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1. Introduction

Bronchial asthma is a heterogeneous disease characterized by
chronic airway inflammation with significant morbidity and mortality.
Airway epithelial damage plays a crucial role in the pathogenesis of
asthma [1-3]. The activation of airway epithelial cells can promote the
Th2 immune response, secretion of a series of cytokines, and release of
numerous inflammatory cells, such as eosinophils, lymphocytes, and
macrophages. These inflammatory cells aggregate in the airways,
wherein they are activated, causing further damage to the epithelium
and release of a large amount of oxygen free radicals, causing oxidative
stress [4-6]. Epithelial damage activates epithelial-mesenchymal re-
pair, leading to airway remodeling [7,8], and mitochondria are the
most important source of endogenous reactive oxygen species (ROS)
[9]. The inhibition of mitochondrial damage, which in turn inhibits
oxidative stress, is an effective method to reduce epithelial cell damage
and inhibit airway remodeling and may be a new breakthrough strategy
in asthma treatment [10-12].

SP is a sensory neuropeptide closely associated with asthma
[13-17]. In the airway, SP mainly exerts biological activity by binding
to its specific receptor, NK-1R, which is mainly found in the tracheal
epithelium, around the bronchial smooth muscle, and surrounding the
vascular smooth muscle and submucosal glands [18]. Studies have
shown that SP is closely associated with oxidative stress [19] and can
induce the release of mitochondrial-derived ROS in the airway epithelia
of asthmatic mice [20].

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a transcription
factor with antioxidant and anti-inflammatory properties that is in-
volved in mitochondrial function regulation and plays an important
role in improving asthma airway inflammation and oxidative stress
[21]. Oxidative stress causes Nrf2 to dissociate from Kelch-like epoxy
chloropropane-associated protein-1 (Keapl), and the Nrf2 nuclear lo-
calization signal induces its rapid translocation to the nucleus for ac-
tivation. Upon entry into the nucleus, Nrf2 binds to the antioxidant
response element (ARE) and initiates the transcription of multiple
protective downstream genes [22,23]. Among these genes is heme
oxygenase-1 (HO-1), an important endogenous antioxidant and

cytoprotective enzyme [24-27]. During the onset of allergic asthma,
the expression of HO-1 in the lung tissue is increased [28]. Activation of
Nrf2/HO-1 has a protective effect against mitochondrial damage [29].

We herein aimed to investigate the effects and mechanisms of an
NK-1R antagonist (WIN 62,577) against airway epithelial mitochondria
damage in a mouse asthmatic model in vivo and in IL-13-induced
16HBE cells in vitro.

2. Materials and methods
2.1. Animals and groups

Female BALB/c mice (age, 6-7 weeks; weight, 18-20 g) were pur-
chased from Liaoning Changsheng Biotechnology Co., Ltd. and raised in
the Specific-pathogen free animal room of the Benxi Experimental Base
of Shengjing Hospital affiliated with China Medical University. The
treatment of experimental animals was approved by the Ethics
Committee of Shengjing Hospital affiliated with China Medical
University.

After acclimatization for one week, the animals were randomly di-
vided into 4 groups: a control group, asthmatic group, WIN 62,577
group (NK-1R antagonist, Sigma-Aldrich, USA), and hexadecadrol
group. Hexadecadrol was used as a positive control. Animals in the
asthmatic, WIN 62,577 and hexadecadrol groups were intraperitoneally
injected with 0.2 ml of an OVA sensitization solution (containing OVA
(50 pg, Sigma-Aldrich) and aluminum hydroxide (2mg, Shenyang
Chemical Third Factory, China)) on days O, 7, and 14; animals in the
control group were intraperitoneally injected with 0.2 ml of phosphate-
buffered saline (PBS). Next, animals in the asthmatic, WIN 62,577 and
hexadecadrol groups were given an OVA challenge solution (4% OVA
solution) by inhalation once a day for 30 min from 21 d to 28 d for 7
consecutive days, and those in the control group inhaled PBS. One hour
before each challenge, animals in the WIN 62,577 group were in-
traperitoneally injected with WIN 62,577 300ug, and those in the
hexadecadrol group were intraperitoneally injected with hexadecadrol
(2 mg/kg, Rongsheng Pharmaceutical Co., Ltd., China). The control and
asthmatic group animals were given PBS.
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Fig. 1. Ultrastructural changes in the mouse airway epithelium. (A) Changes in the cilia of the airway epithelium. In the asthmatic group, the epithelial cilia were
ruptured, detached, disordered and irregular. In the WIN 62,577 and hexadecadrol groups, tracheal epithelial cilia damage was alleviated. (B) Mitochondrial changes
in the airway epithelium. The number of mitochondria in the epithelial cells of the asthmatic group was increased, the density was decreased, mitochondrial cristae
were disrupted or absent, and autophagic bodies were observed (indicated by red arrows). Mitochondrial structural damage was reduced in the WIN 62,577 and

hexadecadrol groups.

2.2. Transmission electron microscopy

The ultrastructural changes in the ciliary epithelia and mitochon-
dria in mice were observed by transmission electron microscopy. The
mouse trachea was removed and fixed in 2.5% glutaraldehyde for 2h
and 1% citric acid for 2h and then dehydrated in graded dilutions of
ethanol and acetone. The tissue was embedded, and ultrathin sections
(50 nm) were cut. Dual staining of acetic acid-lead citrate was per-
formed, and sections were observed and photographed with a trans-
mission electron microscope (H-7650, HITACHI, Japan).

2.3. Mitochondrial isolation

Immediately after sacrifice, fresh lung tissues were stored on ice,
and a tissue mitochondrial isolation kit (Beyotime Biotechnology,
China) was used. First, tissue samples were suspended in precooled
mitochondrial separation reagent A (10 volumes), homogenized and
centrifuged at 600g at 4 °C for 5 min. The supernatant was retained and
centrifuged at 11,000g at 4 °C for 10 min. Next, the supernatant was
discarded, and the precipitate was retained as the isolated mitochon-
dria.

2.4. Mitochondrial membrane potential detection (JC-1)

A mitochondrial membrane potential detection kit (JC-1, Beyotime
Biotechnology, China) was used. First, a JC-1 staining working solution
was prepared, and 0.9ml of a 5-fold-diluted JC-1 staining working
solution was added to 0.1 ml of purified mitochondria with a total
protein amount of 50 pg. The solution was mixed well, and the fluor-
escence was recorded by a fluorescence microplate reader. In addition,
the cells were observed under a fluorescence microscope, and pictures
were taken at 200 X magnification.

2.5. ROS determination (DCFH-DA assay)

Using an ROS assay kit (Nanjing Institute of Bioengineering, China),
mouse lung tissue was first prepared as a single-cell suspension,
whereas 16HBE cells were directly assayed in vitro. First, the lung
tissue was treated with trypsin and digested at 37 °C for 30 min. Then,
the tissue pieces were removed by filtration through a 300 nylon mesh,
and the filtered cells were collected and centrifuged at 500g for 10 min.
The supernatant was removed, and the single-cell suspension was re-
suspended. DCFH-DA (10 pM) was added to the single-cell suspension.
After incubation at 37 °C for 1 h, the cells were centrifuged at 1000g for
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Fig. 2. Protective effect of WIN 62,577 against airway mitochondrial dysfunction in asthmatic mice. (A) WIN 62,577 treatment inhibits the decrease in mitochondrial
membrane potential in asthmatic mice (JC-1, x 200). (B) Relative proportion of red/green fluorescence. (C) WIN 62,577 treatment inhibits ROS production in
asthmatic mice (DCFH-DA, x 200). (D) Relative fluorescence intensity of ROS. (E) WIN 62,577 treatment inhibits the ATP decrease in asthmatic mice; the ATP
concentration is expressed as nmol/mg. Each value represents the mean + SD (n = 8). “P < 0.01 versus the control group. *P < 0.05, *#P < 0.01 versus the

asthmatic group.

10 min and washed 3 times with serum-free cell culture medium. The
fluorescence was detected by a microplate reader, and fluorescence
microscopy images were captured at 200 X magnification.

2.6. Adenosine triphosphate (ATP) detection

ATP was measured with an Enhanced ATP Assay kit (Beyotime
Biotechnology, China). The lung tissue was added to the lysis buffer and
centrifuged at 12,000g for 5min at 4 °C, and the supernatant was re-
tained. After preparation of the ATP test solution, 100 pul was added to
each well of a 96-well plate according to the order of detection. After
5min of incubation at room temperature, 20 pl of the sample or stan-
dard was added to the test well, mixed quickly, and read using a mul-
tifunctional microplate reader after 2s. The relative light unit (RLU)
value was determined.

2.7. Western blot analysis

Cytoplasmic, nuclear, and total proteins were extracted, and the
protein concentrations were assessed with a BCA assay. Equal quantities
of protein samples were then resolved on 10% acrylamide sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred to polyvinylidene fluoride (PVDF) membranes. The mem-
branes were blocked with 5% skim milk for 2 h and incubated with the
diluted antibody with agitation overnight at 4 °C. The antibody dilution
ratios were as follows: Nrf2 antibody (Cell Signaling Technology, USA),
1:1000; HO-1 antibody (Cell Signaling Technology, USA), 1:1000; f3-
actin antibody (Proteintech, Wuhan, China), 1:1000; and histone H3

antibody (Proteintech, Wuhan, China), 1:1000. Then, the membranes
were incubated with a 1:5000 dilution of goat anti-rabbit IgG-HRP
secondary antibody for 2 h, washed 3 times with TBST, incubated with
ECL chemiluminescence liquid (Thermo Pierce, USA) and exposed in a
dark room.

2.8. Cell culture and groups

Human bronchial epithelial 16HBE cells (Xiangya Medical College
Cell Bank, China) were cultured in RPMI 1640 medium (HyClone, USA)
supplemented with 10% fetal bovine serum and 1% penicillin/strep-
tomycin at 37°C and 5% CO,. The cells were cultured until they
reached 70% confluence. Control group cells were cultured normally,
and those in the IL-13, IL-13 + SP, and IL-13 + WIN 62,577 groups
were treated with recombinant human IL-13 (25ng/ml, Peprotech,
USA) for 48 h. After 48h, cells in the IL-13 + SP group were treated
with substance P (10 nM, Abcam, USA) for 1h, and those in the IL-
13 + WIN 62,577 group were treated with WIN 62,577 (10 nM) for 1 h.

2.9. Immunofluorescence staining

Each group of cells was grown on cover glass and fixed with 4%
paraformaldehyde for 15 min. The 4% paraformaldehyde was removed,
and the fixed cells were washed 3 times with PBS. The cells were
completely covered with 0.1% Triton X-100 and incubated for 30 min at
room temperature. The 0.1% Triton X-100 was removed, and the cells
were washed 3 times with PBS. Goat serum was added and incubated
for 15min at room temperature, after which a diluted Nrf2 antibody
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Fig. 3. Effect of WIN 62,577 on the expression of Nrf2/HO-1 in the lung tissues of asthmatic mice. (A) Nrf2 and HO-1 protein expression was detected by Western
blot. (B) and (C) Densitometric analyses of Nrf2 and HO-1 normalized to histone H3 or B-actin. Each value represents the mean = SD (n = 3). *P < 0.05 versus the

control group. *P < 0.05 versus the asthmatic group.

(1:200) was added and incubated at 4 °C overnight. Next, a diluted Cy3-
labeled goat anti-rabbit IgG (1:200) secondary antibody was added and
incubated for 1h at room temperature in the dark. Subsequently, the
stained cells were washed 3 times with PBS, and nuclei were stained
with DAPI for 5min. The stained cells were photographed under a
fluorescence microscope at 400 x magnification.

2.10. Nrf2 shRNA transfection

The Nrf2 shRNA plasmid (Shanghai Genechem Co., Ltd., China) was
constructed, and cells were seeded in a 6-well plate according to the
experimental group; transfection was performed 24 h later. The trans-
fection medium was discarded, serum-free medium was added, and the
cells were incubated for 1 h at 37 °C in a 5% CO, incubator. Opti-MEM
solution (100 pl) with liposome 2000 (8 ul) and Opti-MEM solution
(100 pl) with an Nrf2 shRNA plasmid or negative control plasmid (2 pg)
were incubated for 5min at room temperature. Then, two groups of
solutions were mixed thoroughly and incubated at room temperature
for 20 min. The mixture was added dropwise to the wells, and the cells
were cultured at 37 °C in a 5% CO,, incubator for 4 h.

2.11. Reverse transcription and quantitative real-time polymerase chain
reaction (RT-qPCR)

After transfection, the expression of Nrf2 mRNA was detected by
RT-qPCR. First, total RNA was extracted with TRIzol (Takara Bio Inc.,
China), and reverse transcription was carried out using a PrimeScript
RT reagent kit (Takara Bio Inc., China). qPCR was performed using a
SYBR Premix Ex kit (Takara Bio Inc., China) and an ABI PRISM7500
Real-Time system (Life, USA). The primer sequences were as follows:
Nrf2 (forward-5- GTCAGCGACGGAAAGAGTA-3’ and reverse-5- ACC
TGGGAGTAGTTGGCA-3") and B-actin (forward-5- CTTAGTTGCGTTA
CACCCTTTCTTG-3’ and reverse-5-CTGTCACCTTCACCGTTCCAG
TTT-3"). B-Actin was used as an internal reference gene to normalize the

expression of N1f2. Expression levels were calculated using the 2~ *4CT
method.

2.12. Statistical analysis

Statistical analysis was performed using SPSS 21.0 software. The
results were repeated at least three times. Measurement data are pre-
sented as the mean + standard deviation (X * s). Comparisons be-
tween groups were analyzed by one-way analysis of variance (ANOVA).
P < 0.05 was considered significant.

3. Results
3.1. Ultrastructural changes in the mouse airway epithelium

The airway epithelial ultrastructure in each group was observed by
transmission electron microscopy. The cilia of the tracheal epithelium
were in an orderly and regular arrangement without detachment in the
control group. In contrast, in the asthmatic group, the epithelial cilia
were ruptured, detached, disordered, and irregular, and goblet cell in-
filtration was increased; compared with that in the asthmatic group, the
WIN 62,577 and hexadecadrol groups showed reduced tracheal-ciliated
epithelial damage (Fig. 1A).

In addition, we observed ultrastructural changes in the mitochon-
dria of the tracheal epithelium. In the control group, the density of the
mitochondrial matrix was uniform, and the mitochondrial ridge was
clear. Compared with the control group, in the asthmatic group, the
number of mitochondria in the epithelial cells was increased, the mi-
tochondria were swollen, the density was decreased, mitochondrial
vacuolation was present, mitochondrial cristae were disrupted or ab-
sent, and autophagic bodies were observed. However, mitochondrial
structural damage was reduced in the WIN 62,577 and hexadecadrol
groups (Fig. 1B).
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3.2. Protective effect of the NK-1R antagonist WIN 62,577 against airway
mitochondrial dysfunction in asthmatic mice

3.2.1. WIN 62,577 inhibited the mitochondrial membrane potential
decrease in asthmatic mice

To investigate the changes in mitochondrial function, we first de-
tected the mitochondrial membrane potential levels in each group.
High mitochondrial membrane potential results in the aggregation of
JC-1 in the mitochondrial matrix and polymer formation (J-ag-
gregates), which can produce red fluorescence. Low mitochondrial
membrane prohibits JC-1 aggregation in the mitochondrial matrix, and
JC-1 remains as a monomer, which can produce green fluorescence.
Thus, the change in mitochondrial membrane potential can be detected
by a shift in fluorescence. In the control group, JC-1 aggregated in the
normal mitochondria and showed red fluorescence. In the asthmatic
group, the relative proportion of red/green fluorescence decreased
significantly compared with that of the control group (P < 0.01), in-
dicating that the mitochondrial membrane potential had decreased.
Compared with the asthmatic group, the relative proportion of red/
green fluorescence in WIN 62,577 group increased significantly
(P < 0.01), indicating that WIN 62,577 treatment inhibited the de-
crease in mitochondrial membrane potential in the lung tissues of
asthmatic mice (Fig. 2A&B).
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Fig. 4. Protective effect of WIN 62,577 against mitochondrial dysfunction in IL-13-induced 16HBE cells. (A) JC-1 fluorescence staining ( X 200). Compared with that
in the IL-13 group, the proportion of red fluorescence was increased significantly in the IL-13 + WIN 62,577 group. (B) The red/green fluorescence intensity ratios.
(C) Effect of WIN 62,577 treatment on the ROS levels in IL-13-induced 16HBE cells, as assessed by DCFH-DA fluorescence detection ( x 200). The green fluorescence
signal was increased in the IL-13 and IL-13 + SP groups and decreased significantly after WIN 62,577 treatment. (D) Relative ROS fluorescence intensity. (E) WIN
62,577 treatment inhibited the ATP reduction in IL-13-induced 16HBE cells; the ATP concentration is expressed as nmol/mg. Each value represents the mean + SD
(n = 3). P < 0.01 versus the control group. *P < 0.05, **P < 0.01 versus the asthmatic group.

3.2.2. WIN 62,577 inhibited ROS production in asthmatic mice

In addition, we measured the ROS levels in each group to reflect
mitochondrial damage. ROS can oxidize nonfluorescent DCFH to pro-
duce green fluorescent DCF. As shown in Fig. 2C&D, the green fluor-
escence of the asthmatic group was increased significantly (P < 0.01),
indicating an increase in ROS production. In contrast, compared with
that in the asthmatic group, the green fluorescence in the WIN 62,577
group was decreased significantly (P < 0.01), indicating that ROS
production was decreased. These results suggest that WIN 62,577
treatment inhibits ROS production in the lung tissues of asthmatic mice
and may alleviate mitochondrial damage.

3.2.3. WIN 62,577 inhibited ATP reduction in asthmatic mice

We further examined the ATP levels in each group because mi-
tochondria play a central role in energy metabolism and, importantly,
synthesize ATP during oxidative phosphorylation. Therefore, a decrease
in ATP levels indicates that mitochondrial function is impaired or re-
duced. The concentration of ATP in the lung tissues of asthmatic group
mice was significantly lower than that in the lung tissues of control
group mice (P < 0.01), indicating that the mitochondrial function was
impaired in the lung tissues of asthmatic mice. Conversely, compared
with that in the asthmatic group, the ATP concentration in the WIN
62,577 intervention group was increased (P < 0.05) (Fig. 2E), in-
dicating that WIN 62,577 could inhibit the decrease in ATP in asthmatic
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Fig. 5. WIN 62,577 activates Nrf2/HO-1 in IL-13-induced 16HBE cells. (A) Western blot showing the effects of WIN 62,577 on the expression of Nrf2 and HO-1 in IL-
13-induced 16HBE cells. (B & C) Densitometric analyses of Nrf2 and HO-1 normalized to histone H3 or 3-actin. (D) The translocation of Nrf2 in 16HBE cells was
determined by immunofluorescence staining ( x 400). Nrf2 is shown by red fluorescence, and DAPI is shown in blue. In the control group, Nrf2 was mainly expressed
in the cytoplasm. WIN 62,577 treatment increased the nuclear translocation and activation of Nrf2 in IL-13-induced 16HBE cells. Each value represents the
mean * SD (n = 3). P < 0.01 versus the control group. *P < 0.05, **P < 0.01 versus the asthmatic group.

mice. These results suggest that WIN 62,577 can alleviate mitochon-
drial dysfunction in asthmatic mice.

3.3. The NK-1R antagonist WIN 62,577 activated Nrf2/HO-1 in the lung
tissues of asthmatic mice

To further explore the possible mechanism of WIN 62,577 in alle-
viating airway mitochondrial dysfunction in asthmatic mice, we de-
tected the expression of Nrf2 and its downstream protein HO-1 by
Western blot. As shown in Fig. 3, in the WIN 62,577 intervention group,
the expression of Nrf2 protein in the nucleus was increased compared
with the asthmatic group (P < 0.05), indicating that WIN 62,577 ac-
tivated Nrf2 in mouse lung tissue. Nrf2 activation further activates the
transcription of many downstream protective genes, among which HO-
1 is an important endogenous antioxidant and cytoprotective enzyme
that is closely associated with asthma [28]. Similarly, we found that the
expression of HO-1 protein in the lung tissue of the mice in the WIN
62,577 intervention group was up-regulated compared to that in the
asthmatic group (P < 0.05).

3.4. Protective effect of the NK-1R antagonist WIN 62,577 against
mitochondrial dysfunction in IL-13-induced 16HBE cells

In addition, human bronchial epithelial cell line 16HBE was used for
in vitro experiments. IL-13, one of the most important cytokines in the

pathogenesis of asthma, is mainly secreted by activated Th2 cells and
has many biological effects. IL-13 can induce all of the symptoms of
asthma, which are closely related to airway inflammation, airway hy-
perresponsiveness and airway remodeling, without input from other
cytokines [30,31]. Therefore, we induced 16HBE cells with IL-13 for in
vitro experiments.

3.4.1. WIN 62,577 inhibited the mitochondrial membrane potential
decrease in IL-13-induced 16HBE cells

First, in vitro experiments were conducted to observe the effect of
WIN 62,577 on IL-13-induced mitochondrial membrane potential.
Compared with the control group, the ratio of red/green fluorescence in
the IL-13 group was significantly decreased (P < 0.01), indicating that
IL-13 induction could cause a decrease in mitochondrial membrane
potential. On the contrary, the red/green fluorescence ratio of WIN
62,577 intervention group was higher than that of the IL-13 induction
group (P < 0.05), indicating that WIN 62,577 treatment could inhibit
the decrease of mitochondrial membrane potential (Fig. 4A&B).

3.4.2. WIN 62,577 inhibited ROS production in IL-13-induced 16HBE cells

We then detected the effect of WIN 62,577 on the ROS levels in IL-
13-induced 16HBE cells. As shown in Fig. 4C&D, the green fluorescence
of the IL-13 group was increased significantly compared with that of the
control group (P < 0.01), indicating that IL-13 treatments stimulated
the release of ROS from 16HBE cells. We also found that SP could
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Fig. 6. The effect of Nrf2 shRNA transfection on the protein expression of Nrf2 and HO-1. (A) The differences in Nrf2 gene expression were detected by RT-PCR. NC
or Nrf2 shRNA was transfected into 16HBE cells. The mRNA expression levels in all PCR samples were normalized to -actin mRNA. (B) Western blotting was used to
verify the transfection effect. (C) The protein expression levels of Nrf2 and HO-1 in each group after transfection were detected by Western blot. (D, E) Densitometric
analyses of Nrf2 and HO-1. Each value represents the mean + SD (n = 3). °P > 0.05 versus the control group. *P < 0.05, P < 0.01 versus the NC group.
##p < 0.01 versus the NC + IL-13 group. **P < 0.01 versus the NC + IL-13 + SP group. **P < 0.01 versus the NC + IL-13 + WIN 62,577 group.

further increase the ROS released from IL to 13-induced 16HBE cells
(P < 0.01), while the green fluorescence was significantly decreased
after intervention with WIN 62,577 (P < 0.01), suggesting that WIN
62,577 could inhibit the release of ROS from IL to 13-induced 16HBE
cells.

3.4.3. WIN 62,577 inhibited the ATP reduction in IL-13-induced 16HBE
cells

We further measured the ATP levels and found that compared with
the control group, the IL-13-induced 16HBE group showed a sig-
nificantly decreased ATP concentration (P < 0.01). The concentration
of ATP in the WIN 62,577 intervention group was higher than that in
the IL-13 induction group (P < 0.05) (Fig. 4E). The results showed that
WIN 62,577 could inhibit the decrease of ATP induced by IL-13.

3.5. The NK-1R antagonist WIN 62,577 activated Nrf2/HO-1 in IL-13-
induced 16HBE cells

To further verify the protective mechanism of WIN 62,577 on mi-
tochondria, we detected the expression of Nrf2 and HO-1 by Western
blot (Fig. 5A-C). The expression of Nrf2 in the nucleus and HO-1 ex-
pression was increased after WIN 62,577 treatment compared with that
in the IL-13 induction group, suggesting that WIN 62,577 activates Nrf2
and up-regulates HO-1 expression in IL-13-induced 16HBE cells. The
immunofluorescence results further showed that WIN 62,577 could
promote Nrf2 migration from the cytoplasm to the nucleus in 16HBE
cells induced by IL-13, indicating that Nrf2 was further activated
(Fig. 5D).

3.6. Effect of Nrf2 shRNA transfection on the protein expression of Nrf2
and HO-1

Nrf2 shRNA and negative control (NC) plasmids were transfected
into 16HBE cells, and the cells were divided into three groups: a control
group, NC group and Nrf2 shRNA group. The Nrf2 mRNA expression in
each group was detected by RT-PCR after 24 h. No significant difference
in Nrf2 mRNA expression was observed between the NC group and the
control group (P > 0.05). Compared with that in the NC group, the
Nrf2 mRNA expression in the Nrf2 shRNA group was significantly de-
creased (P < 0.01) (Fig. 6A). Similarly, Western blotting was per-
formed 48 h after transfection, revealing no significant difference in the
protein expression of Nrf2 between the NC group and the control group
(P > 0.05); the protein expression of Nrf2 in the Nrf2 shRNA group
was significantly lower than that in the NC group (P < 0.01) (Fig. 6B).
These results suggest that the transfection was successful.

Then, the NC or Nrf2 shRNA plasmid was transfected, and the cells
were treated accordingly. The cells were divided into 8 groups: an NC
group, NC + IL-13 group, NC + IL-13 + SP group, NC + IL-13 + WIN
62,577 group, Nrf2 shRNA group, Nrf2 shRNA + IL-13 group, Nrf2
shRNA + IL-13 + SP group, and Nrf2 shRNA + IL-13 + WIN 62.577
group. The protein expression of Nrf2 and HO-1 in each group after
transfection was detected by Western blot. The protein expression of
Nrf2 and HO-1 in cells transfected with Nrf2 shRNA was lower than that
in the NC group (Fig. 6C-E).
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ROS Production
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Fig. 7. Transfection of Nrf2 shRNA inhibits the WIN 62,577-mediated protection of mitochondria in IL-13-induced 16HBE cells. (A) Effect of Nrf2 shRNA transfection
on mitochondrial membrane potential (JC-1, X 200). The green fluorescence intensity was increased, and the red fluorescence intensity was decreased in each group

after transfection of Nrf2 shRNA, indicating that the mitochondrial membrane poten
effect of Nrf2 shRNA transfection on the ROS levels in each group (DCFH-DA, x 200).

tial was decreased. (B) The ratio of red-to-green fluorescence intensity. (C) The
The green fluorescence intensity in each group was increased after transfection

of Nrf2 shRNA, indicating that the ROS production was increased. (D) Relative fluorescence intensity of ROS. (E) After transfection of Nrf2 shRNA, the ATP

concentration in each group was decreased. Each value represents the mean + SD

(n = 3). “P < 0.01 versus the NC group. **P < 0.01 versus the NC + IL-13

group. **P < 0.01 versus the NC + IL-13 + SP group. *P < 0.05, **P < 0.01 versus the NC + IL-13 + WIN 62,577 group.

3.7. Transfection of Nrf2 shRNA inhibits the WIN 62,577-mediated
protection of mitochondria in IL-13-induced 16HBE cells

3.7.1. Transfection of Nrf2 shRNA inhibits WIN 62,577-mediated
protection against mitochondrial membrane potential decrease in IL-13-
induced 16HBE cells

After transfection of the NC or Nrf2 shRNA plasmid, the mi-
tochondrial membrane potential was detected by JC-1 fluorescence.
Compared with that in the corresponding NC group, the green fluor-
escence intensity was increased, and the red fluorescence intensity was
decreased in each group after transfection of Nrf2 shRNA, indicating
that the mitochondrial membrane potential was decreased in each
group after transfection of Nrf2 shRNA (Fig. 7A & B). These findings
suggest that inhibition of Nrf2 expression inhibits the WIN 62,577-
mediated protection of the mitochondrial membrane potential in IL-13-
induced 16HBE cells.

3.7.2. The WIN 62,577-mediated inhibition of ROS production in IL-13-
induced 16HBE cells is inhibited by Nrf2 shRNA transfection
We further tested the levels of ROS (DCFH-DA) in each group after

transfection. The green fluorescence intensity was increased in each
group transfected with Nrf2 shRNA compared with those in the corre-
sponding group transfected with NC plasmid, indicating an increase in
ROS production in each group transfected with Nrf2 shRNA (Fig. 7C &
D). These results suggest that the inhibition of Nrf2 expression by Nrf2
shRNA transfection reduces the WIN 62,577-mediated inhibition of
ROS production in IL-13-induced 16HBE cells.

3.7.3. Transfection of Nrf2 shRNA inhibits the inhibition of ATP reduction
in IL-13-induced 16HBE cells by WIN 62,577

Similarly, we tested changes in ATP levels after transfection in each
group, revealing that the ATP levels were significantly lower in each
group transfected with Nrf2 shRNA compared with those in the corre-
sponding groups transfected with NC plasmid (Fig. 7E). These results
suggest that transfection of Nrf2 shRNA rescues the WIN 62,577-
mediated ATP reduction in IL-13-induced 16HBE cells.

4. Discussion

Asthma is a common chronic respiratory disease, and its incidence
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and prevalence are still increasing globally, especially in developing
countries. Therefore, in-depth research and exploration of new and
effective treatments are urgently required.

In this study, we found that an NK-1R antagonist could up-regulate
the expression of Nrf2/HO-1 in vivo and in vitro, representing a po-
tential mechanism for the protective effect of an NK-1R antagonist on
mitochondrial dysfunction.

First, we found that the NK-1R antagonist WIN 62,577 could alle-
viate damage to the airway epithelial cilia and mitochondrial structure
in asthmatic mice to some extent. In vitro, transmission electron mi-
croscopy showed that the epithelial cilia structure was destroyed in
asthmatic mice, indicating that the epithelial barrier of asthmatic mice
was perturbed. The mitochondrial structure in the epithelia of asth-
matic mice was also changed markedly, as swelling, decreased density,
disruption or absence of mitochondrial cristae, and autophagic bodies
were observable. Structural changes are mainly due to the damage of
mitochondrial calcium transport function caused by ROS, resulting in
calcium overload, activation of mitochondrial membrane permeability,
opening of the transition pore, and increased mitochondrial membrane
permeability, which further results in matrix edema, mitochondrial
swelling and decreased density. In addition, the increase in autopha-
gosomes indicates that to protect cells from ROS damage, damaged
mitochondria releasing ROS are continuously removed via mitophagy
[32]. However, after treatment with WIN 62,577, the epithelial cilia
and mitochondrial structural damages were alleviated in asthmatic
mice, and autophagosomes were also decreased significantly.

Then, we evaluated the protective effect of the NK-1R antagonist
WIN 62,577 on mitochondrial function from three aspects: mitochon-
drial membrane potential, ROS and ATP levels. Mitochondrial mem-
brane potential is negative inside and positive outside under normal
conditions, which is the premise of the maintenance of mitochondrial
oxidative phosphorylation and ATP production. Therefore, we can de-
tect changes in mitochondrial membrane potential as a reflection of
changes in mitochondrial function. WIN 62,577 inhibited the decrease
in mitochondrial membrane potential in asthmatic mice and IL-13-in-
duced 16HBE cells, reflecting a reduction in mitochondrial dysfunction.
Oxidative stress is an imbalance between the oxidative system and
antioxidant system, resulting in excessive ROS release, which is an
important pathogenic feature of asthma [33,34]. Mitochondria are both
a source of ROS production and a target for ROS attacks. ROS can da-
mage the mitochondrial membrane and matrix, leading to mitochon-
drial dysfunction [35-37]. This study showed that ROS were increased
significantly in the lung tissues of asthmatic mice, which may have been
due to destruction of the respiratory chain in the mitochondria, re-
sulting in increased ROS production and extensive molecular damage
[38]. We also found that WIN 62,577 treatment could inhibit the re-
lease of ROS in the lung tissues of asthmatic mice and IL-13-induced
16HBE cells, thereby inhibiting oxidative stress damage and protecting
mitochondrial function to some extent. Finally, we measured the ATP
levels in each group because mitochondria play a central role in energy
metabolism and, importantly, synthesize ATP during oxidative phos-
phorylation; thus, the decline in ATP levels can indicate impaired or
decreased mitochondrial function. Our study found that WIN 62,577
treatment inhibited the ATP reduction in lung tissues and IL-13-induced
16HBE cells in asthmatic mice, suggesting that mitochondrial dys-
function was reduced.

To further investigate the mechanism by which NK-1R antagonists
protect against mitochondrial dysfunction, we focused on the Nrf2/HO-
1 pathway. Nrf2 is a transcription factor closely related to asthma and
mitochondria that has antioxidant and anti-inflammatory effects. In the
cytoplasm, Nrf2 binds to the inhibitory protein Keapl in an inactive
state. Oxidative stress and other factors cause Nrf2 to dissociate from
Keapl and rapidly translocate to the nucleus via the nuclear localiza-
tion signal, wherein it is activated. We found that WIN 62,577 upre-
gulated the expression of Nrf2/HO-1 in the lung tissues of asthmatic
mice and IL-13-induced 16HBE cells. We also confirmed by
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immunofluorescence that WIN 62,577 promoted Nrf2 nuclear migra-
tion, indicating that Nrf2 is activated. In addition, we silenced the ex-
pression of the Nrf2 gene by transfecting 16HBE cells with Nrf2 shRNA
in vitro and found that the protective effect of the NK-1R antagonist on
mitochondrial dysfunction was reduced after transfection. This result
indicates that the protective effect of the NK-1R antagonist on mi-
tochondrial dysfunction was achieved by up-regulating Nrf2/HO-1.
However, there are also some limitations to this study. The expression
of other genes downstream of Nrf2 and whether NK-1R directly inter-
acts with Nrf2 are still unclear, and further research is needed in the
future.

In conclusion, this study found that an NK-1R antagonist exerts
protective effects on mitochondrial dysfunction in the airway epithelia
of asthmatic mice by up-regulating Nrf2/HO-1 expression, which may
become a new breakthrough in the treatment of asthma.
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