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Abstract. Sirtuin (SIRT)3 is closely related to inflammation 
and apoptosis and studies have described this relationship, 
including in the lungs. However, the expression of SIRT3 and 
its effect on apoptosis and inflammation in bronchial tissue 
in asthma remains to be elucidated. The present study found 
that SIRT3 expression decreased in the bronchial tissues of 
asthmatic mice and its upregulation could not only reduce 
increased bronchial epithelial cells apoptosis in the asthmatic 
mice but also significantly decreased the elevated expression 
of cytokines (TNF‑α, IL‑4, IL‑5 and IL‑13) in bronchoalveolar 
lavage fluid. Further study found that SIRT3 overexpression 
significantly decreased apoptosis‑related protein expression 
(Bax/Bcl2 ratio and caspase 3 activity) and oxidative injury. 
In vitro, SIRT3 regulated oxidative stress‑induced bronchial 
epithelial cell (16HBE) apoptosis and cytokine expression. In 
conclusion, SIRT3 expression decreased in bronchial tissues 
of asthmatic mice and the upregulation of SIRT3 expres‑
sion could reduce the apoptosis of bronchial epithelium and 
airway inflammation. It was concluded that SIRT3 might be a 
potential target in asthma treatment.

Introduction

Bronchial asthma (asthma) is the most common chronic 
respiratory disease in children. There are ~300 million indi‑
viduals with asthma worldwide and the number of patients is 
increasing year by year (1). In China ~30 million individuals 
suffer from asthma and the prevalence rate is 1‑4% (2). Asthma 
is a chronic inflammatory disease characterized by airway 
hyperresponsiveness, inflammatory cell infiltration, excessive 
mucus production and airway remodeling and it can be induced 
by respiratory tract infection, allergen exposure, strenuous 

exercise, climate change and other factors  (3,4). Although 
the specific pathogenesis of asthma remains to be elucidated, 
airway inflammation is recognized as the most fundamental 
pathological change in its pathogenesis. Therefore, the inhi‑
bition of inflammation is an important strategy for asthma 
therapy. Glucocorticoids, among the most effective drugs 
for controlling airway inflammation, are widely used to treat 
asthma (3,4). However, long‑term use of glucocorticoid treat‑
ment can cause a number of side effects, such as increased 
blood pressure, hyperglycemia, edema, osteoporosis, ulcer 
formation and weight gain (5). Therefore, it is essential to study 
the molecular mechanism of airway inflammation in asthma.

Airway epithelial cells are mainly composed of secretory 
and ciliated cells and they serve a critical role in the body's 
resistance to pathogenic microorganisms and the removal of 
foreign substances, such as dust particles (6,7). In asthmatic 
patients, the presence of airway inflammation leads to airway 
epithelial damage, including airway epithelial apoptosis, 
shedding and airway structure remodeling and these changes 
can weaken or cause the loss of the original function of the 
airway epithelium  (8,9). Airway epithelium damage leads 
to the weakening of its physical barrier function, thereby 
increasing the risk of infection, forming a vicious circle that 
feeds on itself (8,9). Studying the apoptosis and inflammatory 
mechanisms of airway epithelial cells is therefore crucial for 
the treatment of asthma.

Sirtuins are a protein family that regulate cell health and 
serve a key role in regulating cell homeostasis (10). They are 
considered a new target for the treatment of bronchial inflam‑
mation (11). Sirtuin (SIRT)3 is a member of the sirtuin family 
that promotes longevity in a number of organisms, regulates 
inflammation through the modulation of mitochondrial 
function (12) and improves the antioxidant defense mecha‑
nisms (13,14). Although no studies of SIRT3 in asthma are 
reported, the sirtuin protein family serves an essential role 
in chronic obstructive pulmonary disease (15); SIRT3 can 
not only resist lung injury by resisting inflammation (16) and 
oxidation (17) but also protects bronchial epithelial cells by 
inhibiting oxidative stress (18) and autophagy (19). In addition, 
SIRT1, an upstream molecule that regulates the expression of 
SIRT3, is related to the severity of asthma (20,21). A study by 
Colley et al (22) also found that defective SIRT1 increases IL‑4 
expression through acetylation of GATA‑3 in patients with 
severe asthma. Combined with the evidence by Liu et al (12) 

SIRT3 regulates bronchial epithelium apoptosis and 
aggravates airway inflammation in asthma

JIE SONG  and  JINXIANG WANG

Department of Pulmonary and Critical Care Medicine, Beijing Luhe Hospital, 
Capital Medical University, Tongzhou, Beijing 101100, P.R. China

Received January 28, 2021;  Accepted October 20, 2021

DOI: 10.3892/mmr.2022.12660

Correspondence to: Dr Jie Song, Department of Pulmonary and 
Critical Care Medicine, Beijing Luhe Hospital, Capital Medical 
University, 82 Xinhuanan Road, Tongzhou, Beijing  101100, 
P.R. China
E-mail: wasongjie@ccmu.edu.cn

Key words: sirtuin 3, apoptosis, inflammation, asthma



SONG  and  WANG:  SIRT3 LOSS EFFECT ON ASTHMA2

that SIRT1 suppresses inflammation by promoting SIRT3 
expression, it was hypothesized that SIRT3 also served an 
essential role in asthma.

SIRT3 is also an apoptosis‑related protein (23) and aber‑
rant apoptosis of airway epithelial cells is also a contributing 
factor in development of asthma (24,25). Previous studies have 
found that downregulation of SIRT3 promotes the apoptosis of 
alveolar epithelial cells (26) and EC9706 cells (27). Studies have 
also shown that SIRT3 protects tumor cells against apoptosis 
under unfavorable environments, such as hypoxia (28), oxidized 
low‑density lipoprotein  (29) and high glucose levels  (30). 
However, the expression of SIRT3 and its effect on apoptosis 
and bronchial inflammation in asthma remains to be elucidated. 
The present study attempted to investigate the role of SIRT3 in 
epithelial cells apoptosis induced by oxidative stress (H2O2) and 
the effect of SIRT3 overexpression on inflammation and airway 
epithelial structural integrity in asthmatic mice.

Materials and methods

Animals and experimental asthma model. The animal experi‑
ment was performed according to the protocols approved by the 
Beijing Luhe Hospital, Capital Medical University (approval 
no. 2021‑LHKY‑055‑02). A total of 28 female C57BL/6 mice 
(age, 5‑6 weeks; weight, 18‑22 g) were used in the present study. 
Mice were purchased from Shanghai Lingchang Biological 
Technology Co., Ltd. and were kept at ~20‑26˚C, 40% relative 
humidity with 12 h light/dark cycles. After being housed under 
conventional conditions for one week prior to any experiments, 
21 mice were used in the establishment of the asthma model, 
as illustrated in Fig. 1A (31). In brief, 200 µl of sensitizing 
fluid [containing 100 µg of ovalbumin (OVA) and 20 mg of 
Alum] was administered by intraperitoneal (i.p.) injection on 
day 0 and 14. From day 21, mice were given 40 ml of 2% OVA 
atomized solution through spray inhalation for 30 min/day for 
seven days. Control mice were given the same amount of saline 
solution at the same time. All mice were randomly distributed 
into 4 groups (7 mice/group): i) Control group; healthy mice; 
ii) Asthma group; experimental asthma mice model without 
any treatment; iii) Asthma + DEX group: experimental asthma 
mice model treated with 1 mg/Kg dexamethasone (DEX; 
cat. no. D4902; MilliporeSigma), i.p., for 7 days during the last 
week of OVA inhalation (32) and iv) Asthma + Ad‑m‑SIRT3 
group; experimental asthma mice model infected with mice 
SIRT3 adenovirus (cat. no. AAV‑272009; Vector BioLabs).

Lung resistance (LR) assessment and BALF collection. After 
48 h from the last atomization with OVA, an AniRes2005 
pulmonary function meter (Beijing Beilanbo Technology 
Co., Ltd.) was used to measure the lung resistance of mice to 
evaluate the experimental asthma model: Briefly, following 
intratracheal intubation, normal saline nebulization was used 
to determine basic lung resistance. After 2 min of rest, acetyl‑
choline solutions of 50, 20, 10 and 5 mg/ml were nebulized 
for 2 min and lung resistance was subsequently determined. 
After assessing the lung function, the mice were euthanized 
by exposure to CO2 (20‑30% of chamber volume per min) after 
being anesthetized with sodium pentobarbital (50 mg/kg i.p.) 
and the trachea was exposed. A 5 ml sterile syringe was then 
used to inject 2 ml of sterile PBS into the trachea and then the 

PBS solution was recovered. This process was repeated twice. 
The resultant collected cells in the PBS were bronchoalveolar 
lavage fluid (BALF). For cell count, cells were centrifuged 
at 500 x g for 5 min at room temperature for cell collection, 
resuspended in PBS and the cell suspension was smeared on a 
glass slide. Wright's Giemsa staining solution (cat. no. G3990; 
Beijing Solarbio Science & Technology Co., Ltd.) was used for 
cell staining for 1 min at room temperature and the cells were 
counted under an optical light microscope.

Infection of adenovirus in mice and 16HBE cells. After 
being anesthetized with sodium pentobarbital (50 mg/kg i.p.), 
4x105 PFU/40 µl mice SIRT3 adenovirus (cat. no. AAV‑272009, 
Vector Biolabs) was administered by nasal spray inhalation 
and the mice in the control group were infected with equiva‑
lent empty adenovirus, as previously described (33,34). After 
being infected with the adenovirus for 48 h, the mice were 
sacrificed to collect the bronchial tissues.

For adenovirus infection of 16HBE cells to knockdown 
or overexpress SIRT3, 1.0x106 16HBE cells were first seeded 
in a 6‑well cell culture plate and cultured for 12 h at 37˚C. 
To infect 16HBE cells 1x1010  PFU/100  µl SIRT3‑AAV 
(cat. no. AAV‑223017; Vector Biolabs) or SIRT3‑short hairpin 
(sh)RNA adenovirus (cat. no. shAAV‑272009; Vector Biolabs) 
were used to infect 16HBE cells and 16HBE cells were also 
infected with equivalent empty adenovirus [NC‑shRNA 
(non‑targeting sequence) (cat.  no.  shAAV‑272009; Vector 
Biolabs) or NC‑AAV (cat. no. shAAV‑223017; Vector Biolabs)] 
as a negative control. After being infected with the adenovirus 
for 48 h at 37˚C, the cells were collected for analysis.

Reverse transcription‑quantitative (RT‑q) PCR. An RNA 
extraction kit (cat. no. RC101‑01, Vazyme Biotech Co., Ltd.) 
was used to extract the total RNA from cells (2x106) and 
tissues according to the manufacturer's protocol. Total RNA 
was reverse transcribed into cDNA using the PrimeScript RT 
reagent (cat. no. RR047A; Takara Bio, Inc.) according to the 
manufacturer's protocol. Next, 20 µl of RT‑qPCR system was 
prepared, as described in the qPCR master mix kit instructions 
(cat. no. A6001; Promega Corporation) and the following ther‑
mocycling conditions were used: 95˚C for 2 min; and 40 cycles 
at 95˚C for 5 sec and 65˚C for 15 sec. The relative expression 
of the genes was calculated using the 2‑DDCq method  (35). 
β‑actin was used as a loading control. The primers used for 
qPCR analysis were: SIRT3‑F: 5'‑GGC​TCT​ATA​CAC​AGA​
ACA​TCG​AC‑3', SIRT3‑R: 5'‑TAG​CTG​TTA​CAA​AGG​TCC​
CGT‑3'; TNF‑α‑F: 5'‑GAC​GTG​GAA​CTG​GCA​GAA​GAG‑3', 
TNF‑α‑R: 5'‑TTG​GTG​GTT​TGT​GAG​TGT​GAG‑3'; IL‑4‑F: 
5'‑ATC​ATC​GGC​ATT​TTG​AAC​GAG​G‑3', IL‑4‑R: 5'‑TGC​
AGC​TCC​ATG​AGA​ACA​CTA‑3'; IL‑5‑F: 5'‑TCA​GGG​GCT​
AGA​CAT​ACT​GAA​G‑3', IL‑5‑R: 5'‑CCA​AGG​AAC​TCT​TGC​
AGG​TAA​T‑3'; IL‑13‑F: 5'‑CAG​CCT​CCC​CGA​TAC​CAA​
AAT‑3', IL‑13‑R: 5'‑GCG​AAA​CAG​TTG​CTT​TGT​GTA​G‑3'; 
β‑actin‑F: 5'‑AGG​GAA​ATC​GTG​CGT​GAC​AT‑3', β‑actin‑F: 
5'‑GCC​TCA​GGA​GTT​TTG​TCA​CCT‑3'. These experiments 
were repeated three times.

Western blot analysis. Total protein was extracted from tissues 
using a Tissue Protein Extraction Reagent (cat. no. 78510; 
Thermo Fisher Scientific, Inc.) and a BCA kit (cat. no. 23227; 



Molecular Medicine REPORTS  25:  144,  2022 3

Thermo Fisher Scientific, Inc.) was used to determine the 
protein concentration. Then, 50 µg total protein was analyzed 
using a 10%  SDS‑PAGE. After transferring to PVDF 
membranes (cat. no. LC2002; Thermo Fisher Scientific, Inc.) 
blocking was performed using 5% skimmed milk powder for 
1 h at room temperature. The membranes were subsequently 
probed with primary antibodies against SIRT3 (1:1,000; 
cat. no. 2627; Cell Signaling Technology, Inc.), Bax (1:2,000; 
cat. no. ab32503; Abcam), Bcl2 (1:2,000; cat. no. ab196495; 
Abcam) and β‑actin (1:4,000; cat.  no.  AF5001; Beyotime 
Institute of Biotechnology) at 4˚C overnight. Subsequently, 
PVDF membranes were probed with goat anti‑rabbit 
IgG heavy chain & light chain (H&L) HRP (1:2,000; 
cat. no. ab6721; Abcam) or goat anti‑mouse IgG H&L HRP 
(1:2,000; cat. no. ab6789; Abcam) secondary antibodies for 
1 h at room temperature. The proteins were visualized with 
an ECL solution (cat. no. WBKLS0100; Beijing Xinjingke 
Biotechnologies Co., Ltd.), followed by densitometry analysis 
using ImageJ v3.0 (National Institutes of Health). β‑actin was 
used as control.

Immunohistochemistry staining of SIRT3. The expression of 
SIRT3 was detected in bronchial tissues using immunohisto‑
chemistry staining. Briefly, the bronchial tissues were harvested 

and fixed using 4% paraformaldehyde (cat. no. P1110; Beijing 
Solarbio Science & Technology Co., Ltd.) at 4˚C overnight. 
Then histological paraffin sections (5 µm) were made after 
being embedded in paraffin and procedurally dehydrated 
(tissues were placed in 30, 50, 70, 80, 95 and 100% ethanol for 
1 h at room temperature). There were seven mice in each group 
and ≥10 histological sections were prepared for each animal. 
The bronchial sections were incubated overnight at 4˚C with 
the anti‑SIRT3 antibody (1:500; cat. no. 2627; Cell Signaling 
Technology, Inc.). After a mild wash with PBS buffer, the 
bronchial sections were incubated with HRP‑conjugated goat 
anti‑rabbit antibody (1:2,000; cat. no. ab6721; Abcam) for 1 h 
at room temperature. The peroxidase activity was assessed via 
a 2 min reaction at room temperature with diaminobenzidine 
(DAB). The bronchial tissue sections were further coun‑
terstained with hematoxylin for 2 min at room temperature 
and images captured under a bright‑field light microscope 
(Olympus BX51; Olympus Corporation).

TUNEL staining. To determine the apoptosis in the bronchial 
tissues, TUNEL staining was used as described previously (36). 
In brief, the mice bronchial tissue sections were fixed with 
4% paraformaldehyde for 24 h at 4˚C and were embedded 
in paraffin. Subsequently the samples were procedurally 

Figure 1. Establishment and evaluation of asthma mouse models. (A) Diagram of allergen immunization/challenge protocol. (B) The LR of each group was 
measured by invasive pulmonary function. (C) Total IgE in serum of each group was detected by ELISA. There were seven mice in each group, the data 
were shown as mean ± SD and the P‑value was calculated by calculated by post‑hoc comparisons. *P<0.05 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 and 
###P<0.001 vs. Asthma group. LR, lung resistance; OVA, ovalbumin; Mech, methacholine; DEX, dexamethasone.
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dehydrated (tissues were placed in 30, 50, 70, 80, 95 and 100% 
ethanol for 1 h at room temperature) and sectioned at 5 µm. 
After dewaxing and hydrating, tissue sections were incubated 
with proteinase K to permeate the cells for 30 min at 37˚C. 
Next, the sections were incubated with the TUNEL reaction 
solution for 1  h at  37˚C and then color development was 
achieved with DAB solution for 30 min at room temperature. 
The TUNEL Cell Apoptosis Detection kit (cat. no. TA201‑02; 
TransGen Biotech Co., Ltd.) was used.

Caspase‑3 activity measurement. Apoptosis was quanti‑
fied by the caspase‑3 activity measurement using the 
Ac‑DEVD‑7‑Amino‑4‑trif luoromethylcoumarin (AFC) 
caspase‑3 Fluorogenic Substrate (cat.  no.  556574; 
BD Pharmingen; BD Biosciences) according to the manu‑
facturer's instructions. Briefly, bronchial tissues from the 
control or asthma mice were lysed on ice. After centrifuga‑
tion (12,000 x g for 10 min at 4˚C), the supernatants were 
collected and the protein concentration was quantified using 
the BCA method. A total of 50 µg of proteins was pipetted 
and mixed with the assay buffer supplemented with 10 mM 
dithiothreitol (DTT). The fluorescence emission of the AFC 
(400 nm) was measured via the Spectra Max‑Plus Microplate 
Spectrophotometer (Molecular Devices, LLC). The caspase‑3 
activity was expressed as nmol AFC/h/mg protein.

Detection of cytokines and serum immunoglobulin (Ig)E. The 
concentration of TNF‑α, IL‑4, IL‑5 and IL‑13 in bronchoalveolar 
lavage fluid (BALF) and serum IgE from mice were evaluated 
by ELISA kits as described in the manufacturer's instructions. 
The ELISA kits were: TNFα (cat.  no.  ab236712; Abcam), 
IL‑4 (cat.  no.  ab100710; Abcam), IL‑5 (cat.  no.  ab204523; 
Abcam), IL‑13 (cat.  no.  ab100700; Abcam) and mice IgE 
(cat. no. ab157718; Abcam).

Detection of reactive oxygen species (ROS), glutathione 
(GSH), superoxide dismutase (SOD), glutathione peroxidase 
(Gpx) and malondialdehyde (MDA). Homogenates were 
prepared with 50  mg of fresh bronchial tissue and the 
supernatant collected following bronchial tissue homogenate 
centrifugation (12,000 x g, 4˚C, 10 min). Then, a ROS Detection 
kit (cat.  no.  S0058; Beyotime Institute of Biotechnology) 
was used to quantify the ROS levels. A GSH detection kit 
(cat. no. S0058; Beyotime Institute of Biotechnology) was 
used to detect the GSH levels. In addition, a SOD assay 
kit (cat. no. S0101S; Beyotime Institute of Biotechnology) 
was used to detect the SOD levels and an MDA assay kit 
(cat. no. S0101S; Beyotime Institute of Biotechnology) was 
used to detect the MDA levels. Finally, a Gpx assay kit 
(cat. no. S0058; Beyotime Institute of Biotechnology) was used 
to detect the levels of Gpx. All these assays were performed as 
according to the manufacturer's protocols.

Cell treatment and apoptosis assay. 16HBE cells (1.5x106) 
were seeded in the 6‑well cell culture plate and cultured for 
12 h. After stimulating them with 0, 100, 200, or 400 µmol/l 
H2O2 for 12 h, the cells were collected and washed twice 
with cold‑PBS buffer, then an Annexin  V‑PE/7‑AAD 
Apoptosis Detection kit (cat. no. A213‑01; Vazyme) was used 
to evaluate the apoptosis by flow cytometry (CytoFLEX S; 

Beckman Coulter, Inc.). In brief, cells were stained for 20 min 
at 4˚C in the dark. Data were analyzed using FlowJo software 
(version 10.7.1; BD Biosciences) and the apoptotic rate was 
calculated as the percentage of early + late apoptotic cells.

Statistical analysis. Data were analyzed using SPSS v20.0 
(IBM Corp.) and shown as mean ± SD. Student's t‑test was used 
to compare the difference between two groups and one‑way 
ANOVA followed by the Tukey's post hoc test was used to 
compare the difference between multiple groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SIRT3 expression decreases in the bronchial tissues of the 
asthmatic mice. First, an asthma model was established 
through OVA sensitization induction, as represented in Fig. 1A. 
Symptoms such as sneezing, irritability, shortness of breath 
and scratching of the ears were observed in the asthma model 
mice after aerosolization. At the same time, DEX treatment 
could relieve the above symptoms, which indicated that the 
performance of the C57BL/6 as an asthma mice model after 
the challenge was consistent with the acute attack of asthma. 
Airway hyperresponsiveness (AHR) is a critical indicator of 
asthma and LR was used, which can reflect AHR to a certain 
extent, to represent AHR (37). As shown in Fig. 1B, acetylcho‑
line increased mice LR in a dose‑dependent manner and DEX 
reduced it. Similarly, the total content of IgE in the asthmatic 
mice serum was significantly higher when compared with the 
normal mice and DEX also significantly reduced it (Fig. 1C). 
Therefore, these results indicated that a mice asthma model 
had been successfully established.

Sirtuins, a group of class III deacetylases, have gained 
considerable attention for their positive effects on age‑related 
diseases, such as cancer, cardiovascular disease, neurodegener‑
ative diseases, osteoporosis and chronic obstructive pulmonary 
disease (15). SIRT3 serves an essential role in the sirtuin protein 
family and is also involved in mediating inflammation (14,38). 
As a disease with chronic airway inflammation as the primary 
clinical symptom, the present study found that the expression of 
SIRT3 mRNA was significantly lower in the bronchial tissues of 
asthmatic mice compared with the control (Fig. 2A). Similarly, 
the results of SIRT3 protein detection using western blotting 
(Fig. 2B and C) and immunochemistry (Fig. 2D) indicated that 
SIRT3 expression was significantly lower in bronchial tissues 
of asthmatic mice compared with the control. However, it was 
also found that DEX treatment could not change the decreased 
SIRT3 expression in the bronchial tissues of asthmatic mice 
(Fig. 2). Taken together, SIRT3 expression decreased in the 
bronchial tissues of asthmatic mice.

Upregulation of SIRT3 reduces the bronchial epithelial cell 
apoptosis in the asthmatic mice. As a mitochondrial protein, 
SIRT3‑mediated mitophagy protects tumor cells against 
apoptosis under hypoxia (28) and the loss of SIRT3 promotes 
the apoptosis of EC9706 cells (27). This indicates that the loss 
of SIRT3 promotes apoptosis. It was hypothesized that the 
loss of SIRT3 was also involved in regulating the apoptosis 
of bronchial epithelial cells in asthmatic mice. To test this 
hypothesis, bronchial tissues were collected from the mice 
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and apoptosis detected using TUNEL staining. It was found 
that the apoptotic (TUNEL positive) cells in bronchial tissue 
of asthmatic mice were significantly higher compared with the 
control mice (Fig. 3A and B). The results of the western blot‑
ting (Fig. 3C) demonstrated that Bax (a pro‑apoptotic protein) 
protein expression levels in the asthma group were markedly 
higher compared with the control group, whereas Bcl2 (an 
anti‑apoptotic protein) protein expression levels in the asthma 
group were markedly lower compared with the control group. 
SIRT3 protein expression levels were also markedly increased 
in the asthma group compared with the control group (Fig. 3D). 
The ratio of Bax/Bcl2 was significantly increased (Fig. 3E) in 
the bronchial tissues of asthmatic mice. Simultaneously, the 
caspase 3 activity in the bronchial tissues of asthmatic mice 
was significantly higher than in normal mice (Fig. 3F). To study 
the effect of SIRT3 expression on the apoptosis of bronchial 
epithelial cells in asthmatic mice, the expression of SIRT3 
was upregulated using adenovirus overexpressing SIRT3 
(Ad‑m‑SIRT3). It was found that Ad‑m‑SIRT3 successfully 
increased the expression of SIRT3 protein in bronchial tissues 
of asthmatic mice. Notably, overexpression of SIRT3 signifi‑
cantly reduced the increased TUNEL positive cells in bronchia 
from asthmatic mice and significantly reduced the increased 
Bax/Bcl2 ratio and caspase 3 activity in the bronchia from 
asthmatic mice (Fig. 3). In conclusion, upregulation of SIRT3 
reduced bronchial epithelial cell apoptosis in asthmatic mice.

Inflammation in BALF of the asthmatic mice is suppressed 
by SIRT3 overexpression. SIRT3 is an essential molecule in 

inflammation regulation and was previously found to attenuate 
palmitate‑induced ROS production and inflammation in 
proximal tubular cells (14). In the present study, the number 
of immune cells (macrophages, eosinophils, lymphocytes and 
neutrophils) in BALF from asthmatic mice increased signifi‑
cantly (Fig. 4A). The cytokines expression in BALF, such as 
TNF‑α, IL‑4, IL‑5 and IL‑13, was analyzed and it was found 
that the mRNAs of all these cytokines were also increased in 
BALF from asthmatic mice (Fig. 4B). Similarly, the ELISA 
results revealed that the content of TNF‑α, IL‑4, IL‑5 and 
IL‑13 in BALF from asthmatic mice were significantly higher 
compared with the BALF from normal mice (Fig. 4C). To 
study the effect of SIRT3 expression on BALA inflammation 
in asthmatic mice, the expression of SIRT3 was upregulated 
using adenovirus overexpressing SIRT3 (Ad‑m‑SIRT3). 
The results showed that overexpression of SIRT3 not only 
significantly reduced the increased number of immune cells 
(macrophages, eosinophils, lymphocytes and neutrophils) in 
BALF from asthmatic mice but also reduced the increased 
expression and content of cytokines from cells in BALF of 
asthmatic mice (Fig. 4). Together, these results suggested that 
the overexpression of SIRT3 reduced airway inflammation in 
asthmatic mice, which has the same effect as the specific drug 
DEX, which was used as a positive control, for the treatment 
of allergic rhinitis.

Upregulation of SIRT3 reduces the bronchial oxidative stress 
in the asthmatic mice. SIRT3 protects cells and inhibits 
inflammation by preventing oxidative stress in a number of 

Figure 2. Expression of SIRT3 in bronchial tissues of asthmatic mice. The expression of SIRT3 in bronchial tissues of each group was detected by (A) reverse 
transcription‑quantitative PCR, (B and C) western blotting and (D) immunochemistry (scale bar, 100 µm). There were seven mice in each group, the data 
were shown as mean ± SD and the P‑value was calculated by calculated by post‑hoc comparisons. ***P<0.001 vs. control; ns, P>0.05 vs. Asthma group. 
SIRT3, sirtuin 3; DEX, dexamethasone.
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diseases, such as diabetes (39), oral cancer (40) and myocar‑
dial ischemia‑reperfusion  (41). Oxidative stress serves an 
important role in the establishment of the asthma model by 
OVA sensitization induction  (42) and oxidative stress can 
cause inflammation and apoptosis (43,44). Therefore, it was 
hypothesized that SIRT3 was involved in regulating airway 
inflammation and bronchial epithelial cell apoptosis by the 
modulation of bronchial oxidative stress in asthmatic mice. To 
test this hypothesis, the level of ROS was detected in the bron‑
chial tissue by a ROS probe and it was found that the increased 
levels of ROS in the bronchial tissues of asthmatic mice were 
reduced by overexpression of SIRT3 (Fig. 5A). ELISA was 
used to observe the change in the endogenous antioxidants, 
GSH, SOD and Gpx, which are the antioxidants that help to 
reduce the content of ROS (45). The results of ELISA showed 
that the levels of GSH, SOD and Gpx in the bronchial tissues 
of asthmatic mice were all significantly lower compared with 
the control mice, while the decreased levels of GSH (Fig. 5B), 
SOD (Fig. 5C) and Gpx (Fig. 5D) in the bronchial tissues of 
asthmatic mice were reduced by overexpression of SIRT3. 
The levels of MDA, an indicator of the end products of the 
cellular membrane under oxidative injury, were detected and it 
was found that MDA levels increased in the bronchial tissues 
of asthmatic mice and overexpression of SIRT3 was able to 
reverse this (Fig. 5E). Therefore, these data suggested that the 
upregulation of SIRT3 reduced bronchial oxidative stress in 
the asthmatic mice.

SIRT3 regulated H2O2‑induced apoptosis and inflammation 
in 16HBE cells. To study the relationship between 
SIRT3‑regulated bronchial epithelial inflammation/apoptosis 
and oxidative stress, an oxidative stress cell model of bronchial 

epithelial cells (16HBE) was established, induced by H2O2 
in vitro. Simultaneously, SIRT3 was knocked down through 
SIRT3‑shRNA adenovirus infection and NC‑shRNA adeno‑
virus used as a negative control; SIRT3 was overexpressed 
through SIRT3‑AAV adenovirus infection and the NC‑AAV 
adenovirus used as a negative control. SIRT3‑shRNA success‑
fully knocked down SIRT3 expression and SIRT3‑AAV 
successfully overexpressed SIRT3 in 16HBE cells (Fig. 6A). 
Subsequently, the induction concentration of H2O2 was 
analyzed and it was found that it induced the 16HBE cell apop‑
tosis in a dose‑dependent manner (Fig. 6B). The 100 µmol/l 
H2O2 dosage was chosen as the induction concentration since 
this concentration could induce a cell apoptosis rate of ~30%. 
After stimulating with 100 µmol/l H2O2 for 12 h, 16HBE cells 
were collected to analyze the apoptosis using flow cytometry. 
The results revealed that the knockdown of SIRT3 signifi‑
cantly increased H2O2‑induced apoptosis and overexpression 
of SIRT3 significantly decreased H2O2‑induced apoptosis 
in the 16HBE cells (Fig. 6C and D). Knockdown of SIRT3 
significantly increased the H2O2‑induced expression of cyto‑
kines (TNF‑α, IL‑4, IL‑5 and IL‑13) and the overexpression 
of SIRT3 significantly decreased the expression of these 
cytokines in 16HBE cells (Fig. 6E).

Discussion

The characteristics of an ideal asthma animal model include 
sudden onset of spasm, the occurrence of immediate and 
delayed allergies, airway hyperresponsiveness, chronic 
airway remodeling and lung function degradation  (46,47). 
Previous studies have shown that OVA sensitization induc‑
tion can establish this ideal asthma animal model (46,47). 

Figure 3. Increased epithelia apoptosis of bronchia in asthma is reduced by SIRT3 overexpression. (A) The representative images by TUNEL staining (scale bar, 
100 µm) and (B) the statistical analysis of apoptosis in the bronchia of each group. (C) The representative band images and (D) relative band intensity analysis 
of SIRT3 and (E) ratio of Bax/Bcl‑2. (F) The caspase‑3 activity was determined in the bronchia of each group by ELISA. There were seven mice in each group, 
the data were shown as mean ± SD and the P‑value was calculated by calculated by post‑hoc comparisons. ns, P>0.05, *P>0.05 and ***P<0.001 vs. Asthma 
group. SIRT3, sirtuin 3; DEX, dexamethasone; AFC, 7‑Amino‑4‑trifluoromethylcoumarin.
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The present study established an asthma model through OVA 
sensitization and determined the expression of the SIRT3 
gene by RT‑qPCR, western blotting and immunochemistry. 
All the results suggested that SIRT3 expression was signifi‑
cantly decreased in the bronchia of asthma mice and was 
significantly associated with the pathologic features of asthma. 
Notably, upregulation of SIRT3 in the bronchial tissues could 
reduce the increased apoptosis of bronchial epithelial cells 
and significantly decrease the elevated airway inflammation 
in asthmatic mice. In addition, upregulation of SIRT3 reduced 
bronchial oxidative stress in asthmatic mice. In vitro, SIRT3 
was found to regulate H2O2‑induced apoptosis and inflamma‑
tion in 16HBE cells. Asthma is the result of the interaction 
between genetic and environmental factors and it is a complex 
pathological process involving multiple gene regulations (9). 
However, chronic airway inflammation, abnormal apoptosis 
of airway epithelial cells, airway epithelial damage and repair 

disorders are the essential pathological basis of asthma (48,49). 
Therefore, studies on the pathogenesis of asthma, such as 
chronic airway inflammation and airway epithelial cell apop‑
tosis, might find new targets for asthma treatment.

The SIRT3 gene is located on human chromosome 11 
(11p15.5) and consists of 21,902 bases. SIRT3 protein is an 
evolutionarily highly conserved deacetylase whose activity 
depends on nicotinamide adenine dinucleotide and belongs 
to one of the proteins in the sirtuin family. In addition to 
regulating the body's energy metabolism, cell aging and tumor 
formation, SIRT3 also serves a pivotal role in regulating 
cell apoptosis through its enzymatic catalytic activity (23). 
However, to the best of the authors' knowledge, no data exist 
concerning the influence of SIRT3 on airway epithelial cell 
apoptosis. The present study found that the upregulation of 
SIRT3 in bronchial tissues could reduce the increased apop‑
tosis of bronchial epithelial cells; however, the corresponding 
mechanism remains to be elucidated. Based on the antioxidant 
function of SIRT3 (50), it was hypothesized that SIRT3 might 
resist apoptosis by inhibiting oxidation. It was later found that 
the upregulation of SIRT3 reduced bronchial oxidative stress 
in asthmatic mice and reduced the H2O2‑induced apoptosis in 
the 16HBE cells in vitro, while the loss of SIRT3 promoted 
H2O2‑induced apoptosis in the 16HBE cells.

The body produces a large number of free radicals in 
metabolism and ROS are the main components. Under normal 
conditions, the level of ROS in the body maintains a dynamic 
balance, but this balance is broken by endogenous or exog‑
enous harmful stimuli, resulting in a large amount of ROS 
accumulating in the body, destroying the balance between 
the oxidative system and the antioxidant system, developing 
oxidative stress and causing cell oxidative damage or apop‑
tosis (51,52). It has been confirmed that oxidative stress is 
closely related to cell apoptosis and ROS serves a vital role 
in this process (51,52). A previous study has shown that ROS 
can activate nuclear transcription factor NF‑κB leading to 
cell apoptosis by activating proteinase C (53). ROS can also 
activate the P53‑induced apoptosis pathway by damaging 
DNA (54) and can also lead to cell apoptosis by damaging 
mitochondria and initiating the mitochondrial‑mediated apop‑
tosis pathways (39). In brief, inhibiting the generation of ROS 
and/or increasing the body's ability to eliminate it will inhibit 
cell apoptosis to some extent. Notably, SIRT3 is closely related 
to oxidative stress: Fu et al (50) and Zhang et al (55) confirmed 
that the activity of Mn‑SOD in the liver of SIRT3 knockout 
mice is reduced and SIRT3 can significantly enhance the 
activity of Mn‑SOD by reducing the acetylation levels of K53 
and K89 or by deacetylating the 122 lysine group of Mn‑SOD, 
thereby reducing the ROS levels in the cells.

It is hypothesized that in the pathogenesis of asthma, the 
ratio or functional imbalance of T helper (Th)1 and Th2 cells, 
especially the increase of Th2 cells hyperfunction, are impor‑
tant immunological abnormal factors (56). Th2 cells mainly 
secrete IL‑4, IL‑5, IL‑13 and other cytokines and mediate 
the occurrence of asthma through multiple pathways, such as 
efficient recruitment and activation of eosinophils, stimulation 
of Ig conversion to produce IgE and others (57). TNF‑α is a 
pro‑inflammatory cytokine that participates in the immune 
and inflammatory responses and can mediate the elevation of 
several inflammatory cell numbers such as eosinophils and 

Figure 4. Upregulation of SIRT3 reduced increased inflammation of BALF 
in asthmatic mice. (A) The number of cells in BALF as determined by 
Wright's Giemsa staining. (B) The expression of cytokines (TNF‑α, IL‑4, 
IL‑5 and IL‑13) mRNA in cells of BALF determined by reverse transcrip‑
tion‑quantitative PCR. (C) The secretion levels of cytokines (TNF‑α, IL‑4, 
IL‑5 and IL‑13) in BALF determined with ELISA assay. DEX treatment 
was used as the positive control. There were seven mice in each group, the 
data were shown as mean ± SD and the P‑value was calculated by calculated 
by post‑hoc comparisons. ns, P>0.05, *P>0.05, **P<0.01 and ***P<0.001 vs. 
Asthma group. SIRT3, sirtuin 3; BALF, bronchoalveolar lavage fluid; DEX, 
dexamethasone.
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Figure 6. SIRT3 reduced apoptosis and inflammation caused by oxidative stress in 16HBE cells. (A) Western blotting was used to detected the expression of 
SIRT3 in 16HBE cells of each group. (B) Following stimulation with different concentrations of H2O2 for 12 h, flow cytometry was used to analyze apoptosis. 
(C and D) After stimulating with 100 µmol/l H2O2 for 12 h, the apoptosis of 16HBE cells before and after the knockdown or overexpression of SIRT3 was 
analyzed by flow cytometry. (E) The expression of cytokines (TNF‑α, IL‑4, IL‑5 and IL‑13) mRNA was detected by reverse transcription‑quantitative PCR. 
Each experiment was repeated three times and data were shown as mean ± SD. The P‑values were calculated by calculated by Student's t‑test in A, C and E and 
by post‑hoc comparisons in B. ***P<0.001 vs. NC‑shRNA group; ###P<0.001 vs. NC‑AAV group; and &&&P<0.001 vs. 0 µmol/l H2O2. SIRT3, sirtuin 3; sh, short 
hairpin; NC, negative control.

Figure 5. SIRT3 regulated redox balance in bronchial tissues of asthmatic mice. (A) ROS probe was used to observe the change in ROS in bronchial and the 
relative fluorescence intensity was used to quantify ROS levels. (B‑D) ELISA was used to observe the change in cellular antioxidants [(B) GSH, (C) SOD and 
(D) Gpx]. (E) MDA, the end product of the cellular membrane under oxidative injury, was detected by ELISA. There were seven mice in each group, the data 
were shown as mean ± SD and the P‑value was calculated by Student's t‑test. **P<0.01 and ***P<0.001 vs. Asthma group. SIRT3, sirtuin 3; ROS, reactive oxygen 
species; GSH, glutathione; SOD, superoxide dismutase; Gpx, glutathione peroxidase; MDA, malondialdehyde.
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neutrophils, generate a variety of inflammatory mediators and 
aggravate the inflammatory response (58,59). TNF‑α can also 
stimulate endothelial cells and macrophages to release IL‑6 
and other inflammatory mediators, causing airway inflam‑
mation, destroying collagen networks and participating in 
airway remodeling (60,61). In asthma, TNF‑α expression in 
the airways and lungs is significantly increased, promoting the 
occurrence and development of inflammatory reactions (60,61). 
Inflammation and oxidative stress are not independent of each 
other (62,63): Inflammation can cause oxidative stress and 
oxidative stress can also cause inflammation, including oxida‑
tive stress‑induced airway inflammation (64). In a number of 
previous studies, a cell oxidative stress induced by H2O2 model 
was used to study inflammation, such as Cao et al (65) and 
de Oliveira‑Marques et al (66), including H2O2‑induce 16HBE 
cells (67). The results of the present study suggested that the 
upregulation of SIRT3 could decrease the elevated airway 
inflammation in asthmatic mice and reduce the H2O2‑induced 
inflammation in the 16HBE cells in vitro, while the loss of 
SIRT3 improved the H2O2‑induced inflammation in the 
16HBE cells.

To the best of the authors' knowledge, no relation has been 
established between SIRT3 and inflammation in the bronchial 
tissue in asthma. However, the study of SIRT3 inhibiting 
inflammation has been widely reported: Koyama et al (14) 
found that SIRT3 attenuates palmitate‑induced ROS 
production and inflammation in proximal tubular cells and 
Boniakowski  et  al  (38) describes that SIRT3 suppresses 
macrophage‑mediated inflammation in diabetic wound repair. 
The findings of the present study shared broad similarities 
with an earlier study by Kim et al (68) who report that KIF3A 
deficiency in mice results in increased inflammation. Thus, 
it was hypothesized that decreased expression of SIRT3 in 
the bronchial epithelium of asthmatic animals may modulate 
the airway inflammation, which needs further validation and 
support. In conclusion, the results of the present study indi‑
cated that the SIRT3 gene may be a key molecule for targeted 
therapeutics for asthma. However, the lack of data on SIRT3 
expression in clinical studies is limited and therefore needs to 
be explored in future work.
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