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ZDHXB-101 (3′,5-Diallyl-2, 4′-dihydroxy-[1,1′-
biphen-yl]-3,5′-dicarbaldehyde) protects
against airway remodeling and
hyperresponsiveness via inhibiting both the
activation of the mitogen-activated protein
kinase and the signal transducer and
activator of transcription-3 signaling
pathways
Jun-xia Jiang1,2†, Hui-juan Shen1,2†, Yan Guan2,3, Yong-liang Jia2, Jian Shen2, Qi Liu2, Qiang-min Xie2* and
Xiao-feng Yan1*

Abstract

Airway remodeling consists of the structural changes of airway walls, which is often considered the result of
longstanding airway inflammation, but it may be present to an equivalent degree in the airways of children with
asthma, raising the need for early and specific therapeutic interventions. The arachidonic acid cytochrome P-450
(CYP) pathway has thus far received relatively little attention in its relation to asthma. In this study, we studied the
inhibition of soluble epoxide hydrolase (sEH) on airway remodeling and hyperresponsiveness (AHR) in a chronic
asthmatic model which long-term exposure to antigen over a period of 12 weeks. The expression of sEH and
CYP2J2, the level of 14, 15-epoxyeicosatrienoic acids (EETs), airway remodeling, hyperresponsiveness and
inflammation were analyzed to determine the inhibition of sEH. The intragastric administration of 3 or 10 mg/kg
ZDHXB-101, which is a structural derivative of natural product honokiol and a novel soluble epoxide hydrolase (sEH)
inhibitor, daily for 9 weeks significantly increased the level of 14, 15-EETs by inhibiting the expression of sEH and
increasing the expression of CYP2J2 in lung tissues. ZDHXB-101 reduced the expression of remodeling-related
markers such as interleukin (IL)-13, IL-17, MMP-9 N-cadherin, α-smooth muscle actin, S100A4, Twist, goblet cell
metaplasia, and collagen deposition in the lung tissue or in bronchoalveolar lavage fluid. Moreover, ZDHXB-101
alleviated AHR, which is an indicator that is used to evaluate the airway remodeling function. The inhibitory effects
of ZDHXB-101 were demonstrated to be related to its direct inhibition of the extracellular signal-regulated kinase
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(Erk1/2) phosphorylation, as well as inhibition of c-Jun N-terminal kinases (JNK) and the signal transducer and
activator of transcription-3 (STAT3) signal transduction. These findings first revealed the anti-remodeling potential of
ZDHXB-101 lead in chronic airway disease.

Keywords: Epoxyeicosatrienoic acid, Soluble epoxide hydrolase, Asthma, Airway remodeling, Airway
hyperresponsiveness

Highlights

ZDHXB-101 is a novel soluble epoxide hydrolase
(sEH) inhibtor.

ZDHXB-101 increases the CYP2J2 expression and
14, 15-EET level.

ZDHXB-101 relives the airway remodeling and air-
way hyperresponsiveness.

Effect of ZDHXB-101 is related to down-modulate
MAPK and STAT3 pathways.

Background
Asthma is characterized by reversible airflow obstruc-
tion [1, 2]. Airway remodeling is one crucial part of
the reversible airflow obstruction of asthma [3],
including goblet cell metaplasia (GCM), epithelial-to-
mesenchymal transition (EMT), excessive subepithelial
collagen deposition, airway smooth muscle hyperpla-
sia, and increased vascularity [4, 5]. Although the pre-
vailing thought is that remodeling is an abnormal
response to persistent airway inflammation, recent evi-
dence, especially from studies of remodeling in asth-
matic children, suggests that the two processes occur
in parallel [6, 7]. The effects of asthma therapy on
airway remodeling are not been studied extensively
due to the challenges of obtaining airway tissue in the
context of clinical trials. Corticosteroids remain the
cornerstone of asthma therapy because of their effects
on inflammatory and structural cells, and their effects
on remodeling have been better studied than those of
other drugs [8, 9]. Bronchial thermoplasty is the only
asthma therapy to primarily target remodeling,
although how it results in the apparent clinical bene-
fits seen is not exactly clear [10]. Early interventions
to prevent remodeling may possibly help prevent the
development of asthma but much remains to be stud-
ied about this possibility. However, we still do not
know how to efficiently prevent airway remodeling.
Therefore, it is urgent to explore these mechanisms
and find reliable drugs for the prevention and treat-
ment of the airway remodeling processes underlying
asthma pathology [8–10].
Cytochrome P450 2 J2 (CYP2J2) is a known arachidonic

acid (AA) epoxygenase that mediates the formation of
four bioactive regioisomers of cis-epoxyeicosatrienoic

acids (EETs). CYP2J2 expression is primarily expressed in
the small intestine, pancreas, lung, and heart. Changes in
CYP2J2 levels and activity in disease states or polymor-
phisms are proposed to lead to dysfunction in various
organs. The major CYP2J2 products are 14,15-EETs. It
has been previously shown that 14,15-EETs have import-
ant biological effects including anti-inflammation and
anti-remodeling. Therefore, in our study we chose to
study the anti-inflammation and anti-remodeling effects
of 14,15-EETs [11, 12]. All EETs, including 14,15-EETs,
are metabolized to the less active dihydroxyeicosatrienoic
acids by soluble epoxide hydrolase (sEH) [13]. Earlier
studies have demonstrated that chronic treatment of
spontaneously hypertensive rats with an sEH inhibitor, or
mice with deletion of the gene responsible for the produc-
tion of the sEH enzyme, improved vascular remodeling
[14]. Recently, Hammock’s lab reported that the adminis-
tration of an sEH inhibitor attenuates allergic airway in-
flammation and airway responsiveness in a murine model
[15]. Therefore, we hypothesized that sEH inhibitors could
be used in the treatment of airway remodeling. In our pre-
liminary study, ZDHXB-101 (chemical structure in
Additional file 1: Figure S1), a honokiol derivative, was
found to have a significant inhibitory effect on airway
hyperresponsiveness in the mouse model of asthma, but
the target was unclear. Further study revealed that this
compound is a strong inhibitor of sEH. Further study
revealed that this compound is a strong inhibitor of sEH.
In our preliminary result for human recombinant sEH,
50% inhibitory rate (IC50) of ZDHXB-101 was 1.23 nM.
ZDHXB-101 (5, 10, and 20 μM) suppressed cell prolifera-
tion in 16HBE cells in a concentration-dependent manner
(Additional file 1: Figure S2A and B), but it did not inhib-
ited cell activity (Additional file 1: Figure S2C). ZDHXB-
101 (10 μM) reversed the TGF-β1-induced an increase in
sEH protein expression in 16HBE cells (Additional file 1:
Figure S2D and E). The treatment of cells with ZDHXB-
101 not only resulted in significantly increased EETs
levels, but also reversed effect of TGF-β1 compared with
that of the vehicle group (Additional file 1: Figure S2F).
Based on these results, we hypothesized that ZDHXB-101
may be involved in the airway remodeling and hyperre-
sponsiveness (AHR) of asthma by modulating the
endogenous EETs levels. However, there is no report on
whether ZDHXB-101 can be used to inhibit airway
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remodeling, AHR or inflammation, and the possible
mechanisms remain yet to be established. Molecular stud-
ies suggest that the mitogen-activated protein kinases
(MAPK) family [16, 17] and signal transducer and activa-
tor of transcription (STAT) 3, in addition to other path-
ways, play pivotal role in regulating allergic airway
remodeling and inflammation in asthma under various
contexts [18].
In the present study, we evaluated the effects and the

possible mechanisms of ZDHXB-101 on airway remodel-
ing in a chronic asthmatic model. We found that
ZDHXB-101 inhibited airway remodeling and AHR by
inhibiting sEH, and activating the expression of CYP2J2,
and decreasing the phosphorylation of the Erk1/2, JNK
and STAT3 signaling pathway proteins. These results
demonstrated that ZDHXB-101 may be a potential
therapeutic agent for asthma.

Materials and methods
Materials
ZDHXB-101 (3′,5-Diallyl-2, 4′-dihydroxy-[1,1′-biphen-
yl]-3,5′-dicarbaldehyde); (C20H20O4; MW: 324.35;
purity> 98%), which is a structural analogues of the nat-
ural product honokiol, was kindly provided by Prof.
Yuqing Zhao from Shenyang Pharmaceutical University.
The structure of ZDHXB-101 is shown in Additional file
1: Figure S1. Ovalbumin (OVA) was purchased from
Sigma-Aldrich (St. Louis, MO). Primary antibodies
against GAPDH (Santa Cruz Biotechnology, Santa Cruz,
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. Mouse IL-13, IL-17 and
MMP-9, and 14, 15-EET/DHET enzyme-linked
immunosorbent assay (ELISA) kits were purchased from
eBioscience (San Diego, CA), and R&D (Detroit, MI,
USA). All of the other reagents and preparations were
obtained as indicated.

Animals
All of the animal experiments were performed 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).
The mice were housed for 7 days so that they could
adapt themselves to the environment before the experi-
ments. The animals were housed in isolated ventilated
cages (4–5 mice/cage) and maintained at 20–23 °C
under a 12 h light/12 h dark cycle and 45–65% humidity.
Standard laboratory food and water were provided ad libi-
tum. All of the animal procedures and experiments that
were conducted in this study were approved by the Ethics

Committee of the Zhejiang University, School of Medicine
(Permit No. ZJU20160274). All of the animals received
humane care in accordance with the guide prepared by
the Committee of the Care and Use of Laboratory
Animals of Zhejiang University.
Forty ICR mice were randomly divided into four groups,

with 10 mice in each group, including the control group,
OVA model group, OVA + ZDHXB-101 (3mg/kg) group,
and OVA + ZDHXB-101 (10mg/kg) group.

Chronic asthmatic model and therapeutic intervention
To sensitize the mice, 2 mg OVA (Grade V, Sigma-
Aldrich Chemical Co., St. Louis, MO) were dissolved in
10mg aluminium hydroxide gel adjuvant in 1.0 ml
saline. Each mouse was administered an intraperitoneal
(i.p) with 0.5 ml, and subcutaneously (s.c) injected with
0.05 ml/site at four footpads (4 sites), the neck (one site),
back (3 sites), and two groins (2 sites) on experimental
day 0. Normal control mice were injected with only the
aluminium hydroxide gel adjuvant in saline following
the same protocol. On day 14, all of the mice except
those in the control group were sensitized again with an
intraperitoneal injection of 2 mg OVA mixed with 1%
aluminium hydroxide gel solution. Then, from day 21,
the mice were challenged by an aerosolized formulation
of 10 mg/mL OVA in normal saline for 30 min, and this
process was repeated daily until day 28 after
sensitization. From day 28, the mice were challenged 3
days per week for another 8 weeks. In the control group,
saline replaced OVA during the sensitization and chal-
lenge. Half an hour before each challenge, all of the mice
except those in the control and OVA groups were intra-
gastrically administered with 3 or 10mg/kg ZDHXB-
101, and the mice in control and OVA groups were
intragastrically administered the same volume of with
vehicle (0.5% CMC-Na) in the same volume. The OVA
sensitization, challenge, and drug treatment procedure is
shown in Fig. 1.

Determination of airway hyperresponsiveness (AHR)
A commercially available plethysmograph, acquisition
software, and mouse-sized plethymograph chambers
(Buxco Electronics, Troy, NY), were used for the total pul-
monary airflow analysis in unrestrained conscious mice.
This system allows for the measurement of the differential
pressure within the chambers that is caused by the animal
breathing. Pressure differences between the chambers
containing individual animals and a reference chamber
were used to extrapolate minute volume, tidal volume,
breathing frequency, and enhanced pause (Penh) [19, 20].
Penh is a function of the total pulmonary airflow during
the respiratory cycle and is described by the following
equation: Penh = [(Te/Tr-1) (PEF/PIF)], where PEF is the
peak expiratory pressure, PIF is the peak inspiratory
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pressure, and pause is a component of the expiration time
(Te/Tr-1). This parameter is dependent on the breathing
pattern and correlates with airway resistance, which is
measured by traditional invasive techniques with venti-
lated mice [19, 20]. Pulmonary function was assessed by
whole-body plethysmography after the last OVA inhal-
ation, as according to the previous studies [15]. Mice were
placed in measured chambers for 10min prior to the eval-
uations. Aerosolized normal PBS or increasing concentra-
tions (3.125–50mg/ml) of methacholine (Mch) were
nebulized via a chamber inlet for 90 s. Recording and
baseline measurement were averaged for 3min after each
nebulization of varying methacholine concentration.
Airway resistance was expressed as Penh.

The preparation of bronchoalveolar lavage fluid (BALF)
and cell counting
BALF were obtained by cannulating the trachea and flush-
ing the lung three times with 0.5ml of PBS containing 1%
BSA and 5000 IU/l heparin, and the total cell number was
determined. The BALF was concentrated by centrifuga-
tion once with PBS containing 2% FCS (1000 rpm, 10min
at 4 °C), after which the supernatant was stored at − 80 °C
and was analyzed by ELISA. The cell pellet was resus-
pended in PBS, and the total cell count in the BALF was
determined with a Neubauer chamber. To perform the
differential leukocyte cell count, 10 μl of the cell suspen-
sion were transferred to a glass slide and stained with
Wright-Giemsa stain. Two hundred cells from the BALF
were counted under a light microscope, and the cell differ-
entials were determined by counting the number of eosin-
ophils, macrophages and lymphocytes. The total number
of each cell type was determined by multiplying the
percentage of each cell type by the total number of cells.

Histopathological and immunohistochemical examination
The bottom of the left lung tissue samples were fixed in
10% formalin and were then dehydrated by washing with

ascending grades of ethanol. Then, the samples were
embedded in paraffin wax and sectioned into 3–4 μm.
The lung sections were prepared for routine hematoxylin-
eosin (H&E), periodic acid–schiff (PAS) and Masson’s tri-
chrome stains. An H&E stain was used to evaluate inflam-
matory cell infiltration using light microscopy based on
the peribronchial cell counts and the severity of the infil-
tration of inflammatory cells. A 5-point scoring system
was used as described previously [21]. Goblet cell hyper-
plasia was assessed by staining with PAS. To determine
the extent of mucus production, the percentage of PAS
-positive staining cells in the airway epithelium was quan-
tified [21]. Collagen deposition around the bronchial
airway was observed by Masson’s trichrome staining. The
severity of collagen deposition was evaluated by the Image
pro 6.1 software system and was determined from the
positive staining area. The criterion for grading the sever-
ity of airway remodeling, includes the thickness of the
airway smooth muscles, collagen deposition; and an
immunohistochemistry analysis of airway remodeling
markers including N-cadherin, α-SMA, S100A4 and
MMP-9. Under 200× magnification, each section was ran-
domly selected and photographed for 5 fields. An immu-
nohistochemistry analysis was carried out according to the
protocol provided with the Streptavidin-Biotin Complex
kit (Boster Bio-engineering Ltd. Co., Wuhan, China), The
primary antibodies against sEH, N-cadherin, α-SMA,
MMP-9and S100A4 (1:200 in dilution) were incubated
overnight at 4 °C. The immunocomplexes were visualized
with 3,3′-diaminobenzidine (DAB) and measured with the
DP2-BSW software (Olympus, Tokyo, Japan). The stain-
ing was quantified using Image Pro 6.1 software. All of the
analyses were performed blinded.

Measurement of 14, 15-EETs, IL-13, IL-17 and MMP-9 by
ELISA
To investigate the effects of ZDHXB-101 on the levels of
14, 15-EETs in the mouse lungs of the OVA-induced

Fig. 1 The ovalbumin sensitization, challenge, and drug treatment procedures. ICR mice were sensitized with ovalbumin (OVA) and aluminum
hydroxide gel by intraperitonealy (i.p) and subcutaneously (s.c) injections at days 0 and 14, and an OVA (10 mg/ml) challenge was performed by
aerosol for 30 min per day (q.d) from day 21 to day 28. The mice continued to be exposed to inhaled OVA (10 mg/ml) for 30 min every other day
(q.o.d) from day 29 to day 84. The control mice were sensitized and challenged only with saline. ZDHXB-101 or a vehicle (CMC-Na) was given by
intragastric administration (i.g) 30 min before each OVA challenge from day 21 to day 84
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allergic model, lung tissues were collected 24 h after the
last challenge. The level of 14, 15-EETs in the supernatant
of homogenized lung tissue homogenization was mea-
sured by ELISA according to the manual. To investigate
the effects of ZDHXB-101 on inflammatory cytokines and
matrix metalloproteinase levels in the mouse lungs of the
OVA-induced allergic model, BALF were collected 24 h
after the last challenge. The concentrations of IL-13, IL-17
and MMP-9 in the BALF were detected and analyzed with
the ELISA kits using paired matched antibodies according
to the manufacturer’s instructions. The color absorbance
of the samples at 450 nm was determined using a Bio-Rad
microplate reader. The concentrations of 14, 15-EETs, IL-
13, IL-17 and MMP-9 were calculated by generating a
standard curve using standard proteins and were analyzed
using curve expert 1.3 software.

RNA isolation and quantitative PCR (qRT-PCR)
Total RNA was extracted from lung homogenates using
TRIzol Reagent (Takara, TaKaRa Biotechnology, Dalian,
China) according to the manufacturer’s instructions.
First-strand cDNA was generated from 4 μg of total
RNA using oligo-dT to prime the reverse transcription
reaction according to the manufacturer’s protocol. The
PCR primers were purchased from Shanghai Bioengin-
eering Ltd. (Shanghai, China). All of the primers were
checked against the basic local alignment search tool for
selectivity. Real-time PCR cycling was performed using a
Real-Time PCR System 7500 (Applied Biosystems, Carls-
bad, CA, USA). The PCR reaction mixture consisted of
10.4 μL of 2× SYBR Green 1 Master Mix, 0.4 μL of both
sense and antisense primers, 2.0 μL of sample cDNA
solution, and double distilled water to obtain a final
volume of 20 μL. The program was conducted as follows:
a denaturation step at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s, then 60 °C for 1 min. β-actin was
amplified as an internal control. The mRNA levels were
calculated using the 2-ΔΔCt method (relative) [22]. The
primer sequences are shown in Table 1.

Western blot analysis
The tissue from the different groups were lysed in a radio-
immunoprecipitation assay (RIPA) buffer (Biyuntian
Biotechnology, Haimen, China) containing 1% PMSF
(Haoxin Biotechnolgy, Hangzhou, China) and 1% protease
inhibitors and were then denatured. The total protein
concentration was determined by the BCA Protein Assay
Kit (CWbiotech, Beijing, China). Equal quantities (30 μg) of
proteins samples were separated by SDS- polyacrylamide
gels. The proteins were then transferred to 0.45 μm nitro-
cellulose membranes. The membranes were blocked with
5% fat-free milk, and incubated with the CYP2J2 poly-
clonal antibody (1:1000, Invitrogen, USA), p-Erk1/2,
Erk1/2, p-JNK, JNK, p-p38, p38, p-STAT3, STAT3

antibodies (1:1000, Cell Signaling Technology, Beverly,
MA, USA) or GAPDH antibody (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA) respectively, at 4 °C
overnight. After, the blots were incubated with goat
anti-rabbit 800 antibodies (1:5000) for 2 h at room
temperature. The immunoreactive bands were visual-
ized by a two-color infrared imaging system (Odyssey;
LI-COR, Lincoln, NE, USA).

Statistical analysis
GraphPad prism V5.0 software (Graphpad prism, CA,
USA) was used for the statistical analyses. The data are
presented as the means ± S.E.M. The statistical tests
were performed using SPSS software (version 16.0; SPSS
Inc., Chicago, IL, USA). The differences between the
mean values of multiple groups were analyzed by a one-
way analysis of variance (ANOVA), followed by the
Student-Newman-Keuls test. Statistical significance was
set at P < 0.05.

Results
ZDHXB-101 suppresses sEH expression and increases
CYP2J2 expression and 14,15-EET levels
To verify the changes in the CYP450 pathway in the
chronic asthma model, the expression of she and
CYP2J2 and the levels of 14, 15-EETs were observed by
immunohistochemical assay, Western blot and ELISA,
respectively. The results are shown in Fig. 2. After the
antigen challenge in sensitized mice, the expression of
sEH protein increased by 2.73-fold, the expression of
CYP2J2 decreased by 56.8%, and the levels of 14, 15-
EETs dramatically decreased by 87.4% in the model
group compared with the control group. These changes
can be reversed by treatment with ZDHXB-101 10mg/
kg; however, 3 mg/kg ZDHXB-101 significantly reduced
the expression of sEH, but it did not markedly affected

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

β-actin Sense: GGCTGTATTCCCCTCCATC

Antisense: ATGCCATGTTCAATGGGGTA
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the expression of CYP2J2 of the levels of the 14, 15-
EETs (Fig. 2a-d).

ZDHXB-101 protects against methacholine-induced AHR
To investigate the effect of ZDHXB-101 on AHR, airway
resistance (Penh value) in response to methacholine
(3.125–50mg/ml) inhalation was measured using whole-
body plethysmography. The airway resistance increased by
15-fold from baseline after exposure to 50mg/ml Mch. The
OVA-challenged mice showed markedly increased Penh
values compared to the saline-challenged mice at 12.5mg/
ml to 50mg/ml of Mch (P < 0.05, P < 0.001). The airway
resistance increased 11-fold from baseline at the Mch 50
mg/ml concentration, which was significantly reduced by
32.7 and 56.4% at 3mg/kg and 10mg/kg ZDHXB-101,
compared to the model group (P < 0.05~0.01) (Fig. 3).

ZDHXB-101 inhibits inflammatory infiltration in lung
tissues
The number of inflammatory cells in the BALF was mea-
sured among different groups. As shown in Fig. 4a-b, the
numbers of the total leucocytes, eosinophils, lymphocytes
and macrophages were significantly higher in the model
group than in the control group (P < 0.001). The percentage
of eosinophils in the model group increased significantly
(P < 0.001), whereas the percentage of lymphocytes
decreased without a statistically significant difference com-
pared with the model group. Treatment with 3 or 10mg/kg
ZDHXB-101 significantly inhibited the numbers of total

leucocytes, eosinophils and lymphocytes, but not macro-
phages compared to the model group (P < 0.05~0.01).
Treatment with 10mg/kg ZDHXB-101 significantly inhib-
ited the increase in the percentage of eosinophils (Fig. 4c).
A histological examination of lung sections from the

model group showed a marked infiltration of eosinophil
and lymphocytes cells in the peribronchiolar space, com-
pared to control group, as shown in the H&E-stained
lung sections (Fig. 4d). ZDHXB-101 clearly showed less
inflammatory cell infiltration than model group, which
showed typically airway inflammation that is character-
ized by the significant infiltration of eosinophils and
lymphocytes in the peribronchiolar space (Fig. 4d).

ZDHXB-101 alleviates the mRNA and protein levels of IL-
13, IL-17 and MMP-9
To investigate the inhibitory effects of AUDA on the
OVA-induced IL-13, IL-17 and MMP-9 levels, lung tis-
sues and BALF were collected 24 h after the last challenge
with AUDA treatment. IL-13, IL-17 and MMP-9 mRNA
expression and protein production were measured using
qRT-PCR and ELISA, respectively. As shown in Fig. 5, IL-
13, IL-17 and MMP-9 mRNA expression in the lung tis-
sues were significantly elevated in the model group com-
pared to the control group (P < 0.05 or P < 0.001).
Treatment with 3 or 10mg/kg ZDHXB-101 markedly re-
duced the mRNA expression of IL-13, IL-17 and MMP-9
(P < 0.05 to P < 0.001) (Fig. 5a, c, e). We then measured

Fig. 2 The effects of ZDHXB-101 on the OVA-induced expression of soluble epoxide hydrolase, CYP2J2 and 14,15-EETs. The protein level of
soluble epoxide hydrolase (sEH) was assessed by immunohistochemistry (a-b), and the CYP2J2 and 14,15-EET levels were assessed by Western
blot (c) and ELISA (d), respectively. All measurements were performed 24 h after the last challenge with treatment of ZDHXB-101 at doses of 3
mg/kg and 10 mg/kg. Scale bar: 100 μm. The data represent means ± S.D. Immunohistochemistry and ELISA assay (n = 10), Western blot (n = 6).
***p < 0.001 vs. the control group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the model group
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protein levels and found that the protein levels of IL-13,
IL-17 and MMP-9 were consistent with their changes in
the mRNA expression (Fig. 5b, d, f).

ZDHXB-101 improves airway remodeling markers
To evaluate the effects of ZDHXB-101 on OVA-induced
goblet cell hyperplasia in the airway epithelium and col-
lagen deposition around the bronchus, the cells of that
were positive for PAS straining and the accumulations
of collagen deposition that were indicated by Masson’s
straining were determined. As shown in Fig. 6a and b,
the percentage of PAS-positive cells in the model group
was significantly higher than that in the control group
(P < 0.001), but this increase was significantly weakened
by 3 mg/kg and 10 mg/kg ZDHXB-101 (P < 0.01 and P <
0.001) (Fig. 6a). Similarly, the model group showed the
emergence of thicker-walled alveoli with small diame-
ters, thickened septa and accumulations of collagen
deposition (blue staining) around the bronchus that were
significantly different from the control group. Treatment
with 3 mg/kg and 10mg/kg ZDHXB-101 decreased these
pathological changes in a dose-related fashion (Fig. 6b).
To investigate the effects of ZDHXB-101 on the OVA-

induced protein expression of EMT-related markers,
lung tissues were collected 24 h after the final antigen
challenge. Immunohistochemistry was employed to
investigate the expression of the α-SMA, S100A4 and

MMP-9 proteins in the lung tissues. As shown in Fig. 7,
the expression of α-SMA, S100A4 and MMP-9 proteins
in the model group was significantly higher than that in
the control group, but ZDHXB-101 treatment markedly
improved these changes. In addition, the N-cadherin
and Twist mRNA expression and protein levels were
examined using qPCR and Western Blot, respectively.
We found an increase in both N-cadherin and Twist
mRNA and proteins, and the protein levels were consist-
ent with their changes in the mRNA expression.
However, treatment with 3 or 10mg/kg ZDHXB-101
significantly inhibited the changes in N-cadherin and
Twist mRNA and protein in the lung tissues compared
to the model group (Fig. 8a-d).

ZDHXB-101 downregulates the activation of MAPKs and
STAT3 signaling
To assess the action mechanism of ZDHXB-101 against
airway remodeling and AHR, we analyzed a number of
related proteins in the MAPKs and STAT3 signaling
pathways by Western blot. As illustrated in Fig. 9a, b, d,
the levels of phosphorylated Erk1/2, JNK and phosphor-
ylated STAT3 proteins were significantly higher in the
model group than those in the control group. These
changes were inverted by ZDHXB-101 treatment. How-
ever, treatment had no effects on the phosphorylation of

Fig. 3 Effects of ZDHXB-101 on airway hyperresponsiveness. The lung function of mice in response to aerosolized methacholine (3.125–50 mg/
mL) was measured 24 h after the last challenge with treatment of ZDHXB-101 at doses of 3 mg/kg and 10 mg/kg. Airway resistance was shown
as Penh values. The results were expressed as percentage change in Penh above baseline. The data represent means ± S.D. (n = 10), *p < 0.05 and
***p < 0.001 vs. the control group. #p < 0.05 and ##p < 0.01 vs. the model group
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p38 in vivo (Fig. 9c). These results demonstrated that
ZDHXB-101 may act through the Erk1/2, JNK MAPKs
and STAT3 signaling pathways.

Discussion
Severe asthma is characterized by airway remodeling and
AHR and is associated with aberrant metabolism of arachi-
donic acid. A clinical study in the asthmatic patients has
demonstrated that the levels of EETs were decreased by oxi-
dative stress and sEH activity. Inhibitors of sEH increased
the EETs that mediated antiphlogistic actions, suggesting a
new therapeutic approach for severe asthma [23]. In experi-
mental studies, inhibitors of sEH have been shown to reduce
lung injury caused by lipopolysaccharide [24, 25], pulmonary
fibrosis induced by bleomycin [15], asthma caused by OVA
[12], and airway inflammation induced by cigarette smoke
[26, 27]. EETs can relax human airway smooth muscles and
directly activate reconstituted KCa channels [28] and are
potent modulators of the hyperreactivity triggered by TNF-

α in human airway smooth muscle cells [29]. In previous
studies, we also found that EETs attenuate cigarette smoke
extract-induced interleukin-8 production in bronchial epi-
thelial cells [30] and alleviate ox-LDL-induced inflammation
by inhibiting LOX-1 receptor expression in rat pulmonary
arterial endothelial cells [31, 32]. In this study, we explored
the outcome and mechanism of inhibiting sEH elevation
and EETs in airway remodeling and hyperresponsiveness in
chronic asthma. ZDHXB-101 is a natural product and a
honokiol structural derivative. In our preliminary study, it
has been proven to inhibit the initial activity on human
recombinant sEH not only had significantly increased EET
levels of human bronchial epithelial cells, where it but also
reversed the effect of a TGF-β1-induced an increase in sEH
protein expression compared with the vehicle group
(Additional file 1). However, it is not clear whether, as a
new sEH inhibitor, ZDHXB-101 is effective in airway
remodeling and AHR in a chronic asthmatic model.
EETs are the downstream metabolites of CYP2J or

Fig. 4 Effects of ZDHXB-101 on airway inflammation. a The total number of inflammatory cells in the BALF was counted, the (b) differential cells
were determined in the BALF by Wright-Giemsa staining and cell classification was performed on a minimum of 200 cells to classify eosinophils,
neutrophils, lymphocytes and macrophages 24 h after the final antigen challenge. c Lung sections were stained with H&E for the measurement of
inflammatory cells infiltration in the peribronchiolar space. Inflammatory cell infiltration was graded based on the severity of inflammation (histogram).
The data represent the means ± S.D. (n = 10). ***p < 0.001 vs. the control group. #p < 0.05 and ##p < 0.01 vs. the model group. Scale bar: 40 μm
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CYP2C and could be hydrolyzed by sEH to less active
dihydroxyeicosatrienoic acids [33]. In this study, we
found that CYP2J2 protein expression and the 14,15-
EETs levels were significantly suppressed in lung tis-
sues of the OVA mouse model. The ZDHXB-101-
treated group had significantly increased CYP2J2
expression and 14,15-EETs levels compared with the
model group. Moreover, the asthmatic group showed
an increase in sEH protein expression that was
reversed by ZDHXB-101 treatment. These results
demonstrate that the CYP pathway is involved in air-
way remodeling that is triggered in the chronic asth-
matic model. This is in agreement with a previous
report demonstrating that an sEH inhibitor attenu-
ates inflammation and airway hyperresponsiveness by
inhibiting sEH and increasing the levels of EETs in
mice [14, 15].
The airway remodeling in the asthmatic model is the

primary abnormal response to persistent airway inflamma-
tion. In fact, airway remodeling in asthma has been shown
to be the result of a chronic inflammatory response entail-
ing on the one hand permanent airway tissue destruction
and on the other hand chronic tissue repair. Thus, chronic
airway inflammation can be described as the major force
driving the processes leading to most aspects of airway
remodeling [34]. This inflammation theory is mainly sup-
ported by the finding that steroid treatment in asthmatic
patients does not only reduce airway inflammation but
also has beneficial effects on airway remodeling [8, 9].
Infiltrating cells like T helper (Th) cells, eosinophils,

neutrophils and mast cells interact with the resident cells
of the airways such as fibroblasts, smooth muscle cells,
neuronal cells, epithelial cells and endothelial cells by the
releasing plethora of cytokines, enzymes, metabolites and
growth factors creating a signaling environment that
under chronic conditions results in airway remodeling. In
this study, we found that after sensitization and challenge
with OVA, the number of total leucocytes, eosinophils
and lymphocytes in the BALF were evidently higher than
those in the control group and that ZDHXB-101 treat-
ment noticeably prevented inflammatory cell infiltration
into the airways, as shown by a significant decrease in total
cell counts, eosinophils and lymphocytes in a dose-
dependent manner. The histological examination of H&E-
stained lung tissues revealed the infiltration of inflamma-
tory cells, such as lymphocytes and eosinophils after the
OVA-challenge. Thus, the role of ZDHBX-101 in inhibit-
ing airway remodeling is at least partially related to its
anti-inflammatory effects. Further anti-inflammatory evi-
dence could also be obtained from the effect of ZDHBX-
101 in reducing the mRNA and protein expression of the
proinflammatory cytokines IL-13 and IL-17.
T helper cells in allergic bronchial tissues, especially

Th2 cells, orchestrate the allergic inflammatory response
by releasing a characteristic array of cytokines including
IL-4, IL-5 and IL-13 [35]. However, whether they have a
direct impact on airway remodeling is still a matter of
debate. As already mentioned, the effects of IL-4, IL-5
and IL-9 to promote airway remodeling are at least
partly dependent on IL-13 [36]. Only IL-13 has been

Fig. 5 Effects of ZDHXB-101 on the expression of IL-13, IL-17 and MMP-9 in lung tissues. IL-13, IL-17 and MMP-9 mRNA and protein in the lung
tissues were measured by q-PCR (a, c, e) and ELISA (b, d, f). The data represent means ± S.D. (n = 10), *p < 0.05 and ***p < 0.001 vs. the control
group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the model group

Jiang et al. Respiratory Research           (2020) 21:22 
Page 9 of 15



identified to have profound effects on airway structural
cells [36, 37]. In mice, IL-13 induces mucin expression
and mucus metaplasia in both airway epithelial cells and
submucosal glands [38] and also plays a key role in
goblet cell hyper/metaplasia in humans [39]. Further-
more, IL-13 induces the release of the profibrotic TGF-β
by epithelial cells [37]. However, whether Th17 cells dir-
ectly contribute to airway remodeling is part of an
ongoing discussion. In a mouse model of chronic experi-
mental asthma, the absence of Th17 cells resulted in
diminished airway remodeling as demonstrated by
reduced staining of collagen fibers and α-smooth muscle
actin, although allergic airway inflammation remained
unaltered [40]. Lu et al. [41] also used a mouse model of
chronic experimental asthma and correlated the progres-
sively increasing levels of Th17 cells and IL-17A with

peribronchial microvessel density. The neutralization of
IL-17 abrogated these signs of airway vascular remodel-
ing. Recent gene expression analyses of the endobron-
chial tissue have revealed three major patient clusters:
The Th2-high, Th17-high, and Th2/17-low. Th2-high
and Th17-high patterns were mutually exclusive in indi-
vidual patient samples, and their gene signatures were
inversely correlated and differentially regulated by IL-13
and IL-17A. The neutralization of IL-4 and/or IL-13
resulted in increased Th17 cells and neutrophilic inflam-
mation in the lung. However, the neutralization of IL-13
and IL-17 protected mice from eosinophilia, mucus
hyperplasia, and airway hyperreactivity and abolished the
neutrophilic inflammation, suggesting that combination
therapies targeting both pathways may maximize thera-
peutic efficacy across a patient population comprising

Fig. 6 Effects of ZDHXB-101 on goblet cell hyperplasia and collagen deposition. a Lung sections were stained with PAS to assess goblet cell
hyperplasia. PAS-positive and PAS-negative epithelial cells were counted, and the percentage of PAS-positive cells per bronchiole was calculated
(histogram). b Lung sections were stained with Masson’s trichrome stains for the measurement of the subepithelial deposition of collagen and
fibrosis. A Masson’s trichrome staining analysis of collagen deposition was conducted (histogram). The data represent means ± S.D. (n = 10),
***p < 0.001 vs. the control group. #p < 0.05 and ##p < 0.01 vs. the model group. Scale bar: 40 μm
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both TH2 and TH17 endotypes [42]. Therefore, in this
experiment we examined the two cytokines IL-13 and
IL-17. The results showed that ZDHXB-101 inhibited
both proinflammatory cytokines.
Another important characteristic of persistent airflow

obstruction in asthma is airway remodeling, including
GCM, EMT, subepithelial collagen deposition, airway
smooth muscle hyperplasia, and increased vascularity
[5, 6]. Increasing evidence suggests the involvement of
EMT in the bronchial remodeling of asthmatic patients
[43–46]. In particular, the epithelium is increasingly
gaining significant importance considering its potential
as a source and target of inflammatory mediators,
extracellular matrix components and growth factors.
Our studies showed airway remodeling and inflamma-
tion after long-term exposure to an antigen in a chronic
asthmatic model over a period of 12 weeks. Airway

remodeling and the expression of EMT-related markers
such as expression of N-cadherin, α-SMA, S100A4, and
Twist were increased after exposure to the antigen.
This finding is in agreement with previous reports in
which the airway epithelial cells of a transgenic murine
model were shown to express the lac-Z reporter gene.
After 5 days of exposure to house dust mite allergen,
the epithelial cells underwent EMT, coexpressed the
protein S100A4 and accumulated in the smooth
muscle. Other epithelial cells co-expressing vimentin
were found in the subepithelial region. These results
suggest that EMT can be implicated in the airway
remodeling process that is associated with asthma
[16, 45, 46]. In addition, in this study, the indicators
that are associated with airway remodeling such as
bronchial epithelial goblet cell metaplasia, collagen
deposition, and the overexpression of the α-SMA,

Fig. 7 Effects of ZDHXB-101 on the overexpression of α-SMA, S100A4 and MMP-9. The representative pictures and paraffin sections were prepared
and stained with immunohistochemistry to evaluate the protein expression of α-SMA, S100A4 and MMP-9in lung tissues. A semiquantitative analysis
was performed. The data represent means ± S.D. (n = 10), **p < 0.01 and ***p < 0.001 vs. the control group. ##p < 0.01and ###p < 0.001 vs. the model
group. Scale bar: 100 μm
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S100A4 and MMP-9 proteins, were also found by
histological and immunohistochemical examinations.
The change of AHR pulmonary function as a com-
prehensive result of airway remodeling was one of
clinical manifestations of the chronic asthmatic
model. Our results showed that ZDHXB-101
decreased airway remodeling-related markers such as
goblet cell metaplasia, collagen deposition, overex-
pression of N-cadherin, α-SMA, S100A4, Twist, and
MMP-9, thereby improving AHR. Thus, it can be
seen that the effect of ZDHXB-101 on EMT in lung

epithelial cells is similar to that of honokiol on EMT
in renal epithelial cells [47, 48] and mammary
epithelial cells [49].
To further dissect the molecular mechanisms under-

lying the effect of ZDHXB-101 on airway remodeling
and inflammation, we focused on the MAPKs and
STAT3 pathways. The MAPK family is fundamental in
regulating multiple cell functions such as cytokine
expression, proliferation, and apoptosis. The activation
of MAPK and STAT3 in the airways drives a majority of
the allergen-induced inflammatory response and is a

Fig. 8 Effects of ZDHXB-101 on the expression of N-cadherin and Twist. The mRNA and protein expression of N-cadherin and Twist were by
evaluated by q-PCR (a-b) and Western blot (c-d). The data represent means ± S.D. (n = 10), *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the control
group. #p < 0.05 and ###p < 0.001 vs. the model group

Jiang et al. Respiratory Research           (2020) 21:22 
Page 12 of 15



Fig. 9 Effects of ZDHXB-101 on the activation of the Erk1/2, JNK MAPK and STAT3 pathways. The 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 represent
means ± S.D. (n = 8), *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the control group. #p < 0.05 and ###p < 0.001 vs. the model group
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significant contributor to the structural remodeling of
the airway wall [16, 50, 51]. Its increased activation has
been demonstrated in the lungs after allergen challenge
and in airway epithelial cells, lung fibroblasts and airway
smooth muscle cells. Therefore, MAPK has emerged as
a promising molecular target for the treatment of
asthma [50]. The results in this study indicated that lung
tissues in the chronic asthmatic model showed signifi-
cantly increased the phosphorylation of Erk1/2 and JNK
protein expression in the lung tissues, whereas ZDHXB-
101 markedly suppressed Erk1/2 and JNK activity in an
OVA-induced model of asthma. However, it had no
effects on the phosphorylation of p38. STAT3 was been
shown earlier to regulate the allergic response in asthma.
Specifically, epithelial STAT3 was identified as a critical
regulator of allergen-induced inflammation and AHR in
a murine model of asthma [52]. Here we observed a
clear phosphorylation of STAT3 in response to OVA,
and ZDHXB-101 inhibited the phosphorylation of
STAT3 in an OVA-induced allergy model of asthma.
These findings suggested that the therapeutic effects of
ZDHXB-101 were correlated with the MAPKs and
STAT3 signaling pathways.

Conclusions
We present the first study demonstrating that ZDHXB-101
effectively reduced airway remodeling, inflammation and
AHR by inhibiting sEH and increasing the levels of EETs in
the chronic asthmatic model. In addition, the inhibitory
effects of ZDHXB-101 were associated with regulation of
the phosphorylation of Erk1/2, JNK and STAT3. These
findings provide effective evidence that ZDHXB-101 may
be a potent therapeutic agent for asthma.

Additional file

Additional file 1: Figure S1. Chemical structure of ZDHXB-101. Figure
S2. Effects of ZDHXB-101 on cell proliferation and activity in 16HBE cells,
inhibits TGFβ1-induced increase in soluble epoxide hydrolase (sEH) ex-
pression and decrease in 14, 15-EETs levels. (A and D) cell proliferation;
(C) cell activity; (D and E) sEH protein expression; (F) 14, 15-EETs level.
16HBE cell was treated with the indicated concentrations (5, 10, 20 μM)
of ZDHXB-101or AUDA for 24–72 h. The viability levels of 16HBE cells at
the logarithmic phase were determined using the MTT assay (n = 6 per
group). The lactate dehydrogenase (LDH) levels were determined using
ELISA assay (n = 6 per group). (D and E) The sEH expression of 16HBE
cells were induced with the indicated concentrations (1.25–10 μM) of
TGFβ1 for 24 h. The protein levels of sEH were assessed by western blot.
The 14, 15-EETs levels were determined using ELISA assay (n = 6 per
group). The data represent mean ± S.E.M. from 4 independent experi-
ments, *p < 0.05, **p < 0.01 and ***p <0.001 compared with the un-
treated group. #p < 0.05 indicates significant differences between the
TGFβ1 group and the TGFβ1 + AUDA group.
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