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Abstract

Bronchopulmonary dysplasia (BPD) is a common devastating pulmonary complication in preterm
infants. Gap junction is involved in many lung diseases. In this study, we examine the expression of gap
junction proteins, including connexin 26 (Cx26), connexin 32 (Cx32), connexin 43 (Cx43), and connexin
46 (Cx46) in neonatal rat lung tissue. Neonatal rats were kept in either 21% (normoxia) or 85%
02(hyperoxia) continuously from postnatal day (PN) 1 to 14. The neonatal rats of normoxia group had
well-formed alveoli and a normal RAC value. Distal lung histology in neonatal rats in the hyperoxia group
showed fewer and larger alveoli with a lower RAC value (P< 0.01). Compared with the normoxia group,
the ROS level and MDA level were significantly higher (P< 0.01), and the GSH level was remarkably lower
(P<0.01) in the hyperoxia group. The statistical analysis of TUNEL staining and apoptosis index (Al)
results indicated that Al was significantly higher in the hyperoxia group than in the normoxia group (P <
0.07). Cx26, Cx32, Cx43, and Cx46 mRNAs levels in the hyperoxia group were higher than those in the
normoxia group (P< 0.01). Immunohistochemical results suggested that Cx26, Cx32, Cx43, and Cx46
were expressed in the lung tissue of both normoxic and hyperoxic neonatal rats. Immunofluorescence
double-staining results suggested that Cx26 was expressed in both alveolar type | (ATI) and alveolar type
Il (ATII) cells. Nevertheless, its expression was mainly enriched in ATII cells. Cx32 was expressed in ATl
cells only. Cx43 was expressed in both ATl and ATII cells. Cx46 was expressed in both ATl and ATII cells,
but mainly in ATl cells. The Cx32 mRNA level was positively correlated with ROS level (P< 0.01),
positively correlated with Al level (P< 0.01), and negatively correlated with RAC value (P< 0.01). We found
that Cx32 was expressed only in ATII cells and was closely related to oxidative stress, apoptosis, and
alveolar development. Cx32 may be involved in the development of BPD and may be a novel target for
BPD management.

Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that severely threatens preterm infants'
lifespan and affects their quality of life. In recent years, the incidence of BPD has remained high, and
various prevention and treatment strategies have failed to mitigate its prevalence effectively ['1.
Epidemiological data reveals that the prevalence of BPD in preterm infants born at gestational age of less
than 28 weeks ranges from 17-75%, and the younger the gestational age and the lower the birth weight,
the higher the incidence [2. The pathogenesis of BPD is presently recognized as the result of multiple
external factors (oxygen toxicity, mechanical ventilation, prenatal or postnatal infections, among others)
that damage the developing lungs of preterm infants, inhibit the normal lung development process, and
lead to alveolar dysplasia, which is frequently accompanied by pulmonary microangiopathy Bl. As a
typical pathological feature, alveolar dysplasia severely impairs pulmonary function in infants with BPD.
Its undesirable consequences can persist into adolescence and even adulthood, putting significant health
and economic burdens on patients' families and the society. Therefore, investigating the molecular
mechanism of alveolar dysplasia in BPD has become a major focus of research in neonatology.
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Oxidative stress (OS) is part of the critical pathogenesis of BPD [4=71 Oxygen inhalation, mechanical
ventilation, and infection can cause a surge in the level of reactive oxygen species (ROS) in preterm
infants' lungs, which, together with the underdeveloped antioxidant system in preterm infants, further
imbalances oxidation and antioxidation, causing oxidative stress damage and worse, death of lung
tissue cells 891, It has already been demonstrated that both mechanical ventilation and hyperoxia
exposure can increase apoptosis in the lungs of preterm infants ['9-11], As the "stem cells" of alveolar
development, alveolar type Il (ATII) cells are the primary target cells underlying alveolar dysplasia in BPD
(2] ATII can self-renew or transdifferentiate into ATI cells, with functions including synthesizing and
secreting pulmonary surfactant, participating in pulmonary sodium and water transport, and immune
regulation [31. Our research group previously found that increased apoptosis of ATII cells was involved in
arresting alveolar development in BPD, and reducing ATII cell apoptosis could significantly improve the
outcome of alveolar development in BPD ['4. Therefore, in-depth research on the molecular regulatory
mechanism of oxidative stress damage and apoptosis in ATl cells may provide us with a new target and
theoretical basis for BPD prevention and treatment.

Intercellular communication plays a vital role shaping human body response to stress and the cells' fate.
In response to acute or mild stress, the body will rapidly mobilize the entire intercellular communication
network to "dilute" the toxicity within the damaged cells and facilitate their survival (the "Good Samaritan
Effect"). However, amid stress that is severe or persistent, the intercellular communication network
becomes a medium for spreading and amplifying cytotoxicity, damaging and even killing more cells (the
"Bystander Effect") ['5~17]. Gap junction channels (GJCs) are transmembrane channels among the most
common forms of mediating intercellular communication ['8~19. According to previous studies, GJCs
allow pro-apoptotic signaling between cells to trigger increased apoptosis, while GJCs blockers can
inhibit intercellular pro-apoptotic signaling, which is beneficial for maintaining cellular homeostasis and
reducing apoptosis 20-21]. GJCs are assembled by gap junction proteins (connexins, Cxs). 6 Cxs
oligomerize on the cytoplasmic membrane to compose one gap junction hemichannel (HC), and HCs on
adjacent cytoplasmic membranes pair up to construct GJCs. Almost all mammalian species express Cxs.
Human Cxs have 21 isoforms, with different organs and cells expressing specific Cxs [22]. Cxs expressed
by alveolar epithelial cells include: connexin 26 (Cx26), connexin 30 (Cx30), connexin 32 (Cx32), connexin
37 (Cx37), connexin 40 (Cx40), connexin 43 (Cx43), and connexin 46 (Cx46) 237261 Since Cx30, Cx37 and
Cx40 are expressed at very low levels, alveolar epithelial cells predominantly express Cx26, Cx32, Cx43,
and Cx46, Cx32 and Cx43 being the most expressed 1237261 physiologically, ATI cells express Cx26, Cx43,
and Cx46, with Cx43 expressed predominantly; ATII cells express Cx26, Cx32, Cx43, and Cx46, with Cx26
and Cx32 expressed predominantly and Cx32 expressed only in ATII 237261 |n contrast, the expression
profile of gap junction proteins in alveolar epithelial cells may be altered in pathological conditions. In the
bleomycin-induced lung injury model, the expression of Cx43 and Cx46 in alveolar epithelial cells can be
significantly increased 2], It has been reported that Cxs are involved in the onset and progression of

several lung diseases, such as pneumonia, asthma, and lung tumors 277291 Recognizing the critical
actions of Cxs in lung diseases, in this study, we have established an animal model of BPD alveolar
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dysplasia simulated by exposing neonatal rats to hyperoxia, and detected the expression of Cx26, Cx32,
Cx43, and Cx46 in lung tissues of these neonatal rats, especially in ATII cells, to screen for key Cxs that
are likely to be involved in regulating BPD alveolar dysplasia. Meanwhile, we have detected the lung
development, oxidative stress level, and apoptosis in lung tissues of these neonatal rats.

Experimental Materials And Methodology

Animal Model and Specimen Collection

As per the BPD animal model previously established by our group ['4, SD rats not older than 12 hours
after birth were randomly divided into the normoxia group (N group) and hyperoxia group (H group).
Neonatal SD rats in the N group (n=30) were placed in a normoxic (21 %, O,) environment, and neonatal
SD rats in the H group (n=30) were housed in a hyperoxic (85 %, 0,) glass chamber. The environmental
oxygen concentration was detected by an oxygen concentration detector; the carbon dioxide
concentration in the hyperoxic chamber was measured by a gas analyzer, and the carbon dioxide level
was maintained at no more than 0.5% by pure alkali-lime; color-changing silica gel was additionally
placed in the hyperoxic glass chamber to reduce the environmental humidity. The humidity of the
environment was maintained at 60-70 % for both groups, and the ambient temperature was kept at 24-26
°C as well as a 12-hour light-dark cycle. Each mother rat fed 6-8 pups to minimize the effect of nutritional
differences on lung development. The mother rats in the N group and H group were replaced per light-dark
cycle to avoid poisoning due to over-oxygenation. The bedding was renewed daily with food and water
available ad libitum, and each replacement was restricted to half an hour.

In groups N and H, lung tissue specimens were collected from 6 randomly selected pups on postnatal day
1 (PN1d), postnatal day 3 (PN3d), postnatal day 7 (PN7d), and postnatal day 14 (PN14d), respectively.
Phenobarbital (1 %, 50 mg/kg) was injected into the abdominal cavity of the pups for anesthesia, the
thoracic cavity was cut open, and saline (0.9%) was injected into the heart to flush the heart and lung
tissue and remove as much blood as possible. The lung lobes were stripped, and the hilar connective
tissue was excised. The lower lobe of the right lung was soaked in paraformaldehyde solution (4 %) for at
least 48 hours. The rest lung tissues were transferred to a -80 °C refrigerator for cryopreservation using a
liquid nitrogen tank.

HE staining and radial alveolar count (RAC) values

Lung tissue paraffin sections were subjected to HE staining before observed under light microscopy to
depict its structure. The RAC value is a quantitative index for evaluating alveolar development. The
number of alveoli within a straight-line distance from the center of a respiratory bronchiole to the edge of
the lung or to the nearest connective tissue in HE-stained lung tissue sections observed under light
microscopy was counted and is defined as the RAC value.

Measurement of ROS levels in lung tissue
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Lung tissue homogenates were centrifuged at 4°C, 1000 g for 10 minutes, and the supernatants were
collected for subsequent assays. A portion of the supernatant was taken to detect the protein
concentration, after which the lung tissue supernatant was thoroughly mixed with DCFH-DA working
solution, incubated at 37 °C for 30 minutes, before the fluorescence intensity of the mixture was
measured.

Measurement of MDA levels in the lung tissue

The supernatant of centrifuged lung tissues was added to the working solution from an MDA kit, vortexed
and mixed, and boiled in a water bath at 95°C for 40 minutes. The sample was then removed and cooled
under running water, before centrifuged at 4000 g for 10 minutes. Finally, the supernatant was removed
for absorbance measurement by a microplate reader.

Measurement of GSH levels in lung tissue

The supernatant of centrifuged lung tissues was mixed with the working solution from a GSH kit,
centrifuged at 825 g for 10 minutes, and left at rest for 10 minutes, before its absorbance was measured
with a microplate reader.

TUNEL staining

A lung tissue paraffin section was dewaxed, hydrated, and subjected to antigen repair using an EDTA
antigen repair solution. Hydrogen peroxide solution was added dropwise to fully cover the lung tissue,
which was then incubated in a wet box for 20 minutes. After shaking off the hydrogen peroxide solution,
the lung tissue was rinsed in PBS three times for 5 minutes each. TUNEL reaction solution was drip-fed to
the sectioned lung tissue until it was fully covered. The section was incubated in a wet box for 60
minutes. The TUNEL reaction solution was then removed, and the section was rinsed in PBS three times
for 5 minutes each. The DAPI solution was added dropwise, and the section was incubated at room
temperature for 5 minutes. The section was rinsed in PBS solution for 5 minutes after shaking off the
DAPI solution, a procedure that was repeated 3 times. Note that all above operations must be performed
without exposure to light. The liquid on the section was removed, and an antifade mounting medium was
dripped onto the lung tissue, after which the section was sealed with a coverslip with due care to prevent
air bubbles. The apoptosis index (Al) is calculated as the number of positive cells/total cells x 100 %.

Real-time PCR for gene expression assay

After extracting total RNA from lung tissue by adding Trizol and reverse transcribing it to cDNA using a
TAKARA reverse transcription kit, quantitative PCR amplification was performed in a 20ul system using a
PCR amplification kit with synthetic primers (Cx26: forward: 5-AGCGTCTGGTGAAGTGTAAC-3, reverse:5'-
TTCCCTGAGCAATACCTAAT-3'; Cx32 forward: 5- TGGTGCGGCTGGTCAAGT-3', reverse: 5- GGAGGCGG
CGAGCATAAA-3'; Cx43: forward: 5-TCTCGCCTATGTCTCCTCC-3', reverse: 5-TGGTCCACGATGGCTAAT-3',
Cx46 forward: 5-TGTGGCTGACCGTCCTGT-3), reverse:5'- AGAAGCGAATGTGCGAGAT-3' B-actin: forward:

5-CGTGCGTGACATTAAAGAG-3, reverse: 5-TTGCCGATAGTGATGACCT-3').
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Immunohistochemical staining

A lung tissue paraffin section was dewaxed, hydrated, and subjected to antigen repair using an EDTA
antigen repair solution. Hydrogen peroxide solution was added dropwise until the lung tissue was
adequately covered, and the lung tissue was incubated in a wet box for 20 minutes. After shaking off the
hydrogen peroxide solution, the section was rinsed in PBS three times for 5 minutes each. Next, serum
was applied dropwise to the sectioned lung tissue until it was well covered. The lung tissue was then
incubated in a wet box for 20 minutes before the serum was removed with caution so that it was not
rinsed at this point. A primary antibody dilution buffer (Cx26 antibody, 51-2800, Invitrogen, USA; Cx32
antibody, bs-1376R, Bioss, China; Cx43 antibody, bs-0651R, Bioss, China; Cx46 antibody, bs-13363R,
Bioss, China) was applied dropwise to the sectioned lung tissue until it was well covered, after which it
was incubated in a wet box at 4°C overnight. The next day, after removing the primary antibody dilution
buffer, the lung tissue was rinsed 3 times in PBS for 5 minutes each time. The sectioned lung tissue was
then treated with a second antibody dilution buffer dropwise until it was fully covered and incubated in a
wet box for 20 minutes. After incubation, the secondary antibody dilution buffer was removed, and the
lung tissue was rinsed 3 times in PBS for 5 minutes each time. The lung tissue section was then
subjected to DAB color development under a light microscope and hematoxylin re-staining before sealed
in neutral resin. After that, the stained section was observed under a light microscope.

Immunofluorescence double staining

A lung tissue paraffin section was dewaxed, hydrated, and subjected to antigen repair using an EDTA
antigen repair solution. The sectioned lung tissue was covered dropwise with serum until it was fully
covered and incubated in a wet box for 20 minutes before removing the serum with caution so that it was
not rinsed at this point. The sectioned lung tissue was then covered dropwise with a primary antibody
dilution buffer (Cx26 antibody, 51-2800, Invitrogen, USA; Cx32 antibody, bs-1376R, Bioss, China; Cx43
antibody, bs-0651R, Bioss, China; Cx46 antibody, bs-13363R, Bioss, China. p180 antibody, ab24751,
Abcam, USA; AQP5 antibody, sc-514022, Santa, USA) until it was well covered, placed in a wet box, and
incubated overnight at 4°C. The next day, after removing the primary antibody dilution buffer, the lung
tissue was rinsed 3 times in PBS for 5 minutes each time. The sectioned lung tissue was then treated
with a second antibody dilution buffer dropwise until it was fully covered and incubated in a wet box for
20 minutes. After incubation, the secondary antibody dilution buffer was removed, and the lung tissue
was rinsed 3 times in PBS for 5 minutes each time. After draining the section, a DAPI solvent was applied
dropwise to the lung tissue so that it was covered in full and the nuclei could be stained. After dumping
off the DAPI solution, the section was rinsed 3 times in PBS for 5 minutes each time. Note that all the
above operations must be done without exposure to light. The liquid on the section was then removed,
and an antifade mounting medium was dripped onto the lung tissue, after which the section was sealed
with a coverslip with due care to avoid air bubbles. Finally, the stained section was observed for
fluorescence using a confocal microscope.

Statistical analysis
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Graph Pad Prism 8 software was applied for statistical analysis and graph preparation; all data were
presented as mean + standard deviation. Comparisons between the two groups were performed by t-test,
and correlation analysis was conducted using the Pearson correlation coefficient methodology.
Differences were considered statistically significant when P< 0.05.

Results

Hyperoxia exposure induces alveolar hypoplasia in neonatal rats

The HE staining results (Figure 1A) showed that alveolarization in group N was well developed, as
evidenced by a gradual increase in the number of alveoli, a gradual decrease in the volume of alveoli, a
gradual uniform and regular alveolar morphology. In contrast, group H exhibited alveolar dysplasia,
characterized by the reduced alveolar number, increased alveolar volume, and simplified alveolar
structure, in accordance with the pathological alterations in BPD alveolar dysplasia. The neonatal rats
exposed with had a higher RAC value than those with hyperoxia exposure (Figure 1 B, P< 0.01).

Hyperoxia exposure increases the level of oxidative and apoptosis in neonatal rat lung tissue

In comparison with group N, after 14 days of hyperoxia exposure, ROS levels (Figure 2 A, P< 0.01) and
MDA levels in the lung tissue were significantly higher (Figure 2 B, P< 0.01), while GSH levels in the lung
tissue were remarkably lower in group H neonatal rats (Figure 2 C, P< 0.01). Moreover, the number of
TUNEL-positive cells in the lung tissue was significantly higher in group H after 14 days of hyperoxia
exposure compared with group N (Figure 3 A). In addition, the apoptosis index (Al) was much higher in
group Hthan in group N (Figure 3 B, P< 0.01).

Hyperoxia exposure upregulates Cx26, Cx32, Cx43, and Cx46 expression in neonatal rat lung tissue

We quantified Cx26, Cx32, Cx43, and Cx46 mRNA expression levels with real-time PCR. With the exception
of the Cx26 mRNA level in group H on day 3 after birth, which was lower than that in group N (Figure 4A,
P<0.01), Cx26 mRNA levels in group H on day 1, day 7, and day 14 after birth were all higher than those
in group N (Figure 4 A, P< 0.01); Cx32 mRNA levels in group H on day 1, day 3, day 7 and day 14 after
birth were all higher than those in group N (Figure 4 B, P< 0.01); Cx43 mRNA levels in group H on day 1,
day 3, day 7 and day 14 after birth were all higher than those in group N (Figure 4 C, P< 0.01); and Cx46
mRNA levels in group H on day 1, day 3, day 7 and day 14 after birth were all higher than those in group N
(Figure 4D, P< 0.01). We further measured the expression of Cx26, Cx32, Cx43, and Cx46 in neonatal rat
lung tissue by immunohistochemical staining and immunofluorescence double-staining. The
immunohistochemical staining results suggested (Figure 5-8) that Cx26, Cx32, Cx43 and Cx46 were all
expressed in neonatal rat lung tissue, and the results by 1000x oil microscopy indicated that Cx26, Cx32,
Cx43, and Cx46 were widely expressed in the cell membrane, cytoplasm, and nucleus. In addition, we
observed the expression of Cx26, Cx32, Cx43, and Cx46 in ATl and ATII cells using immunofluorescence
double-staining. The results showed that Cx26 was expressed in both ATl and ATII, but mainly in ATl cells
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(Figure 9); Cx32 was expressed in ATIl cells only (Figure 10); Cx43 was expressed in both ATl and ATII
cells (Figure 11); Cx46 was expressed in both ATland ATII, but mainly in ATI cells (Figure 12).

Correlation analysis between Cx32 mRNA level and ROS level, apoptosis index (Al), and RAC value

Using the Pearson correlation coefficient method, we have analyzed the correlation between Cx32 mRNA
level and ROS level, Al, and RAC value, and revealed a positive correlation between Cx32 mRNA level and
ROS level (Figure 13 A, P< 0.0001), a positive correlation between Cx32 mRNA level and Al (Figure 13 B, P
< 0.0001), and a negative correlation between Cx32 mRNA level and RAC value (Figure 13 C, P< 0.0001).

Discussion

In this study, the rat model of BPD was developed by exposing neonatal rats to a hyperoxic environment.
Hyperoxia exposure increased oxidative stress and apoptosis levels in the lung tissue of neonatal rats
and arrested the alveolar development of neonatal rats. We further investigated the expression of Cx26,
Cx32, Cx43 and Cx46 in neonatal rat lung tissue. The results of real-time PCR showed that the expression
levels of Cx26, Cx32, Cx43, and Cx46 genes in the hyperoxia group were significantly higher than those in
the normoxia group. Immunohistochemical results showed that Cx26, Cx32, Cx43, and Cx46 were
expressed in lung tissues of neonatal rats with normoxic and hyperoxic exposure. Immunofluorescence
double-staining results confirmed that ATI cells expressed Cx26, Cx43 and Cx46, while ATl cells
expressed Cx26, Cx32, Cx43 and Cx46, with Cx32 being expressed only in ATlII cells. In addition, the Cx32
MRNA level was closely correlated with ROS level, Al index, and RAC value. Therefore, we believe that
hyperoxia exposure increases the expression of Cx26, Cx32, Cx43 and Cx46, and that Cx32 may be
closely related to oxidative stress, apoptosis and alveolar development, suggesting that Cx32 is likely
involved in the development of BPD and could be a novel target for BPD management.

Each year, 15 million infants are born prematurely worldwide, which is approximately one-tenth of all
births 1390, In the last 50 years, there has been tremendous progress in the management strategies for
preterm infants, and the survival rate of extremely and very low birth weight infants has been on the rise,
albeit the incidence of BPD remains high. Infants with BPD suffer from not only the significantly poor
pulmonary function but also other systemic conditions, such as cardiac insufficiency, retinopathy, and
delayed neurological development 317321 Therefore, BPD has become a major contributor to the poor
prognosis of extremely and very low birth weight infants, putting heavy health and economic burdens on
the patients' families and the society. Therefore, a more in-depth understanding of the molecular
regulatory mechanisms underlying the development of BPD can help identify new targets and provide a
new theoretical basis for BPD prevention and treatment.

The development of fetal lungs can be divided into five different periods, namely the embryonic,

pseudoglandular, canalicular, saccular, and alveolar periods 33]. Most preterm infants with BPD are born
in the saccular period and develop typical histopathological changes of BPD lungs during the alveolar

period 134l The primary reason for the occurrence of alveolar dysplasia in BPD infants is that the lungs of
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preterm infants are still in the saccular phase, with immature anatomical structures and physiological
functions, making them highly susceptible to infection, hyperoxia, mechanical ventilation, and other
influences, resulting in abnormal sequences and orientations of lung development and difficulties in
completing normal growth and development through the alveolar period. Therefore, identifying the key
molecular mechanisms underlying alveolar dysplasia has long been a topical research topic in the
pathogenesis of BPD. An animal model of BPD is essential to developed a better understanding of the
pathogenesis of BPD. Oxygen toxicity is an important trigger for BPD in preterm infants. Even when
preterm infants are given the minimum required oxygen supplementation while a lung ventilation
protection strategy is implemented, it is still strong enough to induce oxidative stress and cause lung
injury 357361, The rodent BPD model established by hyperoxia exposure can well mimic the pathological
changes of BPD in human preterm infants, which can help shape a better understanding of the
pathogenesis of BPD and examine the therapeutic efficacy of anti-BPP approaches 77401, |n this study,
we placed neonatal rats within 12 hours after their birth in a hyperoxic environment (85% O,) until day 14
after birth. HE staining confirmed that the histopathological changes in their lungs were consistent with
alveolar dysplasia in BPD, as demonstrated by a radical decrease in the number of alveoli, a dramatic
increase in alveolar volume, the absence of secondary alveolar septa, the simplification of alveolar
structure, and a significant decrease in the RAC value.

Clinical studies have confirmed that the levels of oxidative stress markers 8-OHDG and MDA in plasma or
bronchoalveolar lavage fluid of preterm infants ultimately diagnosed with BPD were significantly higher
than those of non-BPD preterm infants within 1 week after birth, in contrast to a significantly lower level
of the antioxidant GSH than that in non-BPD preterm infants [41743]. The results of this study also
demonstrate that the levels of ROS and MDA in lung tissues of hyperoxia-exposed rats were significantly
higher, while the GSH level was much lower, indicating that oxidative stress was induced in lung tissues
of BPD rats. Therefore, antioxidant therapies may be effective in preventing and treating BPD. However,
studies on antioxidant therapy against BPD have not provided a definite answer. The administration of
ROS scavengers or antioxidant enzyme supplements in preterm infants in the early postnatal period has
failed to reduce the incidence of BPD significantly, although it alleviated the clinical symptoms of BPD in
preterm infants to a certain extent #4471 |n this regard, people seek to improve the current antioxidant
treatment regimen for preterm infants and identify new therapeutic strategies for preventing and treating
BPD by gaining insight into the molecular regulatory network underlying the development of oxidative
stress-induced BPD. Oxidative stress-induced apoptosis has been proven for its involvement in the onset
and progress of several diseases. Apoptosis is essential in normal cell turnover, tissue development, and
injury repair. A significant decrease or an excessive increase in apoptosis can lead to developmental
disorders or abnormal damage repair in organs or tissues. In this study, we have assessed the apoptosis
in the lung tissue through TUNEL staining and Al, and confirmed that the Al in lung tissues of group H
was significantly higher than that of group N. To sum up, this study confirms that oxidative stress is
triggered while apoptosis is significantly increased in lung tissues of hyperoxia-exposed neonatal rats.
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Gap junction channels (GJCs) are one of the most common forms that constitute intercellular
communication networks. GJCs are composed of gap junction proteins (connexins, Cxs) that can directly
connect the cytoplasm of adjacent cells, allowing direct cell-to-cell transmission and exchange of various
ions, nutrients, and second messengers, such as Ca%*, ATP cAMP, IP5, amino acids, NO, and GSH. Cxs and
GJCs serve as essential regulators in the respiratory system. They are indispensable in physiological
conditions while playing an important role in pathological conditions such as the response of the
organism to environmental stress [23]. The GJCs facilitate intercellular calcium wave transmission in
bronchioles, which contributes to synchronized ciliary motility, thus allowing for targeted transport of
mucus for the removal of toxins and microorganisms from the environment. In alveolar epithelial cells,
intracellular calcium concentration is increased by mechanical stimulation affecting ATI cells, which in
turn triggers the secretion of lung surface active substances by ATII cells by transmitting calcium waves
to ATII cells via GJCs. In pulmonary capillaries, pulmonary endothelial cells can transmit pro-
inflammatory signals via GJCs and upregulate the expression of P-selectin on the cytoplasmic
membrane, which induces an inflammatory response.

Alveoli are the gas exchange units of the lung tissue. Disturbances in alveolar development can directly
lead to abnormal gas exchange, which is one of the main pathological changes in BPD. Alveolar epithelial
cells are the key target cells in BPD alveolar dysplasia. Alveolar epithelial cells comprise ATl and ATII
cells. ATl cells are large and extremely flat, occupying more than 90% of the alveolar area and playing an
essential role in the gas exchange process. However, AT |l cells, the "progenitor” cells of alveolar
development, are approximately twice as many as AT cells. By means of freeze-fracture electron
microscopy, the interconnectivity of alveolar epithelial cells through gap junction channels has long been
demonstrated 48l Each AT I cell shares gap junction channels with at least one AT | cell and one AT Il cell.
Among the 21 Cxs expressed in mammals, alveolar epithelial cells mainly express Cx26, Cx32, Cx43, and
Cx46. Among them, AT | cells express Cx26, Cx43 and Cx46, with Cx43 being expressed predominantly.
ATII cells, on the other hand, express Cx26, Cx32, Cx43 and Cx46, with Cx26 and Cx32 expressed
predominantly and Cx32 expressed only in AT |l cells. Cx43 is the most widely expressed Cx in mammals
and is expressed in both AT | and AT Il cells. However, in adult rat lung tissues, Cx32 is expressed only in
ATl cells, and it may be involved in constituting inter-ATIl GJCs. Interestingly, ATI cells cannot form GJCs
with cells expressing only Cx32 [24. Thus, ATII cells have two independent types of GJCs, Cx43-
compatible GJCs and Cx32-compatible GJCs, whereas AT | cells have only Cx43-compatible GJCs. This
suggests that in normal lung tissues, ATI-ATIl intercellular communication mainly depends on Cx43-
compatible GJCs; by contrast, ATII-ATII cells have independent intercellular channels, i.e., Cx32-
compatible GJCs, which are not available for communication between ATII cells and ATI cells. However, in
normal lung tissues, ATII cells can hardly connect directly with ATII cells to form inter-ATIl GJCs.
Therefore, Cx32 appears to play a smaller role than Cx43 in undamaged lung tissues. However, it has
been reported that in damaged lung tissues, there is an increased chance of direct ATII-ATII connections,
and Cx32-compatible GJCs may form a "priority" inter-ATIl channel 23724, Thus, Cx32 plays a special part
in the connection between ATlIcells and the outside world and may have unexpected effects, especially
when alveolar epithelial cells are damaged.
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To quantify the expression of Cx26, Cx32, Cx43 and Cx46 in lung tissues, we have performed real-time
PCRs on neonatal rat lung tissues, and results revealed that Cx26, Cx32, Cx43 and Cx46 mRNA levels
were significantly higher in neonatal rat lung tissue in the hyperoxia group than in the normoxia group. In
this study, we have confirmed based on immunohistochemical results that Cx26, Cx32, Cx43 and Cx46
were expressed in both normoxia and hyperoxia exposed neonatal rat lung tissue. We used
immunofluorescence double-staining to identify ATl and ATIl on lung tissue sections and simultaneously
detect the expression of Cx26, Cx32, Cx43, and Cx46. The immunofluorescence double-staining results
confirmed that Cx26 was expressed in both ATl and ATII cells, with expression mainly in ATII cells; Cx32
was expressed only in ATII cells; Cx43 was expressed in both ATl and ATII cells; and Cx46 was expressed
in both ATl and ATII cells, with expression mainly in ATl cells. These results align with those reported in
past literature 23-24] that ATIcells predominantly express Cx43, while Cx32 is expressed only in ATII cells.
We then analyzed Cx32 mRNA level with ROS level, Al level, and RAC value by the Pearson correlation
coefficient methodology, and revealed a positive correlation between Cx32 mRNA level and ROS level, a
positive correlation between Cx32 mRNA level and Al, and a negative correlation between Cx32 mRNA
level and RAC value. The above results indicate that in hyperoxia-exposed neonatal rat lung tissue, Cx32
may be associated with oxidative stress and apoptosis and may be involved in the development of
alveolar dysplasia in BPD.

This study has several limitations. First, BPD is a multi-factorial disease, and oxygen toxicity is only one
of the many contributing factors; infection and ventilator-related volume/pressure injury can all fuel the
development of BPD. In this study, we have only established a hyperoxia-exposed neonatal rat model to
simulate BPD. Therefore, other BPD models are needed to further clarify the expression and effects of
gap junction proteins in BPD. Second, this study lacks in vitro experiments on ATII cells, and the
expression of Cxs in ATII cells has not been confirmed in vitro. In addition, the effects of Cx32 in BPD
deserve further investigation, and the role that Cx32 plays in BPD has not been well defined in this study.
Targeted intervention on Cx32 at the animal or cellular level may help to specify the effects of Cx32 in
BPD and the mechanism underlying its actions.

Conclusion

In neonatal rats exposed to hyperoxia, the alveoli are poorly developed, and the levels of oxidative stress
and apoptosis in the lung tissue significantly increase. Cx26, Cx32, Cx43 and Cx46 are all highly
expressed in the lung tissue of neonatal rats exposed to hyperoxia, while Cx32 is only expressed in ATII
cells and is closely associated with oxidative stress, apoptosis, and alveolar development. Cx32 is likely
to beinvolved in the development of BPD and could be a new target for BPD management.
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Figure 1

Morphological changes of lung tissue

A: HE staining of lung tissue sections (200 x Scale 100 y m) . B: RAC value of lung tissue. N: Normoxia
group; H: Hyperoxia group; RAC: radial alveolar count; PN1d: 1 day after birth; PN7d: 7 days after birth;
PN14d: 14 days after birth;** P< 0.01.
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Figure 2
ROS, MDA and GSH levels in lung tissue of neonatal rats on day 14 after birth

A: ROS level (%). B: MDA level(%). C: GSH level (%). N: Normoxia group; H: Hyperoxia group; ROS: reactive
oxygen species; MDA: malondialdehyde; GSH: glutathione; ** P< 0.01.
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Figure 3

TUNEL staining of lung tissue of neonatal rats 14 days after birth (400 x Scale 50 p m)

A: TUNEL staining of lung tissue.B: Apoptosis index (Al). Green fluorescence represents TUNEL; Blue
fluorescence represents the nucleus; N: Normoxia group; H: Hyperoxia group; Al: apoptosis index;** P <
0.01.
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Figure 4

Cx26, Cx32, Cx43 and Cx46 mRNA level in lung tissue of neonatal rats

A: Cx26 mRNA expression. B: Cx32 mRNA expression. C: Cx43 mRNA expression. D: Cx46 mRNA
expression. ** P< 0.01.
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Figure 5

The immunohistochemical staining of Cx26 in lung tissue of neonatal rats (400 x Scale 50 ym one
thousand x Scale 12.5 pm)

Cx26: connexin 26; N: Normoxia group; H: Hyperoxia group; PN3d: 3 days after birth; PN7d: 7 days after
birth; PN14d: 14 days after birth. The area within the black frame of PN14d is observed with a 1000x oil
lens.

Figure 6

The immunohistochemical staining of Cx32 in lung tissue of neonatal rats (400 x Scale 50 ym one
thousand x Scale 12.5 pm)
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Cx32: connexin 32; N: Normoxia group; H: Hyperoxia group; PN3d: 3 days after birth; PN7d: 7 days after
birth; PN14d: 14 days after birth. The area within the black frame of PN14d is observed with a 1000x oil
lens.
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Figure 7

The immunohistochemical staining of Cx43 in lung tissue of neonatal rats (400 x Scale 50 ym one
thousand x Scale 12.5 pm)

Cx43: connexin 43; N: Normoxia group; H: Hyperoxia group; PN3d: 3 days after birth; PN7d: 7 days after
birth; PN14d: 14 days after birth. The area within the black frame of PN14d is observed with a 1000x oil
lens.
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Figure 8
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The immunohistochemical staining of Cx46 in lung tissue of neonatal rats (400 x Scale 50 ym one
thousand x Scale 12.5 y m)

Cx46: connexin 46; N: Normoxia group; H: Hyperoxia group; PN3d: 3 days after birth; PN7d: 7 days after
birth; PN14d: 14 days after birth. The area within the black frame of PN14d is observed with a 1000x oil
lens.
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Figure 9
The expression of Cx26 in alveolar epithelial cells (200 x Scale 100 y m

A: The expression of Cx26 in ATl cells. Red fluorescence represents Cx26 expression, green fluorescence-
labeled AQPS5 represents ATl cells, and double stained cells appear orange representing the expression of
Cx26 in the ATl cells. B: The expression of Cx26 in ATII cells. Red fluorescence represents Cx26
expression, green fluorescence-labeled P180 represents ATII cells, and double stained cells appear orange
representing the expression of Cx26 in the ATlI cells.. Zoom is the enlargement of the white box image in
the left picture. N: Normoxia group; H: Hyperoxia group.
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Figure 10

The expression of Cx32 in alveolar epithelial cells (200 x Scale 100 y m

A: The expression of Cx32 in ATI cells. Red fluorescence represents Cx32 expression, green fluorescence-
labeled AQPS5 represents AT cells, and double stained cells appear orange representing the expression of
Cx32 in the ATl cells. B: The expression of Cx32 in ATII cells. Red fluorescence represents Cx32
expression, green fluorescence-labeled P180 represents ATII cells, and double stained cells appear orange
representing the expression of Cx32 in the ATlI cells.. Zoom is the enlargement of the white box image in
the left picture. N: Normoxia group; H: Hyperoxia group.
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Figure 11

The expression of Cx43 in alveolar epithelial cells (200 x Scale 100 y m

A: The expression of Cx43 in ATI cells. Red fluorescence represents Cx43 expression, green fluorescence-
labeled AQPS5 represents AT cells, and double stained cells appear orange representing the expression of
Cx43 in the ATl cells. B: The expression of Cx43 in ATl cells. Red fluorescence represents Cx43
expression, green fluorescence-labeled P180 represents ATII cells, and double stained cells appear orange
representing the expression of Cx43 in the ATl cells.. Zoom is the enlargement of the white box image in
the left picture. N: Normoxia group; H: Hyperoxia group.
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Figure 12

The expression of Cx46 in alveolar epithelial cells (200 x Scale 100 y m

A: The expression of Cx46 in ATI cells. Red fluorescence represents Cx46 expression, green fluorescence-
labeled AQPS5 represents ATl cells, and double stained cells appear orange representing the expression of
Cx46 in the ATl cells. B: The expression of Cx46 in ATII cells. Red fluorescence represents Cx46
expression, green fluorescence-labeled P180 represents ATII cells, and double stained cells appear orange
representing the expression of Cx46 in the ATll cells.. Zoom is the enlargement of the white box image in
the left picture. N: Normoxia group; H: Hyperoxia group.
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Figure 13

The correlation analysis between Cx32 mRNA level and ROS level, apoptosis index (Al) and RAC value in
lung tissue of newborn rats.

A: Cx32 mRNA level was positively correlated with ROS level (P< 0.0001). B: C32 mRNA level was
positively correlated with Al (P< 0.0001). C: Cx32 mRNA level was negatively correlated with RAC value (F
< 0.0001).
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