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1. Introduction
Chronic obstructive pulmonary disease (COPD) is a complex and 
multifactorial disease caused by a combination of environmental 
and genetic factors (Agustí et al. 2022). Cigarette smoking is 
considered to be the main risk factor of COPD in Western countries 
and China (Mannino and Buist 2007; Wang et al. 2018). It has been 
reported that cigarette smoking-induced abnormal inflammatory 
responses contributes to COPD (Mannino and Buist 2007). Ciga-
rette smoke can impair mucociliary transport by inducing airway 
dehydration and increasing mucus viscosity, leading to further 
deterioration of lung condition in smokers with COPD (Pauwels et 
al. 2011; Yang et al. 2023). As a worldwide health problem, airway 
mucus hypersecretion is a vital pathophysiologic feature in COPD 
patients, which contributes to the irreversible airflow limitation in 
COPD (Agustí et al. 2022; Sharma et al. 2023; Yang et al. 2023). 
It not only affects the quality of life of patients, but also poses a 
continuous threat to their life expectancy (Agustí et al. 2022). So, 
it is key to strategizing in the management of COPD. Therefore, 
attenuating airway inflammatory response and mucin secretion has 
been identified as an effective approach to the therapy of COPD 
(Sharma et al. 2023; Yang et al. 2023).
T cell immunoglobulin domain, mucin-like domain-1 (TIM-1) is a 
member of the TIM family of genes and encodes transmembrane 
glycoprotein proteins expressed by CD4 T cells (de Souza et al. 
2005; Mariat et al. 2009; Yeung et al. 2015). TIM-1 was founded 
to a critical gene that regulates T-helper cell development and 
Th2 airway inflammation in bronchial asthma and allergic rhinitis 
(Curtiss et al. 2012). It was reported that TIM-1 gene polymorphisms 

was associated with allergic rhinitis susceptibility in a Han Chinese 
population, Korean population and childhood asthma (Chae et al. 
2005; Li et al. 2011; Chen et al. 2012). In addition, the exposure 
of phosphatidylserine (PtdSer) on apoptotic cells activates TIM-1, 
which induces asthma. Fine particulate matter (PM2.5) exacerbates 
airway inflammation and AHR in asthmatics (Yang et al. 2020). 
Moreover, PM2.5-induced exacerbation of AHR associated with 
allergic asthma was associated with increased apoptosis and TIM-1 
activation (Yang et al. 2020). Several research groups have deter-
mined the function of TIM-1 in Th2-associated diseases by targeting 
TIM-1 through recombinant mouse TIM-1 monoclonal antibodies 
(mAbs) (Xiao et al. 2015; Hosseini et al. 2018). In mouse models 
of asthma, intranasal administration of anti-TIM1 have been shown 
to ameliorated allergic lung inflammation and reduce Th2 cytokine 
production (Fukushima et al. 2007). The relationship between 
TIM-1 and asthma implies that targeting TIM-1 with recombinant 
anti-TIM-1 mAbs may reduce mucous cell metaplasia in COPD.
In this study, we used R-packet CIBERSORT to analyze immune 
cell differences in patients with airway mucus hypersecretion. 
Differential gene analysis was performed by limma package to 
screen out the differential genes between patients with airway 
mucus hypersecretion and normal controls. Then, we explored the 
role of TIM-1 in CSE exposure-induced mucus hypersecretion and 
airway inflammation in vivo, and we found that TIM-1 antibody 
dramatically suppressed CSE-induced inflammatory response and 
mucus hypersecretion possibly through downregulating the acti-
vation of PI3K/Akt signaling pathways. The result of this study 
provides a new potential target for COPD prevention and treatment.
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Cigarette smoke extract (CSE)-induced airway mucus hypersecretion and inflammation are prominent features 
of chronic obstructive pulmonary disease (COPD). As a factor associated with inflammation regulation, T cell 
immunoglobulin and mucin domain-1 (TIM-1) is found to be involved in various inflammatory disorders such 
as asthma and COPD. In this study, the GEO database provides two human COPD gene expression datasets 
(GSE67472, n = 62) along with the relevant controls (n = 43) for differentially expressed gene (DEG) anal-
yses. Candidate biomarkers are identified, and the discriminatory ability is determined using the area under 
the receiver operating characteristic curve (AUC) values. Furthermore, a COPD mouse model is established 
using CSE to validate that anti-TIM-1 can attenuate airway mucus hypersecretion and inflammation via the 
PI3K/Akt signaling pathway in COPD. Anti-TIM-1 antibody pretreatment significantly suppresses mucin secre-
tion, inflammatory cell infiltration, and inflammatory cytokine release in mouse lungs induced by CSE and also 
suppresses CSE-induced expression of MUC5AC. Western blot shows that the anti-TIM-1 antibody attenuates 
the activation of p-Akt in airway mucus hypersecretion mice induced by CSE. This study highlights the protective 
effect of the TIM-1 antibody on CSE-related airway mucus hypersecretion and inflammation, in which PI3K/AKT 
may be involved. These findings suggest that TIM-1 could be a potential therapeutic target for airway mucus 
hypersecretion.
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2. Investigations and results

2.1. Screening of DEGs in COPD
Differential expression analysis between 62 airway mucus hyperse-
cretion samples and 49 normal samples in the metadata (GSE67472) 
cohort was carried out utilizing the “limma” R package. The data 
diagram after batch correction is shown in Figure 1 A. Of the 398 
identified DEGs, 290 genes were significantly upregulated and 
108 genes were significantly downregulated (Fig. 1B, 1C). As shown 
in Fig. 1D, differential gene enrichment analysis showed that most 
of the enrichment pathways were related to immune cell infiltration.

2.2. Immune cell infi ltration landscape
With the CIBERSORT algorithm, we firstly calculated the propor-
tion of immune cell infiltration in airway mucus hypersecretion and 
normal tissues. The results showed that the degree of infiltration of 
resting plasma cells (P = 0.05), T cells CD8 (P = 0.01), T cells CD4 
memory activated (P = 0.001) and T cells follicular (P = 0.001) in 
airway mucus hypersecretion tissues were notably raised in contrast 
to controls. Conversely, control samples demonstrated a higher 
proportion of infiltration of M2 macrophages (P=0.001) and dendritic 
cells activated (P=0.05) compared to those found in airway mucus 
hypersecretion tissues (Fig. 2A). The heatmap of each immune cell 
is depicted in Figure 2B. Figure 2C shows the difference in immune 
cells between the healthy and diseased groups, suggesting that 
T lymphocytes, macrophages, and mast cells are the main differenti-
ating immune cells.

2.3. WGCNA and functional enrichment analysis of DEGs
A gene co-expression network was constructed using R package 
“WGCNA” and cluster analysis was performed on 106 samples. 
To construct the scale-free network, we chose β=4 (scale-free 
R^2=0.85) as the soft threshold power (see Fig. 3A). A hierarchical 
clustering tree was constructed using dynamic hybrid cutting tech-

niques, where each leaf represents a sample and genes with similar 
expression data are clustered together to form a branch of the tree, 
which represents gene modules (Fig. 3B). Figure 3C shows that 
genes are assigned into modules of different colors. The heat map 

Fig. 1: Differentially expressed genes (DEGs) between airway mucus hypersecretion tissues and normal samples in metadata ((GSE67472 dataset) cohort. (A) Data graph after 
batch correction; (B) Volcano plot of DEGs; (C)Heatmap plot of DEGs; (D) Enrichment analysis of DEGs.

Fig. 2: Landscape of immune cell infiltration in airway mucus hypersecretion. 
(A)Histogram of immune cell infiltration; (B) A heatmap of each sample 
of immune cells; (C) Boxplot of the proportion of 22 types of immune cell 
infiltrates. * p<0.05 indicates significant differences. **P < 0.01 indicates 
extremely significant differences. ns, not significant differences.
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of the correlation between different modules and immune cells 
showed that red indicates positive correlation and blue indicates 
negative correlation (Fig. 3D). We found that the changes of T cells 
were particularly significant, so we screened the modules related 
to T cells, and finally found that METAN module had the highest 
correlation with T cells, and we found TIM1 as the key gene of 
METAN module (Fig. 3E).

2.4. Screen hub gene with PPI network
PPI network was constructed for key WGCNA module genes, and 
then the first five algorithms of cytoHubba plug-in of Cytoscape 
(v 3.7.2) were used to score each node gene. Finally, two key genes 
(TIM1 and P13K) were screened using “UpSet”(Fig. 4).

2.5. Anti-TIM-1 alleviates mouse lung histologic changes 
induced by CSE
To evaluate the histologic changes following CSE exposure and 
anti-TIM1 body pretreatment, H&E staining was performed based 
on the fixed mouse lungs. The slices showed that four-week CS 
exposure dramatically increased airway epithelium thickening, 
airway epithelial cell hyperplasia, peribronchial inflammatory 
cell infiltration, and lumen obstruction by mucus and cell debris. 
However, all these changes were alleviated by anti-TIM1 body 
pretreatment (Figure 5A and B).

2.6. Anti-TIM-1 suppresses the mucus hypersecretion 
induced by CSE in mouse lungs
AB-PAS staining showed that CSE exposure highly increased the 
secretion of airway mucus proteins which were stained as blue, 
and anti-TIM-1 body pretreatment suppressed the expression of 

mucins in mouse airways (Fig. 6A and B). As the major source of 
airway mucus, the expression level of MUC5AC was detected with 
qRT-PCR and western blot. The results showed that after 4-week 
CSE exposure, both the mRNA and protein levels of MUC5AC 
in mouse lungs were dramatically increased, and the elevated 
MUC5AC mRNA and proteins were attenuated by anti-TIM-1 
body treatment (Fig. 6C, D and E).

Fig. 3: Gene co-expression network and cluster analysis. (A) Soft threshold power. (B) Gene module. (C) Genes are assigned to modules of different colors. (D) Heat map of 
correlation between different modules and immune cells. Red indicates a positive correlation and blue indicates a negative correlation. (E) Key gene of METAN module.

Fig. 4: Construct PPI network and screen hub gene.



ORIGINAL ARTICLES

Pharmazie 79 (2024) 223

2.7. Anti-TIM-1 decreases CS-induced infl ammatory cell 
release in mouse BALF
The total cell number from BALF samples in the PBS group 
was significantly lower compared with the mice of CSE group 
(Fig.  7A). And the total cell number in CSE+Anti-TIM1 group 
significantly decreased compared with the CSE group (Fig. 7B). In 
the CSE +Anti-TIM1 group, the numbers of different inflamma-
tory cells from BALF, including macrophagocytes, lymphocytes 
and eosinophils, were also significantly reduced compared with 
the CSE group (Fig. 7C).

2.8. Anti-TIM1 down-regulates CSE-induced increase of 
IL-1β, IL-6 and TNF-α in BALF and serum
To determine whether anti-TIM1 ameliorates inflammation and 
altered cytokine profiles, the concentration levels of the latter 
markers, IL-6 , IL-1β and TNF-α were examined in both BALF 
and serum samples derived from mice. The CSE group exhib-
ited significantly higher levels of IL-6 , IL-1β and TNF-α were 

observed compared with in the PBS group (Figure 8). Compared 
with the CSE group, intranasal administration of anti-TIM1 led to 
a significant reduction of IL-6 , IL-1β and  TNF-α (Fig. 8).

2.9. TIM1 activates the PI3K/Akt pathway in mice
The protein levels of Akt and p-Akt were detected in lung tissues 
using western blot. Compared with PBS group, the protein expres-
sion levels of p-Akt was significantly upregulated in the CSE 
group, whereas these were reduced in the CSE+Anti-TIM1 group 
compared with the CSE group (Fig. 9).

3. Discussion
Chronic airway inflammation induced by cigarette smoke (CS) has 
been recognized as one of the major characteristics of COPD. It 
has been demonstrated that the levels of inflammatory cytokines 
and chemokines in BALF and circulation among COPD smokers 
were significantly higher than those in non-smoker COPD patients 
or non-smoker healthy individuals (Barnes 2016). Moreover, CS 

Fig. 5: Effect of anti-TIM1 on airway inflammation in CSE-induced mucus hypersecretion in the mice model of COPD. (A) Representative photomicrographs of HE staining 
lung sections (magnification, ×200). (B) Inflammation score of the airway and airway side in mice of each group. Graphs display a summary of two to three independent 
experiments. Data are expressed as the mean ± SEM. * p<0.05 indicates significant differences.

Fig. 6: Intranasal administration of Anti-TIM1 prevents CSE-induced mucus hypersecretion in the mice model of COPD. (A) Representative photomicrographs of PAS-stained 
lung sections (magnification, ×100). (B)The PAS positive area per total area was measured. (C) The expression of MUC5AC mRNA in mouse lung tissues was evaluated 
by RT-qPCR. (D) The expression of MUC5AC mRNA in mouse lung tissues was evaluated by western blot. Corresponding densitometric analyses of the protein bands 
of (E) MUC5AC /β-actin. Graphs display a summary of two to three independent experiments. Data are expressed as the mean ± SEM. Anti-TIM1, Tim1 antibody; CSE, 
cigarette smoke extract; PAS, periodic-acid Schiff; Pbm, perimeter of basement membrane. *p< 0.05 indicates significant differences.
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exposure remarkably activated airway inflammatory responses 
both in vivo and in vitro (Kistemaker et al. 2013; Wang et al. 2016). 
In this study, we presented novel evidence that anti-TIM1 played 
protective roles in CS-induced airway inflammation, suggesting 
the therapeutic potential of anti-TIM1 in CS-related pulmonary 
inflammatory disorders such as COPD.
Weighted gene co-expression network analysis (WGCNA) can 
offer in-depth insights into gene networks, hub genes, and the 
pathogenesis related to asthma (Wang et al. 2023). In this research, 
we hypothesized that evaluating gene expression in airway 
epithelial cells through WGCNA might identify the gene-network 
signature, provide potential biomarkers for T2-high asthma, and 
further predict treatment responses. TIM-1 was identified as being 
significantly correlated with asthma status (McIntire et al. 2004; 
Mariat et al. 2009). The turquoise module observed in this study 
was positively correlated with asthma traits and considered as the 
most crucial module in the pathogenesis of T2-high asthma. This 
implies that the TIM-1 gene likely participates in the pathogenesis 
and immune imbalance and could serve as a potential biomarker 
for the diagnosis and a therapeutic target of T2-high asthma.
TIM-1 has been recognized as a crucial susceptibility gene for 
asthma (Xie et al. 2017; Niu et al. 2018). Previous studies have 
found that the inhibition of TIM-1 signaling can downregulate 
the level of T cell infiltration into allergic skin tissues and tissues 
related to autoimmune diseases (Brunton et al. 2019). In a prior 
study, it was found that injecting intraperitoneal anti-TIM-1 anti-
bodies into a mouse model of allergen-induced asthma reduced the 
level of Th2 cytokines and inhibited inflammatory cell infiltration 
in the airway (Fukushima et al. 2007). Airway hyperresponsive-
ness (AHR) is one of the key characteristics of asthma and a major 
factor contributing to the pathogenesis of this disease (O’Byrne and 
Inman 2003). AHR is characterized by increased airway resistance 
and decreased airway compliance (Kaczka et al. 1999). The results 
of the present study demonstrated that intranasal administration 
of Anti-TIM1 could reduce the number of inflammatory cells in 
BALF and serum samples and reverse methacholine-induced 
AHR. This indicated that Anti-TIM1 can effectively attenuate 
airway inflammation and AHR in experimental asthma, which is 
in line with previous studies showing that anti-TIM-1 modulates 
TIM-1 activity in response to allergen challenge in CS-induced 
chronic airway inflammation (Hosseini et al. 2018).
Apart from chronic inflammation, excessive secretion of airway 
mucus also contributes to the initiation and progression of COPD. 
Chronic exposure to cigarette smoke (CS) has been identified as 

the most common trigger for mucin secretion (Barnes 2017; Agustí 
et al. 2022). Additionally, a deficiency in TIM-1 has been demon-
strated to reduce the occurrence of allergic asthma in a mouse 
model (Kim et al. 2013). It has also been reported that agonistic 
TIM-1 monoclonal antibodies (clone 3B3 and clone 1H8.2) 
enhance T cell-mediated immune responses, while an antagonistic 
antibody inhibits the immune response through regulatory B cells 
(Ding et al. 2011). In this study, the results of H&E and AB-PAS 
staining indicate that the CSE+Anti-TIM1 group treated with 
anti-TIM-1 shows a significant reduction in mucous cells in the 
bronchial epithelium. The mRNA expression of MUC5B is signifi-
cantly downregulated in the CSE+Anti-TIM1 group compared to 
that in the CSE group. Understanding the functions of TIM-1 in 
contributing to asthma susceptibility and severity is of great signif-
icance for both asthma treatment and prevention.
Cigarette smoking-induced abnormal inflammatory responses 
contributes to COPD (Barnes 2016; Sharma et al. 2023). Cigarette 
smoke can cause inflammation and induce apoptosis of alveolar 
epithelial cells via release of TNF- ɑ (Guan et al. 2020). IL-1β is 

Fig. 7: Intranasal administration of Anti-TIM1 alleviates airway inflammation in 
the mice model of COPD. (A) The total cell number in the BALF samples. 
The macrophagocytes(B), lymphocytes(C) and eosinophils(D) cell number 
in the BALF samples. Graphs display a summary of three independent ex-
periments. Data are expressed as the mean ± SEM. BALF, bronchoalveo-
lar lavage fluid; Anti-TIM1, Tim1 antibody; CSE, cigarette smoke extract. 
*p< 0.05 indicates significant differences.

Fig. 8: The concentration levels of IL-1β, IL-6 and TNF-α in serum and BALF sam-
ples were measured by ELISA. The concentration levels of IL-1β(A),  IL-6(C) 
and TNF-α(E) in BALF. The concentration levels of IL-1β(B),  IL-6(D) and 
TNF-α(F) in serum. The data are expressed as the mean±standard error of the 
mean of three independent experiments. IL, interleukin; BALF, bronchoalve-
olar lavage fluid; Anti-TIM1, Tim1 antibody; CSE, cigarette smoke extract; 
TNF, tumor necrosis factor. *p < 0.05 indicates significant differences.

Fig. 9: Western blot analysis of the protein expression levels of p-Akt and Akt in 
mouse lung tissues (A) Western blots of p-Akt and Akt in mouse lung tissues. 
Corresponding densitometric analyses of the protein bands of (B)p-Akt/ Akt. 
Graphs display a summary of three independent experiments. Data are ex-
pressed as the mean ± SEM. p, phosphorylated. *p < 0.05 indicates signifi-
cant differences.
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found to be induced in cigarette smoke extract (CSE)-induced air 
way epithelial cells (Dang et al. 2020). Neutrophilic inflammation 
mediated by IL-1ɑ is observed to be augmented in COPD patients 
(Pauwels et al. 2011). Macrophages within the lungs can produce 
IL-8/CXCLs, resulting in an increased inflammatory response by 
inducing leukocytes from the circulatory system to the inflammatory 
site (Wu et al. 2018). Additionally, other pro-inflammatory cytokines 
(IL-1β and IL-6) are also proven to be crucial mediators in CSE-
induced lung inflammation in COPD (Kersul et al. 2011). TIM-1 
can promote T cell proliferation and differentiation by binding to 
different agonistic ligands (Meyers et al. 2005; Feng et al. 2008). 
TNF-α has been reported to trigger mucus production in airway 
epithelium through several intracellular signal transduction cascades, 
including the EGFR and NF-κΒ pathways (Busse et al. 2009; Ahmad 
et al. 2023). TIM-1 molecules bound with agonistic TIM-1 mAbs 
(Xiao et al. 2007) or other agonistic ligands can produce a strong 
costimulatory signal for the activation of T cells, thereby promoting 
T cell differentiation and proliferation in vivo, activating cytokine 
production, and enhancing the antigen-induced immune response 
of T cells (Sizing et al. 2007; Schweigert et al. 2014). In a cispla-
tin-induced acute renal injury model, blocking TIM-1 signaling 
can significantly reduce the number of CD8+ T  cells and inhibit 
TNF-α secretion, indicating that TIM-1 costimulatory signaling can 
enhance the effect of CD8+ T cells (Nozaki et al. 2011). Our present 
study shows that the serum and BALF concentration levels of Th1 
cytokines (TNF-α) and Th2 cytokines (IL-1β, IL-6) are lower in 
the CSE+Anti-TIM1 group than in the CSE group, suggesting that 
the decreased production of Th2 cytokines and Th1 cytokines may 
contribute to the effects of anti-TIM1 on CS-induced chronic airway 
inflammation in this experimental model.
The PI3K/Akt signaling pathway holds a crucial position in the 
pathological process of airway remodeling in COPD and asthma 
(Gutor et al. 2022). It is activated by inflammatory factors such 
as IL-1β, IL-6, and TGF-β(Li et al. 2021). Phosphorylation of 
Akt is a hallmark of PI3K activation (Revathidevi and Munirajan 
2019). The PI3K/Akt pathway is widely involved in a variety of 
cellular processes including cell differentiation and proliferation, 
inflammation, metabolism, and apoptosis (Miricescu et al. 2021). 
In this study, the anti-TIM1 group exhibited lower protein expres-
sion of p-Akt. This suggests that anti-TIM1 alleviates airway 
remodeling, which may be due to enhanced activity of the p-Akt 
pathway. Nevertheless, a limitation of this study is that the effect 
of TIM-1 on the PI3K/Akt signaling pathway was not evaluated in 
vitro. Additionally, whether TIM-1 affects the PI3K/Akt signaling 
pathway in lung structural cells was not assessed.
In summary, TIM-1 was identified as candidate biomarkers of 
COPD in METAN module. Anti-TIM1 exhibited anti-inflamma-
tory and anti-mucus proprieties in CS exposure-stimulated mice 
and airway epithelial cells, and the down-regulating of PI3K/Akt 
pathways would be involved. Our findings provide new exper-
imental evidence that TIM-1 is a potential candidate for future 
CS-induced chronic airway inflammation.

4. Experimental

4.1. Data collection and download
 Airway mucus hypersecretion gene expression data collected from the GEO database 
(http://www.ncbi.nlm.nih.gov/geo).  GSE67472 dataset was downloaded as a qualified 
dataset. Inclusion criteria were as follows: (1) Expression profiles of airway mucus 
hypersecretion and healthy adults were included in the dataset. (2) The data set 
contains one or more samples.

4.2. Data preprocessing and research design
First, download the GSE67472 expression profile data was downloaded. Using 
R package affy, the sample was normalized. Then, the SA packet pair was used to 
eliminate the batch-like effect. The normalized gene expression matrix was analyzed 
using the R package “limma” package.

4.3. Immunoinfi ltrate expression analysis
CIBERSORT is a deconvolution algorithm that quantifies immune cell infiltration 
(22 various cell types) in airway mucus hypersecretion gene expression profiles. The 
“corrplot” R package was used to carry out visualization and correlation analysis 

of 22 types of infiltrating immune cells including macrophages (M0, M1, and M2), 
T cells (CD8+ T cells, CD4+ T cells, memory activating CD4+ T cells, Tfh cells, regu-
latory T cells, and γδ T cells), natural killer cells (resting and activated NK cells), mast 
cells (resting and activated mast cells), B cells (naive B cells and memory B cells), 
dendritic cells (resting and activated dendritic cells), monocytes, plasma cells, neutro-
phils and eosinophils. Differences in infiltrating immune cells between airway mucus 
hypersecretion and healthy samples were visualized using boxplots drawn with the 
“ggplot2” package in R.

4.4. Functional enrichment analysis
The R package “org.Hs.eg.db” was used to convert gene names into gene ids, and the 
R package “clusterProfiler” was used for gene ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of DEGs. The GO terms and signal 
pathways with significant differences were screened by threshold values p value <0.05 
and q value <0.05. The R packages “enrichment plot” and “ggplot2” were used to 
visualize the results.

4.5. Mouse groups and treatments
In this study, female C57BL/6 mice weighing (18-20) g and aged 6-8 weeks were used. 
All animals were maintained in a pathogen-free environment at the Animal Center of 
the Experimental Center of the Fourth Affiliated Hospital of Harbin Medical Univer-
sity (Harbin, China). The mice were housed in a light- and temperature-controlled 
room with free access to deionized drinking water and standard chow. All experiments 
were approved by the local animal care committee of the Fourth Affiliated Hospital of 
Harbin Medical University Center (HRBMUEC20220086).
All mice were randomly divided into three groups, CON group: wild type (WT)+
phosphate-buffered saline (PBS), CSE group: WT+CSE (CSE) and CSE+anti-TIM1 
group: WT+CSE+anti-TIM1 (CSE+anti-TIM1). The brief steps were as described as 
follows. The smoke of non-filter cigarette was dissolved in PBS to prepare cigarette 
smoke extract (CSE). CSE was used to construct the COPD. Mice in each group were 
weighed and intraperitoneally injected CSE according to their weight (0.3ml/20g). CSE 
was injected intraperitoneally every 2 weeks for 8 weeks. At the same time, a nasal 
drip of a certain concentration of CSE is administered every other week. Mice in the 
control group were injected intraperitoneally or intranasally with sterile PBS by the 
same method at the same time point. After this procedure, the mice were then observed 
for abnormal manifestations, such as coughing, agitation, wheezing, or death. Lung 
tissue and bronchoalveolar lavage fluid (BALF) were collected for further detection.

4.6. Cigarette smoke extract preparation
Cigarette smoke extract (CSE) was freshly prepared. Briefly, mainstream smoke from 
five cigarettes was drawn slowly into a 50 mL syringe and bubbled through 4mL of 
PBS medium prewarmed at 37 °C. Then this solution, considered to be 100% CSE, 
was adjusted to pH 7.2-7.4 and sterilized with a 0.22 μm filter. Before use, this 100% 
CSE was diluted with serum free PBS medium to the required CSE concentrations. 
The extracted CSE was applied to the experimental mice within 30 minutes.

4.7. Hematoxylin and eosin (HE) staining 
Mouse left lungs without lavage were fixed with 4% phosphate buffered parafor-
maldehyde under a constant pressure of 25 cm H

2
O. Paraffin embedded lung tissues 

collected were cut into slices for histological staining. HE staining was performed 
according to the manufacturer’s instructions (Solarbio, Beijing, China). Briefly, 
lung tissues from the left lobe were fixed with 4% paraformaldehyde for 24 h and 
embedded in paraffin. Tissue sections (4 μm) were stained with HE to evaluate 
morphological changes in lungs.

4.8. Alcian blue (AB) – Periodic acid-Schiff (PAS) staining 
AB-PAS staining was used to observe goblet cell metaplasia and mucus secretion in 
lungs. All slides were assessed using light microscopy at ×200 magnification. Bronchi-
oles with a 150-200μm internal diameter were selected in a blinded manner, observed, 
and photographed. The area of AB-PAS staining was measured using Image-Pro Plus 
software. The AB-PAS staining area/Pbm ratio was quantified in the airway epithelium.

4.9. ELISA assay
Serum and BALF levels of IL-1β,IL-6 and TNF-α were measured with ELISA kits 
(Wanlei bio, Shanghai, China) according to the manufacturer’s instructions. The 
absorbance data were measured with a Bio-Rad 680 microplate reader, and analyzed 
with accompanying software Microplate Manager 5.2.

4.10. Quantitative real-time PCR 
Total RNA of lung tissues was isolated by TRIzol Reagent (Invitrogen, Beijing, 
China), according to the manufacturer’s protocol. mRNA was reverse-transcribed 
using a Revert Aid First Stand cDNA Synthesis kit (Thermo Fisher, Beijing, China). 
Real-time PCR was performed using the SYBR Premix Ex Taq (Takara, Dalian, 
China). For MUC5AC gene, the primers used for qRT-PCR analysis are F:5’-CAG 
CAT CAT CAA CAG CGA AAC-3’ and R:5’-TAG TCA CAG AAC AGT GGG CAG 
A-3’. For β-actin gene, the primers used for qRT-PCR analysis are F: 5’-TGT GCC 
CAT CTA CGA GGG CTA T-3’ and R: 5’-TTT GAT GTC ACG CAC GAT TTC C-3’.
The 2-ΔΔCt method was used to calculate the relative expression. All PCR reactions 
were performed in triplicate.
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4.11. Western blot assay
Total protein of lung tissues was extracted using protein extraction kit (R0011; 
Solarbio Beijing). The concentration of total protein was detected by BCA kit 
(12002231, Bio-Rad, Hercules, CA, USA)). The protein was separated by SDS-PAGE 
and transferred to PVDF membrane (Millipore, Shanghai, China). The membrane 
was blocked by non-fat milk and then incubated with primary antibodies for p-Akt 
(1:2000, 44-621G; Thermo Scientific), Akt (1:1000, MA5-14916; Thermo Scientific), 
and β-action (1:10000, PA1-183; Thermo Scientific). After 12h of incubation at 4°C, 
the membrane was washed, incubated by the secondary antibody, and visualized by 
ECL (Millipore, MA, USA). β-actin serves as an internal control. Quantification of 
band densitometry was performed using ImageJ (NIH, Bethesda, MD, USA).

4.12. Statistical analysis
Statistical analyses were performed using SPSS software (version 16.0; SPSS Inc., 
Chicago, IL, USA). Comparison between two groups or among multiple groups were 
analyzed by student t-test or one-way ANOVA, respectively. All data are expressed 
as the mean ± standard deviation(SD) of at least three separate repeated experiments. 
Statistical significance was identified based on P<0.05.
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