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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease characterized by alveolar epithelial 
cell injury and lung fibroblast overactivation. At present, only two drugs are approved by the FDA for the treatment of 
IPF, including the synthetic pyridinone drug, pirfenidone, and the tyrosine kinase inhibitor, nintedanib. Avitinib (AVB) 
is a novel oral and potent third-generation tyrosine kinase inhibitor for treating non-small cell lung cancer (NSCLC). 
However, the role of avitinib in pulmonary fibrosis has not yet been established. In the present study, we used in vivo 
and in vitro models to evaluate the role of avitinib in pulmonary fibrosis. In vivo experiments first verified that avitinib 
significantly alleviated bleomycin-induced pulmonary fibrosis in mice. Further in vitro molecular studies indicated 
that avitinib inhibited myofibroblast activation, migration and extracellular matrix (ECM) production in NIH-3T3 cells, 
mainly by inhibiting the TGF-β1/Smad3 signalling pathways. The cellular experiments also indicated that avitinib 
improved alveolar epithelial cell injury in A549 cells. In conclusion, the present findings demonstrated that avitinib 
attenuates bleomycin-induced pulmonary fibrosis in mice by inhibiting alveolar epithelial cell injury and myofibro-
blast activation.

Keywords Avitinib, Bleomycin-induced pulmonary fibrosis, TGF-β1/Smad3 signalling, Alveolar epithelial cell injury, 
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive and irreversible lung disease characterized by 
the aberrant accumulation of fibrotic tissue in the lung 
parenchyma [1, 2]. At present, IPF pathogenesis is not 
completely understood, but pulmonary fibroblasts and 
epithelial cells, as the main functional cells, play essen-
tial roles in the progression of pulmonary fibrosis [3–5]. 
Alveoli are important structures of the lung and consist 
of epithelial cells, and these cells play an essential role in 
maintaining the size and gas exchange of the lung (oxy-
gen and carbon dioxide) [6–8]. The main role of pulmo-
nary fibroblasts is to participate in lung wound healing, 
and unlimited fibroblast proliferation can cause excessive 
repair of the lung, which exacerbates the progression of 
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pulmonary fibrosis and the induction of pulmonary func-
tion [8–10].

Transforming growth factor-β1 (TGF-β1) is involved in 
the development of fibrosis in various organs [11]. TGF-
β1 expression levels are increased in IPF patients com-
pared to normal controls, and this cytokine aggravates 
the progression of pulmonary fibrosis by upregulating 
Smad and non-Smad signals [11]. Mechanical tension 
activates the TGF-β signalling pathway in type II alveolar 
epithelial cells, and reducing this signalling pathway may 
be a sufficient strategy to alleviate fibrotic progression 
in IPF patients [12]. Smads from the cell membrane and 
nucleus have been identified in fibroblasts after TGF-β1 
treatment, and Smad3 deficiency attenuates bleomycin-
induced pulmonary fibrosis [13]. In addition, TGF-β1 
activates non-Smad signalling pathways, such as activat-
ing the Akt kinase by targeting PTEN [14], activating 
the Erk kinase through direct phosphorylation of ShcA 
[15] and activating the JNK kinase through the FRAF6 
protein [16]. TGF-β1 is a potent profibrotic cytokine in 
foci containing these activated fibroblasts, and it induces 
fibroblasts to transform into myofibroblasts in the lung 
[17]. Extracellular matrix (ECM) proteins are an essential 
determinant of wound healing and are mainly secreted by 
myofibroblasts, and TGF-β1 significantly promotes fibro-
blast activation, migration and ECM accumulation in the 
lungs of IPF patients [18].

Avitinib (AC0010 or AVB) is an irreversible epidermal 
growth factor receptor (EGFR) inhibitor that selectively 
targets T790-mutated EGFR, and it is used in the treat-
ment of NSCLC [19]. In addition, avitinib also acts as a 
novel Bruton’s tyrosine kinase (BTK) inhibitor, which 
inhibits the phosphorylation of BTK and the PI3K/Akt 
signalling pathway in mononuclear cell leukaemia (MCL) 
cells [20]. Previous studies have demonstrated that tar-
geting EGFR and BTK may be an effective method to 
mediate the development of pulmonary fibrosis [21, 22]. 
In the present study, we used in vivo and in vitro models 
to evaluate the role of avitinib in pulmonary fibrosis(Fig. 
S1), and we further explored the pharmacological mecha-
nism of avitinib in the treatment of lung fibrosis, aiming 
to provide novel candidate compounds for clinical treat-
ment of lung fibrosis.

Materials and methods
Animals
In total, 60 male C57BL/6 J mice (6–8 weeks old and aver-
age weight at the start of the experiment was 20–22  g) 
were purchased from Charles River (Beijing, China). The 
mice were housed at the Experimental Animal Centre of 
Nankai University under good growth and living condi-
tions. The care and experimental procedures complied 
with guidelines approved by the Institutional Animal 

Care and Use Committee (IACUC) of Nankai Univer-
sity (Permit No. SYXK 2019–0001). All mice were pro-
vided unlimited access to food and water, and they were 
maintained under a 12-h light–dark cycle with 60% ± 2% 
air humidity at 22 °C–26 °C. C57BL/6 J mice are the pre-
dominant animal model for lung injury as this particu-
lar strain is highly susceptible to lung injury following 
intratracheal BLM administration [23, 24].

Bleomycin (Medicine Co., Tokyo, Japan) was dis-
solved in 0.9% normal saline (Sangon, Shanghai, China) 
and administered through intratracheal instillation (2 
U/kg). Mice in the NaCl group received 0.9% normal 
saline only by intratracheal instillation. The 60 mice 
were randomly categorized into the following 6 groups: 
NaCl group (n = 6), bleomycin (2 U/kg) group (n = 6), 
bleomycin + nintedanib (100  mg/kg) group (n = 6), 
bleomycin + avitinib (15  mg/kg) group (n = 6), bleo-
mycin + avitinib (30  mg/kg) group (n = 6) and bleomy-
cin + avitinib (60  mg/kg) group (n = 6). According to 
other studies and the long-term experimental doses 
used in our previously published articles [20, 25, 26], we 
selected the effective and nontoxic concentrations of the 
drugs for studies of avitinib and nintedanib. The mice 
were given oral nintedanib (Macklin, Shanghai, China) 
and avitinib (Gage Bio, Jinan, China), both of which were 
administered once a day for 7  days (Day 7 to Day 13 
after bleomycin administration) [27]. Lung tissues were 
harvested on Day 14 for subsequent experiments. For 
anaesthesia, 40 mg/kg pentobarbital sodium was used via 
intraperitoneal injection [28, 29]. We selected nintedanib 
as a positive control because nintedanib is one of two 
drugs approved to treat IPF patients, and it is also used as 
a positive control agent in many relevant studies.

Western blot analysis
RIPA buffer (Beyotime, Shanghai, China) containing 
a protease inhibitor cocktail (Sigma, Rehovot, Israel) 
was used to lyse cells and tissues, and the protein con-
centrations of the supernatant were analysed using the 
BCA Protein Assay kit (Beyotime, Shanghai, China). 
SDS–PAGE was used to separate proteins based on 
molecular weight, and all proteins were transferred to 
polyvinylidene difluoride (PVDF) membranes (Roche 
Diagnostics, Indianapolis, IN, USA). The membranes 
were blocked with 5% BSA (Cell Signaling Technology, 
Beverly, MA, USA) in TBS-T for one hour at room tem-
perature and then incubated overnight at 4  °C with the 
primary antibodies shown in Table  1. The membranes 
were then incubated with secondary antibodies for 
approximately 2  h at room temperature. HRP-labelled 
goat anti-rabbit IgG (H + L) (Cell Signaling Technology, 
Beverly, MA, USA) and HRP-labelled goat anti-mouse 
IgG (H + L) (Cell Signaling Technology, Beverly, MA, 
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USA) were used as the secondary antibodies. Immuno-
reactivity was detected by ECL (Affinity Biosciences, OH, 
USA), and the relative density was analysed by ImageJ.

Real‑time quantitative PCR
TRIzol (Thermo Scientific Inc., Waltham, MA, USA) 
was used to extract total RNA from NIH-3T3 and A549 
cells and lung tissues. All primers (Table  2) for α-SMA 
(α-smooth muscle actin), Col1 1 (collagen 1), vimentin 
and E-cadherin were purchased from Qingke Biologi-
cal Technology (Beijing, China). RNA transcription was 
performed using the Reverse SYBR Select Master Mix kit 
according to the manufacturer’s instructions (Tiangen, 
Beijing, China). Fluorescence quantitative real-time PCR 
(Yeasen, Shanghai, China) was subsequently performed.

Haematoxylin–eosin (H&E) and masson’s trichrome 
staining and measurement of the pulmonary fibrosis area
Mouse lungs were fixed in 10% formalin for at least 
2 days, and different concentrations of dimethylbenzene 
and ethanol were used to dehydrate lung tissues. Tissues 
were then embedded in paraffin, and lung Sects.  (5 µm) 
were prepared for haematoxylin–eosin (HE) staining and 
Masson’s trichrome staining (Solarbio, Shanghai, China). 
Images of the lung structure were obtained using a fluo-
rescence microscope (Nikon, Japan), and Image-Pro Plus 
Version 6.0 (Media Cybernetics Inc., Bethesda, MD, 
USA) was used to calculate the fibrotic area of lung tis-
sues [30]. The entire lung area was demarcated, and the 
total pixel Pw of the region was automatically calculated. 

The total pixel Pf of the fibrosis region was then calcu-
lated and used to calculate the fibrosis ratio using the fol-
lowing formula: fibrosis ratio = fibrosis area total pixel Pf/
total lung total pixel Pw.

Immunohistochemistry
Immunohistochemical (IHC) analyses of mouse lung sec-
tions were performed to evaluate the protein expression 
levels of α-SMA, Col 1, E-cadherin and vimentin using 
the UltraSensitive™ SP (Mouse/Rabbit) IHC Kit and DAB 
Kit (Maxim, Fuzhou, China). In brief, the tissue sections 
were pretreated with antigen retrieval solution at high 
temperature (Maxim, Fuzhou, China), blocked, incu-
bated overnight at 4  °C with primary antibodies against 
the targeted protein, and stained with DAB solution and 
haematoxylin solution. Images were obtained using a flu-
orescence microscope (Nikon, Tokyo, Japan).

Evaluation of pulmonary function
The mice were anaesthetized with 40  mg/kg pento-
barbital sodium in 0.9% normal saline solution (i.p.). 
The mice were fixed to the console, and they were then 
sprayed with 75% alcohol for disinfection. The fur was 
cut from the abdomen to the mandible, and the trachea 
was exposed. The trocar needle was inserted from the 
cartilage ring and pulled out to keep the trocar tightly 
fastened. A mouse plethysmography chamber was used 
to analyse pulmonary function using the AniRes2005 
Animal Lung Function Analysis System (Biolab, Beijing, 
China). The mice were laid in a body box, and a computer 
was used to assess pulmonary function indices, such as 
forced vital capacity (FVC), inspiratory resistance (Ri), 
expiratory resistance (Re), and dynamic compliance 
(Cydn). The sternum of the mouse was then cut, and the 
inferior vena cava was cut and ligated from the root of 
the right lung. The heart was perfused with PBS until the 
lungs turned white, and the heart was quickly removed. 
The right lung was removed from the ligation, rinsed 
with PBS, and placed into an ampoule bottle to deter-
mine the hydroxyproline content. A syringe was used to 

Table 1 List of primary antibodies

Antibody name Item No Antibody name Item No

p-Smad2(S467) Affinity, AF3449 p-Smad3 
(S423/425)

Affinity, AF8315

Smad2 Affinity, AF6449 Smad3 Affinity, AF6362

α-SMA Affinity, BF9212 E-Cadherin CST, 144,725

Collagen I Affinity, AF7001 Vimentin CST, 5741 T

GAPDH Affinity, AF7021

Table 2 List of gene primers

Gene Forward Primer Sequence (5′‑3′) Reverse Primer Sequence (5′‑3′)

α-SMA(mouse) GCT GGT GAT GAT GCT CCC A GCC CAT TCC AAC CAT TAC TCC 

Col1 a1(mouse) CCA AGA AGA CAT CCC TGA AGTCA TGC ACG TCA TCG CAC ACA 

E-cadherin(mouse) CAG CCT TCT TTT CGG AAG ACT GGT AGA CAG CTC CCT ATG ACTG 

Vimentin(mouse) ATG ACC GCT TTG CCA ACT AC GTG CCA GAG AAG CAT TGT CA

β-actin(mouse) AGG CCA ACC GTG AAA AGA TG AGA GCA TAG CCC TCG TAG ATGG 

E-cadherin(human) GAG TGC CAA CTG GAC CAT TCA GTA AGT CAC CCA CCT CTA AGG CCATC 

Vimentin(human) CCA GGC AAA GCA GGA GTC GGG TAT CAA CCA GAG GGA GT

β-actin(human) GGA CTT CGA GCA AGA GAT GG AGC ACT GTG TTG GCG TAC AG
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remove the 4% formaldehyde fixative solution from the 
cannula and put it through the trachea to prop up the 
left lung until the lung was full. Finally, the trachea and 
left lung were removed together and fixed in 4% formal-
dehyde fixative solution, which were used for subsequent 
lung tissue sectioning and staining.

Hydroxyproline assay
A frequently used method of analysing hydroxyproline 
was employed to detect the collagen content of the right 
lungs of mice. The right lungs were dried and subjected 
to acid hydrolysis. Concentrated sodium hydroxide was 
then used to ensure a pH value of 6.5–8.0. Chloramine-T 
(MERYER, Shanghai, China) spectrophotometric absorb-
ance was employed for hydroxyproline analysis as previ-
ously described [31]. Finally, the hydroxyproline level of 
the mouse right lung was measured using a spectropho-
tometer at a wavelength of 550 nm.

Cell culture
Human lung cancer epithelial cells (A549), mouse embry-
onic fibroblasts (NIH-3T3) and CAGA-NIH-3T3 cells 
were kindly provided by Professor Wen Ning, School of 
Life Sciences, Nankai University. NIH-3T3 and CAGA-
NIH-3T3 cells were maintained in DMEM (Solarbio, Bei-
jing, China) containing 10% foetal bovine serum (Gibco, 
Carlsbad, CA, USA) and 1% penicillin–streptomycin 
(Gibco, Carlsbad, CA, USA). A549 cells were cultured in 
RPMI 1640 medium (Solarbio, Beijing, China) containing 
10% foetal bovine serum and 1% penicillin–streptomycin. 
NIH-3T3, CAGA-NIH3T3 and A549 cells in DMEM or 
RPMI 1640 medium with 0.1% FBS were stimulated with 
TGF-β1 (human TGF-beta1-mammalian; Lianke Bio-
technology, Hangzhou, China) or avitinib (dissolved in 
DMSO). All cells were cultured in an incubator (PHCBI, 
Tokyo, Japan) with 5%  CO2 at 37 °C.

Wound‑healing assays
NIH-3T3 cells were seeded into 6-well plates for the 
wound-healing assay, and 200-µL sterile pipette tips were 
used to generate a wound. Cells were cultured in AVB 
(1.25 and 2.5 µM) and/or TGF-β1 (5 ng/mL) in DMEM 
with 0.1% FBS. Images were obtained at 0, 12, and 24 h by 
using a light microscope (Nikon, Tokyo, Japan).

Cell viability analysis
NIH-3T3 cells were seeded into a 96-well plate and 
allowed to adhere. The cell culture medium was then 
replaced with complete medium containing avitinib at a 
series of concentrations (0.16 μM- 2.5 μM), and the cells 
were incubated at 37 °C for 24 h. On the second day, 20 
μL of thiazole blue tetrazole bromide (MTT, 5  mg/mL, 
Keygene Biotechnology, Nanjing, China) was added to 

each well followed by incubation at 37 °C for 4 h. Finally, 
150 μL of DMSO was added to each well at room tem-
perature, and the absorbance was read at 570  nm by a 
microplate reader. Cell viability (%) was used to evaluate 
the ratio of viable cells.

Luciferase assay
In the present study, a luciferase luminescence reporting 
system was established for the TGF-β1/Smad3 pathway. 
CAGA-NIH-3T3 cells were established by stably trans-
fecting a plasmid containing 12 copies of the Smad3-
binding sequence (CAGA) in front of the luciferase 
reporter gene upstream of the TGF-β1 promoter; when 
the CAGA-NIH 3T3 cells were stimulated by TGF-β1, 
phosphorylated Smad3 was nucleated and bound to 
CAGA, and luciferase was transcribed and translated, 
thus resulting in an increase in the luminescence meas-
urement value. Cells were seeded in 96-well plates and 
cultured overnight. After serum starvation for approxi-
mately 20  h, cells were treated with TGF-β1 (5  ng/mL) 
and/or avitinib (0, 0.16, 0.31, 0.62, 1.25, and 2.5  μM) in 
DMEM with 0.1% FBS for 18 h. The lysates were used to 
determine luciferase activity with a luminescence detec-
tion system (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions. Total light emission of 
plates was detected using a GloMax®-Multi Detection 
System (Promega, Madison, USA).

Immunofluorescence
NIH-3T3 cells were treated with TGF-β1 (5 ng/mL) and/
or avitinib (1.25 and 2.5 µM) in DMEM with 0.1% FBS 
for 24  h. Cells were then fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.2% Triton X-100, 
blocked with 5% BSA, and then incubated with α-SMA 
primary antibody overnight at 4  °C. Cells were then 
washed three times with 1 × PBS-T (3 min per wash) and 
incubated with fluorescein (FITC)-conjugated AffiniPure 
goat anti-mouse IgG (H + L) (Jackson Immunoresearch, 
West Grove, PA, USA) for 2  h at room temperature in 
the dark. Cellular nuclei were stained with DAPI solu-
tion (Solarbio, Beijing, China), and cells were imaged 
using a Leica TCS SP8 confocal laser scanning micro-
scope (Leica, Germany).

Statistical analysis
The results were analysed by Prism software (version 7.0) 
and are presented as the mean ± SD. One-way ANOVA 
was used to analyse significant differences and concord-
ance. The variance homogeneity test was conducted on 
the data before one-way ANOVA. Statistical analysis was 
performed with subsequent Bonferroni correction, and 
comparisons between different groups were performed. 
p < 0.05 was considered statistically significant.
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Fig. 1 Avitinib reduced bleomycin-induced pulmonary fibrosis in C57BL/6 J mice. The mice were intratracheally treated bleomycin (2U/kg) on day 
0, AVB (15, 30 and 60 mg/kg) and Nin (100 mg/kg) were administrated orally from days 7– 13, lungs of mice were harvested on day 14. A Structure 
of Avitinib (The structural formula is quoted from Pubchem). B Hydroxyproline contents in right lung tissues. C Quantitative analysis of fibrotic area 
in left lung tissues. D‑G Pulmonary function tests, including forced vital capacity (FVC), dynamic compliance (Cydn), expiratory resistance (Re) and 
inspiratory resistance (Ri). H Hematoxylin–eosin (H&E) staining of left lung tissue sections for tissue structures and Masson staining was used to 
analyze the collagen contents in left lung sections. Scale bars:50 µM. Data was noted as the means ± SD, n = 6. ####P < 0.0001 versus NaCl group. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus BLM group
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Results
Avitinib reduces bleomycin‑induced pulmonary fibrosis 
in C57BL/6 J mice
To evaluate whether avitinib has a potential effect 
on bleomycin-induced pulmonary fibrosis, we estab-
lished an animal disease model of pulmonary fibrosis 

by intratracheally treating mice with bleomycin. The 
structure of avitinib was shown in Fig.  1A. The results 
demonstrated that avitinib significantly reduced the 
hydroxyproline content of the right lungs and the per-
centage of fibrotic tissues in mice (Fig. 1B-C). Pulmonary 
function is a key evaluation index used in the treatment of 

Fig. 2 Avitinib slows TGF-β1-induced migration of NIH-3T3 cells in vitro. A MTT assays of NIH-3T3 cells. Cells were exposed to the indicated doses of 
AVB (0.08 to 20 µM) for 24 h. B IC50 = 6.857 µM. C CAGA-mouse embryonic fibroblast NIH-3T3 cells were treated with TGF-β1 (5 ng/mL) and a series 
concentration (0.16, 0.31, 0.63, 1.25, 2.5 µM) of AVB for 18 h. Quantitative analyses are shown beside.D TGF- β1 (5 ng/mL) and/or AVB (1.25, 2.5 µM) 
incubated with NIH-3T3 cells for 0 h, 12 h, 24 h. Scale bars: 100 μm.(E) Distance analyses are shown below. Data was noted as the means ± SD, n = 3. 
#P < 0.05, ###P < 0.001, ####P < 0.0001 versus Control group. *P < 0.05, **P < 0.01, ****P < 0.0001 versus TGF-β1 group
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Fig. 3 Avitinib inhibits fibroblasts activation via TGF-β1/Smad signaling pathway in NIH-3T3 cells. AVB (1.25, 2.5 µM) and/or TGF-β1 (5 ng/mL) was 
exposed to NIH-3T3 cells for 24 h, and the α-SMA expression level was detected by cellular immunofluorescence. Scale bar:50 µm;(B‑C) AVB (1.25, 
2.5 µM) and/or TGF- β1 (5 ng/mL) was exposed to NIH-3T3 cells for 12 h, and quantitative real-time PCR was used to analyze the mRNA transcription 
level of Col 1 and α-SMA. D‑F TGF-β1 (5 ng/mL) and/or AVB (1.25,2.5 µM) were exposed to NIH-3T3 cells for 24 h, and the Col 1 and α-SMA 
expression levels were detected by Western Blot. Quantitative analyses of Western blot are shown beside. G‑I NIH-3T3 cells were exposed to TGF- β1 
(5 ng/mL) for 0.5 h and AVB (1.25, 2.5 µM) for 2 h, and detecting the protein expression levels of Smad3, Smad2, p-Smad2 (S467) and p-Smad3 
(S423/425) by Western blot. Densitometric analyses are shown beside. Data was presented as the means ± SD, n = 3. ##P < 0.01, ####P < 0.0001 versus 
control group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus TGF-β1 group

Fig. 4 Avitinib inhibits bleomycin-induced fibroblasts activation and Extracellular matrix (ECM) production in vivo. BLM (2U/kg) was intratracheally 
given at day 0, and Nin (100 mg/kg) and AVB (15, 30 and 60 mk/kg) were orally treated at day 7–13 and harvested at day 14. A The expression 
levels of Col 1 and α-SMA were analyzed by immunohistochemistry in left lung sections. Scale bars: 50 μM. B‑C The mRNA translation levels of Col 
1 and α-SMA in lung tissue homogenates. D‑F Western Blot was used to analyze the protein expression levels of Col 1 and α-SMA in lung tissue 
homogenates. Densitometric analyses are shown beside. Data was noted as the means ± SD, n = 6. ###P < 0.001, ####P < 0.0001 versus NaCl group. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus BLM group

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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IPF patients, and avitinib improved pulmonary function 
parameters, including FVC, Cydn, Re and Ri. FVC and 
Cdyn were increased in avitinib-treated mice compared 
to the model group, whereas Ri and Re were decreased 
in avitinib-treated mice compared to the model group 
(Fig.  1D-G). HE and Masson’s trichrome staining of the 
lung sections showed that avetinib improved alveolar 
structure and reduced collagen production (Fig. 1H). In 
addition, avitinib alleviated the progression of pulmo-
nary fibrosis in a dose-dependent manner, and its effect 
at high doses (60 mg/kg) was similar to that of the posi-
tive control drug, nintedanib. Therefore, these findings 
indicated that avitinib alleviates pulmonary fibrosis in a 
bleomycin-induced mouse model by improving pulmo-
nary function and reducing the percentage of fibrotic tis-
sue and hydroxyproline content.

Avitinib slows TGF‑β1‑induced migration of NIH‑3T3 cells 
in vitro
The migration of lung fibroblasts plays an important 
role in the pathological process of pulmonary fibrosis. 
NIH-3T3 cells were exposed to medium with or with-
out TGF-β1 and various doses of avetinib for 24  h. The 
results showed that when the concentration of avitinib 
was less than 2.5  μM, there was no obvious toxic effect 
in normal (NIH-3T3) cells (Fig. 2A), and the IC50 value 
of avitinib was 6.857  μM (Fig.  2B). When the concen-
tration of avitinib was less than 2.5  μM, the number of 
living cells did not significantly decrease, and there was 
no significant difference compared to the control group, 
which indicated that avitinib had no effect on cell via-
bility. Thus, a concentration of 2.5  μM was considered 
to belong to the safe concentration range. As shown in 
Fig.  2C, avitinib inhibited the TGF-β1/Smad3 signal-
ling pathway in a dose-dependent manner. Combined 
with the above results, we selected two concentrations 
(1.25 μM and 2.5 μM) for subsequent experiments. In the 
wound-healing experiments, avitinib inhibited TGF-β1-
induced migration of NIH-3T3 cells in a dose-dependent 
manner (Fig. 2D-E).

Avitinib inhibits fibroblast activation via the TGF‑β1/Smad 
signalling pathway in NIH‑3T3 cells
As shown in Fig. 3A, TGF-β1 induced the expression of 
α-SMA in NIH-3T3 cells as indicated by a significant 

increase in the fluorescence intensity of the protein. 
Avitinib inhibited the expression of α-SMA, but avitinib 
had no obvious effect on normal 3T3 cells.

Similarly, avitinib downregulated TGF-β1-induced 
mRNA transcription of Col 1 and α-SMA in NIH-3T3 
cells (Fig.  3B-C). In addition, TGF-β1 promoted Col 1 
and α-SMA expression, whereas avitinib inhibited the 
expression of these proteins in NIH-3T3 cells (Fig. 3D-F), 
which indicated that avitinib inhibited TGF-β1-induced 
fibroblast activation in NIH-3T3 cells. In addition, 
avitinib significantly downregulated the levels of Smad3 
(S423/425) and Smad2 (S467) phosphorylation in NIH-
3T3 cells (Fig.  3G-I). Therefore, these findings demon-
strated that avitinib inhibits TGF-β1-induced fibroblast 
activation and ECM production in a dose-dependent 
manner, mainly by downregulating the TGF-β1/Smad 
signalling pathway.

Avitinib inhibits bleomycin‑induced fibroblast activation 
and extracellular matrix (ECM) production in vivo
For the in  vivo experiments, immunohistochemistry 
analysis indicated that avitinib decreased collagen I and 
α-SMA expression levels in lung sections (Fig. 4A). At the 
same time, avitinib inhibited Col 1 and α-SMA mRNA 
translation levels and protein expression levels in lung 
tissue homogenates (Fig. 4B-F). In addition, the effect of 
high-dose avitinib was similar to that of the positive con-
trol drug, nintedanib. Thus, the in  vivo results showed 
that avitinib suppresses fibroblast activation and ECM 
accumulation.

Avitinib improves alveolar epithelial cell injury in A549 
cells
Treatment with TGF-β1 for 24 h inhibited A549 cell mor-
phological changes, and avitinib significantly improved 
this condition in  vitro (Fig.  5A). In addition, different 
concentrations of avitinib did not significantly affect the 
morphology of normal A549 cells. Avitinib increased 
E-cadherin mRNA levels but decreased vimentin mRNA 
levels (Fig. 5B-C), and both E-cadherin and vimentin pro-
tein expression levels exhibited the same results (Fig. 5D-
F). Hence, these results demonstrated that avitinib 
significantly improves alveolar epithelial cell injury by 
regulating E-cadherin and vimentin expression.

(See figure on next page.)
Fig. 5 Avitinib improves alveolar epithelial cell injury in A549 cells. A AVB significantly inhibited TGF-β1-induced morphological changes in A549 
cells. Scale bars: 100 μM. B‑C AVB (1.25, 2.5 µM) and/or TGF- β1 (5 ng/mL) was exposed to A549 cells for 24 h, and quantitative real-time PCR was 
used to analyze the mRNA transcription level of E-cadherin and Vimentin. D‑F TGF-β1 (5 ng/mL) and/or AVB (1.25,2.5 µM) were exposed to A549 
cells for 25 h, and the E-cadherin and Vimentin expression levels were detected by Western Blot. Quantitative analyses of Western blot are shown 
beside. Data was presented as the means ± SD, n = 3. ##P < 0.01, ###P < 0.001, ####P < 0.0001 versus control group. *P < 0.05, **P < 0.01, ***P < 0.001 
versus TGF-β1 group
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Avitinib improves bleomycin‑induced alveolar epithelial 
cell injury in vivo
The immunohistochemistry results showed that avitinib 
promoted the expression of E-cadherin and inhibited 
the expression of vimentin in lung tissue sections in vivo 
(Fig.  6A). Subsequently, avitinib promoted E-cadherin 
mRNA transcription and inhibited vimentin mRNA tran-
scription in lung tissue homogenates (Fig. 6B-C). Western 
blot analysis yielded the same results (Fig. 6D-F). In addi-
tion, the effect of high-dose avitinib was similar to that of 
the positive control drug, nintedanib. Collectively, these 
data demonstrated that avitinib improves alveolar epithe-
lial cell injury in a pulmonary fibrosis model in vivo.

Discussion
Idiopathic pulmonary fibrosis is a complex lung disease 
with an unknown pathogeny, and the administration of 
bleomycin in a mouse model was used to evaluate the effect 
of antifibrotic strategies and assess pulmonary fibrogenesis 
[28]. In an animal model of bleomycin-induced pulmonary 
fibrosis, avitinib significantly improved pulmonary func-
tion and alveolar collapse, and it decreased the content of 
hydroxyproline, which is a main component of collagen. 
The IPF lung is characterized by collagen deposition, and 
reversing this condition alleviates fibrotic development 
[32]. FVC is a pulmonary functional parameter that reflects 
parenchymal abnormalities in IPF patients, and FVC 
changes indicate disease progression [33, 34]. Nintedanib 
has been approved for the treatment of IPF by the Food 
and Drug Administration (FDA), and this drug significantly 
reduces the annual rate of FVC decline compared to pla-
cebo in clinical tests [35]. In the present study, nintedanib 
served as a positive control drug in the in vivo experiments, 
and the results showed that the anti-pulmonary fibrosis 
effect of high concentrations of avitinib was equivalent to 
that of nintedanib, indicating that avitinib has potential to 
be developed as a therapeutic drug for bleomycin-induced 
pulmonary fibrosis. Because the efficacy of the drug at the 
animal level was different from the therapeutic effect at the 
clinical level, we will continue to compare and evaluate the 
anti-pulmonary fibrosis efficacy of avitinib based on dosage 
adjustments and drug safety profiles.

TGF-β1 is a core regulator in the fibrotic progression 
of IPF patients [36], and canonical TGF-β1 signalling 
regulates the expression of fibrotic factors via phos-
phorylation of Smad transcription factors [37]. Smad3 

plays an essential role in TGF-β1 signalling. Specifi-
cally, Smad3 interacts with Smad4, the shared R-Smad 
partner, to regulate fibrosis-related transcription factors 
[11, 38, 39]. As a receptor-regulated Smad (R-Smad), 
Smad3 often functions with Smad2 and interacts with 
Smad4 in cells. In view of the role of the two R-Smads, 
changes in their protein levels are often studied. Pul-
monary fibroblasts are involved in wound healing after 
lung injury, and fibroblasts from IPF patients exhibit 
the characteristics of stress activation and migration 
compared to those obtained from normal controls [11]. 
ECM proteins are mainly secreted by pulmonary fibro-
blasts, and their overexpression can lead to irrevers-
ible scar formation in IPF lungs. Pulmonary fibroblast 
activation and migration as well as ECM accumulation 
are mainly regulated by the TGF-β1/Smad3 signal-
ling pathway [40, 41]. In addition, some small molecule 
compounds (nintedanib, pirfenidone, regorafenib, anlo-
tinib, and imatinib) have been shown to alleviate bleo-
mycin-induced pulmonary fibrosis by downregulating 
the TGF-β1/Smad3 signalling pathway [26, 34, 42–44]. 
Therefore, these results indicated that avitinib signifi-
cantly attenuates bleomycin-induced pulmonary fibrosis 
mainly by suppressing TGF-β1/Smad signalling in vivo, 
but further in vitro mechanistic studies are needed.

In cellular and animal experiment results, avitinib posi-
tively regulates E-cadherin expression and negatively 
regulates vimentin expression after TGF-β1 or bleomycin 
simulation, thereby significantly improving epithelial cell 
injury. Epithelial cell dysfunction plays an essential role 
in fibrotic progression [45]. Chronic inflammatory condi-
tions in the lung tissue contribute to epithelial cell injury, 
and injured cells secrete various profibrotic factors that 
promote mesenchymal cell migration, proliferation and 
activation in the fibrotic foci of the lung [46]. Vimentin 
protein promotes the invasiveness of IPF fibroblasts, and 
TGF-β1 upregulates vimentin expression [47, 48]. E-cad-
herin is a transmembrane glycoprotein that mediates 
cell‒cell adhesion in alveolar epithelial cells, and TGF-β1 
decreases E-cadherin expression levels [49, 50]. At the 
same time, previous studies have found that changes in 
E-cadherin and vimentin protein expression in human 
and mouse lung epithelial cells promote the EMT pro-
cess of fibrosis [51]. Therefore, these findings suggest 
that avitinib also participates in the related EMT process 
through E-cadherin and vimentin.

Fig. 6 Avitinib improves bleomycin-induced alveolar epithelial cell injury in vivo. BLM (2U/kg) was intratracheally given at day 0, and Nin (100 mg/
kg) and AVB (15, 30 and 60 mk/kg) were orally treated at day 7–13 and harvested at day 14. A The expression levels of E-cadherin and Vimentin were 
analyzed by immunohistochemistry. Scale bars: 50 μm. B‑C The mRNA translation levels of E-cadherin and Vimentin in lung tissue homogenates. 
D‑F Western Blot was used to analyze the protein expression levels of E-cadherin and Vimentin in lung tissue homogenates. Densitometric 
analyses are shown beside. Data was noted as the means ± SD, n = 6. ##P < 0.01, ####P < 0.0001 versus NaCl group. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 versus BLM group

(See figure on next page.)
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In conclusion, avitinib alleviates bleomycin-induced pul-
monary fibrosis and inhibits lung fibroblast activation, 
migration and ECM accumulation by inhibiting TGF-β1/
Smad3 signalling. In addition, avitinib improves epithelial 
cell injury by regulating vimentin and E-cadherin expres-
sion. The antifibrotic pharmacological activity of avitinib 
suggests that it has a variety of roles other than antitumour 
effects and may represent a candidate drug for the treat-
ment of pulmonary fibrosis. However, the present study had 
limitations. For instance, we did not investigate the detailed 
mechanism of the effect of avitinib on the TGF-β-mediated 
Smad3 signalling pathway, and the direct target of avitinib 
in the anti-pulmonary fibrosis process remains unclear. 
Therefore, the precise effect of avitinib on the TGF-β signal-
ling pathway should be investigated in the future. Moreover, 
further studies are needed to determine whether avitinib 
affects other signalling pathways related to pulmonary fibro-
sis, such as the recognized targets of EGFR and BTK.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12890- 023- 02385-9.

Additional file 1. AVB original data.

Additional file 2: Fig S1. In vivo and in vitro experimental schemes in this 
study.

Additional file 3. Western Blot original gels.

Acknowledgements
Thanks to Professor Wen Ning for her generous offer of NIH-3T3 and A549 
cells.

Authors’ contributions
Conception and design: Cheng Yang, Honggang Zhou, and Luqing Wei. Collec-
tion and assembly of data: Xiaohe Li, Wang Yanhua. Data analysis and interpre-
tation: Shimeng Li, Kai Huang. Manuscript writing: Yang Miao and Gao Jingjing. 
Manuscript revision: Yang Miao, Zhun Bi. All authors read and approved the 
final manuscript. All data were generated inhouse, and no paper mill was used. 
All authors agree to be accountable for all aspects of work ensuring integrity 
and accuracy. The author(s) read and approved the final manuscript.

Funding
This study was supported by The National Natural Science Foundation of 
China [Grant 82072660, 82070060 and 82000073].

Availability of data and materials
All data in this study are provided by Professor Honggang Zhou, with contact 
information:
E-mail: honggang.zhou@nankai.edu.cn.
Add: No.38 Tongyan Road, Jinnan district, Tianjin(300,350), China.
Tel: + 86–22-85,358,566.
All data are original data of the laboratory, all materials are owned by the labo-
ratory. The datasets used and/or analysed during the current study available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The experimental animal center of Nankai University housed all mice under 
good growth and living conditions. The care and experimental procedures 
complied with guidelines approved by the Institutional Animal Care and 

Use Committee (IACUC) of Nankai University (Permit No. SYXK 2019–0001). 
All mice were provided unlimited access to food and water and maintained 
under a 12-h light–dark cycle with 60% ± 2% air humidity at 22 °C–26 °C.
This study does not involve human samples.
We confirmed that all experimental protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Nankai University (Permit 
No. SYXK 2019–0001).
We confirmed that all methods were carried out in accordance with relevant 
guidelines and regulations.
We confirmed that all methods are reported in accordance with ARRIVE guide-
lines (https:// arriv eguid elines. org) for the reporting of animal experiments.

Consent for publication
Not applicable.

Competing interests
All the authors include the authors from the company declare that they have 
no conflict of interest.

Received: 7 September 2022   Accepted: 14 March 2023

References
 1. Mora AL, Rojas M, Pardo A, Selman M. Emerging therapies for idiopathic 

pulmonary fibrosis, a progressive age-related disease. Nat Rev Drug 
Discov. 2017;16:755–72.

 2. Sgalla G, Iovene B, Calvello M, Ori M, Varone F, Richeldi L. Idiopathic pul-
monary fibrosis: pathogenesis and management. Respir Res. 2018;19:32.

 3. King TE Jr, Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet 
(London, England). 2011;378:1949–61.

 4. Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary fibrosis. Lancet 
(London, England). 2017;389:1941–52.

 5. Stowasser S, Hallmann C. New guideline for idiopathic pulmonary fibro-
sis. Lancet. 2015;386:1823–4.

 6. Guillot L, Nathan N, Tabary O, et al. Alveolar epithelial cells: master regula-
tors of lung homeostasis. Int J Biochem Cell Biol. 2013;45:2568–73.

 7. Agusti AG, Roca J, Gea J, Wagner PD, Xaubet A, Rodriguez-Roisin R. 
Mechanisms of gas-exchange impairment in idiopathic pulmonary 
fibrosis. Am Rev Respir Dis. 1991;143:219–25.

 8. Selman M, Pardo A. Idiopathic pulmonary fibrosis: an epithelial/fibroblas-
tic cross-talk disorder. Respir Res. 2002;3:3.

 9. Thannickal VJ, Flaherty KR, Martinez FJ, Lynch JP 3rd. Idiopathic pulmo-
nary fibrosis: emerging concepts on pharmacotherapy. Expert Opin 
Pharmacother. 2004;5:1671–86.

 10. Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med. 
2011;208:1339–50.

 11. Fernandez IE, Eickelberg O. The impact of TGF-beta on lung fibrosis: from 
targeting to biomarkers. Proc Am Thorac Soc. 2012;9:111–6.

 12. Wu H, Yu Y, Huang H, et al. Progressive pulmonary fibrosis is caused by 
elevated mechanical tension on alveolar stem cells. Cell. 2020;180:107–
21 (e117).

 13. Zhao J, Shi W, Wang YL, et al. Smad3 deficiency attenuates bleomycin-
induced pulmonary fibrosis in mice. Am J Physiol Lung Cell Mol Physiol. 
2002;282:L585-593.

 14. Kato M, Putta S, Wang M, et al. TGF-beta activates Akt kinase through a 
microRNA-dependent amplifying circuit targeting PTEN. Nat Cell Biol. 
2009;11:881–9.

 15. Lee MK, Pardoux C, Hall MC, et al. TGF-beta activates Erk MAP 
kinase signalling through direct phosphorylation of ShcA. EMBO J. 
2007;26:3957–67.

 16. Yamashita M, Fatyol K, Jin C, Wang X, Liu Z, Zhang YE. TRAF6 mediates 
Smad-independent activation of JNK and p38 by TGF-beta. Mol Cell. 
2008;31:918–24.

 17. Broekelmann TJ, Limper AH, Colby TV, McDonald JA. Transforming growth 
factor beta 1 is present at sites of extracellular matrix gene expression in 
human pulmonary fibrosis. Proc Natl Acad Sci U S A. 1991;88:6642–6.

https://doi.org/10.1186/s12890-023-02385-9
https://doi.org/10.1186/s12890-023-02385-9
https://arriveguidelines.org


Page 14 of 14Miao et al. BMC Pulmonary Medicine           (2023) 23:94 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 18. Margadant C, Sonnenberg A. Integrin-TGF-beta crosstalk in fibrosis, 
cancer and wound healing. EMBO Rep. 2010;11:97–105.

 19. Xu X. Parallel phase 1 clinical trials in the US and in China: accelerating 
the test of avitinib in lung cancer as a novel inhibitor selectively targeting 
mutated EGFR and overcoming T790M-induced resistance. Chin J Cancer. 
2015;34:285–7.

 20. Yan X, Zhou Y, Huang S, et al. Promising efficacy of novel BTK 
inhibitor AC0010 in mantle cell lymphoma. J Cancer Res Clin Oncol. 
2018;144:697–706.

 21. Sakuma Y. Epithelial-to-mesenchymal transition and its role in EGFR-
mutant lung adenocarcinoma and idiopathic pulmonary fibrosis. Pathol 
Int. 2017;67:379–88.

 22. Heukels P, van Hulst JAC, van Nimwegen M, et al. Enhanced Bruton’s 
tyrosine kinase in B-cells and autoreactive IgA in patients with idiopathic 
pulmonary fibrosis. Respir Res. 2019;20:232.

 23. Stefanov AN, Fox J, Depault F, Haston CK. Positional cloning reveals strain-
dependent expression of Trim16 to alter susceptibility to bleomycin-
induced pulmonary fibrosis in mice. PLoS Genet. 2013;9:e1003203.

 24. Hoyt DG, Lazo JS. Alterations in pulmonary mRNA encoding procol-
lagens, fibronectin and transforming growth factor-beta precede 
bleomycin-induced pulmonary fibrosis in mice. J Pharmacol Exp Ther. 
1988;246:765–71.

 25. Xu X, Mao L, Xu W, et al. AC0010, an Irreversible EGFR inhibitor selectively 
targeting mutated egfr and overcoming t790m-induced resistance in ani-
mal models and lung cancer patients. Mol Cancer Ther. 2016;15:2586–97.

 26. Li X, Ma L, Huang K, et al. Regorafenib-Attenuated, Bleomycin-Induced 
Pulmonary Fibrosis by Inhibiting the TGF-beta1 Signaling Pathway. Int J 
Mol Sci. 2021;22:1985.

 27. Walters DM, Kleeberger SR. Mouse models of bleomycin-induced pulmo-
nary fibrosis. Curr Protoc Pharmacol Chapter 5: Unit. 2008;5:46.

 28. Kolb P, Upagupta C, Vierhout M, et al. The importance of interventional 
timing in the bleomycin model of pulmonary fibrosis. European Resp J. 
2020;55:1901105.

 29. Dutton JW 3rd, Artwohl JE, Huang X, Fortman JD. Assessment of Pain 
Associated with the Injection of Sodium Pentobarbital in Laboratory Mice 
(Mus musculus). J Am Assoc Lab Anim Sci. 2019;58:373–9.

 30. Gilhodes JC, Jule Y, Kreuz S, Stierstorfer B, Stiller D, Wollin L. Quantification 
of pulmonary fibrosis in a bleomycin mouse model using automated 
histological image analysis. PLoS ONE. 2017;12:e0170561.

 31. Rangarajan S, Bone NB, Zmijewska AA, et al. Metformin reverses estab-
lished lung fibrosis in a bleomycin model. Nat Med. 2018;24:1121–7.

 32. Snijder J, Peraza J, Padilla M, Capaccione K, Salvatore MM. Pulmonary 
fibrosis: a disease of alveolar collapse and collagen deposition. Expert Rev 
Respir Med. 2019;13:615–9.

 33. Xaubet A, Agusti C, Luburich P, et al. Pulmonary function tests and CT 
scan in the management of idiopathic pulmonary fibrosis. Am J Respir 
Crit Care Med. 1998;158:431–6.

 34. Wuyts WA, Wijsenbeek M, Bondue B, et al. Idiopathic pulmonary fibrosis: 
best practice in monitoring and managing a relentless fibrotic disease. 
Respiration. 2020;99:73–82.

 35. Corte T, Bonella F, Crestani B, et al. Safety, tolerability and appropriate use 
of nintedanib in idiopathic pulmonary fibrosis. Respir Res. 2015;16:116.

 36. Chapman HA, Wei Y, Montas G, et al. Reversal of TGFbeta1-driven 
profibrotic state in patients with pulmonary fibrosis. N Engl J Med. 
2020;382:1068–70.

 37. Kramer EL, Clancy JP. TGFbeta as a therapeutic target in cystic fibrosis. 
Expert Opin Ther Targets. 2018;22:177–89.

 38. Massague J. TGFbeta signalling in context. Nat Rev Mol Cell Biol. 
2012;13:616–30.

 39. Miyazono K, ten Dijke P, Heldin CH. TGF-beta signaling by Smad proteins. 
Adv Immunol. 2000;75:115–57.

 40. Seyer JM, Hutcheson ET, Kang AH. Collagen polymorphism in idiopathic 
chronic pulmonary fibrosis. J Clin Invest. 1976;57:1498–507.

 41. Schiller M, Javelaud D, Mauviel A. TGF-beta-induced SMAD signaling and 
gene regulation: consequences for extracellular matrix remodeling and 
wound healing. J Dermatol Sci. 2004;35:83–92.

 42. Rangarajan S, Kurundkar A, Kurundkar D, et al. Novel mechanisms for the 
antifibrotic action of nintedanib. Am J Respir Cell Mol Biol. 2016;54:51–9.

 43. Ruan H, Lv Z, Liu S, et al. Anlotinib attenuated bleomycin-induced pulmo-
nary fibrosis via the TGF-beta1 signalling pathway. J Pharm Pharmacol. 
2020;72:44–55.

 44. Daniels CE, Wilkes MC, Edens M, et al. Imatinib mesylate inhibits the 
profibrogenic activity of TGF-beta and prevents bleomycin-mediated 
lung fibrosis. J Clin Invest. 2004;114:1308–16.

 45. Katzen J, Beers MF. Contributions of alveolar epithelial cell quality control 
to pulmonary fibrosis. J Clin Invest. 2020;130:5088–99.

 46. Selman M, Pardo A. Role of epithelial cells in idiopathic pulmonary 
fibrosis: from innocent targets to serial killers. Proc Am Thorac Soc. 
2006;3:364–72.

 47. Surolia R, Li FJ, Wang Z, et al. Vimentin intermediate filament assem-
bly regulates fibroblast invasion in fibrogenic lung injury. JCI insight. 
2019;4:e123253.

 48. Li FJ, Surolia R, Li H, et al. Autoimmunity to vimentin is associated with 
outcomes of patients with idiopathic pulmonary fibrosis. J Immunol. 
2017;199:1596–605.

 49. McGuire JK, Li Q, Parks WC. Matrilysin (matrix metalloproteinase-7) medi-
ates E-cadherin ectodomain shedding in injured lung epithelium. Am J 
Pathol. 2003;162:1831–43.

 50. Gu H, Mickler EA, Cummings OW, et al. Crosstalk between TGF-beta1 and 
complement activation augments epithelial injury in pulmonary fibrosis. 
FASEB J. 2014;28:4223–34.

 51. Marmai C, Sutherland RE, Kim KK, et al. Alveolar epithelial cells express 
mesenchymal proteins in patients with idiopathic pulmonary fibrosis. Am 
J Physiol Lung Cell Mol Physiol. 2011;301:L71-78.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Antifibrotic mechanism of avitinib in bleomycin-induced pulmonary fibrosis in mice
	Abstract 
	Introduction
	Materials and methods
	Animals
	Western blot analysis
	Real-time quantitative PCR
	Haematoxylin–eosin (H&E) and masson’s trichrome staining and measurement of the pulmonary fibrosis area
	Immunohistochemistry
	Evaluation of pulmonary function
	Hydroxyproline assay
	Cell culture
	Wound-healing assays
	Cell viability analysis
	Luciferase assay
	Immunofluorescence
	Statistical analysis

	Results
	Avitinib reduces bleomycin-induced pulmonary fibrosis in C57BL6 J mice
	Avitinib slows TGF-β1-induced migration of NIH-3T3 cells in vitro
	Avitinib inhibits fibroblast activation via the TGF-β1Smad signalling pathway in NIH-3T3 cells
	Avitinib inhibits bleomycin-induced fibroblast activation and extracellular matrix (ECM) production in vivo
	Avitinib improves alveolar epithelial cell injury in A549 cells
	Avitinib improves bleomycin-induced alveolar epithelial cell injury in vivo

	Discussion
	Anchor 26
	Acknowledgements
	References


