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in recent years, the quality of life of patients is 
being affected. Additionally, the risks of chronic 
obstructive pulmonary disease and chronic respi-
ratory failure, which may result in acute death, 
are increased2. The pathogenesis of bronchial 
asthma is complex, and the majority of scholars 
believe the main pathological and physiological 
features3 of bronchial asthma include chronic 
airway inflammation, bronchial hyper-responsi-
veness (BHR) and reversible airflow obstruction. 
Airflow obstruction in turn, may result in diffe-
rent degrees of airway remodeling and formation 
of new and inordinate airway tissues as the di-
sease progresses, thus aggravating the conditions 
of airflow obstruction. PM2.5 is a fine particulate 
matter and accounts for 70% of inhalable parti-
cles4. In areas with heavy air pollution, the com-
position of various poisonous gases and exposu-
re of allergens are two major chronic pathogenic 
factors5, which results in (and worsen) the symp-
toms of bronchial asthma. The exposure of house 
dust mite antigens can affect asthma innate im-
mune response through up-regulation of IL-7 like 
cytokines in airway epithelium, most notably thy-
mic stromal lymphopoietin (TSLP), IL-25 and IL-
336. There are few reports on the specific impact 
of exposure to PM2.5 and co-exposure of PM2.5 
and house dust mite antigen on the response of 
airway epithelial cells. 

Materials and Methods

Cells 
The human bronchial epithelial cell line, 

16HBE-14o, was purchased from the Cell Labora-
tory of the UK’s University of Southampton, and 
the cells were conventionally cultured in MEM-10 
cell culture medium containing 10% of fetal calf 
serum (FCS). Cells were maintained in media and 
digested by trypsin for twice weekly passaging. 
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Introduction

Bronchial asthma is a common disease, which 
occurs worldwide, and the incidence rate is incre-
asing annually1. With the increase in air pollution 
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A total of 5×104 cells were seeded in each well of 
a 24-well tissue culture plate, and the MEM-10 
cell culture medium was replaced by serum-free 
MEM after cells reached 90% confluency. Cells 
were then placed and cultured in the incubator at 
37°C and 5% CO2, overnight until the cells stop-
ped growing.

 
Experimental Groupings 

The experiment was divided into five groups: 
the control group (group A), Der p1 treated 
group (group B), PM2.5 treated group (group 
C), PM2.5 + Der p1 treated group (group D), and 
Nac+PM2.5+Der p1 treated group (group E). Six-
teen wells were made available for each group in 
96-well compound plates, and the cellular con-
centration for each well was 5×104 cells/well. The 
method as described by Rusznak et al7 was adop-
ted for group B, namely that 16HBE-14o cells un-
der growth arrest were treated with 300 ng/mL 
Der p1 for 24 h. The method adopted in-group C 
was as follows: PM 2.5 at a concentration of 50 
µM/cm2 was added to 16HE-14o cells for 0.5 h, 
1 h, 2 h and 3 h. The method adopted in group 
D was as follows: 16HBE-14o cells were treated 
with 300 ng/mL Der p1 for 21 h and treated with 
PM2.5 at a concentration of 50 µM/cm2 for 3 h. 
The method adopted in-group E was as follows: 
cells were treated with 10 mM acetylcysteine 
(Nac) and PM2.5 simultaneously for 3 h. 

ELISA and RT-PCR 
ELISA method was chosen to test the expres-

sion levels of malondialdehyde, IL-25, IL-33 
and thymic stromal lymphopoietin (TSLP) after 
cells were cultured for 3 h, 6 h, 12 h and 24 h 
respectively. 16 human bronchial epithelial cell 
line-(16HBE)-14o cell line supernatant was col-
lected and stored at -80°C until use after being 
centrifuged at low temperature. A total of 1 ml 
cell culture supernatant was collected and stored. 
The ELISA kit was from the Nanjing Jiancheng 
Bioengineering Institute and used according to 
the manufacturer’s instructions. Real-time RT-
PCR was adopted to measure IL-25, IL-33 and 
TSLP mRNA and a semi-quantitative analysis 
was carried out. The cells were washed with pho-
sphate-buffered saline (PBS) at 4°C, harvested, 
and treated with Trizol. They were then filtered 
after the cell culture supernatant was collected. 
The cells went through the process of biphase se-
paration, RNA precipitation, washes, redissolu-
tion, determination of concentration by ultraviolet 
spectrophotometry, and synthesis of cDNA. The 

samples were added to the PCR reaction system, 
after which semi-quantitative analysis was carri-
ed out according to Takahashi et al8. Results were 
calculated according to the -2ΔCt method. 

Statistical Analysis
All data were processed using SPSS19.0 sta-

tistical software (SPSS Inc., Chicago, IL, USA). 
Measurement data are expressed as mean ± stan-
dard deviation, comparisons among groups were 
analyzed by single factor ANOVA, and intra-group 
comparisons were by repeated measurement data. 
p<0.05 was taken as statistically significant. 

Results 

Comparison of expression levels of 
malondialdehyde, IL-25, IL-33 and TSLP 

There were no significant changes in the levels 
of malondialdehyde, IL-25, IL-33 or TSLP in-group 
A at any of the time points. The expression levels 
of malondialdehyde, IL-25 and IL-33 reached peak 
levels in group B at 6 h, and the expression levels 
of malondialdehyde and TSLP continued to incre-
ase over time. The levels of malondialdehyde and 
cytokines increased over time in-group C. The le-
vels of malondialdehyde and IL-25 were equal to 
those of IL-33 after 12 h and 24 h of culture. The 
difference was not statistically significant when 
malondialdehyde and TSLP in-group C were com-
pared with that in-group B at each time point. In-
group D, the levels of malondialdehyde and cytoki-
nes increased over time. Malondialdehyde content 
and the levels of the different cytokines in-group 
D at each time point were higher than the other 
groups. Furthermore, the levels of malondialdehy-
de and cytokines in-group E at each time point 
were significantly lower than in-group B, C and D 
(p<0.05) (Figures 1-3). 

Malondialdehyde content increased over time 
in-group B, C and D, and malondialdehyde con-
tent in-group D was significantly higher than in-
group B. Malondialdehyde content in-group B 
was significantly higher than in-group C, and the 
difference had statistical significance (p<0.05). 
Malondialdehyde content in group E at each time 
point was significantly lower than in group B, C 
and D, and there was no time-dependent effect in 
group E (Figure 4). 

Comparison of Cytokine mRNA Levels 
According to the intra-group comparison of 

IL-25, IL-33 and TSLP mRNA in each group, at 
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each time point, there were no statistically signi-
ficant differences (p>0.5). According to the com-
parison of IL-25, IL-33 and TSLP mRNA among 
the different groups (inter-group comparisons), 
the expression levels of IL-25, IL-33 and TSLP 
mRNA in group D were significantly higher than 
in group B and C. Furthermore, the expression le-
vels of IL-25, IL-33 and TSLP mRNA in group E 
were significantly lower than in group B, C and D 
(p<0.05) (Table I). 

Discussion 

At present, it is thought that the essential fea-
ture of asthma is airway inflammation. Multiple 
cells play a role, including eosinophils, mast cells, 
lymphocytes, neutrophils, airway epithelial cells 
and cellular elements. The potential therapeutic 
targets11 of asthma may include asthma-related 
inflammation, immune cell cytokines, chemo-
tactic factors, transcription factors and enzymes. 
According to recent studies12, the Th1/Th2 balan-
ce can be shifted toward Th213 by upregulating 
Th2 cell expression. IL-25 and IL-33 are newly 
discovered Th2 cytokines, and IL-25 and IL-33 
can participate in the Th2-type immune respon-
se14 through the coordinate induction of IL-4 and 
IL-13 Th2 cytokines. There are large differen-
ces among the chemical components of PM2.5 

because of differences in region and sources of 
pollution. However, the chemical components of 
PM2.5 are mainly fine particles and air pollution 
components enriched with the aforementioned 
fine particles, including sulfur dioxide, nitrogen 
dioxide, polycyclic aromatic hydrocarbons, metal 
aerosols, as well as others. Because of the aero-
dynamic features of PM2.5, airborne PM2.5 can 
enter the airway and remain in alveoli after inha-
lation. This can result in inflammation within 
bronchial tissues, oxidative stress injury, and can 
induce an intense systemic inflammatory respon-
se, causing injuries of respiratory and circulatory 
systems as well as others. Additionally, long-term 
exposure can result in cancer and deformity17. 
Many studies8 have shown that PM2.5 particles, 
oxynitride, polycyclic aromatic hydrocarbons, he-
avy metals and other harmful components, can re-
sult in the increased reactive oxide species (ROS) 
in the microenvironment of airways through oxi-
dative stress. Malondialdehyde, as a biomarker of 
ROS in cell culture, can be measured. It can be 
measured in culture supernatants or lung tissues 
to reflect the degree of oxidative stress, as incre-
ases of ROS would cause damage to cell mem-
branes, chromosomes and cellular components. 
Also, increases in ROS can activate NF-κB signa-
ling, and stimulate the secretion of IL-8, tumor 
necrosis factors and other inflammatory factors 
from airway epithelial cells (bronchial epithelial 

Figure 1. Expression level of IL-25 in each 
group at each time point (Group A: single air-
way epithelium; Group B: airway epithelium 
+Der p1; Group C: airway epithelium +PM2.5; 
Group D: airway epithelium + Der p1 +PM2.5; 
Group E: Nac + airway epithelium + Der 
p1+PM2.5).

Figure 2. Expression level of IL-33 in each 
group at each time point (Group A: single air-
way epithelium; Group B: airway epithelium 
+Der p1; Group C: airway epithelium +PM2.5; 
Group D: airway epithelium + Der p1+PM2.5; 
Group E: Nac + airway epithelium + Der 
p1+PM2.5).
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cells or alveolar epithelial cells) and alveolar ma-
crophages, thus resulting in increased airway and 
lung parenchyma aseptic inflammation as well 
as airway resistance. It was confirmed by vivi-
perception and cell culture studies that the ROS 
quenching agent, Nac, can remove oxygen radi-
cals and inhibit the injury related to PM2.5 oxi-
dative stress19 by increasing the concentration of 
reduced glutathione. Because Nac can maintain 
the microenvironment where the immune cells 
are located, reductive and non-oxidizing, it can 
reduce the damage caused by oxidative stress to 
immune cells. Therefore, Nac is also known as an 
immunomodulator. Nitschke et al20  showed that, 
the main components of air pollution, including 
ozone, cigarette smoke, and sulfur dioxide may 
increase the effects of house dust mite antigen or 
allergic airway inflammation stimulated by and 
resulting from ovalbumin, and may up-regulate 
the expression levels of airway epithelial IL-4, IL-
5, endothelin-1 and other inflammatory factors. 
Also, air pollution may enhance the allergen’s 
ability to cause disease, and there are synergistic 
effects existing between air pollution and an aller-
gen’s ability to cause disease. Through the present 
research, we can conclude that, the expression 
of IL-25, IL-33 and TSLP, their corresponding 

mRNA levels, and malondialdehyde content in 
airway epithelial cells treated with PM2.5 and 
Der p1, are significantly higher than in the other 
groups. The expression levels of malondialdehy-
de, IL-25, IL-33 and TSLP, and their correspon-
ding mRNA levels in the group treated with Nac, 
PM2.5 and Der p1, were significantly reduced, 
and the differences were statistically significant. 
It was confirmed that the co-exposure of PM2.5 
and house dust mite antigen has synergetic effects 
on the regulation of cytokine expression levels of 
the innate immune response, and PM2.5 oxidati-
ve stress injury plays an important role in the pro-
cess of innate immune activation and anti-free ra-
dical therapy. Nac can inhibit the effects of PM2.5 
contamination in allergic airways and inhibits the 
production of innate immunity-related cytokines. 
This is helpful for physicians, to fully understand 
the synergistic mechanism of two major environ-
mental factors, including allergens and air pollu-
tion in the pathogenic process of asthma, to guide 
the prevention and control of asthma as well as 
the research and development of new forms of 
pharmacotherapy. This also allows for deepening 
the understanding of the pathogenic mechanisms 
of PM2.5 contamination and drug prevention and 
control, which are important public health issues 

Figure 3. Expression level of TSLP in each group at each time point (Group A: single airway epithelium; Group B: airway 
epithelium +Der p1; Group C: airway epithelium +PM2.5; Group D: airway epithelium + Der p1+PM2.5; Group E: Nac + air-
way epithelium + Der p1+PM2.5).

Figure 4. Comparison of Malondialdehyde in each group at each time point (Group A: single airway epithelium; Group B: 
airway epithelium +Der p1; Group C: airway epithelium +PM2.5; Group D: airway epithelium + Der p1+PM2.5; Group E: Nac 
+ airway epithelium + Der p1+PM2.5).



PM2.5 in bronchial epithelial cells

2911

vital to the national economy and people’s live-
lihoods. In future investigations, we will verify 
the effect of PM2.5 on the expression of innate 
immunity related cytokines which are regulated 
by airway epithelium resulting from house dust 
mite antigen using an animal model and human 
studies. We will verify the inhibitory effects of 
Nac and PM2.5 on the expression of innate im-
munity related cytokines, which are regulated by 
airway epithelium, resulting from house dust mite 
antigen by in vitro and in vivo studies. 

Conclusions

PM2.5 can enhance the Der p1 antigen-induced 
HBEC innate immune cell response through the 
effect of oxidative stress, thus potentially increa-
sing the occurrence rate of bronchial asthma.
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