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Abstract 

Asthma is a heterogeneous clinical syndrome characterized by airway inflammation, 

hyper-responsiveness and remodeling. Airway remodeling is irreversible by current 

antiasthmatic drugs, and it is the main cause of severe asthma. Airway smooth muscle 

cells (ASMCs) act as the main effector cells for airway remodeling; the proliferation 

and hypertrophy of which are involved in airway remodeling. Caveolin (Cav)-1 is 

present on the surface of ASMCs, which is involved in cell cycle and signal 

transduction regulation, allowing ASMCs to change from proliferation to apoptosis. 

The extracellular signal-regulated kinase (ERK)1/2 signaling pathway is a common 

pathway regulated by various proliferative factors, which demonstrates a regulatory 

role in airway remodeling of asthma. There have been many studies on the correlation 

between vasoactive intestinal peptide (VIP) and airway reactivity and inflammation in 

asthma, but the functions and related mechanisms of ASMCs remain unclear. In this 

study, we established an airway remodeling model in asthmatic mice, and concluded 

that VIP inhibits airway remodeling in vivo. The in vitro effect of VIP on 

interleukin-13-induced proliferation of ASMCs was studied by examining the effects 

of VIP on expression of ERK1/2, phospho-ERK1/2 and Cav-1 in ASMCs, as well as 

changes in cell cycle distribution. VIP inhibited phosphorylation of the ERK1/2 

signaling pathway and expression of Cav-1 on ASMCs and decreased the proportion 

of S phase cells in the cell cycle, thus inhibiting the proliferation of ASMCs. This 

study provides a novel therapeutic mechanism for the treatment of asthma. 
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1. Introduction 

Asthma is a heterogeneous clinical syndrome characterized by airway inflammation, 

hyper-responsiveness and remodeling,  the symptoms of which include paroxysmal 

or persistent wheezing, dyspnea and coughing. Airway smooth muscle cells (ASMCs) 

act as the main effector cells of airway remodeling, and their proliferation and 

hypertrophy lead to irreversible pathological changes in the airway. Cultured ASMCs 

from asthma patients show significant proliferation [1]. Therefore, how to inhibit the 

proliferation of ASMCs and the occurrence of airway remodeling have become hot 

topics in asthma research. 

As an inhibitory non-adrenergic non-cholinergic neuropeptide, vasoactive 

intestinal peptide (VIP) was initially considered to be a gastrointestinal hormone, 

regulating physiological activity of the digestive system. With more in-depth research, 

VIP has been recognized to play a more important role in the 

neuroendocrine–immune response and participate in a variety of biological effects 

such as metabolic processes, cell differentiation, smooth muscle relaxation and 

regulation of immune responses [2], as well as the maintenance of immune 

homeostasis, which is closely related to diseases such as asthma, chronic obstructive 

pulmonary disease, pulmonary hypertension, septic shock, diabetes, rheumatism and 

multiple sclerosis. It is suggested that VIP inhibits neutrophil chemotaxis [3] and 

promotes T helper (Th)1 to Th2 transformation [4]. Moreover, VIP has a strong effect 

on bronchial relaxation [5] and alleviating airway inflammation [6], showing its 

potential in asthma treatment. VIP plays a role in inhibiting vascular remodeling in 

patients with pulmonary hypertension [7], but it is not clear if it can inhibit airway 

remodeling and its mechanism.  

The extracellular signal-regulated kinase (ERK)1/2 signaling pathway is a 

member of the mitogen-activated protein kinase (MAPK) family, the activation of 

which transduces signals from the cell membrane surface receptor to the nucleus, and 

it is a common pathway regulated by various proliferative factors. ERK1/2 are widely 

distributed in ASMCs. Phospho (p)-ERK1/2 are involved in the proliferation of 

ASMCs and have a regulatory role in airway remodeling of asthma [8].  

As non-coated cell capsules/vesicles, caveolae often form clusters on the cell 

surface or as monomers in cell lacunae and cell membrane occlusion.Caveolin 

(Cav)-1, as the main component of the caveolae, exists on the surface of ASMCs and 
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it is involved in regulation of the cell cycle and signal transduction, with 

anti-angiogenic functions and negative regulatory activity on growth factors [9]. 

Negative regulation of platelet-derived growth factor (PDGF) can lead to 

transformation from proliferation to apoptosis in SMCs [10]. 

Interleukin (IL)-13, as a Th2 type cytokine, plays an important role in the 

pathogenesis of asthma and it is involved in the regulation of airway inflammation, 

airway hyper-responsiveness and bronchial contraction [11]. IL-13 is also involved in 

the phosphorylation of various signaling pathways, including ERK, in cultured 

ASMCs [12].  

The current study aimed to establish an airway remodeling model in asthmatic 

mice, allowing study of the effect of VIP on airway remodeling in vivo, and the in 

vitro effects and possible mechanisms of VIP on IL-13-induced proliferation in 

ASMCs extracted from asthmatic mice, providing a new perspective for the clinical 

application of VIP in asthma treatment.  

 

2. Materials and Methods 

2.1 Experimental animals 

Thirty SPF female Balb/c mice (18–22 g) aged 6–8 weeks were provided by the 

Experimental Animal Center of Shengjing Hospital, China Medical University. All 

animal experiments were conducted in accordance with the Guidelines for Animal 

Care and Use (NIH publication, 8th Edition, 2011) and were approved by the Animal 

Care and Use Committee of China Medical University. 

 

2.2 Reagents 

Ovalbumin VIP, Cav-1 antagonist β-cyclodextrin(β-CD), and ERK1/2 inhibitor 

PD-98059 were purchased from Sigma (St. Louis, MO, USA). Aluminum hydroxide 

powder was purchased from Shanghai Meixing Chemical Co. Ltd. Antibodies to ERK, 

p-ERK, β-actin and α-smooth muscle actin (SMA) were purchased from Beijing Bioss. 

IL-13 was purchased from PeProTech (Rocky Hill, NJ, USA). 

 

2.3 Model of airway remodeling in asthmatic mice 

The airway remodeling model was established as previously described [13-15]. 

After 1-week adaptation, intraperitoneal (i.p.) injection of 0.2 ml sensitizer [100 μg 
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ovalbumin (OVA) + 1 mg aluminum hydroxide powder] was administered on days 1, 

7 and 14. On day 21, asthma was induced by atomization excitation: mice were kept 

in a 20 × 20 × 20 cm homemade atomization container and subjected to atomized 2% 

OVA solution for 30 min every other day, for 8 consecutive weeks. Mice were 

randomly divided into 3 groups: control, asthma and VIP treatment groups,with 10 in 

each group. Mice in the control group received i.p. injection of phosphate-buffered 

saline (PBS) and were subjected to atomized PBS. For VIP treatment, mice received 

i.p. injection of 150 μg/kg VIP 30 min before atomization excitation. 

 

2.4 Histological examination 

The mice were killed 24 h after the last excitation. The middle right lobe of the 

lung was excised and fixed with 4% paraformaldehyde, then stained with hematoxylin 

and eosin (HE). Identification of airway remodeling by pathological image analysis 

was performed as previously described[15]. The thickness of the bronchial wall (WAt) 

and smooth muscle thickness (WAs) was measured under a light microscope (200×). 

Three small and medium bronchial tubules with complete cross-sections were 

selected for each slice. An image acquisition system was used to obtain images, and 

the area of the basement membrane (Pbm), total area of the bronchus (WAt1), lumen 

area (WAt2), smooth muscle margin area (WAs1) and smooth muscle inner area (WAs2) 

were measured by image analysis software (NIS-Elements Br3.0), and nomalized by 

Pbm, that is, using (WAt1 − WAt2)/Pbm and (WAs1 − WAs2)/Pbm to represent WAt 

(μm
2
/μm) and Was (μm

2
/μm). 

 

2.5 Cell culture 

The mice were killed at 24 h after the last excitation. As previously described [16], 

under sterile conditions, the bronchial tissue was separated and mashed using 

ophthalmic scissors. D-Hanks solution was used to clean the tissue, and the small 

pieces of bronchial tissue were transferred into type I collagenase, trypsin and papain 

solution, and incubated in a 37°C water bath for 40 min with shaking. The digested 

cell suspension was then added to an equal volume of complete medium to terminate 

the reaction, and the undigested tissue mass was removed. The cells were then seeded 

onto 12-well plates at 5 × 10
5
 cells/well, and passaged when they reached 90% 

confluence. The ASMCs were purified by differential incubation time for adherence, 
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and experiments were conducted using cells with 4–6 passages. Immunocytochemical 

staining was used to identify ASMCs. 

 

2.6 Western blotting 

Total protein was extracted and quantified. Protein was separated by 10% 

SDS-PAGE and transferred to nitrocellulose (polyvinylidene difluoride; PVDF) 

membranes. Primary antibodies anti-ERK1/2 (1: 500), anti-p-ERK1 / 2 (1: 200), and 

β-actin (1: 5000) were diluted with 5% (m/v) skimmed milk and loaded onto the 

PVDF membrane for incubation at 4°C overnight. The nitrocellulose membrane was 

removed from the primary antibody and placed in goat anti-rabbit IgG-horseradish 

peroxidase (1: 5000) at 37°C for a further 2 h, followed by electrochemiluminescence. 

A gel image analysis system(WD-9413B,Liuyi,Beijing,China) was used to scan and 

analyze results. The protein content was analyzed by density, and the relative gray 

value was used to represent the protein expression. Relative gray value was calculated 

as the gray value of the protein of interest divided by the gray value of β-actin in the 

same group. 

 

2.7 Cell proliferation 

Proliferation of ASMCs was detected by MTT assay. The ASMCs of the 4th 

passage from the asthma group were cultured with serum-free Dulbecco’s modified 

Eagle’s medium (DMEM) for 24 h to synchronize the cells. After adding the 

intervention factor for 48 h, MTT was added at a concentration of 0.2 mg ml, 

followed by 4 h incubation at 37°C. Dimethylsulfoxide (200 μl) was then added to 

dissolve the crystals. The OD value was measured at 490 nm using a microplate 

reader(ELX-800,BIOTEK,USA). 

 

2.8 Cell cycle analysis 

The ASMCs of the 4th passage from the asthma model group were cultured with 

serum-free DMEM for 24 h to synchronize the cells at G0 phase. Cells were collected 

after 48 h of intervention. Pre-cooled 70% ethanol was used to fix the cells at 4°C for 

2 h. Staining buffer (500 μl) was added slowly and cells were fully resuspended. After 

addition of 25 μl propidium iodide staining solution and 10μl RNase A, cells were 

kept at 4°C for 30 min. Flow cytometry analysis was performed after incubation, and 
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S phase ratio was determined. 

 

2.9 Statistical analysis 

All data was presented as mean ± standard deviation, and statistical analysis was 

performed using SPSS version 23.0. Analysis of variance was used to compare the 

homogeneity of variance in each group. Further comparison within each group was 

conducted using a least significant difference t test. Differences with p<0.05 were 

considered statistically significant. 

 

3. Results 

3.1 Effects of VIP on airway remodeling 

By measurement of the thickness of the bronchial wall and smooth muscle layer 

using lung tissue HE staining and pathological imaging analysis (Figure 1d), we 

found that, in the control group, the bronchial morphology was regular, and the 

airway epithelium was normal, without loss of cilia. Alveolar wall was intact, and the 

alveolae and bronchi demonstrated no inflammatory exudate or inflammatory cell 

infiltration around the bronchioles and vascular walls (Figure 1a). In contrast, in the 

asthma group, inflammatory cell infiltration was seen around the alveolar cavity, 

bronchioles and vascular wall, with cilia and epithelial cell shedding, thickening of 

ASM and vascular smooth muscle (VSM), and even damage of some of the alveolar 

structure (Figure 1b). In the VIP treatment group, inflammatory cell infiltration and 

thickening of smooth muscle were relieved compared to the asthma group (Figure 1c). 

 

3.2 Identification of ASMCs 

Cultured ASMCs were identified by immunocytochemistry. Under the inverted 

microscope, ASMCs were spindle-shaped, growing in parallel, and arranged in 

bundles, showing a "peak/valley" shape at the border of dense and sparse growth 

(Figure 2a). Immunocytochemistry indicated that the brown positive signal of α-SMA 

was filamentous (Figure 2b), which indicated successful culture of ASMCs. 

 

3.3 Cell proliferation 

3.3.1 Optimal concentration and time of VIP treatment of ASMCs 

To determine the optimal concentration and time of VIP treatment on ASMCs, 
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cells were treated with 10
−5

, 10
−6

 and 10
−7 

mM VIP for 12, 24, 48 and 72 h. Cell 

proliferation was determined by MTT assay. Cell viability was significantly lower in 

the 10
−6

 and 10
−5 

mM VIP groups than in the untreated group, but there was no 

significant difference between cell viability in the 10
−7 

mM VIP group and the 

untreated group (p>0.05). There was no significant difference between the 10
−6 

and 

10
−5 

mM VIP groups (p>0.05) (Figure 3a). Different concentrations of VIP all showed 

the highest inhibition rate at 48 h post-treatment (Figure 3b). Therefore, for the 

follow-up experiments, we used 10
−6 

mM VIP for 48 h. 

 

3.3.2 Effects of VIP treatment on proliferation of ASMCs  

MTT assay showed that IL-13 significantly induced the proliferation of ASMCs 

in vitro after 48 h treatment (p<0.05), while the proliferation of ASMCs was 

significantly decreased after VIP treatment (p<0.05). After treatment with PD98059, 

cell proliferation was significantly lower than in the VIP group (p<0.05) .After 

treatment with β-CD,cell proliferation was significantly lower than in the IL-13 

treatment group,but higher than in the VIP group (Figure 3c). 

 

3.4 Effect of VIP on Cav-1 expression in ASMCs 

Expression of Cav-1 in ASMCs was detected by western blotting after each 

treatment. Expression of Cav-1 was significantly decreased after IL-13 treatment 

(p<0.05), and expression of Cav-1 was significantly higher after treatment with VIP 

and PD98059 than that in the IL-13-treated group (p<0.05) (Figure 4). 

 

3.5 Effect of VIP on ERK1/2 and p-ERK1/2 expression in ASMCs 

After 48h of IL-13 treatment, expression of ERK1/2 and p-ERK1/2 was 

significantly increased as detected by western blotting (p<0.05). However, after 

treatment with VIP or PD98059, the expression level of p-ERK1/2 was significantly 

lower than in the IL-13 treatment group (p<0.05) (Figure 5). 

 

3.6 Cell cycle analysis 

The cell cycle distribution of each group of cells after 48 h treatment showed that 

in IL-13-treated ASMCs, the proportion of cells in S phase was significantly higher 

than in the control group (p<0.05). For the VIP and PD98059 treatment groups, the 
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proportion of cells in S phase was significantly lower than in the IL-13-treated group 

(p<0.05). This suggests that VIP reduced the proportion of ASMCs in S phase, 

thereby reducing intracellular DNA synthesis and inhibiting cell proliferation (Figure 

6). 

 

4. Discussion 

Asthma is a chronic airway disease characterized by airway inflammation, 

hyper-responsiveness and remodeling. The airway remodeling includes structural 

changes, such as subepithelial fibrosis, proliferation of fibroblasts and myoblasts, and 

increased smooth muscle fibers. These changes lead to irreversible airway obstruction. 

The traditional treatment for asthma includes glucocorticoids and β-agonists, which 

can reduce airway inflammation, diastolic bronchial, and relieve symptoms of asthma. 

However, they cannot prevent or treat airway remodeling caused by persistent 

inflammation [17]. Even inhalation of high doses of glucocorticoids or systemic 

glucocorticoids do not alleviate asthma symptoms in about 5–10% of patients with 

severe or refractory asthma [18], which is closely associated with airway remodeling. 

Therefore, how to control the process of airway remodeling effectively has become a 

difficult topic for asthma research [19, 20]. 

 Many animal and clinical studies have confirmed that, as a non-adrenergic 

non-cholinergic neurotransmitter, VIP can affect various aspects of asthma, such as 

reducing airway inflammation and hyper-reactivity, and inhibition of airway mucus 

secretion. ASMCs, as the main effector cells of asthma, mediate airway 

hyper-responsiveness, airway remodeling and fibrosis by inducing airway contraction 

and production of extracellular matrix and pro-inflammatory and anti-inflammatory 

factors [21]. St Hilaire et al. have confirmed that VIP can inhibit VSMC proliferation 

[22]. However, it remains elusive whether VIP inhibits the proliferation of ASMCs. In 

this study, we confirmed the inhibitory effect of VIP on the proliferation of ASMCs 

induced by IL-13 in vitro. 

IL-13 is a key cytokine in the Th2 response and it is involved in IgE synthesis, 

eosinophil activation and mucus secretion, induction of airway hyper-responsiveness, 

production of vascular endothelial growth factor by structural cells, and participation 

in airway inflammation and remodeling [23-25]. Thus, in this study, we examined the 

effect of VIP on IL-13-induced proliferation of ASMCs and the associated signaling 
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pathways. 

ERK1/2 is an important intracellular signaling molecule that transcribes 

extracellular signals into the nucleus and regulates gene expression, which is a 

common pathway regulated by different growth factors [26]. ERK1/2 regulates 

ASMC secretion [27,28], proliferation [29], and hyper-responsiveness [30]. As the 

main signaling pathway regulating the proliferation of ASMCs [24,31,32], ERK1/2 

regulate cell growth by promoting cell cycle transitions as cells exit quiescence and 

progress through G1 into S phase[33],and is involved in the pathogenesis of asthma, 

chronic airway inflammation, airway hyper-responsiveness [34, 35], and ASMC 

proliferation in chronic airway remodeling. In a rat model of chronic asthma, ERK1/2 

is highly activated. Therefore, inhibition of the ERK1/2 signaling pathway may be 

effective in the treatment of airway remodeling in asthma [15]. The results of the 

present study were consistent with this hypothesis, which confirmed that ERK1/2 is 

involved in signal transduction of VIP to inhibit proliferation of ASMCs. 

The caveolar structure is present on the cell surface, and mostly on SMCs, 

fibroblasts, adipocytes, alveolar cells, epidermal cells and skeletal muscle cells. As the 

main component of the caveolae, Cav-1 is involved in regulating the cell cycle and 

signal transduction, which can initiate apoptosis [36]and negatively affect cell growth 

through the interactions with ERK1/2 signaling pathway[37]. Previous studies have 

shown that Cav-1 knockout mice have significant airway hyper-responsiveness 

[38]and exhibit increase of 25–30% in the S phase population compared to the 

wild-type cells[39]. Cav-1 mRNA expression in the lungs of OVA-sensitized mice 

was reduced [40]. Inhibition of the down-regulation of Cav-1 expression can inhibit 

allergen-induced airway remodeling [41]. Clinical studies have also shown decreased 

airway expression of Cav-1 in patients with asthma [42]. These studies have shown 

that the expression of Cav-1 negatively regulates asthma, but the mechanism of its 

effect on the proliferation of ASMCs is not clear. Our study is believed to be the first 

to demonstrate that VIP inhibits the down-regulation of Cav-1 expression, and 

therefore IL-13-induced proliferation of ASMCs in asthma. 

The cell cycle is mainly divided into 4 phases: the early stage of DNA synthesis 

(G1 phase), DNA synthesis phase (S phase), late stage of DNA synthesis (G2 phase), 

and cell division stage (M phase). Cell cycle distribution is also an important indicator 

of cell proliferation [43]. In patients with asthma as well as in asthma animal models, 
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the proportion of ASMCs in S and G2/M phases is significantly increased, and the 

proportion in G0/G1 phase is decreased, suggesting that ASMCs are 

over-proliferating during asthma[44,45]. In the present study, the percentage of 

ASMCs in S phase after IL-13 stimulation was significantly increased compared to 

the control group, which was consistent with previous reports. After VIP treatment, 

the proportion of cells in S phase decreased significantly.After treatment with ERK1/2 

pathway inhibitor PD98059, the proportion of cells in S phase decreased more 

significantly(Figure 6). These results suggest that VIP inhibits ASMC proliferation by 

reducing the proportion of cells in S phase; that is, reducing the proportion of cells in 

the proliferative phase, and this inhibition is associated with the ERK1/2 signaling 

pathway. During asthma, VIP immune response fibers are reduced in the airways, and 

serum VIP level is decreased. The anti-proliferative effect of VIP on ASMCs is 

weakened, which may exacerbate airway remodeling. 

Our study demonstrated that VIP inhibits the proliferation of ASMCs by 

inhibiting the down-regulation of Cav-1, inhibiting phosphorylation of the ERK 

signaling pathway, and decreasing the proportion of cells in S phase, therefore 

inhibiting the occurrence of OVA-induced airway remodeling in mice. 

In summary, VIP has strong effects in bronchial relaxation, inhibiting airway 

inflammation and ASMC proliferation, and thus inhibiting airway remodeling. Our 

study provides a theoretical basis for novel drug development for asthma. 
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Highlights 
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 VIP inhibited the proliferation of ASMCs by inhibiting the down-regulation of 

Cav-1.  

 VIP inhibited the proliferation of ASMCs via the ERK1/2 signaling pathway and 

decreased the proportion of cells in S phase. 
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 VIP inhibited airway remodeling and therefore provided a new approach for the 

treatment of asthma. 
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