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Hyperoxia exposure arrests alveolarization in neonatal
rats via PTEN-induced putative kinase 1-Parkin and
Nip3-like protein X-mediated mitophagy disorders
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Abstract. Bronchopulmonary dysplasia (BPD), also known as
chronic lung disease, is one of the most common respiratory
diseases in premature new-born humans. Mitochondria are not
only the main source of reactive oxygen species but are also
critical for the maintenance of homeostasis and a wide range
of biological activities, such as producing energy, buffering
cytosolic calcium and regulating signal transduction. However,
as a critical quality control method for mitochondria, little is
known about the role of mitophagy in BPD. The present study
assessed mitochondrial function in hyperoxia-exposed alveolar
type II (AT-1I) cells of rats during lung development. New-born
Sprague-Dawley rats were divided into hyperoxia (85%
oxygen) and control (21% oxygen) groups. Histopathological
and morphological properties of the lung tissues were assessed
at postnatal days 1, 3, 7 and 14. Ultrastructural mitochondrial
alteration was observed using transmission electron micros-
copy and the expression of the mitophagy proteins putative
kinase (PINK)I, Parkin and Nip3-like protein X (NIX)
in the lung tissues was evaluated using western blotting.
Immunofluorescence staining was used to determine the
co-localisation of PINK1 and Parkin. Real-time analyses of
extracellular acidification rate and oxygen consumption rate
were performed using primary AT-II cells to evaluate meta-
bolic changes. Mitochondria in hyperoxia-exposed rat AT-II
cells began to show abnormal morphological and physiolog-
ical features. These changes were accompanied by decreased
mitochondrial membrane potential and increased expression
levels of PINK1-Parkin and NIX. Increased binding between
a mitochondria marker (cytochrome C oxidase subunit IV
isoform I) and an autophagy marker (microtubule-associated
protein-1 light chain-3B) was observed in primary AT-II cells
and was accompanied by decreased mitochondrial metabolic
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capacity in model rats. Thus, mitophagy mediated by PINKI1,
Parkin and NIX in AT-II cells occurred in hyperoxia-exposed
new-born rats. These findings suggested that the accumula-
tion of dysfunctional mitochondria may be a key factor in the
pathogenesis of BPD and result in attenuated alveolar develop-
ment.

Introduction

Bronchopulmonary dysplasia (BPD) is one of the most
common diseases in preterm infants with a gestational age of
<30 weeks or a birth weight of <1,200 g, especially in those
requiring oxygen inhalation or mechanical ventilation during
treatment (1). The major pathological characteristics of BPD are
obstruction of alveolarization and simplification of pulmonary
vascular development (2,3). Since its initial description in 1967,
advances in the comprehensive management technology for
BPD in preterm new-borns have increased the survival rate
substantially (4,5); however, BPD still affects ~10,000 neonates
each year in the United States (6). Thus, further improvements
in developmental outcomes and morbidity reduction of BPD
are urgently needed (7). The pathogenesis of BPD is extremely
complex and remains unclear (8-10), emphasising the need for
an improved understanding of alveolar development under
both normal and pathological conditions.

Mitochondrial autophagy (mitophagy) is an important
process in mitochondrial quality control (11), involving
ubiquitin- and receptor-dependent pathways (12). Cells regu-
late biosynthetic functions by selectively identifying and
eliminating damaged or excess mitochondria (11). Abnormal
mitophagy is closely associated with lung diseases, such
as COPD and pulmonary fibrosis (13); however, the role of
mitophagy in BPD is not well-established.

The classic process of mitophagy is primarily mediated
by the phosphatase and tensin homolog-induced putative
kinase 1 (PINK1)-Parkin pathway. PINK1 is a serine/threo-
nine protein kinase localised on the outer mitochondrial
membrane (14). When the mitochondria are healthy in cells,
PINK1 is degraded by proteasomes and maintained at a low
level (15). However, upon a decrease in the mitochondrial
membrane potential (MMP), PINKI1 is not transported
into the mitochondria but rather aggregates on the outer
membrane and recruits Parkin, an E3 ubiquitin ligase (14).
Subsequent binding to p62 and microtubule-associated
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protein-1 light chain-3B (LC3B) leads to the engulfment
and degradation of mitochondria by autophagosomes (16).
Several previously identified mitochondrial receptors,
such as Nip3-like protein X (NIX), BCL2/adenovirus
EIB 19 kDa protein-interacting protein 3 and FUNI14
domain-containing protein 1 (17), are located on the outer
mitochondrial membrane and directly recruit LC3B for
mitochondrial degradation (18). Mitophagy contributes
to stem cell differentiation, aging and other pathological
processes, such as neurodegenerative diseases, cancer and
metabolic diseases (19); however, little is known about its
roles in lung development and BPD. Therefore, the present
study aimed to assess the effects of PINK1-Parkin and NIX
on rat alveolar type II (AT-II) cells, which play a crucial
role in the pathogenesis of BPD (20).

Changes in metabolic activity are closely linked to cell fate
decisions and development (21). Mitochondria are involved
in various biological activities, such as energy synthesis,
reduction-oxidation reactions, calcium signalling, reactive
oxygen species generation and macromolecule synthesis (22).
Therefore, it was hypothesised that mitochondrial injuries
induced by hyperoxia impair normal energy synthesis and to
contribute to BPD.

To test this hypothesis, the expression of PINK1-Parkin
and NIX was evaluated in an experimental rat model and
its association with mitochondrial damage and metabolic
changes. The present results may help to clarify the role of
mitophagy in lung epithelial cells and demonstrate the critical
role of mitophagy in lung developmental disorders.

Materials and methods

Model establishment and animal treatment. In total, eight
pregnant Sprague-Dawley rats (300-350 g) were purchased
from the Department of Animals, Experimental Centre,
Shengjing Hospital of China Medical University. Each preg-
nant rat was fed independently at 20-26°C, 12 h light/dark cycle
and free to access to food and water. Eighty offspring were
born on days 21-23 of pregnancy and were randomly divided
into a model group (n=40) and control group (n=40) after birth.
Following our previously described methods (23), new-born
rats in the model group were exposed to a high oxygen environ-
ment (Fi0,=0.85) within 12 h after birth, and the control group
was exposed to normoxic air (Fi0,=0.21). The CO, concentra-
tion was controlled at <0.5% using soda lime, and silica gel
was used to remove water vapor from the oxygen tank. The
maternal rats were used to feed the new-born rats and were
exchanged among cages every 24 h to minimise the effect of
differences in nursing ability. The cage was opened for 30 min
every day and clean drinking water and food were provided.
On postnatal day (P)1, 3, 7 and 14 after modelling, 10 pup rats
in each group were anaesthetised using pentobarbital sodium
(intraperitoneal injection at the dose of 50 mg/kg) and eutha-
nized by cervical dislocation. Then the chest cavity was opened
quickly to dissect the lung tissue. All experimental procedures
were reviewed and approved by The Ethics Committee of
China Medical University (Shenyang, China).

Histopathology. After being resected, the left lung was cut to
0.5 cm thickness sections, fixed with 4% paraformaldehyde at
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room temperature for 48 h and embedded in paraffin, and the
right lung was stored at -80°C for subsequent experiments. The
sections were dehydrated using graded ethyl alcohol solutions
(75% ethanol overnight, 95% ethanol for 4 h and 100% ethanol
for 2 h), and embedded with paraffin after treatment with
xylene. The tissue sections were stained with haematoxylin and
eosin (haematoxylin for 5 min, rinsed with PBS for 30 min and
eosin for 5 min) at room temperature using an automatic dyeing
machine (Leica Autostainer XL). Histopathological changes
were observed using a light microscope (Eclipse Ci; Nikon
Corporation) at x200 magnification. Each slice was analysed
in six random regions. The radial alveolar count (RAC) and
alveolar wall thickness were determined to evaluate alveolar
development using ImagelJ software version 1.80 (National
Institutes of Health). These assessments were carried out
independently by two pathologists who were blinded to the

grouping.

Transmission electron microscopy. After treatment, 1 mm?® of
fresh lung tissue was fixed in 4% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer overnight at 4°C and
dehydrated in graded ethyl alcohol solutions (50-90%) at 4°C,
before embedding in acetone for 4 h at room temperature.
Ultrathin sections (50-60 nm thickness) were obtained and
double-stained with uranyl acetate and lead citrate for 30 min at
room temperature. Finally, a transmission electron microscope
(JEM-1200EX; Hitachi High-Technologies Corporation) was
used to observe lung tissue samples from the model group at
P1,3,7 and 14 at 100 kV. Under a magnification of x10,000 (for
six fields of view at each time point), AT-II cells with peculiar
lamellar bodies were identified, and the number and morpho-
logical changes of mitochondria were recorded. According to
previously described methods (24), mitochondrial size were
measured. Mitochondrial fragments that were <1 pm?® and
not divided (usually round) were identified and the average
percentage of mitochondrial fragments in the field of view was
counted using mitochondrial fragmentation index (MFI). A
random double-blind analysis of the mitochondrial structure
in AT-II cells was performed. ImagelJ software version 1.80
(National Institutes of Health) was used to analyse images
obtained using electron microscopy at different time points.

Western blotting. The lung tissue was harvested and
homogenised in RIPA lysis buffer with a protease inhibitor
(P1045; Beyotime Institute of Biotechnology). The protein
concentration was measured using the bicinchoninic acid
method and samples were boiled with a loading buffer for
protein extraction. In total, 15 ug/lane samples were loaded
onto a 4-20% gel, resolved using SDS-PAGE and subsequently
transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were then sealed using 5% skimmed milk
for 2 h to block non-specific binding at room temperature.
The following primary antibodies were used: PINK1 (1:500;
cat. no. BC100494; Novus Biologicals), Parkin (1:100; cat.
no. sc-32282; Santa Cruz Biotechnology, Inc.), NIX (1:1,000;
cat. no. ab8399, Abcam), Cytochrome C oxidase subunit IV
isoform I (COX4) (1:500; cat. no. abl4744; Abcam), LC3B
(1:1,000; cat. no. 2775; Cell Signalling Technology, Inc.) and
B-actin (1:1,000; cat. no. 60008-1-Ig, ProteinTech Group,
Inc.). The PVDF membranes were mixed with primary
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antibodies, diluted in 10% skimmed milk in Tris-buffered
saline and Tween-20 (TBST), and incubated overnight at 4°C.
The next day, after washing with TBST for three times,
the PVDF membranes were incubated with a horseradish
peroxidase-conjugated secondary antibody (1:10,000; cat.
no. SA00001-1 and SA00001-2, ProteinTech Group, Inc.)
at 20°C for 2 h and washed in TBST. Finally, band density was
determined using image capture densitometry (GE Amersham
Imager 600; Cyvita) using an Enhanced Chemiluminescence
Substrate ECL kit (Santa Cruz Biotechnology, Inc.).

Mitochondrial separation. Mitochondrial separation was
performed using a tissue mitochondrial isolation kit according
to the manufacturer's instructions (cat. no. C3606; Beyotime
Institute of Biotechnology). The mitochondrial lysis buffer
consisted of 0.25 M sucrose, 10 mM Tris-hydrochloric acid,
3 mM MgCl,, 0.1 mM EDTA and a mixture of phosphatase
and protease inhibitors. After homogenising the fresh lung
tissue with mitochondrial lysis buffer on ice, the homogenate
was centrifuged at 4°C and 600 x g for 5 min. The superna-
tant was recovered and centrifuged at 11,000 x g at 4°C for
10 min. The precipitate was washed in the lysis buffer and
centrifuged again at 12,000 x g at 4°C for 15 min. Finally,
the mitochondrial precipitate was recovered and suspended in
stock solution for the MMP assay.

Primary AT-II cell isolation. AT-1I cells of new-born rats
were isolated on postnatal days 1, 3, 7 and 14. Briefly, lung
tissues of new-born rats were perfused with normal saline, cut
using scissors and digested with 0.25% trypsin-EDTA (cat.
no. 25200056; Gibco; Thermo Fisher Scientific, Inc.) at 37°C.
After 30 min, digestion was terminated and samples were
filtered through 60 and 200-um filters. The cell pellet obtained
after centrifugation at 200 x g at 20°C for 5 min and was
resuspended in 0.1% collagenase I at 37°C for digestion (cat.
no. 17100017; Gibco; Thermo Fisher Scientific, Inc.) The cells
were harvested by centrifugation at 200 x g at 20°C for 5 min,
resuspended in Dulbecco's modified Eagle's medium (DMEM)
(Corning, Inc.) containing 1% penicillin streptomycin double
antibody and 10% fetal bovine serum (10099141; Gibco;
Thermo Fisher Scientific, Inc.) and incubated. The culture dish
was replaced every 30 min for a total of six times to remove
fibroblasts and unattached cells. Finally, an IgG-coated dish
was used for differential attachment to remove foreign cells,
such as fibroblasts and macrophages. After 12 h, the cells were
collected for subsequent experiments.

MMP assay. The 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthyl-benz-
imidazole carbon iodide (JC-1) fluorescent probe (cat.
no. C2006; Beyotime Institute of Biotechnology) was used
to detect MMP (mtAW). In brief, the medium in the six-well
plate was discarded and 0.5 mM JC-1 staining working solu-
tion was added to primary AT-II cells for 15 min, followed by
incubation in the dark environment at 37°C for 20 min. After
washing three times with DMEM (10-013-CV, Corning, Inc.),
the mtAW value for each sample was determined as the ratio of
the red fluorescence intensity to the green fluorescence inten-
sity. In normal cells, mitochondria have a higher membrane
potential, which can cause JC-1 to form orange-red fluorescent
J-aggregates outside the mitochondrial membrane (25). In

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 2126-2136, 2020

mitochondrial-damaged cells, sensor dyes appear as green
fluorescent monomers. Live cells were observed using 80x fluo-
rescent objective. The objective was connected to the Photon
Technologies Dual Emission system (LSM880; Zeiss AG)
and the excitation wavelength was set to 490 and 525 nm. The
fluorescence was emitted and collected separately using Zen
Imaging Software3.0. Data are shown as ratios (F590/F530). A
decrease in the red (F590)/green (F530) fluorescence intensity
ratio indicated a loss of MMP.

Immunofluorescence double staining. The extracted primary
AT-IT cells were plated at 200,000 cells/ml for subsequent
detection. The plated cells were washed with PBS and fixed
with 4% paraformaldehyde at 4°C for 30 min. Primary anti-
bodies were added, including antibodies against LC3B (1:200;
cat. no. 2775; anti-rabbit, Cell Signalling Technology, Inc.)
and COX4 (1:100; cat. no. ab14744; anti-mouse, Abcam), and
incubated overnight at 4°C. After washing with PBS, donkey
anti-rabbit IgG H&L (Alexa Fluor® 594; cat. no. ab150076,
Abcam) and donkey anti-mouse IgG H&L (Alexa Fluor® 488;
cat. no. ab150105; Abcam) were added, incubated for 2 h at
room temperature, and counterstained with DAPI for 5 min
at room temperature. Similarly, tissue paraffin sections were
dehydrated using graded ethanol (75% overnight, 95% for 4 h
and 100% for 2 h) and subjected to fluorescent double staining.
Primary antibodies against PINK1 (1:100; cat. no. BC100494;
anti-rabbit; Novus Biologicals) and Parkin (1:100; cat.
no. sc-32282; anti-mouse; Santa Cruz Biotechnology, Inc.)
were applied at 4°C overnight. After washing with PBS, a
secondary antibody labelled with fluorescein isothiocyanate
(Alexa Fluor® 594; cat. no. ab150076, and Alexa Fluor® 488;
cat. no. ab150105; both Abcam) was added and incubated for
2 h and counterstained with DAPI for 5 min, both at room
temperature. After observation at x400 magnification using
a two-photon confocal microscope (LSM880; Zeiss AG),
3-dimensional reconstruction was performed using Imagel
softwarel.80, which was also used to analyse the changes in
fluorescence intensity changes.

Seahorse XF energy analysis. The oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) were
measured using the Seahorse XFe96 Flux Analyzer (Agilent
Technologies, Inc.). According to methods suggested by the
manufacturer, rat primary AT-II cells were extracted on P3,
7 and 14. Cells were seeded on XF96 cell plates (Agilent
Technologies, Inc.) at a density of 20,000 cells/well. On-board
testing was performed 12 h after seeding. The original medium
in the cell plate was discarded and replaced with serum-free
bicarbonate-containing analysis medium (10 mM glucose,
2 mM glutamine and 1 mM ammonium pyruvate). For the
mitochondrial stress test, based on pilot experiments with the
oxidative phosphorylation uncoupling agent Trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP) at four concentra-
tions of 0.5, 1, 1.5 and 2 mM, the optimal concentration was
identified as 2 mM for the subsequent detection in AT-II cells.
Oligomycin, Rotentone and Antimycin A were used at the
concentrations specified in the manufacturer's instructions.
No glucose was added in the first stage to detect basal respi-
ration. In the second stage, oligomycin was added to detect
the ATP-related metabolic capacity of mitochondria. In the
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third stage, the uncoupling agent FCCP was added to detect
the maximum mitochondrial pressure. Finally, rotenone and
antimycin A were added to detect the non-mitochondrial
oxygen consumption. Similarly, metabolic regulators, such as
glucose, oligomycin and 2-deoxyglucose (2-DG), were used
for glycolytic stress according to the method described by
the manufacturer. No glucose was added and extracellular
acidification was tested in the first stage. In the second stage,
glycolysis was detected after the addition of glucose. In the
third stage, oligomycin was added to detect the maximum
storage capacity of glycolysis. In the fourth stage, 2-DG
was added to detect the residual capacity of glycolysis. Ten
biological replicates were established for each group.

Statistical analysis. Data analysis was performed using
GraphPad Prism version 8.0 (GraphPad Software). Parameters
were compared between groups using the unpaired Student's
t-tests at each time point and no multiple comparisons were
made across timepoints or within a timepoint. Correlation
analysis was performed using Pearson's tests. All data are
expressed as means + standard error of the mean. n repre-
sents the number of animals in each group or the number of
independent experiments. P<0.05 was considered to indicate a
statistically significant difference.

Results

Hyperoxia exposure leads to delayed alveolarization.
New-born lung tissues rats were collected at P1, 3, 7 and
14 after exposure to normoxic or hyperoxic conditions and
were evaluated with respect to alveolar development. In the
two groups, the number of alveoli and capillaries increased
gradually. With a decrease in the alveolar cavity diameter
and an increase in the alveolar ridge structure, the thickness
of the alveolar septum gradually decreased. Compared with
the control group (n=10), the model group (n=10) showed a
widened alveolar septum, oedema and inflammatory cell
infiltration in some fields at P3 (Fig. 1A). There was no statisti-
cally significant difference in alveolar RAC values between
the control and model groups at P1 and P3 (both P>0.05).
Similarly, there was no significant difference in alveolar wall
thickness between the groups at P1 and P3 (both P>0.05).
However, from P7, the alveolar diameter in the model group
was larger compared with that in the control group, and the
alveolar ridge structure was reduced and blunt. The RAC was
lower in the model group (P<0.01; Fig. 1B), whereas the thick-
ness of the lung septum was higher (P<0.01; Fig. 1C) in the
model group compared with the control group. These results
showed that the model group had alveolar growth delay at P7
and P14.

Hyperoxia exposure leads to mitochondrial morphological
disorders in AT-1I cells. The mitochondria of AT-1I cells
in each group were observed using transmission electron
microscopy and the ultrastructures were compared. In the
control group, there were compact mitochondria, abundant
lipid lamellar bodies and a normal basic cell substructure.
The volume of the mitochondria gradually increased and
the crista gradually became denser in the control group. The
mitochondrial structure was disrupted in the model group as
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of P3. This was manifested as mitochondrial swelling and
fracture, destruction of the mitochondrial double membrane
structure, mitochondrial cristae disappeared, and the mito-
chondria became longer and increasingly divided. Peculiar
lamellar corpuscle structural damage. After oxygen exposure,
mitochondria were ruptured and mitophagosomes wrapped in
autophagosome membranes were observed in the zoomed-in
images (Fig. 2A). At P3, the MFI was significantly increased
(P<0.05), but swelling also increased, and the average mito-
chondrial area did not differ from that in the control group
(P>0.05). However, from P7, the MFI and mitophagosomes
in the model group were significantly increased (P<0.01)
and the average mitochondria area was significantly lower
compared with that in the control group (P<0.01) (Fig. 2A-D).
In summary, mitochondrial damage in AT-II cells of the
model group increased gradually over time, with increases in
swelling and fragmentation becoming more obvious over time.

Hyperoxia exposure leads to decreased MMP in AT-1I cells.
A decrease in MMP is a sensitive signal of mitochondrial
damage and autophagy activation (26). Accordingly, MMP
was measured in primary AT-II cells (n=6) using the fluo-
rescence intensity (Fig. 3A) and ratio of JC-1 polymer levels
(red)/JC-1 monomer levels (green) to evaluate mitochondrial
function damage in the model group at each time point. At
P3, the mtAW was 0.605 in the model group, while the mtAW
ratio was 0.937 in the control (P<0.05). And the mtAW ratio
decreased to 0.564 at P7 (P<0.05) and 0.437 at P14 (P<0.01),
while the mtAW fluorescence intensity ratio was 1.004 in the
control group at P7 and 0.876 at P14 (Fig. 3B). The mtAW
ratio of the model group was lower compared with that of
the control group in AT-II cells. The membrane potential of
mitochondria extracted from the lung tissues was also detected
using JC-1 staining within 30 min and measured fluorescence
intensity using a microplate reader. The mtAW was 1.280 in
the control and 0.994 in the model group at P3, the difference
from the control group was statistically significant (P<0.05).
The mtAW in the model group was 0.742 times less compared
with the control group at P7 and 0.478 times less compared
with the control group at P14 (P<0.01; Fig. 3C and D). These
results showed that the MMP in the model group decreased
under hyperoxia exposure.

Increase in mitophagy protein expression in hyper-
oxia-exposed lung tissues of rats with simple lung structures.
PINKI1-Parkin double staining was evaluated in lung
tissue sections to assess the ability of PINKI1 to recruit
Parkin (Fig. 4A). The two proteins were distributed in the
cytoplasm of lung cells. The co-localisation of PINK1 and
Parkin fluorescence was lower at P3 and higher at P7 and P14
in the model group compared with the control group. Next,
the protein levels of PINK1 and Parkin in lung tissues were
investigated using western blotting (Fig. 4B-E). Compared
with that in the control group, the expression of PINKI1 in the
model group was significantly elevated at P7 and P14 (P<0.05
and P<0.01, respectively; Fig. 4C). Consistently, the expres-
sion level of Parkin in the model group was not different at
P1 or P3 compared with that in the control group; however, a
significant difference was observed at P7 and P14 (P<0.01 and
P<0.05, respectively; Fig. 4E). The transformation of LC3B
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Figure 1. Hyperoxia exposure leads to a delay of alveolarization. (A) Haematoxylin and eosin staining of the lung tissues of new-born rats at P1, 3, 7 and 14
after birth was observed using microscopy (x200 magnification; scale bar, 100 y¢m). Changes in lung morphology were quantified using (B) radial alveolar
counts and (C) alveolar wall thickness. The data are expressed as mean = SEM. “P<0.01 vs. control. P, postnatal day.
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Figure 2. Hyperoxia exposure leads to mitochondrial morphological changes in AT-II cells. (A) Structural changes of mitochondria (x10,000 magnification;
scale bar, 1 pm) were observed using transmission electron microscopy, images showes mitochondria morphological changes in the cells (white arrow).
(B) Quantitative measurement of AT-1I cell mitochondrial size in each group (n=30/area). (C) Mitochondrial fragmentation index; comparison of the mitochon-
drial area at different time points. (D) Quantitative measurement of AT-II cell mitophagosome per cell in each group. The data are expressed as mean + SEM.
“P<0.05, “P<0.01 vs. control. AT-II, alveolar type II cells; P, postnatal day.
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Figure 3. Measurement of MMP depolarisation using JC-1 probes. (A) Representative immunostaining of primary AT-II cells from control and model groups
assessed using JC-1 staining (x800 magnification; scale bar, 25 pm). JC-1 polymer is shown in red and JC-1 monomer is shown in green. (B) Fluorescence
intensities (ratio of JC-1 red/green) in primary AT-II cells at P3, 7 and 14. (C) Fluorescence intensities (ratio of JC-1 red/green) in lung tissue mitochondria at
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are expressed as mean + SEM, n=3. "P<0.05, ““P<0.01 vs. control. AT-II, alveolar type II cells; P, postnatal day; MMP, mitochondrial membrane potential.

from LC3BI (the free form) to LC3BII (the conjugated form
of phosphatidyl ethanolamine) is an important process in the
formation of autophagosomes (27). LC3BII/I expression levels
in the model group were significantly elevated compared
with the control group at P1, 3, 4 and 7 (P<0.05 or P<0.01;
Fig. 4D). These results suggested that mitophagy occurred
more frequently in the model group compared with the control

group.

Mitophagy in AT-1I cells increases in hyperoxia-exposed lung
tissues of rats with simple lung structures. After clarifying the
overall protein expression levels of PINK1 and Parkin during
lung development, the co-localisation between the mitochon-
drial marker protein COX4 and autophagy marker protein LC3B
was evaluated in primary AT-II cells in the postnatal period.
A hallmark of the mitophagy process is the co-localisation
of mitochondria with autophagosomes for elimination (28).
Immunofluorescence revealed higher LC3B protein levels in
the model group compared with in the control group, reaching
a peak at P7 (Fig. 5A and B). In addition, the COX4 expression
level was no significantly different between the two groups
(P>0.05) at each time point (Fig. 5C and E), but the NIX

expression level was higher in the model group compared with
in the control group (P<0.05) from P1 (Fig. 5C and D) and it
was negatively correlated with radial alveolar counts (r=-0.32,
P<0.05) (Fig. 5F). These results indicated that NIX mediated
mitophagy also occurred more frequently in the model group
compared with in the control group and participated in the
pathological process of BPD.

Hyperoxia leads to metabolic changes in primary AT-II cells
of model rats with simple lung structures. Real-time analyses
of ECAR and OCR were performed with primary AT-II cells
using the Seahorse XF96 metabolic extracellular flux analyser.
Anaerobic metabolism levels were evaluated. At P7, non-glyco-
lytic acidification, glycolytic capacity and the glycolytic
reserve were significantly lower in the model group compared
with in the control group (P<0.05 or P<0.01) (Fig. 6A and B).
There were no significant differences in the cellular glycolysis
levels between groups under basic conditions. However, as for
the mitochondrial pressure and aerobic metabolism levels,
the basal respiration capacity, ATP generation capacity (both
P<0.05) and remaining respiration capacity of the model group
(P<0.01) were higher at P3 in the model group compared with
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in the control group. At P7, the maximal respiration and spare
respiratory capacity were significantly lower in the model
group compared with in the control group (P<0.01) and the
results showed no difference at P14 (Fig. 6C and D). These
results suggested that there was a change in the metabolic
capacity after hyperoxia exposure at P3 and P7.

Discussion

Supplemental oxygen is the most common therapeutic agent
used in neonatal treatment worldwide; however, prolonged
exposure to high oxygen alters the development of lung tissues
and vascular beds, resulting in BPD in preterm infants (29-31).
The overall incidence of BPD in infants born at <28 weeks
of gestational age is estimated to be 48-68% according to a
study performed at the National Institute of Child Health and
Human Development Neonatal Research Network (3). BPD is
a multifactorial disease; however, one of its major risk factors
is premature exposure of the lungs to a hyperoxic environment
that leads to the production of superfluous reactive oxygen
species (32). Mitochondria are not only the main source of reac-
tive oxygen species but are also critical for the maintenance of
homeostasis and a wide range of biological activities, such as
producing energy, buffering cytosolic calcium and regulating
signal transduction (33). However, the role of mitophagy in

BPD is not well-established. Therefore, it was hypothesised
that mitochondrial injuries induced by hyperoxia impair
normal biological mitophagy functions, thereby leading to the
onset of BPD.

To adapt to extrauterine life after birth and for postnatal
energy production during lung development, various lung
cell types undergo mitochondrial morphological changes,
including changes to volume density, size, number and distri-
bution (34). In the present study, oxygen exposure in new-born
rats resulted in a relatively large alveolar cavity, irregularly
spaced lungs and a decreased radial alveolar count. In addition
to alveolar morphological changes, the MMP in the model
group decreased at the early stage of hyperoxia exposure.
The volume of the mitochondria gradually increased and the
crista gradually became denser in the control group, whereas
in the model group, the level of mitochondrial disruption and
fragments increased over time. This suggests that hyperoxia
exposure leads to delayed alveolarization and mitochondrial
morphological disorders in AT-II cells.

As a major mechanism of mitochondria quality control,
mitophagy is responsible for the degradation and recycling
of damaged mitochondria (35). PINK1 can recruit Parkin
and the two proteins act synergistically to mark damaged
mitochondria for clearance by the activation of downstream
mitophagy (36). However, the involvement of mitophagy
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Figure 5. Changes in mitophagy levels in AT-II cells of rats with bronchopulmonary dysplasia. (A) Representative immunostaining of AT-II cell fluorescence
double staining (x800 magnification; scale bar, 25 ym). Green represents the mitochondria marker (COX4), red represents autophagosome marker (LC3B) and
double staining is shown in yellow. (B) Line scan data of fluorescence intensity in the corresponding images to show the degree of co-localisation of COX4
and LC3B using ImageJ softwarel.80. (C) Western blot analyses of NIX and COX4 in the lungs in the C group and M group. Density analyses of (D) NIX and
(E) COX4. Blots were stripped and reblotted using an anti-f-actin antibody as a loading control. (F) Correlation analyses between radial alveolar counts and
NIX mediated mitophagy relative expression in the rat lungs. NIX-mediated mitophagy was negatively correlated with alveolar development index (r=-0.32;
P<0.05). Data represent at least six independent experiments and are presented as mean = SEM. "P<0.05, “P<0.01 vs. control. AT-II, alveolar type II cells;
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in chronic lung disease is controversial. Disruptions in
mitophagy caused by PINK1 deficiency were reported to
promote the occurrence of pulmonary fibrosis (37). However,
an increase in PINK1 expression has also been observed and
the disturbance of mitophagy appears to be pathogenic in
chronic obstructive pulmonary disease (38,39). In the present
study, the levels of PINK1 and Parkin were not significantly
higher on days P1 and P3, but were higher on days P7 and
P14, in the model group compared with those in the control
group. Correlation analysis between RAC and PINK1-Parkin
mediated mitophagy revealed a negative correlation.
Fluorescence double staining indicated the co-localisation
of PINK1 and Parkin was also higher in the model group
compared with that in the control group, and the combina-
tion was most significant at P7. Our previous study showed
that the use of rapamycin, a classic autophagy inducer, can
improve alveolar morphology development in a rat-based BPD
model (40), as used in the present study. Mitophagy is a type of
macro-autophagy; however, traditional autophagic inhibition
does not prevent PINK1-Parkin-mediated mitophagy and the

inhibition of Parkin can affect mitochondrial clearance (41),
which suggests that insufficient mitophagy mediated by
PINKI1-Parkin in the early stage and the recruitment capacity
does not continue to increase linearly as the duration of hyper-
oxia exposure increases. It was therefore hypothesised that
PINK1-Parkin-mediated mitophagy disorders may participate
in the pathological process of BPD.

NIX is involved in the differentiation and development of
stem cells, such as the development of the nervous system (18),
retinal ganglion cells (42) and macrophages (42,43).
Additionally, NIX may be a substrate of PARK?2 in the
PINKI1-Parkin pathway (44). In the present study, the NIX
expression level was higher in the model group compared with
that in the control group at all timepoints. Moreover, the nega-
tive correlation between RAC and NIX-mediated mitophagy
suggests that NIX may also participate in the pathological
process of BPD.

Mitochondrial and metabolic changes in cells and their
regulatory processes in BPD have been a focus of recent
research (21,45). Unlike other cells, AT-II cells tend to use
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Figure 6. Changes in metabolic activity in primitive AT-II cells. Seahorse XF96 was used to test the ECAR and OCR in primary AT-II cells using real-time
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lactic acid as a substrate for mitochondrial respiration (46).
Accordingly, premature oxygen exposure may change the
glucose-oxygen metabolism balance and affect the develop-
ment of AT-II cells. The present study the tested mitochondrial
metabolic function of these cells to confirm the increase of
mitochondrial damage in hyperoxia-exposed neonatal rats.
After 3 days, the mitochondrial pressure and aerobic function
in the model group were higher and, after 7 days, the mitochon-
drial pressure and glycolytic function were lower compared
with those in the control group. This indicated that the model
group exhibited metabolic changes. These findings demon-
strated that metabolic changes are only significant at the early
phase before BPD is established, suggesting that they may be
a cause of mitophagy disorders rather than a direct contributor
to alveolar morphological changes. Ratner et al (47) exposed
neonatal rats to 75% O, for 72 h, followed by recovery in
room air for 3 weeks or 2 weeks of hyperoxia exposure. The
study showed that mitochondrial OCR and ATP production

decreased in the lung tissue, suggesting that the inhibition of
mitochondrial oxidative phosphorylation (OXPHOS) is associ-
ated with bronchopulmonary developmental arrest. Das (48)
conducted metabolic tests in vitro in hyperoxia-induced
MLE-12 cells. Das observed that the glycolytic reserve
capacity and glycolytic residual capacity were reduced and the
OXPHOS ability was impaired. Simon et al (49) demonstrated
that glycolytic capacity exhibits a compensatory increase in
AT-II cells at 95% O,; however, this was not accompanied
by altered activities of critical mitochondrial (cytochrome
oxidase) or glycolytic (pyruvate kinase and phosphofruc-
tokinase) enzymes. The present results define the metabolic
changes in the early stages of BPD. It is worth noting that
mitophagy is also closely related to the metabolic transforma-
tion (50). McCoy et al (51) reported that the recruitment of
Parkin requires hexokinase activity and Liu et al reported that
Parkin can regulate pyruvate kinase M2 (52). The present study
did not fully explore the mechanism underlying the regulation
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of metabolic targets, therefore this should be a focus of future
research.

In conclusion, the present study demonstrated that there
was mitochondrial structural damage and decreased MMP, as
well as elevated levels of PINK1-Parkin and the mitophagy
receptor protein NIX, in rat AT-II cells under hyperoxia, and
that the mitochondrial damage gradually increased over time.
Corresponding changes in mitochondrial metabolic capacity
were also observed. Thus, the accumulation of dysfunctional
mitochondria and abnormalities in mitophagy in the lung
tissues may be key factors in the pathogenesis of BPD and
could serve as therapeutic targets.
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