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MicroRNA-21 released from mast cells-derived
extracellular vesicles drives asthma in mice by
potentiating airway inflammation and oxidative stress
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Abstract: Objective: Mast cells-derived extracellular vesicles (EVs) play vital roles in various physiological and patho-
physiological conditions. However, the cargoes of mast cells-derived EVs in asthma have not been established. Here,
we set to identify the role of microRNA-21 (miRNA-21) from mast cells-derived EVs in ozone- and lipopolysaccharide
(LPS)-induced mouse airway epithelial cells (MIC-iCell-a006 cells) and asthmatic mice. Methods: After ozone or LPS
treatment, MIC-iCell-a006 cells were subjected to a microarray analysis to screen differentially expressed miRNAs,
and then co-cultured with EVs. miR-21 was silenced in cells, followed by CCK-8, scratch, and Transwell assays. Mice
were challenged with ovalbumin, and antioxidant enzymes and inflammatory cell infiltration were assessed after
EVs and miR-21 inhibitor treatments. The relation between miR-21 and DDAH1 was evaluated by Dual-luciferase as-
say, and changes in Wnt/B-catenin pathway related proteins were examined by western blot. Finally, the involvement
of the DDAH1/Wnt/B-catenin axis in miR-21-mediated oxidative stress and inflammation was verified by rescue
experiments. Results: miR-21 expression was upregulated in MIC-iCell-a006 cells induced by ozone or LPS. miR-21
was enriched in mast cells-derived EVs, and EVs increased miR-21 expression in MIC-iCell-a006 cells. miR-21 inhibi-
tor increased cell activity and alleviated oxidative stress and inflammation. In asthmatic mice, miR-21 expression
was increased, and EVs decreased antioxidant enzymes and increased inflammatory cells, whose effects were re-
versed by miR-21 knockdown. miR-21 targeted DDAH1 to mediate the Wnt/-catenin signaling, and down-regulation
of DDAH1 inhibited the action of miR-21 inhibitor. Conclusion: The miR-21 secreted from mast cells-derived EVs pro-
motes oxidative stress and inflammatory responses in asthmatic mice via the DDAH1/Wnt/-catenin signaling axis.
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Introduction mation, oxidative stress, and bronchial hyper-

responsiveness [4]. Therefore, more efforts

Airway epithelial cells locate at the boundary
between the host and the environment and
characterize the first line of the protection
against microorganisms, gases, and allergens
[1], which enable divergence from immune and
inflammatory responses to external stimuli
that are fundamental to the development of
asthma [2]. Oxidative stress is a vital patho-
physiological process of airway diseases such
as asthma which leads to significant morbidity
and mortality [3]. High level of ambient ozone
has been suggested to contribute to the wors-
ening of symptoms and increased hospitaliza-
tion stays of patients with asthma, and expo-
sure to ozone has been linked to airway inflam-

should be focused on understanding the signal-
ing pathways responsible for oxidative stress
and airway inflammation to develop more tar-
geted therapies for asthma.

Mast cells are well-known central effectors in
IgE-mediated allergic diseases including asth-
ma [5]. The mast cells that were discovered
before allergy was identified as a regular immu-
nological phenomenon are at the center of
allergic inflammation, with IgE linking the con-
nection between antigen (allergen) and the
high-affinity IgE receptor on mast cells [6]. On
top of that, mast cells also participate in a
broad spectrum of cellular interactions during


http://www.ajtr.org

miR-21 derived from EVs promotes asthma

disorders, for example, by delivering extracellu-
lar vesicles (EVs) [7]. Evidence has indicated
that the contents and size distribution of EVs
are highly heterogeneous, which depend on the
cellular source, state and microenvironments,
and three subgroups of EVs have been out-
lined: apoptotic bodies, microvesicles, and exo-
somes [8]. Mast cells-derived EVs have been
demonstrated to show immuno-stimulative
effects on B cells and T cells, highlighting their
great significance in physiological and patho-
physiological conditions [9, 10]. More specifi-
cally, EVs derived from mast cells involved in
asthma have the potency to activate other
asthma-related cells [11]. Mast cells share
close vicinity to epithelial cells in the airways,
and they can communicate with each other by
delivering EVs which have great number of car-
goes, including proteins and RNA [12].
Intriguingly, cigarette smoke-induced microR-
NA-21 (miR-21) expression has been suggested
to amplify inflammatory responses and tumori-
genesis processes in airway epithelial cells
[13]. The latest data showed that miR-21
knockout suppressed airway hyper-responsive-
ness (AHR) and inflammation in the ovalbumin
(OVA)-sensitized and -challenged mouse model
[14]. Thus, the intention of this research was to
characterize the anti-inflammatory and antioxi-
dant properties of miR-21 loaded by mast cells-
derived EVs in mouse airway epithelial MIC-
iCell-a006 cells and a mouse model with
asthma.

Materials and methods
Ethics statement

The study was ratified by the Animal Ethical
Committee of the Shanghai Putuo District
Ligun Hospital (approval number: 20190023).
All procedures were conducted according to the
Guide for the Care and Use of Laboratory
Animals published by the National Institutes of
Health (NIH, Bethesda, Maryland, USA).

Cell culture conditions

Mouse airway epithelial cells (MIC-iCell-a006,
iCell Bioscience Inc, Shanghai, China) were cul-
tured with RPMI-1640 medium containing
0.1% penicillin, 0.1% streptomycin (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and
10% FBS. miR-21 inhibitor, small interfering
RNA (si)-DDAH1 and negative control were
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delivered into MIC-iCell-a006 cells with the
help of Lipofectamine 3000 (Thermo Fisher
Scientific). The plasmid vectors used were
pCMV-MYC plasmid (Promega Corporation,
Madison, WI, USA), and all sequences were
synthesized by Gene Pharma (Shanghai, China).
Totally, 5 x 10% MIC-iCell-a006 cells were co-
cultured with 50 pg mast cells-derived EVs for
24 h for subsequent studies. When grown to
80-90% confluence, the cells were detached
and plated into 6-well culture plates for adher-
ence. A portion of cells were placed in an
ozone chamber at 1.5 ppm for 2 h and then
incubated at 37°C and 5% CO, for 24 h. For the
control group, the cells were grown in a normal
cell culture incubator. Serum-free RPMI-1640
medium was applied to prepare 20 ug/mL lipo-
polysaccharide (LPS). The remaining cells were
detached and incubated in this medium for 6 h.
The control cells were induced with phosphate-
buffered saline (PBS).

Assessment of oxidative stress levels

Determination of malondialdehyde (MDA) in
cells and tissues of mice was conducted using
a Lipid Peroxidation (MDA) Assay Kit (Sigma-
Aldrich Chemical Company, St Louis, MO,
USA). Totally, 10 mg tissue or 1 x 10° cells was
lysed using MDA containing 3 pL butylated
hydroxytoluene (100 x) and centrifuged at
13,000 g for 10 min. The supernatant was
incubated with 600 pL tetrabutylammonium
solution at 95°C for 60 min, and then the opti-
cal density (OD) value of the sample at A532
nm was determined by colorimetric method in
a 96-well plate. The superoxide dismutase
(SOD) determination kit (Sigma-Aldrich) was
applied to assess the content of SOD in cells
and tissues of mice. The samples were incu-
bated with the mixture of 200 uL water-soluble
tetrazolium working solution, 20 pL dilution
buffer and 20 pyL enzyme working solution at
37°C for 20 min. A microplate reader (EIx800,
BioTek Instruments, Winooski, VT, USA) was uti-
lized to record the OD value at 450 nm.

ELISA

A mouse IL-13 ELISA Kit (ab219634, Abcam,
Cambridge, UK), a mouse IL-5 ELISA Kit (Ou-
said Biotechnology Co., Ltd., Changsha, Hunan,
China), and a mouse IL-6 Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA) were
used to detect the levels of inflammatory fac-
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tors in mouse lung tissues. The antigen was
ligated with a solid-phase carrier to form a sol-
id-phase antigen, which was supplemented at
100 pL/well and left overnight at 4°C in a
96-well plate. The cells were incubated with
150 pL 1% bovine serum albumin solution for 1
h, with 100 pL diluted serum for 2 h, and with
100 pL diluted antibodies for 1 h (all at 37°C).
OD values at A450 were read on a microplate
reader (EIX800, BioTek) after 20 min of color
development.

Microarray analysis

Probes were resuscitated in 50 mM SpotArray
24 Microarray Printing System (PerkinElmer,
MA, USA). The RNA was extracted by Trizol
method (Thermo Fisher Scientific), and the
reverse transcription reaction was implement-
ed with random primers and AMV reverse
transcriptase (Thermo Fisher Scientific) at
25°C for 10 min, at 40°C for 60 min, and at
70°C for 10 min. The cDNA was amplified by
PCR, and the miRNA was labeled with Cy3. The
PCR product containing the probe was hybrid-
ized with hybridization buffer (Ambion, Austin,
TX, USA) overnight at 42°C and scanned
with ScanArray Express Microarray Scanner
(PerkinElmer). Scanned data were run on
ScanArray Express version 1.0, and the spots
with expression levels below 300 were exclud-
ed. miRNAs with at least 2-fold difference in
expression were selected to plot the heatmap.

RT-gPCR

TRIzol (Thermo Fisher Scientific) was applied to
isolate the total RNA in accordance with the
manufacturer’s protocol. Random primers and
AMV reverse transcriptase (Thermo Fisher
Scientific) were applied at 25°C for 10 min, at
40°C for 60 min, and at 70°C for 10 min for
reverse transcription, followed by primers and
Tagman probe (Thermo Fisher Scientific) for
quantitative RT-PCR reaction. Tagman probes
were labeled with the fluorescent reporter
group 6-carboxy-fluorescein at the 5’ end and
with the fluorescence-quenching group tetra-
methylrhodamine at the 3’ end, with B-actin
and GAPDH as the respective loading control.
Primers for the quantitative PCR reaction were
as follows: miR-21 forward, 5-GCGCGCGTAG-
CTTATCAGACTGA-3’; reverse, 5-ATCCAGTGCA-
GGGTCCGAGG-3’; U6 forward, 5-TCGCTTCGG-
CAGCACATATACT-3’; reverse, 5-ACGCTTCACG-
AATTTGCGTGTC-3’; DDAH1 forward, 5-GCCT-

TATT

GATGACATAGCAGCAA-3’; reverse, 5-CCATCCA-
CCTTTTCCAGTTC-3’; GAPDH forward, 5-AGG-
TCGGTGTGAACGGATTTG-3’; reverse, 5-TGTAG-
ACCATGTAGTTGAGGTCA-3'.

Extraction and identification of EVs

Mouse mast cells MC/9 (ATCC, Manassas, VA,
USA) were starved for 12 h (without FBS) after
incubating the cells to a steady state. Cells
were harvested after a 300 g centrifugation for
10 min at 4°C and a 20,000 g centrifugation
for 20 min, and the supernatant was filtered
through a 0.2-mm filter and centrifuged again
at 100,000 g for 1.5 h at 4°C to obtain EVs.
The precipitate was resuspended with PBS,
and the morphology of EVs was examined by
TEM using a CM 10 Philips (Thermo Fisher
Scientific). The number and size of EVs were
determined using a NanoSight NS300 NTA
(Malvern Panalytical, Malvern, UK). Expression
of surface markers of EVs, including HSP70,
CD9 and TSG101 was examined by western
blot.

CCK-8 assay

The transfected cells were evenly plated in a
96-well plate at 5 x 10° cells/well and grown at
37°C with 5% CO, for indicated time. CCK-8
solution (10 uL, Sigma-Aldrich) was added to
each well for 2 h incubation at 37°C. OD value
of cells at 450 nm was recorded by a micro-
plate reader (EIx800, BioTek). Cell-free medium
was used as a blank control to calculate cell
proliferation.

Scratch assay

Under aseptic conditions, scratches across
the wells were made in a 6-well plate at in-
tervals of 0.5-1 cm, and 5 x 10° cells were
seeded into the wells and cultured for 12 h.
The cells were rinsed three times with PBS and
cultured in RPMI-1640 medium containing 5%
FBS at 37°C and 5% CO,. After 24 h, the sam-
ples were harvested and photographed. The
width of the scratch was determined using
Image J (NIH, Bethesda, MD, USA), and the cell
migration capacity was evaluated by comparing
the healing rate of the scratches. Scratch heal-
ing rate = (0O-hour scratch width - 24-hour
scratch width)/0-hour scratch width x 100%.

Transwell assay for cell invasion

Matrigel (BD Biosciences, San Jose, CA, USA)
was plated to the apical chamber under sterile
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conditions and incubated for 0.5 h. RPMI-1640
medium (30 uL) was added to the apical cham-
ber and placed in a CO, incubator, and the
transfected cells were resuspended into a cell
suspension (5 x 10% cells/mL). RPMI-1640
medium with 10% FBS (500 pL) was added
to the basolateral chamber and 200 uL cell
suspension to the apical chamber for a 2 d
incubation at 37°C in a 5% CO, incubator. The
harvested cells were stained with crystal violet
for 10 min, and then the number of invad-
ed cells was counted under a microscope
(Olympus Optical Co., Ltd., Tokyo, Japan).

Animals and experimental design

Forty adult male SD mice were randomly allo-
cated into eight groups (n = 5 in each): the
saline group, the OVA group, the OVA + dimeth-
ylsulfoxide (DMSO) group, the OVA + EVs gro-
up, miR-21 control (OVA + EVs + miR-21 con-
trol), miR-21 inhibitor (OVA + EVs + miR-21
inhibitor), miR-21 inhibitor + DDAH1-NC (OVA +
EVs + miR-21 inhibitor + DDAH1-NC), and miR-
21 inhibitor + si-DDAH1 (OVA + EVs + miR-21
inhibitor + si-DDAH1). At the 7t" d after EVs and
plasmids injection, 35 mice were intrape-
ritoneally injected with 50 pg OVA solution
(Sigma-Aldrich) and 1 mg aluminum hydroxide
(Sigma-Aldrich) for sensitization, and the injec-
tion was repeated 7 d later. Inhalation started
with ultrasonic nebulization with 1% OVA solu-
tion for 20 min on the 21t day for 3 consecu-
tive days. Mice in the saline group (n = 5) were
injected and inhaled with equal amounts of
saline. A small animal respiratory function anal-
ysis system was used to detect pulmonary
resistance (RL), and lung lavage fluid was col-
lected for cell counting. Lung histopathological
sections were observed to determine the suc-
cess of the model, and lentiviral vectors and
transfected fragments were synthesized by
GenePharma (Shanghai, China).

Mouse lung function test

Mice were subjected to an intraperitoneal injec-
tion of pentobarbital sodium (90 mg/kg) and
then underwent tracheal intubation. Mice were
placed in Whole Body Plethysmography (Data
sciences international, St. Paul, MN, USA) and
connected to a systemic air flow meter and
pressure transducer. A small animal ventilator
(Harvard Small Animal Ventilator Model 683,
Harvard Apparatus, South Natick, MA, USA)
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was used for mechanical ventilation with a tidal
volume of 5-6 mL/kg at a frequency of 90
breaths/minute and a positive end-expiratory
pressure of -8 cm H,0 (1 cm H,0 = 0.1098
kPa). The trans-pulmonary pressure, flow
velocity and tidal volume were recorded as the
baseline when the concentration of acetylcho-
line was zero (i.e., only saline was inhaled).
Then, 10 pL acetylcholine (gradient concentra-
tion, Sigma-Aldrich) was aerosolized to record
changes in trans-pulmonary pressure and air-
way velocity within 3 min. AHR (airway hyper-
responsiveness) is expressed as RL (lung
resistance) (derived from multivariate linear
regression of trans-pulmonary pressure and
airflow), and the degree of AHR is expressed as
the percentage of the peak value of each hista-
mine inhalation dose to the saline value (vari-
ability in ventilatory function).

Analysis of tracheal inflammation

The animals were euthanized by intraperito-
neal injection of 1% sodium pentobarbital at
150 mg/kg after measurement of RL. Bron-
choalveolar lavage (BAL) fluid was withdrawn
after instillation of 1 mL sterile saline through
trachea into the lung at 37°C for three times.
After centrifugation at 1,500 rpm and 4°C
for 5 min, the cell precipitate was then sus-
pended with PBS and centrifuged at 1,500
rom and 4°C for 5 min. Giemsa stain (Beijing
Solabio Life Sciences Co., Ltd., Beijing, China)
was supplemented to sort the cells and mea-
sure the number of BAL cells, eosinophils, neu-
trophils, macrophages and lymphocytes in the
trachea under a light microscope (Olympus).

HE staining

After euthanasia of the mice, the lung tissues
were removed and fixed in neutral formalde-
hyde solution (10%) for 1 d. Afterwards, the tis-
sues were dehydrated with 70%, 80%, 90%,
95% and 100% ethanol, cleared with xylene,
embedded in paraffin, and cut into 5-um sec-
tions. After a 4-min hematoxylin (Solarbio)
staining, the sections were differentiated in
ethanol hydrochloric acid for 10 s, rinsed,
stained again with eosin (Solarbio) for 2 min,
fixed with neutral gum, and viewed for damage
and inflammatory cell infiltration in lung tissu-
es under a DMM-300D microscope (Shanghai
CaiKon Optical Instrument Co., Ltd., Shanghai,
China).
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Dual-luciferase experiment

The bioinformatics websites StarBase (http://
starbase.sysu.edu.cn/), miRanda (http://www.
microrna.org/), miRDB (http://www.mirdb.
org/), and Targetscan (http://www.targetscan.
org/) were utilized to analyze the target gen-
es of miR-21. The binding relation between
DDAH1 and miR-21 was examined by dual-lucif-
erase reporter gene analysis. Complementary
sequences and mutation sites were designed
based on predictions. The target fragments
were subcloned into the pMIR-reporter plas-
mids (Addgen, Cambridge, MA, USA) using T4
DNA ligase (Takara Biotechnology Ltd., Dalian,
Liaoning, China). The luciferase reporter plas-
mids wild-type (WT) and mutant (MT) were
delivered with miR-21 into HEK-293T cells
(ATCC), respectively. The cells were collected by
centrifugation for 3 min after incubation at
37°C for 48 h. Firefly luciferase assay Kit
and Renilla luciferase assay Kit (Beyotime,
Shanghai, China) were applied. After the addi-
tion of 100 uL buffer (1:100) into 100 pL sam-
ple, the relative light unit (RLU) value was mea-
sured with the cell lysate of the reporter gene
served as a blank control. Luciferase activity
was calculated as RLU values from the firefly
luciferase assay and RLU values from the
Renilla luciferase assay.

Western blot

Cells and tissues were lysed using pre-chilled 1
x lysis buffer (Thermo Fisher Scientific) for 10
min. The proteins were obtained by centrifuga-
tion and measured by a bicinchoninic acid
assay protein quantification kit. An equal
amount of total protein was taken from each
sample for SDS-PAGE and transferred to a
PVDF membrane (Millipore Corp, Billerica, MA,
USA) by transfer electrophoresis device (Bio-
Rad, Inc., Hercules, CA, USA). After sealing with
5% non-fat dry milk for 60 min, the PVDF mem-
brane was probed with primary antibodies to
B-catenin (1:500, sc-7963, Santa Cruz Biote-
chnology Inc., Santa Cruz, CA, USA), cyclin D1
(1:500, sc-8396, Santa Cruz Biotechnology),
GAPDH (1:2000, ab8245), HSP70 (#4873,
1:1000, Cell Signaling Technologies, Beverly,
MA, USA), CD9 (#13403, 1:1000, Cell Signal-
ing Technologies), and TSG101 (1:1000, ab83,
Abcam) overnight at 4°C. PVDF membranes
were then re-probed with HRP-labeled second-
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ary antibody (1:5000, ab205719, Abcam) for 2
h at ambient temperature. Protein expression
was quantified by colorimetric reaction using
ECL plus western blotting system reagent kit
(Solarbio). The original blots are presented in

the Supplementary Materials.

Data analysis

SPSS (v22.0, IBM SPSS Statistics, Chicago, IL,
USA) was applied for statistical analysis. The
bioinformatics images were plotted using R
software (www.r-project.org), and the statistical
graphs were drawn using Graph Prism 8
(GraphPad, San Diego, CA, USA). Data were
expressed as mean + SD and analyzed by one-
way or two-way ANOVA, followed by Tukey’s mul-
tiple range tests or unpaired t test. P < 0.05
was deemed as statistically significant.

Results

miR-21 is highly expressed in ozone- and LPS-
induced airway epithelial cells

To investigate the molecular mechanisms of
airway epithelial cells during stress and inflam-
mation, we first developed an in vitro airway
epithelial cell model of oxidative stress and
inflammation. In order to verify the success of
the oxidative stress model, we examined the
oxidative stress under the ozone induction and
found that the MDA level in the cells increased
significantly, whereas SOD level decreased,
indicating increased oxidative stress (Figure
1A). After that, we induced cellular inflamma-
tion by LPS. LPS (20 pyg/mL)-treated cells were
collected, and the levels of pro-inflammatory
factors IL-5, IL-6 and IL-13 were examined by
ELISA, which were significantly enhanced
(Figure 1B). We then extracted RNA from
ozone-induced cells and LPS-treated cells and
performed miRNA microarray analysis (Figure
1C, 1D). After comparing the two microarray
results, miR-21 was found to be over-expressed
in both models under conditions of oxidative
stress and inflammation in vitro, with the most
significant change (Figure 1E). Our evaluation
of miR-21 expression in ozone-induced and
LPS-treated cells validated this result (Figure
1F). This suggests that miR-21 may be a factor
in the development of oxidative stress and
inflammation in airway epithelial cells.
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Figure 1. miR-21 was highly expressed in airway epithelial cells exposed to ozone or LPS. A. Detection of changes
in SOD and MDA levels in cells exposed to zone (*P < 0.05 by unpaired t test); B. Detection of changes in IL-5, IL-6
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miR-21 is present in mast cells-derived EVs

Inquiry using the EVmMIRNA website (http://
bioinfo.life.hust.edu.cn/EVmIiRNA/#!/) reveal-
ed that miR-21 was mainly presented in mast
cells (Figure 2A). We extracted EVs from mast
cells by centrifugation and observed that the
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shape of EVs was elliptical under transmission
electron microscopy (Figure 2B). The diameter
of EVs was analyzed by NTA and found to be in
the range of 30-150 nm, which was in accor-
dance with the definition of EVs (Figure 2C).
Also, the expression of HSP70, CD9 and
TSG101 was positive for the extracted EVs, as
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manifested by western blot (Figure 2D). So far,
we have successfully isolated mast cell-EVs.
EVs were co-cultured with ozone-induced cells
or LPS-treated cells, and the changes of cell
activity were detected. The expression of SOD
was significantly reduced, and MDA expression
was increased, suggesting promoted oxidative
stress after EV treatment (Figure 2E). After EV
treatment of inflammatory cells, the levels of
IL-5, IL-6 and IL-13 were significantly increased,
and the inflammatory response in the cells was
enhanced (Figure 2F). Finally, the expression
changes of miR-21 in both cells before and
after EV treatment were examined by RT-gPCR.
We found that the miR-21 expression was sig-
nificantly increased in both cells after EV treat-
ment (Figure 2G). Therefore, we assumed that
miR-21, contained in mast cells-derived EVs,
was delivered to mouse airway epithelial cells
by EVs to promote oxidative stress and inflam-
matory responses.

Mast cells-derived EVs regulate oxidative
stress and inflammatory responses via miR-21

To test the aforementioned conjecture, we
inhibited miR-21 expression by transfection of
miR-21 inhibitor in two EVs-treated airway
epithelial cell models and verified the transfec-
tion efficiency by PCR (Figure 3A). CCK-8
assays were conducted to evaluate OD values
in cells with suppressed miR-21 expression.
The proliferative activity of both cells was sig-
nificantly enhanced after miR-21 down-regula-
tion (Figure 3B). Subsequently, changes in cell
migration capacity were detected by scratch
assay, and migration capacity was significan-
tly increased in airway epithelial cells after miR-
21 inhibitor transfection (Figure 3C). Detection
of differences in cell invasion activity by
Transwell experiments revealed that miR-21
down-regulation enhanced invasive capacity in
cells (Figure 3D). Finally, we evaluated the
SOD and MDA levels in cells and found that oxi-
dative stress was hampered after miR-21
down-regulation (Figure 3E). Quantitative anal-
ysis of the levels of the IL-5, IL-6 and IL-13 in
cells revealed that down-regulation of miR-21
decreased cellular inflammatory factors (Figure
3F). This series of experiments verified that
inhibition of miR-21 increased airway epithelial
cell activity and attenuated the oxidative stress
and inflammatory responses.
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miR-21 is highly expressed in OVA-challenged
asthmatic mice

In order to verify the success of the asthma
mouse model, we stained the lung tissues of
the mice using HE staining, which showed that
the bronchial walls and alveoli of the mice treat-
ed with saline were intact, with regular shape
and free of narrowing of the lumen. In the OVA-
challenged mice, there were obvious signs of
bronchoconstriction and inflammatory cell infil-
tration around the small blood vessels, alveolar
cavity and lung interstitium, and bronchial epi-
thelial cell detachment, pulmonary arteriolar
edema and respiratory bronchial obstruction
(Figure 4A). The detection of AHR in mice
revealed that asthmatic mice induced signifi-
cant AHR, which was mainly manifested by a
significant increase in RL after histamine inha-
lation (Figure 4B). Subsequently, BAL cell
counts exhibited that airway inflammation was
significantly augmented in asthmatic mice
compared with saline-treated mice in terms of
the counts of total BAL cells, eosinophils, neu-
trophils, macrophages and lymphocytes (Fi-
gure 4C). Finally, we noted that the levels of
pro-inflammatory factors and MDA were sig-
nificantly enhanced, while SOD levels were
reduced (Figure 4D, 4E). The epithelial tissues
of mouse airways were extracted, and the
changes of miR-21 expression were detected
using PCR quantification. miR-21 was found to
be significantly up-regulated in the epithelial
tissues of asthmatic mice (Figure 4F). This sug-
gests that our asthmatic mouse model was
successfully developed, and miR-21 was signifi-
cantly over-expressed in this model.

Mast cells-derived EVs exacerbate oxidative
stress and inflammatory responses in asth-
matic mice via miR-21

EVs extracted from mast cells were injected
into asthmatic mice, and the miR-21 expres-
sion was remarkably elevated in airway tissues
(Figure 5A). We then injected EVs-treated asth-
matic mice with miR-21 inhibitor and validated
the success of modeling by quantitative analy-
sis of miR-21 expression in airway tissues
(Figure 5B). The oxidative stress and inflam-
mation in the airway tissues of mice after
administration with miR-21 inhibitor and EVs
were detected. First, AHR was assessed in the
EVs-treated mice, and it was found that the
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Figure 4. miR-21 was expressed highly in airway tissues of OVA-challenged asthmatic mouse model. A. HE staining
of mouse lung tissue to assess the development of an asthmatic mouse model; B. Assessment of mouse airway
stress by detection of AHR in mice (*P < 0.05 by two-way ANOVA); C. Changes in inflammatory cell content in the
airways of mice assessed by BAL cell count (*P < 0.05 by two-way ANOVA); D. SOD and MDA levels in cells were
examined (*P < 0.05 by unpaired t test); E. Expression of pro-inflammatory factors in cells by ELISA (*P < 0.05 by
two-way ANOVA); F. Quantification of miR-21 expression in airway tissues of asthmatic mice by RT-qgPCR (*P < 0.05
by unpaired t test). Data are representative of three separate experiments (n = 5) and shown as mean + SD.
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in the presence of OVA or OVA alone (n = 5). A. Quantification of miR-21 expression in airway tissues of asthmatic
mice or mice treated with DMSO by RT-qPCR (*P < 0.05 by unpaired t test); B. Quantification of miR-21 expression in
airway tissues of asthmatic mice treated with miR-21 inhibitor or miR-21 control by RT-qPCR (*P < 0.05 by unpaired
t test); C. Changes in AHR levels in mice (*P < 0.05 by two-way ANOVA); D. Changes in inflammatory cell content in
mouse BAL fluid to assess airway inflammatory response in mice (*P < 0.05 by two-way ANOVA); E. SOD and MDA
levels in cells were examined (*P < 0.05 by two-way ANOVA); F. Expression of pro-inflammatory factors in cells by
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mice. Data are shown as mean £ SD.

level of AHR in mice was enhanced after EVs
treatment and repressed after down-regulation

stress levels in tissues revealed that EVs ele-
vated oxidative stress in tissues, and miR-21

of miR-21 (Figure 5C). Moreover, mast cells-
derived EVs induced increases in total BAL cell,
eosinophil, neutrophil, macrophage and lym-
phocyte counts in mice, while miR-21 down-
regulation decreased inflammatory cell infiltra-
tion in mice (Figure 5D). Detection of oxidative
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inhibitor reduced oxidative stress (Figure 5E).
The pro-inflammatory factors IL-5, IL.-6 and
IL-13 in airway tissue were up-regulated by EV
induction, while miR-21 inhibitor injection
down-regulated the level of pro-inflammatory
factors in mice (Figure 5F). Finally, we observed
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lung injury in mice by HE staining and found
that EVs worsened lung injury and bronchial
obstruction. By contrast, down-regulation of
miR-21 alleviated lung tissue injury, and bron-
chial obstruction became less pronounced with
reduced inflammatory cell infiltration (Figure
5G). Through these experiments, we demon-
strated that mast cell-EVs exacerbated oxida-
tive stress and inflammation in asthmatic mice
by carrying miR-21.

miR-21 targets DDAH1 to mediate the Wnt/3-
catenin pathway

To probe the mechanism of miR-21 in oxidative
stress and inflammation, the genes targeted by
miR-21 were predicted by bioinformatics web-
sites, and DDAH1 was found to be a possible
target of miR-21 (Figure 6A). Examination of
the expression of DDAH1 in cells revealed that
DDAH1 was significantly down-regulated in
both models under conditions of oxidative
stress and inflammation in vitro (Figure 6B).
Detection of the targeting relation between
miR-21 and DDAH1 using a Dual-luciferase
assay displayed that HEK293T cells trans-
fected with miR-21 inhibitor and DDAH1-WT
showed significantly increased luciferase in-
tensity (Figure 6C). DDAH1 mRNA expression
was then examined in cells with miR-21 inhibi-
tor, which suggested that DDAH1 was signifi-
cantly elevated after miR-21 down-regulation
(Figure 6D). The efficiency was verified using
RT-gPCR after simultaneous down-regulation of
DDAH1 and miR-21 in cells and mice (Figure
6E). Western blot analysis in cells revealed a
significant increase in Wnt/B-catenin pathway
under conditions of oxidative stress and in-
flammation in vitro (Figure 6F). The Wnt/[B-
catenin pathway was then found to be activat-
ed after EV treatment, impaired in miR-21 low-
expressing cells, and induced again in DDAH1
low-expressing cells (Figure 6G). The Wnt/[3-
catenin pathway was also expedited in asth-
matic mice and blocked in miR-21 inhibitor-
treated mice, which was further potentiated by
DDAH1 knockdown (Figure 6H). These experi-
ments demonstrated the involvement of the
miR-21/DDAH1/Wnt/B-catenin axis in asthma.

Knockdown of DDAH1 antagonizes the repres-
sive effects of miR-21 inhibitor on oxidative
stress and inflammation

Detection of oxidative stress cells revealed that
down-regulation of DDAHZ1 increased MDA lev-
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els and diminished SOD levels in the presence
of miR-21 inhibitor (Figure 7A). In LPS-
pretreated cells, down-regulation of DDAH1
was found to increase the levels of pro-inflam-
matory factors in the cells with miR-21 knock-
down (Figure 7B). Simultaneous knockdown of
miR-21 and DDAH1 was also delivered into
EV-treated asthmatic mice. After validation of
DDAH1 knockdown in airway tissues (Figure
7C), detection of oxidative stress and inflam-
mation in mouse airway tissues was carried
out. Enhanced oxidative stress (Figure 7D) and
inflammation (Figure 7E) were observed after
miR-21 and DDAH1 inhibition. Finally, we
identified the effects of miR-21 and DDAH1
inhibition on asthmatic mice by HE staining of
their lung tissues, and found that down-regula-
tion of DDAH1 exacerbated inflammatory infil-
tration, pulmonary arteriolar edema, and bron-
chial obstruction in mice even with the inhibi-
tion of miR-21 (Figure 7F).

Discussion

Asthma is a chronic inflammatory disease of
the airways, which is evoked in the context of
AHR recurrent wheezing, and clinical symp-
toms, including inflammation and AHR, could
be sufficiently controlled in approximately
80% of asthmatics with daily medication [15].
Still, it is of paramount importance to assess
epithelial abnormalities to elicit clinical bene-
fits for epithelial-directed therapies. The pres-
ent study demonstrated that in ozone and LPS
exposure cell models and in OVA-sanitized
mouse model, miR-21 released from mast cell-
EVs promoted airway inflammation and oxida-
tive stress, which were associated with promo-
tion of BAL cell counts and cytokine levels, and
suppression of airway epithelial cell activities.
Knockdown of DDAH1, a target of miR-21,
increased MDA and cytokine levels via the Wnt/
B-catenin signaling activity. These data imply
that miR-21 released from mast cell-EVs induc-
es airway inflammation and oxidative stress at
least in part through reducing DDAH1 and acti-
vating the Wnt/(-catenin signaling.

EVs have been suggested to play an important
part for the function of mast cells, and tran-
scriptome analysis of mast cell-derived EVs
mighty shed lights on the regulatory functions
of mast cells and mast cell-derived EVs [16]. As
a consequence, we performed microarray anal-
yses on two established cells exposed to LPS
and ozone. It was found that miR-21 was the
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only miRNA expressed highly in both cells.
Consistently, Elbehidy et al. reported that
serum miRNA-21 was much higher in the asth-
matic children, which could be a potential
biomarker for the diagnosis and therapy of
asthma [17, 18]. Moreover, integrated bioinfor-
matics website prediction and functional
assays revealed that the up-regulation of miR-
21 in airway epithelial cells may be due the
delivery of mast cell-EVs. For further validation,
we knocked down miR-21 expression using
miR-21 inhibitor. It was noted that miR-21 in-
hibitor remarkably enhanced airway epithelial
cell proliferation, migration and invasion. In
addition, depletion of miR-21 suppressed air-
way inflammation and oxidative stress in both
airway epithelial cells and airway tissues of
mice. miR-21 has been displayed to elevate
inflammatory mediators in non-hematopoietic
cells, contributing to neoplastic transformation
[19]. Likewise, paraquat enhanced miR-21 and
oxidative stress in the lungs, while radix puer-
ariae extracts reduced oxidative stress through
decreasing expression of miR-21 [20]. It has
been established by that a cascade of immune
responses caused by inhaled LPS led to Th2
cell induction, whereas IL-5 and IL-13 released
by Th2 cells resulted in asthma progression
[21]. Lee et al. presented that miR-21 antagomir
suppressed AHR versus the OVA-challenged
and scrambled RNA-treated BALB/c mice,
diminished the total cell and eosinophil counts
in BAL fluid, and the expression profile of IL-5
and IL-13 [22]. Subsequently, we sought to
decipher the mechanism of miR-21 in asthma,
several bioinformatics websites were utilized to
screen out DDAH1 as a putative target of miR-
21. DDAH1 3'UTR has been verified as a puta-
tive target for miR-21, and endogenous miR-21
decreased the expression of DDAH1 transcript
in human umbilical venous endothelial cells
[23]. Previously, Kinker et al. proposed that
decreased expression of DDAH1 led to allergic
asthma, and DDAH1 up-regulation attenuated
allergen-induced airway inflammation via mod-
ulating Th2 responses [24]. In addition, defi-
ciency of DDAH1 promoted intracellular oxida-
tive stress and apoptosis through a miR-21-de-
pendent manner in mouse embryonic fibro-
blasts [25]. Moreover, miR-21 was revealed to
facilitate renal fibrosis by the Wnt pathway via
targeting DDAH1 [26]. Thus, we wondered
whether miR-21 also regulated the airway
inflammation and oxidative stress processes in
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asthma via the DDAH1/Wnt/B-catenin axis.
Our western blot validated our conjecture by
providing evidence that the expression of
-catenin and cyclin D was significantly induced
in airway tissues of asthmatic mice and cells
exposed to LPS and ozone, while impaired after
miR-21 inhibitor and activated again following
DDAH1 knockdown. Our subsequent rescue
experiments further substantiated the involve-
ment of DDAH1 in miR-21-mediated airway
inflammation and oxidative stress.

Conclusion

In summary, our in vitro studies illustrate that
miR-21 loaded by mast cells-derived EVs can
regulate intracellular inflammation and oxida-
tive stress by attenuating DDAH1 expression in
LPS- and ozone-stimulated airway epithelial
cells. Moreover, the results of the in vivo stud-
ies provide clear evidence for the anti-inflam-
matory and antioxidant activity of miR-21 inhib-
itor. These data might provide experimental
support for the therapeutic application of
miR-21 inhibitor and mast cells-derived EVs
against asthma. Mouse mast cells were used
as the study model, and the species-specific
differences between mouse mast cells and
human mast cells might hinder the therapeutic
application of mast cells-derived EVs, which
constitute the limitation of the present study.
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Supplementary Materials

Figure S1. Western blots of Figure 2D.

Figure S2. Western blots of Figure 6F.
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Figure S3. Western blots of Figure 6G.
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Figure S4. Western blots of Figure 6H.



