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Resveratrol decreases cell apoptosis through inhibiting
DNA damage in bronchial epithelial cells
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Abstract. One of the major risk factors for asthma devel-
opment is exposure to environmental allergens. House
dust mites (HDM) can induce DNA damage, resulting in
asthma. Resveratrol (RES) produced by several plants,
has anti-apoptotic properties and may affect a variety of
biological processes. The aim of the present study was to
investigate the protective role of RES against apoptosis in
bronchial epithelial cells. C57BL/6J mice treated with HDM
exhibited high levels of cell apoptosis, while RES signifi-
cantly reversed this process. Induced DNA damage was more
severe in the HDM group vs. the HDM combined with RES
group. This result was confirmed by immunostaining and
western blot analysis of the protein expression of the DNA
damage-related gene YH2AX, which was highly induced by
HDM. In addition, treatment with RES protected bronchial
epithelial cells exposed to HDM from DNA damage. RES
decreases reactive oxygen species levels to inhibit oxidative
DNA damage in bronchial epithelial cells. Furthermore,
compared with the HDM group, induced cell apoptosis could
be attenuated by RES in the group of combined treatment
with RES and HDM. A DNA repair inhibitor augmented
DNA damage and apoptosis in bronchial epithelial cells,
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whereas RES significantly attenuated cell apoptosis through
inhibiting DNA damage.

Introduction

Asthma is a chronic condition that causes intermittent inflam-
mation and narrowing of the airways in the lungs. One of the
major risk factor of asthma development is exposure to envi-
ronmental allergens (1). In addition, house dust mites (HDM)
can induce DNA damage and cause asthma (2). Oxidative
stress can also cause DNA damage, playing a pivotal role
in the development of human immunological diseases (3,4).
Asthma is a chronic inflammatory airway disease and oxida-
tive stress may also be involved in its pathogenesis (5). To date,
several reports demonstrated that repair of DNA damage is
controlled by epigenetics and plays an important role in the
process of asthma (6,7). It was previously demonstrated that
DNA damage and apoptosis of airway epithelial cells may be
caused by cigarette smoke extract (8,9).

Resveratrol (RES; trans-3,5,4'-trihydroxystilbene) is
produced by several plants and may be found in red grape
skins, red wine and peanuts (10). It was previously reported
that cardiovascular protection, anti-inflammatory and
anti-aging activities may be regulated by antioxidant status,
and anti-apoptotic activity may affect several biological
processes (11-15). Additionally, RES can regulate lipid
metabolism and affect cytokine expression in the immune
system (16-18). Studies indicated that a diet supplemented
with RES could improve health and survival in mice with
metabolic syndrome (19,20). Previous epidemiological studies
demonstrated that elderly individuals on a Mediterranean
diet, which is rich in RES, display a markedly reduced risk
of cardiovascular disease (11,12,21). Chen et al (22) reported
that RES can inhibit DNA damage in cultured human
mammary epithelial cells. Previous evidence indicated that
RES exerted anti-inflammatory and anti-asthmatic effects
on a mouse model of allergic asthma (23-26). Rhee and Lee
demonstrated that RES exerts inhibitory effects on airway
remodeling through the transforming growth factor-f/mothers
against decapentaplegic homolog signaling pathway in chronic
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asthma models (27). However, the underlying mechanism and
the protective role of RES against cell apoptosis in bronchial
epithelial cells remain elusive.

The aim of the present study was to investigate the possible
mechanism underlying HDM-induced airway epithelial injury
and the protective role of RES against cell apoptosis in the
bronchial epithelial cells, in order to determine whether
RES can prevent HDM-induced DNA damage and cell
apoptosis and whether it represents a novel approach to asthma
treatment.

Materials and methods

Asthma mouse model. A total of 24 C57BL/6J female mice
(Beijing Hfk Bioscience Co., Ltd.), aged 6-8 weeks and
weighing 22-26 g, were used in this study. All mice were
maintained in a specific pathogen-free facility in the Animal
Experimental Center of Southwest Medical University. All
animals had ad libitum access to food and water and were
maintained in a stable environment at 25+1°C, 60+5% humidity
and a 12-h light/dark cycle. The mice were intraperitoneally
sensitized on days 1 and 8 with 20 ug HDM (cat. no. 326779,
Greer Laboratories, Inc.) and 1 mg aluminum hydroxide. One
week after the final injection, the mice were treated with HDM
intranasal (i.n.), alone or combined with RES (100 mg/kg,
intragastric; cat. no. R5010, Sigma-Aldrich; Merck KGaA)
daily for 7 days. After 7 days of treatment, the mice were
sacrificed by intraperitoneal injection of sodium pentobarbital
(100 mg/kg of body weight). The mice were confirmed dead by
no spontaneous breathing for 2-3 min and no blink reflex. The
lung tissues and bronchoalveolar lavage fluid (BALF) were
collected for further study. All animal experiments (including
euthanasia) were in compliance with the regulations and
guidelines of the Southwest Medical University Institutional
Animal Care Committee (Approval no. 20160041) and were
conducted according to the AAALAC and IACUC guidelines.

Measurement of airway hyperresponsiveness. A total of 24 h
after the final challenge, whole body plethysmography (Buxco
Europe Ltd.) was used to assess total respiratory system resis-
tance after administration of increasing doses of methacholine
(0, 6.25, 12.5, 25 and 50 mg/ml). Data are reported as peak
Penh values.

Histological analysis. Lung tissues were fixed in 10%
neutral-buffered formalin for 24 h at room temperature and
then embedded in paraffin. The tissues were then cut in
5-um sections and subjected to standard hematoxylin-eosin
staining (28).

TUNEL assay.Lung tissues were harvested and fixed with 10%
formalin for 24 h at room temperature, and then embedded in
paraffin and cut into 5-p¢m sections. The tissue sections were
deparaffinized and rehydrated, and then treated with citric
acid for antigen retrieval for 10 min at room temperature.
The TUNEL Assay Apoptosis Detection kit (cat. no. C1088;
Beyotime Institute of Biotechnology) was used to detect DNA
fragmentation. In brief, the tissue sections were treated with
formaldehyde on ice for 15 min. Subsequently, the tissue
sections were washed with phosphate-buffered saline (PBS)
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and 70% ice-cold ethanol was added followed by incubation for
30 min. The tissue sections were again washed with PBS three
times for 5 min each time, staining solution was added and the
sections were incubated at 37°C for 60 min. The tissue sections
were then washed and treated with ribonuclease A (RNase A)
for 30 min at room temperature, then visualized under a fluo-
rescence microscope (SP5 Leica confocal microscope; Leica
Microsystems GmbH). The number of TUNEL-positive cells
were counted in five different fields for each stained section.

Cell culture and treatment. The bronchial epithelial cells
(16HBE) were obtained from Cell Bank of the Chinese
Academy of Sciences, and were cultured in DMEM
(cat. no. SH30022.01; GE Healthcare Life Sciences) supple-
mented with 10% fetal bovine serum (cat. no. 35-076-CV;
Corning Inc.) in a humidified atmosphere containing 5% CO,
at 37°C. Cells were seeded at 0.5 million cells per well in
6-well plates. At 24 h after seeding, cells were treated with
10 uM RES, 10 mM N-acetyl-L-cysteine (NAC; cat. no. A9165,
Sigma-Aldrich; Merck KGaA), or 2.5 uM NU7441 (cat.
no. S2638; Selleck Chemicals) and then (2 h later) with HDM
(200 pg/ml) and incubated for an additional 12 h. Control cells
were incubated with an equal amount of DMSO.

Single-cell gel electrophoresis assay. A single-cell gel elec-
trophoresis assay or Comet assay was used to detect DNA
damage. Bronchial epithelial cells (3x10° cells) were cultured
in 6-well plates and exposed to different treatment conditions.
Cells were cultured with HDM, with or without the presence
of RES or NAC and DMSO was used for the control group.
After 12 h of treatment, the Comet assay was performed using
CometChip Reagent kit (Trevigen, Inc.) according to the
manufacturer's protocol.

Paraffin-embedded tissue immunohistochemistry staining.
For immunofluorescence (IF) analysis, the sections of lung
tissues were fixed with 4% formaldehyde and permeabi-
lized with 0.3% Triton X-100 in PBS for 10 min at room
temperature. Subsequently, the slides were incubated with 2%
serum-blocking buffer for 20 min at room temperature and then
incubated with specific antibodies. The primary antibodies
against YH2AX (1:200; cat. no. 05-636, EMD Millipore)
and 8-OHdG (1:200; cat. no. ab48508, Abcam) were added
and incubated at room temperature for 2 h, followed by
incubation with the Alexa Fluor 555 conjugated secondary
antibody (1:500; cat. no. A32727; Invitrogen; Thermo Fisher
Scientific, Inc.) for 1 h. The nuclei were stained with DAPI
(cat. no. C1005; Beyotime Institute of Biotechnology) at
room temperature for 5 min. Differences in immunostaining
were detected by using SP5 Leica confocal microscope with
Leica Application Suite Software (version 14.0.0.162, Leica
Microsystems GmbH).

IF staining. The bronchial epithelial cells (1x10° cells) were
cultured in the plate on glass slides and cells were subjected
to different treatments as follows: i) Control group; ii) HDM
group; and iii) HDM combined with RES group. Following
treatment, cells were fixed with ice-cold methanol for 10 min
at room temperature and incubated with primary antibody
targeting YH2AX (1:200; cat. no. 05-636; EMD Millipore)
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and 8-OHdAdG (1:200; cat. no. ab48508; Abcam) at room
temperature for 2 h, followed by Alexa Fluor 555 conjugated
secondary antibody (1:500; cat. no. A32727; Invitrogen;
Thermo Fisher Scientific, Inc.) at room temperature for 1 h.
The nuclei were stained with DAPI at room temperature for
5 min. Following staining, the differences were observed by
using SP5 Leica confocal microscope with Leica Application
Suite Software (version no. 14.0.0.162; Leica Microsystems
GmbH).

Western blotting. Western blot analysis was performed as
previously described (28). The tissue samples or the cells from
various treatment groups were lysed with ice-cold cell lysis
buffer plus protease inhibitor, obtained from Thermo Fisher
Scientific, Inc. The samples were boiled 10 min before loading
on SDS-PAGE gel. The same amount (20 ug) of protein from
each group was loaded and separated by 12% SDS/PAGE
electrophoresis and then transferred to a polyvinylidene
fluoride membrane. The membranes were blocked by using
5% skim milk for 60 min and probed at 4°C with specific
antibodies overnight, including antibodies against YH2AX
(1:1,000; cat. no. 05-636; EMD Millipore), cleaved caspase-3
(1:1,000; cat. no. 9664; Cell Signaling Technology, Inc.) and
GAPDH (1:1,000; cat. no. AF0006; Beyotime Institute of
Biotechnology). Immunoreactive protein bands were visual-
ized using horseradish peroxidase-conjugated secondary
antibodies (anti-mouse IgG, HRP-linked antibody, 1:1,000;
cat. no. 7076; anti-rabbit IgG, HRP-linked Antibody, 1:1,000;
cat. no. 7074; all from Cell Signaling Technology., Inc.) and
a Clarity Western ECL Substrate (cat. no. 170-5061; Bio-Rad
Laboratories, Inc.). The protein bands were analyzed using
FluorChem 8900 (ProteinSimple).

Flow cytometry. As previously described, bronchial epithe-
lial cells were cultured in 6-well plates, HDM was used to
induce cell apoptosis and HDM combined with RES, NAC or
NU7441 were used to determine the effects of RES, NAC and
NU7441 on cell apoptosis. After 12 h of treatment, each group
of cells was gently trypsinized and collected (1x10° cells were
collected in the tube). Each group of cells was suspended in
100 ul binding buffer. Subsequently, 5 #1 Annexin V-FITC and
5 pl propidium iodide (cat. no. FXPO18; Beijing 4A Biotech
Co., Ltd) were added and the cells were incubated at room
temperature for 15 min in the dark. After incubation, 400 pl
of binding buffer was added to each tube and the percentage
of apoptotic cells was analyzed by afluorescence-activated
cell sorting instrument (NovoCyte; ACEA Biosciences,
Inc.) with NovoExpress™ software (version no. 1.0.0; ACEA
Biosciences, Inc.).

Reactive oxygen species (ROS) measurement. ROS generation
in 16HBE cells was measured using the oxidant-sensitive fluo-
rometric probe DCFH-DA (cat. no. S0033; Beyotime Institute
of Biotechnology) according to the manufacturer's protocol.
In brief, the cells were cultured in the plate on glass slides
and subjected to different treatments as follows: i) Control
group; ii), HDM group; iii) RES group; iv) HDM combined
with RES group; v) NAC group; and vi) HDM combined with
NAC group. After treatment, cells were washed with PBS and
then incubated with 10 uM DCFH-DA in DMEM for 30 min
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at 37°C. The cells were then washed with PBS and images
were captured using a fluorescence microscope (SP5 Leica
confocal microscope; Leica Microsystems GmbH).

Frozen lung tissues were incubated with 25 yM dihydro-
ethidium (DHE) (cat. no. BB-470515, BestBio) in PBS for
15 min at 37°C. The sections were washed with PBS for 3 min
and then imaged using a fluorescence microscope (SP5 Leica
confocal microscope; Leica Microsystems GmbH).

ELISA. ELISA assessed the BALF levels of 8-OHdG/8-0x0G
in the mice using Mouse 8-OHdG ELISA kit (cat. no. JL.12294;
Shanghai Jianglai Industrial Limited by Share Ltd.) following
the manufacturer's protocol.

Bronchial epithelial cells were cultured in 6-well plates
and were subjected to different treatments. The cells were
cultured with HDM, with or without the presence of RES
and DMSO was used for the control group. After 12 h of
treatment, the cell culture supernatant was collected and the
levels of 8-OHdG/8-0xoG were determined using ELISA
(cat. no. JL11850, Shanghai Jianglai Industrial Limited by
Share Ltd.) according to the manufacturer's protocol.

Statistical analysis. All values are expressed as means + stan-
dard deviation. Data statistical analysis was performed by
SPSS 16.0 (SPSS, Inc.). Student's t-test or one-way analysis of
variance (Tukey-Kramer test or Dunnett's T3 post hoc tests)
was used to compare data between two groups or multiple
groups, respectively. P<0.05 was considered to indicate a
statistically significant difference.

Results

RES attenuates cell apoptosis induced by HDM. In the
present study, an asthma mouse model was established
in the authors' laboratory and the mice were treated with
HDM/AI(OH);, followed by HDM (i.n.) with or without RES
(i.p.) (Fig. 1A) to detect the pathogenetic mechanism triggered
by this exposure. Airway hyperresponsiveness was measured
using plethysmographs at 24 h after the final challenge. The
bronchial airway hyper-response was markedly elevated in
the mice that are repeatedly exposed to HDM. However, the
airway response declined in the mice exposed to HDM in
addition to RES compared with the mice exposed to HDM,
when the mice were treated with atomized methacholine
(Fig. S1). Less extensive inflammatory cell infiltration was
observed around the airway in the mice exposed to HDM
combined with RES, compared with mice exposed to HDM
alone (Fig. 1B). Quantification of airway inflammation index
also proved that RES suppressed HDM-induced inflamma-
tion (Fig. 1C). Furthermore, treatment with HDM resulted
in an increase of the apoptotic cells in airway epithelial cells
of lung tissues (Fig. 1D and E). However, mice treated with
HDM combined with RES exhibited a significantly decreased
percentage of apoptotic cells in the airway epithelial cells of
lung tissues. Western blotting revealed that HDM treatment
increased the expression level of cleaved caspase-3, whereas
treatment with RES resulted in a decrease in the level of
cleaved caspase-3 in mice with HDM-induced asthma
(Fig. 1F and G). Taken together, these findings indicate that
RES attenuates cell apoptosis induced by HDM.
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Figure 1. RES attenuates cell apoptosis induced by HDM. (A) Schematic illustration of an experimental protocol for sensitization of cells by HDM, as well
as an experimental protocol for mice pre-treated with RES. (B) Representative images of hematoxylin and eosin-stained lung tissue sections (magnification,
x200). (C) Quantification of inflammatory cell infiltration in lungs. (D) Representative images of the TUNEL assay. Analysis of apoptosis by using TUNEL
assay. (E) Quantification of TUNEL-positive cells. (F) Expression of cleaved caspase-3 was determined by western blot analysis. (G) Relative changes in the
density of cleaved caspase-3 (n=3). Each point represents an individual mouse. Data are presented as mean + standard deviation. “P<0.01 and "“P<0.001,
determined by one-way analysis of variance with Tukey-Kramer test. RES, resveratrol; HDM, house dust mites; i.n., intranasal; TUNEL, terminal deoxynu-

cleotidyl-transferase-mediated dUTP nick end labelling.

RES inhibits oxidative damage and DNA double-strand breaks
in the lungs of asthmatic mice. It was revealed that exposure to
HDM caused a significant increase in ROS levels (Fig. 2A and B)
in a mouse model of asthma and ROS is known to cause DNA
damage (29,30). To quantify oxidative damage to nucleic acids,
8-OHdG/8-0x0G levels were detected in BALF and lung tissue.
The levels of 8-OHdG were markedly increased in the BALF of
mice with HDM-induced asthma and 8-OHdG/8-0xoG could

be simultaneously inhibited via treatment with RES (Fig. 2C).
IF staining also revealed that RES attenuated 8-OHdG levels
in airway epithelial cells of mice with HDM-induced asthma
(Fig. 2D and E). To further confirm this finding, another DNA
damage-related gene, YH2AX, was analyzed. HDM increased
the expression level of YH2AX, which was detected by IF
staining (Fig. 2F and G) and western blotting (Fig. 2H and 1);
however, these processes were blocked by treatment with RES,
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Figure 2. RES inhibits oxidative damage and DNA DSBs in the lungs of asthmatic mice. (A) ROS generation was measured by using DHE assay and (B) quan-
tified. Representative images of DHE as a fluorescent probe and the fold-change of ROS signal intensity are shown. (C) Expression level of 8-OHdG/8-0xoG
was measured by ELISA. (D) Lung sections stained with 8-OHdG (red) and DAPI (blue). Representative immunofluorescence images of 8-OHdG in the airway
epithelial cells of the mice (magnification, x400). (E) Quantitation of the fluorescence intensity of 8-OHdG. (F) Lung sections stained with YH2AX (red) and
DAPI (blue). Representative sections are shown for the double strand break marker YH2A X in the nuclei of lung tissues. (G) The percentage of YH2AX-positive
cells was determined in the lung tissues (n=3). (H) The expression level of YH2AX was determined using western blot analysis. The expression level of GAPDH
was used as a loading control. (I) Relative density of YH2AX (n=3). Each point represents an individual mouse. Data are presented as the mean + standard
deviation. One-way analysis of variance with Tukey-Kramer test or Dunnett's T3 test was used. “P<0.05, “P<0.01 and "“P<0.001. RES, resveratrol; HDM,
house dust mites; ROS, reactive oxygen species; DHE, dihydroethidium; BALF, broncho-alveolar lavage fluid.

and the expression level of YH2AX was decreased. Collectively, ~RES attenuates DNA damage in bronchial epithelial cells.
these findings suggested that RES can inhibit DNA damageina  The results of the present study demonstrated that HDM can
mouse model of asthma. promote cell apoptosis and the increased ROS levels can cause
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Figure 3. RES attenuates DNA damage in bronchial epithelial cells. 16HBE cells were incubated with RES for 2 h and then treated with HDM for another
12 h. (A) Representative images of Comet assay (magnification, x400). (B) The percentage of DNA intensity in the Comet tail, reflecting the severity of DNA
damage, was quantified. At least 30 individual Comets were analyzed in each treatment group (n=3). (C) Staining with yYH2AX (red) and DAPI (blue). (D) Cells
with >10 YH2AX foci in the bronchial epithelium were considered positive. The percentage of positive cells for yYH2AX foci was determined. (E) The expres-
sion level of YH2AX was determined using western blot analysis. The expression level of GAPDH was used as a loading control. (F) Relative density of YH2AX
on western blot analysis (n=3). Data are presented as the mean + standard deviation. One-way analysis of variance with Tukey-Kramer test or Dunnett's T3 test
was used. "‘P<0.05, “P<0.01 and “"P<0.001. RES, resveratrol; HDM, house dust mites.

DNA damage in a mouse asthma model in the airway of lung
tissues. However, treatment with RES may attenuate cell apop-
tosis promoted by HDM and inhibit DNA damage in bronchial
epithelial cells therefore these cells were used to further inves-
tigate the present hypothesis. It was revealed that DNA damage
occurred in the bronchial epithelial cells treated with HDM, as
shown in Fig. 3A and B. Increased YH2AX expression level
was detected by immunofluorescence staining (Fig. 3C and D)
and western blotting (Fig. 3E and F) in bronchial epithelial
cells treated with HDM. However, the level of DNA damage
was decreased by combination treatment with HDM and RES
(Fig. 3A and B), which was accompanied by a reduction in
the expression of YH2AX (Fig. 3C-F). Taken together, these
results indicate that RES attenuates DNA damage induced by
HDM in bronchial epithelial cells.

RES decreases ROS generation to inhibit oxidative DNA
damage in bronchial epithelial cells. One of characteristics

of oxidative stress is increased ROS levels, which may
continuously affect the structure of DNA and cause oxidative
DNA damage (31). It was previously indicated that treatment
of aged rats with RES attenuated oxidative stress in bronchial
epithelial cells (32). The present study investigated whether
RES could attenuate DNA damage caused by exposure to
ROS.

Through detection by DCFH-DA assay, ROS in bronchial
epithelial cells were significantly increased after treatment
with HDM and the increased ROS levels in bronchial epithe-
lial cells were restored via combination treatment with HDM
and RES (Fig. 4A and B). Further testing demonstrated that
8-OHdG/8-0x0G in bronchial epithelial cells, which serves as a
marker of oxidative DNA damage, was increased by treatment
with HDM and the 8-OHdG/8-0x0G could be simultaneously
protected via treatment with RES (Fig. 4C). IF staining also
proved that RES attenuated the 8-OHdG level increased by
HDM in bronchial epithelial cells (Fig. 4D and E). To further
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Figure 4. RES decreases ROS to inhibit oxidative DNA damage in bronchial epithelial cells. 16HBE cells were incubated with RES for 2 h and then treated
with HDM for another 12 h. (A) Cells were stained with DCFH-DA assay to measure the oxidative stress level and (B) this was quantified. Representative
images of DCFH-DA and the fold-change of ROS signal intensity are shown (magnification, x200). (C) The expression level of 8-OHdG/8-0x0G in the culture
supernatant was measured by ELISA. (D) Staining with 8-OHdG (red) and DAPI (blue). Representative immunofluorescence images of 8-OHdG (magnifica-
tion, x400). (E) Quantitation of the fluorescence intensity of 8-OHdG. (F) 16HBE cells were incubated with NAC for 2 h and then treated with HDM for
another 12 h and (G) the results were quantified. Cells were stained with DCFH-DA to measure the oxidative stress level. Representative images of DCFH-DA
and the fold-change of ROS signal intensity are displayed (magnification, x200). (H) Representative images of the Comet assay (magnification, x400). (I) The
percentage of DNA intensity in the Comet tail, reflecting the severity of DNA damage, was quantified. At least 30 individual Comets were analyzed in each
treatment group (n=3). Data are presented as mean + standard deviation. One-way analysis of variance with Tukey-Kramer test or Dunnett's T3 test was used.
“P<0.05, “"P<0.01 and "“P<0.001. RES, resveratrol; HDM, house dust mites; ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine.

explore the damaging effects of excessive ROS generation on  treatment with HDM, while inhibition of ROS generation
DNA, NAC was used to inhibit the oxidative stress induced by by NAC was associated with a decrease in DNA damage
HDM (Fig. 4F). As expected, an elevation in ROS levels was  (Fig. 4F-I). These results suggested that RES inhibits oxidative
accompanied by increased DNA damage (Fig. 4F-I) following DNA damage by reducing ROS levels.
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Figure 5. RES protects bronchial epithelial cells from apoptosis induced by HDM treatment. Il6HBE cells were incubated with RES or NU7441 for 2 h and
then treated with HDM for another 12 h. (A) Representative images of the TUNEL assay which was used to measure apoptosis. (B) Percentage of positive
cells in each sample. (C) 16HBE cells were incubated with RES for 2 h and then treated with HDM for another 12 h. Cell apoptosis was detected by flow
cytometry with Annexin V-FITC and PI staining and was (D) quantified. (E) I6HBE cells were incubated with NU7441 for 2 h and then treated with HDM
for another 12 h. Cell apoptosis was detected by flow cytometry with Annexin V-FITC and PI staining and was (F) quantified. (G) The expression levels of
cleaved caspase-3 and YH2AX were determined using western blot analysis. (H) Relative density of cleaved caspase-3 and YH2AX (n=3). Data are presented
as mean * standard deviation. One-way analysis of variance with Tukey-Kramer test or Dunnett's T3 test was used. "P<0.05, “P<0.01 and ““P<0.001. RES,
resveratrol; HDM, house dust mites; PI, propidium iodide.

RES protects bronchial epithelial cells from HDM-induced  remodeling and DNA repair, which has already been demon-
apoptosis. Of note, 8-OHdG/8-0x0G is a marker of DNA  strated in the current mouse model and bronchial epithelial
damage (33,34) and YH2AX also plays a key role in chromatin  cell model (30,35). In the present study, it was hypothesized
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Figure 6. NAC protects bronchial epithelial cells from apoptosis induced by HDM treatment. I6HBE cells were incubated with NAC for 2 h and then treated
with HDM for another 12 h. (A) Apoptosis was measured using TUNEL assay. Representative images of the TUNEL assay. (B) Percentage of positive cells
in each sample. (C) Cell apoptosis was detected by flow cytometry with Annexin V-FITC and PI staining and was (D) quantified. (E) The expression level
of cleaved caspase-3 was determined using western blot analysis. (F) Relative density of cleaved caspase-3 (n=3). (G) The environmental allergen HDM can
induce ROS level increase and cause DNA damage and cell apoptosis in asthma. RES plays a protective antioxidant role and can prevent HDM-induced DNA
damage and cell apoptosis of bronchial epithelial cells in allergic asthma. Data are presented as mean =+ standard deviation. One-way analysis of variance with
Tukey-Kramer test or Dunnett's T3 test was used. "P<0.05, “P<0.01 and “"P<0.001. RES, resveratrol; NAC, N-acetyl-L-cysteine; HDM, house dust mites; ROS,
reactive oxygen species; PI, propidium iodide; TUNEL, Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling.

that RES can protect bronchial epithelial cells from apop-
tosis caused by exposure to HDM. IF staining revealed that
the percentage of apoptotic cells was significantly increased
following treatment with HDM compared with the PBS
control group and this process was inhibited by treatment with
RES (Fig. 5A and B). Flow cytometry analysis also confirmed
this result (Fig. 5C and D), as the percentage of apoptotic cells
among bronchial epithelial cells was increased from 1.09 to
17.7% following treatment with HDM, whereas it decreased
to 5.11% by the combination of HDM with RES, indicating
that RES can attenuate apoptosis of bronchial epithelial cells
exposed to HDM. Western blotting also revealed that RES
protected cells from apoptosis, resulting in lower expression

levels of cleaved caspase-3 with combination treatment with
HDM and RES compared with treatment with HDM alone
(Fig. 5G and H).

To investigate the effects of DNA damage on apoptosis
induced by HDM, DNA double-strand breaks repair inhibitor
NU7441 was used to inhibit DNA repair. IF staining revealed
that HDM-induced apoptosis was further enhanced by NU7441
(Fig. 5A and B). Flow cytometry analysis also demonstrated
that NU7441 led to a higher level of HDM-induced apoptosis
(Fig. 5E and F). Furthermore, western blotting revealed that
NU7441 treatment resulted in an increase in the levels of cleaved
caspase-3 and YH2AX following combination treatment with
HDM and NU7441 compared with treatment with HDM alone
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(Fig. 5G and H). In addition, RES inhibited YH2AX and cleaved
caspase-3 in bronchial epithelial cells (Fig. 5G and H). Taken
together, these results indicate that RES protects bronchial
epithelial cells from apoptosis through preventing DNA damage.

In order to further examine the role of oxidative stress in
apoptosis induced by HDM, NAC was used to inhibit the oxida-
tive stress induced by HDM. IF staining revealed that apoptosis
was significantly reduced in bronchial epithelial cells treated
with HDM and NAC compared with bronchial epithelial cells
treated with HDM alone (Fig. 6A and B). Flow cytometry
analysis also demonstrated that NAC could attenuate apoptosis
of bronchial epithelial cells exposed to HDM (Fig. 6C and D).
Furthermore, the western blotting results revealed that NAC
reduced cleaved caspase-3 level in the epithelial cells subjected
to HDM treatment (Fig. 6E and F). Collectively, these data indi-
cate that RES protects bronchial epithelial cells from apoptosis
through inhibiting oxidative DNA damage (Fig. 6G).

Discussion

RES is a known antioxidant, which is produced by plants and
it can affect multiple human chronic diseases, in addition to
interacting with the immune system (3,4). In addition, HDM
is a major perennial allergen source and a significant cause of
allergic rhinitis and allergic asthma. In the present study, it was
hypothesized that HDM can directly induce a high level of ROS
generation and cause DNA damage to bronchial epithelial cells,
while the antioxidant properties of RES attenuated this process.
However, the detailed mechanisms of HDM triggering asthma
remain elusive and further investigation may assist physicians
to effectively treat patients with asthma through controlling
ROS-induced damage to bronchial epithelial cells.

The anti-apoptotic and antioxidant stress-protective effects
of RES have been widely investigated. In 2018, Hsu ef al (36)
revealed that RES could protect A549 human lung epithelial
cellsagainstcarbonblack nanoparticle (CBNP)-induced inflam-
mation and oxidative stress, as CBNPs are known to promote
pulmonary toxicity through inflammation and oxidative stress.
A previous study used cigarette smoke extract (CSE), which
induced apoptosis in a human bronchial epithelial cell model
and studied the effects of treatment with or without RES (37).
Their results demonstrated that RES exerted a protective
effect against CSE-induced apoptosis and a molecular pathway
involving Sirtuin 1 (SIRT1) and oxygen-regulated protein
150, may be associated with the anti-apoptotic function of
RES. HBEI human bronchial epithelial cells were exposed to
combined treatment with RES and 4-hydroxynonenal, which
acted protectively against cell death caused by oxidative stress,
and the Nrf2-EpRE signaling pathway was also involved in
this combined therapeutic effect (38). Furthermore, RES also
decreased high glucose-induced endothelial cell apoptosis by
inhibition of Nox/ROS (39). The results of the present study
indicated the anti-apoptotic function of RES in bronchial
epithelial cells. Therefore, it may be concluded that RES helps
protect cells from apoptosis caused by HDM.

ROS are highly reactive molecules and can damage cell
structures such as carbohydrates, nucleic acids, lipids and
proteins and alter their functions. The shift in the balance
between oxidants and antioxidants in favor of oxidants is
termed ‘oxidative stress’. Oxidative stress is characterized
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by the presence of increased ROS levels, either as a result of
increased production of ROS or decreased amounts of anti-
oxidants. ROS create a variety of pathological changes in the
airways, including increased airway reactivity and increased
mucous production, factors that have important implications in
asthma (40). The present study demonstrated that exposure to
HDM induced high levels of ROS in bronchial epithelial cells in
both the mouse model and the cellular model. ROS have been
shown to inactivate histone deacetylase-2, which is an essential
factor for the inflammatory response (41). RES can improve the
expression level of SIRT1 and increase antioxidant production
to reduce mitochondrial-associated apoptotic signaling path-
ways and cell apoptosis and prevent ROS-induced cell damage
in myoblasts (42). In the present study, high expression levels of
8-OHdG/8-0x0G were detected, which indicated that the bron-
chial epithelial cells were damaged. In vitro studies have shown
that RES induces the production of antioxidants to reduce the
impact of ROS (43-45). A study on RES indicated that treatment
of aged rats with RES can activate Nrf2 and attenuate oxida-
tive stress in endothelial cells. It was observed that combined
treatment with HDM and RES resulted in lower expression level
of ROS and 8-OHdG/8-0x0G. In addition, the Comet assay for
DNA damage confirmed that RES can attenuate DNA damage
in bronchial epithelial cells caused by HDM. This evidence
demonstrated that RES can protect bronchial epithelial cells
from oxidative DNA damage due to HDM exposure. DNA repair
protects bronchial epithelial cells from HDM-induced DNA
damage and apoptosis (2). In the present study, the results also
proved that DNA double-strand breaks repair inhibitor NU7441
led to a higher level of HDM-induced apoptosis. Furthermore,
the inhibition of ROS production by NAC in HDM-activated
bronchial epithelial cells decreased apoptosis.

In conclusion, as one of the most common and important
allergens in the environment, HDM can affect the immune
system and cause airway allergic diseases, such as asthma.
During this process, HDM triggers ROS production and
increases DNA damage, which may cause apoptosis of
bronchial epithelial cells. RES exerted protective antioxidant
effects that prevented HDM-induced DNA damage and apop-
tosis in bronchial epithelial cells.
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