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ARTICLE INFO ABSTRACT
Keywords: High altitude pulmonary edema (HAPE) is a life-threatening, non-cardiogenic pulmonary edema
High-altitude pulmonary edema characterized by rapid onset and high mortality. Extracellular vesicles of mesenchymal stem cells

Extracellular vesicles
miR-486
Oxidative stress

are used in the treatment of a variety of lung diseases, but their use in HAPE remains under-
reported. This study explores the therapeutic potential of miRNA-486 modified extracellular
vesicles from dental pulp stem cells (SEV™IR-486) against HAPE, aiming to decipher the associated
molecular mechanisms. The rat HAPE model was established by exposing subjects to a simulated
high-altitude, low-oxygen environment within a specialized chamber. The HAPE-afflicted rats
received sEVNUI and sEV™IR—486 intravenously, and the therapeutic effect was assessed through
histopathological analysis, pulmonary artery pressure, lung water content, as well as markers of
oxidative stress and inflammation. To supplement in vivo findings, pulmonary microvascular
endothelial cells (PMVEC) were stressed with cobalt chloride to emulate hypoxic damage, and
then treated with sEVV"!! and sEV™R~480 to unravel the mechanism of action. The sEVN"!! miti-
gated pathological changes in the lungs, reduced pulmonary artery pressure and lung water
content, and alleviated oxidative stress and inflammatory responses in cases of HAPE. Moreover,
sEVN! enhanced vascular reactivity and restored pulmonary permeability and tight junction
integrity, these effects were intensified by miRNA-486 overexpression. Notably, sEV™IR—486
attenuated oxidative damage in hypoxic PMVEC cells by modulating the PTEN/PI3K/Akt/eNOS
signaling pathway. miRNA-486 fortified DPSC-sEVs intervention as a novel and potent treatment
strategy for HAPE.
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1. Introduction

High altitude pulmonary edema (HAPE) is a non-cardiogenic form of edema that affects unacclimatized individuals at elevations
above 2500 m [1]. Typically manifesting 2-3 days after sudden altitude exposure, HAPE is characterized by increased pulmonary
artery pressure, hypoxic pulmonary vasoconstriction, enhanced alveolar capillary permeability, and hypoxemia [2]. Although
treatments such as vasodilators, corticosteroids, hormones, supplemental oxygen, and rapid descent can effectively mitigate HAPE [3],
the condition maintains a mortality rate of up to 40 % when diagnosis and treatment are delayed [4]. The necessity for reliable
predictors and treatment modalities remains critical, as current options are insufficient.

Several studies have demonstrated that rats exposed to acute low-pressure hypoxia exhibit increased levels of reactive oxygen
species (ROS), leading to oxidative stress and consequential enhancements in transvascular leakage [5]. Pulmonary microvascular
endothelial cells (PMVEC), characterized by heightened permeability, are implicated as a central cellular mechanism contributing to
vascular leakage and the pathogenesis of HAPE [6]. Recent findings suggest that mesenchymal stem cells (MSCs) may mitigate
inflammation, apoptosis, and oxidative stress while fostering angiogenesis, thereby promoting alveolar fluid clearance, minimizing
damage to lung endothelial and epithelial cells, and ultimately attenuating lung injury [7-10]. Dental pulp stem cells (DPSCs) are a
type of mesenchymal stem cells derived from the cranial neural crest and extracted from the discarded teeth, which characterized by a
wide range of sources and high proliferation rate. Meanwhile, some studies indicated that DPSCs had the ability to inhibit inflam-
mation, anti-aging, promote angiogenesis, and inhibit tumor proliferation, invasion and metastasis [11-14]. The contribution of
paracrine factors and extracellular vesicles are instrumental in mediating these protective effects.

Extracellular vesicles (EVs) are lipid bilayer-encased particles that transport biologically active molecules, including proteins,
RNAs, and microRNAs [15]. These vesicles have the capability to deliver their cargo to target cells, thereby modulating cellular
functions and facilitating tissue repair mechanisms [16,17]. EVs are classified into two principal categories: exosomes and micro-
vesicles, with small EVs (sEVs) under 200 nm predominantly constituting exosomes, and larger EVs, exceeding 200 nm, mainly
comprising microvesicles [18]. Compared to MSCs, MSC-derived sEVs (MSC-sEVs) offer benefits such as reduced immunogenicity, ease
of preparation, high stability, and uncomplicated storage [19]. Multiple studies have demonstrated that MSC-sEVs can mitigate lung
injury through the reduction of inflammation [20], the attenuation of pulmonary artery pressure [21], and the enhancement of cell
migration and angiogenesis [22].

MicroRNAs (miRNAs) are short, non-coding RNA sequences, typically 22-25 nucleotides in length. They are involved in the post-
transcriptional regulation of almost all cellular processes and play consequently important roles in the development of many diseases.
Accordingly, miRNAs have attracted great interest as potential novel tools for diagnosis and even therapy [23]. Engineered sEVs that
modify either the composition or expression levels of miRNAs in their cargo can enhance therapeutic efficacy. For instance, sEVs
derived from human umbilical cord mesenchymal stem cells that overexpress miR-199a-5p have been demonstrated to mitigate
oxidative stress in sulfur mustard (SM) induced acute lung injury. This therapeutic effect is achieved by downregulating Caveolinl and
activating key antioxidative pathways involving nuclear factor E2-related factor 2 (Nrf2), heme oxygenase-1 (HO-1), and NAD(P)H
Dehydrogenase Quinone 1 (NQO1) [24]. Furthermore, miR-486-5p is implicated in regulating cell proliferation, migration, angio-
genesis, apoptosis, and other processes [25]. Studies have identified that miRNA-486-5p can protect against endothelial dysfunction by
curbing inflammation and oxidative stress [26]. In a previous study in our lab, miR-486 was found to mediate hypoxia-induced
vasoreactivity and promote the proliferation and survival of BM-MSCs by regulating the PTEN/PI3K/AKT signaling pathway [27].

In this study, we sought to investigate the potential therapeutic effect of miRNA-486-overexpressed sEVs derived from DPSCs
(sEV™R—48%) o an experimental rat HAPE model, which simulated acute hypobaric hypoxia and established by exposing rats to a
hypobaric chamber. In addition, CoCl; induced hypoxic damage model of PMVEC was used to elucidate the possible mechanisms.

2. Materials and methods
2.1. Cell culture

PMVEC were obtained from BLUEFBIO (Shanghai, China). These cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM,; Gibco, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10 % fetal bovine serum (FBS; Gibco). To induce a
hypoxic injury model, PMVECs were exposed to 200 uM cobalt chloride (Sigma, CA, USA).

DPSCs were generously provided by Beijing SH Biotechnology. These DPSCs were maintained in AM-V serum-free medium spe-
cifically formulated for mesenchymal stem cells, supplied by TBD in Tianjin, China. The cells were infected with 70 MOI Ad.miR486, a
replication-incompetent adenoviral vector designed to express miRNA-486, or with Ad.Null, which is also a replication-incompetent
adenoviral vector but does not express any exogenous genes. Subsequently, the culture medium was harvested to collect small
extracellular vesicles overexpressing miRNA-486 (sEVmiR"'%) as well as the control small extracellular vesicles (sEVN“H).

2.2. Isolation and characterization of sEVs

In this study, sEVs were isolated using a differential ultracentrifugation protocol. Initially, culture medium from 4-day cultures of
DPSCs infected with Ad.Null and DPSCs overexpressing miRNA-486 was harvested. This medium was subjected to sequential
centrifugation: first at 300g for 10 min to remove dead cells, then at 2000g for 20 min to eliminate apoptotic bodies, followed by
10,000g for 30 min to clear cell debris. Subsequently, sEVs were purified through an ultracentrifuge (XPN-80, Beckman Coulter, USA)
at 100,000g for 70 min, repeated twice. The resulting sEVs pellets were resuspended in phosphate-buffered saline (PBS). All procedures
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were conducted at 4 °C to ensure integrity, and the isolated sEVs were either stored at —80 °C or utilized immediately for further
experiments.

Nanoparticle Tracking Analysis (NTA) facilitated by the ZetaView PMX 110 (Particle Metrix) was employed to ascertain the
concentration and size distribution of sEVs. Specimens were suitably diluted before being introduced into the sample chamber.
Subsequent data acquisition was analyzed with the integrated ZetaView software (version 8.04.02 SP2).

The ultrastructure of SEVs was visualized using transmission electron microscopy. Images of sEVs were acquired using a Hitachi
HT7800 electron microscope (RuliTEM, HT7800).

PKH26 (MedChemExpress, HY-D1451) dye was used to bind to sEVs. PKH26-labeled sEVs was added into PMVEC cells or injected
into BALB/c mice via tail vein. Images of cells and animals ingesting sEVs were acquired by laser confocal microscopy and in vivo
imaging system.

2.3. Invitro cellular experiment grouping and protocols

To study the function of SEV™R~486 PMVEC cells were divided into four groups: a. Control group: PMVEC cells were not subjected
to any additional treatments; b. Hypoxia group: PMVEC cells were exposed to 200 pM CoCl; for 24 h to induce hypoxic injury; c. sgyll
group: PMVEC cells were treated with 200 pM CoCly, for 12 h, and then 20 pg of sSEV™! was added; d. sEV™R~48¢ group: PMVEC cells
were treated with 200 pM CoCl,, for 12 h, and then 20 pg of SEV™R 48 was added.

To further elucidate the function of miRNA-486, PMVEC cells were divided into four groups: a. Mimic-NC group: PMVEC cells were
treated with 200 pM CoCl; for 12 h, followed by transfection of 15 nM miR-486 mimic-NC; b. Mimic group: PMVEC cells were treated
with 200 uM CoCly for 12 h, followed by transfection of 15 nM miR-486 mimic; c. Inhibitor-NC group: PMVEC cells were treated with
200 pM CoCl;, for 12 h, followed by transfection of 15 nM miR-486 inhibitor-NC; d. Inhibitor group: PMVEC cells were treated with
200 pM CoCl; for 12 h, followed by transfection of 15 nM miR-486 inhibitor. miR-486 mimic, inhibitor and corresponding negative
control (NC) were obtained from Tsingke (Beijing, China), and transfection was conducted using the RNA TransMate reagent
(E607402, Sangon Biotech, Shanghai, China).

To verify the role of miRNA-486 on HAPE is linked to the activation of the PI3K/AKT signaling pathway, PMVEC cells were divided
into four groups: a. PMVEC cells were treated with 200 pM CoCl,, for 12 h, followed by transfection of 15 nM miR-486 mimic-NC; b.
Mimic-NC + Ly294002 group: PMVEC cells were treated with 200 pM CoCl;, for 12 h, followed by treatment with 20 pM PI3K inhibitor
Ly294002 (HY-10108, MCE, Shanghai, China) for 30 min, and then transfected with 15 nM miR-486 mimic-NC; c. Mimic group:
PMVEC cells were treated with 200 pM CoCl; for 12 h, followed by transfection of 15 nM miR-486 mimic; d. Mimic + Ly294002 group:
PMVEC cells were treated with 200 pM CoCl; for 12 h, followed by treatment with 20 pM PI3K inhibitor Ly294002 (HY-10108, MCE,
Shanghai, China) for 30 min, and then transfected with 15 nM miR-486 mimic.

2.4. Ethics statement for in vivo studies

All procedures involving animals were conducted in strict accordance with the guidelines for the care and use of laboratory animals
established by the National Institutes of Health. The Animal Care and Use Committee of the Laboratory Animal Center provided ethical
approval for the experimental protocols (IACUC-DWZX-2021-714), ensuring the commitment to the welfare and ethical treatment of
the animals involved in the study.

2.5. Rats HAPE model and grouping

Adult Male Sprague-Dawley rats, weighing between 180 and 200 g, were acquired from Beijing Vital River Laboratory Animal
Technology Co., Ltd. in Beijing,

Rats were housed in a controlled environment under a 12 h light/dark cycle, with controlled humidity ranging from 50 to 60 % and
a stable temperature (22 + 2 °C). Rats had free access to standard maintenance pelleted food and water ad libitum. To assess the impact
of sSEVmiR-486 on HAPE, we randomly assigned rats into four groups (n = 7) after 1-week acclimatization: (1) a low-altitude control
group (Control) received 100 pl of PBS via the tail vein on days 1 and 3 of hypoxia exposure; (2) an HAPE group (HAPE) received an
identical PBS treatment to the control; (3) an sEyNul group (sEVN“H) received 1 x 10'° particles/100 pl of SEVN! via the tail vein on
the same days; and (4) an SEV™R 480 group (sSEV™R48%) was administered 1 x 101 particles/100 pl of sEV™R 486 yia the tail vein also
on days 1 and 3 of hypoxic treatment. The dose of SEVs was confirmed based on the results of the preliminary experiment.

All animal subjects, except for the low-altitude control group, underwent acute hypoxic exposure using a simulation chamber
(Aebell, China), designed to mimic high-altitude conditions equivalent to 6000 m. The ascent to the simulated altitude was achieved at
a controlled rate of 4 m per second.

2.6. Rat cardiac ultrasound

Rats were anesthetized using isoflurane inhalation and positioned supine with limbs secured on the operating table of the in-
strument. Their chest fur was shaved in preparation for imaging. Cardiac ultrasounds were performed with a Vevo 3100 LT small
animal ultrasound imaging system (probe M250, VisualSonics, Toronto, Canada). The system measured pulmonary acceleration time
(PAT) and pulmonary ejection time (PET) and used these metrics to derive pulmonary artery pressure (PAP).
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2.7. Tissue samples collection

Rats were anesthetized using sodium pentobarbital (40 mg/kg) through intraperitoneal injection at the end of the study. 3 rats per
group followed by an abdominal incision to collect blood from the major abdominal vein for hematological and cytokine analyses. The
left lung was sampled to assess lung water content, while the right lung was preserved at —80 °C to prepare tissue homogenate and
extract RNA. Another 4 rats per group were surgically exposed thoracic cavity, and a cannula was placed into the trachea. The left lung
was clamped using hemostatic forceps, after which bronchoalveolar lavage fluid (BALF) was obtained by irrigating the right lung
thrice with sterile saline. Subsequently, the left lung tissue was preserved in 4 % paraformaldehyde in preparation for hematoxylin and
eosin (H&E) staining.

2.8. Preparation of lung tissue homogenates and BALF

To prepare the lung tissue homogenates, the lower lobe of the right lung was excised and thoroughly homogenized with pre-cooled
saline at a 1:9 mass-to-volume ratio. This mixture was then incubated at 4 °C for 30 min followed by centrifugation at 10,000 rpm for
10 min at 4 °C using a refrigerated centrifuge. The supernatant was subsequently collected to yield the final lung tissue homogenate.

The alveolar lavage fluid was obtained by centrifuging the collected BALF at 3000 g for 10 min at 4 °C, followed by careful
collection of the resulting supernatant.

2.9. HE staining and immunofluorescence detection

The left lung tissues, which had been fixed, were subsequently embedded in paraffin and sectioned into slices 5 pm in thickness.

Histological alterations in lung tissue were determined via HE staining, while the status of local tight junctions was investigated
using immunofluorescence. Tissue sections were covered with fluorescent sealer (BD-FM-1; BDHM, Beijing, China) and incubated at
room temperature for 1 h. Subsequently, sections were incubated with anti-Occludin antibody (27260-1-AP; Proteintech, IL, USA)
overnight at 4 °C. Following two times of PBS washes, sections were stained using the Opal 520 reagent pack (BD52100; BDHM,
Beijing, China). DAPI (BD-DAPI-1; BDHM, Beijing, China) was applied as a counterstain to visualize nuclei.

2.10. Total protein detection

The protein concentrations in both BALF and lung tissue homogenates were quantified using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Illinois, USA).

2.11. Rat lung water content(LWC)

Pulmonary edema severity can be gauged by lung water content (LWC). The excised left lung was promptly weighed to obtain the
wet weight before being dehydrated at 60 °C for 96 h in an oven until a constant mass was achieved, indicating the dry weight. LWC
was calculated using the formula: (wet weight - dry weight)/wet weight.

2.12. Active substances detection

The levels and activity of pertinent bioactive molecules associated with inflammation, oxidative stress, vascular function, and
membrane permeability were quantified in serum, plasma, and lung tissue homogenates using rat-specific assay kits as per the
manufacturer’s protocols, detailed in Table 1.

Table 1
The assay kits used in this study.
Product Manufacturer Catalogue Number Sample
Nitric Oxide (NO) Colorimetric Assay Kit Elabscience, Wuhan, China E-BC-K035-M plasma
PGI2 (Prostacyclin) ELISA Kit E-EL-0022c plasma
Rat ET-1(Endothelin 1) ELISA Kit E-EL-R1458c plasma
TXA2 (Thromboxane A2) ELISA Kit E-EL-0057C plasma
Total Superoxide Dismutase (T-SOD) Activity Assay Kit (WST-1 Method) E-BC-K020-M Lung tissue homogenate
Malondialdehyde (MDA) Colorimetric Assay Kit (TBA Method) E-BC-K025-M Lung tissue homogenate
Rat IL-6 ELISA Kit ABclonal, Wuhan, China RK00020 Lung tissue homogenate
Rat IL-1p ELISA Kit RK00009 Lung tissue homogenate
Rat Interleukin 1p (IL-1p) ELISA Kit MEIKE, Jiangsu China MK1588A Serum
Rat Interleukin 4 (IL-4) ELISA Kit MK6742A Serum
Rat Interleukin 6 (IL-6) ELISA Kit MK1731A Serum
Rat Interleukin 10 (IL-10) ELISA Kit MK1736A Serum
Rat Interleukin 12 (IL-12) ELISA Kit MK1681A Serum
Rat Interleukin 17A (IL-17A) ELISA Kit MK7071A Serum
Rat Tumor Necrosis Factor alpha (TNF-a) ELISA Kit MK1721A Serum
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2.13. Western blot analysis

Lung tissues and PMEVC cells were lysed with RIPA buffer (Epizyme, PC101, China) supplemented with both protease (Epizyme,
GRF101, China) and phosphatase inhibitors (Epizyme, GRF102). The lysates underwent centrifugation at 12,000g and 4 °C for 15 min
to eliminate cellular debris. Protein concentrations were measured using a UV spectrophotometer (Thermo, IL, USA). Samples con-
taining 10 pg of protein were resolved by polyacrylamide gel electrophoresis and subsequently transferred onto polyvinylidene
fluoride (PVDF) membranes. These membranes were blocked and incubated with primary antibodies overnight at 4 °C. Following four
washes in Tris-buffered saline with Tween-20 (TBST) of 5 min each, the membranes were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature (RT). We utilized Electrochemiluminescence (ECL) substrate (Zomanbio, Beijing, China) for
signal detection and the Tanon imaging system (Tanon, Shanghai, China) for capturing images. A comprehensive list of the antibodies
used and the dilution ratio is presented in Table 2.

2.14. Real-time quantitative PCR (qPCR)

Total RNA was isolated from lung tissues and PMVEC using the RNA-Quick Purification Kit (ES Science, Beijing, China) in
accordance with the manufacturer’s protocol. cDNA synthesis was performed with the Evo M-MLV RT Mix Kit (Acclurate, Hunan,
China) for subsequent qPCR assays. The qPCR analyses were carried out with the QqPCR SYBR Green I Master kit (Yeasen, Shanghai,
China) on the CFX Connect real-time PCR system (Bio-Rad, CA, USA). Each qPCR reaction was executed in quadruplicate. Relative
gene expression levels were calculated using the 2-*2* method, normalizing against p-actin as the internal control. Primer sequences
employed in the study are detailed in Table 3.

2.15. Flow cytometry

Reactive oxygen species (ROS) working solutions, provided by Byotime (Shanghai, China), were prepared following the manu-
facturer’s instructions. The cells were incubated with the ROS working solution for 20 min at 37 °C, and then washed with serum-free
cell culture medium for three times. Subsequently, the ROS signal was detected using fluorescence-activated cell sorting (FACS; BD,
NJ, USA). The mean fluorescence intensity of ROS was quantified using FlowJo software.

2.16. miRNA Sequencing of sEVN"! and sEV™R—466

Total RNA from sEVN"!! and sEV™R—486 was extracted for miRNA sequencing. Differentially expressed miRNAs underwent analysis
with the online Dr. TOM software (BGI-Shenzhen, China) for gene ontology and pathway enrichment.

2.17. Statistical

All experiments were conducted a minimum of three times, with results presented as the mean =+ standard deviation (SD). Sta-
tistical evaluation was carried out via GraphPad Prism 9, employing one-way ANOVA for analyses across multiple groups and unpaired
t-tests for bipartite comparisons. P < 0.05 was considered of statistical significance.

Table 2
Primary and secondary antibodies used in this study.
Product Cat. No. Dilution ratio Company
Anti-Aquaporin 5 antibody ab78486 1:10000 Abcam, USA
Anti-Aquaporin 1 antibody ab168387 1:5000
Anti-Heme Oxygenase 1 antibody ab68477 1:1000
Anti-Occludin antibody ab167161 1:1000
Anti-TSG101 antibody ab125011 1:1000
Anti-CD63 antibody ab134045 1:1000
Anti-CD9 antibody ab236630 1:1000
Anti-beta III Tubulin antibody ab18207 1:10000
Anti-eNOS antibody ab5589 1:1000
NRF2(E3J1V) Rabbit mAb 33649 1:1000 Cell Signaling, USA
Keapl (D6B12) Rabbit mAb 8047S 1:1000
PI3 kinase P85 Rabbit 4257T 1:1000
Phospho-Akt (Ser473) Rabbit mAb 4060S 1:2000
Thy1/CD90 (D3V8A) Rabbit mAb 138018 1:1000
Akt antibody 92728 1:1000
TRPV4 antibody DF8624 1:3000 Affbiotech, China
ZO-1 antibody AF5145 1:1000
beta Actin Rabbit pAb 380624 1:10000 ZENBIO, China
Goat Anti-rabbitt IgG (H + L) BST18D06A8ES4 1:5000 Boster, China
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Table 3
Primer sequence used in this study.
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Gene

Sequences (5-3)

p-actin (Rat)
AQP-1(Rat)
AQP-5 (Rat)
PTEN (Rat)

AKT1 (Rat)

PDK1 (Rat)

NOS3 (Rat)

SOD2 (Rat)

CAT (Rat)
Na'K*-ATPase (Rat)
MiR-486 (Human)

U6 (Human)

Forward: CACCCGCGAGTACAACCTTC
Reverse: CCCATACCCACCATCACACC
Forward: CTGGCCTTTGGTTTGAGCAT
Reverse: CCACACACTGGGCGATGAT
Forward: GCCACATCAATCCAGCCATT
Reverse: AAAGATCGGGCTGGGTTGAT
Forward: GGGAAAGGACGGACTGGTGT
Reverse: ATAGCGCCTCTGACTGGGAAT
Forward: ACCACCGCCATTCAGACTG -3'
Reverse: TTGTCACTGGGTGAACCTGA
Forward: GAACTGTTCAAGAACGCAATGA
Reverse: CCAGTGTGACGTGAACTTGAAT
Forward: GAGCAGCACAAGAGTTACAAAATCC
Reverse: TCCACCGCTCGAGCAAAG
Forward: ATTAACGCGCAGATCATGCA
Reverse: CCTCGGTGACGTTCAGATTGT
Forward: CGTCACTCAGGTGCGGACATTC
Reverse: TCAGGTGGTTGGCAATGTTCTCAC
Forward: CTGATCAGCATGGCCTATGGAC
Reverse: ACCGTTCTCAGCCAGAATCACA
Forward: CTCTGATCTCGCCCTCCCT
Reverse: CTTGTTCCCCGTTGTCTCCC
Forward: CTCGCTTCGGCAGCACA
Reverse: AACGCTTCACGAATTTGCGT

3. Results

3.1. Isolation and identification of sEVs

sEVs were isolated via differential ultracentrifugation, and nanoparticle tracking analysis indicated a size distribution ranging from
70 to 150 nm, with a predominant diameter of 136 nm (Fig. 1A). The transmission electron microscopy (TEM) images revealed that the
sEVs possessed a rounded morphology and a bilayer membrane structure, measuring approximately 100 nm in diameter (Fig. 1B).
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Fig. 1. Isolation and identification of SEVs. (A) Depicts nanoparticle tracking analysis employed to ascertain the particle size distribution of sEVs.
(B) Shows the application of transmission electron microscopy in visualizing the structure and size of sEVs with a scale bar denoting 100 nm. (C)
Illustrates the utilization of Western blotting to detect the hallmark proteins of SEVs. (D) Demonstrates the uptake of SEVs by PMVEC, as captured by
a confocal fluorescence microscope with a scale bar of 10 pm. (E) Presents in vivo imaging techniques to monitor the sEVs penetration into mouse

lung tissue.
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Further, Western blot analysis confirmed the presence of established sEVs markers Tsg101, CD63, and CD9, as well as CD90, a
signature protein of DPSCs (Fig. 1C). To assess cellular uptake, PKH26-labeled sEVs were incubated with PMVEC. Fluorescence mi-
croscopy performed 24 h post-co-culture showed successful internalization of sEVs by PMVEC (Fig. 1D). Additionally, systemic dis-
tribution was examined by injecting PKH26-stained sEVs through the tail vein of mice; subsequent in vivo optical imaging with
Xenogen revealed prominent fluorescence in the lungs 24 h after injection (Fig. 1E). Collectively, these findings substantiate that the
purified sEVs conform to the characteristics of SEVs and are capable of entering both cellular and pulmonary tissue.

3.2, sEVMR=6 repair the damaged lung tissue in HAPE rat model

To enhance therapeutic outcomes, we treated DPSCs with Ad.miR-486 to produce sEVs that overexpress miR-486. Quantitative
PCR analysis confirmed a significant increase in miR-486 expression in DPSCs transduced with Ad.miR-486 (Fig. 2A). Small RNA
sequencing demonstrated a substantial enrichment of miR-486 within SEV™R~48¢ compared to sSEVN'!! (Fig. 2B). We then assessed the
therapeutic impact of SEV™R 486 on HAPE by administering sEVV"!! and sEV™R~48¢ to HAPE afflicted rats and monitoring pulmonary
arterial pressure via a small animal ultrasound imaging system. The results indicated a significant reduction in the elevated pressure
post-treatment (Fig. 2C and D). The results of HE staining of lung tissues showed destroyed alveolar structure, alveolar wall thickening,
alveolar and interstitial edema, alveolar hemorrhage, and increased inflammatory infiltration in HAPE rats, whereas those treated with
sEVN!! and sEV™R-480 ¢ould alleviate these pathological manifestations mediated by hypobaric hypoxia (Fig. 2E). Moreover, lung
water content a marker of pulmonary edema was significantly reduced following treatment (Fig. 2F), suggesting edema amelioration.
The bicinchoninic acid assay indicated that SEVN"! and sSEV™R 48 treatments significantly lowered the protein content in lung ho-
mogenates and bronchoalveolar lavage fluid, reflecting restored lung tissue permeability; the SEV™R 48 group showed a statistically
significant improvement over the sEVN"! group (Fig. 2G). Collectively, our study indicates that sEVs overexpressing miR-486 can
mitigate pulmonary arterial pressure elevation, reduce alveolar damage, and improve lung permeability in HAPE, with sEV™R—486
demonstrating superior histopathological amelioration relative to sEVNUIL

3.3. sEVMR=S miticates lung injury by modulating oxidative stress and inflammation
To preliminarily investigate the reparative mechanism of SEV™R=486 on HAPE, we assessed the expression of oxidative stress and
inflammation-related factors. Notably, SOD specific activity was found to be decreased, while MDA levels were increased in lung tissue
homogenates of the HAPE group compared to controls; these alterations were mitigated by sEVN'! and sEV™R~48° treatments, with the
latter exhibiting a more pronounced effect (Fig. 3A). Similarly, expression changes in oxidative stress-related genes were observed in
hypoxia-injured PMVEC, where SOD2 expression declined and Catalase (CAT) expression rose following hypoxic injury, yet both were
ameliorated following treatment with sEVNUI ang sEyMIR—486, Notably, there was a significant difference in SOD2 expression between
the sEVN! and sEV™R~48¢ groups (Fig. 3B), suggesting that sEV™R~48¢ may enhance PMVEC resistance to oxidative stress.
Furthermore, we examined key protein expressions in the Nrf2/keapl/HO-1 pathway via Western blot and observed that hypoxic
injury intensified the intracellular degradation of Nrf2 and Keap1, and diminished HO-1 expression. Contrastingly, cells treated with
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Fig. 2. SEV™R~486 repair the damaged lung tissue in HAPE rat model (A) Expression of miR-486 in DPSCs following infection with Ad.Null or Ad.
miR-486. (B) A volcano plot illustrating differentially expressed small RNA between sEVN"! and sEV™R~48¢ treatments. (C) Cardiac ultrasound
images accompanied by (D) a statistical histogram quantifying the results. (E) Hematoxylin and eosin (HE) stained sections of lung tissue; alveolar
walls are marked by red arrows, smooth muscle by black arrows, and alveolar septa by yellow arrows. (F) Measurement of water content in rat lung
tissue. (G) Quantification of protein levels in lung tissue homogenates and bronchoalveolar lavage fluid. Images are annotated with a scale bar
representing 50 pm. Data represent means + SD. Statistical significance is indicated as follows: *p < 0.05, **#p < 0.001, versus the control group;
**p < 0.01, ***p < 0.001, versus the HAPE group; @@p < 0.01, versus the sEVNull group.
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Fig. 3. sEV™R~48 mitigates lung injury by modulating oxidative stress and inflammation (A) Presents the concentrations of MDA and the activity of
SOD in lung tissue homogenates. (B) Details the gene expression of SOD2 and CAT in PMVEC, as measured by quantitative PCR. (C)The protein
expression levels of Nrf2, keapl, and HO-1 in PMVEC were revealed through Western blot analysis. (D) ELISA was used to detect the expression
levels of IL-1p and IL-6 in the lung tissue homogenates. (E) Depicts the serum concentrations of a spectrum of cytokines—IL-1p, IL-6, IL-12, IL-17A,
TNF-q, IL-4, and IL-10 quantified via ELISA. Data are expressed as means + SD. Statistical significance is denoted by **#p < 0.001 compared with
the control group; **p < 0.01, ***p < 0.001 compared with the HAPE group or the hypoxia group; ©@p < 0.01, ©@@p < 0.001, compared with
SEVN! group.

sEVNU!! and sEV™IR-480 displayed significantly higher levels of total Nrf2, Keapl, and HO-1 expression (Fig. 3C).

Inflammation is crucial to the onset and progression of HAPE. We assessed the levels of inflammation-related cytokines in lung
tissue homogenates and serum. Our findings revealed that, relative to the control group, levels of pro-inflammatory cytokines IL-1p and
IL-6 were elevated in lung tissue homogenates (Fig. 3D). Moreover, serum concentrations of pro-inflammatory cytokines IL-1p, IL-6, IL-
12, IL-17A, and TNF-a significantly increased, while the anti-inflammatory cytokines IL-4 and IL-10 were reduced in the HAPE group
(Fig. 3E). Treatments with sEVN"!! and sEV™R—486 partially mitigated these alterations in cytokine expression induced by low pressure
and hypoxia, with the sEV™R~48 group demonstrating a more marked effect than the sEVN"!! group (Fig. 3D and E). In conclusion,
both sEVN"! and sEV™R-48° treatments were effective in attenuating HAPE-induced lung injury by modulating oxidative stress and
inflammation, with sEV™R~486 showing superior efficacy.

3.4. sEV™R=86 ameliorates lung injury by restoring intercellular tight junctions and permeability

Exposure to low pressure and hypoxia often compromises tight junction integrity and exacerbates hypoxic pulmonary vasocon-
striction (HPV). We also assessed the expression of tight junction proteins, vasoactive mediators, and cell permeability markers.
Immunofluorescence staining revealed a substantial reduction in tight junction protein Occludin in the lung tissues of rats with HAPE
compared to controls, while sEVNUI and sEV™R—480 treatment significantly restored Occludin expression (Fig. 4A). Western blot
analysis demonstrated similar effects for ZO-1 and Occludin in PMVECs post hypoxic injury (Fig. 4B). ELISA of rat plasma indicated
that ET-1 and TXA2 levels were significantly elevated while NO and PGI2 were reduced following hypoxia; these alterations were
partially mitigated by sEVVUI and sEV™R-48¢ with a more marked improvement observed in the SEV™R 480 treated group (Fig. 4C).
qPCR on rat lung tissues highlighted a decrease in aquaporins AQP-1 and AQP-5 in HAPE, which were upregulated following sEV
treatments (Fig. 4D). Additionally, qPCR and Western blot analyses showed a significant downregulation in AQP-1, AQP-5, and Na*t/
K'-ATPase, alongside an upregulation in TRPV4 in hypoxia-injured PMVEC, changes that were partially reversed by sEV treatments,
especially with SEV™R 480 (Fig 4E). These results align with those observed in HAPE rat models. In conclusion, sEVNUIL and sEymiR—486
can mitigate HAPE and hypoxia-induced injuries by modulating intercellular tight junctions, vasoactive factors, and cellular perme-
ability, with sEV™R48 showing superior efficacy.

3.5. miR-486 reduces oxidative stress by regulating the PTEN/PI3K/Akt/eNOS signaling pathway

To elucidate the role of miR-486 in modulating hypoxia-induced lung injury, we conducted a KEGG enrichment analysis on the
miRNA expression profiles in sEVV'!! and sEV™R~48¢ We discovered an enrichment of the PI3K-Akt signaling pathway within the
differential miRNAs of both variants (Fig. 5A). The PTEN was identified as target gene of miR-486 in our previous study [26].
Considering PTEN’s regulatory role in Akt synthesis within the PI3K-Akt pathway, we assessed PTEN and Akt1 expression via qPCR.
The results indicated a marked reduction in PTEN and a concomitant increase in Akt1 expression following treatment with sEVN"!! and
SEV™R—486. notably, the latter had a more pronounced effect (Fig. 5B). Within this pathway, Akt has been noted to augment eNOS
expression and enhance NO secretion through phosphorylation. Hence, we examined the expression of the NOS3 gene and eNOS
protein by qPCR and Western blot, respectively. Following hypoxic damage in PMVEC cells, there was a decrease in NOS3 mRNA and



C. Wang et al. Heliyon 11 (2025) e41960

Control HAPE SEVNull SEV/MiR-486

Qng

r ¥ s s

Z0-1 |@END ew=» == == | 195 kDa
Occludin [l &= S | 59 kDa
B-actin (wmD > GNP @WP| 42 kDa

F
AQP-5 [l W= W W | 24KkDa

B-actin | <> @G> @=| 4 Da

AQP-1 [== == == == 28kDa

B-actin | wm— w— wm— | 42 kDa

TRPV4 [ #== &== &= ]| 98kDa

] eee
1800~ e 80 - D 1.2+ 'y
s
_ — 60 ]
) D et
%1200- :s' § 0.84 T
s £ a0- g
o
X 6004 * a 3 2 - i
L e T k4 Z 0.4
£
T T \\I bl 0- P, -
S & O & & 0.0
C Y 3 & & 89 3T & o T T
& F o S ¥ L& § : 5
& ¥ 4 § & ¥ ‘;g AQP-1 AQR:S e Control
o 2.1= ee e HAPE
240+ . E i ° ull
. < ® eee SEVN‘
5 ey o gEymiR48S
= eee = 2
B s ea £ w1
£ . S 2 3
~
9 s0- g 2 o e S T =
g 0.74 i i it
i o
— g i
T N NN n
A A R 0.0 ; :
AR @ § § AQP-1 AQP-5 Na'K'-ATP ase
)

Fig. 4. sEV™R=486 ameliorates lung injury by restoring intercellular tight junctions and permeability (A) Exhibits representative immunofluores-
cence images of Occludin protein levels in rat lung tissue. (B) Assesses the expression of tight junction proteins ZO-1 and Occludin in PMVEC using
Western blot analysis. (C) Employs ELISA to measure plasma concentrations of TXA2, ET-1, NO, and PGI2 in rats. Moreover. (D) Quantifies mRNA
levels of permeability-associated genes AQP-1 and AQP-5 in rat lung tissues via quantitative PCR. (E) Reports the corresponding mRNA levels in
PMVEC. (F) Presents the protein expression levels of TRPV4, AQP-1, and AQP-5 in PMVEC. Data are expressed as means + SD. Statistical signif-
icance is denoted as follows: *##p < 0.001 versus the control group; **p < 0.01, ***p < 0.001 versus the HAPE or hypoxia groups; ®p < 0.05, @@p
< 0.01, ®@@p < 0.001 versus the sSEVN'! group.

eNOS protein levels. However, treatment with sEVV! and sEV™R—486 reversed this effect, elevating the expression levels of NOS3 and
eNOS, with sEV™R=486 having a more pronounced impact (Fig. 5C and D).

To further investigate the regulatory influence of miR-486 on the PI3K-Akt signaling pathway, we transfected PMVEC cells with
miR-486 mimic and inhibitor. Transfection with the mimic yielded a marked increase in miR-486 expression, whereas the inhibitor led
to a reduction (Fig. 5E). Transfection with the miR-486 mimic downregulated PTEN gene expression and upregulated Aktl and PDK1
expression in PMVECs. Conversely, the miR-486 inhibitor induced an increase in PTEN expression and a decrease in Aktl and PDK1
expression (Fig. 5F). Western blot analysis further confirmed that transfection with miR-486 mimic increased the expression levels of
p-Akt, PI3K, and eNOS, while the inhibitor reduced their expression (Fig. 5G). To elucidate the role of miR-486 in modulating oxidative
stress via the PI3K-Akt pathway, we assessed ROS levels in PMVEC cells by flow cytometry. The findings demonstrate a decrease in ROS
levels following miR-486 mimic transfection and a significant increase after inhibitor transfection (Fig. 5H). Furthermore, to verify the
role of miRNA-486 on HAPE is linked to the activation of the PI3K/AKT signaling pathway, we used the PI3K inhibitor Ly294002 to
evaluate the effect of PI3K blockade on oxidative stress in PMVEC cells induced by hypoxia. ROS levels of PMVEC cells were detected
by using flow cytometry, and the results demonstrated that the antioxidant effect of the miR-486 mimic was partially suppressed by
Ly294002 (Fig. 5I).
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Fig. 5. miR-486 reduces oxidative stress by regulating the PTEN/PI3K/Akt/eNOS signaling pathway (A) A KEGG analysis identifies differentially
expressed genes between sEVNU! and sEV™IR—486 (B) The mRNA levels of PTEN and Akt1 in PMVEC cells were quantified by qPCR. (C) NOS3 mRNA
expression in PMVEC cells was assessed using qPCR. (D) The protein level of eNOS in PMVEC cells was evaluated by Western blot. Statistically
significant differences are denoted by the following: *p < 0.05 and #*#p < 0.01 against the control group; **p < 0.01 and ***p < 0.001 versus the
hypoxia group; ®@p < 0.01 and ©@@p < 0.001 in comparison to the sEVN"! group. (E) qPCR was employed to measure the expression of miR-486 in
PMVEC cells following transfection with either a miR-486 mimic or inhibitor. (F) Expressions of PTEN, Aktl, and PDK1 genes in PMVEC cells post-
transfection were quantified by qPCR. (G) A phosphorylated protein Western blot analysis determined the levels of Akt1, p-Akt1, PI3K, and eNOS in
PMVEC cells transfected with miR-486 mimic or inhibitor. (H) Flow cytometry was utilized to examine the ROS production in PMVEC cells following
transfection. *##p < 0.001, versus the Mimic-NC group; ***p < 0.001, versus the Inhibitor-NC group. (I)Flow cytometry was used to detect the ROS
production in PMVEC cells after Ly294002 was used to inhibit the PI3K signaling. *p < 0.05, versus the Mimic-NC group. #p < 0.05, versus the
Mimic group. Data are expressed as means + SD.

Collectively, these results suggest that miR-486 may mitigate hypoxia-induced oxidative stress in PMVEC cells through modulation
of the PI3K/Akt signaling pathway.

4. Discussion

In this study, we explored the therapeutic potential of SEVN"! and sEV™R 48 for HAPE. Our results demonstrate that sEVN"! and
SEVMR—486 nitigate pulmonary hypertension and edema in HAPE afflicted rats by modulating oxidative stress, inflammation, vascular
reactivity, lung tissue permeability, and the integrity of intercellular tight junctions via the Nrf2/keapl/HO-1/eNOS pathway.
Additionally, sEV™R~48 was found to further suppress oxidative stress through the PI3K-Akt signaling pathway, thereby exerting a
more pronounced therapeutic effect. A schematic of these putative therapeutic mechanisms is depicted in Fig. 6 (Figdraw,
RSOURe189%e).

HAPE manifests as noncardiogenic pulmonary edema characterized by hypoxic pulmonary hypertension, heightened alveolar
capillary membrane permeability, and alveolar congestion [28,29]. Present pharmacologic interventions for HAPE, such as gluco-
corticoids, pulmonary vasodilators, and carbonic anhydrase inhibitors, exhibit restricted therapeutic efficacy and are associated with
notable adverse effects [30]. Consequently, there is an imperative need to identify a therapeutic regimen that is both safe and effective.

In studies utilizing rat models designed to emulate HAPE, researchers observed that reduced pressure and hypoxic conditions
augmented endothelial permeability within lung tissues. This alteration led to heightened total protein levels in BALF, precipitating
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Fig. 6. Schematic diagram showing the effects of small extracellular vesicles derived from miRNA-486 overexpressed dental pulp stem cells
on HAPE.

pulmonary edema and subsequent elevated release of inflammatory cytokines including IL-1p and IL-6 [31,32]. In our investigation,
we successfully established a rat HAPE model employing a high-altitude environmental simulation chamber. Our observations
revealed enhanced permeability of lung tissues coupled with a significant upregulation in the expression of inflammatory mediators.

MSCs have been reported to mitigate acute lung injury-induced pulmonary edema, modulate immune responses, and attenuate
inflammation via paracrine effects [33]. Subsequent research has demonstrated that MSC-sEV could improve pulmonary vascular
integrity post-hemorrhagic shock and ameliorate ischemia/reperfusion-induced pulmonary edema and inflammation [34,35]. In the
present study, DPSC-sEVs were chosen to investigate the effects of miR-486 overexpression on HAPE. By infecting DPSCs with Ad.
miR-486 to yield DPSC-sEVs with elevated levels of miR-486 (SEV™R4%) we intended to potentiate the therapeutic benefits of
DPSC-sEVs. Our findings suggest that sSEV™R—486 sjgnificantly decreased pulmonary artery pressure, reduced pulmonary edema, and
improved lung tissue permeability and damage more effectively than sEVNUL likely by diminishing oxidative stress and inflammation.

Exposure to low-pressure hypoxia has been associated with increased oxidative stress biomarkers, with studies demonstrating that
oxidative stress is rapidly induced in the lungs at high altitudes [36]. Notably, levels of ROS and MDA, a well-known oxidative stress
marker, rise in rat lungs within 1.5 h of acute hypoxic exposure [5]. ROS accumulation is linked to the development of HAPE [37]. Our
investigation involved measuring MDA concentration and SOD activity in lung tissue homogenates of rats. The findings indicated that
high-altitude hypoxia resulted in elevated MDA levels and reduced SOD activity, exacerbating oxidative stress in HAPE-affected rats.
Treatment with sEVN"! and sEV™R~480 was found to mitigate oxidative stress, with SEV™R 48 exerting a more pronounced protective
effect than sEVNIL,

Nrf2 is a transcription factor that orchestrates the regulation of numerous antioxidant proteins. Typically, Nrf2 interacts with
Keapl within the cytoplasm and undergoes ubiquitin-proteasome pathway-mediated degradation. In the rat model of HAPE, Nrf2
activation effectively mitigates ROS generation and oxidative stress [38], suggesting that Nrf2 upregulation could attenuate injury
induced by high-altitude hypoxia. Our study observed a decrease in the expression of Nrf2, Keapl, and HO-1 after hypoxic injury in
PMVEC cells, which was reversed following treatment with both sEVNU! and sEY™IR—486, indicating that these treatments alleviate
oxidative stress by modulating the Nrf2/Keapl/HO-1 pathway. Notably, no significant differences were noted between the sEVV and
SEVMR=486 groups, leading us to hypothesize the involvement of an alternate pathway by sEV™R=#8 Consequently, miRNA
sequencing revealed significant alterations in the PI3K-Akt signaling pathway between sEVVU and sEV™R-486 yia KEGG enrichment
analysis. PTEN, as a target of miR-486, is known to dampen Aktl activity through PIP3 dephosphorylation, curtailing Akt phos-
phorylation and eNOS production, thereby exacerbating oxidative stress. Our findings indicate that sEV™R~48 suppresses PTEN
expression, augmenting eNOS synthesis and diminishing oxidative stress. Post-hypoxic injury, we detected a decrease in both NOS3
gene expression and eNOS protein levels in PMVEC cells, which were restored upon sEVs treatments, with sEV™R 48 exerting a more
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potent effect. The utilization of miR-486 mimics and inhibitors further confirmed that miR-486 enhances eNOS production by
inhibiting PTEN, thus influencing the PI3K-Akt pathway. Moreover, miR-486 could reduce ROS levels of PMVEC cells compared to
controls, signifying the potential of miR-486 to inhibit ROS formation and oxidative stress.

HPV is a fundamental pathological hallmark of HAPE, serving as an evolutionary conserved response to alveolar hypoxia that
enhances ventilation-perfusion matching for efficient gas exchange [39]. However, sustained hypoxia can trigger a pathological in-
crease in pulmonary artery pressure and vascular resistance, contributing to HAPE’s severe and potentially fatal effects. This pressure
surge may arise from a dysregulated balance in vasoconstriction due to heightened sympathetic stimulation via a-adrenergic pathways
[40]. Moreover, vasoactive agents such as ET-1, PGI2, NO, and TXA2 are pivotal in the regulation of HPV [41,42]. In addition, these
indicators are also closely related to lung endothelial permeability. Endothelial derived PGI2 usually binds to NO and has effective
anti-inflammatory and barrier protective effects on pulmonary vascular endothelial cells [43]. ET-1 can up-regulate the overexpression
of vascular endothelial growth/permeability factor (VEGF-A), resulting in increased vascular permeability [44]. TXA2 induces
endothelial barrier destruction through intracellular Ca?' and Rho kinase [45].0ur study demonstrated that decreased levels of NO
and PGI2 alongside elevated ET-1 and TXA2 in HAPE rats, indicating intensified vasoconstriction and impeded vasodilation, leading to
increased vascular pressure. Treatment with sEVs markedly enhanced concentrations of vasodilatory NO and PGI2 and concurrently
diminished ET-1 and TXA2 levels, implying a restoration of vasoreactivity and mitigation of HPV. Notably, the therapeutic potency of
SEV™R—486 surpassed that of sEVNI, offering a promising intervention against HAPE. In addition, Nrf2/HO-1 is essential for the
protection of neuronal structure and function through downregulation of oxidative damage [46]. Can protected peripheral nerves
indirectly reduce HPV in turn? Although there is not enough data to support this hypothesis in this study, we will focus on this issue in
future research.

Histologic and microscopic analyses of HAPE have uncovered the presence of hyaline membranes, arterial thromboses, pulmonary
hemorrhage, bronchial cellular infiltration, damage to alveolar epithelial cells, expanded gaps in pulmonary capillary cell connections,
and a compromised air-blood barrier [6]. Previous research indicated that the loss of tight junction proteins among endothelial cells,
notably in LPS-induced acute lung injuries, undermines pulmonary vascular integrity, exacerbating edema [47]. We have examined
the levels of tight junction proteins, specifically Occludin, in lung tissue via immunofluorescence and measured the expression of
Occludin and ZO-1 in PMVEC impaired by hypoxia using Western blotting. The findings reveal that their expression diminishes under
both high-altitude and cobalt chloride-induced hypoxia, with subsequent restoration upon treatment with sEVNUL apg sEV™mIR—486,
Notably, sEV™R—48 demonstrates a pronounced ability to mitigate endothelial cell damage and preserve the structural integrity of the
pulmonary microvascular endothelial barrier.

5. Conclusion

The current study showed the effectiveness of SEVTR 48 to mitigate oxidative stress by activating the PI3K/AKT/eNOS signaling
pathway in a rat model of HAPE. Furthermore, sEV™R~486 contributes to the alleviation of HAPE by dampening inflammatory re-
sponses, enhancing intercellular tight junction integrity, and reestablishing cellular permeability. Consequently, sEV™R486 holds
promise as an innovative and potent treatment strategy for HAPE.
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