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Abstract
Background and objective

TGF-β1 is a key cytokine involved in airway in�ammation and airway remodeling in asthma, owing to its
anti-in�ammatory and pro�brotic effects. In our previous study, we found that the knockdown of cytosolic
β-catenin mitigated the pro�brogenic effect of TGF-β1 without affecting its anti-in�ammatory effect.
However, the exact role of targeting β-catenin in asthma is not yet fully demonstrated. In the present
study, we investigated the effect and mechanism of targeting β-catenin in OVA-challenged asthmatic rats
with airway in�ammation and remodeling features.

Methods

We integrated experimental asthma model and asthma related cell model to explore the effect of
targeting β-catenin on airway in�ammation and remodeling of asthma.

Results

Blocking β-catenin with ICG001, a small molecule inhibitor of β-catenin/TCF via binding to CBP,
attenuated airway in�ammation by increasing the level of the anti-in�ammatory cytokines IL-10, IL-35,
and reducing the level of proin�ammation cytokine IL-17. Suppressing β-catenin with ICG001 has an
inhibitory effect on airway remodeling via reducing the level of TGF-β1 and the expression of MMP-7 and
Snail, upregulating expression of E-cadherin, downregulating expressions of α-SMA and Fn. Inhibiting β-
catenin with ICG001 suppressed TGF-β1-induced proliferation and activation of lung �broblast (CCC-
REPF-1) cells, and blocked TGF-β1-induced, blocked TGF-β1 induced EMT of alveolar type II epithelial
(RLE-6TN) cells.

Conclusions

Blockade of β-catenin/TCF not only prevents TGF-β1 induced EMT and pro�brogenic effects involved in
pathological remodeling of airway, but also alleviates airway in�ammation in asthma by balancing
proin�ammatory and anti-in�ammatory cytokine.

1. Introduction
Asthma is a very common chronic disease that affects at least 235–334 million individuals worldwide
[1]. In recent decades, the incidence and mortality of asthma have had a gradual upward trend. It has
become a major public health concern [2]. The main characteristics of asthma are chronic airway
in�ammation, remodeling, and hyperresponsiveness [3]. The irreversible obstruction and deterioration of
lung function caused by airway remodeling results in frequent asthma attack episodes [4]. Therefore, an
urgent need exists to understand the mechanisms of airway in�ammation and airway remodeling in
asthma and to �nd an agent that can alleviate airway in�ammation and reverse airway remodeling.
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Transforming growth factor-β1 (TGF-β1) is a pleiotropic cytokine and contributes to numerous critical
processes such as cellular maturation and differentiation, embryonal development, in�ammation,
immune regulation, wound healing, and tissue remodeling and repair [5–6]. It participates in airway
in�ammatory responses and �brotic tissue remodeling in the pathological process of asthma [7]. On one
hand, TGF-β1 is involved in inflammation by inducing the proliferation of in�ammatory cells such as
Th17 cells, and is involved in anti-inflammatory response by inducing the proliferation of inducing
regulatory T cells (Tregs) [8]. On the other hand, TGF-β1 also has a crucial role in airway remodeling by
inducing �broblast proliferation and differentiation into myofibroblasts, thereby contributing to epithelial
mesenchymal transition (EMT) [8].

TGF-β1 exerts its actions through multiple distinct signal pathways including Smad, non-Smad, and β-
catenin pathways[9–10]. There is a positive link between TGF-β1 and Wnt/β-catenin pathway. Activation
of TGF-β1 enhances Wnt/β-catenin pathway stimulation, which in turn increases the expression of TGF-
β1[10]. Wnt/β-catenin pathway is involved in many distinct human pathologies, including cancers,
metabolic, inflammatory and fibrotic diseases[11]. β-catenin is a dual-function protein involved both in
intercellular adhesion and regulation of transcription. Recently, β-catenin has been regarded as a
regulator and therapeutic target for asthmatic airway remodeling[12]. Signi�cant advances have recently
been made in the generation of small-molecule inhibitors that target β-catenin directly or indirectly[12].
ICG001 is a unique small molecule, which selectively inhibits TCF/β-catenin transcription through
interacting with CBP and blocking the β-catenin/CBP interaction[13]. In our previous study of renal
�brosis [14], we discovered that inhibiting β-catenin with ICG001 can separate the �brogenic and anti-
in�ammatory actions of TGF-β1, and thereby mitigate the pro�brogenic effect of TGF-β1 withoutits anti-
in�ammatory effect. Moreover, our recent study [15] has indicated that inhibiting β-catenin/TCF
transcription with ICG001 could help reduce the profibrotic effects of TGF-β1 mediated byβ-catenin/TCF,
and thereby enhance the anti-inflammatory effects mediated by β-catenin/Foxo. Therefore, targeting β-
catenin with ICG001 may have the therapeutic effect of alleviating airway in�ammation and remodeling
in asthma.

In the current study, ICG001 was used to examine the therapeutic effect and mechanism of targeting β-
catenin on airway in�ammation and airway remodeling in a rat model of asthma. Alveolar epithelial cells
and lung �broblasts were used in in vitro models to explore the protective effects of targeting β-catenin
against TGF-β1-induced pro�brogenic and EMT.

2. Materials And Methods

2.1 Treatment of the animals
Fifty-six male Wistar rats, aged 2–3 months and weighing 160–180 g, were provided by Shanxi Medical
University Experimental Animal Center (Shanxi, China). The rats were maintained in ventilated cages with
free access to standard chow and water. All experiments were granted approval by the Animal Ethics
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Committee of Shanxi Medical University. The experiments were performed in strict accordance with
national and international guidelines of laboratory animal care. The rats were divided at random into
seven groups, which included the control group, 4 weeks ovalbumin (OVA) treatment group (model,
ICG001, and budesonide), and 8 weeks OVA group (model, ICG001, and budesonide). Except for the
control group, all rats were sensitized by the intraperitoneal (i.p.) injection of 10% OVA suspension
containing l00 mg OVA (Sigma Corporation, USA) and 100 mg aluminum hydroxide powder (Chemical
Reagent Factory, Tianjin, China) on day 1 and day 8. Beginning on day 15, the rats were challenged by
inhaling 1% OVA daily (20 min each time) for 2 successive weeks (i.e., 4 weeks group) or 6 successive
weeks (i.e., 8 weeks group). One-half hour before each OVA exposure, the model group rats were given
distilled water (0.16 mL) by i.p. injection, the budesonide group rats were administered budesonide (0.5
mg; AstraZeneca Company, Australia) by aerosol inhalation twice daily (10 min each time), and the rats in
the ICG001 group were subcutaneously administered ICG001 (5 mg/kg; Selleck Chemicals, USA). Control
animals were sensitized and challenged by the same procedures with normal saline instead of OVA. All
rats were anesthetized by an i.p. injection of 25% urethane (4 mL/kg, i.p.) and euthanized within 24 hours
of the last challenge. The experiments were conducted with single-blinded analysis.

2.2 Histological study of lung tissue

The lower right lobe of the lung from each rat was removed for histological analysis. Para�n-
embedded tissue sections underwent hematoxylin and eosin staining and Masson’s trichrome staining.
The sections were observed under light microscopy (100× magni�cation) to evaluate changes in airway
in�ammation and airway remodeling and to evaluate �brosis. On each slide, a minimum of 10
bronchioles with an inner diameter of 150–200 μm were chosen. The thicknesses of the airway wall
(Wat) and airway smooth muscle (Wam) were determined by morphometric analysis of transverse
sections. The BI2000 medical image analysis system was used to evaluate airway remodeling.

2.3 Bronchoalveolar lavage �uid and cell counts
After euthanizing the animals, the left lung of each rat was lavaged three times with 1 mL of sterile saline,
at a recovery rate of 80%. The recovered saline was centrifuged at 2000 revolutions per minute for 10
minutes. The supernatant was refrigerated at –80°C to measure the cytokines. Wright stain was used for
counting the total cells and eosinophil (EOS) cells in bronchoalveolar lavage �uid (BALF) with the
assistance of a light microscope at 400× magni�cation and a hemocytometer.

2.4 Enzyme-linked immunosorbent assay
In addition to collecting BALF, approximately 5 mL of whole blood was collected by cardiac puncture. The
blood samples were then centrifuged (at 2000 revolutions per minute for 10 minutes at 4°C). Sera were
obtained and stored at –80°C for enzyme-linked immunosorbent assay (ELISA) testing. TGF-β1,
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interleukin (IL)–17, IL–10, and IL–35 secretion in the sera and BALF were measured with an ELISA-kit
(eBioscience, USA), based on the manufacturer’s instructions.

2.5 Immunohistochemical analysis
Immunohistochemistry was performed using SABC anti-mouse reagent (Boster Biological Company,
Wuhan, China). The primary antibodies were mouse anti-rat E-cadherin (sc–59778), α-smooth muscle
actin (α-SMA) (sc–53142), and �bronectin (Fn) antibody (sc18825) (1:100, SantaCruz Company, USA).
The secondary antibody was biotinylated goat anti-mouse immunoglobulin G (IgG) antibody (sc–2039;
Abcam, USA). All sections were added to the SABC reagent to amplify the reaction, and then stained with
diaminobenzidine at room temperature. A light microscope was employed to observe the slices at 400×
magni�cation. Positive areas were brown. For all slices, the mean optical density (OD) was detected by
using the BI2000 medical image analysis system.

2.6 Cell culture and treatment
Alveolar type II epithelial cells (RLE–6TN) and lung �broblast cells (CCC-REPF–1) were maintained in
Dulbecco’s Modi�ed Eagle’s Medium/Ham’s F12 medium (Invitrogen, USA) supplemented with 100 U/mL
penicillin, 100 μg/mL gentamicin, and 10% fetal calf serum (FCS) (Invitrogen, USA) at 37°C in 5% CO2.

In the TGF-β1 treatment experiments, subcon�uent cultures of RLE–6TN and CCC-REPF–1 cells were
rinsed with phosphate-buffered saline (PBS) (Invitrogen) and treated with 5 μg/L TGF-β1 (Biosource, USA)
in the presence or absence of ICG–001 5 μM. After 24 hours had elapsed, the cells were collected for
experimentation.

2.7 Cell counting kit–8 assay
Cultured CCC-REPF–1 cells were seeded into 96-well plates (5×103 cells/well), and 10 μL cell counting
kit–8 (CCK–8) was added to each well. After 1 hour of incubation, the absorbance of each well was
measured at 450 nm by using a spectrophotometer. Each group had six duplicates.

2.8 Western blot analysis
Cultured RLE–6TN cells were washed, and then pelleted in phosphate-buffered saline (PBS) at 2000
revolutions per minute for 5 minutes. Each cell pellet contained 2×105 cells. The cell pellet was subjected
to protein extraction by using a cell lysis buffer. The lung tissues were homogenized, incubated in the
lysis buffer, added to a protease inhibitor cocktail, and then centrifuged to obtain extracts of lung
proteins. A BCA protein assay kit (ThermoFisher Scienti�c, USA) was used to measure protein
concentration. The samples were loaded with sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) and transferred onto a polyvinylidene �uoride (PVDF) membrane (Millipore Company, USA).
The membranes were blocked with 5% skim milk in PBS at 37°C for 2 hours, and then incubated with the
appropriate primary antibodies overnight at 4°C to assess the protein levels of E -cadherin, Fn, and α–
SMA (1:1500; SantaCruz Biotechnologies, USA). The membranes were washed and exposed to their
respective horseradish peroxidase conjugated goat anti-mouse IgG (1:1000; sc2031; SantaCruz Company,
USA) for 2.5 hours at room temperature. The labeled band was detected using an enhanced
chemiluminescence detection kit (invitrogen, USA). The loading control was β-actin. The experiment was
repeated three times.

2.9 Reverse transcription-polymerase chain reaction
analysis
Total RNA was isolated and puri�ed from cells by using TRIzol Reagent (invitrogen, USA).
Complementary deoxyribonucleic acid (cDNA) was synthesized by using GoScript™ Reverse Transcription
System (Promega, USA). The primers used were as follows:

(1) Snail

forward: 5′-CTTGTGTCTGCACGACCTGT–3′;

reverse: 5′-CTTCACATCCGAGTGGGTTT–3′;

(2) MMP–7
forward: 5′-CGGAGATGTTCACTTTGACA–3′;

reverse: 5′-AAGAGTGACCCAGACCCAGA–3′;

(3) α-SMA

forward: 5′- AGCCAGTCGCCATCAGGAAC–3′;

reverse: 5′- GGGAGCATCATCCCAGCAA –3′;

(4) Collagen-I

forward: 5′- GACATGTTCAGCTTTGTGTACCTC–3′;

reverse: 5′-GGGACCCTTAGGCCATTGTGA –3′;

(5) Collagen-III

forward: 5′- TTTGGCACAGCAGTCCAATGTA–3′;
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reverse: 5′- GACAGATCCCGAGTTCGCAGA–3′;

(6) β-Actin

forward: 5′-GATTACTGCTCTGGC TCCTAGCA- 3′;

reverse: 5′-GCCACCGATCCACACAGAGT –3′;

(7) Glyceraldehyde 3-phosphate dehydrogenase

forward: 5′- GGTGCTGAGTATGTCGTGGAGT–3′;

reverse: 5′-CAGTCTTCTGAGTGGCAGTGAT–3′;

(8) RN-ACTB:
forward: 5′- TGTCACCAACTGGGACGATA–3′;

reverse: 5′-GGGGTGTTGAAGGTCTCAAA–3′.

The PCR conditions were as follows: initial denaturation at 95°C for 10 minutes, followed by 40 cycles
consisting of denaturation at 95°C for 10 seconds, primer annealing at 50°C for 20 seconds, and
extension at 72°C for 20 seconds.

2.10 Statistical methods
The data are expressed as the mean ± the standard deviation (SD) with n representing the number of
independent experiments. Statistical analysis was conducted using SPSS19.0 software. All data were
tested for normality with the K-S test and tested for homogeneity of variance with the Levene test. Groups
were statistically compared by using one-way analysis of variance (ANOVA), followed by least signi�cant
difference (LSD), or compared by using Kruskal–Wallis testing, followed by Tamhane’s T2 test. Values of
P < 0.05 were statistically signi�cant.

3. Results
3.1 Blockade of β-catenin with ICG001 alleviated symptoms

After the OVA challenge, rats in the model groups manifested different degrees of symptoms such as
dysphoria, polypnea, abdominal muscle twitching, fecal and urinary incontinence, emaciation, lackluster
hair, dilatory movement, lack of motion, low breathing rate, and arrythmia in some severe cases. However,
these symptoms were less prominent in the ICG001 or budesonide treatment group rats and no
symptoms were observed in the control group rats.
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Glucocorticoids (GCs), especially inhaled GCs, are accepted as the most effective therapy for patients
because GCs can exert an inhibitory effect on multiple processes in the pathogenesis of asthma [16].
Budesonide is most commonly used as an inhaled GC. In this study, the budesonide group was set as the
positive control to assess the effect of ICG001 on the pathological process of asthma. The results
demonstrated that the therapeutic effect of ICG001 is similar to budesonide in alleviating the symptoms
exhibited by rats.

3.2 Blockade of β-catenin with ICG001 alleviated airway
in�ammation in OVA-induced asthma
Airway in�ammation in the OVA-induced model rats was demonstrated by the in�ltration of peribronchial
and perivascular in�ammatory cells (Fig. 1A), and by an increase of the total cell and eosinophil cell
counts in the BALF (Fig. 1B). TGF-β1 can induce Th17 and exert a proin�ammatory effect, and can
in�uence function of Tregs and exert anti-in�ammatory effects. The related cytokines were chosen to
evaluate the proin�ammatory and anti-in�ammatory effect of TGF-β1. Analysis using ELISA revealed an
increase in the level of the proin�ammatory factor IL–17, which can be secreted by Th17 cells (Fig. 1C),
and a decrease in the levels of anti-in�ammatory factors IL–10 and IL–35 (Figs. 1D and 1E), which can
be secreted by Tregs in rats with asthma. In�ammatory cell in�ltration and the total cell and eosinophils
cell counts were signi�cantly inhibited in rats treated with ICG001 or budesonide, compared to the model
groups (Figs. 1A and 1B). In addition, treatment with ICG001 or budesonide attenuated the OVA-induced
increase in proin�ammatory cytokines and decrease anti-in�ammatory cytokines in the sera and BALF
(Figs. 1C–1E). No signi�cant differences were noted between the ICG001 and budesonide groups, which
indicated that ICG001 inhibited airway in�ammation in OVA-challenged asthmatic rats by downregulating
proin�ammatory factors and upregulating anti-in�ammatory factors. Moreover, the anti-in�ammatory
action of ICG001 is similar to that of budesonide.

3.3 Blockade of β-catenin with ICG001 alleviated airway
remodeling in OVA-induced asthma
Histopathologic staining by hematoxylin and eosin, to test WAt and WAm, and Masson’s trichrome
staining were used to evaluate the degree of airway remodeling, as observed in classic rat models of
asthma. The lung tissue from the model rats exhibited airway remodeling such as epithelium damage,
bronchial wall thickening (Fig. 1A), and a signi�cant increase in collagen deposition in the subepithelial
�brotic tissues (Fig. 2A). Moreover, the Wat and Wam of rats in the model group were considerably
increased, compared to those of the control group (Fig. 2B). The administration of ICG001 or budesonide
inhibited the increase in Wat and Wam while reducing histological changes in airway remodeling. No
signi�cant differences were noted between the ICG001 and budesonide groups.
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TGF-β1 is a signi�cant cytokine involved in airway remodeling, and TGF-β1-induced EMT is an important
process in asthmatic airway remodeling. Levels of TGF-β1 in the BALF and sera were detected with ELISA.
The model group had signi�cantly elevated levels of TGF-β1 in the sera and BALF (Fig. 2C). After
administering ICG001 or budesonide, the level of TGF-β1 was signi�cantly reduced, compared to that of
the model rats (Fig. 2C). To determine the effects of ICG001 on EMT in OVA-challenged asthmatic rats,
the expression of the epithelial marker E-cadherin and the mesenchymal markers α-SMA and Fn was
detected by conducting immunohistochemical analysis. Rats challenged with OVA exhibited reduced
expression of E-cadherin and increased expressions of Fn and α-SMA. After the daily administration of
ICG001 or budesonide treatment, the transition from epithelial to mesenchymal markers was signi�cantly
reduced (Figs. 2D and 2E). Western blot data revealed the same �ndings (Figs. 2G and 2H), which
suggested that ICG001 may attenuate airway remodeling by reducing the secretion of TGF-β1 and
inhibiting TGF-β1-induced EMT. Budesonide treatment produced similar results.

Moreover, RT-PCR was used to test the messenger ribonucleic acid (mRNA) expression of β-catenin target
genes (i.e., Snail and MMP–7), which were associated with TGF-β1-induced EMT. Our results
demonstrated that the expression of Snail and MMP–7 was inhibited by ICG001 or budesonide
administration (Fig. 2F)

The results reported in sections 3.2 and 3.3 indicate that budesonide and ICG001 have a similar effect on
attenuating airway in�ammation and airway remodeling. The TGF-β1/β-catenin pathway has a
signi�cant role in the pathogenesis of asthma. In addition, the vital mechanism of budesonide in treating
asthma may be effective in regulating the TGF-β1/β-catenin pathway.

3.4 Blockade of β-catenin with ICG001 inhibited TGF-β1 pro�brotic action in vitro

RLE–6TN cells exhibited a cobblestone-like morphology. After being cultured with 5 μg/L TGF-β1 for 24
hours, these cells had a spindle-shaped morphology (Fig. 3A), reduced expression of the epithelial marker
E-cadherin, and increased expression of the mesenchymal markers α-SMA and Fn (Figs. 3B and 3C). A
large proportion of the RLE–6TN cells that had undergone ICG001 and TGF-β1 treatment maintained the
cobblestone morphology and attenuated the transition from epithelial to mesenchymal markers (Figs. 3B
and 3C).

A transcription target of β-catenin that drives EMT was then examined. As demonstrated by RT-PCT, the
expression of Snail after TGF-β1 stimulation was inhibited by ICG001 (Fig. 3D). This �nding indicated
that the blockade of β-catenin suppressed TGF-β1-induced EMT in RLE–6TN cells..

Cultured CCC-REPF–1 cells had a fusiform shape. After incubating them with 5 μg/L TGF-β1 for 24 hours,
the size and number of these cells were increased. This morphological change was reversed when the
cells were treated with a combination of ICG001 and TGF-β1 (Fig. 4A). Moreover, the CCK–8 assay
revealed the inhibitory effect of ICG001 on TGF-β1-induced �broblast proliferation (Fig. 4B). Furthermore,
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extracellular matrix (i.e., collagen I and collagen III) and α-SMA (a speci�c marker for smooth muscle
cells) were tested to investigate the impact of ICG001 on TGF-β1-induced �broblast to myo�broblast
transition. The �ndings of RT-PCR revealed that ICG001 signi�cantly attenuated the TGF-β1-induced
increase in the mRNA expression of α-SMA, collagen I and collagen III (Fig. 4C). These results
demonstrated that the blockade of β-catenin suppressed TGF-β1-induced �broblast proliferation and the
transition to myo�broblast.

4. Discussion
Asthma is a chronic in�ammatory disease that occurs in the airways and is characterized by airway
hyperresponsiveness, in�ammation, and airway remodeling [17]. TGF-β1 may have a role in airway
inflammation and remodeling. It can function as a proin�ammatory or anti-inflammatory cytokine on
inflammatory cells and can participate in inflammatory and immune responses in the airway [8]. In
addition, it is involved in the process of airway remodeling, which is characterized by epithelial changes,
subepithelial fibrosis, airway smooth muscle hyperplasia and hypertrophy, and microvascular changes
[8]. Therefore, �nding a therapeutic target to suppress the proinflammatory and pro�brotic effects of
TGF-β1 will provide a new approach in the treatment of asthmatic airway in�ammation and airway
remodeling.

In our previous study of renal �brosis [14], we found that inhibiting β-catenin with ICG001 can separate
the pro�brotic and anti-in�ammatory actions of TGF-β1. Therefore, the pro�brotic effect of TGF-β1 is
prevented without affecting its anti-in�ammatory actions. Our current study demonstrated that targeting
β-catenin with ICG001 could alleviate airway in�ammation and airway remodeling in an OVA-challenged
rat model of asthma. The effects of inhibiting airway in�ammation and remodeling by ICG001 were
associated with a signi�cant decrease in proin�ammatory cytokines, an increase in anti-in�ammatory
cytokines, and the amelioration of EMT. Moreover, the inhibition of β-catenin prevented TGF-β1-induced
EMT and the �broblast-to-myo�broblast transition (FMT) in vitro.

The pathogenesis of asthma includes a complex process of interaction between airway in�ammation
and remodeling. Chronic in�ammation resulting in persistently altered airway wall structures and function
is regarded as pathological airway remodeling, which decreases lung compliance and increases airway
resistance [18]. Airway remodeling is characterized by hyperplasia and hypertrophy of airway smooth
muscle cells, alveolar and vascular damage, goblet cell metaplasia, and deposition of the extracellular
matrix [18]. Kwak et al. [11] applied OVA to establish a mouse model of asthma and observed structural
changes in the airway of asthmatic mice such as smooth muscle hyperplasia, mucous metaplasia,
subepithelial �brosis, and a signi�cant increase in collagen deposition in subepithelial �brotic tissues.
These �ndings indicated that OVA-sensitized and OVA-challenged mice had airway remodeling. Therefore,
in our study, Wistar rats with OVA were challenged to construct chronic asthma model, based on the
experimental method. The signaling protein β-catenin has an important role in lung development, injury,
and repair whereas the aberrant expression of Wnt/β-catenin signaling leads to asthmatic airway
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remodeling [18–19]. Thus, β-catenin is a therapeutic target in airway remodeling of asthma. However, few
experimental studies have focused on the exact role that targeting β-catenin has on asthmatic airway
remodeling [11].

Some researchers have demonstrated with chronic asthma models that using ICG001 to target β-catenin
prevents β-catenin gene expression, reduces smooth muscle hyperplasia, and alleviates airway goblet cell
metaplasia and collagen deposition [20–21]. The present study demonstrated that the blockade of β-
catenin with ICG001 signi�cantly reversed airway remodeling characteristics such as epithelium damage,
bronchial wall thickening, and subepithelial �brosis, which con�rmed the anti-remodeling effect of
targeting β-catenin on asthma.

β-catenin signaling may be involved in airway remodeling, although the potential mechanisms remains
unclear. β-catenin has a role in asthmatic remodeling in Wnt-dependent and Wnt-independent
mechanisms, which include tissue repair, cell proliferation and differentiation, and extracellular matrix
production [13]. Among Wnt-independent mechanisms, TGF-β1 is a growth factor that is capable of
stabilizing β-catenin and activating β-catenin-dependent processes [13]. As indicated by recent studies
[22], TGF-β1-induced EMT is the mechanism responsible for the pathologic features of asthmatic airway
remodeling [22]. The activation of β-catenin signals may be involved in the pathological process of EMT
triggered by TGF-β1 [23]. However, no evidence exists that indicate the impact of β-catenin blockade on
TGF-β1-induced EMT through the pathological process of asthma in in vivo experiments. In our study, we
demonstrated that β-catenin blockade signi�cantly alleviated TGF-β1-induced EMT in the process of OVA-
triggered airway remodeling, as manifested in the upregulated expression of E-cadherin, the
downregulated expression of α-SMA and Fn, and the reduced expression of MMP–7 and Snail.

In addition to remodeling, another critical feature of asthma is airway in�ammation. A recent report
indicates that Th17 cells and Tregs have a signi�cant role in asthma [24]. The Th17 cells secrete IL–17
and mediate the occurrence and progression of inflammatory reactions. The major biological function of
IL–17 is to promote in�ammatory reactions [23]. By comparison, Tregs are involved in the anti-
in�ammatory process by producing anti-inflammatory cytokines such as IL–10 and IL–35 [25–26].

Aside from these cytokines, TGF-β1 may have a role in in�ammation by inducing the proliferation of Th17
cells, and resistance to in�ammation by inducing the proliferation of Tregs[27–28]. Our previous study
[14] demonstrated that the degradation of β-catenin had no effect on the TGF-β1-mediated inhibition of
macrophage activation. Moreover, targeting β-catenin with ICG001 diverts β-catenin from TCF-mediated
transcription to Foxo-mediated transcription and enhances the interaction of β-catenin with Foxo, a
transcription factor that regulates the differentiation of TGF-β1-induced Tregs, and thereby enhances the
anti-in�ammatory effects of TGF-β1 [15]. The �ndings of these studies suggested that targeting β-catenin
may have an anti-in�ammatory effect in asthma. In the present study, we found that the blockade of β-
catenin/TCF with ICG001 signi�cantly inhibited in�ammatory cell in�ltration and inhibited total
in�ammatory cell and EOS cell counts. These �ndings con�rmed the anti-in�ammatory effect of ICG001.
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In addition, the evidence indicated that ICG001 can alleviate OVA-induced airway in�ammation by
downregulating the expression of the proin�ammatory cytokine IL–17 and upregulating the expression of
Tregs-associated anti-in�ammatory cytokines IL–10 and IL–35.

Fibrosis is a pivotal feature of the pathological process of airway remodeling in asthma. Fibrosis is
essential because it can occur early in the pathogenesis of asthma and is associated with the severity
and resistance to therapy [29]. Airway epithelial cells and lung �broblasts are involved in the �brotic
process of airway remodeling in asthma [30]. New evidence suggests that the airway epithelium can
contribute to airway remodeling through the process of EMT [31]. The hallmark trait of EMT is the
downregulation of the epithelial marker E-cadherin, the upregulation of the mesenchymal markers α-SMA
and Fn, and the increased expression of EMT-activating transcription factors such as Snail and MMP–7
[22, 31–32]. By comparison, �broblasts can contribute to airway remodeling via accumulating in
subepithelial regions, differentiating into myo�broblasts, and secreting ECM components [33]. As
demonstrated by research, TGF-β1 can trigger EMT by affecting the release, stabilization, and activation
of β-catenin, and promoting the transcription of its target gene [19]. Moreover, TGF-β1 can stimulate
�broblast proliferation and differentiation into myo�broblasts, which have secretory and contractile
phenotypes and express α-SMA [34]. This process is called “�broblast-to-myo�broblast transition” [34].
Research studies conducted by our team and other investigators have demonstrated that targeting β-
catenin may have an anti�brotic effect on renal �brosis [14, 35]. However, limited evidence exists
regarding targeting β-catenin in asthma-related cells. The current study demonstrated that the selective
blockade of β-catenin inhibited TGF-β1-induced EMT in alveolar epithelial cells and suppressed TGF-β1-
mediated �broblast proliferation and FMT in lung �broblasts.

Glucocorticoids (GCs), especially inhaled GCs, remain the cornerstone of asthma management because
GCs can inhibit multiple aspects of the pathogenesis of asthma [16]. Budesonide is the most commonly
used inhaled GC. Several studies have indicated that atomized budesonide can inhibit the increase in
eosinophils, TNF-α, IL–4, IL–5, IL–13, and TGF-β1 in the BALF of OVA-sensitized rats or mice, and thereby
further alleviate airway in�ammation and reduce airway remodeling [36–37].

Inhaled budesonide can also repress the expression of TGF-β1, PDGF-A, Smad4 and PAI–1 in lung tissue
and improve pulmonary �brosis [38]. Thus, inhaled budesonide has an anti-in�ammatory effect and an
anti�brotic effect by regulating multiple immune cells and cytokines. Our current study revealed that
budesonide can inhibit in�ammatory cell in�ltration and inhibit total in�ammatory cell and EOS cell
counts while reversing the airway remodeling characteristics. This phenomenon may be caused by
regulating the TGF-β1/β-catenin pathway and further by reducing the levels of the proin�ammatory
cytokine IL–17, increasing the levels of the anti-in�ammatory cytokines IL–10 and IL–35, and
suppressing TGF-β1-induced EMT.

5. Conclusions
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In conclusion, our �ndings demonstrated that the blockade of β-catenin/TCF prevents TGF-β1-induced
EMT and FMT, which are involved in the pathological remodeling of the airway, and it alleviates airway
in�ammation in asthma by balancing proin�ammatory and anti-in�ammatory cytokines. In this sense,
targeting β-catenin may have a therapeutic effect on asthmatic airway in�ammation and remodeling.
These �ndings provide an experimental basis for targeting β-catenin in the treatment of asthma.
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Figures

Figure 1

ICG001 attenuates airway in�ammation in a rat model of asthma. (A) Histopathologic change in the lung
of the control group (Control), the 4 weeks or 8 weeks model group (model 4w or model 8w, respectively),
the 4 weeks or 8 weeks ICG001 treatment group (ICG 4w or ICG 8w, respectively ), and the 4 weeks or 8
weeks budesonide treatment group (budesonide 4w or budesonide 8w, respectively). The lungs were
analyzed by using hematoxylin and eosin (H&E) staining (magni�cation, ×100). (B) The total and
eosinophil (EOS) cell counts in the bronchoalveolar lavage �uid (BALF) of all seven groups. (C) The levels
of interleukin (IL)-17 in BALF and sera of all seven groups. (D) The levels of IL-10 in the BALF and sera of
all seven groups. (E) The levels of IL-35 in the BALF and sera of all seven groups. The values are
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expressed as mean ± the standard deviation (SD) (n=8). #P<0.01 versus control group. *P<0.01 versus 4
weeks model group. &P<0.01 versus 8 weeks model group.

Figure 2

ICG001 attenuated airway remodeling and inhibits TGF-β1-induced EMT in a rat model of asthma. (A)
Collagen deposition in the subepithelial �brotic tissues of all seven groups, analyzed using Masson’s
trichrome stain (magni�cation, ×100). Black arrows indicating collagen deposition in airways. (B) The
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thickness of the airway wall (Wat) and the airway smooth muscle (Wam) in all seven groups. (C) The
levels of transforming growth factor (TGF)-β1 in the bronchoalveolar lavage �uid (BALF) and sera of all
seven groups. (D) Immunohistochemistry images of E-cadherin, alpha-smooth muscle actin (α-SMA), and
�bronectin staining in pulmonary tissue slices of all seven groups (magni�cation, ×400). Black arrows
indicating E-cadherin, α-SMA, and Fibronectin(Fn) expressions in airways. (E) Quantitative analysis of the
immunohistochemistry results of E-cadherin, α-SMA, and �bronectin, based on relative densitometry
intensity. (F) The real-time polymerase chain reaction (PCR) analysis of Snail and matrix
metalloproteinase-7 (MMP-7) expression in all seven groups. (G) Western blot analysis for E-cadherin, α-
SMA, and �bronectin in the pulmonary tissue of all seven groups. (H) Quantitative analysis of the western
blot results of E-cadherin, α-SMA, and �bronectin, based on relative densitometry intensity. The values are
expressed as mean ± the standard deviation (SD) (n=8). #P<0.01 versus control group. *P<0.01 versus 4
weeks model group. &P<0.01 versus 8 weeks model group.
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Figure 3

ICG001 inhibits TGF-β1-induced epithelial mesenchymal transition in RLE-6TN cells. (A) Phase-contrast
images of subcon�uent RLE-6TN cells (magni�cation, ×400). (B) Representative western blots of E-
cadherin, alpha smooth muscle actin (α-SMA) and �bronectin (Fn), compared with the β-actin control in
the lysate of untreated or treated RLE-6TN cells. (C) Quantitative analysis results of (B), based on relative
densitometry intensity. (D) The expression of Snail in RLE-6TN cells with corresponding treatments was
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analyzed using real-time polymerase chain reaction (PCR). The values are expressed as the mean ± the
standard deviation (SD) (n=6). # P<0.01, versus the control group. * P<0.01, versus the TGF-β1 group.
TGF-β1, transforming growth factor β1

Figure 4

ICG001 inhibits TGF-β1-induced �broblast proliferation and transition in CCC-REPF-1 cells. (A) Phase-
contrast images of subcon�uent CCC-REPF-1 cells (magni�cation, ×100). (B) Proliferation of CCC-REPF-1
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cells, detected using the cell counting kit-8 assay (n=6). (C) The expression of α-SMA, �bronectin (Fn),
collagen I, and collagen III in CCC-REPF-1 cells with their corresponding treatments was analyzed by
using real-time polymerase chain reaction (PCR) (n=6). The values are expressed as the mean ± the
standard deviation (SD). # P<0.01, versus the control group. * P<0.01, versus the TGF-β1 group. TGF-β1,
transforming growth factor β1


