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ABSTRACT

Background: Obstructive sleep apnea hypopnea syndrome (OSAHS) is an underestimated sleep disorder
that leads to multiple organ damages, including lung injury (LI). This paper sought to analyze the mo-
lecular mechanism of extracellular vesicles (EVs) from adipose-derived mesenchymal stem cells (ADSCs)
in OSAHS-induced lung injury (LI) via the miR-22—3p/histone lysine demethylase 6 B (KDM6B)/high
mobility group AT-hook 2 (HMGA2) axis.
Methods: ADSCs and ADSCs-EVs were separated and characterized. Chronic intermittent hypoxia (CIH)
was used to mimic OSAHS-LI, followed by ADSCs-EVs treatment and hematoxylin and eosin staining,
TUNEL, ELISA, and assays of inflammation and oxidative stress (MPO/ROS/MDA/SOD). The CIH cell model
was established and treated with ADSCs-EVs. Cell injury was assessed by the assays of MTT, TUNEL,
ELISA, and others. Levels of miR-22—3p, KDM6B, histone H3 trimethylation at lysine 27 (H3K27me3), and
HMGA2 were determine by RT-qPCR or Western blot analysis. The transfer of miR-22—3p by ADSCs-EVs
was observed by fluorescence microscopy. Gene interactions were analyzed by dual-luciferase assay or
chromatin immunoprecipitation.
Results: ADSCs-EVs effectively alleviated OSAHS-LI by reducing lung tissue injury, apoptosis, oxidative
stress, and inflammation. In vitro, ADSCs-EVs increased cell viability and reduced apoptosis, inflamma-
tion and oxidative stress. ADSCs-EVs delivered enveloped miR-22—3p into pneumonocytes to upregulate
miR-22—-3p expression, inhibit KDM6B expression, increase H3K27me3 levels on the HMGA2 promoter,
and decrease HMGA2 mRNA levels. Overexpression of KDM6B or HMGA?2 attenuated the protective role
of ADSCs-EVs in OSAHS-LIL.
Conclusion: ADSCs-EVs transferred miR-22—3p to pneumonocytes and reduced apoptosis, inflammation,
and oxidative stress through KDM6B/HMGA?2, mitigating OSAHS-LI progression.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

population [1]. It is associated with both nocturnal and diurnal
symptoms, including snoring, fragmented sleep, asthenia, halluci-

Obstructive sleep apnea hypopnea syndrome (OSAHS) is an
underdiagnosed disease defined by partial or complete recurrent
pauses in ventilation, affecting 2%—5% of the middle-aged
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nation, and depression [2]. Chronic intermittent hypoxia (CIH),
characterized by episodes of apnea and hypopnea, is regarded as
the major cause of oxidative stress (0S) and inflammation,
contributing to OSAHS-associated complications [3,4]. As a result,
the CIH animal model is commonly established by controlling the
ambient oxygen concentration to mimic human OSAHS condition
due to the similarity on hypoxia property. In addition, CIH can
result in pathological changes in the lung, such as inflammatory
infiltration, fibrosis, and OS [5]. Hence, it is significant to analyze
the molecular indexes involved in OSAHS and CIH conditions to
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provide novel insights into the diagnosis and treatment of OSAHS-
induced lung injury (LI).

Mesenchymal stem cells (MSCs) are a class of pluripotent stem
cells derived from multiple tissues types, including bone marrow,
adipose, umbilical cord, and others, with extraordinary abilities of
self-renew, migration, and differentiation [6]. Adipose-derived
mesenchymal stem cells (ADSCs) are nominated as a promising
therapy for tissue repair due to its secretory function [7]. ADSCs can
secrete lipid bilayer-bound exosomes (40—200 nm diameter), also
known as extracellular vesicles (EVs) that play a role in cell pro-
liferation, apoptosis, angiogenesis, metabolism, and inflammation,
thus exerting therapeutic functions in various human diseases,
including pulmonary diseases [8]. In particular, ADSCs-EVs are
endowed with anti-apoptotic, anti-inflammatory, and anti-
oxidative stress properties to alleviate hyperoxia-induced lung
injury [9]. However, compared with the detailed study of bone
marrow-derived MSCs (BMSCs), the role of ADSCs and its secreted
EVs in OSAHS-LI remains elusive.

On another note, ADSCs-EVs has been identified as a potential
therapeutic approach based on the delivery of proteins or RNAs,
such as microRNAs (miRNAs), and immunomodulatory properties
[10]. miRNAs are established as highly conserved small transcripts
with an ability to promote the degradation of messenger RNAs
(mRNAs) and are crucial for lung development and diseases [11,12].
A prior study has demonstrated that miR-22—3p functions as an
exosome secreted by human umbilical cord blood-derived MSCs to
play a protective role against lipopolysaccharide (LPS)-induced
acute lung injury [13]. Besides, it has been uncovered as a down-
regulated circulating miRNA in patients with OSAHS [14]. Further-
more, our bioinformatics revealed lysine-specific demethylase 6 B
(KDM6B/JMJD3) as a downstream target gene of miR-22—3p, sug-
gesting the regulatory role of miR-22—3p in KDM6B expression.
KDMBG6B overexpression has been unveiled to exacerbate ischemia/
reperfusion-induced lung injury which is similar to the CIH con-
dition [15]. What's more, KDM6B is preferentially recruited to the
gene promoter characteristic of high modification of trimethylated
H3K27 (H3K4me3), leading to H3K4me3 inhibition and gene acti-
vation [16]. High mobility group AT-hook 2 (HMGA2) has been
shown to fuel the pathogenesis of pulmonary fibrosis [17,18]. Be-
sides, there is H3K27me3 modification on the HMGA2 promoter
[19], hinting at the association between HMGA2 and KDM6B-
meidated demethylation of H3K27.

Given the currently available evidences, we hypothesized that
ADSCs-EVs mediate the transport of miR-22—3p to regulate the
KDM6B/HMGA2 axis and play a therapeutic role in OSAHS-LI.
Consequently, our study aimed to expound on the molecular
mechanism of ADSCs-EVs in OSAHS-LI and provide a novel ratio-
nale for the disease treatment.

2. Materials and methods
2.1. Experimental animals

Male Sprague Dawley's (SD) rats (about 8 weeks, 180—230 g)
were procured from Zhejiang Vital River Laboratory Animal Tech-
nology Co., Ltd (SYXK (Zhejiang), 2019—0003) and housed in the
setting conditions (12/12 h light/dark cycles, 60% + 5% humidity,
and 22 + 3 °C temperature) with ad libitum access to fodder and
water. All animal experiments were conducted following the
guidelines ratified by the Ethics Committee of Guizhou Provincial
People's Hospital. After the finishing of experiments, all mice were
euthanatized. Extensive methods were undertaken to reduce the
animal number and pain as much as possible.
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2.2. Preparation, culture, and characterization of ADSCs

The separation and culture of ADSCs were conducted according
to a previous method [20]. Briefly, adipose tissues were extracted
from the groin of SD rats and washed with phosphate buffer saline
(PBS) to remove the residual blood. Then, tissues were sliced into
1 x 1 mm’ pieces and were detached with collagenase 1. Upon
5 min centrifugation at 4000g, cell particles were preserved in
Dulbecco's modified Eagle medium (DMEM) incorporated with 10%
fetal bovine serum (FBS)/1% penicillin-streptomycin/2 mM -
Glutamine and were cultured under a humidified environment of
5% CO, and 37 °C for 48 h. Subsequently, the culture medium
containing non-adherent cells were removed, followed by the
addition of fresh medium. The medium was replaced every 3 days.
Cells underwent passage upon reaching 90% confluence. The third
generation of ADSCs were used for the subsequent experiments.

The surface markers (CD105, CD34, CD44, and CD45) of ADSCs
were identified with a flow cytometer (BD Biosciences, San Jose, CA,
USA). Simply put, ADSCs were incubated with antibodies against
CD105 (MA1-19594), CD34 (PA5-85917), CD44 (MA5-17522), and
CD45 (11-0461-82) at 4 °C for 1 h. Antibodies were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

The assays about adipogenesis and osteogenic differentiation
were conducted. In terms of osteogenic differentiation, ADSCs were
cultured in osteogenic induction medium comprised of DMDM
containing 10% FBS, ascorbic acid, B-glycerophosphate, and dexa-
methasone, aiming to induce osteogenic differentiation. In terms of
adipogenesis, ADSCs were cultured in adipogenic induction me-
dium comprised of DMEM containing 10% FBS, insulin, indometh-
acin, dexamethasone, and 3-isobutyl-1-methylxanthine. The
medium was replaced every 3—4 days for a duration of 21 days.
Then, cells were fixed and stained with alizarin red and oil red O
staining. The reagents were all purchased from Solarbio (Beijing,
China).

2.3. Treatment of ADSCs

With the application of Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA), miR-22—3p mimic (mimic) and its negative control
were transfected into ADSCs. After 48 h, EVs were separated. In
addition, ADSCs were treated with RNase A (Sigma, 2 mg/mL) or
0.1% Triton X-100 to identify whether miR-22—3p exists in the
membrane structure.

2.4. Separation and characterization of EVs in the conditioned
medium

Upon reaching 80—90% confluence, ADSCs were rinsed with PBS
and cultured in the culture medium. Then, ADSCs were centrifuged
at 300 g for 10 min, followed by another round of 10 min centri-
fugation at 2000g to remove died cells and cell debris. After 30 min
centrifugation at 10000g, the supernatant was filtered with a
0.22 um filter (Millipore, Bedford, MA, USA). Next, 15 mL super-
natant was transferred into Amicon Ultra-15 Centrifugal Filter Unit
(100 kDa, Millipore) and concentrated to 1 mL by 4000 g centri-
fugation. The ultrafiltration unit was washed with PBS twice and
the recycled samples were re-centrifuged at 4000 g to reach 1 mL
volume. A 1/5 volume of ExoQuick exosome precipitation solution
(System Biosciences, Palo Alto, CA, USA) was added to the ultrafil-
trate and mixed upside down to homogenize. After 12 h incubation,
the mixture was treated with 30 min centrifugation at 1500g and
the supernatant was discarded. Subsequently, EVs particles were
resuspended with 500 pL PBS. All operations were carried out at
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4 °C. The representative makers of EVs CD9 (1:500, MA5-31980,
Thermo Fisher Scientific)) CD63 (1:500, PA5-92370, Thermo
Fisher Scientific), and Calnexin (1:5000, PA5-34754, Thermo Fisher
Scientific) were determined through Western blot assay. The
morphology and particle diameter of EVs were observed with a
transmission electron microscope (TEM) (Hitachi, Tokyo, Japan)
and a nanoparticle tracking analyzer (NTA) (Malvern, UK). Ac-
cording to the protocol, ADSCs were incorporated with the inhibitor
of living EVs formation, namely GW4869 (20 pg/mlL,
Sigma—Aldrich, St. Louis, MO, USA) to obtain the conditioned me-
dium, which was regarded as GM. EVs were preserved at —80 °C
until usage.

2.5. Establishment and treatment of the animal model

In accordance with a previous report [21], the pathophysiology
of OSAHS was analyzed with the application of the CIH rat model.
Rats were allocated into the control group (sham), the CIH group,
the CIH + GW group, and CIH + EVs group, with 12 rats per group.
Rats to be treated with CIH were placed in a chamber, with the
oxygen intake fraction gradually reduced to 4—5% for 15 s and then
increased to 21% for 15 s with 2 min for each cycle. CIH exposure
cycles were repeated 30 times per hour for 8 h per day to simulate
moderate OSAHS. Rats in the sham group were raised in the
chamber with normal oxygen concentration (21%). Rats in the
CIH + EVs group were injected with ADSCs-EVs at a dose of 800 pg/
100 pL via the caudal vein twice a week. Under the same condition,
rats in the CIH + GW group were injected with the conditioned
medium of the GW group [21]. The whole experimentation lasted
12 weeks.

2.6. Acquisition of tissue specimens

After anesthesia by 50 mg/kg pentobarbital sodium, rats were
treated with heart puncture exsanguination. The blood samples
were centrifuged at 4000 g for 10 min and preserved at —80 °C for
further analyses. Next, rats were euthanatized through intraperi-
toneal injection of 800 mg/kg pentobarbital sodium, after which
lung tissues were separated immediately. The left lung was fixed
with 4% paraformaldehyde and embedded in paraffin (5 um) for
staining. The right lung was prepared into tissue homogenate for
the subsequent analyses.

2.7. Histopathology and terminal-deoxynucleoitidy! transferase
mediated nick end labeling (TUNEL) staining

Paraffin-embedded sections were deparaffined, dehydrated,
stained with hematoxylin (Solarbio) for 3 min, washed, and
differentiated in 1% acid alcohol for 15 s. Next, sections were
stained with eosin (Solarbio) for 2 min. Afterwards, the lung
morphology was observed under an optical microscope (Olympus).
As previously described, pathologists scored lung tissue damage
according to a scale of 1 (no damage) to 4 (most severe).

After de-paraffining and dehydration, apoptosis was deter-
mined using the TUNEL assay kit (Nanjing Keygen Biotech CO., Ltd.,
Nanjing, Jiangsu, China). Next, cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology Co.
LTD, Shanghai, China). The TUNEL positive cells were observed by
means of fluorescence microscopy (Nikon, Tokyo, Japan). The
apoptosis degree was evaluated by the ratio of TUNEL positive cells
within the visual field and the total cells.
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2.8. Cell culture and treatment

RLE-6TN cells (ATCC, Manassas, Virginia, USA) were cultured in
DMEM/F12 medium consisting of 10% FBS, 100 pg/mL streptomycin,
and 100 U/mL penicillin (Sigma—Aldrich, Merck KGaA, Darmstadt,
Germany). The treated cells were cultured at 37 °C with 5% CO; in
air.

The intermittent hypoxia (IH) regimen consisted of alternative
cycle of 20 min hypoxia (1% O, and 5% CO») and 20 min reoxyge-
nation (21% O, and 5% CO;), with 40 min for each cycle and a total
72 cycles and was conducted on the OxyCycler C42 system (Bio-
Spherix, Redfield, NY, UAS). Then, RLE-6TN cells were treated with
20 pg ADSCs-EVs for 24 h before IH regimen, with GW treatment as
the control [22]. In addition, RLE-6TN cells were cultured in the 6-
well plates at a density of 1 x 10° cells/per well. RLE-6 TN cells were
transfected with KDM6B pcDNA3.1 (oe-KDM6B) or HMGA2
pcDNA3.1 (oe-HMGA2) or the negative control (GenePharma,
Shanghai, China) by means of Lipofectamine 3000. After 24 h, the
transfection efficiency was tested or RLE-6TN cells were exposure
to a specified number of IH cycles.

2.9. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

RLE-6TN cells were cultured in the 96-well plate at a density of
2 x 103 cells/per well under the condition of 37 °C and 5% CO,. After
48 h, each well was incorporated with 20 uL MTT solution (5 mg/
mL) followed by another 4 h incubation. Subsequently, 150 mL
dimethylsulfoxide was added into the well and the plate was placed
in a microplate reader (Bio-Rad, Hercules, CA, USA). The absorbance
at a wavelength of 492 nm was determined to evaluate cell viability.

2.10. TUNEL assay

In the TUNEL assay, RLE-6TN cells were seeded into the 6-well
plate. After corresponding treatments in each group, cells were
washed with PBS twice, fixed with 4% formaldehyde at 4 °C for
10 min, cleaned with PBS twice, and immersed with 3% H,0, and
0.2% Triton X-100 in order for 5—10 min, followed by incubation
with 100 pL equilibration buffer for 10 min at room temperature.
Subsequently, RLE-6TN cells were incubated with 50 pL terminal
deoxynucleoside transferase reaction cocktail at 37 °C for 60 min.
Next, glass slides were washed with 2 x sodium citrate buffer for
15 min and incubated with DAPI for 15 min. Afterwards, the
number of staining positive cells was determined using a fluores-
cence microscope.

2.11. Reactive oxygen species (ROS), malondialdehyde (MDA),
superoxide dismutase (SOD), and myeloperoxidase (MPO) assays

The lung tissues were homogenized with the tissue lysis buffer
(Beyotime). The tissue homogenate was lysed on ice for 15 min and
treated with centrifugation (4000 g, 4 °C, 15 min). According to the
protocol, MPO activity in the supernatant was determined using a
MPO assay kit (A044-1-1, Nanjing Jiancheng Biological Engineering
Research Institute Co., Ltd, Nanjing, China). Then, cells were lysed
primarily. Cell lysate was centrifuged at 600 g and 4 °C for 10 min to
collect the supernatant. According to the protocols, MDA content
and SOD activity were measured using a MDA commercially
available kit (A003-1-2, Nanjing Jiancheng Biological Engineering
Research Institute Co., Ltd) and a SOD assay kit (A001-3-2, Nanjing
Jiancheng Biological Engineering Research Institute Co., Ltd).
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Following the manufacturer's instructions, ROS level was
determined using a ROS assay kit (S0033S, Beyotime). For in vivo
analysis, lung homogenate was incubated with 2’,7’-dichlorodihy-
drofluorescein diacetate (DCFH-DA) at 37 °C for 30 min. The change
in fluorescence intensity at 500/530 nm was analyzed using a
fluorescence microplate (Bio-Rad). For in vitro analysis, cells were
incubated with DCFH-DA at 37 °C for 20 min and washed with
serum-free medium. The fluorescence intensity at 488/525 nm was
determined and results were shown as percentages.

2.12. Enzyme-linked immunosorbent assay (ELISA)

The levels of tumor necrosis factor (TNF)-o. (ab236712), inter-
leukin (IL)-6 (ab234570), and monocyte chemoattractant protein-1
(MCP-1) (ab219045) were measured by applying ELISA Kkits specific
to these factors from Abcam corporation (Cambridge, MA, USA),
with a microplate reader to determine the absorbance at a wave-
length of 450 nm.

2.13. Co-culture of Cy3-labelled and miR-22—3p transfected ADSCs
and RLE-6TN cells

ADSCs were harvested and treated with 0.25% trypsin. Then.
Cy3-lablled miR-22—3p mimic (RiboBio, Guangdong, China) was
transfected into ADSCs using Lipofectamin 3000. Next, ADSCs were
seeded into the 6-well plates and co-cultured with RLE-6TN cells
transfected with green fluorescent protein (GFP). In addition,
GW4869 (10 M for 48 h) was incorporated into the above system,
which was regarded as the EVs release inhibition group. Eventually,
cells were observed using a confocal microscope (Leica Micro-
systems, Mannheim, Germany).

2.14. Dual-luciferase assay

The binding site between miR-22—3p and KDM6B 3’UTR was
predicted through the online software Targetscan (http://www.
targetscan.org/vert_71/) [23]. The amplified complementary bind-
ing sequence and wild-type sequence were cloned into pmiR-GLO
luciferase vectors (Promega, Madison, WI, USA) to establish
HDM6-wildtype (WT) and KDM6B-mutuant type (MUT) plasmids.
The above plasmids were mixed with miR-22—3p mimic (mimic) or
the negative control (NC). At last, the mixture was transfected into
RLE-6TN cells using Lipofectamine 3000. After 48 h, the luciferase
activity was determined.

2.15. Chromatin immunoprecipitation (ChIP) assay

Following the manufacturer's protocol, the ChIP assay was
conducted using the EZ-ChIP assay kit (Millipore, Boston, MA, USA).
In brief, RLE-6TN cells were crosslinked 1% formaldehyde, and
incorporated with 125 mM glycine to terminate the reaction.
Chromatins were collected and DNA was sheared by ultrasound at
4 °C, followed by overnight incubation with antibodies against
H3K27me3 (MA5-11198, Thermo Fisher Scientific), KDM6B (PA5-
72751, Thermo Fisher Scientific) and immunoglobulin G
(ab207997, Abcam) at 4 °C. Then, chromatins were further incu-
bated with protein G agarose for 2 h and added with 0.2 M NacCl for
overnight incubation at 65 °C to reverse the crosslink of the
protein-DNA compound. After that, protein was detached by pro-
teinase K and immunoprecipitated DNA was purified. The enrich-
ment in the HMGA2 promoter region was tested by means of real-
time quantitative polymerase chain reaction (RT-qPCR). PCR
primers are shown in Table 1.
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Table 1
PCR primers.
Gene Sequence (5'-3")
miR-22—-3p F: GAGCTCAAGCTGCCAGTTGA
R: CAACTGGTGTCGTGGAGTCG
KDM6B F: GTACCAGGCTTCGTCCTTCC
R: ATGGTTCTTGGGGTCTGGTG
HMGA2 F: ATGAGCGCACGCGGTGAGG
R: GGCTCACAGGTTGGCTCTT
u6 F: ATGGCGGACGACGTAGATCA
R: TCAGCCAACTCTCAATGGAGG
GAPDH F: ATGGTGAAGGTCGGTGTGAAC
R: TACTCCTTGGAGGCCATGTAG
HMGA2 promoter F: GAACTGACCGCTTGCTTCTC
R: TGAGGGTGGACAGGCTATGT

2.16. RT-qPCR

RNA was separated from lung tissues and RLE-6TN cells by
applying the TRIzol assay kit (Invitrogen). The RNA concentration
and purity were determined using an ultraviolet spectrophotometer
(Thermo Fisher Scientific). RNA sample was preserved at —80 °C.
Then, RNA was synthesized into the complementary DNA following
the instructions of the reverse transcription assay kit (TaKaRa
Biomedical Technology, Dalian, China). RT-qPCR was conducted us-
ing the SYBR Green Master Mix kit (Takara) on the CFX96 Real-Time
PCR system (Bio-Rad). With GAPDH and U6 [13] serving as internal
reference genes, the relative gene expression was calculated based
on the 2722 method [24]. Primers are shown in Table 1.

2.17. Western blot assay

The protein was separated from lung tissues and cells using
radioimmunoprecipitation buffer (Sigma) containing protease in-
hibitor phenyl methane sulfonyl fluoride, with a bicinchoninic acid
protein assay (Thermo Fisher Scientific) to determine protein con-
centration. An equal amount of protein was separated from loading
buffer through NuPAGE 10% Bis-Tris sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (Life Technologies, Carlsbad, CA, USA)
and shifted onto polyvinylidene fluoride membranes (Millipore). The
membranes were blocked with 5% bovine serum albumin for 1 h and
incubated with antibodies against KDM6B (1:1000, PA5-72751,
Thermo Fisher Scientific)) HMGA2 (1:5000, PA5-21320, Thermo
Fisher Scientific), and GAPDH (1:1000, PA1-987, Thermo Fisher Sci-
entific) at 4 °C overnight. Following that, Western blots were washed
with Tris Buffered Saline Tween three times and incubated with
secondary antibody (1:5000, 31343, Thermo Fisher Scientific) at
ambient temperature for 1 h. The blots were developed and exposed
on Hyperfilm X-ray films using the enhanced chemiluminescence.
Protein bands were quantified with the grayscale value of GAPDH as
the control (Quantity-One 4.5.0 software, Bio-Rad).

2.18. Statistical analysis

All data were processed with application of SPSS21.0 statistical
software (IBM SPSS Statistics, Chicago, IL, USA) and GraphPad Prism
8.0 software (GraphPad Software Inc., San Diego, CA, USA) for sta-
tistical analysis and graphing. Data testing complied to normal
distribution and homogeneity of variance. Pairwise comparisons of
measurement data were analyzed by the t test and multi-group
comparisons of data were analyzed by one-way or two-way anal-
ysis of variance (ANOVA), followed by Tukey's multiple comparison
test. P values were obtained from the two-sided test. A value of
P < 0.05 indicated a difference with statistical significance and a
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value of P < 0.01 indicated a difference with highly statistical
significance.

3. Results
3.1. Characterization of ADSCs and ADSCs-EVs

First, we separated ADSCs and observed that most cells pre-
sented with typical pebble-like morphology (Fig. 1A). Besides, cells
boasted great abilities of osteogenesis and adipogenesis differen-
tiation (Fig. 1B—C). Surface markers of MSCs CD44 and CD105 were
highly expressed but hematopoietic stem cell markers CD45 and
CD34 were not expressed in cells (Fig. 1D), suggesting that the
extracted cells were ADSCs. EVs from ADSCs were collected and
characterized. TEM and NTA analyses revealed that the diameter of
ADSCs-EVs was 120—160 nm, cup-shaped or spherical, with a
particle size of about 130 nm and a concentration of 3.4 x 108

cD44

CD105

alizarin
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particles/mL (Fig. 1TE—F). In addition, ADSCs-EVs were expressed
with CD63 and CD9 but not calnexin (Fig. 1G), suggesting that
ADSCs-EVs were successfully obtained.

3.2. ADSCs-EVs alleviates OSAHS-LI

We established the OSAHS rat model through CIH treatment to
assess the impact of ADSCs-EVs on OSAHS-LI. As shown by Fig. 2A,
inflammatory cell infiltration and pulmonary edema were evident,
and lung injury score was increased in the CIH group, whereas
these phenomena were alleviated in the CIH + EVs group (P < 0.01).
As shown by Fig. 2B, apoptosis rate in the CIH group was markedly
higher than that in the sham group and the apoptosis rate in the
CIH + EVs group was lower in the CIH + GW group (P < 0.01). CIH
treatment significantly upregulated the contents of TNF-q, IL-6, and
MCP-1 in the serum, whereas ADSCs-EVs decreased inflammation
levels (P < 0.05, Fig. 2C). In addition, CIH treatment elevated MPO
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Fig. 2. ADSCs-EVs alleviates OSAHS-LI. The OSAHS rat model was established by CIH treatment and treated with ADSCs-EVs, with GW treatment as the negative control. A: The
morphology of lung tissues was observed by H&E staining and lung injury scoring; B: Positive rate of TUNEL in lung tissues was determined by TUNEL staining; C: Contents of TNF-a,
IL-6, and MCP-1 were determined by ELISA; D—G: MPO activity, ROS level, MDA level, and SOD activity were determined in lung tissues. N = 6. Data were shown as mean =+ standard
deviation. Data in panels B and D-G were analyzed by one-way ANOVA and data in panel C were analyzed by two-way ANOVA, followed by Tukey's multiple comparison test.
**P < 0.01. H&E: hematoxylin and eosin; TUNEL: terminal-deoxynucleoitidyl transferase mediated Nick end labeling; TNF-o:: tumor necrosis factor; MCP-1: monocyte chemo-
attractant protein-1; MPO: myeloperoxidase; ROS: reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase.

activity, ROS levels, and MDA content and reduced SOD activity in
lung tissues, while ADSCs-EVs treatment led to the opposite trends
(P < 0.05, Fig. 2D—G). These finding suggested that ADSCs-EVs
alleviated OSAHS-LIL

3.3. ADSCs-EVs alleviates IH-induced cell injury

Next, we treated RLE-6TN cells with IH and found a decrease in
cell viability and an increase in apoptosis, while ADSCs-EVs treat-
ment elevated cell viability and decreased apoptosis (P < 0.05,
Fig. 3A—B). Relative to the control group, the contents of TNF-a, IL-
6, and MCP-1 were increased, but relative to the IH + GW group, the
contents of TNF-a, IL-6, and MCP-1 were diminished in the IH + EVs
group (P < 0.05, Fig. 3C). In addition, IH induction augmented ROS
levels and MDA contents and reduced SOD activity, while ADSCs-
EVs reversed these results (P < 0.05, Fig. 3D—F). Collectively,
ADSCs-EVs alleviated IH-induced pneumonocyte injury.
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3.4. ADSCs-EVs delivers miR-22—3p into pneumonocytes to
attenuate IH-induced cell injury

We uncovered that the expression levels of miR-22—3p were
reduced in lung tissues of model rats and IH-induced pneumo-
nocytes and were increased after ADSCs-EVs treatment (P < 0.01,
Fig. 4A—B). Therefore, we conjectured that EVs carry miR-22—3p to
play a role in OSAHS-LI. Rnase A had no impact on miR-22—3p
expression, while the Rnase A combined Triton X-100 treatment
obviously reduced miR-22—3p expression in conditioned culture
medium (P < 0.01, Fig. 4C). In addition, we co-cultured Cy3-miR-
22—3p mimic transfected ADSCs with GFP-transfected RLE-6TN
cells and observed the presence of abundant red fluorescence in
RLE-6TN cells. After the incorporation of GW4869 in the above co-
culture system, there was no red fluorescence observed (Fig. 4D),
suggesting that miR-22—3p was enveloped by EVs.

To verify the impact of miR-22—3p on EVs-mediated protection
against OSAHS-LI, we upregulated miR-22—3p expression in ADSCs
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Fig. 3. ADSCs-EVs alleviates IH-induced pneumonocyte injury. IH induced RLE-6TN cell injury, followed by ADSCs-EVs treatment, with GM treatment as the negative control. A: Cell
viability was assessed by MTT method; B: Apoptosis rate was assessed by TUNEL assay; C: Contents of TNF-g, IL-6, and MCP-1 were determined by ELISA; D—F: ROS and MDA levels
and SOD activity in cells. The cell experiments were repeated 3 times independently. Data were shown as mean + standard deviation. Data in panels A—B and D-F were analyzed by
one-way ANOVA and data in panel C were analyzed by two-way ANOVA, followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01. [H: intermittent hypoxia; GW: GW4869
(the inhibitor of living EVs formation); MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL: terminal-deoxynucleoitidyl transferase mediated Nick end
labeling; TNF-o:: tumor necrosis factor; MCP-1: monocyte chemoattractant protein-1; ROS: reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase.

followed by EVs separation, and noticed the significant elevation of
miR-22—3p expression in EVs (P < 0.05, Fig. 4E). Subsequently, EVs-
mimic was used to treat IH-induced RLE-6TN cells. It was found that
EVs-mimic increased cell viability (P < 0.05, Fig. 4F) and decreased
apoptosis (P < 0.05, Fig. 4G) and inflammation and oxidative stress
levels (P < 0.05, Fig. 4I-K). Our results elicited that ADS-EVs
delivered miR-22—3p into RLE-6TN cells to upregulate miR-
22-3p expression and attenuate IH-induced cell injury.

3.5. miR-22—3p inhibits KDM6B and decreases HMGA2
transcription through H3K27me3

According to the binding site of miR-22—3p and KDMG6EB
(Fig. 5A) and the results from the dual-luciferase assay, co-
transfection of miR-22—3p mimic and KDM6B WT decreased
luciferase activity (P < 0.01, Fig. 5B). Moreover, it was found that
KDMBG6B expression levels were elevated in both in vivo and in vitro
models but ADSCs-EVs treatment reduced KDM6B expression
levels in lung tissues and cells and EVs-mimic treatment further
decreased KDMG6B expression levels (P < 0.01, Fig. 5C—F).

As a demethylase of H3K27me3, KDM6B can upregulate gene
expression [25]. H3K27me3 modification is present on the HMGA2
promoter and HMGA2 has been shown an upregulation in lung
injury [17—19]. KDM6B and H3K27me3 were enriched on the
HMGA2 promoter, but EVs and EVs-mimic treatments reduced the
enrichment of KDM6B and increased the enrichment of H3K27me3
(P < 0.05, Fig. 5G—H). In addition, the mRNA levels of HMGA2 were
increased after the model establishment and decreased in response
to EVs and EVs-mimic treatments (P < 0.05, Fig. 51-]). Altogether,
miR-22—3p targeted KDM6B and decreased its expression and
further inhibited HMGA2 transcription by increasing H3K27me3
modification.
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3.6. KDM6B upregulation neutralizes the protective role of ADSCs-
EVs in IH-induced cell injury

Subsequently, to validate the role of KDM6B in EVs-mediated
protection against OSAHS-LI, we designed the rescue experiment.
First, we upregulated KDM6B expression in cells (P < 0.01,
Fig. 6A—B), and combined with EVs to treat IH-induced cells. The
results revealed that KDM6B overexpression resulted in decreased
cell viability (P < 0.05, Fig. 6C) and increased apoptosis rate
(P < 0.05, Fig. 6D). In addition, relative to EVs treatment alone, the
combined treatment intensified both inflammation and oxidative
stress (P < 0.05, Fig. 6GE—H). The above findings suggested that
KDM6B upregulation neutralized the protective role of ADSCs-EVs
in IH-induced cell injury.

3.7. HMGAZ2 upregulation neutralizes the protective role of ADSCs-
EVs in IH-induced cell injury

Eventually, we strived to testify the role of KDM6B in EVs-
mediated protection against OSAHS-LI. We upregulated HMGA2
expression in cells (P < 0.01, Fig. 7A—B) and combined with EVs to
treat IH-induced cells. Our results revealed that HMGA2 over-
expression reduced cell viability and increased apoptosis (P < 0.05,
Fig. 7C—D) and enhanced both inflammation and oxidative stress
(P < 0.05, Fig. 7E—H). The above findings indicated that HMGA2
upregulation neutralized the protective role of ADSCs-EVs in IH-
induced cell injury.

4. Discussion

Obstructive sleep apnea hypopnea syndrome (OSAHS) is an
underestimated sleep disorder and is associated with CIH, which
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Fig. 4. ADSCs-EVs delivers miR-22—3p into pneumonocytes to attenuate [H-induced cell injury. A—B: miR-22—3p expression levels in lung tissues and cells were determined by RT-
qPCR; C: miR-22—3p expression levels in ADSCs conditioned medium were determined by RT-qPCR; D: The transfer of miR-22—3p was observed by confocal microscopy; ADSCs
were transfected with miR-22—3p mimic (mimic), with NC vector as the negative control, followed by separation of EVs to treat [H-induced RLE-6TN cells; E: miR-22—3p expression
levels in ADSCs, ADSCs-EVs, and RLE-6TN cells were determined by RT-qPCR; F: Cell viability was assessed by the MTT method; G: Apoptosis was assessed by TUNEL assay; H:
Contents of TNF-g, IL-6, and MCP-1 in cells were determined by ELISA; I-J: ROS levels, MDA levels, SOD activity in cells. N = 6, cell experiments were repeated three times
independently. Data in panels B—C and E-K were shown as mean =+ standard deviation. Data in panels A—C, E-G and I-K were analyzed by one-way ANOVA and data in panel H were
analyzed by two-way ANOVA, followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01. ADSCs: adipose-derived mesenchymal stem cells; EVs: extracellular vesicles. IH:
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tumor necrosis factor; MCP-1: monocyte chemoattractant protein-1; ROS: reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase.

leads to multiple organ damages, including LI [26]. Specifically, CIH
triggers the inflammation and OS cascades, which is the major
cause of pneumonocyte injury [5]. Cell therapy, especially the
application of MSCs, is promised to alleviate OSAHS and LI [27,28].
However, the clinical usage of MSCs is limited by the cost of
culturing and preserving enough cells and their phenotype
distracted by the extracellular microenvironment, while MSCs-EVs
remain promising because of their ability to maintain the func-
tional phenotype of parent cells [29]. Our study demonstrated the
therapeutic function of ADSCs-EVs in OSAHS-LI by targeting the
miR-22—-3p/KDM6B/HMGA?2 axis (Fig. 8).

ADSCs are potent to secrete plenty of cytokines, growth factors,
and antioxidants to protect against inflammation and OS, thus
affecting the microenvironment of their neighboring cells [30].
Besides, ADSCs are favored by the advantage of being easily and
abundantly obtained by minimally invasive treatment relative to
BMSCs [31]. ADSCs-EVs can improve the survival of endothelial
cells to alleviate histone-induced acute lung injury [32]. Similarly,
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ADSCs-EVs can effectively moderate inflammation, OS, apoptosis,
and necrosis in PM2.5-induced lung injury and fibrosis [33]. OS is
caused by an imbalance mediated by oxidants (such as MPO) and
antioxidants (such as SOD), leading to lipid peroxidation and for-
mation of ROS and MDA [34]. ADSCs-EVs reduced apoptosis, ROS
and MDA levels, and MPO activity, and increased SOD activity in
CIH rats and [H-induced pneumonocytes, indicating their anti-OS
property in the OSAHS-LI condition. Meanwhile, the anti-
inflammatory property of ADSCs-EVs was manifested by reduced
contents of inflammatory infiltration and contents of TNF-q, IL-6,
and MCP-1 both in vivo and in vitro. Moreover, ADSCs-EVs after
nebulization precondition not only enjoy higher clinical safety but
also have higher efficacy to improve survival rate in lung injury
diseases [35]. Besides, compared with exosomes from BMSCs and
umbilical cord-derived MSCs, ADSCs-EVs exert a more pronounced
protective role in the sepsis-induced LI mouse model [36]. There-
fore, it turns out that ADSCs-EVs are a more ideal source of cell-free
therapy for LI. However, regarding the scope of OSAHS, the previous
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Fig. 5. miR-22—3p inhibits KDM6B and decreases HMGA2 transcription through H3K27me3. A: The binding site of miR-22—3p and KDM6B was predicted by the Targetscan
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panels C—F and I-] were analyzed by one-way ANOVA and data in panels B and G-H were analyzed by two-way ANOVA, followed by Tukey's multiple comparison test. *P < 0.05,
**P < 0.01. ADSCs: adipose-derived mesenchymal stem cells; EVs: extracellular vesicles. IH: intermittent hypoxia; GW: GW4869 (the inhibitor of living EVs formation).

218



L. Xu, L. Zhang, Y. Xiang et al.

A

m

g 25— ,L|

g ==

5 207

T 15—

2

< 10-

z

€ 12T

(]

2

®

s 0.0- '
.\‘o \&39
& Y

OQI
D IH + EVs

L/DAPI

mm |H+EVs
IH + EVs + oe-NC

m

=

KDM6B

GAPDH

*%

1

E 250 == IH + EVs + oe-KDM6B
E‘) *k
£ 200 I
3
2 150+
c
S 100
£
£ 50|
Q
3
o 0
TNF-a

IH + EVs + oe-NC

300

200

Relative ROS level (%)
=
i

o
|

MCP-1

2
1.0 **
E 1
X
s 0.8+
177 kDa ?>’
2 0.6
37kDa g
2 0.4+
o
S
o 0.2+
2
©
E, 0.0-
' & ©
&S
& &
x )
N
>

IH + EVs + oe-KDM6B

;G)

Regenerative Therapy 22 (2023) 210—223

C

100 .
s —
Z 80 T
z
S 60
8 40
[+]
2
= 20
©
4
0- T
é‘.’ 'e() Q&
x & O
& 8
x d
&
NS

Apoptosis rate (%)

5_ *

- 1 - | —
£ 1.5- £
> 2
2 3.3—
B 1.0 3
3 B 2
S 0.5 8 1
= (/2]

0.0- 0-

N O & v ¢ & e O &
« & 0“\ < oefé <)‘y < °°§ 0“
x + Q> x = Q& % =
KN KU 4 N2 P
20 ] & % N2
49 x 4‘9 x \\9

E R © R
> N\ >
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by the TUNEL assay; E: Contents of TNF-a, IL-6, and MCP-1 in cells were determined by ELISA; F—H: ROS levels, MDA levels, and SOD activity in cells. Cell experiments were repeated
3 times independently. Data were shown as mean + standard deviation. Data in panel A were analyzed by the t test, data in panels B—D and F—H were analyzed by one-way ANOVA,
and data in panel E were analyzed by two-way ANOVA, followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01. ADSCs: adipose-derived mesenchymal stem cells; EVs:
extracellular vesicles. IH: intermittent hypoxia; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL: terminal-deoxynucleoitidyl transferase mediated Nick
end labeling; TNF-a: tumor necrosis factor; MCP-1: monocyte chemoattractant protein-1; ROS: reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase.
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Fig. 7. HMGA?2 upregulation neutralizes the protective role of ADSCs-EVs in IH-induced cell injury. RLE-6 TN cells were transfected with oe-HMGA2, with oe-NC as negative control.
A—B: HMGA2 expression levels in cells were determined by RT-qPCR and Western blot assay; C: Cell viability was assessed by the MTT method; D: Apoptosis rate was assessed by
TUNEL assay; E: Contents of TNF-¢, IL-6, and MCP-1 in cells were determined by ELISA; F—H: ROS levels, MDA levels, and SOD activity. Cell experiments were repeated 3 times
independently. Data were shown mean + standard deviation. Data in panel A were analyzed by the ¢ test, data in panels B—D and F—H were analyzed by one-way ANOVA, and data
in panel E were analyzed by two-way ANOVA, followed by Tukey's multiple comparison test. *P < 0.05, **P < 0.01. ADSCs: adipose-derived mesenchymal stem cells; EVs:
extracellular vesicles. IH: intermittent hypoxia; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL: terminal-deoxynucleoitidyl transferase mediated Nick
end labeling; TNF-o: tumor necrosis factor; MCP-1: monocyte chemoattractant protein-1; ROS: reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase.
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Fig. 8. Molecular mechanism of ADSCs-EV to alleviate OSAHS-LI. ADSCs-EVs delivered enveloped miR-22—3p into pneumonocytes to upregulate miR-22—3p, increased the binding
of miR-22—3p to KDM6B, decreased KDM6B expression, elevated the H3K27me3 levels in the HMGA2 promoter, decreased mRNA levels of HMGA2, thus attenuating cell apoptosis,

inflammation, oxidative stress, and retarding the progression of OSAHS-LI.

studies emphasized the role of BMSCs [37,38]. Our study initially
substantiated the anti-OS and anti-inflammatory properties of
ADSCs-EVs in OSAHS-LI, which fills the knowledge gap in OSAHS
treatment.

Increasing evidence verified that ADSCs-EVs are able to mediate
the transfer of miRNAs, such as miR-21—5p and miR-192 for the
treatment of diseases [9,39]. Downregulated circulating miR-
22—3p is associated with the pathogenesis of OSAHS [14]. miR-
22—3p overexpression has been demonstrated to neutralize in-
flammatory and OS responses in LPS-induced acute lung injury
[13]. Moreover, it is also evidenced to decrease the degree of
inflammation or OS in the context of neurological disorders, sepsis-
induced acute kidney injury, and hypertension [40—43]. In this
study, we observed the upregulation of miR-22—3p in the lung of
CIH rats and IH-induced pneumonocytes and its localization in
ADSCs-EVs. Besides, the incorporation of miR-22—3p into EVs
reduced apoptosis, inflammation, and OS in IH-treated cells.
KDM6B is an oxygen-sensitive factor and upregulated after IH
treatment [44]. Intriguingly, the aberrant expression of KDM6B is
likely to trigger different modes of LI, such as acute lung injury and
pulmonary ischemia/reperfusion [15,45]. Meanwhile, KDM6B can
abrogate the methylation status of H3K27me3, an inhibition
marker, resulting in transcriptional repression [46]. HMGA2 is a
well-established oncoprotein in various cancer types [47]. Most
importantly, a few studies have proved that HMGA2 promotes
pulmonary fibrosis by inducing epithelial-mesenchymal transition
[17,18]. Our experiments unveiled upregulated KDM6B and HMGA2
in the lung of CIH rats and IH-induced pneumonocytes. miR-22—3p
negatively regulated KDM6B and KDM6B reduced the enrichment
of H3K27me3 on the HMGA2 promoter to increase HMGA2 tran-
scription. Overall, our findings elicited that ADSCs-EVs delivered
miR-22—3p into pneumonocytes, which weakened the role of
KDM6B in erasing H3K27me3 and then inhibited HMGA2
transcription.

Thereafter, we designed the rescue experiments to validate the
roles of KDM6B and HMGA2 in OSAHS-LI. Overexpression of
KDM6B and HMGA?2 averted the protective role of ADSCs-EVs in
CIH-induced cell injury by enhancing inflammation, apoptosis, and
0S. Consistently, KDM6B is known to antagonize the anti-
inflammatory signaling by modulating the methylation status
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[46]. For instance, KDM6B activates H3K27me3 demethylation of
pro-inflammatory cytokines and enhances their transcription, thus
exacerbating bacterial infection-induced inflammation [48]. In
addition, activation of the HMGA2/PI3K/Akt pathway is associated
with LPS-induced inflammation in corneal epithelial cells [49] and
HMGA2 knockdown plays an alleviative role in high glucose-
induced OS in mesangial cells [50]. Furthermore, HMGA2 is a
regulator of WNT signaling in lung development [51] and WNT
signaling is critical for lung healing and is altered by IH treatment
[52,53]. Thus, we conjected that WNT signaling may be a down-
stream target of HMGA2 in ADSCs-EVs, but it requires compelling
experiments to validate this conjecture. We are also aware of the
limitations of our study. We only analyzed the mechanism at the
cellular level, lacking validation through animal experiments and
clinical analysis. miR-22—3p is only one of miRNAs that can be
carried by EVs, and it is unknown whether other miRNAs from EVs
exert function in the disease. Since the CIH model only simulates
OSAHS-LI, our findings require more validation before applying to
the clinic setting. Finally, as a transcription factor, the downstream
mechanism of HMGA2 remains a mystery. Therefore, future studies
are required to validate our mechanism through animal experi-
ments and explore more miRNAs and the downstream mechanism
of HMGA2, providing updated theoretical knowledge for the
treatment of OSAHS-LI.

In summary, ADSCs-EVs delivered miR-22—3p into pneumo-
nocytes to inhibit KDM6B expression, upregulate H3K27me3 level,
and reduce HMGA?2 transcription, thus alleviating apoptosis,
inflammation, and OS and retarding the progression of OSAHS-LI.
Our findings may provide novel insights into the cell-free therapy
for OSAHS-LI.
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