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ABSTRACT: Background: Mechanical ventilation (MV) provides life support for patients with severe respiratory
distress but can simultaneously cause ventilator-induced lung injury (VILI). However, due to a poor understanding
of its mechanism, there is still a lack of effective remedies for the often-deadly VILI. Recent studies indicate that
the stretch associated with MV can enhance the secretion of extracellular vesicles (EVs) and induce endoplasmic
reticulum (ER) stress in airway smooth muscle cells (ASMCs), both of which can contribute to VILI. But whether MV-
associated stretch enhances the secretion of EVs via ER stress in ASMCs as an underlying mechanism of VILI remains
unknown. Methods: In this study, we exposed cultured human ASMCs to stretch (13% strain) and mouse models to
MV at tidal volume (18 mL/kg). Subsequently, the amount of secreted EVs in the culture medium of ASMCs and the
bronchoalveolar lavage fluid (BALF) of mouse models was quantitatively evaluated by ultracentrifugation, transmission
electron microscopy, Western blot, flow cytometry, and nanoparticle tracking analysis. The cultured ASMCs and the
lung tissues of mouse models were assessed for expression of biomarkers of EVs (cluster of differentiation antigen
63, CD63), ER stress (heat shock protein family A member 5, HSPA5), and EVs regulating molecule Rab27a by
immunofluorescence microscopy, immunohistochemistry (IHC) and enzyme-linked immunosorbent assay (ELISA),
respectively. MicroRNAs (miRNAs) in EVs from ASMCs were measured with miRNA whole genome sequencing
(miRNA-Seq). Results: We found that stretch enhanced EV secretion from cultured ASMCs. In addition, the cultured
ASMCs and the mouse models were either or not pretreated with ER stress inhibitor (tauroursodeoxycholic acid,
TUDCA)/EV secretion inhibitor (GW4869) prior to stretch or MV. We found that MV-associated stretch enhanced
the expression of CD63, HSPA5, and Rab27a in cultured ASMCs and BALF/lung tissues of mouse models, which could
all be attenuated with TUDCA/GW4869 pretreatment. miRNA-Seq data show that differentially expressed miRNAs in
EVs mainly modulate gene transcription. Furthermore, the EVs from cultured ASMCs under stretch tended to enhance
detachment and expression of inflammatory cytokines, i.e., transforming growth factor-β1 (TGF-β1), interleukin-10
(IL-10) in cultured airway epithelial cells. The expression of TGF-β1 and IL-10 in BALF of the mouse models also
increased in response to MV, which was attenuated together with partial improvement of lung injury by pretreatment
with TUDCA, GW4869/Rab27a siRNAs. Conclusion: Taken together, our data indicate that MV-associated stretch can
enhance the secretion of EVs from ASMCs via ER stress signaling to mediate airway inflammation and VILI, which
provides new insight for further exploring EVs for the diagnosis and treatment of VILI.

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/BIOCELL
https://www.techscience.com/
http://dx.doi.org/10.32604/biocell.2025.063869
https://www.techscience.com/doi/10.32604/biocell.2025.063869
mailto:luomingzhi@cczu.edu.cn
mailto:dlh@cczu.edu.cn


834 BIOCELL. 2025;49(5)

KEYWORDS: Mechanical ventilation; stretch; airway smooth muscle cells; extracellular vesicles; endoplasmic
reticulum stress

1 Introduction
Mechanical ventilation (MV) provides life-saving intervention for critically ill patients with repiratory

diseases such as acute respiratory distress syndrome (ARDS), but at the same time, it can induce deadly
pathological responses in the pulmonary airways including inflammation, epithelial shedding and barrier
disruption, which are collectively known as ventilator-induced lung injury (VILI). Both in vivo and in vitro
evidence have suggested that VILI may be largely attributable to the stretch (>10% strain) of the pulmonary
system during MV, and lowering the tidal volume of ventilation does seem to protect some ARDS patients
from VILI [1–4]. However, at present, this strategy is very difficult, and even impossible to apply with optimal
ventilator settings for individual patients at the bedside, because of the limited knowledge of the respiratory
system’s mechanotransduction in response to stretch. Alternatively, it may be a more applicable strategy to
pharmacologically interfere with the upstream injurious responsive pathways activated by the MV-associated
stretch for the benefit of ameliorating VILI in clinical treatment [5,6]. Therefore, it is imperative to explore
the cellular mechanisms underlying injurious lung response to MV for a potential target of effective and safe
prevention of VILI.

Recently, extracellular vesicles (EVs) have been considered to be of great therapeutic potential, as
they provide novel intercellular communication mechanisms in mediating diverse pathological processes,
including airway inflammation [7–9]. It has been widely demonstrated that the secretion of EVs from cells
can be enhanced by various external chemical stimuli via enhancing the Rab family of small GTPases,
including Rab27a [10–14]. Much less is known, however, about the mechanical regulation of the secretion of
EVs and their role in mediating pathophysiological processes, especially in the lung.

Several previous studies suggest that the secretion of EVs in the lung can be enhanced during MV,
which plays the role of novel mediators of VILI, in addition to the canonical pro-inflammatory cytokines
[15–17]. As important mechanosensitive cells, airway smooth muscle cells (ASMCs) are known to be
capable of responding to stretch to enhance secretory phenotypes in airway inflammatory diseases such
as asthma [18–20]. It is unknown, however, whether ASMCs would respond to MV-associated stretch to
enhance secretion of EVs for mediating VILI.

In our previous study based on cell mechanics assay and data-driven bioinformatics analysis, we found
that ASMCs mainly respond to stretch with enhanced endoplasmic reticulum (ER) stress [21]. This is in
line with reports that ER stress enhances secretion of EVs in various types of cells, either in vitro or in vivo
[22–26]. Therefore, we hypothesized that MV-associated stretch may enhance secretion of EVs from ASMCs
via ER stress signaling and thus induce lung injury.

To test this hypothesis, we quantitatively evaluated the secretion of EVs from cultured human ASMCs
exposed to stretch, and mice subjected to MV, together with an assessment of ER stress and Rab27a
expression in the ASMCs and lung tissues, the differentially expressed miRNAs in EVs as well as the effect of
ASMC-secreted EVs on the cultured airway epithelial cells. The findings may provide evidence that links MV-
associated stretch to secretion of EVs via ER stress of ASMCs, as a novel underlying pathological mechanism
of VILI.
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2 Materials and Methods

2.1 Cell Culture Experiment with Stretch
Primary human ASMCs (BeNa Culture Collection, #BNCC339826, Beijing, China) were cultured

in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, #11885092, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, #16000-044), 2 mM
L-glutamine, 100 units/mL penicillin-streptomycin (Thermo Fisher Scientific, #15140122,) in an incubator
containing 5% CO2 humidified at 37○C. ASMCs remained free of Mycoplasma contamination throughout
the experiments. Exponentially proliferating ASMCs at passages 3–8 were first plated on type I collagen
(Advanced BioMatrix, #5153, Poway, CA, USA)-coated Bioflex 6-well plates (2 × 104 cells/cm2) for 24 h and
then changed to the non-serum medium. Subsequently, the cultured ASMCs were exposed to the cyclic
stretch of 13% strain amplitude at 0.5 Hz oscillation frequency for 72 h by using Flexcell 5000 (FlexCell
International, Hillsborough, NC, USA), simulating the stretch of small airways during high tidal volume
MV. Cells that underwent the same procedure but without exposure to the cyclic stretch were used as
Static controls.

2.2 Animal Experiment with Mechanical Ventilation
The animal experiment of the VILI mouse model was approved by the Biomedical Studies Ethics Com-

mittee of Changzhou University (IACUC No. 20200327048) following the relevant institutional guidelines
and regulations of animal care and use. C57BL/6 mice (male, age 6–8 weeks, weight 18–22 g) were purchased
from Cavens Lab Animal Co., Ltd., Changzhou, China, and housed in the specific pathogen-free conditions
at room temperature (RT, ~25○C) and 50%–60% of relative humidity with 12/12 h light/dark cycle and ad
libitum access to food and water. The VILI mouse model has been established as previously described [27].
Anesthetized C57BL/6 mice were ventilated using an injurious high tidal volume strategy (tidal volume =
18 mL/kg) for 3 h. Mice that underwent the same procedure but kept breathing spontaneously without MV
were used as Controls. For ER stress/EV secretion inhibition experiments, mice were delivered by aspiration
before ventilation protocols with either 1 mg/kg tauroursodeoxycholic acid (TUDCA, an ER stress inhibitor,
Solarbio, #IT0790, Beijing, China), 2.5 mg/kg GW4869 (an EV secretion inhibitor, MedChem Express,
#6823-69-4, Monmouth Junction, NJ, USA), or saline (Vehicle, 50 μL), respectively [21,28].

2.3 Preparation of EVs from Cell Culture Media and BALF
When exposure to either stretch or high tidal volume MV was complete, during cell or animal

experiments, the conditioned media from cultured ASMCs or BALF from the mouse were collected as the
raw sample. Then the raw sample was centrifuged at 500× g for 20 min at 4○C, followed by 2000× g for 10 min
at 4○C, respectively, to remove cell debris.

Then, the supernatant of the centrifuged raw sample was first filtered via a 0.4 μm sterile syringe to
collect EVs smaller than 400 nm, and the filtered supernatant was kept on ice before being further purified by
ultracentrifugation. The ultracentrifuge units (Amicon, Merck Millipore, Burlington, MA, USA) were pre-
equilibrated by centrifuging with sterile phosphate buffer solution (PBS) for 10 min at 4○C. Afterwards, the
filtered supernatant was placed in the ultracentrifuge device and centrifuged at 110,000× g for 70 min. The
precipitated sample of EVs was washed with PBS and centrifuged again at 100,000× g for 70 min. The EVs
were then suspended in buffer (40 mM HEPES at pH 7.5 and 100 mM KCl) and stored at −80○C before use
for characterization and experiments.
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2.4 Characterization of the Prepared EVs
The prepared EVs were characterized for morphology and size by transmission electron microscopy

(TEM) with negative staining. Briefly, the EVs stored at −80○C were thawed on ice, followed by fixation
with paraformaldehyde (PFA, 4% in PBS, 100 μL) for 5 min. Then, 10 μL of sample was added onto
the Formvar/carbon-coated copper grids. Subsequently, 30 μL 2% phosphotungstic acid was added to the
samples to negatively stain the EVs at RT for 5 min. The grids were washed three times with PBS and dried
under an incandescent lamp. Finally, the negatively stained EVs were examined for morphology and size
under TEM (Hitachi, HT7800, Japan) at 100 kV.

The prepared EVs and cultured ASMCs were assessed for protein expression of biomarkers of EVs
(cluster of differentiation antigen 63, CD63) and ER stress (heat shock protein family A member 5, HSPA5) by
Western blot (WB). Briefly, EVs or cells were lysed using a lysis buffer (Thermo Fisher Scientific, #FNN0021).
Lysates were diluted with 4× Laemmli Sample Buffer (Bio-Rad, #1610747, Hercules, CA, USA) and loaded
with equal amounts of protein into SDS-PAGE gels. The protein was transferred onto a polyvinylidene
difluoride (PVDF) membrane (Roche Applied Science, #3010040001, Mannheim, Germany) with a pore
size of 0.45 μm and blocked with 5% non-fat milk for 1 h. The membrane was then probed with the
following antibodies: anti-CD63 (1:1000, Abcam, #ab216130, Waltham, MA, USA), anti-HSPA5 (1:500,
BOSTER, #BA2042, Wuhan, China), anti-Rab27a (1:1000, Thermo Fisher Scientific, #PA5-79904) and anti-
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000, GeneTex, #GTX100118, Irvine, CA, USA)
rabbit polyclonal antibodies at RT for 1 h. After washing with 1× Tris-buffered saline and 0.1% of Tween-20
(TBST) three times, membranes were incubated with goat anti-mouse secondary antibody (1:1000, DyLight
800, Thermo Fisher Scientific, #SA5-10036) or goat anti-rabbit secondary antibody (1:1000, DyLight 680,
Thermo Fisher Scientific, #35518) (RT, 1 h). Signals were measured with the Odyssey Infrared Imaging System
(LI-COR, Lincoln, NE). For quantification, the intensity of the immunoblots was calculated by subtracting
the background, and the relative expression of the target gene was normalized to the intensity of the reference
and presented as a ratio to that of the Control.

The prepared EVs were further analyzed for the concentration and size distribution by nanopar-
ticle tracking analysis (NTA) using ZetaView PMX 110 nanoparticle tracking analyzer (Particle Metrix,
Meerbusch, Germany), bicinchoninic acid (BCA) assay using TECAN M1000 microplate reader (Infinite
Männedorf, Switzerland) and flow cytometry (FCM) using Accuri C6 flow cytometer (BD Biosciences, East
Rutherford, NJ, USA), respectively. For FCM analysis, the EVs were incubated with blocking solution (10%
normal goat serum, Abcam, #ab7481) for 10 min, then stained with CD63 exosome capture beads (Abcam,
#ab239686) in the dark for 12 h at 4○C and washed with Dio staining for 10 min at 37○C, and then run through
the flow cytometer.

2.5 Assessment of EVs and ER Stress in ASMCs by Immunofluorescence
ASMCs were fixed and then incubated with mouse anti-CD63 (1:100, Thermo Fisher Scientific, #967-

MSM2-P0) or rabbit anti-HSPA5 (1:100, BOSTER, #BA2042) antibodies overnight at 4○C, and then incubated
with Alexa Fluor 488-conjugated anti-mouse (1:100, Thermo Fisher Scientific, #A-21121) or Alexa Fluor 546-
conjugated anti-rabbit secondary antibodies (1:100, Thermo Fisher Scientific, #A-11035) at RT for 1 h in
the dark. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/mL, Beyotime
Biotechnology, #C1005) for 10 min. Cells were then observed by laser scanning confocal microscopy
(LSM710, Carl Zeiss Meditec AG, Jena, Germany) with ×100 objective. Acquisition parameters were kept
constant throughout the experiments.

The numbers of CD63 and HSPA5 puncta in the fluorescent images of the ASMCs were quantified
using ImageJ (version 1.53t, National Institutes of Health, Bethesda, MD, USA). The data from three



BIOCELL. 2025;49(5) 837

independent experiments in which the average number of CD63 and HSPA5 puncta per cell was analyzed.
The colocalization of CD63 and HSPA5 in the ASMCs was also analyzed using the colocalization analysis
procedure of ImageJ. Pearson coefficient and 2D intensity histograms were recorded to quantify the degree
of CD63 and HSPA5 colocalization.

2.6 Assessment of Rab27a mRNA Expression with/without siRNA Transfection in ASMCs by qPCR
The Rab27a mRNA expression in ASMCs was knocked down by transfection of Rab27a siRNA (Table

S1, General Biosystems, Chuzhou, China) following the manufacturer’s instructions. Briefly, ASMCs at 50%–
80% confluence were serum-deprived for 24 h and then transfected with either the scramble or Rab27a siRNA
by Lipofectamine 3000 (Thermo Fisher Scientific, #L3000015) for 72 h in Opti-MEM medium (Thermo
Fisher Scientific, #31985062) before the experiment.

The mRNA expression of Rab27a in ASMCs after Rab27a siRNA transfection or stretch treatment was
also quantified with primers for Rab27a and GAPDH (Table S1, General Biosystems) by qPCR. Briefly, total
RNA from ASMCs was purified using TRI Reagent RNA Isolation Reagent (Sigma, St. Louis, MO, USA
#T9424), and the RNA was quantified with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).
Then, 1st-strand cDNA was generated based on RNA with the Revert Aid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, #K1622). PCR was performed with PowerUp SYBR Green Master Mix (Applied
Biosystems, #A25742, Foster City, CA, USA) using the StepOne real-time PCR system (Applied Biosystems).
Fold changes in mRNA expression of Rab27a were calculated by using 2−△△CT method, where △CT = CT
(Rab27a) − CT (GAPDH) and△△CT = △CT (Rab27a siRNA group) − △CT (scramble group).

Cell activity of ASMCs treated with Rab27a siRNA or scramble was tested with the cell counting
Kit-8 (CCK-8, Beyotime Biotechnology, #C0040) and 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
bromide (MTT) (Beyotime Biotechnology, #ST316) assays as previously described [4].

2.7 Assessment of the miRNAs in EVs from ASMCs by Whole-Genome-Wide miRNAs Sequencing and
Bioinformatics Analysis
To screen the regulating miRNAs in EVs from ASMCs, a miRNA-Seq method was used as previously

reported [21]. Briefly, the total RNAs in EVs either from static or stretch groups of ASMCs were purified using
the RNAisoTM Plus Kit (TaKaRa, #9108/9109, Tokyo, Japan) and then were used to construct a miRNA library
using the Illumina TruSeqTM Small RNA Library Prep kit (Illumina, RS-122-2001, San Diego, CA, USA) by
Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). For miRNA-Seq, miRNA was ligated
with 3′ and 5′ adaptors, reverse transcribed into first-strand cDNA, labeled with indexed primers by PCR
amplification (12 cycles), and purified using a QIAquick PCR purification kit (Qiagen, #28104, Germantown,
MD, USA). 140–150 bp fractions were separated by polyacrylamide electrophoresis with 6% Novex TBE
PAGE gel (Thermo Fisher Scientific), and then the purity and concentration were measured with the High
Sensitivity DNA kit (Agilent Technologies, #G2938-90321, Santa Clara, CA, USA) using a Bioanalyzer 2100.
Then, the miRNA-Seq was performed on the Illumina HiSeqTM 2000 sequencer machine.

The miRNA-Seq results were used to screen the differentially expressed miRNAs (DE-miNRAs,
counts ≥ 1, fold change > 2, p < 0.05) in EVs from ASMCs cultured in either static or stretch conditions using
the DESeq2 software package based on the online platform of Majorbio Cloud Platform (www.majorbio.
com), which is available via customer account [29,30].

The target mRNAs of the DE-miRNAs were further predicted by miRanda, TargetScan, and RNAhybrid
on the Majorbio Cloud Platform (www.majorbio.com). Then the associated gene functions and signaling
pathways of target mRNAs in response to stretch were enriched with Gene Ontology (GO) analysis and Kyoto

https://www.majorbio.com
https://www.majorbio.com
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Encyclopedia of Genes and Genomes (KEGG) pathway analysis, performed by the Database for Annotation,
Visualization and Integrated Discovery (DAVID 6.8, http://davidbioinformatics.nih.gov, free online access
for any user), respectively, and false discovery rate (FDR) < 0.05 was considered significant.

2.8 Assessment of ER Stress in Lung Tissue by Immunohistochemistry
ER stress in lung tissue was evaluated by the protein expression of ER stress biomarker HSPA5 by

immunohistochemistry (IHC). In brief, the lung tissue slice was deparaffinized and hydrated. The slice was
incubated in boiled citrate buffer (0.01 M, pH 6.0) for 15 min for antigen retrieval. Then it was incubated
with endogenous peroxidase blocking buffer (Elabscience, #E-IR-R115, Wuhan, China) for 25 min in the
dark, and was washed 3 times with PBS. Afterwards it was immersed in 10% horse serum (Sigma, #H0146)
in PBS as a blocking solution for 1 h at RT, washed 3 times in PBS for 5 min, and then incubated with HSPA5
antibody (1:100, #BA2042, BOSTER) in PBS containing 5% horse serum for 1 h at RT. Subsequently, it was
washed 3 times in PBS for 5 min, then incubated in a diluted (1:10,000) HRP-AffiniPure Goat Rabbit IgG
(H + L) (BOSTER, #BM3894, 1:500) for 1 h at RT. Finally, it was incubated for 3 min in DAB solution [DAB
(3, 3-diaminobenzidine) horseradish peroxidase (HRP) substrate kit (with nickel), Beyotime Biotechnology,
#P0203] for visualization of HSPA5. The lung tissue slice stained with hematoxylin and eosin (HE) was
used for histological examination with the HE Stain Kit (Solarbio, #G1120). All stained lung tissue slices
were sealed with cover-slips using a mounting medium (Vector Laboratories, Newark, CA, USA), and
subsequently examined by optical microscopy (Olympus CKX53, Olympus Corporation, Tokyo, Japan) with
×40 objective, and ImageJ was used to quantify the alveolar wall thickness and the expression of HSPA5 by
optical density of IHC staining.

2.9 Treatment of Airway Epithelial Cells with EVs from Cultured ASMCs
Human bronchial airway epithelial (BEAS-2B) cell line (#iCell-h023, ATCC CRL3588) was purchased

from iCell Bioscience Inc. and maintained in DMEM supplemented with 10% FBS, L-glutamine, and
antibiotics at 37○C in a 5% CO2 humidified incubator. BEAS-2B remained free of mycoplasma contamination.
Before the experiment, subconfluent, exponential proliferating, and cubic-like healthy BEAS-2B cells were
plated on a cell culture dish at 1 × 104 cells/cm2 and incubated for 24 h. Then the BEAS-2B cells were treated
for 72 h with either the EVs derived from the medium or the medium per se of the cultured ASMCs.

2.10 Assessment of Stress Fibers, Cell Attachment, and Inflammatory Cytokines
The stress fibers and nuclei of BEAS-2B cells were labeled with fluorescent fluorescein isothiocyanate

(FITC)-conjugated phalloidin and DAPI, respectively, as described earlier, for examination of the cell struc-
ture. Stained cells were observed with laser scanning confocal microscopy (LSM710, Carl Zeiss Meditec AG,
Jena, Germany) using×63 objective. Acquisition parameters were kept constant throughout the experiments.
These fluorescence images, captured as described above, were further evaluated for quantitative distribution
of the stress fibers. Briefly, a single cell was separated and stored in a 200 × 200-pixel image and was then
converted to a binary image. Then the fractal dimension of stress fibers in a single cell was analyzed with
the fractal box count by using ImageJ (version 1.53t). More than 30 cells in each experimental group were
analyzed, and the averaged D value was used for the following quantitative comparison.

Cell attachment of BEAS-2B was measured by using a cell attachment assay as previously described [4].
Briefly, cells were inoculated into plates precoated with poly-l-lysine (Beyotime Biotechnology, #C0313,
10 μg/mL in PBS, 60 min, 37○C) and incubated at 37○C for 30 min. Non-adherent cells were then removed by
washing with PBS. The remaining cells were fixed with 3% paraformaldehyde for 5 min and stained with 0.4%

http://davidbioinformatics.nih.gov,
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methylene blue for 5 min. Methylene blue inside cells was eluted with HCl (0.1 M), and the optical density
was determined at 570 nm using a microplate reader (Infinite F50, TECAN, Männedorf, Switzerland).

The concentration of inflammatory cytokines, transforming growth factor-β1 (TGF-β1) and
interleukin-10 (IL-10) in the media of cultured BEAS-2B cells (Abcam, #ab100647 and #ab185986), or
in the BALF of mouse models (Abcam, #ab119557 and #ab255729) was measured using enzyme-linked
immunosorbent assay (ELISA) with a special kit.

2.11 Statistical Analysis
Data were analyzed with a distribution test (Kolmogorov-Smirnov method) using GraphPad Prism

8.0 (Graph Pad Software, San Diego, CA, USA). All data followed Normal distribution and were therefore
presented as means ± standard derivation (SD), and group size (n) represents the number of independent
experiments. GraphPad Prism 8.0 was used for statistical analysis. Comparisons of means between the 2
groups were performed by an unpaired Student t-test. Comparisons of means among more than 2 groups
were performed by One-way analysis of variance (ANOVA), followed by a Post Hoc test (Turkey HSD
method) or Two-way ANOVA, followed by the Tukey HSD method. The effect sizes of experimental
treatments were calculated as Cohen’s d or ω2 for t-test or ANOVA, as d = 0.2, 0.5, 0.8, or ω2

= 0.01, 0.06,
0.14 represent a small, medium, and large effect, respectively. The significance of the mean comparisons is
represented by asterisks (*p < 0.05, **p < 0.01 compared with the control group; #p < 0.05, ##p < 0.01 compared
with stretch or MV group).

3 Results

3.1 MV-Associated Stretch Enhanced Secretion of EVs from ASMCs
ASMCs cultured on flexible membrane substrate were either or not exposed to stretch (13% strain,

0.5 Hz) simulating the strain on bronchial airways during high tidal volume MV, and afterwards the
supernatant was collected from the culture media and evaluated for EVs using various techniques as shown
in Fig. 1A. TEM revealed that EVs had typical membrane-bound and round morphological features (Fig. 1B
upper panel). The size of secreted EVs did not change when the cells were exposed to stretch (Stretch) as
compared to their static counterparts (Static) (74 ± 32 nm vs. 70 ± 24 nm, p > 0.05, d = 0.17, Fig. 1B lower
panel). However, the protein expression of EV biomarker (CD63) assessed by WB increased ~1.6 fold in
the EVs secreted by ASMCs exposed to stretch as compared to the static ones (Fig. 1C). In addition, the
quantitative analysis of the number and size distribution of EVs, and the CD63-positive counts in EVs
by nanoparticle tracking analysis (NTA) and flow cytometry (FCM), respectively, confirmed that stretch
enhanced the number of EVs secreted from ASMCs (Fig. 1D,E).

3.2 The Stretch-Enhanced Secretion of EVs Was Dependent on ER Stress
To elucidate the role of ER stress in the enhancement of EVs in cultured ASMCs during stretch, the

cells were pretreated with ER stress inhibitor TUDCA and then exposed to stretch. Subsequently, the cells
were immunostained for the biomarkers of EVs and ER stress (i.e., CD63 and HSPA5), and then analyzed
by fluorescence optical microscopy. As shown in Fig. 2A, left panel, positive signals of CD63 and HSPA5
appeared to be distributed in a punctate manner in the cultured ASMCs in all cases. However, the cells
exposed to stretch displayed enhanced CD63 and HSPA5 positive structures, especially around the nuclei, as
compared to the static cells, which appeared to be attenuated by the pretreatment with TUDCA. Quantified
image analysis (Fig. 2A middle panel) confirmed that the number of punctate CD63 and HSPA5 positive
signals increased by 2.18, and 1.67 fold, respectively in the stretched cells compared to the static cells (both
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p = 0.001), and the effect size measured by ω2 was 0.89 and 0.86, respectively, indicating a strong effect. These
increases were significantly attenuated by the pretreatment with TUDCA. Furthermore, the stretch appeared
to enhance the colocalization of the fluorescent CD63 and HSPA5 puncta inside the ASMCs, which was
confirmed quantitatively by the variation of the Pearson correlation coefficient between CD63 and HSPA5
signals (Fig. 2A right panel). WB, NTA, and BCA results also showed similar patterns of enhancement and
attenuation of the protein expression of CD63 and HSPA5 inside the ASMCs, as well as the number and
concentration of EVs secreted from the ASMCs (Fig. 2B,C).

Figure 1: (Continued)
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Figure 1: The effect of stretch on the secretion of extracellular vehicles (EVs) from cultured human airway smooth
muscle cells (ASMCs). (A) Schematic flow chart of static and stretch (13% strain) treatment of ASMCs for 72 h,
and subsequent preparation and characterization of EVs collected from the culture media. The characterization
includes transmission electron microscopy (TEM), Western blot (WB), nanoparticle tracking analysis (NTA), and flow
cytometry (FCM); (B–E) Morphology and quantified size (TEM), CD63 protein expression (WB), size distribution,
and quantified count of EVs from Static and Stretch (NTA and FCM). Static: cells cultured in static conditions for 72 h,
Stretch: cells cultured under stretch (13% strain, 0.5 Hz) conditions for 72 h, CD63: biomarker protein expressed by
EVs. Scale bar = 100 nm, data presented as means ± SD, experiments were repeated three times (n = 3), **p < 0.01

Figure 2: (Continued)
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Figure 2: The effect of stretch on EVs and endoplasmic reticulum (ER) stress in ASMCs. (A) Left to right: representative
immunofluorescence images of CD63/HSPA5 in ASMCs acquired with confocal microscopy (×100 objective), the
quantified CD63/HSPA5 puncta number inside ASMCs (ImageJ), and Pearson coefficient of the pixel-intensity
correlation of CD63/HSPA5 in ASMCs (ImageJ, scale bar = 200 μm); (B) Protein expression of CD63/HSPA5 in ASMCs
(WB); (C) Size distribution and quantified counts, as well as protein concentration of EVs in ASMCs (NTA and BCA).
ER: endoplasmic reticulum; HSPA5: biomarker protein of ER stress; TUDCA: tauroursodeoxycholic acid, ER stress
inhibitor; NTA, nanoparticle tracking analysis; BCA: bicinchoninic acid assay; data present as means± SD, experiments
were repeated three times (n = 3), **p < 0.01 compared with Static, ##p < 0.01 compared with Stretch

3.3 Rab 27a Mediated ER Stress-Associated EVsecretion Enhanced by Stretch
To explore whether Rab27a meditated ER stress-associated EV secretion enhanced by stretch, we

detected Rab27a mRNA and protein expression by qPCR (Fig. 3A) and WB (Fig. 3B). The results show that
stretch increased mRNA and protein expression of Rab27a by 5.52 fold (p = 0.001, ω2

= 0.86) and 1.29 fold
(p = 0.011, ω2

= 0.54), respectively, both of which were partially attenuated by TUDCA (down to 2.64 fold
for mRNA, p = 0.003, ω2

= 0.71, and 1.02 fold for protein, p = 0.019, ω2
= 0.54, vs. Stretch group).

Then we tested whether increased Rab27a mediated the stretch-enhanced secretion of EVs from ASMCs
by pretreating the cells with Rab27a/Scramble siRNA. The transfection efficiency of Rab27a siRNA in ASMCs
was measured by qPCR and the results show that Rab27a mRNA expression was significantly decreased to
about 35% by Rab27a siRNA pretreatment (Fig. S1A), which did not impact the cell activity as measured by
CCK-8 (Fig. S1B) and MTT (Fig. S1C), compared to the cells transfected with Scramble siRNA. Importantly,
the pretreatment with Rab27a siRNA completely abolished the stretch-enhanced secretion of EVs ASMCs
as measured by NTA (Fig. 3C,D), and BCA (Fig. 3E).

3.4 Differentially Expressed miRNAs in EVs from ASMCs Enriched in Modulating Gene Transcription
The miRNAs in EVs from ASMCs exposed to static or stretch conditions were tested by miRNA-Seq.

We found a total of 25 DE-miRNAs, among which 4 were upregulated, and 21 were downregulated (Table 1).
The target mRNA prediction of these DE-miRNAs is shown in Table S2. The results show that 4 miRNAs
were targeted by 687 mRNAs and 21 miRNAs were targeted by 1885 mRNAs. Since 229 of these mRNAs
overlapped in targeting both up-and down-regulated miRNAs, 2343 mRNAs were predicted to target the
total 25 DE-miRNAs.
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Figure 3: The effect of stretch on the mRNA and protein expression of Rab27a in ASMCs pretreated with TUDCA and
the secretion of EVs from ASMCs pretreated with Rab27a siRNA. (A,B) The mRNA, and protein expression of Rab27a
in ASMCs measured by qPCR, and WB, respectively; (C–E) Size distribution, and quantified counts, as well as protein
concentration of EVs in ASMCs evaluated by NTA and BCA. TUDCA: tauroursodeoxycholic acid, ER stress inhibitor,
NTA: nanoparticle tracking analysis, BCA: bicinchoninic acid assay, data present as means ± SD, experiments were
repeated three times (n = 3), *p < 0.05, **p < 0.01 compared with Static, #p < 0.05, ##p < 0.01 compared with Stretch

Table 1: Differentially expressed miRNAs (DE-miRNAs) in EVs from cultured ASMCs induced by stretch (stretch/static,
Fold change > 2, p < 0.05, count ≥ 1)

No. DE-miRNA Log2FC (Stretch/Static) −Log10 ( pvalue) Regulate
1 miR189-5p 2.020164 81.43118 Up
2 miR239-5p 1.985335 88.64397 Up
3 miR-25-3p 1.444648 34.49929 Up
4 miR-7704 1.210971 25.31031 Up
5 miR-486-5p −4.24085 75.45809 Down
6 let-7c-5p −4.07283 126.7324 Down
7 miR293-5p −2.7605 30.16778 Down
8 miR-1246 −2.45305 33.61269 Down
9 miR146-3p −2.38077 5.09973 Down
10 miR-143-3p −2.32761 45.70646 Down

(Continued)
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Table 1 (continued)

No. DE-miRNA Log2FC (Stretch/Static) −Log10 ( pvalue) Regulate
11 let-7i-5p −2.27253 43.78223 Down
12 miR235-3p −2.17386 55.22192 Down
13 miR-222-3p −2.02184 28.76435 Down
14 let-7e-5p −1.99811 4.339229 Down
15 miR-221-3p −1.99287 11.06038 Down
16 miR-423-3p −1.98998 7.298425 Down
17 miR-191-5p −1.8467 14.65785 Down
18 miR-24-3p −1.75895 13.4345 Down
19 let-7d-5p −1.74311 4.706982 Down
20 miR30-3p −1.72052 5.399358 Down
21 miR286-3p −1.63664 3.948948 Down
22 miR-23a-3p −1.51149 11.21737 Down
23 miR-100-5p −1.49189 14.75121 Down
24 miR255-5p −1.45648 4.448716 Down
25 miR-127-3p −1.34468 4.797512 Down

The GO enrichment and KEGG pathway analysis of 2343 target mRNAs were analyzed by using DAVID.
As shown in Fig. 4A and Table S3, GO analysis indicated that gene transcription-related biological processes
(BP) were enriched, including positive regulation of transcription by RNA polymerase II, regulation of
transcription by RNA polymerase II, positive regulation of DNA-templated transcription, negative regulation
of transcription by RNA polymerase II, chromatin remodeling, negative regulation of DNA-templated
transcription, positive regulation of gene expression, negative regulation of gene expression, etc. Molecular
function (MF) was enriched in gene expression including DNA-binding transcription factor activity,
RNA polymerase II cis-regulatory region sequence-specific DNA binding, DNA-binding transcription
activator activity, RNA polymerase II-specific, sequence-specific double-stranded DNA binding, DNA-
binding transcription factor activity, RNA polymerase II-specific, RNA polymerase II-specific DNA-binding
transcription factor binding, DNA-binding transcription factor binding, DNA binding, chromatin binding,
etc. Cellular component (CC) was also enriched in gene transcription including nucleoplasm, chromatin,
and nucleus. These data suggest that EVs from stretched ASMCs contained miRNAs which can regulate gene
transcription in target cells. As shown in Fig. 4B and Table S4, KEGG pathway analysis indicated that MAPK,
ErbB, FoxO, and PI3K-Akt signaling pathways, as well as Focal adhesion, were all enriched to various extents
in ASMCs when cultured with stretch.
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Figure 4: Bioinformatical analysis of 25 DE-miRNAs and 2343 target mRNAs. (A) Gene Ontology (GO) analysis in
biological process (BP), molecular function (MF), and cellular component (CC); (B) Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. Term is the gene function or signaling pathway annotation of GO or KEGG, and the count
is the number of genes enriched in this term. Experiments were repeated three times (n = 3)



846 BIOCELL. 2025;49(5)

3.5 EVs from Stretched-ASMCs Promoted Airway Epithelial Inflammation
To explore whether the stretch-enhanced secretion of EVs via ER stress from ASMCs is involved in

airway epithelial injury, we treated BEAS-2B cells with EVs derived from the media, or the media (Med)
per se of cultured ASMCs under either static or stretched conditions (i.e., EVs-static and EVs-stretch, or
Med-static and Med-stretch). Subsequently, we evaluated the structure of stress fibers and secretion of
inflammatory cytokines of the cells. As shown in Fig. 5A, BEAS-2B cells treated with EVs-static displayed
canonical cubic structures with abundant stress fibers both between and inside the cells (indicated by arrows
and arrowheads, respectively). In contrast, the stress fibers in the cells treated with EVs-stretch appeared
disorganized, and much lost at the cell-cell junctions, which was partially reversed when BEAS-2B cells
were treated with EVs from stretched cells pretreated with inhibitors TUDCA/GW4869 (EVs-stretch +
TUDCA/GW4869). Fig. 5B,C shows that the quantified fractal dimension and the fold change of cell
attachment decreased from 1.80 ± 0.03 to 1.36 ± 0.04 (p = 0.001, ω2

= 0.96), and from 1 to ~0.67 (p = 0.001,
ω2
= 0.88), respectively, when the cells were treated with EVs-stretch as compared to EVs-static, which was

reversible to various extents by TUDCA/GW4869. Fig. 5D shows that EVs-stretch promoted TGF-β1 and
IL-10 secretion of BEAS-2B cells (1.46± 0.12 fold, p= 0.006, ω2

= 0.57, and 1.58± 0.06 fold, p= 0.002, ω2
= 0.98,

respectively) as compared with EVs-static. And these effects were attenuated with TUDCA/GW4869. Similar
effects on TGF-β1 and IL-10 secretion were observed with BEAS-2B cells treated with Med-static, Med-
stretch, TUDCA/GW4869 (Fig. 5E). These results suggest that ASMCs under stretch can secrete excessive
EVs as a response to ER stress, which in turn can induce airway epithelial damage and inflammation.

Figure 5: (Continued)
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Figure 5: The effect of EVs from ASMCs treated with stretch on functions of airway epithelial (BEAS-2B) cells. (A)
Representative images of stress fibers of BEAS-2B cells treated with EVs from ASMCs of different conditions. Arrows
and arrowheads indicate stress fibers between and inside the cells, respectively. EVs-static, EVs-stretch, EVs-stretch +
TUDCA, EVs-stretch + GW4869 indicates EVs derived from culture medium of ASMCs in static, stretch, stretch with
pretreatment of TUDCA, stretch with pretreatment of GW4869, respectively. GW4869: EV secretion inhibitor, scale
bar = 200 μm; (B) Quantified fractal dimension of BEAS-2B cells treated with EVs of different conditions (ImageJ);
(C) Quantified cell attachment of BEAS-2B cells treated with EVs of different conditions (cell adhesion assay); (D,E)
Variation of TGF-β1 and IL-10 secretion from BEAS-2B cells treated with EVs, or the media (Med-) per se from cultured
ASMCs of different conditions (ELISA). Data present as means ± SD, experiments were repeated three times (n = 3),
* p < 0.05, ** p < 0.01 compared with EVs/Med-static; #p < 0.05, ##p < 0.01 compared with EVs/Med-stretch

3.6 High Tidal Volume MV Enhanced EVs via ER Stress in a Mouse Model
We first evaluated the effect of tidal volume (6, 12, 18, 24 mL/kg) and time (1.5, 3 h) of MV on the

extent of lung injury in mice by analyzing the morphological changes of lung tissue via HE staining (Fig.
S2A) and the inflammatory TGF-β1 concentration (Fig. S2B)/cell number in bronchoalveolar lavage fluid
(BALF) (Fig. S2C) via ELISA/cell counting, respectively. The data show that as the tidal volume and time
was increased from 6 to 18 mL/kg, and 1.5 to 3 h, respectively, the mice exhibited an increasing extent of
lung injury, which was manifested as airway inflammation and epithelial shedding in the lung tissue together
with TGF-β1 concentration and cell number in the BALF. However, when the tidal volume was further
increased from 18 to 24 mL/kg, there seemed no further enhancement of lung injury, particularly in the
TGF-β1 concentration. The effect of time on the lung injury, particularly the cell number in the BALF, also
appeared to peak at 3 h. It thus suggests that the MV-induced lung injury in the mouse model might have
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peaked at 18 mL/kg, 3 h. Therefore, we used 18 mL/kg, 3 h as the high tidal volume MV throughout the
following animal experiments.

To demonstrate in vivo the stretch-induced EVs via ER stress signaling and airway inflammatory
response as a mechanistic link between MV and VILI, we evaluated the airway inflammation, secretion of
EVs, and ER stress in either the lung tissue slides or BALF from C57BL/6 mice under 18 mL/kg, 3 h high tidal
volume MV with/without 30 min pretreatment of TUDCA/GW4869. In Fig. 6A, the representative images
of lung tissue slice with HE staining (the upper panel), and IHC staining (the lower panel) demonstrate
clear alveolar collapse (arrow indicated), and enhanced HSPA5 expression (arrowhead indicated) in the mice
under MV as compared to the spontaneously breathing controls (Healthy vs. MV), which was attenuated with
TUDCA (MV + TUDCA vs. MV). The quantified HSPA5 protein expression in lung tissue shows that MV
enhanced HSPA5 protein expression by ~1.5 fold in the lung tissue (p= 0.001, ω2

= 0.93), which was attenuated
with TUDCA (Fig. 6B). In addition, as shown in Fig. S3 the average alveolar wall thickness increased from
2.82 ± 0.22 μm to 5.79 ± 0.31 (p = 0.001, ω2

= 0.91) when the mice changed from being spontaneous breathing
to MV, which was attenuated if the mice were pretreated with TUDCA or GW 4869 (MV vs. MV + TUDCA,
5.79 ± 0.31 vs. 3.55 ± 0.22 μm, p = 0.001, ω2

= 0.78, MV vs. MV + GW4869, 5.79 ± 0.31 vs. 4.10 ± 0.22 μm,
p = 0.001, ω2

= 0.85).
Fig. 6C shows that as assessed by NTA the size distribution (left panel) of EVs derived from BALF was

similar in all cases with an average of ~150 nm, regardless of MV and inhibitor treatment, but the total
number (right panel) significantly increased with MV compared to spontaneous breathing (static vs. MV,
5.29 ± 0.65 ×108 vs. 7.56 ± 0.51 ×108, p = 0.001, ω2

= 0.76), whereas the increase with MV was attenuated to
variable degrees by TUDCA/GW4869. The ELISA-quantified HSPA5 protein expression in BALF shows that
MV enhanced HSPA5 protein expression by ~1.5 fold in BALF (p = 0.001, ω2

= 0.57), which was attenuated
with TUDCA/GW4869 (Fig. 6D). The BCA-quantified protein content concentration of EVs in BALF was
similarly up/down-regulated with MV and inhibitor treatment (Fig. 6E). Moreover, the results from ELISA
shown in Fig. 6F indicate that MV also enhanced the secretion of TGF-β1 by ~1.4 fold (p = 0.001, ω2

= 0.76)
and IL-10 by ~1.7 fold (p = 0.001, ω2

= 0.88), which was largely attenuated with TUDCA and GW4869.
These data provide in vivo evidence that MV can enhance the secretion of EVs in an ER stress-dependent
manner, which can be linked to airway inflammatory response and airway injury and thus can be targeted
pharmacologically for preventing or treating VILI.

4 Discussion
In this study, we identified that MV-associated stretch enhanced secretion of EVs via ER stress-Rab27a

signaling, which could promote airway inflammation in both cultured ASMCs and mouse models. These
findings provide key evidence to link the stretch on ASMCs during MV to airway inflammation and
injury through the pathway of stretch-responsive secretion of EVs and corresponding ER stress. This novel
mechanism is important for better understanding the underlying pathological processes of VILI.

It is well known that the MV and related stretch can induce release of inflammatory cytokines from
airway cells, such as IL-6, 8, and 10, both in vivo and in vitro [31]. Such high-level cytokines during VILI
can amplify lung injury in ARDS patients [32]. However, much less is known about how airway cells
respond to MV-associated stretch and initiate downstream inflammatory responses. In this study, by using
ASMCs cultured in vitro under stretch conditions and mouse models under MV, we revealed that MV-
associated stretch clearly enhanced HSPA5 protein expression in ASMCs, airway tissue, and BALF. Such
increases in HSPA5 protein expression observed in various assays strongly indicate the occurrence of ER
stress in the highly stretched ASMCs since HSPA5 is a canonical stress sensor [33,34]. Therefore, it is
reasonable to speculate that stretch on the airway walls during MV will induce responsive ER stress in the
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airway cells, particularly the ASMCs, and consequently lead to diverse airway injury responses including
airway inflammation.

Figure 6: The effect of mechanical ventilation on secretion of EVs, ER stress, airway inflammation and injury in mouse
models of VILI. (A) Representative images of lung tissue slides with hematoxylin and eosin (HE) or immunohisto-
chemistry (IHC, HSPA5) staining (scale bar = 100 μm, arrows indicate alveolar collapse, arrowhead indicate HSPA5
expression). Healthy, MV, MV+TUDCA/GW4869 indicates mice breathed spontaneously, under 18 mL/kg mechanical
ventilation (MV), MV with pretreatment of TUDCA/GW4869, respectively; (B) Protein expression of HSPA5 in lung
tissue with IHC staining from C57BL/6 mice treated with different conditions, respectively; (C–E) Size distribution and
quantified count, HSPA5, as well as protein concentration of EVs isolated from bronchoalveolar lavage fluid (BALF)
of mice treated with different conditions; (F) Relative TGF-β1 and IL-10 secretion in BALF from mice treated with
different conditions. Data present as means ± SD, experiments were repeated six times (n = 6), ** p < 0.01 compared
with Healthy, #p < 0.05, ##p < 0.01 compared with MV

On the other hand, molecules such as HSPA5 that prime the inflammatory response of the airways to
stretch are the most attractive biomarkers for early diagnosis of VILI, which is key to the timely modulation
of MV parameters for individual patients to improve the clinical outcomes. HSPA5 is the master molecule
for the unfolded protein response (UPR) in ER stress, which can respond to stretch by translocation to
the nucleus, the mitochondria, and the cell surface [35]. In this study, HSPA5 in the ASMCs appeared to
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be enriched around nuclei in response to stretch. We also found that HSPA5 secretion was enhanced by
MV and associated stretch, suggesting HSPA5 may be a potential diagnostic marker of stretch-related lung
injury [36–38]. Apart from this upstream ER stress sensor, the downstream ER stress response molecules
such as activating transcription factor 6 (ATF6), double-stranded RNA-activated protein kinase R (PKR)-
like ER kinase (PERK), and inositol-requiring enzyme 1 (IRE1) can all play essential roles in initiating the
inflammatory response, which remain to be further explored [39].

As regards therapeutic application, previous reports have shown that inhibition of MV-induced ER
stress could mitigate VILI in mouse models [40,41]. Consistent with these reports, we confirmed in this study
that ER stress is involved in the mediation of airway epithelial cell detachment and inflammatory cytokine
secretion in response to stretch in the ASMCs cultured in vitro and alveolar collapse in the mouse model
under high tidal volume MV in vivo. These studies together suggest that ER stress can initiate abundant
downstream cellular activities such as cell detachment, inflammation, and even cell death to promote VILI.
Thus, it implies that modulation of ER stress in airway cells including ASMCs may be a promising strategy
for preventing or mitigating the risk of VILI in patients under MV, especially those with ARDS [42].

Furthermore, ER stress has been reported to enhance secretion of epithelial-derived EVs in BALF of
patients with lung injury due to hypoxia, and the EVs activated macrophage-mediated airway inflammatory
responses via Rho kinase 1 (ROCK1) pathway [43]. Recent studies have also reported that multiple types
of cells, including pleural macrophages and muscle progenitor cells, can respond to stretch with enhanced
secretion of EVs via mediators such as Cav-1 and YAP [31,44–46]. In this study, we demonstrated both
in vitro and in vivo that MV-associated stretch could enhance secretion of EVs from ASMCs in an ER
stress-dependent manner. In addition, the MV-associated stretch also enhanced Rab27a expression in an
ER stress-dependent manner, and the inhibition of Rab27a completely abolished the stretch-enhanced EV
secretion. These results suggest that stretch may enhance the secretion of EVs from ASMCs via the ER
stress-Rab27a mediatory axis.

In fact, EVs contain a variety of inflammatory factors that can lead to airway inflammation and injury,
including cytokines, caspases, and microRNAs [47,48]. In this study, we demonstrated that the EVs secreted
from ASMCs cultured in stretch conditions contained 25 differentially expressed miRNAs that may modulate
gene transcription of targeted cells. We also found that the secreted EVs seemed to disrupt the stress fibers
inside and between the airway epithelial cells, together with upregulation of inflammatory cytokines such as
TGF-β and IL-10, which could all be attenuated by inhibition of the ER stress or the secretion of EVs. These
data suggest a direct link between the stretch on airways during MV and the pathological processes of VILI
through ER stress-Rab27a signaling and the corresponding secretion of EVs from ASMCs.

It’s noteworthy that these findings have limitations in several aspects. For example, the current study
only evaluated the interplay between ER stress response and EV secretion in either cultured ASMCs or
mouse models subjected to relatively short periods of stretch or MV, which may be more relevant to acute
VILI. The long-term effect of MV on lung injury needs to be systematically investigated with both in vitro
and in vivo models, to determine whether there are unique mechanisms for chronic VILI other than the
ER stress-Rab27a signaling and EV secretion axis. It also remains to be fully explored how the stretch-
induced EVs from ASMCs initiate airway inflammation, including neutrophil and macrophage recruitment,
and then result in injurious processes in the airway epithelium such as the activation of inflammasomes,
the disruption of focal adhesions between cells and cell-matrix, and the extrusion of epithelial cells [20].
Furthermore, we did not consider other cell types such as airway epithelial cells, fibroblasts, and immune cells
for their response to MV-associated stretch and involvement in the modulation of EV stress and EV secretion
in relation to airway and lung injury. Further investigations of these aspects in the future are critical for
ascertaining the direct causality between the stretch-enhanced EV secretion via ER stress and the lung injury.
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And ultimately, the therapeutic potential of targeting EV secretion and/or ER stress signaling pathways need
to be validated with clinical studies of MV-treated ARDS patients, using authorized drugs such as TUDCA.

5 Conclusion
Taken together, we conclude that stretch imposed on ASMCs can cause the cells to secrete EVs as

a consequence of endoplasmic reticulum stress. This provides a new mechanistic link between stretch on
ASMCs and VILI in patients under high tidal volume mechanical ventilation. Therefore, it may be possible
to target the EV secretion and/or endoplasmic reticulum stress signaling in ASMCs for early diagnosis and
optimal interference of VILI.
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide
MV Mechanical ventilation
NTA Nanoparticle tracking analysis
PERK Protein kinase R (PKR)-like ER kinase
PFA Paraformaldehyde
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