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Abstract
Background: Bronchopulmonary dysplasia (BPD) is a serious and long-term lung condition 
commonly observed in premature babies. Sirtuin 3 (SIRT3) has been reported to reduce pul-
monary injury and pulmonary fibrosis. 
Objective: The present study investigated the specific role of SIRT3 in BPD by establishing 
hyperoxia-induced BPD rat and cell models. Hematoxylin and eosin staining was used to 
observe pathological changes in lung tissues. 
Materials and methods: The expression levels of SIRT3 and forkhead box protein O1 (FOXO1), 
as well as its acetylation levels, were detected in hyperoxia-induced lung tissues and cells 
by Western blot analysis and reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). Levels of reactive oxygen species, superoxide dismutase, and malondialdehyde 
were assessed by using biochemical kits. Following SIRT3 overexpression, the levels of inflam-
matory cytokines were assessed by RT-qPCR. Apoptosis was determined by terminal deoxynu-
cleotidyl transferase dUTP nickend labeling (TUNEL) and Western blot analysis. Upon FOXO1 
knockout, cell inflammation, oxidative stress and apoptosis were evaluated again. 
Results: Compared to the control group, the SIRT3 and FOXO1 expression levels were 
decreased and the FOXO1 acetylation levels were increased in hyperoxia-induced lung tissues 
and cells. In addition, SIRT3 reduced hyperoxia-induced inflammation, oxidative stress, and 
apoptosis in A549 cells, and inhibited FOXO1 acetylation to activate FOXO1. However, FOXO1 
knockdown reversed the effects of SIRT3 overexpression in hyperoxia-induced A549 cells. 
Conclusion: SIRT3 relieved alveolar epithelial cell damage caused by BPD via deacetylation of 
FOXO1, suggesting that SIRT3 could be a therapeutic target in BPD.
© 2023 Codon Publications. Published by Codon Publications.
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Introduction

As one of the common respiratory diseases in premature 
infants, bronchopulmonary dysplasia (BPD) is mainly char-
acterized by alveolar dysplasia. The main pathological 
features of BPD are small number and large size of alve-
oli, accompanied by pulmonary microvascular dysplasia. 
The long-term outcomes of BPD mainly include recurrent 
respiratory tract infection, airway hyperresponsiveness, 
and abnormal lung function.1,2 Despite improvement in BPD 
symptoms by glucocorticoid therapy, hyperoxia, and gen-
tle mechanical ventilation, prolonged hyperoxia induction 
can lead to lung injury and adversely affect the growth 
and development of a newborn.3,4 Alveolar epithelial cells 
(AECs) can contribute to the formation of alveolar struc-
tures and the air–blood barrier, thus benefiting the normal 
development of the alveoli.5 Previous studies have shown 
that damage to AECs is a key mechanism of BPD-related 
lung epithelial injury.6,7 Therefore, reducing damage to 
AECs and maintaining AECs functioning are essential for 
reducing BPD in preterm infants.

Sirtuin 3 (SIRT3) is a mitochondrial deacetylase that 
maintains respiratory functions.8 The protective role of 
SIRT3 in lung injury, lung fibrosis, and lung cancer has been 
reported in the literature.9–11 In addition, a previous study 
has revealed that SIRT3 inhibits mitochondrial DNA damage 
and apoptosis in AECs.12 Inflammation, apoptosis, DNA dam-
age, and oxidative stress damage in AECs are considered to 
be the main causes of BPD.13–16 The aforementioned studies 
have suggested that SIRT3 may exert a protective role in 
damage to AECs caused by BPD; however, the exact mecha-
nism remains unknown.

Forkhead box protein O1 (FOXO1) is a transcription fac-
tor that belongs to the FOXO family.17 Previous studies have 
confirmed the suppressive role of FOXO1 signaling pathway 
in non-small cell lung cancer and lung injury.18,19 A previous 
study has demonstrated a significant decrease in FOXO1 
expression in the lung tissues after 14 days of induction of 
hyperoxia.20 Furthermore, microRNA-486 protects against 
cytotoxicity to reduce damages to human alveolar epithe-
lial A549 cells by targeting phosphatase and tensin homo-
log (PTEN) and FOXO1 proteins.21 However, it is unknown 
whether FOXO1 protects against damages to AECs caused 
by BPD. SIRT3 has been proposed to inhibit the acetyla-
tion of FOXO1 to activate FOXO1, inhibit inflammation and 
apoptosis in HK-2 cells, and suppress nonalcoholic fatty 
liver diseases.22,23

Therefore, the present study established hyperoxia-
induced rat and cell models of BPD. The purpose of the 
study was to examine whether SIRT3 could combine with 
FOXO1 to attenuate its damage to AECs in hyperoxia-
induced model of BPD and discuss the related mechanism. 
The present data may provide a novel approach and the-
oretical basis for treating BPD-triggered damage to AECs.

Materials and Methods

Animal model

Neonatal Wistar rats (weight, 4.00±0.43 g; age, 2–3-day 
old) were randomly divided into two groups (n = 6 in each 

group, with a total of 12 rats): control and model groups. 
Neonatal rats in the model group were housed in an envi-
ronment of 90% oxygen (O2),<5% carbon dioxide (CO2), and 
60% humidity in a sealed Plexiglas chamber with continu-
ous oxygen monitoring for 14 consecutive days at 25±2°C 
to establish a hyperoxia-induced model.24 Concentration 
of oxygen in the control group was controlled at 21%, and 
the remaining factors were the same as those employed in 
the model group. Then rats were sacrificed with pentobar-
bital sodium (90 mg/kg intraperitoneal injection). All ani-
mal experiments were in compliance with the Laboratory 
Animal Ethics Committee regulations of Beijing Luhe 
Hospital (Beijing, China) and were reported in accordance 
with the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines.26

Cell culture and treatment

Human respiratory epithelium A549 cells were supplied 
by Wuhan Sunncell Biotech Co. Ltd. (Cat. No. SNL-089). 
Cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM; Sigma-Aldrich; Merck KGaA) containing 10% fetal 
bovine serum (Absin, Shanghai, China) and 1% penicillin–
streptomycin (both 100 U/mL), and placed in a humid 
incubator with 5% CO2 at 37°C. In order to construct a hyper-
oxia-induced cell model, A549 cells were cultured for 6 h at 
37°C in a humidified environment with 95% O2 and 5% CO2 in 
a specially designed hyperoxia cell culture chamber.24 Cells 
in the control group were incubated continuously for 6 h at 
37°C in a humidified environment with 21% O2 and 5% CO2.

Cell transfection

PcDNA3.1 overexpression vector (GenScript) encoding the 
full-length SIRT3 for overexpression of SIRT3 (OV-SIRT3, 
NC_051336) or the empty plasmid (OV-NC), and small 
interference (si)RNAs targeting FOXO1 (siRNA-FOXO1-1/2) 
and its negative control (siRNA-NC) were provided by 
BioVector NTCC Inc. A total of 20 nM siRNA-FOXO1-1/2, 
siRNA-NC, OV-SIRT3 and OV-NC were transfected in A549 
cells (107 cells) by using Lipofectamine® 2000 (Thermo 
Fisher Scientific Inc.) according to the manufacturer’s 
instructions. RT-qPCR and Western blot analysis were used 
to detect the transfection efficiency 24 h after transfec-
tion. Following the above transfection, the cells were then 
induced with hyperoxia.

Hematoxylin and eosin (H&E) staining

The rats in the model group were anesthetized with pen-
tobarbital sodium (30 mg/kg by intraperitoneal injection), 
and then sacrificed. The inferior lobe of the right lung 
tissues were removed by rapidly opening the chest cavity 
under aseptic conditions and fixed in 4% formaldehyde at 
room temperature for 48 h. After being subjected to gra-
dient alcohol dehydration for 2 min each time and xylene 
transparency, the tissues were embedded in paraffin wax, 
and 4-mm paraffin sections were prepared. After dewax-
ing for two times in xylene and rehydrating in gradient 
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temperature of 60°C for 15 s, for a total of 40 cycles, and 
an extension temperature of 72°C for 45 s. GAPDH served 
as an internal reference. The relative messenger RNA 
(mRNA) expressions of SIRT3, FOXO1, TNF-α, IL-1β, and IL-6 
genes were evaluated by the 2ΔΔCq method.27 Sequences of 
the primers are shown in Tables 1 and 2.

Measurement of superoxide dismutase (SOD) and 
malondialdehyde (MDA)

In order to detect oxidative stress levels, the levels of SOD 
and MDA were detected by using the corresponding commer-
cial enzyme-linked-immunosorbent serologic assay (ELISA) 
kits for SOD (Cat. No. S0086) and MDA (Cat. No. S0131S) (all 
obtained from Beyotime Institute of Biotechnology) accord-
ing to the manufacturer’s instructions.

Reactive oxygen species (ROS) assay

Reactive oxygen species levels in cells were detected 
using the fluorescent probe 2’,7’-dichlorodihydrofluores-
cein (DCFH; Sigma-Aldrich; Merck KGaA), which was rapidly 
oxidized into a highly fluorescent 2’,7’-dichlorofluorescein 
(DCF) in the presence of intracellular ROS. Then three 
fields were selected to detect fluorescence using a laser 
scanning confocal microscope (magnification, ×200; Leica 

ethanol, the tissues were placed in distilled water for 5 min 
and stained with hematoxylin for 10 min. After rinsing of 
the sections for 1 h, they were placed in distilled water, 
dehydrated in gradient alcohol for 10 min, and stained with 
1% eosin alcohol for 3–5 min. The stained sections were 
dehydrated in anhydrous ethanol and made transparent 
with xylene. The transparent sections were sealed with 
drops of treacle. Histomorphology was observed and pho-
tographed under a light microscope.

Western blot analysis

The rest pulmonary lobe tissues were placed in refrigerator 
at —20°C for 6 h, and then stored in refrigerator at —80°C 
for later use. Protein extraction from lung tissues and A549 
cells was carried out by employing a commercial radio 
immunoprecipitation assay (RIPA) lysis buffer (Elabscience 
Biotechnology Inc.). Protein concentration was determined 
by bicinchoninic acid (BCA) assay (Beijing Solarbio Science 
& Technology Co. Ltd.). After electrophoretic separation 
in 15% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE), the protein samples (30 µg) were 
transferred to polyvinylidene fluoride (PVDF) membranes 
and subsequently blocked with 5% skimmed milk for 1 h. 
The blocked membranes were then subjected to incu-
bation overnight at 4°C with primary antibodies against 
SIRT3 (1:1000; ab189860; Abcam), Bcl-2 (1:1000; ab32124; 
Abcam), Bax (1:1000; ab32503; Abcam), cleaved caspase3 
(1:500; ab32042; Abcam), caspase3 (1:1000; ab184787; 
Abcam), cleaved poly(ADP-ribose) polymerase (PARP) 
(1:1000; ab32064; Abcam), FOXO1 (1:1000; ab179450; 
Abcam), FOXO1-acetylation (FOXO1-Ac, 1:2000; AF2305; 
Affinity Biosciences), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH; 1:5000; ab201822; Abcam). 
Following a 10-min washing with tris buffered saline with 
tween (TBS-tween) 20 for three times, the membranes 
were incubated with a horseradish peroxidase-labeled goat 
anti-rabbit immunoglobulin G (IgG) secondary antibody 
(1:2000; ab6721; Abcam) for 1 h. GAPDH served as an inter-
nal reference. Protein bands were observed with enhanced 
ECL chemiluminescent substrate kit (Yeasen Biotechnology 
Co. Ltd., Shanghai, China), and the images were quantified 
with the ChemiDoc imaging system (Bio-Rad Laboratories 
Inc).

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) assay 

Total RNA was extracted from pulmonary lobe tissues 
and A549 cells with the total RNA extraction kit (Beijing 
Solarbio Science & Technology Co. Ltd.; Cat. No. R1200) 
according to the manufacturer’s instructions. First strand 
complementary DNA (cDNA) synthesis was obtained from 
1-µg RNA by using ImProm-IITM™ reverse transcription sys-
tem (Promega Corporation). qPCR reaction was performed 
with SYBR Green Realtime PCR Master Max (Cat. No. QPK-
201; Toyobo Life Science) on an ABI PRISM 7000 sequence 
detection system (Shanghai PuDi Biotech Co. Ltd.). The 
thermocycling conditions for PCR were as follows: at 
95°C for 60 s and 95°C for 15 s, followed by an annealing 

Table 1  Target sequences for FOXO1 siRNAs.

Group Target sequences (5’-3’)

siFOXO1-1 CAATTCGTCATAATCTGTCCCTACA
siFOXO1-2 CAGAACGTCATGATGGGCCCTAATT
siRNA-NC UAGCGACUAAACACAUCAA

Table 2   Primers for RT-qPCR analyses.

Primers Sequence (5’-3’)

Human SIRT3 F: ACCCAGTGGCATTCCAGAC
R: GGCTTGGGGTTGTGAAAGAAG

Rat SIRT3 F: GGGTCCTTTGCTCTGAGTCC
R: GGTAAAGGTCCCTGGTCAGC

Human FOXO1 F: TCGTCATAATCTGTCCCTACACA
R: CGGCTTCGGCTCTTAGCAAA

Rat FOXO1 F: GAGCAGTCCAAAGATGCCCT
R: CAGAGCACAGGCAGTACACA

Human TNF-α F: CTGGGCAGGTCTACTTTGGG
R: CTGGAGGCCCCAGTTTGAAT

Human IL-1β F: GCTCGCCAGTGAAATGATGG
R: TCGTGCACATAAGCCTCGTT

Human IL-6 F: CCACCGGGAACGAAAGAGAA
R: GAGAAGGCAACTGGACCGAA

Human GAPDH F: AATGGGCAGCCGTTAGGAAA
R: GCGCCCAATACGACCAAATC

Rat GAPDH F: GCATCTTCTTGTGCAGTGCC
R: GATGGTGATGGGTTTCCCGT
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Overexpression of SIRT3 improves the hyperoxia-
induced inflammatory response in A549 cells

In order to investigate whether SIRT3 expression has an 
effect on hyperoxia-induced inflammation in A549 cells, 
SIRT3 expression was detected in A549 cells. In A549 cells, 
the expression of SIRT3 was increased after plasmid trans-
fection (Figures 2A and 2B). SIRT3 expression declined rap-
idly in hyperoxia-induced A549 cells, compared to that of 
the control group but increased in hyperoxia-induced A549 
cells upon transfection of OV-SIRT3 (vs OV-NC; Figures 2C 
and 2D). The subsequent RT-qPCR assay indicated that 
the levels of TNF-α, IL-1β, and IL-6 increased, compared 
to those in the control group, while OV-SIRT3 reduced the 
levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 in 
hyperoxia-induced A549 cells (vs OV-NC; Figure 2E). Taken 
together, these findings indicated that overexpression 
of SIRT3 markedly reduced hyperoxia-induced release of 
inflammatory factor in A549 cells.

Overexpression of SIRT3 alleviates hyperoxia-
induced oxidative stress in A549 cells

A number of experiments were conducted to explore the 
effect of SIRT3 overexpression on hyperoxia-induced oxida-
tive stress in A549 cells. Figure 3A shows that the ROS level 
increased in hyperoxia-induced A549 cells and it rapidly 
decreased upon transfection of OV-SIRT3. In contrast to the 
trend in ROS levels, Figure 3B reveals that the level of SOD 
declined markedly in the hyperoxia group, while it increased 
in the hyperoxia (6 h)+OV-SIRT3 group. In contrast, trend in 
the MDA level of each group was opposite to that of SOD. 
These results demonstrated that overexpression of SIRT3 
alleviated oxidative stress induced by hyperoxiain A549 cells.

Overexpression of SIRT3 improves hyperoxia-
induced apoptosis in A549 cells

Figure 4A shows more TUNEL-positive A549 cells in the hyper-
oxia group (vs the control group) and noticeably less TUNEL-
positive cells in the hyperoxia (6 h)+OV-SIRT3 group (vs 
hyperoxia (6 h)+OV-NC group). Accordingly, hyperoxia induced 
a high apoptosis rate of ~35%, while SIRT2 overexpression 
reduced it to 15%. In addition, an increase in the levels of 
pro-apoptotic Bax, cleaved caspase3, and cleaved PARP was 
observed. A decrease in the levels of anti-apoptotic Bcl-2 in 
the hyperoxia group (vs. the control group), as well as reduced 
expression levels of Bax, cleaved caspase3, and cleaved PARP, 
and increased expression level of Bcl-2 in the hyperoxia 
(6 h)+OV-SIRT3 group (Figure 4B), was also observed. Taken 
together, these findings suggested that SIRT3 upregulation 
could inhibit hyperoxia-induced A549 cell apoptosis.

FOXO1 expression is reduced in hyperoxia-induced 
tissues and in A549 cells with elevated levels of 
FOXO1 acetylation

Western blot analysis displayed elevated FOXO1-Ac expres-
sion and decreased FOXO1 expression in the hyperoxia 

Microsystems GmbH) at 488 nm. The ROS level was quan-
tified as the relative fluorescence intensity of DCF per cell 
in the scan area using the ImageJ software version 1.4.6 
(National Institutes of Health).

Cell apoptosis assay 

The terminal deoxynucleotidyl transferase dUTP nickend 
labeling (TUNEL) staining method was used to detect apop-
tosis in A549 cells. Briefly, cells were cultured in 6-well 
plates for 24 h. Subsequently, the cells were fixed in 4% 
paraformaldehyde for 1 h at 25°C and then permeabilized 
with 0.1% Triton X-100 at 8°C for 15 min. Next, the cells 
were stained for 1 h at 37°C using 50-µL in situ cell death 
detection kit (TUNEL reaction mix; Roche Applied Science). 
The cell nuclei were stained with 4′,6-diamidino-2-phenylin-
dole (DAPI) staining solution for 15 min at room tempera-
ture. Finally, 10 randomly selected areas in each section 
were evaluated under a fluorescence microscope (20X; 
Leica Microsystems GmbH), and the percentage of pos-
itive cells with green fluorescence was calculated with 
the ImageJ software, version 1.4.6 (National Institutes of 
Health). The percentage of apoptotic cells was determined 
by counting the TUNEL-positive cells and dividing the num-
ber by the total number of cells.

Statistical analysis

Experimental data are shown as mean ± standard devia-
tion (SD). All experiments were performed in triplicate. 
Differences in measured variables between two groups were 
evaluated using unpaired Student’s t-test. One-way ANOVA 
was used for evaluation of differences between multiple 
groups, followed by Tukey’s post hoc test. All analyses were 
performed using GraphPad Prism 5.0 (GraphPad Software 
Inc.). P < 0.05 was considered as statistically significant. 

Results

SIRT3 expression is decreased in hyperoxia-
induced tissues and cells

The H&E staining results revealed that hyperoxia induced 
structural disturbances in the lung tissues, with a 
marked  increase in the volume of the alveolar cavity and 
a marked thickening of the septa (Figure 1A), which indi-
cated that the hyperoxia-induced model was successfully 
established. SIRT3 expression was clearly downregulated in 
the hyperoxia-induced model group, compared to that of 
the control group (Figures 1B and 1C). Since SIRT3 is a mito-
chondrial protein, the present study also examined the lev-
els of mitochondrial oxidative stress-related markers. The 
expression levels of SOD were markedly decreased, and 
that of MDA were increased in hyperoxia-induced lung tis-
sues (Figures 1D and 1E). In addition, SIRT3 was also notably 
reduced in hyperoxia-induced A549 cells, compared to the 
control group (Figures 1F and 1G). Taken together, these 
results suggested that SIRT3 expression was downregulated 
in hyperoxia-induced lung tissues and A549 cells.
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Figure 1  SIRT3 expression is decreased in hyperoxia-induced tissues and cells. (A) The pathological changes in hyperoxia-induced 
lung tissues were detected by H&E staining (n = 3). (B and C) SIRT3 expression was determined in hyperoxia-induced lung tissues 
with the application of RT-qPCR (n = 5) and Western blot analysis (n = 3). The levels of SOD(D) and MDA(E) in hyperoxia-induced 
lung tissues were assayed by corresponding kits (n = 5). (F and G) SIRT3 expression was determined in hyperoxia-induced A549 
cells with the application of RT-qPCR (n = 5) and Western blot analysis (n = 3). **P < 0.01, ***P < 0.001 vs control. GAPDH served as 
an internal reference in RT-qPCR. (A–G): Unpaired t-test with Tukey’s post hoc test.

(A)

(B)

(C)

(E)

(G)

(F)(D)

group, compared to that of the control group (Figure 5A). 
Similarly, an increase in the expression of FOXO1-Ac and a 
decrease in the expression of FOXO1 in hyperoxia-induced 
A549 cells were also observed (Figure 5B). Overall, these 
results showed that FOXO1 expression was decreased, 
while its acetylation level was increased in hyperoxia-
induced tissues and cells.

Overexpression of SIRT3 inhibits the acetylation 
level of FOXO1 and activates FOXO1 expression in 
A549 cells 

Whether SIRT3 overexpression also affected FOXO1 expres-
sion, was next evaluated. Figure 6 revealed that OV-SIRT3 
markedly decreased the expression of FOXO1-Ac but 
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Figure 2  Overexpression of SIRT3 improves hyperoxia-induced inflammatory response in A549 cells. (A and B) The overexpression 
efficiency of SIRT3 expression was determined in A549 cells with the adoption of RT-qPCR (n = 5) and Western blot analysis (n = 3). 
(C and D) The overexpression efficiency of SIRT3 expression was determined in hyperoxia-induced A549 cells with the adoption 
of RT-qPCR (n = 5) and Western blot analysis (n = 3). (E) Levels of TNF-α, IL-1β, and IL-6 were detected in hyperoxia-induced A549 
cells employing RT-qPCR (n = 5). ***P < 0.001 vs control; ##P < 0.01, ###P < 0.001 vs hyperoxia (6 h)+OV-NC. GAPDH served as an 
internal reference in RT-qPCR. (A–E): One-way ANOVA with Tukey’s multiple comparison test.

notably increased the expression of FOXO1 (vs the control 
group; Figure 6). These results indicated that SIRT3 over-
expression could inhibit the acetylation level of FOXO1 and 
activate FOXO1 expression in A549 cells.

FOXO1 knockdown reverses the inhibitory role 
of SIRT3 overexpression in hyperoxia-induced 
inflammation and oxidative stress in A549 cells

Verification of the knockdown efficacy of siRNA-FOXO1-1/2 
by RT-qPCR and Western blot analysis revealed that A549 
cells transfected with siRNA-FOXO1-1 showed lower expres-
sion of FOXO1 than cells transfected with siRNA-FOXO1-2 
(Figures 7A and 7B). Therefore, siRNA-FOXO1-1 plasmid 

was selected for subsequent experiments. As aforemen-
tioned, SIRT3 overexpression could suppress the levels of 
TNF-α, IL-1β, and IL-6 and oxidative stress in A549 cells. 
However, co-transfection of OV-SIRT3 and siRNA-FOXO1 
increased the expression levels of TNF-α, IL-1β, and IL-6 (vs 
siRNA-NC; Figure 7C). Furthermore, levels of TNF-α, IL-1β, 
and IL-6 were increased in the hyperoxia (6 h)+OV-SIRT3+ 
siRNA-FOXO1 group, in comparison to those in the hyper-
oxia (6 h)+OV-SIRT3+siRNA-NC group (Figure 7D). ROS lev-
els in the OV-SIRT3 group decreased, compared to the 
OV-NC group and increased in the OV-SIRT3+siRNA-FOXO1 
group, compared to OV-SIRT3+siRNA-NC group (Figure 7E). 
Furthermore, ROS levels were increased in the hyperoxia 
(6 h)+OV-SIRT3+siRNA-FOXO1 group, in comparison to those 
in the hyperoxia (6 h)+OV-SIRT3+siRNA-NC group (Figure 7F). 
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Consistently, decreased SOD levels and increased MDA lev-
els were observed in the OV-SIRT3+siRNA-FOXO1 group, 
compared to the OV-SIRT3+siRNA-NC group, and in the the 
hyperoxia (6 h)+OV-SIRT3+siRNA-FOXO1 group, compared 
to hyperoxia (6 h)+OV-SIRT3+siRNA-NC group (Figures 7G 
and 7H). These results indicated that knockdown of FOXO1 
could diminish the suppressive role of SIRT3 upregulation 
in the inflammation and oxidative stress of A549 cells sub-
jected to hyperoxia induction.

FOXO1 knockdown reverses the suppressive role 
of SIRT3 overexpression in hyperoxia-induced 
apoptosis in A549 cells 

Figure 8A shows that hyperoxia-induced A549 cells co-
transfected with OV-SIRT3, and siRNA-FOXO1 showed a 
higher apoptosis rate, compared to that of the cells trans-
fected only with OV-SIRT3 under hyperoxia induction. 
In addition, levels of Bax, cleaved caspase3, and cleaved 
PARP increased whereas that of Bcl-2 decreased in the 
hyperoxia (6 h)+OV-SIRT3+siRNA-FOXO1 group, compared 
to those in the hyperoxia (6 h)+OV-SIRT3+siRNA-NC group 
(Figure 8B). These findings suggested that knockdown of 
FOXO1 could reverse the inhibitory role of SIRT3 overex-
pression in hyperoxia-induced A549 cell apoptosis.

Discussion

Bronchopulmonary dysplasia is the most common pulmo-
nary complication diagnosed in preterm infants, and is 
closely associated with hyperoxia.28 Previous data have 
suggested that inflammation, oxidative stress, and apop-
tosis are key pathogenic mechanisms in BPD.29 Extensive 
investigative studies have demonstrated the role of 

(A)

(B)

Figure 3  Overexpression of SIRT3 alleviates hyperoxia-induced oxidative stress in A549 cells. (A) ROS level was assessed in 
hyperoxia-induced A549 cells by means of ROS assay kit (n = 3). Green fluorescence represents ROS expression. (B) Content of SOD 
and MDA was detected in hyperoxia-induced A549 cells by using SOD and MDA assay kits (n = 5). ***P < 0.001 vs control; ###P < 0.001 
vs hyperoxia (6 h)+OV-NC. (A and B): One-way ANOVA with Tukey’s multiple comparison test.

SIRT3 as a mitochondrial deacetylase in the regulation 
of mitochondrial DNA damage in both AECs and lung dis-
eases.30–32 Therefore, the present study explored the 
function of SIRT3 in BPD, and found that SIRT3 was lowly 
expressed in hyperoxia-induced lung tissues and A549 
cells. Overexpression of SIRT3 improved hyperoxia-induced 
inflammation, oxidative stress, and apoptosis. In addition, 
SIRT3 overexpression also inhibited the acetylation level of 
FOXO1 and activated FOXO1 expression. However, knock-
down of FOXO1 reversed the effect of SIRT3 overexpression 
on hyperoxia-induced A549 cells.

Hyperoxia therapy is employed to improve respiratory 
distress in neonates, children, and adults.16 However, high 
concentrations of oxygen produce a large number of toxic 
products, such as ROS, hydrogen peroxide, and free rad-
icals in the body, and premature infants are not able to 
remove these toxic products in time.33 ROS metabolites 
play a vital role in the pathogenesis of BPD, which interfere 
with cell metabolism and inhibit the synthesis of protease 
and DNA, resulting in extensive cell and tissue damage.34 In 
addition, high concentrations of oxygen cause nonspecific 
changes, such as pulmonary edema, inflammatory fibrin 
deposition, and decreased lung surface activity.35 A549 
cells are not only cancer cells but also a type of lung epi-
thelial cells that can be used to study BPD.24,36,37 

Therefore, the present study used a concentration of 
90% O2 to induce neonatal rats and A549 cells to establish 
animal model and cell models of BPD, respectively. After 14 
days of induction with 90% O2, the alveolar wall was thick-
ened in lung tissues, indicating that the BPD model was 
successfully established. It was previously found that SIRT3 
expression was reduced in hyperoxia-induced lung tissues 
and A549 cells.38 The present study found that SIRT3 was 
similarly downregulated in a significant manner in hyper-
oxia-induced lung tissues and A549 cells, suggesting that 
aberrant SIRT3 expression was closely associated with BPD. 
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(A)

(B)

Figure 4  Overexpression of SIRT3 improves hyperoxia-induced apoptosis in A549 cells. (A) Cell apoptosis in hyperoxia-induced 
A549 cells was assessed by using TUNEL staining (n = 3). (B) Levels of apoptosis-related factors Bax, cleaved caspase3, cleaved 
PARP, and Bcl-2 were detected by Western blot analysis (n = 3). ***P < 0.001 vs control; ###P < 0.001 vs hyperoxia (6 h)+OV-NC.  
(A and B): One-way ANOVA with Tukey’s multiple comparison test.

Inflammation has been a key part of BPD pathogenesis,13 
since hyperoxia induces excessive generation of ROS, thus 
causing lung epithelial cell damage, increasing lung perme-
ability, and activating the release of inflammatory factors.39 
This was also confirmed by the increased levels of IL-1β, IL-6, 
and TNF-α found in the tracheal aspirates of BPD patients.40 

SIRT3 has been reported to have anti-inflammatory 
effects in a variety of diseases. For instance, SIRT3 over-
expression inhibits TNF-α-induced inflammation in human 
and neonatal rat cardiomyocytes.41 SIRT3 inhibits macro-
phage-mediated inflammation in wound repair.42 Activation 
of SIRT3 also suppresses inflammatory response and 
reduces lung injury.9 Therefore, an overexpression plas-
mid of SIRT3 was constructed in the present study. It was 

observed that the elevated levels of pro-inflammatory fac-
tors induced by hyperoxia were significantly reduced upon 
SIRT3 overexpression, suggesting that overexpression of 
SIRT3 improved the inflammatory response of A549 cells. 

Increasing evidence is discovered that oxidative stress 
plays an important role in the development of BPD43 by 
targeting immature AECs exposed to high oxygen levels.1 
A previous study has also reported that oxidative stress-
mediated apoptosis of AECs is involved in hyperoxia-induced 
lung injury in neonatal rats,44 since oxidative stress causes 
overproduction of ROS in cells and damages mitochondrial 
proteins, lipids, and mitochondrial DNA.45 SIRT3 is a regu-
lator of antioxidant response and mitochondrial homeosta-
sis.46 It has been reported that SIRT3 indirectly reduces the 
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Figure 5  FOXO1 expression is reduced in hyperoxia-induced 
tissues and cells with elevated levels of its acetylation in 
A549 cells. (A) The acetylation level and overall expression 
of FOXO1 in hyperoxia-induced lung tissues was determined 
by Western blot analysis (n = 3). (B) The acetylation level and 
overall expression of FOXO1 in hyperoxia-induced A549 cells 
was determined by Western blot analysis (n = 3). *P < 0.05, 
**P < 0.01, ***P < 0.001 vs control. (A and B): Unpaired t-test 
with Tukey’s post hoc test.

generation of ROS by promoting electron transport through 
deacetylation of electron transport chain complex.47 SIRT3 
also prevents pulmonary fibrosis by inhibiting mitochon-
drial DNA damage and apoptosis in AECs.12

These findings indicate the inhibitory effect of SIRT3 
on oxidative stress. Furthermore, overexpression of SIRT3 

significantly reduces ROS levels in A549 cells through upreg-
ulation of P53 and P21 protein levels.48 Similarly, the pres-
ent study also found that SIRT3 overexpression significantly 
reduced ROS and MDA levels, and increased SOD levels, 
suggesting that the upregulation of SIRT3 could alleviate 
oxidative stress caused by high oxygen levels.

It has been suggested that the apoptosis of AECs is 
an important feature of hyperoxia-induced lung injury,49 
since hyperoxia-induced AECs may increase Bax level in 
mitochondrial membrane, which in turn leads to apop-
tosis.50 SIRT3 has been found to function through several 
anti-apoptotic pathways. SIRT3 inhibits apoptosis by clos-
ing mitochondrial permeability transition pore to maintain 
the normal morphology of mitochondria.51 Upregulation of 
SIRT3 can also inhibit apoptosis by regulating the Akt signal-
ing pathway.52 The Bcl-2 family of proteins is important for 
activating different caspases in mitochondria and regulat-
ing cell apoptosis.53 It has been reported that overexpres-
sion of SIRT3 in A549 cells induces apoptosis and increases 
Bax-Bcl-2 and Bax-Bcl-xl ratios.48 The present study exhib-
ited reduced apoptotic cell rates and reduced levels of 
pro-inflammatory cytokines Bax, cleaved caspase3, and 
cleaved PARP, and elevated Bcl-2 expression. 

These results confirmed the inhibitory effect of 
SIRT3 overexpression on the hyperoxia-induced apopto-
sis of A549 cells. FOXO1, a transcription factor belong-
ing to the FOXO protein family, has been reported to 
exhibit reduced expression in a hyperoxia-induced acute 
lung injury mouse model.20 The present study found that 
FOXO1 expression was decreased in both hyperoxia-in-
duced lung tissues and cells, but its acetylation levels 
were elevated. The transcriptional activity of FOXO1 is 
regulated by post-translational modifications, such as 
phosphorylation, acetylation, and ubiquitination.54 SIRT3 
is a mitochondrial protein deacetylase.8 Its overexpression 
upregulates FOXO1 expression through its deacetylase 
activity.55 This was consistent with increase in FOXO1 and 
decrease in FOXO1-AC following SIRT3 overexpression in 
the present study. It has been suggested that CD28 knock-
out helps to alleviate lung inflammation, oxidative stress, 
apoptosis, and T-cell aggregation induced by blast expo-
sure through PI3K-Akt-FOXO1 signaling.56 Furthermore, 
microRNA-486 protects A549 cells from PM2.5-induced 

Figure 6  Overexpression of SIRT3 inhibits the acetylation level of FOXO1 and activates FOXO1 expression in A549 cells. The 
acetylation level and overall expression of FOXO1 in hyperoxia-induced A549 cells transfected with OV-SIRT3 was determined by 
Western blot analysis (n = 3). ***P < 0.001 vs control; #P < 0.05, ##P < 0.01 vs hyperoxia (6 h)+OV-NC. One-way ANOVA with Tukey’s 
multiple comparison test.
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Figure 7  FOXO1 knockdown reverses the inhibitory role of SIRT3 overexpression of hyperoxia-induced inflammation and oxidative 
stress in A549 cells. (A and B) Expression of FOXO1 in A549 cells transfected with siRNA-FOXO1-1/2 was examined by using RT-qPCR 
(n = 5) and Western blot analysis (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs siRNA-NC. (C) Levels of TNF-α, IL-1β, and IL-6 were 
detected in A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 employing RT-qPCR (n = 5). (D) Levels of TNF-α, IL-1β, and 
IL-6 were detected in hyperoxia-induced A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 employing RT-qPCR (n = 5). 
(E) ROS level was assessed in A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 by means of ROS assay kit (n = 3). Green 
fluorescence represents ROS expression. (F) ROS level was assessed in hyperoxia-induced A549 cells co-transfected with OV-SIRT3 
and siRNA-FOXO1 by means of ROS assay kit (n = 3). Green fluorescence represents ROS expression. 
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Figure 7  (Continued). (G) Content of SOD and MDA was detected in A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 by 
using SOD and MDA assay kits (n = 5). (H) Content of SOD and MDA was detected in hyperoxia-induced A549 cells co-transfected 
with OV-SIRT3 and siRNA-FOXO1 by using SOD and MDA assay kits (n = 5). ***P < 0.001 vs control; ###P < 0.001 vs hyperoxia (6 h); +++P 
< 0.001 vs hyperoxia (6 h)+OV-SIRT3+siRNA-NC. GAPDH served as an internal reference in RT-qPCR. (A–H): One-way ANOVA with 
Tukey’s multiple comparison test.

cytotoxicity by targeting PTEN and FOXO1.21 FOXO1 knock-
down may have the opposite effect. This was verified in 
the present study, which revealed that FOXO1 knockdown 
reversed the protective effect of SIRT3 overexpression on 
hyperoxia-induced A549 cells.

Limitations

There are several limitations to our study. First, we exam-
ined the expression of FOXO1, TNF-α, IL-1β, and IL-6, as well 
as apoptosis-related indicators, in cell experiments only. 
Our study failed to examine these expressions in animals, 
which needs investigation in the future studies. Second, 
our research was carried out in A549 cells, which were also 
lung cancer cells having certain characteristics of lung can-
cer. The future investigations must choose other cell lines, 
such as primary lung epithelial cells, for further validation. 
In addition, concerning the induction time of hyperoxia, we 
only selected 6 h of induction. In the future experiments, 
hyperoxia induction must be conducted at different peri-
ods. Moreover, the present study failed to conduct investi-
gations without hyperoxia, which must be analyzed in the 
future experiments.

Conclusions

Collectively, the present results suggested a critical role 
for SIRT3, and indicated that its protective effect on 
hyperoxia-induced BPD was achieved through deacetylation 
of FOXO1. These findings could provide certain insight into 
the molecular mechanism in BPD, and SIRT3 and FOXO1 
could be used as molecular markers for the prevention or 
diagnosis of BPD. In addition, development of SIRT3- and 

FOXO1-targeted drugs would be able to treat BPD effec-
tively. Therefore, our study provides a theoretical basis for 
the clinical treatment of BPD.
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(A)
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Figure 8  FOXO1 knockdown reverses the suppressive role of SIRT3 overexpression of hyperoxia-induced apoptosis in A549 cells. 
(A) Cell apoptosis in hyperoxia-induced A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 was assessed making use of 
TUNEL staining (n = 3). (B) Levels of Bax, cleaved caspase3, cleaved PARP, and Bcl-2 were subjected to detection in hyperoxia-
induced A549 cells co-transfected with OV-SIRT3 and siRNA-FOXO1 using Western blot analysis (n = 3). ***P < 0.001 vs control; 
###P < 0.001 vs hyperoxia (6 h); +P < 0.05, ++P < 0.01 vs hyperoxia (6 h)+OV-SIRT3+siRNA-NC. (A–B): One-way ANOVA with Tukey’s 
multiple comparison test.
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