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Abstract. – OBJECTIVE: We aimed to investi-
gate whether PM2.5 has the potential to exacer-
bate neutrophil airway inflammation and to ana-
lyze the underlying mechanisms.

MATERIALS AND METHODS: The high-vol-
ume air sampler (Laoying 2033B, Qingdao, Chi-
na) was used to collect PM2.5 from January 01, 
2016 to December 21, 2016 in Yantai, Shandong 
Province, China. BALB/c mice were divided in-
to the following four groups: control group, ov-
albumin (OVA) group, low-dose PM2.5 group 
and high-dose PM2.5 group. Mice except for 
control group were sensitized and challenged 
by OVA, and those in low-dose PM2.5 group 
and high-dose PM2.5 group were intranasal-
ly administered by PM2.5 suspension. Airway 
responsiveness of mice was measured. En-
zyme-linked immunosorbent assay (ELISA) kit 
was used to evaluate the expressions of inter-
leukin 17 (IL-17) and tumor necrosis factor-α 
(TNF-α) in bronchoalveolar lavage fluid (BALF) 
and serum samples. Cell counting in BALF and 
histological examination were measured to ex-
plore PM2.5-induced airway inflammation. Pro-
tein expression of Integrin β4 (ITGB4) was as-
sessed by Western blot.

RESULTS: Airway hyperresponsiveness 
(AHR) exacerbated in PM2.5 exposed asthmat-
ic mice in progressively increased doses of ace-
tylcholine chloride (ACH). Levels of IL-17 and 
TNF-αin BALF and serum increased significant-
ly in PM2.5 groups compared with other groups 
with significant differences between two PM2.5 
groups. PM2.5 exposure exacerbated inflamma-
tory cell infiltration and mucus secretion in air-
ways of asthmatic mice. Percentage of neutro-
phils in PM2.5 groups was significantly higher 
in a dose-dependent manner. OVA and PM2.5 
co-exposure inhibited the expression of ITGB4. 

In particular, ITGB4 expression in mice of high-
dose PM2.5 group was significantly lowered 
than the low-dose PM2.5 group.

CONCLUSIONS: We showed that PM2.5 expo-
sure exacerbates neutrophil airway inflamma-
tion in asthmatic mice though up-regulating ex-
pressions of IL-17 and TNF-α but down-regulat-
ing the expression of ITGB4.

Key Words:
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inflammation, IL-17, TNF-α, ITGB4.

Introduction

Asthma is one of the most common chronic 
respiratory diseases, the incidence of which 
continues to increase in recent years. Its accom-
panied chronic respiratory disease affects 1-18% 
of the population in different countries with 
235 million people1, imposes a heavy burden on 
health care systems. Asthma is characterized 
by chronic airway inflammation. The airway of 
patients with asthma experiences reversible air-
flow obstruction, mucus secretion and AHR2,3. 
Asthma is defined as a heterogeneous disease4, 
and meanwhile some of the most common of 
the bronchitis include allergic and non-allergic 
types. The latter may be neutrophilic or con-
tain few inflammatory cells, leading to poor 
response to glucocorticoid treatment5,6. Severe 
asthma involves 5-10% of the patients with asth-
ma, but accounts for greater than half of burden 
to the social health system7. ENFUMOSA in 
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2003 showed that severe asthma would recruit 
neutrophils in the circulation and sputum 8. 
IL-17 (known as IL-17A), secreted by a distinct 
CD4+ T helper cell subset of Th17 cells, is 
reported to involve in the neutrophilic inflam-
mation. A series of studies suggested that the 
level of IL-17 was related to asthmatic severity 
and neutrophilic infiltration. In the pathogenesis 
of severe asthma, IL-17 contributes to migration 
and recruitment of neutrophils via TNF-α and 
interleukin-8 (IL-8) released by activated airway 
epithelial cells9. The airway epithelial cells are 
the first barriers to the external allergens. Struc-
tural adhesion molecule Intergrin β4 (ITGB4) 
is down-regulated in patients with asthma. Liu 
et al10 observed that ITGB4 deficiency upregu-
lated IL-17 after HDM exposure. Atmospheric 
pollution has been suggested as the major risk 
factor for the development of allergic diseases 
due to the rapid industrialization, urbanization 
and population growth. Among them, particu-
late matter (PM) is the major component of air 
pollution. Based on its aerodynamic diameter, 
PM is categorized as coarse PM (aerodynamic 
diameter of 2.5-10 μm), fine PM (aerodynamic 
diameter of < 2.5 μm) and ultrafine PM (aerody-
namic diameter of < 1 μm). In vivo study showed 
that PM2.5 is proved to cause severe eosinophil 
infiltration in the presence of OVA.  Epidemio-
logical studies 11,12 also reported that PM2.5 can 
exacerbate asthma. Coarse PM was reported to 
increase the percentage of neutrophils in BALF 
of murine asthma model13. PM2.5 is small enough 
to penetrate terminal bronchioles and alveoli, but 
few study focused on the effect of PM2.5 on neu-
trophil airway inflammation in a murine asthma 
model. We hypothesized that PM2.5 aggravates 
neutrophil airway inflammation through regulat-
ing the expressions of proinflammatory cytokines 
and ITGB4. In this study, we used asthma murine 
model and different doses of PM2.5 for intra-tra-
cheal sensitization. Thus, we aim to investigate 
whether PM2.5 has the potential to exacerbate 
neutrophil airway inflammation and to analyze 
the underlying mechanisms.

Materials and Methods

Preparation and Components 
Measurement of PM2.5 

The high-volume air sampler (Laoying 
2033B, Qingdao, China) was used to collect 
PM2.5 from January 01, 2016 to December 

21, 2016 in Yantai, Shandong Province, Chi-
na. The flow rate of sampling pump was set 
at 100 L/min for persistently 8 hours per day 
and the diameter of fiberglass filter membrane 
used to collect PM2.5 was 88 millimeter (mm). 
Once after sampling, the fiberglass filters were 
removed on ice, and sonication was used to 
extract the particles, which was finally concen-
trated by freeze-drying methods. The freeze-
dried particulate matter was mixed with saline 
to get a particle suspension before experiments. 
Metals in the samples were determined using 
inductively coupled plasma atomic emission 
spectrometry (ICP-AES, 61E Trace and ICP-
750, Thermo Jarrell-Ash, Franklin Lakes, NJ, 
USA). The concentrations of polycyclic ar-
omatic hydrocarbons (PAHs) in the samples 
were analyzed using the high performance 
liquid chromatography (HPLC, Hitachi Model 
600 HPLC, Hitachi, Tokyo, Japan)13.

Experimental Animals
A total of 48 six-week-old female BALB/c 

mice (8-22 g in weight) were obtained from 
Shanghai Laboratory Animals Center (Shanghai, 
China). The animal study was approved by In-
stitutional Animal Care and Use Committee of 
Nanjing Medical University. Animal procedure 
was carried out in accordance with the regulation 
in the Guidance Suggestions for the Care and Use 
of Laboratory of the People’s Republic of China. 
Animals were anesthetized to minimize suffer-
ing. The mice were maintained under a 12 h light/
dark cycle at a constant temperature (22 ± 2°C) 
and relative humidity (55 ± 10%), and all animals 
were free to food and water.

Experimental Design 
The mice were acclimated for 5 days prior to 

the initiation of the study and then  randomly 
divided into the following four groups with 12 
animals in each group: control group, ovalbu-
min (OVA) group, low-dose PM2.5 group and 
high-dose PM2.5 group. At day 0 and day 14, 
all mice except for those in control group were 
intraperitoneal (i.p.) injected with 100 μg OVA 
(S7951, Sigma-Aldrich, St Louis, MO, USA) and 
emulsified in 1 mg/0.2 mL aluminum hydroxide 
(Al(OH)3) (Pierce Chemical Co., Rockford, IL, 
USA). One week (from day 21) after the last 
sensitization, mice in except for those in control 
group were challenged by aerosolized 1% OVA 
with a total volume of 100 mL for 30 min to 
days 23. Mice in control group were sensitized 
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and challenged by phosphate-buffered saline 
(PBS) + Al(OH)3 and PBS, respectively. One 
hour before each challenge, mice in low-dose 
PM2.5 and high-dose PM2.5 groups were given 
an additional intranasal administration of 100 
μL PM2.5 solution at 0.1 mg/mL or 1 mg/mL 
concentration, respectively. The same volume 
of PBS was intranasally administered to mice 
in control and OVA groups at the same time 
(Figure 1).

Airway Responsiveness Assessment
Airway resistance was measured on day 24 

with an Anires animal lung function analysis 
system (Synol High-Tech, Beijing, China) twen-
ty-four hours after the last challenge. Firstly, mice 
were anesthetized by pentobartital sodium (70 
mg/kg), then they were intubated through the tra-
chea for mechanical ventilation and caudalis vein 
for ACH administration. All mice were ventilated 
(breath rate: 90 breaths/min, tidal volume: 6 mL/
kg) to measure lung resistance in progressively 
increased doses (0, 10, 30, 90, 270 μg.kg-1) of 
ACH14.

Evaluation of Cytokines in BALF and 
Serum, Cells Counting

After assessment of AHR, mice were anes-
thetized for tracheal intubation. As the position 
changes, airway lumina of mice were washed 
three times with a total volume of 1 mL sterile 
saline (0.4 mL, 0.3 mL, 0.3 mL, respectively). 
BALF was centrifuged and sediment of BALF 
were stained with Wright’s staining and counted 
using a hemocytometer. At least 200 cells of four 
randomly selected locations in each sample were 
counted by two independent researchers. Mice 
were sacrificed by cervical dislocation, and blood 
samples were centrifuged. ELISA kit was used to 
determine the levels of IL-17 (ab199081, Abcam, 
Cambridge, MA, USA) and TNF-α (ab208348, 
Abcam, Cambridge, MA, USA) in BALF and 
serum samples.

Lung Histology and Periodic Acid 
Schiff (PAS) Staining

The right lung was removed for pathologic 
examination. The lung tissue was fixed in 10% 
formalin overnight. The specimens were then 
embedded and sliced in a standard manner. The 
specimens were stained with hematoxylin and 
eosin (HE) and PAS to assess the inflammation 
and mucus production of the airways.

Western Blot Analysis
The left lung was removed for extracting total 

protein according to previously published pro-
cedures12. The total proteins were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and blotted onto 
a polyvinylidene difluoride (PVDF) membrane 
(Millipore, Billerica, MA, USA). The PVDF 
membrane was incubated with antibody against 
ITGB4 (ab29042, Abcam, Cambridge, MA, USA) 
at 4°C overnight, then the membrane was incu-
bated by peroxidase-conjugated goat anti-mouse 
secondary antibody for 1 h at warm (37°C) tem-
perature. Finally, the protein was detected by en-
hanced chemiluminescence (ECL) Plus (Thermo 
Fisher Scientific, Waltham, MA, USA). The lev-
els of target protein were normalized to β-actin 
protein levels. 

Statistical Analysis
The results data were expressed as the mean ± 

ASEM. Statistical Product and Service Solutions 
(SPSS) 22 (IBM, Armonk, NY, USA) was used 
to analyze the differences between experimental 
groups. Comparisons between measurements at 
two different times were performed using the 
paired t-test if the data were normally distribut-
ed. Otherwise, the Wilcoxon rank sum test was 
conducted. p < 0.05 or p < 0.01 were considered 
significant differences.

Results

Components of PM2.5
The chemical mass constituents found in the 

PM2.5 samples were shown in Table I. Metals 
and PAHs composed the main ingredients of 
ambient PM2.5 samples were collected in Yantai. 
The results showed that sodium (Na), Magnesium 
(Mg), Aluminum (Al), Calcium (Ca), Znic (Zn) 
were the main constituents of metals and naph-
thalene (NAP), acenaphthene (ANA), phenan-Figure 1. Overview of the experimental design.
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threne (PHE), benzofluoranthene (BbFA), benzo-
pyrene (BaP) composed the main constituents of 
PAHs found in Yantai ambient PM2.5 samples.

PM2.5 Exposure Aggravated AHR in 
Murine Model of Asthma 

To evaluate PM2.5 exposure on AHR, data of 
airway resistance were recorded. No significant 
difference was found among the four groups in 
baseline. Meanwhile, airway resistance of mice in 
control group increased slightly, and airway resis-
tance in the other three groups increased sharply 
following the increased concentration of ACH. 
PM2.5 exposure significantly enhanced airway 
resistance compared with the OVA group (p < 
0.05), and airway resistance in high-dose PM2.5 
exposed group was more significant than that in 
low-dose (p < 0.05) (Figure 2).

PM2.5 Exposure Up-Regulated of 
Proinflammatory Cytokines IL-17, TNF-α 
in BALF and Serum Samples 

Levels of IL-17 and TNF-α in BALF and serum 
increased significantly in both OVA and PM2.5 
groups compared with that in control group (p < 
0.05). In detail, levels of IL-17 in BALF enhanced 
1.6-fold and 2.5-fold in high-dose PM2.5 group 
compared with the low-dose and OVA groups, re-
spectively (p < 0.05). Meanwhile, high-dose PM2.5 
group showed significantly enhanced levels of 
TNF-α in BALF and serum compared with the low-
dose and OVA groups (p < 0.05) (Figure 3A-3D).

PM2.5 Exposure Exacerbated 
Inflammation and Mucus Secretion of 
Airways in Asthmatic Mice

Inflammatory cell counting of BALF and lung 
histological examination were performed to eval-
uate the effect of PM2.5. Both OVA sensitiza-

tion, challenge and intranasal administration of 
PM2.5 suspension increased the infiltration of 
total inflammatory cells. For the cell composi-
tion, PM2.5 exposure significantly enhanced the 
percentage of neutrophils than that in OVA group 
in dose-dependent manner (p < 0.05). Both OVA 
and PM2.5 significantly enhanced the percentage 
of eosinophils compared with control group (p 
< 0.05), but no significant difference was found 
among the three groups (p > 0.05) (Figure 4). HE 
staining marked infiltration of inflammatory cells 

Table I. Metal and PAH composition in PM2.5.

	 Metal	 PM2.5 (ug/mg)	 PAH	 PM2.5 (ug/mg)

Na	 60.51	 Naphthalene	 11.41
Mg	 40.93	 Acenaphthene	 11.06
Al	 37.28	 Phenanthrene	 9.17
Ca	 32.17	 Benzofluoranthene	 4.69
Zn	 18.93	 Benzo	 1.59
Fe	 11.24	 Fluoranthene	 0.97
K	 9.17	 Pyrene	 0.34
Mn	 5.40	 Chrysene	 0.25
Ba	 4.92	 Anthracene	 0.13
As	 3.14		

Figure 2. PM2.5 exposure exacerbated AHR in asthmatic 
mice. Each value was expressed as mean±SEM. N = 6. *p < 
0.05, compared with the control group. ∆p < 0.05, compared 
with the OVA group. #p < 0.05, compared with the low-dose 
PM2.5 group.
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into the airway and around the blood vessels of 
mice except those in control group, and high-dose 
PM2.5 treatment even showed focal infiltration of 
neutrophils (Figure 5). Mucus secretion were sig-
nificantly increased in mice of OVA and PM2.5 
groups, especially in low-dose and high-dose 
PM2.5 groups, PAS staining scores calculated in 
high-dose PM2.5 group were significantly higher 
than others (Figure 6A-6E).

PM2.5 Exposure Down-Regulated the 
Expression of ITGB4 in the Lung Tissues 
of Asthmatic Mice 

Western blot was used to assess the levels of 
ITGB4, which was expressed normally in control 
group. Co-treatment of OVA sensitization, chal-

lenge and PM2.5 irritation blocked expression of 
ITGB4 (p < 0.05). Expression level of ITGB4 in 
mice of high-dose PM2.5 group was significantly 
lower than that in low-dose PM2.5 group (p <  
0.05) (Figure 7A-7B).

Discussion

In our present study, we verified particulate 
matter (PM) 2.5 exposure exacerbated neutrophil 
airway inflammation in asthmatic mice though 
up-regulating expressions of IL-17 and TNF-α 
but down-regulating the expression of ITGB4. 
The morbidity of asthma has increased world-
wide in the recent decades15. As a heterogeneous 

Figure 3. Expressions of cytokine IL-17 and TNF-α in BALF and serum. A-D, IL-17 level in BALF and serum; TNF-α level 
in BALF and serum. Each value was expressed as mean ± SEM. N = 6. *p < 0.05, compared with the control group. ∆p < 0.05, 
compared with the OVA group. #p < 0.05, compared with the low-dose PM2.5 group.
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Figure 4. PM2.5 exposure altered airway cell infiltration in mice. Each value was expressed as mean±SEM. N = 6.*p < 0.05, 
compared with the control group. ∆p < 0.05, compared with the OVA group. #p < 0.05, compared with the low-dose PM2.5 group.

Figure 5. PM2.5 exposure aggravated airway inflammation in asthmatic mice. A-D, represented the control group, the OVA 
group, the low-dose PM2.5 group and the high-dose PM2.5 group respectively (HE magnification ×200).
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disease16, neutrophilic airway inflammation and 
IL-17 are prominent in severe asthma17. Besides 
the positive family history, ethnicity, etc., atmo-
spheric pollution plays an increasingly important 
role in the pathogenesis of asthma. The particles 

with diameters of less than 2.5 μm are PM2.5, 
which are easily inhaled into respiratory, de-
posited in lung alveoli, thus leading to damages 
include airway inflammation and lung functional 
declines. Epidemiologic studies showed that am-

Figure 6. PM2.5 exposure aggravated mucus production in a murine model of asthma. A-D, represented the control group, 
the OVA group, the low-dose PM2.5 group and the high-dose PM2.5 group, respectively. E, The percentage of PAS-positive 
cells per bronchiole. Data were the mean ± SEM (n = 6). *p < 0.05, compared with the control group. ∆p < 0.05, compared with 
the OVA group. #p < 0.05, compared with the low-dose PM2.5 group (PAS ×200).



Effect of PM2.5 on asthmatic mice

1695

bient PM2.5 were associated with the exacerba-
tion, even the onset of the asthmatic cohort18,19. 
Scholars20,21 have suggested the adjuvant effects 
of PM2.5 on allergic airway inflammation in vivo. 
In the study, PM2.5 collected in Yantai contained 
high concentrations of metal and PAHs elements. 
Ogino et al22 reported PM2.5 contained high-
er concentrations of metals inducing AHR and 
eosinophils infiltration in mice with genetically 
high sensitivity to mite allergens. Aryl hydrocar-
bon receptor, a primary receptor of PAHs, was 
reported in regulation of Th17 differentiation23,24. 
In the current research, we first found that PM2.5 
showed marked increase in the percentage of neu-
trophils in BALF, leading to a mixed neutrophils/
eosinophils airway inflammation. At the same 
time, the airway resistance increased signifi-

cantly in asthmatic mice treated with high-dose 
PM2.5 compared with other groups. There were 
severe bronchoconstriction and more extensive 
inflammatory cell (include eosinophils, lympho-
cytes, neutrophils) infiltration around the bronchi 
in the OVA and PM2.5 groups. A marked and 
extensive neutrophils infiltration were observed 
around the bronchi in the PM2.5 groups, espe-
cially in high-dose PM2.5 group, conforming to 
the pathologic change of severe asthma. Thus, 
PM2.5 was revealed to correlate with severe asth-
ma inflammatory responses in asthmatic mice 
in a dose-dependent manner. It is suggested that 
patients with pre-existing asthma exposed to 
ambient PM2.5 may lead to mixed phenotype 
including both eosinophils and neutrophils infil-
tration, attributing to high levels of metals and 
PAHs in ambient PM2.5 samples. Airway epithe-
lial cells compose the first cellular barrier to the 
external allergens, and the loss of function in the 
epithelial cells may alter the airway inflammation 
reactions. Stimulated epithelial cells can release 
TNF-α and IL-8, leading to the amplified infiltra-
tion of neutrophils. Neutrophil-released enzymes 
then contribute to the degradation of the base-
ment membrane, mucus hypersecretion, etc.25. 
TNF-α is a proinflammatory cytokine that plays 
a pivotal role in neutrophil infiltration26. Xiang 
et al27 addressed that the function of the airway 
epithelial cells is mainly regulated by structural 
adhesion molecule integrin β4 (ITGB4). ITGB4 
is an important adhesion molecule that mediates 
the anchoring of airway epithelial cells to the 
basal membrane, involving in multiple signaling 
pathways of airway inflammation. ITGB4 was 
down-regulated in asthma28, and ITGB4 deficien-
cy mice showed abundant inflammatory cell in-
filtration into lung and increased levels of inflam-
matory cytokines, such as8 IL-4, IL-17 etc.. IL-17, 
secreted by stimulated Th17 cells after allergen 
exposure, in turn stimulates epithelial cells to 
release proinflammatory cytokines, thereafter in-
ducing neutrophilic inflammation. A strong cor-
relation between IL-17 and neutrophils in blood 
and sputum has been confirmed29. The levels of 
IL-17 and Th17 cells were also positively correlat-
ed with asthma severity in asthmatic cohort30. 
Deficiency of IL-17 was suggested to lead to loss 
of neutrophilic response and AHR to allergens31. 
All these above suggested that ITGB4, TNF-α 
and IL-17 play pivotal roles during physiopa-
thology of severe asthma. In our present study, 
mice showed severe asthma change that are man-
ifested as increased levels of IL-17 and TNF-α 

Figure 7. ITGB4 expression in lung tissue of mice. A-D, rep-
resented the control group, the OVA group, the low-dose PM2.5 
group and the high-dose PM2.5 group respectively. Each value 
was expressed as mean ± SEM. N=6.*p < 0.05, compared with 
the control group. ∆p < 0.05, compared with the OVA group. #p 
< 0.05, compared with the low-dose PM2.5 group.
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in BALF, and in step with the pathologic results 
in histological examination. We also found that 
ITGB4 expression was suppressed in OVA group, 
which was in accordance with previous studies. 
PM2.5 exposure down-regulated the expression 
of ITGB4, suggesting that ITGB4 and epithelial 
cells may participate in the pathological process 
of PM2.5 exposure in asthmatic murine model.

Conclusions

We clearly demonstrated that PM2.5 exposure 
aggravated neutrophil airway inflammation and 
mixed neutrophils/eosinophils inflammation in 
asthmatic mice via up-regulating proinflamma-
tory cytokine IL-17, TNF-α and down-regulating 
expression of ITGB4. These pathological changes 
showed a dose-dependent manner alongside with 
PM2.5 exposure. Our results further suggested 
that ITGB4 may serve as a therapeutic target for 
the treatment of severe asthma aggravated by 
PM2.5.
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