
https://doi.org/10.1177/1753466620981858 
https://doi.org/10.1177/1753466620981858

Therapeutic Advances in Respiratory Disease

journals.sagepub.com/home/tar 1

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License  
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission 
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Ther Adv Respir Dis

2021, Vol. 15: 1–14

DOI: 10.1177/ 
1753466620981858

© The Author(s), 2021. 

Article reuse guidelines:  
sagepub.com/journals-
permissions

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 inflam-
mation, remodeling, and hyperresponsiveness.3 The 
irreversible obstruction and deterioration of lung 
function caused by airway remodeling results in 
 frequent asthma attack episodes.4 Also, efficacy of 
pharmacotherapies, including inhaled corticosteroids 
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(ICS) and leukotriene receptor antagonist (LTRA), 
in preventing airway remodeling in patients with 
asthma is limited.5 Therefore, an urgent need exists 
to understand the mechanisms of airway inflamma-
tion and airway remodeling in asthma and to find an 
agent that can alleviate airway inflammation and 
reverse airway remodeling.

Transforming growth factor-β1 (TGF-β1) is a pleio-
tropic cytokine and contributes to numerous critical 
processes such as cellular maturation and differen-
tiation, embryonal development, inflammation, 
immune regulation, wound healing, and tissue 
remodeling and repair.6,7 It participates in airway 
inflammatory responses and fibrotic tissue remode-
ling in the pathological process of asthma.8 On one 
hand, TGF-β1 is involved in inflammation by 
inducing the proliferation of inflammatory cells 
such as Th17 cells, and is involved in anti-
inflammatory response by inducing the proliferation 
of inducing regulatory T cells (Tregs) and inhibiting 
the differentiation of T helper (Th) cells.9 On the 
other hand, TGF-β1 also has a  crucial role in airway 
remodeling by inducing fibroblast proliferation and 
differentiation into myofibroblasts, thereby contrib-
uting to  epithelial–mesenchymal transition (EMT).9

TGF-β1 exerts its actions through multiple distinct 
signal pathways including Smad, non-Smad, and 
β-catenin pathways.10–12 The Smad-dependent 
pathway is the canonical signaling pathway for 
TGF-β1, through the activation of the TGF-β1 type 
I and II receptors. TGF-β1 can also activate the 
Smad-independent pathway in a non-canonical 
fashion through the activation of all three known 
mitogen-activated protein kinase pathways.9 
Additionally, there is a positive link between TGF-
β1 and the Wnt/β-catenin pathway. Activation of 
TGF-β1 enhances Wnt/β-catenin pathway stimula-
tion, which in turn increases the expression of 
TGF-β1.10 The Wnt/β-catenin pathway is involved 
in many distinct human pathologies, including can-
cers and metabolic, inflammatory, and fibrotic dis-
eases.13 β-catenin is a dual-function protein 
involved both in intercellular adhesion and in regu-
lation of transcription. Recently, β-catenin has 
been regarded as a regulator and therapeutic target 
for asthmatic airway remodeling.14 Significant 
advances have recently been made in the genera-
tion of small-molecule inhibitors that target β-
catenin directly or indirectly.14 ICG001 is a unique 
small molecule which selectively inhibits TCF/β-
catenin transcription through interacting with 
cAMP-response elementbinding protein (CBP) 

and blocking the β-catenin/CBP interaction.15 In 
our previous study of renal fibrosis,16 we discovered 
that inhibiting β-catenin with ICG001 can separate 
the fibrogenic and anti-inflammatory actions of 
TGF-β1, and thereby mitigate the profibrogenic 
effect of TGF-β1 without affecting its anti-inflam-
matory effect. Moreover, our recent study17 has 
indicated that inhibiting β-catenin/TCF transcrip-
tion with ICG001 could help reduce the profibrotic 
effects of TGF-β1 mediated by β-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 inflammation and 
remodeling in asthma.

In the current study, ICG001 was used to exam-
ine the mechanism of targeting β-catenin on 
 airway inflammation and airway remodeling in a 
rat model of asthma. Alveolar epithelial cells and 
lung fibroblasts were used in in vitro models to 
explore the protective effects of targeting β-catenin 
against TGF-β1-induced profibrogenic and EMT.

Materials and methods

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 ven-
tilated cages with free access to standard chow and 
water. All experiments were granted approval by 
the Animal Ethics 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: the 
control group; 4 weeks ovalbumin (OVA) treat-
ment group (model, ICG001, and budesonide); 
and 8 weeks OVA group (model, ICG001, and 
budesonide). Except for the control group, all rats 
were sensitized by 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 
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budesonide group rats were administered budeso-
nide (0.5 mg; AstraZeneca Company, Australia) 
by aerosol inhalation twice daily (10 min each 
time), and the rats in the ICG001 group were sub-
cutaneously administered ICG00115 (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 h after 
the last challenge. The experiments were con-
ducted with single-blinded analysis.

Histological study of lung tissue
The lower right lobe of the lung from each rat was 
removed for histological analysis. Paraffin-
embedded tissue sections underwent hematoxylin 
and eosin staining and Masson’s trichrome stain-
ing. The sections were observed under light micros-
copy (100× magnification) to evaluate changes in 
airway inflammation and airway remodeling and to 
evaluate fibrosis. 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 sys-
tem was used to evaluate airway remodeling.

Bronchoalveolar lavage fluid 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 670 g for 
10 min. The supernatant was refrigerated at 
−80°C to measure the cytokines. Wright stain 
was used for counting the total cells and eosino-
phil (EOS) cells in bronchoalveolar lavage fluid 
(BALF) with the assistance of a light microscope 
at 400× magnification and a hemocytometer.

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 centri-
fuged (at 2000 rev/min for 10 min at 4°C). Sera 
were obtained and stored at −80°C for enzyme-
linked immunosorbent assay (ELISA) testing. 
TGF-β1, OVA-IgE, interleukin (IL)-4, IL-5, 
IL-17, IL-10, and IL-35 secretion in BALF and 
TGF-β1, IL-17, IL-10, IL-35 in sera were 

measured with an ELISA-kit (eBioscience, USA), 
based on the manufacturer’s instructions.

Immunohistochemical analysis
Immunohistochemistry was performed using 
strept avidin–biotin complex (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 fibronectin (Fn) 
antibody (sc18825) (1:100, SantaCruz Company, 
USA). The secondary antibody was biotinylated 
goat anti-mouse immunoglobulin G (IgG) anti-
body (sc-2039; Abcam, USA). All sections were 
added to the SABC reagent to amplify the reac-
tion, and then stained with diaminobenzidine at 
room temperature. A light microscope was 
employed to observe the slices at 400× magnifi-
cation. Positive areas were brown. For all slices, 
the mean optical density was detected by using 
the BI2000 medical image analysis system.

Cell culture and treatment
Alveolar type II epithelial cells (RLE-6TN) and 
lung fibroblast cells (CCC-REPF-1) were main-
tained in Dulbecco’s Modified Eagle’s Medium/
Ham’s F12 medium (Invitrogen, USA) supple-
mented with 100 U/mL penicillin, 100 μg/mL 
gentamicin, and 10% fetal calf serum (Invitrogen, 
USA) at 37°C in 5% CO2.

In the TGF-β1 treatment experiments, subcon-
fluent 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.16 After 24 h had elapsed, the 
cells were collected for experimentation.

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 h of incubation, the absorbance of each 
well was measured at 450 nm by using a spectro-
photometer. Each group had six duplicates.

Western blot analysis
Cultured RLE-6TN cells were washed and then 
pelleted in PBS at 670 g for 5 min. Each cell 
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pellet contained 2 × 105 cells. The cell pellet 
was subjected to protein extraction by using a 
cell lysis buffer. The lung tissues were homoge-
nized, incubated in the RIPA lysis buffer 
(Elabscience, China), added to a protease inhib-
itor cocktail, and then centrifuged to obtain 
extracts of lung proteins. A BCA protein assay 
kit (ThermoFisher Scientific, USA) was used to 
measure protein concentration. The samples 
were loaded with sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred 
onto a polyvinylidene fluoride membrane 
(Millipore Company, USA). The membranes 
were blocked with 5% skimmed milk in PBS at 
37°C for 2 h, and then incubated with the appro-
priate 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 h at room temperature. 
The labeled band was detected using an enhanced 
chemiluminescence detection kit (Invitrogen, 
USA). The loading control was β-actin. The experi-
ment was repeated three times.

Real time-polymerase chain reaction analysis
Total RNA was isolated and purified from cells by 
using TRIzol Reagent (Invitrogen, USA). 
Complementary deoxyribonucleic acid 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) MMP-9:

Forward: 5´-TTCGACTCCAGTAGACAATCC-3´;
Reverse: 5´-CAGAGAACTCGTTATCCAAGCG-3´;

(4) Slug:

Forward: 5´-ATGCATATTCGGACCCACC-3´;

Reverse: 5´-AGATTTGACCTGTCTGCAGCTC-3´;

(5) α-SMA:

Forward: 5´- AGCCAGTCGCCATCAGGAAC-3´;
Reverse: 5´- GGGAGCATCATCCCAGCAA -3´;

(6) Collagen-I:

Forward: 5´- GACATGTTCAGCTTTGTGTA 
CCTC-3´;
Reverse: 5´-GGGACCCTTAGGCCATTGTGA -3´;

(7) Collagen-III:

Forward: 5´- TTTGGCACAGCAGTCCAATGTA- 
3´;
Reverse: 5´- GACAGATCCCGAGTTCGCAGA-3´;

(8) β-Actin:

Forward: 5´-GATTACTGCTCTGGC TCCTAGCA- 
3´;
Reverse: 5´-GCCACCGATCCACACAGAGT−3´;

(9) Glyceraldehyde 3-phosphate dehydrogenase:

Forward: 5´- GGTGCTGAGTATGTCGTGGAGT- 
3´;
Reverse: 5´-CAGTCTTCTGAGTGGCAGTGAT- 
3´;

(10) RN-ACTB:

Forward: 5´- TGTCACCAACTGGGACGATA-3´;
Reverse: 5´-GGGGTGTTGAAGGTCTCAAA-3´.

The polymerase chain reaction (PCR) condi-
tions were as follows: initial denaturation at 
95°C for 10 min, followed by 40 cycles consist-
ing of denaturation at 95°C for 10 s, primer 
annealing at 50°C for 20 s, and extension at 
72°C for 20 s.

Statistical methods
The data are expressed as the mean ± the stand-
ard deviation 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), 

https://journals.sagepub.com/home/tar


R Huo, X Tian et al.

journals.sagepub.com/home/tar 5

followed by least significant difference, or com-
pared by using Kruskal–Wallis testing, followed 
by Tamhane’s T2 test. Values of p < 0.05 were 
statistically significant.

Results

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 twitch-
ing, fecal and urinary incontinence, emaciation, 
lackluster hair, dilatory movement, lack of motion, 
and low breathing rate 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.

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.18 Glucocorticoids activate many anti-
inflammatory genes and repress many pro-inflam-
matory genes that have been activated in asthmatic 
inflammation. GCs also reduce the numbers of 
inflammatory cells in the airways, including 
EOSs, T-lymphocytes, mast cells, and dendritic 
cells which are involved in the pathophysiology in 
asthma.18 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 thera-
peutic effect of ICG001 is similar to budesonide 
in alleviating the symptoms exhibited by rats.

Blockade of β-catenin with ICG001 alleviated 
airway inflammation in OVA-induced asthma
Airway inflammation in the OVA-induced model 
rats was demonstrated by the infiltration of peri-
bronchial and perivascular inflammatory cells 
(Figure 1A), and by an increase of the total cells 
and EOS cells in the BALF (Figure 1B). TGF-β1 
can induce Th17 and exert a proinflammatory 
effect. It also can influence Tregs function, 
inhibit Th cells differentiation and exert anti-
inflammatory effects. The related cytokines and 
antibody were chosen to evaluate the proinflam-
matory and anti-inflammatory effects of TGF-β1. 

Analysis using ELISA revealed an increase in the 
level of the proinflammatory factor IL-17, which 
can be secreted by Th17 cells (Figure 1C), and a 
decrease in the levels of anti-inflammatory fac-
tors IL-10 and IL-35 (Figure 1D and E), which 
can be secreted by Tregs in rats with asthma. 
Besides, the levels of Th2 cells cytokines IL-4, 
IL-5, and OVA-specific immunoglobulin (OVA-
IgE) were also increased in rats with asthma 
(Figure 1F, G and H). Inflammatory cell infiltra-
tion and the total cell and EOS cell counts were 
significantly inhibited in rats treated with ICG001 
or budesonide, compared with the model groups 
(Figure 1A and B). In addition, treatment with 
ICG001 or budesonide attenuated the OVA-
induced increase in OVA-IgE, Th2 and Th17 
cytokines, and decrease in anti-inflammatory 
cytokines in the sera and BALF (Figure 1C–E). 
No significant differences were noted between 
the ICG001 and budesonide groups, which indi-
cated that ICG001 inhibited airway inflamma-
tion in OVA-challenged asthmatic rats by 
downregulating proinflammatory factors and 
upregulating anti-inflammatory factors. 
Moreover, the anti-inflammatory action of 
ICG001 is similar to that of budesonide.

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 exhib-
ited airway remodeling such as epithelium damage, 
bronchial wall thickening (Figure 1A), and a signifi-
cant increase in collagen deposition in the subepi-
thelial fibrotic tissues (Figure 2A). Moreover, the 
Wat and Wam of rats in the model group were con-
siderably increased compared with those of the con-
trol group (Figure 2B). The administration of 
ICG001 or budesonide inhibited the increase in 
Wat and Wam while reducing histological changes 
in airway remodeling. No significant differences 
were noted between the ICG001 and budesonide 
groups.

TGF-β1 is a significant cytokine involved in air-
way remodeling, and TGF-β1-induced EMT is 
an important process in asthmatic airway remod-
eling. Levels of TGF-β1 in the BALF and sera 
were detected with ELISA. The model group had 
significantly elevated levels of TGF-β1 in the sera 
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Figure 1. ICG001 attenuates airway inflammation 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 staining (magnification, ×100). (B) The total and eosinophil 
cell counts in the bronchoalveolar lavage fluid (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. (F) The levels of IL-4 in the BALF of all seven groups. (G) The levels of IL-5 in the BALF of all seven groups. (H) The 
levels of ovalbumin (OVA)-IgE in the BALF of all seven groups.
The values are expressed as mean ± standard deviation (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 2. ICG001 attenuated airway remodeling and inhibited transforming growth factor (TGF)-β1-induced epithelial mesenchymal 
transition(EMT) in a rat model of asthma. (A) Collagen deposition in the subepithelial fibrotic tissues of all seven groups, analyzed 
using Masson’s trichrome stain (magnification, ×100). Black arrows indicate collagen deposition in airways. (B) The thickness of the 
airway wall (Wat) and the airway smooth muscle (Wam) in all seven groups. (C) The levels of TGF-β1 in the bronchoalveolar lavage 
fluid (BALF) and sera of all seven groups. (D) Immunohistochemistry images of E-cadherin, alpha-smooth muscle actin (α-SMA), and 
fibronectin staining in pulmonary tissue slices of all seven groups (magnification, ×400). Black arrows indicate E-cadherin, α-SMA, 
and fibronectin (Fn) expressions in airways. (E) Quantitative analysis of the immunohistochemistry results of E-cadherin, α-SMA, 
and Fn, based on relative densitometry intensity. (F) Western blot analysis for E-cadherin, α-SMA, and Fn in the pulmonary tissue of 
all seven groups. (G) Quantitative analysis of the Western blot results of E-cadherin, α-SMA, and Fn, based on relative densitometry 
intensity.
MOD: mean optical density.
The values are expressed as mean ± standard deviation (n = 8).
#p < 0.01 versus control group.
*p < 0.01 versus 4 weeks (4w) model group.
&p < 0.01 versus 8 weeks (8w) model group.
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and BALF (Figure 2C). After administering 
ICG001 or budesonide, the level of TGF-β1 was 
significantly reduced compared with that of the 
model rats (Figure 2C). To determine the effects 
of ICG001 on EMT in OVA-challenged asth-
matic rats, the expression of the epithelial marker 
E-cadherin and the mesenchymal markers α-
SMA and Fn was detected by conducting immu-
nohistochemical 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 epithe-
lial to mesenchymal markers was significantly 
reduced (Figure 2D and E). Western blot data 
revealed the same findings (Figure 2F and G), 
which suggested that ICG001 may attenuate air-
way remodeling by reducing the secretion of 
TGF-β1 and inhibiting TGF-β1-induced EMT. 
Budesonide treatment produced similar results.

Moreover, real-time PCR (RT-PCR) was used to 
test the messenger ribonucleic acid (mRNA) 
expression of β-catenin target genes (i.e. Snail, 
MMP-7, MMP-9), which were associated with 
TGF-β1-induced EMT. Our results demon-
strated that the expression of Snail and MMP-7 
was inhibited by ICG001 or budesonide adminis-
tration (Figure 3).

The results reported in sections 3.2 and 3.3 indi-
cate that budesonide and ICG001 have a similar 
effect on attenuating airway inflammation and 
airway remodeling. The TGF-β1/β-catenin path-
way has a significant role in the pathogenesis of 
asthma. In addition, the vital mechanism of bude-
sonide in treating asthma may be effective in reg-
ulating the TGF-β1/β-catenin pathway.

Blockade of β-catenin with ICG001 inhibited 
TGF-β1 profibrotic action in vitro
RLE-6TN cells exhibited a cobblestone-like mor-
phology. After being cultured with 5 μg/L TGF-
β1 for 24 h, these cells had a spindle-shaped 
morphology (Figure 4A), reduced expression of 
the epithelial marker E-cadherin, and increased 
expression of the mesenchymal markers α-SMA 
and Fn (Figure 4B and C). 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 epi-
thelial to mesenchymal markers (Figure 4B and C).

In our previous study, we found that TGF-β1 
increased the cytosolic β-catenin. Target inhib-
iting β-catenin can reduce the increase of cyto-
solic β-catenin in TGF-β1-treated cells.16 In the 

Figure 3. ICG001 inhibits β-catenin target genes in 
a rat model of asthma. (A) The real-time polymerase 
chain reaction (RT-PCR) analysis of Snail expression 
in all seven groups. (B) RT-PCR analysis of matrix 
metalloproteinase-7 (MMP-7) expression in all seven 
groups. (C) RT-PCR analysis of MMP-9 expression in 
all seven groups.
The values are expressed as mean ± standard deviation (SD) 
(n = 8).
#p < 0.01 versus control group.
*p < 0.01 versus 4 weeks (4w) model group.
&p < 0.01 versus 8 weeks (8w) model group.
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present study, a transcription target of β-catenin 
that drives EMT was then examined. As 
 demonstrated by RT-PCR, the expression of 
Snail and Slug after TGF-β1 stimulation was 

inhibited by ICG001 (Figure 4D and E). This 
finding indicated that the blockade of β-catenin 
suppressed TGF-β1-induced EMT in RLE-
6TN cells.

Figure 4. ICG001 inhibits TGF-β1-induced epithelial mesenchymal transition in RLE-6TN cells. (A) Phase-
contrast images of subconfluent RLE-6TN cells (magnification, ×400). (B) Representative Western blots of 
E-cadherin, alpha-smooth muscle actin (α-SMA) and fibronectin (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 
analyzed using real-time polymerase chain reaction (RT-PCR). (E) The expression of Slug in RLE-6TN cells 
with corresponding treatments was analyzed using RT-PCR.
The values are expressed as the mean ± 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.
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Cultured CCC-REPF-1 cells had a fusiform 
shape. After incubating them with 5 μg/L TGF-β1 
for 24 h, the size and number of these cells were 
increased. This morphological change was 
reversed when the cells were treated with a com-
bination of ICG001 and TGF-β1 (Figure 5A). 
Moreover, the CCK-8 assay revealed the inhibi-
tory effect of ICG001 on TGF-β1-induced fibro-
blast proliferation (Figure 5B). Furthermore, 
extracellular matrix (i.e. collagen I and collagen 
III) and α-SMA (a specific marker for smooth 
muscle cells) were tested to investigate the impact 
of ICG001 on TGF-β1-induced fibroblast to 
myofibroblast transition. The findings of RT-PCR 

revealed that ICG001 significantly attenuated the 
TGF-β1-induced increase in the mRNA expres-
sion of α-SMA, collagen I, and collagen III 
(Figure 5C). These results demonstrated that the 
blockade of β-catenin suppressed TGF-β1-
induced fibroblast proliferation and the transition 
to myofibroblast.

Discussion
Asthma is a chronic inflammatory disease that 
occurs in the airways and is characterized by air-
way hyperresponsiveness, inflammation, and air-
way remodeling.19 TGF-β1 may have a role in 
airway inflammation and remodeling. It can func-
tion as a proinflammatory or anti-inflammatory 
cytokine on inflammatory cells and can participate 
in inflammatory and immune responses in the air-
way.9 In addition, it is involved in the process of 
airway remodeling, which is characterized by epi-
thelial changes, subepithelial fibrosis, airway 
smooth muscle hyperplasia and hypertrophy, and 
microvascular changes.9 Therefore, finding a ther-
apeutic target to suppress the proinflammatory 
and profibrotic effects of TGF-β1 will provide a 
new approach in the treatment of asthmatic air-
way inflammation and airway remodeling.

In our previous study of renal fibrosis,16 we found 
that inhibiting β-catenin with ICG001 can sepa-
rate the profibrotic and anti-inflammatory actions 
of TGF-β1. Therefore, the profibrotic effect of 
TGF-β1 is prevented without affecting its anti-
inflammatory actions. Our current study demon-
strated that targeting β-catenin with ICG001 
could alleviate airway inflammation and airway 
remodeling in an OVA-challenged rat model of 
asthma. The effects of inhibiting airway inflam-
mation and remodeling by ICG001 were associ-
ated with a significant decrease in Th2 and Th17 
cytokines, an increase in anti-inflammatory 
cytokines, and the amelioration of EMT. 
Moreover, the inhibition of β-catenin prevented 
TGF-β1-induced EMT and the fibroblast-to-
myofibroblast transition (FMT) in vitro.

The pathogenesis of asthma includes a complex 
process of interaction between airway inflamma-
tion and remodeling. Infiltrating cells such as Th 
cells, EOSs, neutrophils, and mast cells interact 
with resident cells of the airways such as fibro-
blasts, smooth muscle cells, neuronal cells, epi-
thelial cells, and endothelial cells by the release of 
a plethora of cytokines, enzymes, metabolites, 

Figure 5. ICG001 inhibits transforming growth 
factor β1 (TGF-β1)-induced fibroblast proliferation 
and transition in CCC-REPF-1 cells. (A) Phase-
contrast images of subconfluent CCC-REPF-1 
cells (magnification, ×100). (B) Proliferation of 
CCC-REPF-1 cells, detected using the cell counting 
kit-8 assay (n = 6). (C) The expression of α-SMA, 
collagen I (Col I), and collagen III (Col III) in CCC-
REPF-1 cells with their corresponding treatments 
was analyzed by using real-time polymerase chain 
reaction (n = 6).
The values are expressed as the mean ± standard deviation 
(SD).
#p < 0.01, versus the control group.
*p < 0.01, versus the TGF-β1 group.
TGF-β1, transforming growth factor β1.
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and growth factors, creating a signaling environ-
ment that—under chronic conditions—results in 
airway remodeling. Chronic inflammation result-
ing in persistently altered airway wall structures 
and function is regarded as pathological airway 
remodeling, which decreases lung compliance 
and increases airway resistance.20 Airway remod-
eling is characterized by hyperplasia and hyper-
trophy of airway smooth muscle cells, alveolar 
and vascular damage, goblet cell metaplasia, and 
deposition of the extracellular matrix.21 Kwak 
et al.13 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 
fibrosis, and a significant increase in collagen 
deposition in subepithelial fibrotic tissues. These 
findings indicated that OVA-sensitized and -chal-
lenged rats had airway remodeling. Therefore, in 
our study, Wistar rats with OVA were challenged 
to construct a chronic asthma model, based on 
the experimental method. The signaling protein 
β-catenin has an important role in lung develop-
ment, injury, and repair whereas the aberrant 
expression of Wnt/β-catenin signaling leads to 
asthmatic airway remodeling.20,21 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.13

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 allevi-
ates airway goblet cell metaplasia and collagen 
deposition.22,23 The present study demonstrated 
that the blockade of β-catenin with ICG001 sig-
nificantly reversed airway remodeling characteris-
tics such as epithelium damage, bronchial wall 
thickening, and subepithelial fibrosis, which con-
firmed the anti-remodeling effect of targeting  
β-catenin on asthma.

β-catenin signaling may be involved in airway 
remodeling, although the potential mechanisms 
remain 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.15 Among Wnt-
independent mechanisms, TGF-β1 is a growth 
factor that is capable of stabilizing β-catenin and 
activating β-catenin-dependent processes.15 As 

indicated by recent studies,24 TGF-β1-induced 
EMT is the mechanism responsible for the patho-
logic features of asthmatic airway remodeling.25 
The activation of β-catenin signals may be 
involved in the pathological process of EMT trig-
gered by TGF-β1.25 However, no evidence exists 
that indicates 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 
significantly 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, MMP-9, and Snail.

In addition to remodeling, another critical feature 
of asthma is airway inflammation. Reports indi-
cate that Th2 cells, Th17 cells and Tregs have a 
significant role in asthma.26 Asthma is classically 
recognized as a typical Th2 cells disease, in which 
the inflammatory process is dominated by Th2 
cells that release the cytokines IL-4, IL-5, and 
IL-13. These cytokines modulate airway inflam-
mation by activating EOSs and IgE production.27 
The Th17 cells secrete IL-17 and mediate the 
occurrence and progression of inflammatory reac-
tions. The major biological function of IL-17 is to 
promote inflammatory reactions.25 By compari-
son, Tregs are involved in the anti-inflammatory 
process by producing anti-inflammatory cytokines 
such as IL-10 and IL-35.28,29

Aside from these cytokines, TGF-β1 may have a 
role in inflammation by inducing the proliferation 
of Th17 cells, and resistance to inflammation by 
inducing the proliferation of Tregs.30,31 As men-
tioned before, Wnt/β-catenin signal takes part in 
the pathological process of TGF-β1-induced 
EMT though airway remodeling. However, the 
role of Wnt/β-catenin in airway inflammation is 
still controversial. Some studies indicated that 
activation of the canonical Wnt-1/β-catenin path-
way ameliorates the development of allergic air-
way disease by regulating the immune response 
and inducting appropriate T cell responses.32,33 
On the contrary, other researches showed that 
Wnt/β-catenin signaling has roles in Th2 cells 
inflammation and the decline in lung function. 
Blocking β-catenin could attenuate airway inflam-
mation.13,14 Our previous study16 demonstrated 
that the degradation of β-catenin had no effect on 
the TGF-β1-mediated inhibition of macrophage 
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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 differen-
tiation of TGF-β1-induced Tregs, and thereby 
enhances the anti-inflammatory effects of TGF-
β1.17 The findings of these studies suggested that 
targeting β-catenin may have an anti- inflammatory 
effect in asthma. In the present study, we found 
that the blockade of β-catenin/TCF with ICG001 
significantly inhibited inflammatory cell infiltra-
tion and inhibited total inflammatory cell and 
EOS cell counts. These findings confirmed the 
anti-inflammatory effect of ICG001. In addition, 
the evidence indicated that ICG001 can alleviate 
OVA-induced airway inflammation by downreg-
ulating the expression of the OVA-IgE, Th2, and 
Th17 cytokines and upregulating the expression 
of Tregs-associated anti-inflammatory cytokines 
IL-10 and IL-35.

Fibrosis is a pivotal feature of the pathological pro-
cess of airway remodeling in asthma. Fibrosis is 
essential because it can occur early in the patho-
genesis of asthma and is associated with the sever-
ity and resistance to therapy.34 Airway epithelial 
cells and lung fibroblasts are involved in the fibrotic 
process of airway remodeling in asthma.35 New 
evidence suggests that the airway epithelium can 
contribute to airway remodeling through the pro-
cess of EMT.36 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, 
MMP-7, MMP-9, and Slug.24,36,37 By comparison, 
fibroblasts can contribute to airway remodeling via 
accumulating in subepithelial regions, differentiat-
ing into myofibroblasts, and secreting ECM com-
ponents.38 As demonstrated by research, TGF-β1 
can trigger EMT by affecting the release, stabiliza-
tion, and activation of β-catenin, and promoting 
the transcription of its target gene.22 Moreover, 
TGF-β1 can stimulate fibroblast proliferation and 
differentiation into myofibroblasts, which have 
secretory and contractile phenotypes and express 
α-SMA.39 This process is called “fibroblast-to-
myofibroblast transition”.39 Research studies 
 conducted by our team and other investigators 
have demonstrated that targeting β-catenin may 
have an antifibrotic effect on renal fibrosis.16,40 
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 epithe-
lial cells and suppressed TGF-β1-mediated fibroblast 
proliferation and FMT in lung fibroblasts.

GCs, especially inhaled GCs, remain the corner-
stone of asthma management because GCs can 
inhibit multiple aspects of the pathogenesis of 
asthma.18 Budesonide is the most commonly used 
inhaled GC. Several studies have indicated that 
atomized budesonide can inhibit the increase in 
EOSs, 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 inflammation and 
reduce airway remodeling.41,42

Inhaled budesonide can also repress the expres-
sion of TGF-β1, PDGF-A, Smad4, and PAI-1 in 
lung tissue and improve pulmonary fibrosis.43 
Thus, inhaled budesonide has an anti-inflamma-
tory effect and an antifibrotic effect by regulating 
multiple immune cells and cytokines. Our current 
study revealed that budesonide can inhibit inflam-
matory cell infiltration and inhibit total inflam-
matory cell and EOS cell counts while reversing 
the airway remodeling characteristics. This phe-
nomenon may be caused by regulating the TGF-
β1/β-catenin pathway and further by reducing the 
levels of the Th2 and Th17 cytokines, increasing 
the levels of the anti-inflammatory cytokines 
IL-10 and IL-35, and suppressing TGF-β1-
induced EMT.

Conclusion
In conclusion, our findings 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 inflammation in OVA-sensitized 
rats after OVA-challenge by balancing proinflam-
matory and anti-inflammatory cytokines. In this 
sense, targeting β-catenin may have a therapeutic 
effect on asthmatic airway inflammation and 
remodeling. These findings provide an experi-
mental basis for targeting β-catenin in the treat-
ment of asthma. However, additional clinical 
studies are needed to clarify the curative effect 
and the role of these pathogenetic pathways in 
patients with asthma.
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