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ARTICLE INFO ABSTRACT

Keywords: Airway remodeling in asthma is difficult to treat because of its complex pathophysiology that involves proin-
Soluble epoxide hydrolase flammatory cytokines, as well as the arachidonic acid cytochrome P-450 (CYP) pathway; however, it has re-
AUDA ceived little attention. In this study, we assessed the efficacy of a soluble epoxide hydrolase (sEH) on airway
Asthma

remodeling in a mouse model of chronic asthma. The expression of sEH and CYP2J2 and the level of 14,15-
epoxyeicosatrienoic acid (14,15-EET), airway remodeling and hyperresponsiveness (AHR) were analyzed to
determine the level of sEH inhibition. AUDA, a sEH inhibitor, was given daily for 9 weeks orally, which sig-
nificantly increased the level of 14,15-EET by inhibiting the expression of sEH and increasing the expression of
CYP2J2 in lung tissues. The inhibition of sEH reduced the expression of remodeling-related molecular markers,
such as interleukin (IL)-13, IL-17, matrix metalloproteinase 9, N-cadherin, a-smooth muscle actin (a-SMA),
S100A4, Twist, epithelial goblet cell metaplasia, and collagen deposition in bronchoalveolar lavage fluid (BAL
fluid) and lung tissues. Moreover, remodeling-related eosinophil accumulation in the BAL fluid and infiltration
into the lung tissue were improved by AUDA. Finally, AUDA alleviated AHR, which is a functional indicator of
airway remodeling. The effect of AUDA on airway remodeling was related to the downregulation of extra-
cellular-regulated protein kinases (Erk1/2), c-Jun N-terminal kinases (JNK) and signal transducer and activator
of transcription 3 (STAT3). To our knowledge, this is the first report to demonstrate that inhibition of SEH exerts
significant protective effects on airway remodeling in asthma.

Airway remodeling
Airway hyperresponsiveness
Epoxyeicosatrienoic acid

1. Introduction not always relieve dyspnea in some severe patients. Therefore, other

factors involved in this persistent airflow obstruction should be con-

Asthma is a chronic respiratory inflammatory disease, and its in-
cidence has increased significantly in the past two decades, placing a
huge burden on society (Saglani and Lloyd, 2015; Global Initiative for
Asthma (GINA), 2019). Airway obstruction with a narrowed of airway
lumen diameter is a hallmark feature of asthma. The main cause of
pathological changes in the airway is chronic inflammation of the
airway wall, accompanied by plasma extravasation, edema, and in-
filtration of inflammatory cells such as mast cells, eosinophils, neu-
trophils, macrophages and lymphocytes (Saglani and Lloyd, 2015).
Clinical features of asthma are dyspnea caused by airway hyperre-
sponsiveness (AHR) and bronchoconstriction, which can be reversed
with bronchodilator therapy. However, bronchodilator therapy does

sidered (Dunican et al., 2018). One of the key mechanisms is airway
remodeling, which is a summary term that includes pathologies such as
goblet cell metaplasia (GCM), epithelial-to-mesenchymal transition
(EMT), excessive subepithelial collagen deposition, airway smooth
muscle hyperplasia, and increased vascularity (Fehrenbach et al., 2017;
Carpaij et al., 2019). Although most think that airway remodeling as an
abnormal response to chronic airway inflammation, recent evidence
suggests that both processes can occur simultaneously, especially in
asthmatic children (Malmstrom et al., 2017; Tillie-Leblond et al., 2008).
The effect of asthma therapy on airway remodeling has not been widely
studied and there are no specific drugs. As an anti-inflammatory drug,
glucocorticoid has been a first-line drug for asthma treatment because
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of its action on inflammatory cells and structural cells, as well as in
airway remodeling (Hoshino et al., 1999; Roth et al., 2004). Early in-
terventions to prevent remodeling may possibly help prevent the de-
velopment of asthma but much remains to be studied about this pos-
sibility (Hirota and Martin, 2013). Although we still do not know how
efficiently prevent airway remodeling, there is an urgent need to ex-
plore the mechanisms and identify reliable drugs for the prevention and
treatment of the airway remodeling processes that underly asthma
pathology.

The metabolites of cytochrome P450 (CYP) epoxygenases and
epoxyeicosatrienoic acids (EETs) modulate many physiological func-
tions, including inflammation. Regulation of EETs occurs primarily via
release, biosynthesis and enzymatic transformation by the soluble ep-
oxide hydrolase (sEH) (Wagner et al., 2017). The Hammock lab re-
ported for the first time that administration of the sEH inhibitor t-TUCB
attenuates allergic airway inflammation and airway responsiveness in a
murine model (Yang et al., 2015). In our previous research, we reported
that a sEH inhibitor AUDA, could treat pulmonary fibrosis. AUDA can
reduce bleomycin-induced lung fibrosis in mice, including inhibiting
pulmonary inflammation, expression of proinflammatory cytokines and
EMT-related factors, as well as improve declining lung function (Dong
et al., 2017). However, there is little information on whether inhibition
of sEH can be used to inhibit airway remodeling, and the possible
mechanisms remain yet to be established. Molecular studies suggest
that the mitogen-activated protein kinases (MAPK) family (Pu et al.,
2019; Schuliga, 2015) and signal transducer and activator of tran-
scription 3 (STAT3) (Vale, 2016), in addition to other pathways, play
pivotal roles in regulating allergic airway remodeling and inflammation
in asthma under various contexts.

In the present study, we evaluated the effects and the possible
mechanisms of inhibition of sEH on airway remodeling in a chronic
asthmatic model. We found that AUDA inhibited airway hyperrespon-
siveness (AHR) and remodeling by inhibiting sEH, and activating ex-
pression of CYP2J2, and decreasing the phosphorylation of Erk1/2, JNK
and STAT3 signaling pathways. These results demonstrated that the
inhibition of sEH may be a potential therapeutic target for airway re-
modeling.

2. Materials and methods
2.1. Reagents and antibodies

Ovalbumin (OVA) and methacholine (Mch) were purchased from
Sigma-Aldrich (St. Louis, MO). AUDA was purchased from the Cayman
Chemical Company (Ann Arbor MI). Primary antibodies against GAPDH
(Santa Cruz Biotechnology, CA); sEH (Abcam, Cambridge, MA, USA), p-
Erk1/2, Erk1/2, p-JNK, JNK, p-p38, p38, p-STAT3, and STAT3 (Cell
Signaling Technology, Danvers, MA) were used in the immunoblotting
analysis. The enzyme-linked immunosorbent assay (ELISA) kits for
mouse IL-13, IL-17, matrix metalloproteinase 9 (MMP-9) and 14, 15-
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EET/DHET were purchased from eBioscience (San Diego, CA) and R&D
(Detroit, MI, USA).

2.2. Animals

All animal experiments were carried out strictly in accordance with
international ethical guidelines and the National Institutes of Health
Guide concerning the Care and Use of Laboratory Animals. Female ICR
mice (weighing 20 = 2 g) were purchased from Shanghai Slac
Laboratory Animal Co Ltd (NO. SCXK, 2012-0002). Mice were housed
for 7 days before experiments to adapt themselves to the environment.
Four to five mice were housed in isolated ventilated cages, kept at
45-65% humidity, at 20-23°C and a 12 h light/12 h dark cycle. Water
and standard mouse food were provided ad libitum. All of the animal
procedures and experiments conducted in this study were approved by
the Animal Ethics Committee of the Zhejiang University (Permit No.
ZJU20160274). All the animals received humane care in accordance
with the guide prepared by the Committee on the Care and Use of
Laboratory Animals of Zhejiang University.

To investigate the impact of sEH on airway remodeling, ICR mice
were randomly divided into four groups, including a control group
(n = 8), an OVA model group (n = 10), an OVA + AUDA (3 mg/kg)
group (n = 10), and an OVA + AUDA (10 mg/kg) group (n = 10). The
AUDA dose design in the experiment was based on our previous study
(Dong et al., 2017). The study did not include a positive control group
because there were no specific or approved drugs for airway re-
modeling.

2.3. Chronic asthmatic model and treatment procedure

The procedure for antigen sensitization in mice is based on our
previous methods. (Guan et al., 2018; Cao et al., 2011). In brief, 2 mg
OVA (Grade V) was absorbed in 10 mg of an aluminium hydroxide gel
adjuvant in 1.0 ml saline. Each mouse was intraperitoneally (i.p) in-
jected by with 0.5 ml, and subcutaneously injected (s.c) with 0.05 ml/
site at the four footpads, neck, back, and two groin regions, for a total of
10 sites on day 0. Normal control mice were injected with only the
aluminium hydroxide gel adjuvant in saline following the same pro-
tocol. To enhance sensitization, 2 mg of ovalbumin in 0.5 ml of the 1%
aluminum hydroxide gel solution was again injected by i.p. on the 14th
day. Then, starting on day 21, mice were exposed to 10 mg/ml OVA by
aerosol for 30 min daily until day 28. After day 28, mice were exposed
to 10 mg/ml OVA three days a week for another eight weeks. OVA was
replaced with normal saline in the control group during sensitization
and challenge. The mice were i.g. administered 3 or 10 mg/kg AUDA
30 min before OVA challenge, while the mice in the control and the
model groups were instead given the same volume of vehicle (0.5%
CMC-Na). The OVA sensitization, challenge, and drug treatment pro-
cedure is shown in Fig. 1.

Fig. 1. Chronic asthma model and treat-
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continue to inhale OVA for 30 min every
other day (q.o.d) from day 29 to day 84.
The control mice were sensitized and chal-
lenged only with only saline. The sEH in-
hibitor (AUDA) or vehicle (0.5% CMC-Na)
were given by intragastric administration at

30 min before each OVA challenge daily from day 21 to day 84. Airway hyperresponsiveness (AHR), bronchoalveolar lavage fluid (BAL fluid) collection were
performed and lung tissues were collected 60 min after the final antigen challenge on day 84.
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Table 1
Primer sequences used in the present study.
Genes Primer Sequences (5’-3")
IL-13 Sense: CCTCTGACCCTTAAGGAGCTTAT
Antisense: CGTTGCACAGGGGAGTCT
IL-17 Sense: GAGAAGATGCTGGTGGGTGT
Antisense: TTTCATTGTGGAGGGCAGAC
MMP-9 Sense: GTATGGTCGTGGCTCTAAGC
Antisense: AAAACCCTCTTGGTCTGCGG
N-Cadherin Sense: CGGTGCCATCATTGCCATCCT
Antisense: AGTCATAGTCCTGGTCTTCTTCTCCT
Twist Sense: TACGCCTTCTCCGTCTGG
Antisense: CTAGTGGGACGCGGAC
B-actin Sense: GGCTGTATTCCCCTCCATC
Antisense: ATGCCATGTTCAATGGGGTA

2.4. Determination of airway hyperresponsiveness (AHR)

To assay lung function and evaluate AHR in unrestrained conscious
mice, a whole-body plethysmography (WBP) and associated software
(Buxco Electronics, Troy, NY) were used. The principle of the mea-
surement method has been reported before. Its main parameter, en-
hanced pause (Penh), is the total lung airflow during the respiratory
cycle, which can represent airway resistance (Hamelmann et al., 1997;
Hoymann, 2007). Each mouse was placed in a measurement chamber
for 10 min before AHR evaluation. Saline or methacholine (3.125, 6.25,
12.5, 25 and 50 mg/ml) were aerosolized via a chamber inlet for 90 s.
Respiratory function was recorded for 3 min after each nebulization of
the various methacholine concentrations. The change in percentage of
airway resistance was expressed as an increased percentage of the Penh
value.

2.5. Collection of bronchoalveolar lavage fluid (BAL fluid) and cell counts

To collect BAL fluid, mice were anesthetized with isoflurane, the
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Fig. 3. Effects of sEH inhibition on airway hyperresponsiveness. Lung function
of was measured 24 h after the last challenge following treatment with AUDA at
doses of 3 mg/kg and 10 mg/kg. AHR to methacholine (3.125-50 mg/ml) was
induced by administration via inhalation. Airway resistance was measured as
Penh values. The results were expressed as the percentage change in Penh value
above baseline. The data are represent as the means = S.D. (n = 8-10 for each
group). *P < 0.05, ***P < 0.001 vs. control. #*p < 0.05, **P < 0.01 vs.
model.

trachea was intubation, and the lungs were lavaged three times with
0.5 ml PBS containing 1% BSA and 5000 IU/L heparin. The total
number of cells in the BAL fluid was counted using a Neubauer
chamber. The BAL fluid was centrifuged at 250 g at 4°C for 10 min. The
supernatant was stored at —80°C for analysis by ELISA. The centrifugal
sediment was smeared on a glass slide and stained with Wright-Giemsa.
Two hundred cells from the BAL fluid were counted under a light mi-
croscope, and cell differentials were determined by counting the
number of eosinophils, macrophages and lymphocytes. The total
number of each cell type was determined by multiplying the percentage
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Fig. 2. Effects of sEH inhibition on the expression of soluble epoxide hydrolase and CYP2J2, and the levels of 14,15-EET. Soluble epoxide hydrolase (sEH) and
CYP2J2 protein expression were assessed by immunohistochemistry (A and B, n = 8-10 for each group) and Western blot (C, n = 6 for each group), and the 14,15-
EET levels was assessed by ELISA (D, n = 8-10). All measurements were performed 24 h after the last challenge following treatment with the sEH inhibitor AUDA at
doses 3 mg/kg and 10 mg/kg. The data represent means + S.D. *P < 0.05, ***P < 0.001 vs. control. “P < 0.05, “”P < 0.01 vs. model. Scale bar, 20 um.
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Fig. 4. Effects of sEH inhibition on airway inflammation. (A) The total number of inflammatory cells in the BAL fluid was counted, (B) Differential cell counts in the
BAL fluid were determined by Wright-Giemsa staining and cell classification was performed on a minimum of 200 cells to classify eosinophils, neutrophils, lym-
phocytes and macrophages 24 h after the final antigen challenge. (C) Lung sections were stained with H&E to measure the inflammatory cells infiltrate in the
peribronchiolar space. (D) Inflammatory cell infiltration was graded based on the severity of inflammation (bar graph). The data are represented as the

means =+

of each cell type by the total number of cells.

2.6. Histopathological and immunohistochemical examination

Samples of the left lung tissue were fixed in 10% formalin, and were
then dehydrated by in increasing concentration of ethanol. After par-
affin-embedding, the lung tissue sample was sectioned into 3-4 pm
slices. Lung sections were prepared for routine hematoxylin-eosin (H&
E), periodic acid-Schiff (PAS) and Masson's trichrome stains. H&E
staining was used to evaluate inflammatory cell infiltration using light
microscopy, based on the peribronchial cell counts and the severity of
inflammatory cells infiltration. A 5-point scoring system was used as
described previously (Guan et al., 2018; Cao et al., 2011). Goblet cell
hyperplasia was observed with PAS staining. The percentage of PAS
staining-positive cells in the airway epithelium was quantified (Guan
et al., 2018; Cao et al., 2011). Collagen deposition around the bronchial
airway was observed by Masson's trichrome staining. The severity of
collagen deposition was evaluated using the Image Pro 6.1 software
system according to the positive staining area. The criterion for grading
the severity of airway remodeling, including the thickness of the airway
smooth muscles, collagen deposition, and immunohistochemistry ana-
lysis of airway remodeling markers including N-Cadherin, a-SMA,
S100A4 and MMP-9. Under 200 X magnification, five fields of each
section were randomly selected and photographed for semiquantitative
analysis. Immunohistochemistry analysis was performed according to
the specification of the Streptavidin-Biotin Complex kit (Boster Bio-
engineering Ltd. Co., Wuhan, China); lung tissue slides were incubated
at 4 °C overnight with primary antibodies against sEH, N-Cadherin, a-
SMA, MMP-9 and S100A4 (1:200 dilution). Then 3,3’-Diaminobenzi-
dine (DAB) and the DP2-BSW software (Olympus, Tokyo, Japan) were
used to visualize and measure the immunocomlexes. The staining was
quantified using Image Pro 6.1 software. All the analyses were per-
formed in a blind fashion.

2.7. Measurement of 14, 15-EET, IL-13, IL-17 and MMP-9 by ELISA

Lung tissues were collected 24 h after the last challenge. 14, 15-

S.D. (n = 8-10 for each group). ***P < 0.001 vs. control. “P < 0.05, P < 0.01 vs. model. Scale bar, 40 um.

epoxyeicosatrienoic acid (14, 15-EET) levels in the supernatant of the
lung tissue homogenate were measured by ELISA according to the
manual. The BAL fluid were collected 24 h after the last challenge. The
concentrations of IL-13, IL-17 and MMP-9 in the BAL fluid were de-
tected and analyzed using ELISA kits using with paired and matched
antibodies according to the manufacturer's instructions. The color ab-
sorbance of the samples at 450 nm was determined using a Bio-Rad
microplate reader. 14,15-EET, IL-13, IL-17 and MMP-9 concentrations
were calculated by generating a standard curve using standard proteins
and analyzed using curve expert 1.3 software.

2.8. RNA assay

RNA assays were carried out based on our previous report (Jiang
et al., 2017). In brief, total RNA was extracted from lung homogenates
according to the TRIzol Reagent (Takara Biotechnology, Dalian, China)
manufacturer's instructions. A total of 4 pg of oligo-dTs were used to
generate the first-strand cDNA from the total RNA through reverse
transcription reactions. The PCR primers (Shanghai Bioengineering Ltd,
China) were checked against the basic local alignment search tool for
selectivity. The real-time PCR cycling instrument, the constitution of
the PCR mixture, and the PCR reaction program were exactly the same
as our previous report (Jiang et al., 2017). The mRNA levels were
calculated using the 2724C method (relative) (Livak and Schmittgen,
2001). The primer sequences are shown in Table 1.

2.9. Western blot assay

The lung samples were lysed in an immunoprecipitation assay (IPA)
buffer (Biyuntian Biotechnology, Haimen, China) containing 1% PMSF
(Haoxin Biotechnology, Hangzhou, China) and 1% protease inhibitors
and then denatured. The BCA Protein Assay Kit (CWbiotech, Beijing,
China) was used to determine the total protein concentration. SDS-
polyacrylamide gels separated equal quantities of 30 pug protein sam-
ples. The proteins were then transferred to 0.45 pm nitrocellulose
membranes. The membranes were blocked with 5% fat-free milk and
incubated with antibodies specific for CYP2J2 (polyclonal antibody,
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Fig. 5. Effects of sEH inhibition on expression of IL-13, IL-17 and MMP-9 in lung tissues. IL-13, IL-17 and MMP-9 mRNA and protein in lung tissues were measured by
qRT-PCR (A, C, E) and ELISA (B, D, F). The data are represented as the means = S.D. (n = 8-10 for each group). *P < 0.05, ***P < 0.001 vs. control. #p < 0.05,

##p < 0.01, *##P < 0.001 vs. model.

1:1000, Invitrogen, USA), p-Erk1/2, Erk1/2, p-JNK, JNK, p-p38, p38, p-
STAT3, and STAT3 (1:1000, Cell Signaling Technology, Beverly, MA,
USA) or GAPDH (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), at
4 °C overnight. Afterwards, the blots were incubated with goat anti-
rabbit 800 antibodies (1:5000) for 2 h at 26 °C. A two-color infrared
imaging system (Odyssey; LI-COR, Lincoln, NE, USA) was used to vi-
sualize the immunoreactive bands.

2.10. Statistical analysis

Data analysis was carried out with GraphPad Prism V5.0 software
(GraphPad Prism, CA, USA). SPSS software (version 16.0; SPSS Inc.,
Chicago, IL, USA) was used for statistical tests. One-way analysis of
variance (ANOVA), followed by the Student-Newman-Keuls test was
used to analyze differences between the mean values of multiple
groups. The data are presented as the means = S.E.M. Statistical sig-
nificance was set at P < 0.05.
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Fig. 6. Effects of sEH inhibition on collagen
deposition and goblet cell hyperplasia. Lung
sections were stained with Masson's tri-
chrome stain for measurement of the sub-
epithelial deposition of collagen and fi-
brosis. Masson's trichrome staining analysis
of collagen deposition was calculated (bar
graph). Lung sections were stained with
PAS to assess goblet cell hyperplasia. PAS-
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3. Results leucocytes, eosinophils, lymphocytes and macrophages were sig-

3.1. Inhibition of sEH reduces sEH expression, and increases CYP2J2
expression and 14,15-EETs level

To verify CYP450 pathway changes in the chronic asthma model,
the expression of sEH and CYP2J2 and levels of 14,15-EETs were ob-
served by immunohistochemical assay, Western blot and ELISA. We
observed an increase in protein expression of sEH and the decrease in
CYP2J2 expression and 14,15-EETs levels in the model group after
sensitization and challenge with OVA, which was reversed by 10 mg/kg
AUDA. Treatment with 3 mg/kg AUDA significantly reduced the ex-
pression of sEH but did not affect the expression of CYP2J2 or the levels
of 14,15-EETs (Fig. 2A-D).

3.2. Inhibition of sEH reduces methacholine-induced AHR

To investigate the effect of AUDA on AHR, the airway resistance
(Penh value) in response to methacholine (3.125-50 mg/ml) inhalation
was measured using a whole-body plethysmography. OVA-challenged
mice had remarkably increased Penh values compared to the saline-
challenged mice starting with 12.5 mg/ml to 50 mg/ml of methacholine
(P < 0.05,P < 0.001), which was significantly reduced by both doses
of AUDA (3 mg/kg and 10 mg/kg; P < 0.05-0.01) (Fig. 3).

3.3. Inhibition of sEH prevents infiltration of inflammatory cells into lung
tissues

The inflammatory cells in BAL fluid were measured among the
different groups. As shown in Fig. 4A-B, the numbers of total

nificantly higher in the model group compared to the control group
(P < 0.001). Treatment with AUDA at 3 or 10 mg/kg significantly
inhibited the numbers of total leucocytes, eosinophils and lymphocytes,
but not macrophages, compared to the model group (P < 0.05-0.01).

Histological examination of H&E-stained lung sections showed a
marked infiltration of eosinophils and lymphocytes cells in the peri-
bronchiolar space in the model group, compared to control group
(Fig. 4C). The model group displayed typically characteristics including
a significant infiltration of eosinophils and lymphocytes in the peri-
bronchiolar space as shown in the H&E-stained lung sections (Fig. 4C).
AUDA significantly reduced the inflammatory cell infiltration (Fig. 4D).

3.4. Inhibition of sEH suppresses IL-13, IL-17 and MMP-9 mRNA and
protein expression

As shown in Fig. 5, IL-13, IL-17 and MMP-9 mRNA expression in the
lung tissues were significantly elevated in the model group compared to
the control group (P < 0.01 to P < 0.001). AUDA at 3 or 10 mg/kg
markedly reduced the mRNA expression of IL-13, IL-17 and MMP-9
(P < 0.05to P < 0.001) (Fig. 5A, C, 5E). Further studies found that
IL-13, IL-17 and MMP-9 changes at the protein levels were consistent
with the observed changes in the mRNA expression (Fig. 5B, D, 5F).

3.5. Inhibition of sEH decreases airway remodeling-related markers

To evaluate the effects of AUDA on OVA-induced collagen deposi-
tion around the bronchus and goblet cell hyperplasia in the airway
epithelium, collagen deposition and goblet cell hyperplasia were mea-
sured by Masson's straining and of PAS straining, respectively. As
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immunohistochemistry to evaluate the expression of the a-SMA (A), S100A4 (B) and MMP-9 (C) proteins in lung tissues. A semiquantitative analysis was performed.

The data are represented as the means =
20 pm.

shown in Fig. 6, thicker-walled alveoli with small diameters, thickened
septa and an accumulations of collagen deposition (blue staining)
around the bronchi emerged in the model group, which was sig-
nificantly different from the control group (P < 0.001). AUDA at
3 mg/kg and 10 mg/kg decreased these pathological changes in a dose-
dependent fashion (P < 0.05to P < 0.001). Similarly, the percentage
of goblet cell positively stained by PAS in the model group was sig-
nificantly increased to that in the control group (P < 0.001), but this
increase was significantly weakened by AUDA at 3 mg/kg and 10 mg/
kg (P < 0.05to P < 0.001).

To investigate the effects of AUDA on OVA-induced the protein
expression of EMT-related markers, immunohistochemistry was em-
ployed to investigate the expression of a-SMA, S100A4 and MMP-9
protein in the lung tissues. As shown in Fig. 7. A-C, the expression of the
a-SMA, S100A4 and MMP-9 proteins in the model group was sig-
nificantly higher than that in the control group. In particular, the in-
crease in a-SMA expression and vascular smooth muscle, and these
changes were markedly reduced by AUDA treatment. In addition, the N-
cadherin and Twist mRNA expression and protein levels were examined
using qPCR and Western Blot, respectively. As shown in Fig. 8A-D, we
found an increase in both N-cadherin and Twist mRNA and proteins,
and their protein levels were consistent with their changes in the mRNA
expression. However, treatment with AUDA 3 or 10 mg/kg significantly
inhibited the changes in N-cadherin and Twist mRNA and protein in the
lung tissues compared to the model group.

S.D. (n = 8-10 for each group). **P < 0.01, ***P < 0.01 vs. control. #pP < 0.05, *#P < 0.01 vs. model. Scale bar,

3.6. Inhibition of sEH downregulates the activation of MAPKs and STAT3
signaling

Next, we analyzed the MAPKs and STAT3 signaling proteins asso-
ciated with molecular mechanism of AUDA in airway remodeling by
Western blotting. As shown in Fig. 9A, B, D, the phosphorylated Erk1/2,
JNK and phosphorylated STAT3 protein were significantly increased in
the model group compared to the control group. These changes were
inverted by AUDA treatment. However, AUDA had no effect on p38
(Fig. 90).

4. Discussion

Severe asthma is characterized by airway remodeling and in-
flammatory responses associated with aberrant metabolism of arachi-
donic acid. Clinical studies in the asthmatic patients have demonstrated
that EETs levels are decreased by oxidative stress and sEH activity.
Inhibitors of sEH increased EETs that mediated antiphlogistic actions,
suggesting a new therapeutic approach for severe asthma (Ono et al.,
2014). In experimental studies, inhibitors of sEH have been shown to
reduce lung injury caused by lipopolysaccharide (Zhou et al., 2017; Tao
etal., 2016), bleomycin-induced pulmonary fibrosis (Dong et al., 2017),
asthma caused by OVA (Yang et al., 2015), and COPD induced by ci-
garette smoke (Wang et al., 2012; Smith et al., 2005). EETs are the
downstream metabolites of CYP2J or CYP2C and can be hydrolyzed by
sEH into the less active dihydroxyeicosatrienoic acids (Shahabi et al.,
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Fig. 8. Effects of sEH inhibition on the expression of N-cadherin and Twist. The expression of N-cadherin and Twist mRNA and protein were by evaluated by qRT-PCR
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control. P < 0.05, #*P < 0.01 vs. model.

2014). In this study, we found that CYP2J2 protein expression and
14,15-EETs level in lung tissues were significantly suppressed in the
OVA mouse model, while the AUDA-treated group had significantly
increased CYP2J2 expression and 14,15-EETs level. Moreover, the
asthmatic group had increased sEH protein expression, which was re-
versed by AUDA. These results demonstrate that the CYP pathway is
involved in the airway remodeling process that is triggered in the
chronic asthma model. This outcome is in agreement with previous
reports demonstrating that the sEH inhibitor t-TUCB attenuates in-
flammation and airway responsiveness by inhibiting sEH and increasing
EETs levels in mice (Yang et al., 2015).

Airway remodeling in asthma is thought to be the result of chronic
and persistent inflammation including the irreversible destruction of
airway tissue and chronic tissue repair. Thus, chronic inflammation has
been described as a major driver of most aspects of airway remodeling

(Zhou-Suckow et al., 2017). The main basis for this inflammatory
theory is that glucocorticoid therapy in asthma patients can not only
reduce airway inflammation, but also significantly slows down airway
remodeling (Hoshino et al., 1999; Roth et al., 2004). Infiltrating in-
flammatory cells and damaged airway structure cells create a large
number of cytokines, enzymes, metabolites and growth factors that
result in airway remodeling. In this study, we found that the number of
total leucocytes, eosinophils and lymphocytes in the BAL fluid were
increased after OVA challenge and that AUDA dose-dependently in-
hibited inflammatory cell infiltration into the airways. The histological
examination of lung tissues also demonstrated similar results. Thus, the
role of AUDA in inhibiting airway remodeling is at least partially re-
lated to its anti-inflammatory effects. Further anti-inflammatory evi-
dence could also be obtained from the effect that AUDA had in reducing
the mRNA and protein expression of the proinflammatory cytokines IL-
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Fig. 9. Effects of sEH inhibition on the activation of the Erk1/2, JNK MAPK and STAT3. Mouse lung tissues from different treatment groups were harvested and the
phosphorylation of Erk1/2 (A), JNK (B), p38 (C) and STAT3 (D) was measured by Western blot. The data are represented as the means = S.D. (n = 6 for each
group). *P < 0.05, ***P < 0.001 vs. control. P < 0.05, P < 0.01 vs. model.

13 and IL-17.

In this study, we focused on both IL-13 and IL-17 because unlike IL-
4 and IL-5, these cytokines act on structural cells in the airway (Ingram
and Kraft, 2012; Malavia et al., 2008). IL-13 can induce expression of
mucus proteins and mucus metaplasia in airway epithelial cells and
submucosal glands in mice (Guan et al., 2018; Therien et al., 2008). It
also plays a key role in human goblet cell hyperplasia (Wang et al.,
2017). In addition, IL-13 induces the release of the profibrotic TGF-f3 by
epithelial cells (Malavia et al., 2008). However, whether Th17 cells
directly involved in airway remodeling is debatable. The loss of

Th17 cells leads to reduced airway remodeling, with reduced collagen
fibers staining and a-SMA in a chronic asthma model (Zhao et al.,
2013). In another chronic model, neutralization of IL-17 cells and IL-
17a were found to increase with the increase in peribronchovascular
density. Neutralization of IL-17 eliminated these signs of airway vas-
cular remodeling (Lu et al., 2015). Therefore, in this study, the IL-13
and IL-17 cytokines were measured. The results showed that AUDA had
an inhibitory effect on both proinflammatory factors, inhibiting both
cytokines.

Increasing evidence suggests that the involvement of the EMT in the
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bronchial remodeling of asthmatic patients (Ijaz et al., 2014; Post et al.,
2018; Fischer et al., 2016; Johnson et al., 2011). In particular, the
epithelium is increasingly gaining significant importance considering
its potential as a source and target of inflammatory mediators, extra-
cellular matrix components and growth factors. Our studies showed
inflammation, airway remodeling and AHR after long-term exposure to
antigen in a chronic asthma model over a period of 12 weeks. Airway
remodeling or EMT-related markers such as the expression of N-cad-
herin, a-SMA, S100A4, and Twist were increased after exposure to
antigen. This is increase in agreement with previous reports in a murine
transgenic model in which airway epithelial cells express the lac-Z re-
porter gene. After 5 days of exposure to house dust mite allergens,
epithelial cells underwent EMT, coexpressed the S100A4 protein and
accumulated in the smooth muscle. Other epithelial cells coexpressing
vimentin were found in the subepithelial region. These results suggest
that the EMT is implicated in the airway remodeling associated with
asthma (Pu et al., 2019; Fischer et al., 2016; Johnson et al., 2011). In
addition, in this study, the indicators associated with airway re-
modeling such as bronchial epithelial goblet cell metaplasia, collagen
deposition, and overexpression of the a-SMA, S100A4 and MMP-9
proteins, were also observed by histological and immunohistochemical
examinations. The change in AHR pulmonary function as a compre-
hensive marker of airway remodeling is one of the clinic manifestations
observed in the chronic asthma model. Our results showed that AUDA
decreased EMT-related markers, such as goblet cell metaplasia, collagen
deposition, and overexpression of N-cadherin, a-SMA, S100A4, Twist,
and MMP-9, thereby improving AHR.

To further dissect the molecular mechanisms underlying the effects
of sEH inhibition on airway remodeling and inflammation, we focused
on the MAPK and STAT3 pathways. The MAPK family is fundamental in
regulating multiple cell functions such as cytokine expression, pro-
liferation, and apoptosis. MAPK and STAT3 activation in the airways
drives a majority of allergen-induced inflammation and is a significant
contributor to the structural remodeling of the airway wall (Pu et al.,
2019; Zhang et al., 2013, 2019). Increased activation of MAPK has been
demonstrated in the lungs after allergen challenge, as well as in airway
epithelial cells, lung fibroblast and airway smooth muscle cells.
Therefore, MAPK has emerged as a promising molecular target for the
treatment of asthma (Zhang et al., 2013). The results in this study in-
dicated that lung tissues in the chronic asthma model had significantly
increased the phosphorylation of the Erk1l/2 and JNK proteins whereas
AUDA markedly suppressed Erkl/2 and JNK activity in this OVA-in-
duced model of asthma. However, AUDA had no effects on the phos-
phorylation of p38. STAT3 has been shown previously to regulate the
allergic response in asthma. In particular, epithelial STAT3 was iden-
tified as a critical regulator of allergen-induced inflammation and AHR
in a murine model of asthma (Simeone-Penney et al., 2007). Here, we
observed the clear phosphorylation of STAT3 in response to OVA, while
AUDA inhibited the phosphorylation of STAT3 in the OVA-induced
allergy model of asthma. These findings suggested that the therapeutic
effects of sEH inhibition on airway remodeling are correlated with
MAPK and STATS3 signaling.

5. Conclusion

We present the first study demonstrating that the inhibition of sEH
effectively reduces airway remodeling, inflammation and AHR by in-
hibiting sEH and increasing EETs levels in the chronic asthma model. In
addition, AUDA was associated with regulation of Erkl/2, JNK and
STAT3 phosphorylation. These findings provide effective evidences that
the inhibition of sEH may be a potent molecular target for airway re-
modeling.
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