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Abstract 

Background Bronchopulmonary dysplasia is a serious and lifelong pulmonary disease in premature neonates that 
influences around one-quarter of premature newborns. The wingless-related integration site /β-catenin signaling 
pathway, which is abnormally activated in the lungs with pulmonary fibrosis, affects cell differentiation and lung 
development.

Methods Newborn rats were subjected to hyperoxia exposure. Histopathological changes to the lungs were evalu-
ated through immunohistochemistry, and the activation of disheveled and Wnt /β-catenin signaling pathway compo-
nents was assessed by Western blotting and real-time PCR. The abilities of proliferation, apoptosis and migration were 
detected by Cell Counting Kit-8, flow cytometry and scratch wound assay, respectively.

Results Contrasting with normoxic lungs, hyperoxia-exposed lungs demonstrated larger alveoli, fewer alveoli and 
thicker alveolar septa. Superoxide dismutase activity was significantly decreased (7th day: P < 0.05; 14th day: P < 0.01) 
and malondialdehyde significantly increased (7th day: P < 0.05; 14th day: P < 0.01) after hyperoxia exposure. Protein 
and mRNA expression levels of β-catenin, Dvl-1, CTNNBL1 and cyclin D1 were significantly upregulated by hyper-
oxia exposure on 7th day (P < 0.01) and 14th day (P < 0.01). In hyperoxic conditions, Dvl-l downregulation and Dvl-l 
downregulation + MSAB treatment significantly increased the proliferation rates, decreased the apoptosis rates 
and improved the ability of cell migration. In hyperoxic conditions, Dvl-l downregulation could decrease the mRNA 
expression levels of GSK3β, β-catenin, CTNNBL1 and cyclin D1 and decrease the protein relative expression levels of 
GSK3β, p-GSK3β, β-catenin, CTNNBL1 and cyclin D1.

Conclusions We confirmed the positive role of Dvl-1 and the Wnt/β-catenin signaling pathway in promoting BPD in 
hyperoxia conditions and provided a promising therapeutic target.
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Introduction
Bronchopulmonary dysplasia (BPD) is a serious and 
lifelong pulmonary disease in premature neonates that 
impacts a quarter of premature newborns [1–3] . Pre-
term birth is related to an increased risk of long-term 
pulmonary problems. The pathogenesis of BPD involves a 
complex interaction between genetic and environmental 
factors. A variety of endogenous and exogenous stimuli, 
such as ventilator volume injury, barotrauma, hyperoxia 
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injury and patent ductus arteriosus, can result in inflam-
matory cascade reaction, immature lung tissue, uncon-
trolled pulmonary vascular development and abnormal 
repair of lung tissue [4, 5]. Oxygen therapy is extensively 
applied for the treatment of BPD. However, hyperoxia 
causes many adverse effects, and the lung is generally the 
first damaged organ [6–8]. Preterm birth is also associ-
ated with a high risk of respiratory distress syndrome, 
which is caused by immaturity of alveolar type II epithe-
lial cells (AECII) [9].

Current research shows that the Wnt/β-catenin sign-
aling pathway can regulate the normal development of 
multiple organs in the body. It is important that the dis-
covery of its molecular mechanism in the lung, using tar-
geted therapy to treat BPD without causing damage to 
other organs. Dishevelled-1 (Dvl-1) had been reported to 
mediate three signaling pathways, including the canoni-
cal Wnt/β-catenin signaling pathway, the non-canonical 
Wnt/β-catenin signaling pathway and Wnt/Ca2+ signal-
ing pathway [10]. In the canonical Wnt/β-catenin signal-
ing pathway, the upregulation of Dvl-1 protein expression 
leads to the overexpression of β-catenin protein. The 
accumulation of β-catenin protein in the cytoplasm 
promotes the transcription of the Wnt/β-catenin sign-
aling pathway downstream genes in the nucleus [11]. 
Recent studies have showen that abnormal activation of 
the Wnt/β-catenin signaling pathway causes the occur-
rence of pulmonary diseases [12, 13]. In the newborn’s 
lung, the Wnt/β-catenin signaling pathway is activated 

in pulmonary fibrosis, affecting abnormal cell differen-
tiation and tissue structure [14]. The Wnt/β-catenin sign-
aling pathway was activated in the lungs of BPD animal 
models and idiopathic pulmonary fibrosis, which sug-
gested that Wnt/β-catenin signaling pathway has poten-
tial as a therapeutic target of BPD [15, 16].

In this study, we explore the role of Dvl-1 and the 
Wnt/β-catenin signaling pathway in the occurrence and 
development of BPD. It is demonstrated that the down-
regulation of Dvl-l relieves hyperoxia-induced AECII 
apoptosis by inhibiting the Wnt/β-catenin signalling 
pathway. Our study provides a new perspective and 
theoretical basis for the clinical treatment of hyperoxia-
induced lung injury through Dvl-1. It is helpful to sup-
ple treatment of hyperoxia lung injury except supportive 
therapy currently.

Results
Hyperoxia‑induced pathological changes in the lung
In the present study, rats exposed to 85% O2 had inhib-
ited alveolar development, which was correlated with 
the pulmonary morphological changes of BPD (Fig. 1). A 
minimum of nine fields of view for each slice was exam-
ined. On the 7th day, the alveoli of the hyperoxia-induced 
rats were separated irregularly. Contrasting with the nor-
moxic lungs, the hyperoxia-exposed lungs demonstrated 
larger alveoli, fewer alveoli and thicker alveolar septa. On 
the 14th day, the number of alveoli reduced obviously 
and enlarged significantly in the hyperoxia group.

Fig. 1 Hyperoxia exposure could increase the expression of β-catenin, DVL-1 and CYCLIN D1 in the lung. A Hyperoxic exposure at 7th day 
(magnification × 20), B hyperoxic exposure at 14th day (magnification × 20)
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In the hyperoxia group, IHC scores of β-catenin, Dvl-
1, and cyclin D1 were significantly higher than those of 
the control group on the 7th day (P < 0.01) and were also 
significantly higher on the 14th day than those on the 7th 
day(P < 0.01) (Fig. 1, Table 1). SOD, the main antioxidant 
enzyme, and MDA, an end-product of membrane lipid 
peroxidation, were used as indicators of cell oxidation. 
We found that SOD activity was significantly decreased 
(7th day: P < 0.05; 14th day: P < 0.01) and MDA was sig-
nificantly increased (7th day: P < 0.05; 14th day: P < 0.01) 
after hyperoxia exposure as shown in Table 2.

Hyperoxia‑exposure upregulated Dvl‑1 protein expression 
and activated Wnt/β‑catenin signaling pathway 
in newborn rat lung
As shown in Fig.  2, compared with the control group, 
the protein expression levels of Dvl-1 were significantly 
upregulated after hyperoxia exposure on the 7th day and 
the 14th day (P < 0.01), but there was no significant differ-
ence after hyperoxia exposure on the 3rd day. The protein 
expression levels of β-catenin, CTNNBL1 and cyclin D1 
were significantly upregulated after hyperoxia exposure 
on the 3rd day(P < 0.01), the 7th day(P < 0.01) and the 
14th day(P < 0.01) .

The results of the real-time PCR analysis indicated 
that the mRNA expression levels of β-catenin, Dvl-1, 
CTNNBL1 and cyclin D1 were significantly upregulated 
by hyperoxia exposure on the 7th day (P < 0. 01) and on 
the 14th day (P < 0. 01).

Dvl‑l downregulation attenuated the inhibition 
of hyperoxia‑induced cell proliferation and migration 
in ACEII cells
We examined the cell proliferation and motility by 
CCK-8 assay and scratch wound assay, respectively. 
Under hyperoxic conditions, the proliferation of ACEII 
cells was inhibited. However, Dvl-l downregulation 
treatment increased the cell proliferation rate of ACEII 
cells. Dvl-l downregulation could reverse the hyperoxia-
induced inhibition effect on ACEII cells proliferation. It 
is noteworthy that the promoting proliferation effect of 
Dvl-l downregulation can be enhanced by MSAB, which 

is a selective inhibitor of the Wnt/β-catenin signaling 
pathway [17]. It also indicated that Dvl-l downregulation 
promoted proliferation via the inhibition of the Wnt/β-
catenin signaling pathway, which suggests that Dvl-l 
plays a negative role in ACEII cells proliferation. The 
proliferation rates with downregulated Dvl-l and MSAB 
under hyperoxic conditions were significantly higher 
than those of the hyperoxia group (P < 0.01) but there 
was no significant difference in Dvl-l downregulation 
between the hyperoxia condition group and the control 
group (P > 0.05) (Fig. 3).

In the scratch wound assay, we drew solid red lines 
to indicate the edges of the scratch wounds. After 24 h 
and 48 h of hyperoxia exposure, the hyperoxia inhibited 
ACEII cell migration (P < 0.01). After 24 h of hyperoxia 
exposure, Dvl-l downregulation and MSAB treatment 
improved ACEII cell migration (P < 0.05), which indi-
cated that the combined treatment of Dvl-l downregula-
tion and MSAB relieved hyperoxia-induced inhibition of 
ACEII cell migration (Fig. 4).

Dvl‑l downregulation ameliorated hyperoxia‑induced 
ACEII cells apoptosis
We also detected hyperoxia-induced apoptosis by flow 
cytometry with annexin V and PI dual staining. The 
apoptosis rate was equal to the sum of the late apopto-
sis rate (Q2) and the early apoptosis rate (Q3). After 
transient transfection and subsequent culture for 24 h, 
the apoptosis rate of the hyperoxia group was signifi-
cantly higher than that of the control group (P < 0.01) 

Table 1 Results of immunohistochemical staining

** P < 0.01 versus control group

Target protein 7th day IHC scores 14th day IHC scores

Hyperoxia group Control group Hyperoxia group Control group

β-catenin 3.42 ± 0.38** 1.56 ± 0.29 5.26 ± 0.92** 1.54 ± 0.37

Dvl-1 3.51 ± 0.42** 1.49 ± 0.35 5.84 ± 0.89** 1.48 ± 0.76

cyclin D1 3.70 ± 0.91** 1.51 ± 0.46 5.78 ± 0.84** 1.69 ± 0.86

Table 2 Oxidative stress on hyperoxia exposure lungs 
(mean ± SD, n = 9)

* P < 0.05 versus control group; P < 0.01 versus control  group**

Parameter Hyperoxia group Control group

7th day 14th day 7th day 14th day

MDA 
(mmol/g 
prot)

0.71 ± 0.16* 1.38 ± 0.31** 0.61 ± 0.11 0.65 ± 0.24

SOD (U/g 
prot)

24.76 ± 3.85* 18.86 ± 4.36** 55.47 ± 4.39 52.92 ± 3.96
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which suggested that hyperoxia could induce ACEII 
cells apoptosis. However, a reverse effect occurred in 
the si-Dvl-l, si-Dvl-l + hyperoxia and si-Dvl-l + hyper-
oxia + MSAB groups, in which the cell apoptosis rates 
were significantly lower than they were in the hyper-
oxia group (P < 0.01). Although the apoptosis rate of the 
si-Dvl-l + hyperoxia group was lower than that of the 
si-Dvl-l + hyperoxia + MSAB group, there was no signifi-
cant difference(P > 0.05). Our results indicated that Dvl-l 
downregulation inhibited hyperoxia-induced apoptosis 
(Fig. 5).

Dvl‑l downregulation inhibited Wnt/β‑catenin signaling 
pathway in ACEII cells
The result of real-time PCR analysis indicated that 
the mRNA expression levels of GSK-3β, β-catenin, 
CTNNBL1, and cyclin D1 were upregulated by hyper-
oxia exposure. Compared with the control group, 
there was GSK3β, β-catenin, CTNNBL1, and cyclin D1 
upregulation in the hyperoxia group at 24 h after hyper-
oxia exposure (P < 0.01). Compared with the hyperoxia 

Fig. 2 Hyperoxia-exposure upregulated Dvl-1 protein expression and activated Wnt/β-catenin signaling pathway in newborn rat lung. A Expression 
of β-catenin, Dvl-1, CTNNBL1 and cyclin D1 proteins levels by western blot 1: normoxia exposure on 3rd day, 2: hyperoxia exposure on 3rd day, 
3: normoxia exposure on 7th day, 4: hyperoxia exposure on 7th day, 5: normoxia exposure on 14th day, 6: hyperoxia exposure on 14th day. B 
Normalized against GAPDH. C Expression of β-catenin, Dvl-1, CTNNBL1 and cyclin D1 mRNA levels by real-time PCR and normalized against Gapdh, 
*p < 0. 05, **p < 0. 01 was considered statistically significant

Fig. 3 Dvl-1 downregulation attenuates the inhibition of 
hyperoxia-induced cell proliferation in ACEII cells. * p < 0.05 and ** 
p < 0.01 was considered statistically significant
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group, the mRNA relative expression levels of GSK3β, 
β-catenin, CTNNBL1, and cyclin D1 in the si-Dvl-
l + hyperoxia and si-Dvl-l + hyperoxia + MSAB groups 
were significantly deceased (Fig. 6).

Consistent with the real-time PCR results, Western 
blotting analysis demonstrated significant increases 
in GSK-3β, p-GSK3β, β-catenin, CTNNBL1 and cyc-
lin D1 protein levels in hyperoxia-treated cells at 24 h 
(P < 0.01). We also assessed the effect of Dvl-l down-
regulation on the above protein expressions in hyper-
oxia conditions. Dvl-l downregulation could decrease 
the protein expression levels of GSK3β, p-GSK3β, 
β-catenin, CTNNBL1 and cyclin D1 (P < 0.01). Inter-
estingly, MSAB, a Wnt/β-catenin signaling pathway 
inhibitor, enhanced the inhibition effect of Dvl-l down-
regulation on the protein expression levels of GSK3β, 
p-GSK3β, β-catenin, CTNNBL1 and cyclin D1. These 
results of real-time PCR and Western blotting analy-
sis collaboratively suggested that Dvl-l downregulation 
could inhibit hyperoxia-induced Wnt/β-catenin signal-
ing pathway activation in ACEII cells (Fig. 7).

Discussion
There is mounting evidence from laboratory animal 
research and clinical observations that neonatal hyper-
oxia leads to injury in some organs, especially the lung, 
and leads to BPD [18, 19]. BPD, one of the most common 
sequelae of premature birth, is a chronic lung disease that 
is characterized by dysplasia of pulmonary alveoli and 
pulmonary microvascular. Neonatals with BPD are prone 
to growth and mental disorders that will increase the risk 
of asthma and lower respiratory tract infection during the 
growth process. Using the model of hyperoxia-induced 
lung injury to simulate BPD to find its mechanism, the 
therapeutic target of BPD will help guide the clinical pre-
vention and treatment of BPD.

Dvl-1 is the crucial regulator of the Wnt/β-catenin 
signaling pathway, which is associated with the organo-
genesis, tissue homeostasis, and pathogenesis of many 
human diseases. The canonical Wnt/β-catenin sign-
aling pathway is most sensitive to the changes in the 
abundance of Dvl-3 or Dvl-1 [20]. Previous studies 
have confirmed that Dvl-1 promots the occurrence and 

Fig. 4 Dvl-1 downregulation attenuates the inhibition of hyperoxia-induced cell migration in ACEII cells. A Representative images of wound 
healing assay for ACEII cells at 24 h and 48 h. Red lines indicate the leading edge of the migrating cells (magnification × 40). B Migration of ACEII 
cells was tested and the distance of the wound was calculated up to 48 h. Compared with control group,  p < 0.01 was considered statistically 
significant; compared with hyperoxia group, p < 0.05 and p < 0.01 was considered statistically  significant**###
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development of lung tumors. Coexpression of Dvl-1 and 
IQ-domain GTPase-activating protein 1 (IQGAP1) in 
the cytoplasm and nucleus is closely related to the poor 
prognosis of non-small-cell lung cancer. Coexpression 
in the nucleus might play a critical role in the activation 
of the canonical Wnt/β-catenin signaling Wnt pathway 
[21]. Phosphorylated dishevelled-2 (Dvl-2) protein is 
significantly higher in cisplatin resistant A549 cells [22]. 
However, there has been no report on the mechanism of 
Dvl-1 involved in hyperoxia-induced lung injury or BPD. 
In our experiment, we found that the protein expression 
level of Dvl-1 was significantly up-regulated on the 7th 
and 14th days under hyperoxia.

Recent studies have shown that the Wnt/β-catenin 
signaling pathway plays an extremely important role in 
the growth of the lung and the occurrence and devel-
opment of lung diseases [23–25]. When the Wnt/β-
catenin signaling pathway is abnormally activated, it 
will lead to abnormal lung development. Transform-
ing growth factor-β upregulates canonical Wnt signal-
ing and inhibits the peroxisome proliferator activated 
receptor gamma (PPARγ). The absence or inhibition 
of Wnt/β-catenin signaling, which is partly related to 

inflammatory processes during the canalicular stage of 
pulmonary development, severely affects the develop-
mental processes during the subsequent saccular and 
alveolar stages. PPARγ stimulates transdifferentiation 
of myofibroblasts into lipofibroblasts, which helps nor-
mal alveolarization. Importantly, hyperoxia activates the 
canonical Wnt/β-catenin signaling pathway, upregulat-
ing Tgf-β expression and downregulating PPARγ expres-
sion [25]. The administration of PPARγ agonist has been 
shown to prevent hyperoxia-induced molecular and mor-
phological changes in rat models. In our study, the pro-
tein expression levels of the Wnt/β-catenin pathway were 
increased after 7 days and 14 days of hyperoxia exposure. 
Aberrant activation of Wnt/β-catenin pathway induced 
heterotopic differentiation of the alveoli, increased alveo-
lar volume, and reduced alveolar number.

Under hyperoxic conditions, different signaling path-
ways have different functions on hyperoxia-induced lung 
injury. The activation of the PI3K/Akt/FoxO3a pathway 
protects AECII cells from hyperoxia-induced apoptosis 
and increases the expression levels of anti-apoptosis fac-
tors [26]. Negatively regulating the JNK signaling path-
way could promote proliferation and inhibit apoptosis, 

Fig. 5 Dvl-1 downregulation ameliorated hyperoxia-induced ACEII cells apoptosis. A Control, B Hyperoxia, C 
si-Dvl-l, D si-Dvl-l + hyperoxia, E si-Dvl-l + hyperoxia + MSAB, F Quantitative analysis of apoptotic cell percentages. 
Percentage of cell apoptosis = Q2 (early apoptosis) + Q4 (late apoptosis). Compared with control group,  p < 0.05 and  p < 0.01 was considered 
statistically significant; compared with hyperoxia group, p < 0.01 was considered statistically  significant***##
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Fig. 6 Dvl-1 downregulation inhibited the mRNA expression of Wnt/β-catenin signaling pathway related genes in ACEII cells. * p < 0.05 and ** 
p < 0.01 was considered statistically significant
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attenuating oxidative stress damage in AECII cells after 
hyperoxia exposure [27]. The JAK/STAT signaling pathway 
is implicated in inflammatory and autoimmune diseases 
that are positively correlated to lung inflammation [28]. The 
phosphorylated protein expression level of STAT3 activates 
the JAK/STAT signaling pathway. In this study, the down-
regulation of Dvl-l reduced GSK3β, p-GSK3β, β-catenin, 
CTNNBL1 and cyclin D1 protein expression. Targeting the 
downregulation of the Dvl-1 gene is helpful for alleviating 
lung injury caused by hyperoxia. By using the inhibitor of 
the Wnt/β-catenin signaling pathway and the downregu-
lation of the Dvl-1 gene, it was found that the lung injury 
caused by hyperoxia was significantly alleviated.

The current research has shown that the Wnt/β-
catenin signaling pathway can regulate the normal 
development of multiple organs in the body. The dis-
covery of its molecular mechanism in the lung will 
enable the use of targeted therapy to treat BPD with-
out causing damage to other organs. Interestingly, we 
downregulated Dvl-1, which achieved a similar effect 
with Wnt/β-catenin signaling pathway inhibitors in 
AECII cell damage caused by hyperoxia. This study 

found a new molecular mechanism of the Wnt/β-
catenin signaling pathway in promoting the devel-
opment of BPD based on Dvl-1. The Wnt/β-catenin 
signaling pathway can be affected by downregulating 
Dvl-1 to alleviate BPD. In the future, we will study fur-
ther the targeting treatment BPD with Dvl-1 and the 
Wnt/β-catenin signaling pathway inhibitor.

Conclusions
Our findings suggest that hyperoxia exposure results 
in a clearly reduced number of alveoli and significantly 
enlarged alveoli in the lung tissue of newborn rats. 
Hyperoxia exposure upregulated the protein expression 
levels of Dvl-1 and activated the Wnt/β-catenin sign-
aling pathway. Hyperoxia exposure increased GSK3β, 
p-GSK3β, β-catenin, CTNNBL1 and cyclin D1 protein 
expression. Dvl-l downregulation had a protective role 
in hyperoxia-induced ACEII apoptosis. We innovatively 
revealed that the beneficial effect of Dvl-l downregula-
tion for BPD is achieved by inhibiting the activation of 
the Wnt/β-catenin pathway (Fig. 8).

Fig. 7 Dvl-1 downregulation inhibited the protein expression of Wnt/β-catenin signaling pathway related genes in ACEII cells. A Expression 
of Wnt/β-catenin signaling pathway proteins levels by western blot, 1: Control, 2: Hyperoxia, 3: si-Dvl-1, 4: si-Dvl-1+ Hyperoxia, 5: si-Dvl-1+ 
Hyperoxia+ MSAB. B normalized against GAPDH. * p < 0.05 and ** p < 0.01 was considered statistically significant
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Materials and methods
Reagents and antibodies
The following were obtained: sheep anti-rabbit horse-
radish peroxidase (HRP)-conjugated secondary anti-
body and RIPA lysis buffer (Cell Signaling Technology, 
MA, USA); BCA protein and, StarSignal chemilumines-
cent assay kits (Vazyme, Nanjing, China); StarScript II 
First-strand cDNA Synthesis Mix with gDNA Remover, 
2 × RealStar Green Fast Mixture (with ROXII), and TRI-
Gene (TaKaRa, Dalian, China); polyvinylidene difluoride 
(PVDF) membranes (Millipore, Burlington, USA); 
GSK3β, p-GSK3β, cyclin D1, Dvl-1, and β-catenin pri-
mary antibodies (ZENBIO Biotech, Chengdu, China); 
GAPDH primary antibody (Goodhere Biotech, Hang-
zhou, China); PCR primers (Genscript Biotech, Nanjing, 
China); MDA and SOD assay kits (Solarbio Life Sciences, 
Beijing, China); immunohistochemistry kit (MXB, Fujian, 
China), rat AECII cells (Bnbio, Beijing, China); Roswell 
Park Memorial Institute (RPMI) 1640, trypsin, penicil-
lin, and streptomycin (Gibco, Thermo Fisher Scientific 
Inc., USA); fetal bovine serum (Biological Industries, 
Beth Haemek, Israel); lipofectamine 3000 (Invitrogen, 
Thermo Fisher, USA); AnnexinV-fluorescein isothiocy-
anate (FITC)/propidium iodide (PI) apoptosis detection 
kit and Cell Counting Kit-8 (Vazyme, Nanjing, China); 
and MSAB (Wnt/β-catenin pathway inhibitor (Selleck, 
Shanghai, China).

Animal procedures and treatment
All animal experimental procedures were approved 
by the Ethics Committee of Animalsof the Affili-
ated Wuxi Children’s Hospital of Nanjing Medical 
University(No:WXCH2020-04-003 at April 15, 2020). 
Sprague Dawley (SD) rats were obtained from the Nan-
jing Agriculture University. A total of 36 newborn SD rats 
were randomly selected into two groups, hyperoxia group 
(85%  O2 from the beginning of birth) and the control 

group (normoxia, 21%  O2). The number of rats used in 
each group is shown in Table 3. Rats had free access to 
food and water. On the 3rd, the 7th and the 14th days 
after birth, nine newborn rats from the two groups were 
anesthetized with sodium pentobarbital, and their lungs 
were collected. The right lung was fixed with paraform-
aldehyde (PFA) for immunohistochemistry, the upper 
lobes of the left lung were used for real-time qPCR and 
oxidative stress index test, and the lower lobes of the left 
lung were used for Western blotting.

Oxidative stress index test
The upper lobes of the left lung were homogenized 
with cold normal saline and centrifuged (4 °C, 12,500 g, 
10 min), and the supernatant was collected for assays. 
MDA and SOD assays were performed using assay kits, 
according to their manufacturers’ instructions.

Western blot analysis
Total protein was separated from lung tissues with radio 
immunoprecipitation assay (RIPA), and quantified with 
a bicinchoninic acid assay (BCA) protein assay kit. After 
dilution with loading buffer, the separated proteins were 
boiled for 5 min. Twenty micrograms of protein samples 
were separated using 12.5% SDS-PAGE and electro-
transferred onto polyvinylidene difluoride membranes. 

Fig. 8 Hyperoxia exposure upregulated the protein expression levels of Dvl-1 and activated Wnt/β-catenin pathway, and induced ACEII apoptosis

Table 3 Experimental groups

Groups Number 
of rats

Control group (the 3rd days after birth) 6

Hyperoxia group (the 3rd days after birth) 6

Control group (the 7th days after birth) 6

Hyperoxia group (the 7th days after birth) 6

Control group (the 14th days after birth) 6

Hyperoxia group (the 14th days after birth) 6
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The membranes were probed overnight at 4 °C with 
primary antibodies against Dvl-1 (1:1000 dilution), 
β-catenin (1:1000 dilution), GSK3β (1:1000 dilution), 
p-GSK3β (1:1000 dilution), and CTNNBL1 (1:1000 
dilution) and cyclin D1 (1:1000 dilution) and GAPDH 
(1:1000 dilution) proteins and subsequently hybridized 
with horseradish peroxidase-conjugated secondary anti-
bodies for 2 h at room temperature. The protein bands 
were detected using an ECL advanced system (Milli-
pore) and quantified using Photoshop software.

Immunohistochemistry (IHC)
The lungs were fixed with 4% formalin for 24 h at room 
temperature. The fixed lungs were sequentially dehy-
drated, vitrified, embedded in paraffin, fixed, cut into 
5 μM thick sections. The sections were dewaxed with 
dimethylbenzene, hydrated with gradient alcohol accord-
ing to the manufacturer’s instructions and treated with 
3%  H2O2 to block endogenous peroxidase activity. The 
treated sections were placed into an EDTA-Tris buffer 
solution and microwaved for 20 min, blocked with serum, 
and incubated overnight at 4°Cwith Dvl-1 primary anti-
body (1:200 dilution), β-catenin primary antibody (1:200 
dilution) and cyclin D1 primary antibody (1:200 dilution). 
After sequential incubation with a biotin-labeled second-
ary antibody and streptavidin-peroxidase, sections were 
developed using 3,3′-diaminobenzidine (DAB) and dehy-
drated. IHC score was determined semi-quantitatively 
by multiplication of the positive fraction with the gray-
scale value according to the following system: a) positive 
fraction was categorized as 0 (no staining), 1+ (≤10%), 
2+ (>10% and <50%), and 3+ (≥50%); b) intensity was 
graded as 0 (no staining), 1 (low staining), 2 (medium 
staining), and 3 (strong staining).

Real‑time polymerase chain reaction (RT‑PCR)
Total RNA was extracted using TRIGene reagent accord-
ing to the manufacturer’s instructions. The purified 
mRNA was reverse transcribed into cDNA using Prime-
Script™ RT reagent kit with gDNA Eraser and real-time 
PCR was performed using TB Green® Premix Ex Taq™ 
II (Tli RNaseH Plus). Data were standardized to the 
endogenous expression of GAPDH. The sequences of 
the primers are listed in Table 4. Real-time PCR was per-
formed according to the method provided by QuantStu-
dio 3 (Applied Biosystems, USA) in a 20 μl volume using 
1 μl cDNA, l μl forward primer, 1 μl reverse primer and 
10 μl 2 × RealStar Green Fast Mixture (with ROX II). The 
thermal cycling conditions were Stage 1 (1 cycle, 30 s at 

95 °C), Stage 2 (45 cycles, 10 s at 95 °C, 30 s at 60 °C), and 
Stage 3 (1 cycle, 15 s at 95 °C, 1 min at 60 °C).

Cell culture, transient transfection, and hyperoxia 
treatment
Rat AECII cells were cultured in RPMI-1640 medium at 
37 °C in a 5%  CO2 atmosphere. The cell culture medium 
included 10%(v/v) FBS, 100 U/mL penicillin and 100 μg/
mL streptomycin. AECII cells were divided into the fol-
lowing five group: AECII cells group (control group), 
AECII cells hyperoxia exposure group (hyperoxia 
group), AECII cells Dvl-l downregulation treatment 
group (si-Dvl-l group), AECII cells Dvl-l downregula-
tion + hyperoxia exposure group (si-Dvl-l + hyperoxia 
group), and AECII cells Dvl-l downregulation + hyper-
oxia exposure + 5 μM MSAB treatment group (si-Dvl-
l + hyperoxia + MSAB group). When reaching 70% 
confluency, the transfected AECII cells were treated 
with lipo3000 and Dvl-l siRNA oligonucleotides and 
then cultured in serum-free RPMI-1640 medium for 
6 h. The cell culture plate was then placed into a sterile 
modular incubator chamber (MIC-101, Billups-Roth-
enberg, Del Mar, CA) and exposed to hyperoxia (85% 
 O2 and 5%  CO2) for 24 h.

Cell counting Kit‑8 assay
The proliferation rates of AECII cells in the five groups 
were detected using CCK-8 assay. AECII cells (1 ×  105 
cells/mL), after respectively different treatments, were 
cultured for 24 h, and then prepared as cell suspensions 
using culture medium. The cell suspension (100 μL) was 
inoculated into 96-well plates and cultured for 24 h. The 
solution (10 μL) was added to each well and incubated 
for 2 h at 37 °C. The absorbance of each well was meas-
ured by microplate reader (Shanghai Flash Spectrum 

Table 4 Sequences of the real-time PCR primers

Gene Primer sequences Product length
(bp)

GSK-3β Forward: 5′-TGG GTC ATT TGG TGTGG − 3′
Reverse: 5′-CCG CAA TCG GAC TAT GTT -3’

148 bp

β-catenin Forward: 5’- TAT GAG TGG GAG CAA GGC  − 3′
Reverse: 5′- CTG CGT GGA TGG GATCT − 3’

150 bp

cyclin D1 Forward: 5’- GCG TAC CCT GAC ACC AAT -3′
Reverse: 5′-CTT CGC ACT TCT GCT CCT  − 3’

178 bp

CTNNBL1 Forward: 5’- AGG TGG TCG CAC TAT TGG -3′
Reverse: 5′-GCA CAT CTC TGG ACGGA-3’

125 bp

Gapdh Forward: 5’- CAA GTT CAA CGG CAC AGT 
CAAG − 3′
Reverse: 5′- ACA TAC TCA GCA CCA GCA TCAC 
− 3’

123 bp
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Biotechnology, China) at a wavelength of 450 nm. The 
data analysis was reported in a previous study [29].

Scratch wound assay
After five different treatments, the AECII cells were 
cultured for 24 h and then inoculated into 6-well plates 
and cultured until 100% confluency. A uniform straight 
scratch was formed in the cells’ monolayer by a 200 μL 
pipette tip and then washed gently. After culturing for 
24 h or 48 h, the scratch wounds were photographed.

Cell apoptosis analysis
Apoptosis was determined with FITC/PI double stain-
ing using a flow cytometer. After different treatments for 
24 h, the cells were trypsinized, centrifuged, and washed 
with cold 1 × PBS. The cells were then resuspended in 
200 μL binding buffer, mixed with 5 μL Annexin V + FITC 
and 5 μL PI, and incubated in the dark at room tempera-
ture for 15 min. Finally, the cells were mixed with 300 μL 
binding buffer. The experimental methods and analyses 
were reported in a previous study [30].

Statistical analysis
The experimental data were expressed as mean ± standard 
deviation values. Statistical analysis was conducted by SPSS 
21.0 software (SPSS Inc., Chicago, IL, USA). The unpaired 
Student’s t-test was used to compare differences between 
the two groups. A P value < 0.05 was considered to indicate 
a statistically significant difference. One-way analysis of var-
iance for multiple-group comparisons was performed using 
GraphPad Prism 8 (GraphPad Software, San Diego, USA). A 
P value < 0.05 was considered statistically significant.
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