
CA-3 (Forward), 5-AACGCTTCACGAATTTGCGT-3
(Reverse); and canine-GAPDH: 5-GGGTGATGCTGGT
GCTGAGTAT-3’ (Forward), 5-TTGCTGACAATCTTG
AGGGAGTT-3 (Reverse).

Luciferase reporter assay

To validate that IL33 was a target gene of cfa-miR-22e,
wild-type (wt) or mutant (mut) IL33 3'UTRs contain-
ing the binding site of cfa-miR-22e were synthesized,
cloned and inserted into the pmirGLO reporter vector
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(Promega). cfa-miR-22e-mimics or miRNA-NC and
wt-IL33 or mut-IL33 reporter constructs were cotrans-
fected into cells with a Renilla luciferase vector. After
48 h of transfection, luciferase activities were determined
by a dual-luciferase reporter assay system (Promega,
United States).

Immunofluorescence

At the end of the experiment, the bilateral hippocampus,
other parts of the brain and small portions of EAT from
the free wall of the left atrium were quickly removed
and washed with normal saline. The hippocampus and
EAT were fixed with 4% paraformaldehyde and paraffin-
embedded. BV2 cells were fixed with 4% paraformalde-
hyde before detection. For immunofluorescence staining,
the deparaffinized sections were subjected to antigen
retrieval. Hippocampal samples and BV2 cells were incu-
bated with primary antibodies against IBA-1 (Abways,
CY7217) and subsequently with the secondary antibod-
ies CY3-conjugated AffiniPure goat anti-rabbit IgG and
FITC-conjugated AffiniPure goat anti-rat IgG (Jackson,
USA). Other parts of the brain tissue were taken to detect
the fluorescence intensity of Ad-CD63-RFP. The nuclei
were stained with DAPI, and the results were analysed by
Image-Pro Plus 6.0 software (Media Cybernetics, USA).
Three visual fields in each sample were assessed ran-
domly at 400x magnification. The degree of tissue fluo-
rescence was quantified by measuring the average optical
density in the digitized images using the Image] program
(National Institutes of Health, Bethesda, MD, USA).

Western blot analysis

Total protein was extracted from canine EAT. The pro-
tein concentration was determined by a BCA Protein
Assay Kit (Beyotime, P0010S) according to the manu-
facturer’s instructions. Proteins were separated on a
10% SDS-polyacrylamide gel and transferred to a 0.45
uM PVDF membrane. The experimental methodology is
mainly based on the previous experience of our subject
group [19]. The expression of target proteins was deter-
mined by incubating the membranes with the following
primary antibodies overnight at 4 °C: CD63 (Servicebio,
China), CD81 (Abcam, USA), TSG101 (Sigma-Aldrich,
Germany), and GAPDH (Servicebio, China). Visualiza-
tion was performed on a chemiluminescence system
after incubation with horseradish peroxidase-conju-
gated secondary antibodies (Proteintech, China) at room
temperature.

Statistical analysis

GraphPad Prism 9.0 software was used for statistical
analysis. Normally distributed measurement data are
represented as T + s. Two-sample independent Student’s
t tests were performed to compare the means of two
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groups. ANOVA followed by the Tukey-Kramer test was
used to compare the mean values of continuous variables
among multiple groups. All the statistical tests were two-
sided, and a probability value<0.05 was regarded as sta-
tistically significant.

Results

The susceptibility to AF was increased in rapid atrial pacing
canines

Programmed stimulation was used to evaluate AF induc-
tion at the LA, LAA, LSPV, and LIPV. Compared to the
sham group, the pacing group and the pacing+GW4869
group exhibited a significant increase in AF induction fre-
quency (1.00£0.82 vs. 5.17£1.07 and 4.17+1.06, respec-
tively, P<0.001), along with a marked extension in AF
duration (1.83+1.46 vs. 35.83+7.73 s and 28.17£5.40 s,
respectively, P<0.001) (Fig. 1C, D). However, there was
no statistically significant difference in the number of AF
inductions or the duration of AF episodes between the
pacing group and the pacing+GW4869 group.

A Sham group

Sinus rhythm

Luw%}ﬁﬁwi%wr A A

Number of AF induced

Pacing group
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Rapid atrial pacing increased the secretion of EAT
exosomes

As shown in Fig. 2, the morphology and particle size
were observed by transmission electron microscopy
and nanoparticle tracking analysis (NTA), respec-
tively. The size of the vesicles ranged between 30 and
150 nm, the mean size of which was 83.5 nm in diam-
eter. After rapid atrial pacing, the concentration of EAT
exosomes increased to (1.92+0.13) x 10'" particles/ml
from (1.27+0.19) x 10 particles/ml, which decreased
to (1.32%0.21) x 10! particles/ml after GW4869 treat-
ment (both P<0.05). The mean fluorescence intensity of
Ad-CD63-REP in the EAT of the pacing group was signif-
icantly greater than that in the sham group (35.7+2.4 vs.
10.2£2.1, P<0.001), which could be reversed by GW4869
treatment (35.7£2.4 vs. 14.7£2.0, P<0.001, Fig. 2C, D).
Furthermore, western blotting revealed that the levels of
exosome marker proteins (CD63, CD81, and TSG101) in
the EAT were significantly greater in the pacing group
than in the sham group (CD63: 0.6310.03 vs. 0.24+0.05;
CD81: 0.61£0.03 vs. 0.19£0.01, TSG101: 0.59£0.02
vs. 0.18+0.01) and the pacing+GW4869 group (CD63:
0.63£0.03 vs. 0.44+0.07; CD81: 0.61£0.03 vs. 0.39+0.02,
TSG101: 0.59+0.02 vs. 0.36+£0.03), both P<0.001

Pacing + GW4869 group
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Fig. 1 (A) Representative images of AF induction via programmed stimulation in the three groups of canines. (B) Thoracotomy was performed at the
third intercostal space of the left chest, with the pacing lead fixed at the LAA. Multiple injections of diluted Ad-CD63-RFP were made into the EAT on the
free wall of the left atrium. (C, D) The average number of AF inductions and duration of sustained AF episodes in the three groups. Data are presented as
the mean + standard deviation from 6 canines in each group. Compared to the Sham group, ***P < 0.001, ###P < 0.001. There was no statistically significant
difference between the Pacing group and the Pacing + GW4869 group. AF =atrial fibrillation; EAT = epicardial adipose tissue; LAA=left atrial appendage
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Fig. 2 Analysis of exosomes in the EAT of canines. (A) Representative electron microscopy image of exosomes isolated from EAT (n=3, scale bar, 100 nm).
(B) Representative NTA image of the exosome size range and concentration (n=3; dilution ratio, 1:500). (C, D) Representative image of Ad-CD63-RFP im-
munofluorescence and the mean intensity of Ad-CD63-RFP in EAT (n=6, x400). (E) Representative western blotting images of CD63, CD81 and TSG101 in
EAT. (F-H) The mean expression levels of CD63, CD81 and TSG101 in EAT (n=6 for each group). *** P<0.001 versus the sham group; ### P<0.001 versus
the pacing group. EAT = epicardial adipose tissue; NTA=nanoparticle tracking analysis
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(Fig. 2E-H). These results suggested that rapid atrial pac-
ing significantly increases the release of EAT exosomes.

Rapid atrial pacing increased the distribution of EAT
exosomes in the hippocampus

As shown in Fig. 3, to explore whether EAT-derived exo-
somes can enter the hippocampus through the BBB, we
traced EAT-derived exosomes by local Ad-CD63-RFP
injection. We found that the fluorescence intensity of the
virus was markedly greater in the pacing group than in
the sham group (20.2%+1.7 vs. 9.2+1.6, P<0.001), while
GW4869 treatment significantly reduced the expres-
sion of Ad-CD63-RFP in the hippocampus compared
with that in the pacing group (20.2%£1.7 vs. 11.6%+1.9,
P<0.001). The Ad-CD63-RFP fluorescent signals were
distributed throughout the central nervous system in
pacing canines, with the strongest intensity observed in
the hippocampal region (Fig. 3C). We also constructed a
bEnd.3 and BV2 cell coculture system. Viral fluorescence
was detected in BV2 cells (Fig. 3D). Compared with that
in the control group, the fluorescence intensity of the
virus in BV2 cells increased significantly in the pacing
group (11.6+1.9 vs. 37£2.8, P<0.001). The results indi-
cated that EAT-derived exosomes could enter the hippo-
campus through the BBB.

Analysis of differentially expressed genes and miRNA-
mRNA regulatory networks

We found 318 differentially expressed mRNAs in the
hippocampus of the sham group and the pacing group,
including 102 that were upregulated and 216 that were
downregulated, and 13 differentially expressed miRNAs
in EAT exosomes, including 11 that were upregulated
and 2 that were downregulated. The raw transcriptome
data were uploaded to the GEO database (GSE240776).
The differentially expressed genes are illustrated in a
heatmap and volcano plot (Fig. 4A-C). Table 1 lists the
differentially expressed mRNAs associated with microg-
lia and their targeted miRNAs. The targeted miRNA of
hippocampal mRNA was predicted by miRanda and
intersected with the miRNA of EAT exosomes, and a
total of 10 intersecting genes were obtained (Fig. 4D).
novel-22, a differentially expressed miRNA in EAT exo-
somes, was predicted using the miRanda database to pos-
sess multiple target binding sites on IL-33 mRNA, a gene
linked to microglial activation. This miRNA, designated
as cfa-miR-22e, has a mature sequence of AGGAAGGU
GGGGAUGAAG.

Cfa-miR-22e targeted the IL33 gene and promoted the
activation of microglia in the hippocampus

We next aimed to clarify whether IL33 is the target of
cfa-miR-22e. By performing computational analysis of
miRNA databases (miRanda), we found that cfa-miR-22e
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targets multiple sites of IL33 (Fig. 5, C). To validate this
hypothesis, we performed a luciferase assay using wild-
type and mutated nucleotide sequences of putative
binding sites of the 3'UTR of IL33 on cfa-miR-22e. The
results showed a significant reduction in the luciferase
signal in 293T cells in the cfa-miR-22e-1L33 WT group
(0.41£0.07, n=5) compared to that in the miRNA-NC-
IL33 WT group (1.05%0.10, n=5, P<0.001) and the cfa-
miR-22e-IL33 MUT group (1.00£0.10, n=5, P<0.001)
(Fig. 5, D). To further explore the relationship between
cfa-miR-22e and IL33, qRT-PCR was used to verify
RNA expression in EAT exosomes and the hippocam-
pus. As shown in Fig. 5E-G, compared with that in the
sham group, the level of EAT exosomal cfa-miR-22e was
significantly greater in the pacing group (0.98+0.11 vs.
4.05+0.17, P<0.001), and the administration of GW4869
reversed this effect (4.05£0.17 vs. 2.05%0.17, P<0.001).
Moreover, the expression of cfa-miR-22e in the hip-
pocampus was consistent with that in EAT exosomes.
Furthermore, the expression level of IL33 in the hippo-
campus of the pacing group was lower than that in the
sham group (0.98+0.11 vs. 3.05£0.17, P<0.001) and in
the pacing+GW4869 group (0.98+0.11 vs. 1.9+0.13,
P<0.001). To evaluate the degree of microglial activa-
tion in the hippocampus, we examined the microglial
activation marker IBA-1 by immunofluorescence stain-
ing. As shown in Fig. 5A and B, immunofluorescence
staining revealed that the density of IBA-1 was signifi-
cantly greater in the pacing group than in the sham group
(30.1+1.4 vs. 13.7£1.1, P<0.001) and was dramatically
reduced by GW4869 treatment (30.1+1.4 vs. 22.3+1.1,
P<0.001). These data illustrated that exosome-mediated
microglial activation resulted from EAT exosomal cfa-
miR-22e and its downstream IL33 pathway in a canine
model of AF.

Effects of cfa-miR-22e and IL33 on microglial activation in
vitro

To further explore the effect of cfa-miR-22e and IL33 on
the activation of microglia, we performed BV2 cell exper-
iments. Immunofluorescence showed that the mean fluo-
rescence intensity of IBA-1 was significantly greater in
the cfa-miR-22e-mimic group than in the control group,
mimic-NC group and cfa-miR-22e inhibitor group (IBA-
1: 44+1.6 vs. 10.3%1.5, 8.5+0.11, 8.5£1.2, P<0.001).
qRT-PCR also revealed that the level of cfa-miR-22e in
BV2 cells was significantly higher in the mimics group
than in the control group, mimic-NC group and cfa-miR-
22e inhibitor group (2.2210.08 vs. 0.93+0.15, 0.85+0.11,
1.14£0.10, P<0.001), and the level of IL33 in BV2 cells
was significantly lower in the mimics group than in
the control group, mimic-NC group and cfa-miR-22e
inhibitor group (0.17+0.02 vs. 0.80+0.08, 0.80+0.04,
2.43+0.12 P<0.01) (Fig. 6).
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Table 1 Hippocampal differentially expressed genes associated
with microglia and their target miRNAs

mRNA Name P value Target miRNA Pvalue
IL33 0.031 cfa-miR-22e 0.047
HK2 0.018 cfa-miR-423a 0.833
HK2 0.018 cfa-miR-107 0.863
HK2 0.018 cfa-miR-103 0.703
D14 0.015 novel-119 0.066
cD14 0.015 novel-56 0.500
D14 0.015 cfa-miR-128 0.898
IL1B 0.005 cfa-miR-204 0.720
CcCL2 0.047 novel-71 None
HSP70 0.008 None None

Exogenous IL-33 can reverse the activation of BV2 cells
induced by cfa-miR-22e

To verify the role of IL-33 in the activation of BV2 cells
by cfa-miR-22e, we introduced exogenous IL-33 while
treating microglial cells with cfa-miR-22e mimics and
observed the expression of IBA-1 in microglia. qRT-PCR
results showed that cfa-miR-22e levels in the mimics
group were significantly higher than in the control, mim-
ics NC, and cfa-miR-22e inhibitor groups (2.22£0.09 vs.
0.90+0.16, 0.93+0.05, 0.55+0.04, P<0.001), while no
statistically significant difference was observed between
the mimics group and the mimics+IL-33 group in terms
of cfa-miR-22e levels. Western blot analysis revealed
that IL-33 expression levels in the mimics group were
significantly lower than those in the control, mimics
NC, and cfa-miR-22e inhibitor groups (0.11+£0.02 vs.
0.30+£0.04, 0.28+0.06, 0.68+0.04, *P<0.05, **P<0.01,
*#P<0.001), and the IL-33 levels in the mimics group
were significantly lower than in the mimics+IL-33 group
(0.11£0.02 vs. 0.49+0.03, P<0.001). Furthermore, West-
ern blot results showed that IBA-1 levels in the mimics
group were significantly higher than in the control, mim-
ics NC, and cfa-miR-22e inhibitor groups (0.71+0.04
vs. 0.21£0.06, 0.27+0.06, 0.26+0.08, P<0.001), and the
IBA-1 levels in the mimics group were higher than those
in the mimics+IL-33 group (0.71%£0.04 vs. 0.5+0.04,
P<0.05) (Fig. 7). These results indicate that the IBA-1
elevation induced by cfa-miR-22e mimics can be reversed
by exogenous IL-33.

Discussion

This study was the first to explore the effect of EAT exo-
somes on hippocampal microglia in AF model canines.
We provide the following evidence: (1) Exosome secre-
tion from EAT is increased in rapid atrial pacing canines,
with labeled EAT exosomes distributed in the hippocam-
pus. Microglial cells in the hippocampal tissue of rapid
atrial pacing canines are significantly activated. The use
of exosome inhibitors reduces EAT exosome secretion
and inhibits microglial activation in the hippocampal
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region. (2) cfa-miR-22e exhibits a targeted relationship
with IL-33. The levels of cfa-miR-22e are significantly ele-
vated in both the EAT exosomes and hippocampal tissue
of pacing canines, while IL-33 levels in the hippocampus
are markedly reduced. Exosome inhibitors significantly
suppress cfa-miR-22e in the hippocampus and increase
IL-33 expression. (3) Exosomes derived from EAT in
rapid atrial pacing canines can cross the endothelial BBB
model. cfa-miR-22e downregulates IL-33, leading to an
elevated expression of IBA-1. The activation of microg-
lia is closely linked to the cfa-miR-22e/IL-33 signaling
pathway.

Numerous observational studies have described an
association between AF and cognitive dysfunction rang-
ing from mild impairment to overt dementia [1, 4]. The
presence of AF is associated with a 39% increased risk of
CI with a lead time of years to decades [21]. However, the
evidence for CI caused by AF is mainly based on clini-
cal studies, and there is very little research on the specific
molecular mechanisms involved.

The hippocampus is the main region responsible for
learning and working episodic memory [22, 23], and
the degree of hippocampal degeneration and damage is
positively correlated with cognitive decline [24]. Previ-
ous studies have shown that AF is also a risk factor for
cognitive impairment and hippocampal atrophy, even if
there is no obvious stroke [7]. In our preliminary basic
experiments, immunohistochemical analysis revealed
no differential expression of cognitive impairment-
related proteins (B-amyloid protein, tau protein) between
the sham-operated group and the AF model group of
canines. Moreover, no symptoms of cognitive dysfunc-
tion were observed during this experiment. Our research
team has been dedicated to studying the relationship
between AF and immune inflammation. After finding no
direct evidence of cognitive dysfunction in the AF model,
we detected statistically significant differences in hippo-
campal microglial markers between the sham-operated
and AF groups, prompting further investigation into the
mechanisms of microglial activation.

The activation of microglia can phagocytose synapses
and lead to synaptic loss, which not only plays an impor-
tant role in reducing hippocampal volume but is also
directly related to cognitive impairment [10, 11]. In this
study, we found that hippocampal microglia were signifi-
cantly activated in canines with AF, as simulated by rapid
atrial pacing, and that exosome inhibitors reversed the
activation of hippocampal microglia. Furthermore, the
fluorescence of Ad-CD63-RFP injected into the EAT of
canines in the pacing group was significantly enhanced,
and the fluorescence intensity of Ad-CD63-RFP and acti-
vation of microglia in the hippocampus were also signifi-
cantly increased. These results suggest that the activation
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of microglia induced by rapid atrial pacing was related to
the release of EAT exosomes.

Exosomes play a central role in cell-to-cell communica-
tion over short or long distances [25] and carry miRNAs
to regulate cell growth and metabolism [26]. miRNAs
contribute to chronic microglial inflammation in the
brain and play a key role in the progression of neuro-
logical diseases [27]. Recent studies have shown that car-
diovascular disease affects the nervous system through
exosomes [28]. In a chronic heart failure rat model, car-
diac-derived exosomes enriched in miRNA-27a, miRNA-
28a, and miRNA-34a entered the brain through the BBB
to promote sympathetic hyperactivity [29]. In this study,
in vivo and in vitro experiments verified that EAT exo-
somes from pacing group canines could penetrate the
BBB to activate hippocampal microglia, and GW4869
abolished these changes.

We extracted exosomes from the EAT of canines,
sequenced the exosomes and hippocampal tissues, and
jointly analysed the differentially expressed RNAs. Target
prediction of hippocampal mRNAs using the miRanda
database, followed by intersection analysis with miRNAs
detected in EAT exosomes, identified 10 miRNAs with
heart-brain overlap. Among the hippocampal mRNAs
related to microglia, only the targeting cfa-miR-22e
of IL-33 exhibited significant differential expression,
prompting further investigation. Among the other heart-
brain overlapping miRNAs, miR-140 was found to tar-
get 15 differentially expressed mRNAs in hippocampal
tissue. Some studies suggest that SERPINE1 and SELE,
among these mRNAs, are associated with microglial
activation and cognitive function. However, transcrip-
tome sequencing results showed that both SERPINEI1
and SELE were downregulated in the pacing group, and
miR-140 expression in EAT exosomes was also reduced



Wang et al. BMC Cardiovascular Disorders (2024) 24:627

A

% %k
25_ %K% s
o 2.0
2
[
ﬁ- 1.5
€ 104 T
g =
© 0.5+
0.0, :
AN
RS G, i
OQ &2 é\ Q\O gx\
o \(0\ O &

X% Xk Xk
0.8 ¥ kK
T

L 0.6
a
m *
<
(0 0.4
) T
s
= 0.2

0.0 T

~é°\ ,°

&

&

Page 13 of 15

B

IL-33 [ . —

m—
B ] 17D}
GAPDH | S ——— 7D

control + = z = =
Mimics-NC
Mimics - = + =
Inhibitor
Mimics+IL-33 - - - =

1 1
b+
+ 1
+o+

%%k

IBA-1/GAPDH
o
T

0.2
0.0 I I
AN
O N & & T
& o & O N
L ¥ 9
\<° A N

Fig. 7 Exogenous IL-33 reverses BV2 cell activation induced by cfa-miR-22e. (A) Real-time quantitative PCR analysis of cfa-miR-22 levels in BV2 cells. (B)
Representative Western blot images showing the expression of IL-33 and IBA-1 in BV2 cells. (C, D) Statistical analysis of IL-33 and IBA-1 expression in BV2
cells by Western blot (n=3, data are presented as mean+SD), *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001

in the same group. This observation contradicts the clas-
sical biological regulatory mechanism by which miRNAs
typically degrade or inhibit their target mRNAs.

Xiao’s research showed that the percentage of microg-
lia in the central nervous system of IL33 knockout mice
increased, microglia were activated, and the release
of IL33 inhibited the activation of microglia [30]. A
study by Nguyen et al. showed that IL33 mediates

neuron-microglia communication and promotes hippo-
campal dendritic spine formation and synaptic plasticity
in an experience-dependent manner; these changes are
related to improvements in cognitive function. Reduced
expression of IL33 in the hippocampus is associated
with a progressive decrease in neuronal expression and
impairment of precise memory [31]. Exogenous recom-
binant IL33 can significantly inhibit the expression of
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proinflammatory genes in the brains of Alzheimer’s dis-
ease model mice, contribute to neuroprotection, and
improve hippocampal synaptic dysfunction and cognitive
impairment [32].

The major findings of this study were that the level of
cfa-miR-22e was significantly increased in the EAT exo-
somes and hippocampus of pacing group canines, and
its target mRNA, IL33, was significantly downregulated
in the hippocampus; however, treatment with GW4869
reversed these changes. Furthermore, we conducted cell
experiments to verify the relationship between cfa-miR-
22e/I1L33 and BV2 cells. The results of the vitro and vivo
experiments were consistent, indicating that the activa-
tion of hippocampal microglia in canines with AF was
related to the regulation of cfa-miR-22e/IL33.

Limitations

This study has several limitations. First, during the exper-
iment, we observed canine behavior and performed cra-
nial magnetic resonance in all the canines, and we did
not observe the manifestations of CI described by Dewey
[33]. This may be directly related to the shorter duration
of the AF model. However, we found that hippocampal
microglia were significantly activated in AF canines and
that the activation of hippocampal microglia was related
to EAT exosomes. Whether a longer duration of atrial
fibrillation models will induce cognitive dysfunction
symptoms and alterations in related proteins remains to
be further investigated. Second, we did not assess other
indicators related to microglial activation, nor did we
conduct dynamic monitoring of microglial activation
at multiple time points. However, existing studies have
already demonstrated the significant impact of EAT exo-
somes on microglial activity. Third, the dose of virus used
in the canine study was based on the dose used in other
studies, and no viral gradient was established, but the
doses of virus we used were able to trace the presence of
EAT exosomes in the hippocampus.

Conclusion

We demonstrated for the first time that the exosomes
secreted by EAT in canines with AF penetrated the BBB
and activated microglia in the hippocampus through the
cfa-miR-22e/IL33 signalling pathway.
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