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Objective: The aim of this study is to explore the effects of early postnatal 
hyperoxia exposure combined with early ovalbumin (OVA) sensitization on lung 
inflammation and bacterial flora in neonatal mice on a juvenile mouse model of 
asthma.

Methods: Thirty-two newborn female C57BL/6 J mice were randomly divided 
into four groups, which including room air+phosphate-buffered saline (PBS) 
group, hyperoxia+PBS group, room air+OVA group, and hyperoxia+OVA group, 
according to the hyperoxia exposure and/or OVA induction. Mice were exposed 
to either 95% O2 or room air for 7 days after birth; after 7 days, they were exposed 
to air and received an intraperitoneal injection of OVA suspension or PBS solution 
on postnatal days 21 (P21) and 28 (P28). From P36 to P42, the mice were allowed 
to inhale of 1% OVA or 0.9% NaCl solution. The mice were observed after the last 
excitation. HE  staining was performed to observe the pathological changes in 
lung tissues. Wright-Giemsa staining was used to perform bronchoalveolar lavage 
fluid (BALF) leukocyte sorting. Enzyme-linked immunosorbent assay was used to 
determined the cytokines levels of interleukin (IL)-2, IL-5, IL-13, IL-17A, and IL-
10 and serum IgE levels in BALF. Additionally, 16S rRNA sequencing was used to 
analyze the characteristics of lung microbiota.

Results: Mice in the hyperoxia+OVA group showed asthma-like symptoms. 
HE staining results revealed a significant thickening of the airway wall and airway 
inflammation. BALF analysis of cellular components showed significant increases 
in total leukocyte and eosinophil counts and the levels of cytokines related to Th2 
(IL-5 and IL-13) and Th17 (IL-17A); 16S rRNA sequencing revealed that the main 
members of the pulmonary microflora were Actinobacteriota, Proteobacteria, 
Firmicutes, and Bacteroidota at the phylum level. In addition, the bacteria with a 
major role were Acinetobacter and Moraxellaceae in the O2 + OVA group.

Conclusion: The mouse suffering from postnatal hyperoxia exposure and early 
OVA sensitization, changes in symptoms, pathology, leukocyte and eosinophil 
counts, and levels of different T-cell cytokines in BALF and lung microbiota, which 
may provide a basis for the establishment of a juvenile mouse model of asthma.
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1. Introduction

Asthma is a heterogeneous disease characterized by airway 
hyperresponsiveness (AHR), airway inflammation, and reversible 
airway remodeling and is one of the most common chronic 
respiratory diseases occurring in children (Akar-Ghibril et al., 2020). 
Persistent asthma in children leads to inadequate lung function and 
increases the risk of chronic obstructive pulmonary disease and 
persistent airflow obstruction to the lungs in adulthood; it can also 
lead to sudden death in patients with severe acute attacks (Asher 
et al., 2021). The natural disease course of asthma is variable, and 
different risk factors are present at different stages of the disease 
ranging from fetal life to adulthood (Sánchez-García et al., 2020). 
Epidemiological observations and studies on immunology and lung 
development suggest that early life exposures and birth status have a 
significant effect on lung function in adulthood (Mahmoud et al., 
2023). For instance, prematurity, abnormal bronchopulmonary 
development, and low birth weight are associated with reduced lung 
function in adulthood (Di Filippo et al., 2022). Bronchopulmonary 
dysplasia (BPD) and asthma have similar respiratory features such as 
bronchial hyperresponsiveness and persistent airflow limitation 
(Clemm et al., 2018). Infants with moderate-to-severe BPD may have 
a prolonged pulmonary impairment in preterm BPD that may then 
persist in adulthood, leading to asthma development (Gough et al., 
2014). Since the 1980s, the incidence of BPD has shown an increase, 
especially as neonatal monitoring and the survival of extremely 
preterm infants have improved. BPD in preterm infants may be a 
major risk factor for the future development of asthma in childhood 
(Sun et al., 2023). Therefore, the use of early hyperoxia exposure in 
neonatal mice (BPD model) combined with early ovalbumin (OVA) 
sensitization can help in understanding the relationship between late 
childhood BPD and asthma development and formulating 
effective treatments.

Recently, increasing interest is being paid to the relationship 
between changes in the human microbiota and asthma development, 
with the “hygiene hypothesis” being the first theory to propose a 
link between exposure to microorganisms and allergic diseases 
(Strachan, 1989). In the internal environment of an organism, 
several microbial communities live in symbiosis with the host. 
However, less attention has been paid to changes in the lung flora 
because of the traditional view that healthy human lungs are sterile 
(free from bacteria) as well as the difficulty in sampling from the 
lower respiratory tract (Natalini et  al., 2023). With advances in 
high-throughput sequencing technology, DNA sequencing methods 
have been used to identify unique bacterial flora present in healthy 
human lungs. The main respiratory bacterial phyla are 
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Hou 
et al., 2022). Pulmonary bacterial flora plays an important role in 
the development, regulation, and maintenance of immunity 
(Whiteside et  al., 2021). When mice were exposed to 
microorganisms, their pulmonary inflammatory responses were 

exacerbated; newborn animals tended to show a strong response to 
allergens, and regulatory T cells appeared as the bacterial load 
increased, and the response to allergens was subsequently 
attenuated (Herbst et  al., 2011; Gollwitzer et  al., 2014). In an 
analysis of sputum and bronchoalveolar lavage fluid (BALF) 
samples collected from patients with severe asthma, the abundance 
of Proteobacteria, especially Haemophilus and Moraxella, was 
elevated in patients with neutrophilic asthma and was strongly 
associated with AHR and airway inflammation (Taylor et al., 2017; 
Marathe et  al., 2022), suggesting the role of the respiratory 
microbiome in asthma pathogenesis and control.

In our previous study, we  subjected mice to early postnatal 
hyperoxia exposure and OVA sensitization (6 weeks) and found that 
the airway inflammatory response had exacerbated with significant 
airway structural remodeling, but the experimental endpoint was 
9 weeks postnatally, which represented the adulthood phase of mice 
(Wang et  al., 2021). On the basis of a previous study, after early 
hyperoxia exposure, the OVA induction was advanced to 3 weeks after 
birth, and the study endpoint was 6 weeks after birth, which was in the 
adolescence of mice. This study investigated the effects of the early 
combined intervention on changes in lung inflammation and 
pulmonary bacterial flora in mice and explored the feasibility of 
establishing a juvenile mouse model of asthma.

2. Materials and methods

2.1. Animals

We purchased 32 female neonatal C57BL/6 J mice (SPF grade) 
with a birth time difference of <30 min from The Medical Animal 
Experiment Center of Nanjing Medical University. The mice were 
raised in the Animal Experiment Center of Affiliated Huaian No. 1 
People’s Hospital of Nanjing Medical University. We included female 
mice to exclude gender differences. The mice were raised at a 
constant temperature of 24 ± 2°C, 60–70% relative humidity, and day 
and night were maintained for 12 h each. The mice were allowed free 
access to food and water, provided by the animal center.  
The study was approved by the Ethics Committee of the Affiliated 
Huaian No.1 People’s Hospital of Nanjing Medical University 
(DW-P-2021-002-01).

2.2. Reagents

Grade III and V OVA were purchased from Sigma (MO, 
United  States); Al (OH)3 was acquired from Thermo Scientific 
Company. IgE, IL-2, IL-5, IL-13, IL-17A, and IL-10, were detected 
using ELISA kits. The ELISA kits were purchased from NeoBioscien 
Company, and the experimental steps were strictly in accordance with 
the kit instructions.
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2.3. Experimental procedure

Thirty-two female C57BL/6 J newborn mice were randomly 
divided into the following four groups: room air (RA) + phosphate-
buffered saline (PBS) group, hyperoxia (O2) + PBS group, RA + OVA 
group, and O2 + OVA group, with eight mice in each group. The mice 
were exposed to either hyperoxia (95% O2) or room air from postnatal 
day 1 (P1) to P7  in sealed plexiglass chambers under continuous 
oxygen monitoring. Nursing dams were rotated every 24 h between 
the RA and O2 groups. The mice received an intraperitoneal injection 
of 100 μL of sensitization solution (OVA 1 mg/mL + Al (OH)3 1 mg/
mL) or an equal amount of PBS at P21 and P28. Mice were sensitized 
by nebulized inhalation of 1% OVA or an equal amount of PBS from 
P36 to P42 once daily. Within 48 h of the last challenge, the activity 
performance of the mice was observed. All mice were euthanized by 
asphyxiation with CO2 on P44. Figure 1 shows a flowchart of mouse 
model establishment.

2.4. Serum IgE levels

The blood was collgected from the heart, placed it in an Eppendorf 
tube, and allowed it to stand for 1 h at room temperature. The 
supernatant was collected and centrifuged at 4°C for 10 min at 4000 r/
min and frozen at −80°C for further.

2.5. Leukocyte classification and cytokine 
levels In BALF samples

BALF was collected by lavage of the trachea, lungs, and bronchi. 
For this, 1 mL sterile saline in a 1 mL syringe pump was slowly pushed 
into the physiological saline. After holding for a few moments, the 
syringe was slowly pulled back and the lung tissue was gently pressed 
to collect the lavage fluid. The lavage was repeated thrice to ensure the 
recovery rate was >80%. The lavage obtained was centrifuged at 
4000 r/min for 10 min. The precipitate was immediately counted for 

cell sorting, while the supernatant was frozen at −80°C for cytokine 
detection. Leukocytes were classified by Wright-Giemsa staining.

2.6. Histopathological examination

The lungs and trachea of mice were removed, visualized with the 
naked eye, and then rinsed with PBS. The upper lobe of the right 
lung was fixed in 4% paraformaldehyde, after which it was paraffin-
embedded and cut into serial sections of 4 mm thickness for 
histopathological examination. The remaining lung tissue was 
immediately frozen in liquid nitrogen and transferred to a − 80°C 
refrigerator for storage. After histopathological examination, the 
hematoxylin–eosin–stained sections were evaluated for changes in 
airway thickness and inflammatory cell infiltrate under bright-field 
illumination, and images were captured. The pathology in each 
group was graded and scored as follows (Henderson et al., 2002; 
Fang et al., 2021): 0, no inflammatory cells; 1, a few inflammatory 
cells; 2, more uneven distribution of inflammatory cells, with a layer 
thickness of one cell; 3, a large number of evenly distributed 
inflammatory cells; and 4, a large number of inflammatory cells 
gathered as a mass, with a layer thickness of more than four cells. 
Eight bronchioles were analyzed on each tissue slide, and mean 
scores were calculated.

2.7. Genomic DNA extraction

To characterize the pulmonary microbiota, 16S rRNA sequencing 
was performed using lung tissue specimens collected from mice with 
asthma. Genomic DNA of the microbial community was extracted 
from samples using the E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek, 
Norcross, GA, United  States), according to the manufacturer’s 
instructions. The extracted DNA was run on a 1% agarose gel to 
separate and confirm the target band, and DNA concentration and 
purity were determined using the NanoDrop 2000 ultraviolet–visible 
spectrophotometer (Thermo Fisher Scientific, Wilmington, NC, 

FIGURE 1

Flowchart of mouse model establishment.
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United States). The hypervariable region V3-V4 of the bacterial 16S 
rRNA gene was amplified with primer pairs 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACT 
ACHVGGGTWTCTAAT-3′) using the GeneAmp® 9,700 polymerase 
chain reaction thermocycler (ABI, CA, United States). The 16S rRNA 
assay was performed by Nanjing Fengzi Biomedical Technology 
Co., Ltd.

2.8. Illumina MiSeq sequencing

Purified amplicons were pooled at an equimolar ratio and 
paired-end sequenced on the Illumina MiSeq PE300 platform 
(Illumina, San Diego, CA, United States). Raw reads were deposited 
into the NCBI Sequence Read Archive database. Sequences were 
clustered into operational taxonomic units (OTUs) based on 
intersequence similarity by splicing, quality control, and filtering of 
sequenced reads with 97% consistency. Then, species annotation was 
performed on the obtained OTU sequences with reference to the 
SILVA138 database. Based on the species annotation results, beta 
diversity and species abundance were further analyzed.

2.9. Statistical analysis

SPSS 21.0 statistical software was used for statistical analysis of 
data. Data were presented as mean ± standard deviation. Differences 
among more than two groups were assessed using a one-way analysis 
of variance followed by the least significant difference test. Statistical 
significance was determined at p < 0.05 (*) or p < 0.01 (**) and 
nonsignificance at p > 0.05.

3. Results

3.1. Performance of mice

Mice in the O2 + PBS and O2 + OVA groups had a smaller body size 
(Figure 2), disorganized fur, and lethargy after hyperoxia exposure. 
Additionally, mice in the O2 + OVA group developed asthma-like 
symptoms such as ear-scratching, restlessness, arched back, and curled 
body after OVA sensitization.

3.2. Pathological examination

H&E staining of the lung sections revealed inflammation in the 
small airways and alveolar regions. The airway structure appeared 
normal in the RA + PBS group, whereas the airway wall was slightly 
thickened in the O2 + PBS group. Airway columnar epithelium 
hypertrophy was observed in the RA + OVA group, but no 
significant increase in airway wall thickness was observed. The 
airway wall was significantly thickened in the O2 + OVA group, 
together with significant luminal stenosis and airway columnar 
epithelium hypertrophy (Figure 3). Lung tissue injury scores are 
shown in Figure 4.

3.3. Cell classification in BALF

Total leukocyte count and eosinophil count were significantly 
higher in the BALF samples of mice in the O2 + OVA group than in 
those of the remaining three groups (F = 173.6; p < 0.05; Figures 5A,B).

3.4. Cytokine levels in BALF samples

3.4.1. Th1 cytokine production in BALF samples
IL-2 levels were significantly lower in BALF samples of mice in the 

O2 + OVA group than in those of mice in the RA + OVA group 
(p < 0.05). No significant difference existed between the O2 + OVA 
group and the remaining two groups (p > 0.05; Figure 6A).

3.4.2. Th2 cytokine production in BALF samples
IL-5 and IL-13 levels were significantly increased in BALF samples 

of mice in the O2 + OVA group. The BALF samples of mice in the 
O2 + OVA group had significantly higher IL-5 levels than those of mice 
in the remaining three groups (p < 0.05). The IL-5 levels were 
significantly higher in BALF samples of mice in the RA + OVA group 
than in those of mice in the RA + PBS and O2 + PBS groups (p < 0.05; 
Figure 6B). Mice in the O2 + OVA group had significantly higher IL-13 
levels in BALF samples than those in the remaining three groups 
(p < 0.05). No significant differences existed among the other three 
groups (p > 0.05; Figure 6C).

3.4.3. Th17, Treg cytokine production in BALF 
samples

IL-17A levels in BALF samples of mice in the O2 + OVA group 
were significantly higher than those of mice in the other three groups 
(p < 0.05; Figure 6D). IL-10 levels in the BALF samples of mice in the 
O2 + PBS, RA + OVA, and O2 + OVA groups were significantly reduced 
compared with those of mice in the RA + PBS group (p < 0.05). 
However, no significant differences existed among the O2 + PBS, 
RA + OVA, and O2 + OVA groups (p > 0.05; Figure 6E).

3.5. Serum IgE level

The serum IgE level was significantly higher in mice of the 
O2 + OVA group than in those of the other three groups (p < 0.01), and 
the serum IgE level in the room air+OVA group was higher than that 
in the room air+PBS group (p < 0.05; Figure 6F).

FIGURE 2

Changes in the body weight of mice (n = 8). *p ≤ 0.05, **p ≤ 0.01.
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3.6. Lung microbiota sequencing

3.6.1. OTU analysis
The OTU-based Venn diagram has four different colored circles 

that correspond to the lung microbiota of the four groups of mice. 
The overlap represents shared microflora between the groups. The 
pulmonary microflora was different between the groups 
(Figure 7A).

3.6.2. Alpha diversity analysis
The alpha rarefaction curves of the mouse lung microbiota tended 

to be flat, which indicated that the sample sequencing data obtained 
in this study were gradually reasonable, and even though the data 
showed an increase, only a small number of new species would 
be generated (Figure 7B). The Shannon index of the lung microflora 

synthetically reflects the richness and evenness of the species, and the 
level of Shannon index is also affected by evenness, that is, the more 
homogeneous the species distribution in the samples, the higher the 
diversity is. No significant difference existed in the Shannon index 
among the four groups (F = 0.9297, p>0.05; Figure 7C).

3.6.3. Beta diversity analysis
As shown in the CPCoA diagram, the four groups were clustered 

at different locations and were far from each other, with great diversity 
differences among the groups (Figure 7D).

3.6.4. Microbial composition at the phylum and 
genus levels

Species classification of OTUs was performed by comparing 
databases and plotting histograms of the relative abundance of each 
species. At the phylum level, the main members of the pulmonary 
microflora were Actinobacteriota, Proteobacteria, Firmicutes, and 
Bacteroidota (Figure  8A). The main genera were Rhodococcus, 
Acinetobacter, Aeromonas, Pseudomonas, and Staphylococcus (Figure 8B).

3.6.5. LEfSE analysis
The results of the LEfSE analysis showed that 20 bacterial 

microflora differed in terms of abundance in the lung tissues of the four 
groups. The bacteria with a major role were Aeromonas species 
(Aeromonas), Corynebacterium species, and Pseudomonas species 
(Pseudomonas) in the RA + PBS group; Staphylococcus species 
(Staphylococcus), Cloacibacterium species (Cloacibacterium), and 
Jeotgalicoccus species/genus (Jeotgalicoccus) are in the O2 + PBS 
group; Lactococcus species (Lactococcus), Lactococcus lactis species 
(Lactococcus lactis), Cellvibrio species (Cellvibrio), Enterobacter 
species (Enterobacter), Myxococcota phylum, Sphingomonas species/
genus (Sphingopyxis), and Lawsonella genus (Lawsonella) are in the 
RA + OVA group; Acinetobacter species/genus (Acinetobacter) and 
Moraxellaceae family (Moraxellaceae) are in the O2 + OVA group 
(p < 0.05; Figure 8C).

FIGURE 3

Bronchial pathological changes. (H&E staining 200× magnification; scale bar = 50 μm; 400× magnification; scale bar = 25 μm). (A) RA + PBS group: the 
tracheal structure appears normal; (B) O2 + PBS group: the airway wall is slightly thickened; (C) RA + OVA group: the airway columnar epithelium is 
enlarged, but the airway wall thickness does not show a significant increase; (D) O2 + OVA group: the airway wall is significantly thickened, together 
with evident lumen stenosis and hypertrophy of airway columnar epithelium. (The black arrows point to infiltrated eosinophils, and the blue arrow 
points to goblet cells.) H&E, hematoxylin–eosin; OVA, ovalbumin; PBS, phosphate-buffered saline.

FIGURE 4

Lung inflammation scores in different groups (**p ≤ 0.01).
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4. Discussion

At birth, extremely preterm infants require respiratory support, 
and exposure to hyperoxia can cause neonatal lung injury and impede 

lung development, which eventually progresses to BPD (Thébaud 
et al., 2019). BPD can lead to short-term or long-term respiratory 
dysfunction. Some children with BPD have symptoms of periodic 
wheezing, which develop into childhood asthma (Fawke et al., 2010). 

FIGURE 5

Airway inflammation in BALF samples (n = 8). (A) Leukocyte counts in BALF samples. (B) Eosinophil counts in BALF samples. ***p < 0.001. BALF: 
bronchoalveolar lavage fluid.

FIGURE 6

Cytokine levels in BALF samples (n = 8). Cytokiens levels of IL-2 (A) IL-5 (B) IL-13 (C) IL-17A (D) and IL-10 (E) in BALF samples. (F) Serum IgE level. * 
p<0.05, ** p < 0.01, *** p < 0.001. BALF, bronchoalveolar lavage fluid; IL, interleukin.
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Premature infants and children with BPD have a higher incidence of 
childhood asthma than children without a history of BPD (Di Fiore 
et al., 2019), and early hyperoxia exposure is an important perinatal 
factor that influences asthma development in children (Kim 
et al., 2018).

In the present study, mice of the O2 + OVA group showed evident 
asthma-like symptoms such as scratching the ears and gills, bending 
down, and wiping the nose. The pathological features of asthma were 
airway wall thickening, lumen stenosis, and airway columnar 
epithelial hyperplasia. Moreover, the counts of white blood cells and 
eosinophils and the levels of Th2 cytokines in BALF were increased, 
but the level of Th1 cytokines did not significantly change, suggesting 
that early hyperoxia exposure may enhance the ability of late 
OVA sensitization.

Increased secretion of type 2 cytokines is an important 
characteristic feature of asthma. Neonatal hyperoxia exposure 
promotes the development of asthma-like features including large 
infiltration of inflammatory cells around the bronchi, increased airway 
eosinophilia, and upregulated expression of the type 2 cytokines IL-5 
and IL-13 (Cheon et al., 2018). Early hyperoxia exposure increases 
host susceptibility to allergen attack, which is reflected in the elevated 
levels of type 2 inflammation observed in the lungs after the OVA 
attack. Early life hyperoxia exposure enhances innate lymphoid cell 
(ILC2) function by increasing the expression of IL-33, and ILC2s 
produce type 2 cytokines such as IL-5, IL-13, and mediators involved 
in tissue repair, leading to eosinophilic airway inflammation and 
airway remodeling (Iijima et  al., 2021). Antigen-presenting DC 
movement to lymph nodes and the activation of T cell responses have 

both been demonstrated to be  facilitated by ILC2-derived IL-13 
(Halim et al., 2014). The key mechanism by which early hyperoxia 
exposure functions is the production of reactive oxygen species (ROS). 
ROS can damage the airway epithelium and disrupt cellular function, 
thus leading to increased airway smooth muscle function, peri-airway 
extracellular matrix deposition in the lung interstitium, and cellular 
senescence, all of which affect the integrity of the airway epithelial 
barrier and result in airway remodeling (Parikh et al., 2019; Alva et al., 
2022). Notably, neonatal hyperoxia exposure may not enhance the 
allergic response to OVA attack (Regal et al., 2014), possibly because 
of the differences in the timing of allergen sensitization and the 
duration of hyperoxia exposure. There is a “time window” for the 
effects of allergen exposure on asthma, with major changes being 
noted in the composition and function of the immune system during 
late birth and early childhood and a rapid influx of type 2 immune 
cells during the alveolar stage (PND4-21) when allergen sensitization 
predisposes to a type 2 immune response (de Kleer et al., 2016). In 
addition, early postnatal hyperoxia exposure leads to the large 
production of IL-5 and IL-13, which together are involved in asthmatic 
airway inflammation and airway remodeling effects (Cheon 
et al., 2018).

Ourteam also reported an increase in the levels of IL-17A 
cytokines and a decrease in the levels of IL-10 in BALF, and the Th17/
Treg imbalance is an important mechanism in asthma development 
(Zheng et  al., 2021). Hyperoxia significantly alters the 
microenvironment at the inflammation site, which promotes the 
polarization of Th17 and the secretion of cytokines such as IL-17A, 
which increase lung inflammation by recruiting neutrophils to the 

FIGURE 7

Analysis of pulmonary microbiota of the four groups. (A) Venn diagram of the pulmonary microbiota. (B) Rarefaction curve. (C) Alpha diversity analysis 
(using Shannon index) of the pulmonary microbiota (p>0.05); (D) CPCoA diagram of beta diversity of the pulmonary microbiota (p<0.05).
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inflammation site (Nagato et  al., 2015). IL-17A acts directly on 
bronchial smooth muscle cells, induces upregulated RhoA protein 
expression, triggers airway smooth muscle contraction and airway 
narrowing, and participates in AHR (Fong et al., 2018). Tregs mainly 
secrete anti-inflammatory factors such as transforming growth 
factor-β and IL-10, inhibit the activation and proliferation of effector 
T cells, suppress Th2 and Th17-mediated inflammatory responses, and 
prevent airway inflammation and bronchial hyperresponsiveness 
(Boonpiyathad et al., 2019). Zhao et al. demonstrated in a chronic 
airway inflammation model that Th17 cells suppress Treg-mediated 
tolerance (Hu et al., 2020) and that the Treg/Th17 imbalance is closely 
associated with asthma development and progression.

Hyperoxia exposure and OVA sensitization can exert an effect on 
the lung microflora. Hyperoxia exposure can alter the lung microbiota 
(Vieira et al., 2022), and dysbiosis of the lung microbiota can cause 
acute lung injury, wherein oxygen-induced changes in the lung 
microbiota precede the development of acute lung injury, and germ-
free mice (mice without microorganism exposure) are protected from 
an oxygen-induced acute lung injury, suggesting that the deleterious 
effects of hyperoxia on lung injury are, at least partially, mediated by 
the lung microbiota (Ashley et  al., 2020). Once established, the 
establishment of nonbeneficial respiratory microbiota triggers a self-
reinforcing cycle of pro-inflammatory pathways that alter the 

respiratory microenvironment and may lead to long-term sequelae, 
including asthma and chronic obstructive (de Steenhuijsen Piters 
et al., 2020). The present study demonstrated that the abundance of 
Staphylococcus aureus was increased in the lung microflora of mice 
after hyperoxia exposure, and Staphylococcus aureus can regulate the 
immune response in the airway mucosa through its proteins, thereby 
inducing the activation of airway epithelial cells and the release of 
cytokines such as thymic stromal lymphopoietin, IL-25, and IL-33. 
This causes a sustained immune response in dendritic cells and ILC2 
cells and the activation of type 2 immune response, thereby promoting 
the development of allergic airway disease (Chen et  al., 2022). In 
addition, OVA sensitization alters the composition of the respiratory 
microbiota in mice, which may be  associated with asthma 
development (Xiong et al., 2020; Zheng et al., 2021). Moreover, this 
study showed that Acinetobacter and Moraxellaceae were abundant in 
the O2 + OVA group, and were representative biomarkers of this group. 
One study reported low microbial richness in children with asthma 
and preschool children with wheezing and the predominance of the 
Moraxellaceae group. Moraxellaceae-dominant microflora caused a 
higher risk of asthma worsening as well as eosinophil activation, and 
in vitro experiments showed that Moraxellaceae induced epithelial cell 
damage and elevated the levels of the inflammatory factors IL-33 and 
IL-8 (McCauley et  al., 2019; Chun et  al., 2020). However, the 

FIGURE 8

Microbial composition and relative abundance at the phylum and genus levels. (A) Composition of the lung microbiota at the phylum level. 
(B) Composition of the lung microbiota at the genus level. (C) LEfSe result. The histogram shows that colonies with LDA values >2 are statistically 
different biomarkers. When the default LDA value is more than 2 and the p value is less than 0.05. (phylum [P], class [C], order [O], family [F], genus [G], 
and species [S]).
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significance and mechanism of action of alterations of the microflora 
are not fully understood.

5. Conclusion

In all, our study showed that the mouse suffered from postnatal 
hyperoxia exposure and early OVA sensitization in symptoms, 
respiratory pathology, alveolar lavage fluid cytokine levels, and lung 
microbiota during juvenile life, some of which behaved similarly to 
the classical asthma model. The findings of this study may provide a 
novel approach for the establishment of an asthma model using 
juvenile mice, and the detection of lung microbiota may also open 
new avenues for asthma research.
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