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Background: OSA can cause cognitive impairment (CI). The aim of this study was to investigate whether miR-20a-5p in exosomes 
derived from bEnd3 cells with IH mediates intercellular crosstalk and induces CI through hippocampal neuronal cell pyroptosis.
Materials and Methods: BEnd3-derived exosomes were isolated from the normal oxygen control group (NC-EXOS) and IH group 
(IH-EXOS). In vitro, exosomes were cocultured with HT22 cells. Meanwhile, in vivo, exosomes were injected into mice via the caudal 
vein. The spatial memory ability of mice was tested by MWM method to evaluate the effect of exosomes on the cognitive function of 
mice. Adults diagnosed with OSA underwent the MoCA and ESS tests to assess cognitive function and daytime sleepiness. 
Spearman’s rank correlation analysis was used to evaluate the correlation between miR-20a-5p and candidate proteins and clinical 
parameters. Transfection using small interfering RNAs, miRNA mimics, and plasmids to evaluate the role of miR-20a-5p and its target 
genes. Dual luciferase reporter gene assay was used to confirm the binding of miR-20a-5p to its target gene.
Results: IH could cause pyroptosis and inflammation in bEnd3 cells, and promote the expression of miR-20a-5p. Isolated IH-EXOS 
induced increased pyroptosis and activation of inflammatory response in vitro and in vivo, accompanied by increased expression of 
miR-20a-5p. In addition, IH-EXOS led to decreased learning and memory ability in mice. Interestingly, AHI was higher and MoCA 
scores were lower in severe OSA compared to healthy comparisons. In addition, miR-20a-5p and GSDMD were positively correlated 
with AHI but negatively correlated with MoCA in severe OSA. IH-induced exosomes were rich in miR-20a-5p, and these exosomes 
were found to deliver miR-20a-5p to HT22 cells, playing a key role in the induction of OSA-CI by directly targeting MFN2.
Conclusion: Exosome miR-20a-5p from IH-stimulated bEnd3 cells can promote OSA-CI by increasing HT22 cells pyroptosis 
through its target MFN2.
Keywords: exosome, OSA, cognitive impairment, miR-20a-5p, MFN2, GSDMD

Introduction
Obstructive sleep apnea (OSA) is a chronic respiratory disorder that occurs more often in middle-aged and older adults 
and is characterized by intermittent hypoxia (IH) during sleep due to recurrent upper airway obstruction.1 Studies have 
found that OSA is a risk factor for promoting cognitive impairment (CI), which may be related to IH induced 
inflammatory response activation and endothelial cell dysfunction.2,3 Current research has shown that the hippocampus 
is the most morphologically altered area of the brain in OSA patients, which may be related to the damage to the 
hippocampus caused by hypoxia.4 Endothelial cells line the walls of brain capillaries and are the main components of the 
blood-brain barrier (BBB).5 Some studies have found that the increase of cerebrospinal fluid and abnormal expression of 
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aquaporin in mice exposed to IH indicate that the destruction of BBB leads to an increase in permeability, which may be 
the basis for the occurrence of OSA-associated CI (OSA-CI).6

Pyroptosis is a pro-inflammatory programmed cell death mediated by Gasdermin D (GSDMD), a pore formation efficant 
induced by classical Caspase-1, which can also induce the release of interleukin (IL-1β), IL-18, and activate the inflammatory 
response, resulting in physiological imbalance in the body.7,8 In a mouse model induced to Alzheimer’s disease (AD), elevated 
levels of GSDMD were found, as well as reduced cognitive function in the mice, but when pyroptosis was inhibited, the 
memory and behavior of the mice improved.9 Increased expression of pyroptosis and inflammatory factors has been found in 
hypoxia-induced OSA models, but whether they are related to OSA-CI remains unclear.10

Exosomes can be secreted by a variety of cells, exist in urine, blood, and other places, with a diameter between 30 and 
150 nm, is a subclass of extracellular vesicles, and plays a role in transmitting biological signals between cells.11 In 
addition to proteins, exosomes have also been identified to contain various nucleic acids, including microRNAs 
(miRNAs).12 Exosomal miRNAs are a class of small non-coding RNAs, which regulate gene expression by binding to 
the 3’-non-translation region of target mRNA, thus playing a role as communication carriers between cells.13 Plasma 
exosomes acquired prior to OSA treatment cause dysfunction of naive endothelial cells, and these changes are mediated 
by selective components of exosomal miRNAs.14 Khalyfa et al found that OSA plasma-derived exosomes were co- 
cultured with endothelial cells, and found that they could cause the decrease of BBB impedance and abnormal expression 
of Zonula occludens-1, thus disrupting the integrity of BBB, which is a risk factor for cognitive deficits.15 It was found 
that miR-20a-5p has a regulatory effect on lipopolysaccharides-induced pyroptosis, and the plasma-derived exosome 
miR-20a-5p is associated with the occurrence of AD.16,17 We previously found that the plasma-derived exosomes of OSA 
increased the pyroptosis of hippocampal neurons and impaired the spatial memory learning ability of mice. Through 
RNA sequencing, unique miRNAs profiles, including miR-20a-5p, were identified in the plasma-derived exosomes of 
severe OSA.18 It has not yet been determined whether IH-induced exosomes, especially miR-20a-5p, promote OSA 
cognitive decline. The underlying mechanism of OSA-CI remains unclear at present, highlighting the critical importance 
of investigating its potential mechanisms to inform the development of effective treatment strategies.

In this study, we aimed to identify the potential role of IH-induced exosomes in OSA-associated cognitive deficits. 
Our study showed that IH-induced exosomes accelerate CI and activate inflammatory responses through pyroptosis.

Materials and Methods
IH Cell Model
Endothelial cells are the primary constituent cells of BBB. Given that IH can cause damage to the BBB, we established 
an in vitro model of OSA by subjecting mouse brain microvascular endothelial (bEnd3) cells to IH according to 
a previously reported protocol.19 BEnd3 cells were acquired from Cellverse Bioscience Technology Co., Ltd 
(Shanghai, China). The cells were cultured at 37°C, 5% CO2, where cell media contained 10% exosome-depleted 
fetal bovine serum (FBS), in the IH exposure group (IH), where 1% O2 was 5 minutes (min) and 21% O2 was 10 min, 
while the control group was exposed to 21% O2 in normoxic air (NA) for 18 hours (h). The gas flows were regulated by 
a computerized solenoid valve. O2 levels were monitored through electrodes embedded in the tissue culture medium, and 
ambient O2 levels were simultaneously monitored using an O2/CO2/N2 analyzer (Hariolab, Zhejiang, China).

Exosome Isolation
Exosomes are isolated from bEnd3 cell supernatants, and these methods have been described previously.20 Briefly, the 
isolated cell supernatant underwent an initial centrifugation (2000×g for 10 min) to discard cell debris, then centrifuga-
tion at 10,000×g for 30 min and ultracentrifugation at 100,000×g (Optima L-100XP, Beckman Coulter, USA) for 
120 min. Exosomes were washed once with 1xPBS and centrifuged again at 100,000×g for 120 min. All steps were 
performed at 4°C. Exosomes isolated from NA and IH were defined as NC-EXOS and IH-EXOS, respectively. The 
concentration of concentrated exosomes was determined by bicinchoninic acid assay (Beyotime, Shanghai, China) and 
the exosomes were stored at −80°C or for subsequent experiments. Exosome specific markers such as CD9 and CD63 
(Proteintech, Wuhan, China) were used for identification by Western blot.
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Transmission Electron Microscope and Size Distribution
Exosome morphology was observed by transmission electron microscopy (TEM), and imaging was performed under 80 
kV TEM (HT7700 TEM). The nanoparticle tracking analysis (NTA) was performed using the ZetaView PMX 110 
instrument (Particle Metrix, Germany) to determine vesicle size. Created a particle size distribution plot where the X-axis 
represents the distribution of the estimated particle size (nm), and the Y-axis estimates the concentration (particles/mL).

Exosome Labelling and Cellular Uptake
The concentrated exosomes were tagged with the membrane labeling dye PKH67-Green (Sigma-Aldrich, USA) follow-
ing the instructions, then washed and resuspended in serum-free medium. Next, hippocampal neurons (HT22) cells were 
then co-cultured with PKH67-labeled exosomes for 24h and imaged with inverted fluorescence microscopy (Olympus 
IX73). HT22 cells were acquired from Cellverse Bioscience Technology Co., Ltd (Shanghai, China).

In vivo Imaging of Fluorescently Labelled Exosomes
PKH67-labeled exosomes (100 µg/mouse) were injected into male mice through the tail vein. After 48h, mouse 
hippocampal tissue was imaged in vitro to evaluate the distribution of PKH67-labeled exosomes in vivo.

Exosomes Coculture
GW4869 can block exosome secretion. GW4869 (Sigma-Aldrich, USA, 10 μM) was added to bEnd3 cells at IH and 
exosomes were isolated (IH-EXOS + GW4869).21 IH can impair hippocampal function. To evaluate the effects of IH- 
induced exosomes on the hippocampus, we treated HT22 cells with NC-EXOS, IH-EXOS, IH-EXOS + GW4869 (10 µg/ 
µL, 100 µg/well) or equivalent PBS (normal control) for 24h in growth medium containing 10% exosome-depleted FBS.22

Exosome Intervention in vivo
Male C57BL/6 mice (8 weeks of age, 18–20g, n=15) were provided by the Animal Center of Central South University 
and raised under specific pathogen free conditions. The animal experiment procedure was approved by the Animal Care 
and Use Committee of Central South University and was carried out in accordance with the guiding principles of the 
Laboratory Animal Department of Central South University and the State Science and Technology Commission on the 
care and use of laboratory animals. Fifteen mice were randomly divided into non-exosome intervention PBS group (NC, 
n=5), normoxic air-derived exosome intervention group (NC-EXOS, n=5) and IH-induced exosome intervention group 
(IH-EXOS, n=5). On day 0, NC-EXOS and IH-EXOS (10 µg/µL, 100 µg/mouse) were injected via the tail vein, and the 
NC group was given an equal dose of 1xPBS in the same manner. After that, the mice were given either exosomes or 
PBS every 3 days for 4 weeks.22

Morris Water Maze (MWM) Test
The mice’s spatial learning and memory abilities were assessed using the Morris Water Maze (MWM) test as previously 
described.23 Mice were tested for MWM during the last 6 days of exosome intervention. Briefly, the mice were trained in 
spatial learning two times a day for five days. The escape latency was defined as the time it took the mice to find a hidden 
platform underwater. The retention test was conducted the day after the last acquisition session. The percentage of time 
the mice traveled in the target quadrant and the number of times they crossed the platform were recorded on day 6.

Histopathology and Immunohistochemistry
After the MWM test, mice were anesthetized with isoflurane and then killed (n=5/group). Half hemisphere (left) was 
removed, fixed with 4% paraformaldehyde, then embedded with paraffin wax, sectionalized (5µm), and stained with 
hematoxylin and eosin (H&E), Nissl staining, and immunohistochemistry [GSDMD antibody, Caspase-1 antibody 
(Proteintech, Wuhan, China)]. The right hemisphere hippocampal tissue was preserved at −80°C for follow-up 
experiments.
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Subjects
The Ethics Committee of the Second Xiangya Hospital of Central South University approved this study (Ethical Code: 
LYF2023059), all subjects signed an informed consent form and all experiments were conducted in accordance with the 
Declaration of Helsinki. Initially, we included 108 OSA patients registered at the inpatient Department of Respiratory and 
Critical Care Medicine, Second Xiangya Hospital, Central South University between June 2022 and May 2023. Cessation 
of airflow ≥10s was defined as apnea, and hypoxia was defined as a decrease of airflow of at least 30% ≥10s accompanied 
by a decrease in blood oxygen saturation.24 The apnea hypopnea Index (AHI) was used to define the severity of OSA, 
with AHI ≥30 events/h defined as severe OSA.25 The following inclusion criteria were used for patients with severe 
OSA: (a) according to the American Academy of Sleep Medicine Clinical Practice Guideline, OSA was diagnosed by 
polysomnography (PSG) with an AHI ≥5 events/h;26 (b) the symptoms of OSA attacks were frequent, including snoring, 
daytime sleepiness, nighttime awakenings, and AHI ≥30 events/h; (c) at least 18 years of age. And the following patients 
were excluded: (a) use of hypnotic drugs or major depression; (b) serious infection, trauma, tumor, cardiopulmonary 
disease or neurodegenerative diseases; (c) other sleep disorders, such as insomnia or narcolepsy or restless leg syndrome; 
(d) CI without OSA, stroke, or pregnant women. Health comparisons (HCs) had AHI <5 events/h and no history of CI. 
A detailed description of the flow diagram for recruiting voluntary patients can be found in Figure 1.

Figure 1 Flow diagram of the study.
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Data and Blood Sample Collection
Gender, age, education, body mass index (BMI), smoking status, PSG monitoring, Epworth Sleepiness Scale (ESS) and 
Beijing Montreal Cognitive Assessment Scale (MoCA) were recorded for each volunteer after signing a written informed 
consent form. An ESS score ≥10 was defined as associated with excessive daytime sleepiness and a MoCA score <26 
was defined as associated with cognitive dysfunction.27,28 Whole blood was collected from each subject using EDTA 
tubes before treatment and at least 8h fasting, and peripheral blood mononuclear cells (PBMCs) were isolated by density 
gradient centrifugation.29

Cell Transfection
miR-20a-5p inhibitor and Cy3-labelled mimics (inhibitor miR-20a-5p, mimics miR-20a-5p), as well as corresponding 
negative controls (inhibitor-NC miR-20a-5p, mimics-NC miR-20a-5p), as well as small interfering RNA targeting 
mitofusin 2 (siR MFN2) and negative control (siR-NC MFN2) were purchased from RuiBo (Guangzhou, China). The 
MFN2 interfering sequence was 5’-CGGTTCGACTCATCATGGA-3’. The overexpression plasmid targeting MFN2 (OE 
MFN2), and negative control (OE-NC MFN2) were acquired from HonorGene (Hunan, China). The cells were 
transfected with miR-20a-5p inhibitor and mimics, and small interfering RNA and plasmid for 48h using 
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s protocol. After 2 days, the cells were cultured with IH- 
EXOS (10 µg/µL, 100 µg/well) or equal-volume PBS in exosome-depleted medium for 24h.

Western Blot
The right hippocampal tissue and cells were dissolved in radioimmunoprecipitation buffer. Protein samples of 25 µg were 
transferred to the membrane by 1–1.5h sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Appropriately 
diluted CD9, CD63, GSDMD, Caspase-1 and GAPDH (Proteintech, Wuhan, China) antibodies were then incubated at 
4°C overnight. The Image was obtained using a chemiluminescent gel imaging system and the band intensity was 
measured using Image J software. The relative protein expression level was calculated by the ratio of target band gray 
value to GAPDH gray value and normalized.

Quantitative Real-Time PCR
Total RNA from hippocampal tissues, bEnd3 and HT22 cells, and PBMCs was extracted with TRIzol reagent 
(Invitrogen) according to the instructions. Exosomal RNA was isolated using the miRNeasy Mini Kit (Qiagen, 
Germany). Using PrimeScript RT reverse transcriptase kit (Takara, Japan) to synthesize cDNA. Quantitative real-time 
fluorescent quantitative PCR (qRT-PCR) was performed using the SYBR Premix Ex Taq kit (Takara, Japan). U6, mouse 
β-actin and human GAPDH were used as internal parameters. According to the cycle threshold (Ct) value of the samples, 
the gene expression was calculated by 2−ΔΔCt method. The target gene primers were manufactured by Sangon 
Biotechnology (Shanghai, China). Stem-loop primer for miR-20a-5p: 5’- 
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA-3’. The primer sequences can be found in Table 1.

Enzyme-Linked Immunosorbent Assay
The levels of IL-1β, IL-6, IL-18 and TNF-α in mouse serum and cell supernatant were measured using enzyme-linked 
immunosorbent assay (ELISA) kits. The mouse IL-1β ELISA Kit (KE10003, Proteintech, China), mouse IL-6 ELISA Kit 
(KE10007, Proteintech, China), mouse IL-18 ELISA Kit (JL20253, Jianglai, China), and mouse TNF-α ELISA Kit 
(KE10002, Proteintech, China) were utilized for this purpose. All experimental steps were carried out in accordance with 
their respective guidelines.

Dual Luciferase Reporter Assay
Both double luciferase reporter vector plasmids carrying MFN2 3’UTR wild type (WT) or mutant type (MUT) and miR- 
20a-5p mimics were co-transfected into HEK293T cells with Lipofectamine 3000 (Invitrogen). After 48h incubation, 
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luciferase activity was measured using the dual-luciferase assay system (Promega). The normalized renilla luciferase 
activity was compared among all groups.

Statistics Analysis
All experiment in this study was carried out at least 3 times. For statistical analysis, SPSS 26.0 software (IBM Corp). was 
used, and images were generated by GraphPad Prism 9.0.0 software (GraphPad Software Inc). Continuous variables were 
described as mean and standard deviation (M ± SD), and categorical variables were expressed as the number (percen-
tage). The Student’s t-test and chi-square test or Fisher’s precision test were used to determine statistical differences 
between the two groups, as well as one or two-way analysis of variance (ANOVA) followed by Bonferroni multiple 
comparison tests to determine statistical differences between the three groups. Spearman’s rank correlation test was used 
for correlation among parameters. A P-value<0.05 was considered statistically significant.

Results
IH Promotes Pyroptosis and Inflammation of bEnd3 Cells
Endothelial cells are an important part of BBB, and studies have found that OSA can cause BBB dysfunction.6 Endothelial 
pyroptosis is an important biological behavior of BBB dysfunction.30 Here, we explore whether IH induced pyroptosis of 
bEnd3 in vitro. The results showed that compared to the NA group, the protein and mRNA expressions of GSDMD and 
Caspase-1 in bEnd3 cells from IH group were significantly increased (Figure 2A and B). Pyroptosis was associated with the 
activation of inflammatory response. In this study, ELISA was used to detect the expression of inflammatory factors. The 
results showed that IL-1β, IL-6, IL-18 and TNF-α in cellular supernatant in IH group were significantly increased compared to 
those in NA group, and the trend was consistent with pyroptosis (Figure 2C). Moreover, interestingly, our results showed that 
miR-20a-5p was also increased in the IH group (Figure 2D). These results suggest that IH can induce pyroptosis and promote 
inflammation in bEnd3 cells. Meanwhile, IH stimulate the expression of miR-20a-5p. As demonstrated in studies, miR-20a-5p 
plays an important role in the pyroptosis, which may be one of the mechanisms by which OSA induces BBB disruption.

Exosome Characterization and Uptake
Exosomes transmit biological signals between cells. In order to demonstrate that bEnd3-cell-derived exosomes treated 
with NA or IH are internalized by HT22 cells, the exosomes were first isolated and purified, and then identified by TEM, 
NTA, and Western blot. TEM showed that exosomes had bilayer membrane and were spherical (Figure 3A). NTA results 
showed that the diameter of exosomes was mainly between 70 and 120 nm, with a peak value at 100 nm (Figure 3B). 
Western blot results confirmed the presence of exosome-specific markers such as CD9 and CD63 on the surface of these 

Table 1 Primer Sequences of the Study

Gene Symbol Forward Reverse

miR-20a-5p 5′-CGCGGCCTAAAGTGCTTATAGTG-3′ 5′-ATCCAGTGCAGGGTCCGAGG-3′
U6 5′-CTCGCTTCGGCAGCACA-3′ 5′-AACGCTTCACGAATTTGCGT-3′
Human GSDMD 5′-GCCTCCACAACTTCCTGACAGATG-3′ 5′-GGTCTCCACCTCTGCCCGTAG-3′
Human Caspase-1 5′-TCCTCAGGCTCAGAAGGGAATGTC-3′ 5′-GTGCGGCTTGACTTGTCCATTATTG-3′
Human MFN2 5′-AGCAGATTACGGAGGAAGTGGAGAG-3′ 5′-GAGGACTACTGGAGAAGGGTGGAAG-3′
Human IL-1β 5′-GGACAGGATATGGAGCAACAAGTGG-3′ 5′-TCATCTTTCAACACGCAGGACAGG-3′
Human IL-6 5′-GCCTTCGGTCCAGTTGCCTTC-3′ 5′-GTTCTGAAGAGGTGAGTGGCTGTC-3′
Human IL-18 5′-GCATCAACTTTGTGGCAATG-3′ 5′-GCCGATTTCCTTGGTCAAT-3′
Human TNF-α 5′-CCTCATCTACTCCCAGGTCCTCTTC-3′ 5′-TCTGGTAGGAGACGGCGATGC-3′
Human GAPDH 5′-CAGGAGGCATTGCTGATGAT-3′ 5′-GAAGGCTGGGGCTCATTT-3′
Mouse GSDMD 5′-CGATGGGAACATTCAGGGCAGAG-3′ 5′-ACACATTCATGGAGGCACTGGAAC-3′
Mouse Caspase-1 5′-ATACAACCACTCGTACACGTCTTGC-3′ 5′-TCCTCCAGCAGCAACTTCATTTCTC-3′
Mouse MFN2 5′-GCATTCTTGTGGTCGGAGGAGTG-3′ 5′-TGGTCCAGGTCAGTCGCTCATAG-3′
Mouse β-actin 5′-GTGCTATGTTGCTCTAGACTTCG-3′ 5′-ATGCCACAGGATTCCATACC-3′
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particles, and the low or no expression of cytoplasmic protein GAPDH in these particles, further confirming that they 
were exosomes (Figure 3C). The above data prove that these particles are exosomes. To demonstrate the uptake of 
exosomes by HT22 cells, HT22 cells were co-cultured with PKH67-labeled exosomes, and the exosomes were found to 
be internalized in HT22 cells (Figure 3D), indicating that the exosomes were functionally intact and entosis might be the 
main mechanism of the internalization of exosomes in HT22 cells.

Figure 2 IH promotes pyroptosis and inflammation of bEnd3 cells (n=3). (A and B) The expression of GSDMD and Caspase-1 protein and mRNA in bEnd3 cells was 
detected by Western blot and qRT-PCR. (C) The levels of IL-1β, IL-6, IL-18, and TNF-α in the supernatant of bEnd3 cells were detected by ELISA. (D) The expression of 
miR-20a-5p in bEnd3 cells was detected by qRT-PCR. Statistical analysis of the data was performed using Student’s t-test, df=4. *P<0.05.

Figure 3 Exosome characterization and uptake (n=3). (A) TEM of bEnd3-cell-derived exosomes. Magnification×20000. Scale bar, 100 µm. (B) DLS of bEnd3-cell-derived 
exosomes. (C) Western blot of exosomal marker CD9 and CD63 and cell marker GAPDH. (D) Fluorescence images of HT22 cells incubated with PKH67-labelled bEnd3- 
cell-derived exosomes (green). DiI (red) was stained of membrane. Nuclei were stained with DAPI (blue). Magnification×200. Scale bar, 50 µm. Magnification×400. Scale bar, 
20 µm.
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IH-Induced Exosomes Promote Pyroptosis and Inflammation in HT22 Cells
Increased pyroptosis has been reported in OSA patients.31 However, it is unclear whether IH-induced exosomes can 
cause pyroptosis. For this purpose, IH-EXOS was co-incubated with HT22 cells to detect the expression of pyroptosis. 
The results showed that compared to the normal control and NC-EXOS groups, the expression levels of GSDMD and 
Caspase-1 protein and mRNA in HT22 cells of IH-EXOS group were significantly increased. At the same time, the levels 
of inflammatory cytokines IL-1β, IL-6, IL-18 and TNF-α were significantly increased, which was related to the 
promotion of inflammatory response by pyroptosis (Figure 4A–C). To confirm that pyroptosis is caused by exosomes, 
GW4869, a confirmed exosome secretion inhibitor, was added to bEnd3 cells culture medium and the exosomes were 
isolated, and then co-cultured with HT22 cells. The results showed that GW4869 could reduce the effect of IH-EXOS on 
HT22 cells, which was demonstrated by the decreased expression levels of GSDMD, Caspase-1 and inflammatory factors 
(Figure 4A–C). These results suggest that IH-EXOS can induce pyroptosis of HT22 cells and activate the inflammatory 
response, which may be one of the mechanisms of neuronal cell death.

The Exosomes Secrete miR-20a-5p
Exosomes often contain miRNAs, which are delivered by exosomes to facilitate their communication between cells. It 
has been reported that miR-20a-5p is involved in the occurrence of pyroptosis,16 and IH could cause the up-regulation of 

Figure 4 IH-induced exosomes promote pyroptosis and inflammation in HT22 cells (n=3). (A and B) The expression of GSDMD and Caspase-1 protein and mRNA in 
HT22 cells was detected by Western blot and qRT-PCR. (C) The levels of IL-1β, IL-6, IL-18, and TNF-α in the supernatant of HT22 cells were detected by ELISA. Statistical 
analysis of the data was performed using one-way ANOVA followed by Bonferroni’s multiple comparison tests, df (2, 6). *P<0.05.

https://doi.org/10.2147/NSS.S485952                                                                                                                                                                                                                                  

DovePress                                                                                                                                                        

Nature and Science of Sleep 2024:16 2070

Chen et al                                                                                                                                                     Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


miR-20a-5p, so whether miR-20a-5p is expressed in IH-EXOS. In this regard, we used qRT-PCR to detect the expression 
of miR-20a-5p in exosomes. The results showed that miR-20a-5p in IH-EXOS was significantly higher than that in NC- 
EXOS (Figure 5A), indicating that IH-EXOS was riched with miR-20a-5p. To determine whether miR-20a-5p was 
delivered by exosomes, we transfected Cy3-labeled miR-20a-5p mimics (red fluorescence) into bEnd3 cells, isolated 
exosomes, and then co-cultured them with HT22 cells to track the intercellular transport of miR-20a-5p for commu-
nication (Figure 5B). The results showed that HT22 cells showed red fluorescence, indicating that miR-20a-5p 
transfected into bEnd3 cells was transferred between cells (Figure 5C). These data suggested that miR-20a-5p can be 
delivered through exosomes. In addition, IH-EXOS co-cultured with HT22 cells also promoted the expression of miR- 
20a-5p, and when GW4869 blocked the secretion of exosomes derived from bEnd3 cells, the expression of miR-20a-5p 
was also inhibited (Figure 5D). Taken together, these results suggest that miR-20a-5p is mainly secreted in the form of 
exosomes, which might be a mechanism of neuroinflammation.

IH-Induced Exosomes Caused Behavior and Cognitive Deficits in Mice
Exosomes also play a role in intracellular communication in vivo, which is crucial for studying the pathogenesis of exosome- 
mediated OSA-CI. Thus, we injected exosomes or 1xPBS into mice through the tail vein to study the fate of exosomes 
in vivo (Figure 6A). To confirm the successful injection of exosomes, the exosomes were labeled with PKH67, and tissue 
testing revealed exosomal green fluorescence in the hippocampus (Figure 6B). OSA can cause CI, and OSA patients’ plasma 
exosomes can destroy the BBB, which may be the basis of CI. To assess the effects of exosomes in vivo, the spatial learning 
and memory abilities of mice were examined using MWM tests. After training mice to remember the location of the escape 
platform for 5 consecutive days, it was found that the escape latency was significantly increased in the IH-EXOS group 
compared to the NC and NC-EXOS groups (Figure 6C). At the same time, memory tests were performed on the mice after 
the underwater platform was removed. The results showed that the percentage of time spent in the target quadrant and the 
crossing frequency of the target platform were significantly reduced in the IH-EXOS group compared to the NC and NC- 
EXOS groups (Figure 6D and E). In addition, mouse swimming tracks showed that mice in the IH-EXOS group remained in 
the non-target quadrant longer than those in the NC and NC-EXOS groups (Figure 6F). These data suggest that IH-EXOS is 
taken up by hippocampus in vivo and caused spatial memory and cognitive deficits in mice.

IH-Induced Exosomes Promote Pyroptosis and Inflammation in the Hippocampus 
in vivo
In this study, IH-EXOS could increase pyroptosis of HT22 cells in vitro. Consequently, an intriguing question arises: Can 
IH-EXOS also induce pyroptosis in vivo? Histological results showed that hippocampal neurons in the NC and NC- 

Figure 5 The exosomes secrete miR-20a-5p (n=3). (A) The expression of miR-20a-5p in exosomes was detected by qRT-PCR. (B) Exosomes isolated from bEnd3 cells 
transfected with Cy3-labeled miR-20a-5p mimics (red) were co-cultured with HT22 cells. (C) Fluorescence images of HT22 cells incubated with exosomes derived from 
bEnd3 cells transfected with Cy3-miR-20a-5p. Magnification×200. Scale bar, 50 µm. Magnification×400. Scale bar, 20 µm. (D) The expression of miR-20a-5p in HT22 cells was 
detected by qRT-PCR. Statistical analysis of the data was performed using Student’s t-test ((A), df=4), one-way ANOVA (D) followed by Bonferroni’s multiple comparison 
tests, df (2, 6). *P<0.05.
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EXOS groups had clear nuclei, complete structures, and abundant cytoplasm, while hippocampal neurons in the OSA- 
EXOS group showed obvious degeneration, structural evacuation, and disappearance of nucleoli (Figure 7A). At the 
same time, Nissl staining of hippocampal tissue was performed to assess the survival of hippocampal neurons, which 
showed that the number of hippocampal neurons was significantly reduced in the IH-EXOS group compared to the NC 
and NC-EXOS groups (Figure 7B). Immunohistochemical analysis of hippocampal tissue showed significantly increased 
staining of GSDMD and Caspase-1 in IH-EXOS group compared to the NC and NC-EXOS groups (Figure 7C). In 
addition, the levels of GSDMD and Caspase-1 protein and mRNA in hippocampus were significantly increased, and the 
expression levels of inflammatory factors IL-1β, IL-6, IL-18, and TNF-α were up-regulated, which triggered inflamma-
tion and accelerated neuronal damage, which was consistent with the response induced by IH-EXOS in vitro 
(Figures 7D–F). As expected, the expression of miR-20a-5p in the hippocampus was increased in the IH-EXOS 
group, consistent with the response induced by co-incubation of IH-EXOS with HT22 cells in vitro (Figure 7G). 
These results indicate that IH-EXOS could also communicate in vivo, which was consistent with previous reports. At 
the same time, IH-EXOS damaged hippocampal neurons in vivo, activating pyroptosis and inflammatory responses that 
leaded to cognitive deficits in mice, which may be related to the regulation of miR-20a-5p.

The Expression of MFN2 Was Impaired
In order to elucidate the mechanism of pyroptosis induced by miR-20a-5p in HT22 cells, TargetScanHuman8.0 (www.targetscan. 
org/vert_80/) and miRDB (https://mirdb.org/index.html) were used to predict the target mRNA. Among the potential targets of 
miR-20a-5p, mitofusin 2 (MFN2) has been studied in pyroptosis, and overexpression of MFN2 has been found to inhibit the 
expression of GSDMD and Caspase-1 pyroptosis proteins in cells.32 In this regard, we investigated the role of MFN2 in 
pyroptosis induced by IH and IH-EXOS. The results showed that in bEnd3 cells, protein and mRNA levels of MFN2 were down- 
regulated in the IH group (Figure 8A and B). In co-culture of IH-EXOS and HT22 cells, the expression of MFN2 protein and 
mRNA also decreased (Figure 8C and D). In vivo exosome intervention experiments, compared to the NC and NC-EXOS 
groups, immunohistochemical analysis of MFN2 and its protein and mRNA levels in IH-EXOS group showed decreased 
expression (Figure 8E–G). These results suggest that IH and IH-EXOS could cause impaired MFN2 expression, which might 
inhibit the development of OSA-CI.

Figure 6 IH-induced exosomes caused behavior and cognitive deficits in mice (n=15). (A) Flow diagram of bEnd3-cell-derived exosomes intervention in mice. (B) 
Fluorescence images of PKH67-labelled bEnd3-cell-derived exosomes in hippocampus. Exosomes were labelled with PKH67 (green) and nuclei were stained with DAPI 
(blue). Magnification×200. Scale bar, 50 µm. Magnification×400. Scale bar, 20 µm. (C) Escape latency was the time that mice first climbed onto the hidden platform or first 
passed through the area where the platform was located. (D) The percentage of time that mice spent in the quadrant where the platform is located versus the total time. (E) 
The frequency of passing through the area where the platform was located. (F) The swimming trail map of mouse in the swimming pool during 60 seconds at day 6. Statistical 
analysis of the data was performed using one-way ANOVA (D and E), and two-way ANOVA (C) followed by Bonferroni’s multiple comparison tests, df (2, 12). *P<0.05. 
**P<0.01.
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Subject Characteristics
Table 2 showed the demographic characteristics and polysomnography parameters of 38 participants, including 18 hCs 
and 20 severe OSA patients. There were no differences in age, sex, smoking history and years of education between HCs 
and severe OSA patients. However, BMI, AHI, ODI, and ESS scores were higher in patients with severe OSA compared 
to HCs. In contrast, HCs had higher LSaO2, MSaO2, and MoCA scores compared to patients with severe OSA. These 
results suggest that sleepiness, CI, and respiratory impairment were more pronounced in patients with severe OSA than in 
HCs. Detailed characteristics of volunteers were shown in Table 1.

Correlation Between the Levels of miR-20a-5p, GSDMD, MFN2 and Clinical Features 
in Patients with Severe OSA
In this study, it was found that IH and IH-EXOS induced pyroptosis and miR-20a-5p increased expression, and decreased 
MFN2 level, but their roles in the pathogenesis of OSA and their effects on cognitive function have not been reported. To 
this end, we isolated PBMCs from HCs and severe OSA patients and used qRT-PCR to detect pyroptosis, miR-20a-5p, 
and MFN2 expression. The results showed that GSDMD, Caspase-1, miR-20a-5p and inflammatory factors were 
significantly increased in severe OSA compared to the HCs group, while MFN2 was decreased in the opposite way 
(Figure 9A–D). To determine the role of the above indicators in OSA-CI, correlation analysis was used to evaluate their 

Figure 7 IH-induced exosomes promote pyroptosis and inflammation in the hippocampus in vivo (n=15). (A) The hippocampus was stained with H&E to assess pathological 
changes. (B) The hippocampus was stained with Nissl to assess neuronal death. (C) The hippocampus was performed with anti-GSDMD and anti-Caspase-1 for 
immunohistochemical staining. Magnification×100, the scale is 100 µm. Magnification×200, the scale is 50 µm. (D and E) The expression of GSDMD and Caspase-1 protein 
and mRNA in the hippocampus was detected by Western blot and qRT-PCR. (F) The levels of IL-1β, IL-6, IL-18, and TNF-α in the serum were detected by ELISA. (G) The 
expression of miR-20a-5p in the hippocampus was detected by qRT-PCR. Statistical analysis of the data was performed using one-way ANOVA followed by Bonferroni’s 
multiple comparison tests, df (2, 12). *P<0.05. **P<0.01. 
Abbreviation: IHC, immunohistochemistry.
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role in severe OSA. The results showed that in severe OSA group, clinical AHI was positively correlated with GSDMD 
(r=0.819, P<0.001; Figure 9E) and miR-20a-5p (r=0.653, P=0.002; Figure 9F), but negatively correlated with MFN2 (r= 
−0.739, P<0.001; Figure 9G) and MoCA (r=−0.736, P<0.001; Figure 9H). In addition, clinical MoCA was negatively 
correlated with GSDMD (r=−0.479, P=0.032; Figure 9I) and miR-20a-5p (r=−0.584, P=0.007; Figure 9J), but positively 
correlated with MFN2 (r=0.731, P<0.001; Figure 9K). Interestingly, miR-20a-5p was positively correlated with GSDMD 
(r=0.476, P=0.034; Figure 9L), but negatively correlated with MFN2 (r=−0.603, P=0.005; Figure 9M). Furthermore, 
MFN2 was negatively correlated with GSDMD (r=−0.636, P=0.003; Figure 9N). These results suggest that miR-20a-5p, 
pyroptosis and MFN2 were involved in the development of OSA-CI, and miR-20a-5p may play a catalytic role in OSA 
induced CI by regulating MFN2.

MFN2 Inhibits Pyroptosis of HT22 Cells
In this study, IH-EXOS induced pyroptosis in HT22 cells, while MFN2 has been reported to inhibit pyroptosis. However, 
whether MFN2 can inhibit IH-EXOS-induced pyroptosis of HT22 cells remains unclear. In response, we conducted 

Figure 8 The expression of MFN2 was impaired (n=3). (A and B) The expression of MFN2 protein and mRNA in bEnd3 cells was detected by Western blot and qRT-PCR. 
(C and D) The expression of MFN2 protein and mRNA in HT22 cells was detected by Western blot and qRT-PCR. (E) The hippocampus was subjected to anti-MFN2 
immunohistochemical staining. Magnification×100, the scale is 100 µm. (F and G) The expression of MFN2 protein and mRNA in the hippocampus was detected by Western 
blot and qRT-PCR. Statistical analysis of the data was performed using Student’s t-test (A and B, df=4), one-way ANOVA [C and D, df (2, 6); E-G, df (2, 12)] followed by 
Bonferroni’s multiple comparison tests. *P<0.05. **P<0.01. 
Abbreviation: IHC, immunohistochemistry.
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experiments with MFN2 gene silencing or overexpression in HT22 cells, exposed or not exposed to IH-EXOS. Initially, we 
demonstrated successful gene silencing or overexpression of MFN2 in HT22 cells in the presence or absence of IH-EXOS 
(Figure 10A and B,D and E). We then evaluated the expression of pyroptosis in each group. The results showed the opposite 
trend. Compared to the control group, the expression levels of GSDMD and Caspase-1 protein and mRNA increased or 
decreased with MFN2 gene silencing or overexpression (Figure 10A and B,D and E), and the level of inflammation also 
showed a trend consistent with pyroptosis (Figure 10C and F). These results suggest that MFN2 can inhibit IH-EXOS- 
induced pyroptosis of HT22 cells, which may play an important role in preventing the occurrence of OSA-CI.

miR-20a-5p Promotes Pyroptosis of HT22 Cells by Mediating IH-EXOS by Targeting 
MFN2
In this study, IH-EXOS promoted the expression of miR-20a-5p, and MFN2 was predicted to be the target of miR-20a- 
5p. In order to further explore the role of miR-20a-5p in pyroptosis of HT22 cells, we investigated whether miR-20a-5p 
and MFN2 were associated in HT22 cells with or without IH-EXOS exposure. The results showed that we demonstrated 
successful silencing or overexpression of miR-20a-5p with or without exposure to IH-EXOS (Figure 11A and E). We 
then evaluated the expression of MFN2 and pyroptosis genes in each group. Interestingly, compared to the control group, 

Table 2 Clinical Characteristics of Participants

Items HCs Severe OSA P value

Subjects, n (%) 18 20

Categorical variablesa

Sex, n (%) 20 20 0.503

Male 10 (55.6) 14 (70.0)
Female 8 (44.4) 6 (30.0)

Smoking history, n (%) 0.506

Never-smoker 5 (27.8) 8 (40.0)
Smoker 13 (72.2) 12 (60.0)

MoCA score, n (%) <0.001

≥26 16 (88.9) 4 (20.0)
<26 2 (11.1) 16 (80.0)

Continuous variablesb

Age (y), M ± SD 47.0 ± 4.7 48.7 ± 6.1 0.329

BMI (kg/m2), M ± SD 23.5 ± 1.3 29.5 ± 2.3 <0.001
Education (y), M ± SD 10.8 ± 3.0 10.0 ± 2.8 0.516

Polysomnography indexes, M ± SD

AHI (events/h) 3.0 ± 0.8 51.6 ± 13.6 <0.001

ODI (events/h) 2.7 ± 0.9 13.1 ± 9.2 <0.001
LSaO2 (%) 88.2 ± 3.0 63.5 ± 13.4 <0.001

MSaO2 (%) 94.9 ± 0.7 89.3 ± 2.7 <0.001

ESS scores 7.9 ± 2.1 13.8 ± 2.5 <0.001
MoCA scores 26.6 ± 1.1 22.8 ± 3.1 <0.001

Notes: Comparisons were determined using Student’s t-test and chi-square 
test or Fisher’s precision test between two groups. P<0.05 was considered 
statistically significant. ap values from either chi-square test (df=1) or Fisher’s 
exact test, comparing health comparisons (HCs) group and severe OSA group. 
bp values from Student’s t-test, comparing health comparisons (HCs) group 
and severe OSA group, df=36. 
Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; ODI, 
oxygen desaturation index; ESS, Epworth Sleepiness Scale; MoCA, Montreal 
Cognitive Assessment; LSaO2, lowest oxygen saturation during sleep; MSaO2, 
mean oxygen saturation during sleep; M±SD, mean ± standard deviation.
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MFN2 protein and mRNA expression levels increased or decreased in contrast to miR-20a-5p silenced or overexpressed 
(Figure 11B and C,F and G). However, GSDMD and Caspase-1 showed a trend consistent with miR-20a-5p silencing or 
overexpression (Figure 11B and C,F and G). In addition, as expected, levels of inflammatory cytokines also decreased or 
increased (Figure 11D and H). To further validate MFN2 as a target gene for miR-20a-5p, we performed dual luciferase 
reporter assays and identified a candidate miR-20a-5p binding site in MFN2 3’UTR (Figure 11I). Luciferase reporter 

Figure 9 Correlation between the levels of miR-20a-5p, GSDMD, MFN2 and clinical features in patients with severe OSA (n=20). (A–D) The expression of GSDMD, 
Caspase-1, IL-1β, IL-6, IL-18, TNF-α, miR-20a-5p, and MFN2 mRNA in peripheral blood was detected by qRT-PCR. (E–H) The correlation between clinical AHI and GSDMD 
(E), miR-20a-5p (F), MFN2 (G), and MoCA (H). (I–K) The correlation between clinical MoCA and GSDMD (I), miR-20a-5p (J), and MFN2 (K). (L and M) The correlation 
between miR-20a-5p and GSDMD (L) and MFN2 (M). (N) The correlation between MFN2 and GSDMD. Statistical analysis of the data was performed using Student’s t-test, 
df=36. Correlations were determined by Spearman’s rank correlation test. **P<0.01. P<0.05 was considered statistically significant. 
Abbreviations: AHI, apnea-hypopnea index; MoCA, Montreal Cognitive Assessment.

Figure 10 MFN2 inhibits pyroptosis of HT22 cells (n=3). (A, B, D and E) Western blot and qRT-PCR were used to detect the expression of MFN2, GSDMD, and Caspase-1 
protein and mRNA in MFN2 gene silencing or overexpression with or without IH-EXOS exposure. (C and F) ELISA was used to detect IL-1β, IL-6, IL-18, and TNF-α levels in 
MFN2 gene silencing or overexpression with or without IH-EXOS exposure. Statistical analysis of the data was performed using two-way ANOVA followed by Bonferroni’s 
multiple comparison tests, df (2, 6). *P<0.05.
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gene vectors containing the WT or MUT version MFN2 3’UTR sequence were transfected into 293T cells together with 
miR-20a-5p mimics or control mimics. When cells in WT group were transfected with miR-20a-5p mimics, luciferase 
activity decreased. On the contrary, luciferase activity did not change in the MUT group (Figure 11J). These results 
suggest that miR-20a-5p promoted pyroptosis of HT22 cells by mediating IH-EXOS by targeting MFN2, and causing or 
even exacerbating OSA-CI.

Overexpressing MFN2 Can Reverse IH-EXOS-Mediated Pyroptosis of HT22 Cells 
Induced by miR-20a-5p
Previously, we demonstrated that MFN2 is the target gene of miR-20a-5p. Then, whether MFN2 could reverse the 
pyroptosis induced by miR-20a-5p on HT22 cells. To do this, we cotransfected HT22 cells with miR-20a-5p mimics and 
MFN2 gene silencing or overexpression with or without IH-EXOS exposure. The results showed that miR-20a-5p was 
successfully overexpressed in HT22 cells with IH-EXOS exposure, while MFN2 gene silence or overexpression had no 
effect on the expression of miR-20a-5p (Figure 12A). Meanwhile, the detection results of MFN2 expression showed that 
when miR-20a-5p was overexpressed, the expression level of MFN2 was significantly lower than that of the control 
group when MFN2 was silenced, while the expression level of MFN2 was significantly higher when MFN2 was 
overexpressed (Figure 12B and C). Interestingly, the expression levels of GSDMD, Caspase-1 and inflammatory factors 

Figure 11 miR-20a-5p promotes pyroptosis of HT22 cells by mediating IH-EXOS by targeting MFN2 (n=3). (A and E) qRT-PCR was used to detect the expression of miR- 
20a-5p in miR-20a-5p silencing or overexpression with or without IH-EXOS exposure. (B, C, F and G) Western blot and qRT-PCR were used to detect the expression of 
MFN2, GSDMD, and Caspase-1 protein and mRNA in miR-20a-5p silencing or overexpression with or without IH-EXOS exposure. (D and H) ELISA was used to detect IL- 
1β, IL-6, IL-18, and TNF-α levels in miR-20a-5p silencing or overexpression with or without IH-EXOS exposure. (I) Prediction of interactions between miR-21-3p and its 
putative binding sites in the 3’UTR of MFN2. (J) After co-transfection of miR-20a-5p mimics and MFN2 WT or MUT reporter plasmids for 48h, luciferase activity in 
HEK293T cells was evaluated and normalized. Statistical analysis of the data was performed using two-way ANOVA followed by Bonferroni’s multiple comparison tests, df 
(2, 6). *P<0.05. 
Abbreviations: WT, wild type; MUT, mutant type.
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were significantly higher in the co-transfection of miR-20a-5p mimics and siR MFN2 than in the control group. 
However, when miR-20a-5p mimics were co-transfected with OE MFN2, the levels of GSDMD, Caspase-1 and 
inflammatory factors was significantly reduced (Figure 12B–D). These data further suggest that MFN2 is a direct target 
gene of miR-20a-5p that inhibits the pyroptosis of HT22 cells induced by IH-EXOS, and that overexpression of MFN2 
could reverse the pyroptosis of HT22 cells induced by miR-20a-5p in IH-EXOS.

Discussion
This study shows that IH exposure regulates the intercellular communication between bEnd3 cells and HT22 cells, 
promoting pyroptosis and inflammatory response in HT22 cells through the targeting of MFN2 by exosome miR-20a-5p, 
thereby accelerating the progression of OSA-CI. Therefore, targeting miR-20a-5p or combining with existing diagnostic 
and treatment techniques may be a new therapeutic strategy for OSA-CI.

OSA can promote the occurrence of CI, which is related to the damage of hippocampus and BBB caused by IH.4,6 

The study found that adult rats exposed to IH for 14 days showed CI, with a sevenfold to eightfold increase in apoptosis 
in the CA-1 hippocampus and cortical regions after 1 to 2 days of IH.33 Pyroptosis, triggers the activation of classical 
Caspase-1, lysis and activation of GSDMD under adverse environmental conditions, thus causing inflammatory storms, 
leading to the progression or even deterioration of the disease.34 In this study, our clinical results showed that CI occurs 
in severe OSA patients and is negatively correlated with AHI and pyroptosis. It has been reported that the expression of 
pyroptosis is increased in OSA, while the memory function of mice is significantly improved when pyroptosis is 
damaged in AD.9,10 Wu et al discovered that IH could decrease miR-223-3p levels and augment pyroptosis, whereas 
overexpression of miR-223-3p could mitigate pyroptosis and neuroinflammation induced by IH.35 BEnd3 cells are an 
important part of BBB. In this study, it was found that IH can induce pyroptosis of bEnd3 cells and increase the release of 
inflammatory factors, which is consistent with the previous report, IH can destroy the integrity of BBB and promote the 
occurrence of OSA-CI.6 However, according to our analysis, these studies are insufficient and the mechanism by which 
pyroptosis promotes OSA-CI is not yet understood. Therefore, in our study, better supplementation of IH can cause the 

Figure 12 Overexpressing MFN2 can reverse IH-EXOS-mediated pyroptosis of HT22 cells induced by miR-20a-5p (n=3). Following co-transfection of miR-20a-5p mimics 
and MFN2 silencing or overexpression with or without IH-EXOS exposure, cells were analyzed via (A) qRT-PCR was used to detect the expression of miR-20a-5p. (B and 
C) Western blot and qRT-PCR were used to detect the expression of MFN2, GSDMD, and Caspase-1 protein and mRNA. (D) ELISA was used to detect IL-1β, IL-6, IL-18, 
and TNF-α levels. Statistical analysis of the data was performed using two-way ANOVA followed by Bonferroni’s multiple comparison tests, df (5, 12). *P<0.05.
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damage of BBB and promote the damage of hippocampal neurons through the secretion of exosomes, resulting in the 
occurrence of OSA-CI.

Studies have shown that in OSA patients, hypoxia damages the hippocampal region involved in learning and 
memory.4 Khalyfa et al found that OSA plasma exosomes can destroy the integrity of BBB, resulting in neuronal cell 
damage.15 At present, there are few studies on the exosome sources of IH stimulation, to elucidate the intercellular and 
in vivo communication role of IH-EXOS, we studied IH-EXOS in vitro and in vivo. The results showed that 
fluorescently labeled exosomes showed up in HT22 cells and hippocampal tissue, and IH-EXOS significantly promoted 
pyroptosis and inflammatory factor expression in HT22 cells and hippocampal tissue, and caused spatial memory and 
behavior impairment in mice. These results indicated that IH damages BBB while stimulating its secretion of harmful 
exosomes, which can cause damage to hippocampal neurons by inducing pyroptosis and inflammatory response, so as to 
promote CI. Kim et al found that in a model of post-stroke CI caused by middle cerebral artery occlusion/reperfusion, 
inflammasome-induced pyroptosis can lead to acute and chronic neuronal death after stroke, and lead to impaired 
learning and memory function.36 It has been reported that OSA plasma can cause tumor cell proliferation and migration, 
cardiovascular dysfunction, and endothelial cell senescence.37–40 In AD studies, it was found that exosomal neurogranin, 
synaptosome-associated protein 25 and synaptic binding protein 1 can be used as effective biomarkers to identify CI, 
further indicating that exosomes are risk factors for the development of CI.41 It has been reported that IH-induced 
exosomes are pathogenic and can accelerate cardiomyocyte apoptosis and promote the progression of lung 
adenocarcinoma.42,43 However, at present, there are few studies on IH-induced EXOS for inducing CI, which needs to 
be further explored.

As an intercellular communication carrier, exosomes can transfer a large number of miRNAs contained to the 
recipient cell, and then bind to the 3’UTR sequence of the target mRNA in the recipient cell to regulate the expression 
of the target gene.44 Jiao et al found that exosomes miRNAs can promote cell pyroptosis.45 It has been reported that miR- 
20a-5p has a regulatory effect on lipopolysaccharide-induced pyroptosis.16 Our results suggested that IH could promote 
the expression of miR-20a-5p in bEnd3, which was then secreted into HT22 cells in exosomes, thus promoting pyroptosis 
and inflammatory response of HT22 cells. It has been found that miR-20a-5p is related to accelerating the proliferation 
and migration of various cancers.46–48 It has also been reported that miR-20a-5p is related to the occurrence of AD and 
CI.17,49 TargetScan and miRDB predicted the possible mRNA target of miR-20a-5p. Our experiment confirmed MFN2 as 
the downstream target of miR-20a-5p and found that MFN2 showed decreased expression under IH and IH-EXOS 
exposure, which could inhibit the expression of pyroptosis in HT22 cells. MFN2 has been reported to be involved in 
regulating the occurrence of pyroptosis, inhibiting endothelial inflammation and the progression of clear cell renal cell 
carcinoma.32,50,51 Li et al found that cannabidiol improved anxiety response and cognitive deficits in mice in an 
experimental autoimmune encephalomyelitis model through MFN2.52 In summary, our study suggests that IH regulates 
HT22 cell pyroptosis by targeting MFN2 through bEnd3 cell-derived exosomal miR-20a-5p, thereby promoting the 
progression of OSA-CI. The clinical applicability of targeting miR-20a-5p and MFN2 warrants further exploration, 
which could potentially guide the development of novel therapeutic strategies.

There were some limitations in this study: (a) This study was a single-center case-control study with patients from 
one region and an insufficient sample size; therefore, the results of the study might not be representative of the whole 
country. (b) In this study, MFN2 was investigated as the target of miR-20a-5p, and additional potential targets of miR- 
20a-5p will need to be further explored through RNA sequencing in the future. (c) We found that MFN2 expression is 
reduced in OSA patients, and it is meaningful to further explore the underlying mechanisms, such as by constructing 
gene knockout mice.

Conclusions
In conclusion, this study revealed the intercellular communication between IH-stimulated bEnd3 cells and HT22 cells, 
promoting OSA-CI. Thus, our study reveals a novel mechanism of IH-induced OSA-CI: IH increases HT22 cells 
pyroptosis via the previously undescribed bEnd3 cells → exosomal miR-20a-5p → MFN2 pathway (Figure 13). More 
importantly, this essential communication of exosomes connecting bEnd3 cells and HT22 cells may provide new 
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strategies for future prophylactic therapy and may provide new diagnostic and therapeutic techniques for OSA-CI 
patients.
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Figure 13 The schematic outlines the mechanistic basis of the observational findings. bEnd3-cell-derived miR-20a-5p stimulated by intermittent hypoxia (IH) is delivered via 
exosomes to HT22 cells, where it increases pyroptosis of HT22 cells by regulating the MFN2 pathway.
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