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Angiotensin-(1-7) suppresses airway S

inflammation and airway remodeling
via inhibiting ATG5 in allergic asthma

Jianfeng Xu'", Zhenyu Yu?" and Xueping Liu'"

Abstract

Background Angiotensin (Ang)-(1-7) can reduce airway inflammation and airway remodeling in allergic asthma.
Autophagy-related 5 (ATG5) has attracted wide attentions in asthma. However, the effects of Ang-(1-7) on ATG5-
mediated autophagy in allergic asthma are unclear.

Methods In this study, human bronchial epithelial cell (BEAS-2B) and human bronchial smooth muscle cell (HBSMC)
were treated with different dose of Ang-(1-7) to observe changes of cell viability. Changes of ATG5 protein expression
were measured in 10 ng/mL of interleukin (IL)-13-treated cells. Transfection of ATG5 small interference RNA (siRNA)

or ATG5 cDNA in cells was used to analyze the effects of ATG5 on secretion of cytokines in the IL-13-treated cells. The
effects of Ang-(1-7) were compared to the effects of ATG5 siRNA transfection or ATG5 cDNA transfection in the IL-
13-treated cells. In wild-type (WT) mice and ATG5 knockout (ATG5™7) mice, ovalbumin (OVA)-induced airway inflam-
mation, fibrosis and autophagy were observed. In the OVA-induced WT mice, Ang-(1-7) treatment was performed

to observe its effects on airway inflammation, fibrosis and autophagy.

Results The results showed that ATG5 protein level was decreased with Ang-(1-7) dose administration in the IL-
13-treated BEAS-2B and IL13-treated HBSMC. Ang-(1-7) played similar results to ATG5 siRNA that it suppressed

the secretion of IL-25 and IL-13 in the IL-13-treated BEAS-2B cells, and inhibited the expression of transforming growth
factor (TGF)-1 and a-smooth muscle actin (a-SMA) protein in the IL-13-treated HBSMC cells. ATG5 cDNA treatment
significantly increased the secretion of IL-25 and IL-13 and expression of TGF-31 and a-SMA protein in IL-13-treated
cells. Ang-(1-7) treatment suppressed the effects of ATG5 cDNA in the IL-13-treated cells. In OVA-induced WT mice,
Ang-(1-7) treatment suppressed airway inflammation, remodeling and autophagy. ATG5 knockout also suppressed
the airway inflammation, remodeling and autophagy.

Conclusions Ang-(1-7) treatment suppressed airway inflammation and remodeling in allergic asthma through inhib-
iting ATG5, providing an underlying mechanism of Ang-(1-7) for allergic asthma treatment.
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ATGS5 knockout (ATG5™/7) mice
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Introduction

Allergic asthma, a type of bronchial asthma, is driven
by the type 2 helper T cell (Th2) immune response of
inhaled air allergens, characterizing airway hyperrespon-
siveness (AHR), production of Th2 cytokines, and struc-
tural changes in the airway wall [1-3]. Upon exposure
to an allergen, airway epithelial cells secrete interleukin
(IL)-25 and IL-33 to initiate Th2 immune response and
induce the secretion of Th2 cytokines, IL-4, IL-5 and
IL-13 [3]. The secretion of Th2 cytokines further affects
airway remodeling through inducing aggregation of
eosinophils, neutrophils, lymphocytes and macrophages.
Airway remodeling is characterized by matrix deposi-
tion and enhanced smooth muscle mass in the airways.
Smooth muscle cells secrete transforming growth factor
(TGF)-P1, collagens and a-smooth muscle actin (a-SMA)
to promote airway remodeling in asthma [4, 5]. In clinical
practice, combination of corticosteroids and long-term
effect f2 adrenergic receptor agonists is commonly used
as the main treatment method [6]. However, long-term
or high-dose use can lead to steroid insensitivity and
[2-adrenoceptor-desensitization. Further identification
of key molecules or related genes in allergic asthma may
provide greater insight into developing novel treatments,
which may overcome the limitations of current treat-
ments. Therefore, further research on key molecules or
related genes in allergic asthma is of great significance for
developing therapeutic strategies.

Studies suggest that mitochondrial dysfunction is key
to the pathogenesis of allergic asthma [7-9]. Autophagy
is an intracellular process in which damaged organelle are
cleared and recycled. Disruptions of normal autophagy
processes can lead to the accumulation of damaged
organelle (such as mitochondria), and releases reac-
tive oxygen species (ROS), thus affecting cell apoptosis
[10]. Accumulating evidence have shown that autophagy
affects cellular immune responses, especially the sur-
vival and activation of T lymphocytes [7, 8]. In allergic
asthma, autophagy is activated and autophagy related
proteins, autophagy related (ATG)-5, Beclin-1, light
chain 3B (LC3B) and p62, are overexpressed in the tissues
of asthma patients [8, 11]. ATG5 represents a key protein
involved in the formation of autophagosomes and LC3B
[12]. Inhibiting ATG5-mediated autophagy can reduce
airway inflammation and AHR in asthma [13].

Angiotensin (Ang)-(1-7) is a 7-peptide composed of
aspartic acid, arginine, valine, tyrosine, isoleucine, his-
tidine and proline, and acts in the nonclassical renin-
angiotensin system (RAS) through the Mas receptor
[14]. The Ang-(1-7)/Mas receptor axis plays protec-
tive roles in various tissues. Moreover, Mas receptor
expression decreases in acute allergic airway inflamma-
tion, which regulates chemokine (C-C motif) ligand 2
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(CCL-2)-mediated macrophage infiltration through JNK
pathways in airway inflammation [15]. Ang-(1-7) treat-
ment can inhibit airway inflammation and reduce airway
remodeling in allergic asthma [14—17]. Inhalation of Ang-
(1-7) can reduce OVA-induced inflammation and colla-
gen deposition through reducing eosinophils, expression
of IL-5, CCL11, IgE, metalloproteinase (MMP)-9 and
MMP-12 in mice [14]. In cigarette smoking-induced pul-
monary fibrosis, the autophagy-related proteins, LC3B
and P62, are significantly increased, and Ang-(1-7)
treatment improves the impaired autophagy via reduc-
ing the nicotinamide adenine dinucleotide phosphate
reduced oxidase (NOX) 4-mediated ROS [18]. However,
it is unclear whether the anti-inflammatory mechanism
of Ang-(1-7) in allergic asthma is related to ATG5-medi-
ated autophagy.

In this study, IL-13-treated human normal bronchial
epithelial cells (BEAS-2B) and IL-13-treated human
bronchial smooth muscle cells (HBSMC) were used to
analyze the effects of Ang-(1-7) on ATG5-mediated
autophagy. In vivo, ovalbumin (OVA)-induced wild
type (WT) mice were used to analyze the roles of Ang-
(1-7) on autophagy. Meanwhile, the ATG5 knockout
(ATG57'") mice were used to confirm the effects of ATG5
in allergic asthma.

Materials and methods

Cell culture

Human bronchial epithelial cell (BEAS-2B, #CL-0496)
and human bronchial smooth muscle cell (HBSMC, #CP-
HO012) were purchased from Procell (https://www.proce
ll.com.cn/, Wuhan, China) and cultured in a Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin
at 37 °C with 5% CO,. The same cell passage (P3) was
used in all experiments to avoid changes of cell viability.
Cells at 60—70% confluence were used for experiments.

Effects of Ang-(1-7) on cell viability

BEAS-2B and HBSMC cells (1x 107 cells/well) were cul-
tured in 96-well plates and treated with different doses
(5, 10, 20, and 40 pM) of Ang-(1-7) for 24 h at 37 °C
with 5% CO,. The Ang-(1-7) (#HY-12403, MedChem-
Express, China) was dissolved in 1% phosphate buffer
solution (PBS), and 1% PBS was used as a control. Cell
viability was measured using a cell counting kit (CCK)-8
kit (#CA1210-1000 T, Solarbio® Life Science, Beijing,
China).

Effects of Ang-(1-7) on ATG5 protein expression

in IL-13-treated cells

BEAS-2B and HBSMC cells were treated with 10 ng/mL
human IL-13 (#HY-P72795, MedChemExpress, China)
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for 24 h, and then treated with different doses (5, 10, and
20 uM) of Ang-(1-7) for 24 h at 37 °C with 5% CO,. IL-13
was dissolved in 1% PBS, and 1% PBS was used as a con-
trol. Expression of ATG5 protein was measured by west-
ern blotting.

Cell transfection

According to previously reported methods [19, 20],
the BEAS-2B and HBSMC cells were transfected with
20 nM of human control small interference RNA (siRNA,
5-UUCUCCGAACGUGUCACGA-3)) or ATG5 siRNA
(5-CATCTGAGCTACCCGGATA-3)  using  Lipo-
fectamine 2000 reagent for 48 h. The products of control
siRNA or ATG5 siRNA were purchased from GeneP-
harma (http://www.genepharma.com/en/, Shanghai,
China). The results of ATG5 siRNA transfection were
confirmed by western blotting (Supplementary Fig. 1).

As previously reported [21, 22], the BEAS-2B and
HBSMC cells were transfected with adenovirus vector
encoding human ATG5 ¢cDNA or vector control (GeneP-
harma, Shanghai, China) for 24 h using Liposome 8000
reagent. ATG5 overexpression adenovirus were obtained
through cloning the ¢cDNA of ATG5 gene (Forward,
5 -GTCAGATCCGCTAGAGATCTGCTTACTAAG
TTTGGCTTTGGTT-3" and reverse, 5'-GATATCTTA
TCTAGAAGCTTAAGGGTGACATGCTCTGATAAA
T-3") into the pAdTrack-CMV. The results of ATG5
c¢DNA transfection were confirmed by western blotting
(Supplementary Fig. 2).

Cell groups
First, the effects of 20 uM Ang-(1-7) treatment alone
on secretion of cytokines were observed. The BEAS-2B
and HBSMC cells were respectively divided into control
group, 1% PBS group and Ang-(1-7) group. The cells
were treated with 1% PBS or 20 uM Ang-(1-7) for 24 h.
The effects of Ang-(1-7) treatment in the IL-13-treated
cells were compared with the results of ATG5 siRNA
transfection in the IL-13-treated cells. The BEAS-2B
and HBSMC cells were respectively divided into five
groups: control group, IL-13+control siRNA group,
IL-13+ATG5 siRNA group, IL-13+Ang-(1-7) group,
and IL-13+PBS group. In the IL-13+control siRNA
group or IL-13+ATG5 siRNA group, cells were trans-
fected with control siRNA or ATG5 siRNA, then treated
with 10 ng/mL IL-13 for 24 h. In the IL-13+ Ang-(1-7)
group, cells were treated with 10 ng/mL IL-13 for 24 h,
then treated with 20 uM Ang-(1-7) for 24 h.
Furthermore, the ATG5 overexpressing cells were used
to analyze a mechanism of Ang-(1-7) in IL-13-treated
cells. The BEAS-2B and HBSMC cells were respec-
tively divided into five group: control group, ATG5
c¢cDNA +IL-13 group, vector control+IL-13 group,
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ATG5+IL-13+Ang-(1-7) group, and IL-13+vec-
tor+ Ang-(1-7) group. In the ATG5 cDNA +1L-13 group
or vector control+IL-13 group, cells were transfected
with adenovirus vector encoding human ATG5 cDNA
or vector control, then treated with 10 ng/mL IL-13 for
24 h. In the ATG5+1L-13+ Ang-(1-7) group, the ATG5
cDNA-transected cells were treated with 10 ng/mL IL-13
for 24 h, then treated with 20 uM Ang-(1-7) for 24 h.

Western blotting

According to previously reported method [23], total pro-
teins were isolated from cells or tissues, separated with
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and transferred to a polyvinylidene fluoride mem-
brane. Prior to incubated with antibodies, the membranes
were cut and then incubated with anti-rabbit ATG5 anti-
body (1:1000, #A0203, ABclonal, China), anti-rabbit Bec-
lin-1 antibody (1:1000, #A7353, ABclonal), anti-rabbit
transforming growth factor (TGF)-f1 antibody (1:1000,
#A7040, ABclonal), anti-rabbit «- smooth muscle actin
(SMA) antibody (1:1000, #A17910, ABclonal) and anti-
rabbit GAPDH antibody (1:1000, #ACO001, ABclonal)
overnight at 4 °C. After washing, the membrane was
cultured with the second antibody (1:1000, AS029,
ABclonal) for 60 min at 37 °C. An enhanced chemilumi-
nescence reagent kit (#K1230, ApexBio, Shanghai, China)
was used to visualize the bands.

Enzyme linked immunosorbent assay (ELISA)

Levels of IL-25 (#ab272200, Abcam, China) and IL-33
(#P1631, Beyotime, Shanghai China) in supernatants
of BEAS-2B cells were measured using ELISA kits. The
supernatants were collected through centrifugation
(x 800 g) for 10 min.

Animals

Fifteen of 6-8 weeks old wild-type (WT) C57BL/6 ]
male mice (Jinan Pengyue Experimental Animal Breed-
ing Co., Ltd., China) and ten of 68 weeks old ATG5™/~
C57BL/6 ] male mice (C57BL/6 J-Atg5°™¥%" Cyagen,
China) were housed under specific pathogen free condi-
tions for experiments.

Animal model

Allergic asthma model of mice was induced as previous
reports [3, 24]. In a short, mice were sensitized with 20 pg
ovalbumin dissolved in PBS (OVA, #MFCD00889188,
Macklin, China) and 1 mg Aluminium hydroxide
(Al(OH); Macklin, China) in a total of 200 uL saline at
day 1 and 8, then challenged with 5% OVA at day 15, 16
and 17 for 30 min. Mice in the control group were given
the same dosage of PBS in saline.
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Animal treatments

The WT mice were randomly divided into three groups
(n=5): control group, OVA group and OVA+ Ang-
(1-7) group. The ATG5~'~ mice were randomly divided
into two groups (n=5): control group and OVA group.
In the OVA+ Ang-(1-7) group, mice were intranasally
treated with 20 pL (30 pg/kg) of Ang-(1-7) [25] every day
for 10 days prior to the challenge with OVA after sensi-
tization at day 8. The treatment of mice was showed in
Fig. 6A.

Resistance to methacholine

After the last challenge with OVA for 24 h, the AHR of
mice was measured according to previous reports [26].
The mice were anesthetized with sodium pentobarbi-
tal (40 mg/kg, intraperitoneal), and a tracheostomy tube
was placed in the trachea of the mice. Airway resistance
was measured at baseline and after the administration
of nebulized methacholine (0, 12.5, 25, 50, and 100 mg/
mL) using a Sci-Req FlexiVent machine (FX module 1,
SCIREQ, Montreal, Canada).

Cytokine levels in bronchioalveolar lavage fluids (BALFs)
After measurement of airway resistance, the BALFs were
obtained through PBS (1 mL) injection via the tracheal
tube. Supernatants were collected via centrifugation
(x 800 g) for 15 min. Levels of IL-4 (#P1612, Beyotime,
Shanghai, China), IL-5 (#P1620, Beyotime) and IL-13
(#PI539, Beyotime) in supernatants were measured using
ELISA Kkits.

Pathological observation

The pathological changes of mice were observed
using hematoxylin and eosin (H&E) staining. Accord-
ing to previous reports [27], the lung tissues were fixed
with 4% paraformaldehyde, dehydrated with gradient
ethanol, embedded in paraffin and sectioned to slices
(3 pm-thick). The slices were dewaxed with xylene and
hydrated with gradient ethanol. After washing, the slices
were stained with H&E solution (#G1120, Solarbio,
China) for 5 min. After washing, the slices were dehy-
drated with gradient ethanol, cleared with xylene and
sealed with neutral gum. Five fields of view were visu-
alized atx400 magnification using a light microscope
(CKX53, Olympus, Japan). Area of inflammatory infil-
tration was used to assess the inflammation in airway.
The area of inflammatory infiltration was analyzed using
Image] software (v.2021, National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemical staining
The slices were treated with H,0,, boiled twice, and
washed according to reported descriptions [28]. The
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slices were incubated overnight with rabbit antibod-
ies, a-SMA (1:800, #A17910, ABclonal), TGF-1 (1:800,
#A7040, ABclonal) and LC3B (1:800, (#MA5-37852,
1:800, ThermoFisher Scientific, China) at 4 °C. After
washing, the slices were incubated with the secondary
antibody (1:1000, AS029, ABclonal) for 120 min at 37 °C,
then stained with diaminobenzidine, dehydrated, cleared
and sealed. All analysis of immunohistochemical staining
sections was performed using Image] software.

Statistics

Data were analyzed using GraphPad Prism software (ver-
sion 8.0, GraphPad Software Inc., La Jolla, CA, US). The
results were shown as mean +standard deviation. Data
difference was evaluated using one-way analysis of vari-
ance following the Tukey’s post hoc test. Statistical sig-
nificance was set at p <0.05.

Results

Ang-(1-7) treatment suppressed ATG5 protein expression
in IL-13-treated cells

As shown in Fig. 1A, the toxicity of Ang-(1-7) on BEAS-
2B and HBSMC cells was observed. The cells were
treated with different dose (5, 10, 20, 40 pM) of Ang-
(1-7) for 24 h. The results showed that cell viability was
significantly decreased after 40 uM Ang-(1-7) treatment
for 24 h when compared with the control cells (p <0.05).
To avoid the effect of different cell viability on ATG5
expression, the 40 uM Ang-(1-7) was not chosen in next
experiments. In the IL-13-treated cells, the ATG5 protein
expression were significantly increased compared with
the control cells (»p<0.01, Fig. 1B and C). Meanwhile,
the level of ATG5 protein was decreased with increas-
ing Ang-(1-7) doses (5, 10, 20 uM) in the IL-13-treated
cells (Fig. 1B, C). Notably, the level of ATG5 protein was
clearly decreased after 20 uM Ang-(1-7) treatment com-
pared with the other dose (p <0.01).

On the basis of cell viability and ATG5 protein, 20 uM
Ang-(1-7) was the most effective concentration tested.
The effects of 20 pM Ang-(1-7) treatment alone on
secretion of cytokines were observed (Supplementary
Fig. 3). The levels of IL-25 and IL-33 in BEAS-2B cells
and the expression of TGF-f1 and «-SMA protein in
HBSMC cells were observed. No significance was found
among groups (p >0.05).

Effects of Ang-(1-7) treatment on IL-13-treated BEAS-2B
cells

The results of control siRNA or ATG5 siRNA transfec-
tion in the IL-13-treated cells were observed. Mean-
while, the results of 20 uM Ang-(1-7) treatment in the
IL-13-treated cells were measured. The grouped data
showed that there was no loss in cell viability following
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Fig. 1 Effects of Ang-(1-7) on ATG5 protein expression in IL-13-treated BEAS-2B and HBSMC cells. A BEAS-2B and HBSMC cells were treated
with different dose (5, 10, 20, 40 uM) of Ang-(1-7) for 24 h. Cell viability was measured via a CCK-8 kit. BEAS-2B and HBSMC cells were treated
with 10 ng/mL human IL-13 for 24 h, then treated with different dose (5, 10, 20 uM) of Ang-(1-7) for 24 h. Expression of ATG5 protein in BEAS-2B
cells (B) and HBSMC cells (C) was measured by western blotting. *p < 0.05, **p < 0.01. ns: no significance

treatments (Fig. 2A, p>0.05). For the Beclin-1 protein
expression (Fig. 2B), the ATG5 siRNA or Ang-(1-7)
treatment significantly suppressed its expression when
contrasted to the control treatment in the IL-13-treated
cells (p<0.01). Meanwhile, the secretion of IL-25 and

IL-33 (Fig. 2C) was significantly decreased after ATG5
siRNA or Ang-(1-7) treatment compared with the con-
trol treatment in the IL-13-treated cells (p <0.01). These
results showed that the effects of Ang-(1-7) treatment
were similarly effective to ATG5 siRNA transfection at
reducing autophagy-related protein expression as well
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Fig. 2 Ang-(1-7) treatment suppressed the expression of Beclin-1 protein and secretions of IL-25 and IL-33 in the IL-13-treated BEAS-2B cells.
BEAS-2B cells were transfected with control siRNA or ATG5 siRNA, and then treated with IL-13 for 24 h. The IL-13-treated cells were treated

with 20 pM Ang-(1-7) for 24 h, and the PBS treatment was as a control treatment. A Cell viability in different groups was measured using a CCK-8
kit. B Expression of Beclin-1 protein was measured using Western blotting. C Secretion of IL-25 and IL-33 was measured using ELISA kits. ns:

no significance. *p < 0.05, **p < 0.01
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as Th2 responses produced by BEAS-2B cells treated
with IL-13.

Effects of Ang-(1-7) treatment on IL-13-treated HBSMC
cells

Similar to the treatment of BEAS-2B cells, the HBSMC
cells were transfected with control siRNA or ATG5
siRNA and treated with IL-13 for 24 h. The effects of Ang-
(1-7) were compared with the results of ATG5 siRNA
transfection in the IL-13-treated cells. The grouped data
showed that there was no loss in cell viability following
treatments (Fig. 3A, p>0.05). For the Beclin-1 protein
expression (Fig. 3B), the ATG5 siRNA or Ang-(1-7)
treatment significantly suppressed its expression when
contrasted to the control treatment in the IL-13-treated
cells (p <0.01). Meanwhile, the expression of TGF-f1 and
a-SMA protein (Fig. 3C) was significantly decreased after
ATGS5 siRNA or Ang-(1-7) treatment compared with
the control treatment in the IL-13-treated cells (p <0.01).
These results showed that the effects of Ang-(1-7) treat-
ment were similarly effective to ATG5 siRNA transfec-
tion at reducing autophagy-related protein expression as
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well as fibrosis-related protein expression produced by
HBSMC cells treated with IL-13.

Ang-(1-7) treatment suppressed the effects

of ATG5-overexpressing in the IL-13-treated BEAS-2B

and IL-13-treated HBMSC cells

The cells were transfected with ATG5 ¢cDNA or vector
control, and treated with IL-13 for 24 h. Meanwhile,
the effects of Ang-(1-7) treatment on the transfected
cells were observed. In the BEAS-2B cells (Fig. 4),
the grouped data showed that the expression of Bec-
lin-1 protein was significantly increased after ATG5
cDNA transfection compared with the control trans-
fection in the IL-13-treated cells (Fig. 4A, p<0.01).
The secretion of IL-25 and IL-33 was significantly
increased after ATG5 cDNA transfection compared
with the control transfection in the IL-13-treated
cells (Fig. 4B, p<0.01). However, the effects of ATG5
cDNA transfection were clearly suppressed by the
Ang-(1-7) administration (p<0.01). In the HBSMC
cells (Fig. 5), the expression of Beclin-1, TGF-f1 and
a-SMA protein was significantly increased after ATG5
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Fig. 3 Ang-(1-7) treatment suppressed the expression of Beclin-1, TGF-31
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was measured using Western blotting. C Expression of TGF-31 and a-SMA
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*5 <001

cDNA transfection compared with the control trans- IL-13-treated HBSMC cells (p<0.01). These results
fection in the IL-13-treated cells (Fig. 5A-D, p<0.01). showed that Ang-(1-7) treatment suppressed the
The Ang-(1-7) administration also significantly ham- results of ATG5 overexpressing in the IL-13-induced
pered the effects of ATG5 cDNA transfection in the cells.
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Ang-(1-7) treatment or ATG5 knockout suppressed airway
inflammation in OVA-induced mice

To further analyze the effects of Ang-(1-7) on ATG5-
mediated autophagy in allergic asthma, the OVA-
challenged WT mice were treated with Ang-(1-7) and
the OVA-challenged ATG5~/~ mice were as a control
(Fig. 6A). In the two genotypes, the airway resistance

(Fig. 6B), Th2 inflammatory factors (IL-4, IL-5 and IL-33)
in BALFs (Fig. 6C) and area of inflammatory infiltra-
tion in airway (Fig. 6D) were significantly upregulated
in the OVA-treated mice compared with the control
mice (p<0.01). Compared with the OVA-treated WT
mice, Ang-(1-7) treatment or ATG5 knockout mark-
edly decreased the airway resistance, levels of Th2
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inflammatory factors and area of inflammatory infiltra-
tion (p<0.01). These results showed that the effects of
Ang-(1-7) treatment on airway inflammation were simi-
lar to ATG5 knockout in the OVA-induced mice.

Ang-(1-7) treatment or ATG5 knockout suppressed airway
remodeling in OVA-induced mice

Furthermore, the airway remodeling was assessed
through observing the expression of a-SMA and TGEF-
Bl in the WT mice and ATG5~/~ mice (Fig. 7). In the
two genotypes, the expression of a-SMA (Fig. 7A) and
TGF-B1 (Fig. 7B) was significantly increased after OVA
treatment compared with the control mice (p<0.01).
Remarkably, the expression of a-SMA and TGEF-B1 was
lower in the OVA-induced ATG5~ mice compared
with that in the OVA-induced WT mice (p<0.05). In
the OVA-treated WT mice, Ang-(1-7) treatment sig-
nificantly declined the expression of a-SMA and TGF-p1
(»<0.05). These results showed that the effects of Ang-
(1-7) treatment on airway remodeling were similar to
ATGS5 knockout in the OVA-induced mice.

Ang-(1-7) treatment or ATG5 knockout suppressed airway

autophagy in OVA-induced mice

The airway autophagy-related proteins LC3B and
Beclin-1 were evaluated (Fig. 8) in the WT mice and
ATG57'~ mice. In the two genotypes, the expression
of LC3B (Fig. 8A) and Beclin-1 (Fig. 8B) was obviously
increased after OVA treatment compared with the con-
trol mice (p<0.01). Remarkably, the expression of LC3B
and Beclin-1 was lower in the OVA-induced ATG57/~
mice compared with that in the OVA-induced WT mice
(p<0.05). In the OVA-induced WT mice, Ang-(1-7)
treatment significantly declined the expression of LC3B
and Beclin-1 (p<0.01). These results showed that the
effects of Ang-(1-7) treatment on airway autophagy were
similar to ATG5 knockout in the OVA-induced mice.

Discussion

Here, Ang-(1-7) treatment suppressed the secretion of
IL-25 and IL-33 in the IL-13-treated BEAS-2B cells, and
inhibited the expression of TGF-pf1 and a-SMA protein
in the IL-13-treated HBSMC cells. Meanwhile, Ang-
(1-7) treatment suppressed the expression of ATG5 and
Beclin-1 protein in the IL-13-treated BEAS-2B cells and
IL-13-treated HBSMC cells. Importantly, the effects of
Ang-(1-7) were similar to the ATG5 suppression in the
IL-13-treated cells. Ang-(1-7) treatment suppressed the
effects of ATG5 overexpression in the IL-13-treated cells.
These results showed that Ang-(1-7) treatment played
its roles via suppressing ATG5 in the IL-13-treated cells.
In allergic asthma, IL-13 is a critical cytokine in the
induction of the pathogenic Th2 response [29]. IL-13 is
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involved in the regulation of IgE synthesis, mucus hyper-
secretion, subepithelial fibrosis and eosinophil infiltra-
tion. It has shown that IL-13 induces features of the
allergic response via its actions on epithelial and smooth
muscle cells [30]. Therefore, 10 ng/mL human IL-13 was
used to induce cell model in this study.

Ang-(1-7) has been reported to improve allergic
asthma by suppressing eosinophils, Th2 cytokine secre-
tion and macrophage infiltration, and downregulating
the phosphorylation of CCL2, mitogen-activated pro-
tein kinase (MAPK) and nuclear factor kappa-B (NF-kB)
pathways [14-17]. TGF-B1, a-SMA and collagens are
fibrotic-related cytokines which promote airway remod-
eling in asthma [14, 16, 31]. Ang-(1-7) rescued chronic
intermittent hypoxia-aggravated TGF-B-mediated epi-
thelial to mesenchymal transition to suppress expression
of a-SMA and collagen IV in airway epithelia [16]. Our
findings were in keeping with these earlier findings, that
Ang-(1-7) treatment suppressed the secretion of Th2
cytokines (IL-4, IL-5 and IL-13) and the expression of
TGEF-B1 and a-SMA in the OVA-induced mice. Further-
more, Ang-(1-7) treatment suppressed the expression of
ATG5-mediated autophagy protein (LC3-B and Beclin-1)
in the OVA-induced mice.

As one of autophagy proteins, ATG5 knockout can lead
to a decrease of Th2 cytokines secretion by type 2 innate
lymphoid cells (ILC2s) in IL-33-induced mice that further
inhibits NF-kB pathway transduction [32]. The ILC2s
can be activated by exogenous signals, such as IL-33 and
IL-25, and can secrete the Th2 cytokines, such as IL-5,
IL-4 and IL-13 [33-35]. LC3-B is a marker of ATG5-
dependent autophagy, and Beclin-1 has been shown to
play a vital role in ATG5-dependent and ATG5-inde-
pendent autophagy [36]. Autophagy is dysregulated in
asthma, and ATGS5 has attracted wide attentions as a rep-
resentative gene of autophagy [13, 37]. In OVA-induced
ATG57'~ mice, the imbalance of CD4" T lymphocyte
subsets (Th1/Th2 and Treg/Th17) was improved, and
the inflammation and airway remodeling were decreased
[13]. Here, Ang-(1-7) inhalation was similarly effective
to ATG5 knockout at reducing the airway inflamma-
tion, remodeling and autophagy in OVA-induced mice.
These results suggest that suppression of ATG5-mediated
autophagy is one mechanism of Ang-(1-7) treatment on
reducing airway inflammation and airway remodeling in
OVA-challenged mice.

Ang-(1-7) is an endogen peptide of renin-angiotensin
system (RAS) acting through the Mas receptor [16, 38].
Cumulating evidences point to RAS has implicated in the
regulation of inflammation and fibrosis in pulmonary dis-
eases [38]. Targeting Ang-(1-7)/Mas receptor pathway
may be a potential therapy for alleviating allergic airway
inflammation, AHR and airway remodeling. However,
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the precise pharmacological mechanism of Ang-(1-7)
and its potential toxicity in human requires further inves-
tigation. For higher efficacy, lower doses requirement and
reduced systemic side effects, it will be more challeng-
ing requiring innovative technology to deliver Ang-(1-7)

directly into the lung. The barrier between preclinical
and clinical studies is often in that animal models lack
the robustness to capture the complexity and relevance
to human diseases [38]. It is hard to find a panacea with
just a single-target approach. A combination of existing
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drugs and Ang-(1-7) is further required to observe the
therapeutic effects for allergic asthma.

Conclusions

In this study, we found that Ang-(1-7) suppressed airway
inflammation and remodeling in allergic asthma through
inhibiting ATG5-mediated autophagy. Our results con-
tribute to explain an underlying mechanism of Ang-(1-7)
for allergic asthma treatment.
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Additional file 1: Supplementary figure 1. The results of control siRNA
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significance.

Additional file 2: Full length of blots in figures.

Acknowledgements
This manuscript was edited by the Springer Nature Author Services.

Authors’ contributions

All authors participated in the design, interpretation of the studies and analy-
sis of the data and review of the manuscript; J.FX. and ZY.Y. conducted the
experiments, X.PL. supplied critical reagents, J.F.X. wrote the manuscript.

Funding
This study was supported by the Yantai Science and Technology Innovation
Development Project (No. 2022YDO016).

Availability of data and materials
All data generated or analyzed during this study are included in this article.
Further enquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate

All animal experiments were carried out in accordance with the ARRIVE guide-
lines and the revised Animal (Scientific Procedures) Act 1986 in the UK and
Directive 2010/63/EU in Europe for the reporting of animal experiments. This
study was approved by the Ethics Committee of Yantai Yuhuangding Hospital
(No. 2022-326).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Pulmonary and Critical Care Medicine, Yantai Yuhuangding
Hospital, No.20, Yuhuangding East Road, Zhifu District, Yantai 264001, China.
2Department of Anesthesiology, Yantai Yuhuangding Hospital, Yantai 246001,
China.

Page 14 of 15

Received: 14 July 2023 Accepted: 19 October 2023
Published online: 02 November 2023

References

1. Li X, Song P, Zhu, Lei H, Chan KY, Campbell H, et al. The disease burden
of childhood asthma in China: a systematic review and meta-analysis. J
Glob Health. 2020;10(1):010801.

2. NabeT. Steroid-Resistant Asthma and Neutrophils. Biol Pharm Bull.
2020;43(1):31-5.

3. XuJ,Yang L, Lin T. B-sitosterol targets glucocorticoid receptor to reduce
airway inflammation and remodeling in allergic asthma. Pulm Pharmacol
Ther. 2023;78:102183.

4. Duvernelle C, Freund V, Frossard N. Transforming growth factor-beta and
its role in asthma. Pulm Pharmacol Ther. 2003;16(4):181-96.

5. BatraV, Musani Al, Hastie AT, Khurana S, Carpenter KA, Zangrilli JG, et al.
Bronchoalveolar lavage fluid concentrations of transforming growth
factor (TGF)-betal, TGF-beta2, interleukin (IL)-4 and IL-13 after segmental
allergen challenge and their effects on alpha-smooth muscle actin and
collagen Il synthesis by primary human lung fibroblasts. Clin Exp Allergy.
2004,34(3):437-44.

6. JonesTL, Neville DM, Chauhan AJ. Diagnosis and treatment of severe
asthma: a phenotype-based approach. Clin Med (Lond). 2018;18(Suppl
2):536-40.

7. LiuT, LiuY, Miller M, Cao L, Zhao J, Wu J, et al. Autophagy plays a role in
FSTL1-induced epithelial mesenchymal transition and airway remodeling
in asthma. Am J Physiol Lung Cell Mol Physiol. 2017;313(1):L27-140.

8. McAlinden KD, Deshpande DA, Ghavami S, Xenaki D, Sohal SS, Oliver BG,
et al. Autophagy activation in asthma airways remodeling. Am J Respir
Cell Mol Biol. 2019;60(5):541-53.

9. XuJ,YuZ LiW. Kaempferol inhibits airway inflammation induced by
allergic asthma through NOX4-Mediated autophagy. Hum Exp Toxicol.
2023;42:9603271231154228.

10. Barnes PJ, Baker J, Donnelly LE. Autophagy in asthma and chronic
obstructive pulmonary disease. Clin Sci (Lond). 2022;136(10):733-46.

11. Lv X, Li K, Hu Z. Asthma and autophagy. Adv Exp Med Biol.
2020;1207:581-4.

12. Yul,WangJ, ZouY, Zeng H, Cheng W, Jing X. Qingfei oral liquid inhibited
autophagy to alleviate inflammation via mTOR signaling pathway in RSV-
infected asthmatic mice. Biomed Pharmacother. 2021;138:111449.

13. Zhao H, Dong F, LiY, Ren X, Xia Z, Wang Y, et al. Inhibiting ATG5 mediated
autophagy to regulate endoplasmic reticulum stress and CD4(+) T lym-
phocyte differentiation: Mechanisms of acupuncture’s effects on asthma.
Biomed Pharmacother. 2021;142:112045.

14. Magalhaes GS, Gregdrio JF, Ramos KE, Cangado-Ribeiro ATP, Baroni IF, Bar-
celos LS, et al. Treatment with inhaled formulation of angiotensin-(1-7)
reverses inflammation and pulmonary remodeling in a model of chronic
asthma. Immunobiology. 2020,225(3):151957.

15. Hong L, Wang Q, Chen M, Shi J, Guo Y, Liu S, et al. Mas receptor activation
attenuates allergic airway inflammation via inhibiting JNK/CCL2-induced
macrophage recruitment. Biomed Pharmacother. 2021;137:111365.

16. Zhou JP, Lin YN, Li N, Sun XW, Ding YJ, Yan YR, et al. Angiotensin-(1-7)
Rescues Chronic Intermittent Hypoxia-Aggravated Transforming Growth
Factor-B-Mediated Airway Remodeling in Murine and Cellular Models of
Asthma. J Pharmacol Exp Ther. 2020;375(2):268-75.

17. El-Hashim AZ, Renno WM, Raghupathy R, Abduo HT, Akhtar S, Benter IF.
Angiotensin-(1-7) inhibits allergic inflammation, via the MAS1 receptor,
through suppression of ERK1/2- and NF-kB-dependent pathways. Br J
Pharmacol. 2012;166(6):1964-76.

18. Pan M, Zheng Z, ChenY, Sun N, Zheng B, Yang Q, et al. Angiotensin-(1-7)
attenuated cigarette smoking-related pulmonary fibrosis via improving
the impaired autophagy caused by Nicotinamide adenine dinucleotide
phosphate reduced oxidase 4-dependent reactive oxygen species. Am J
Respir Cell Mol Biol. 2018;59(3):306-19.

19. Salazar G, Cullen A, Huang J, ZhaoY, Serino A, Hilenski L, et al. SQSTM1/
p62 and PPARGC1A/PGC-Talpha at the interface of autophagy and vascu-
lar senescence. Autophagy. 2020;16(6):1092-110.

20. Wang J, Qi Q Zhou W, Feng Z, Huang B, Chen A, et al. Inhibition of glioma
growth by flavokawain B is mediated through endoplasmic reticulum
stress induced autophagy. Autophagy. 2018;14(11):2007-22.


https://doi.org/10.1186/s12890-023-02719-7
https://doi.org/10.1186/s12890-023-02719-7

Xu et al. BMC Pulmonary Medicine

21.

22.

23.
24.

25.

26.

27

28.

29.

30.

31

32.

33

34

35

36.

37.

38.

(2023) 23:422

Mroczek A, Cieloch A, Manda-Handzlik A, KuZzmicka W, Muchowicz A,
Wachowska M. Overexpression of ATG5 Gene Makes Granulocyte-Like
HL-60 Susceptible to Release Reactive Oxygen Species. Int J Mol Sci.
2020;21(15):5194.

Zheng W, Xie W, Yin D, Luo R, Liu M, Guo F. ATG5 and ATG7 induced
autophagy interplays with UPR via PERK signaling. Cell Commun Signal.
2019;17(1):42.

Lee C. Western blotting. Methods Mol Biol. 2007;362:391-9.

Kim DI, Song MK, Lee K. Comparison of asthma phenotypes in OVA-
induced mice challenged via inhaled and intranasal routes. BMC Pulm
Med. 2019;19(1):241.

Magalhaes GS, Barroso LC, Reis AC, Rodrigues-Machado MG, Gregorio JF,
Motta-Santos D, et al. Angiotensin-(1-7) Promotes Resolution of Eosino-
philic Inflammation in an Experimental Model of Asthma. Front Immunol.
2018,9:58.

Verma M, Liu S, Michalec L, Sripada A, Gorska MM, Alam R. Experimen-
tal asthma persists in IL-33 receptor knockout mice because of the
emergence of thymic stromal lymphopoietin-driven IL-9(+) and IL-13(+)
type 2 innate lymphoid cell subpopulations. J Allergy Clin Immunol.
2018;142(3):793-803.e8.

Zhou X, Moore BB. Lung Section Staining and Microscopy. Bio Protoc.
2017,7(10):e2286.

Otali D, Fredenburgh J, Oelschlager DK, Grizzle WE. A standard tissue as
a control for histochemical and immunohistochemical staining. Biotech
Histochem. 2016;91(5):309-26.

Nur Husna SM, Md Shukri N, Mohd Ashari NS, Wong KK. IL-4/IL-13 axis as
therapeutic targets in allergic rhinitis and asthma. PeerJ. 2022;10:e13444.
Wills-Karp M, Chiaramonte M. Interleukin-13 in asthma. Curr Opin Pulm
Med. 2003;9(1):21-7.

Huo R, Tian X, Chang Q, Liu D, Wang C, Bai J, et al. Targeted inhibition of
B-catenin alleviates airway inflammation and remodeling in asthma via
modulating the profibrotic and anti-inflammatory actions of transform-
ing growth factor-B(1). Ther Adv Respir Dis. 2021;15:1753466620981858.
Galle-Treger L, Hurrell BP, Lewis G, Howard E, Jahani PS, Banie H, et al.
Autophagy is critical for group 2 innate lymphoid cell metabolic homeo-
stasis and effector function. J Allergy Clin Immunol. 2020;145(2):502-517.
e5.

Morimoto Y, Hirahara K, Kiuchi M, Wada T, Ichikawa T, Kanno T, et al.
Amphiregulin-Producing Pathogenic Memory T Helper 2 Cells Instruct
Eosinophils to Secrete Osteopontin and Facilitate Airway Fibrosis. Immu-
nity. 2018;49(1):134-150.e6.

Gurram RK, Zhu J. Orchestration between ILC2s and Th2 cells in shaping
type 2 immune responses. Cell Mol Immunol. 2019;16(3):225-35.

Sui P Wiesner DL, Xu J, Zhang Y, Lee J, Van Dyken S, et al. Pulmonary
neuroendocrine cells amplify allergic asthma responses. Science.
2018,;360(6393):eaan8546.

Wu YC, Wang WT, Lee SS, Kuo YR, Wang YC, Yen SJ, et al. Glucagon-Like
Peptide-1 Receptor Agonist Attenuates Autophagy to Ameliorate
Pulmonary Arterial Hypertension through Drp1/NOX- and Atg-5/Atg-7/
Beclin-1/LC3 Pathways. Int J Mol Sci. 2019;20(14):3435.

Poon A, Eidelman D, Laprise C, Hamid Q. ATG5, autophagy and lung func-
tion in asthma. Autophagy. 2012;8(4):694-5.

Tan WSD, Liao W, Zhou S, Mei D, Wong WF. Targeting the renin-angioten-
sin system as novel therapeutic strategy for pulmonary diseases. Curr
Opin Pharmacol. 2018;40:9-17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Angiotensin-(1–7) suppresses airway inflammation and airway remodeling via inhibiting ATG5 in allergic asthma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture
	Effects of Ang-(1–7) on cell viability
	Effects of Ang-(1–7) on ATG5 protein expression in IL-13-treated cells
	Cell transfection
	Cell groups
	Western blotting
	Enzyme linked immunosorbent assay (ELISA)
	Animals
	Animal model
	Animal treatments
	Resistance to methacholine
	Cytokine levels in bronchioalveolar lavage fluids (BALFs)
	Pathological observation
	Immunohistochemical staining
	Statistics

	Results
	Ang-(1–7) treatment suppressed ATG5 protein expression in IL-13-treated cells
	Effects of Ang-(1–7) treatment on IL-13-treated BEAS-2B cells
	Effects of Ang-(1–7) treatment on IL-13-treated HBSMC cells
	Ang-(1–7) treatment suppressed the effects of ATG5-overexpressing in the IL-13-treated BEAS-2B and IL-13-treated HBMSC cells
	Ang-(1–7) treatment or ATG5 knockout suppressed airway inflammation in OVA-induced mice
	Ang-(1–7) treatment or ATG5 knockout suppressed airway remodeling in OVA-induced mice
	Ang-(1–7) treatment or ATG5 knockout suppressed airway autophagy in OVA-induced mice

	Discussion
	Conclusions
	Anchor 34
	Acknowledgements
	References


