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Introduction

Particulate matter (PM), as carrier and catalyst of many 
harmful substances, can enter the bronchi and alveoli 
through inspiration, and even into the blood circulatory 
system, which has deleterious effects on multiple organ 
systems (1,2). At present, there are many studies focused 
on the relationships between PM and lung infection. 

Sigaud et al. (3) showed that PM2.5 particles could reduce 
the function of neutrophils and macrophages in mice 
and increase the risk of infection with streptococcus 
pneumoniae. Zhao et al. (4) found that the number and 
activity of NK cells and alveolar macrophages significantly 
decreased in mice after the inhalation of PM2.5 particles, 
which increased the susceptibility to staphylococcus aureus 
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in the lungs. Some researches demonstrated that exposing 
alveolar macrophages to cigarette smoke, cooking fumes 
and other particles could cause a significant impairment in 
their number and function, which resulted in a decline in 
the scavenging ability of bacteria, aggravated lung infection 
and inflammation, and increased the chances of infection of 
various opportunistic pathogens (5,6). 

Pseudomonas aeruginosa (P. aeruginosa), a kind of gram 
negative bacillus, is characterized by secondary infection 
which occurs in patients with low body resistance, such as 
cystic fibrosis and chronic obstructive pulmonary disease (7). 
Psoter et al. (8) reported that an increase in PM2.5 exposure 
concentration of 10 μg/m3 was associated with a 24% 
increased risk of P. aeruginosa infection, which indicates 
that PM may contribute to P. aeruginosa infection in the 
respiratory system.

Tight junctions (TJs) are the important protein complexes 
at cell-cell interfaces that connect adjacent cells with each 
other to form lung epithelial barrier (9). Claudins are the 
main proteins constitute the structure of TJs. According 
to whether they can form paracellular channels or whether 
they control paracellular permeability, claudins have been 
categorized as pore forming claudins or sealing claudins 
(10,11). Lung epithelium tends to favor expressions 
of sealing claudins including claudin-1 and -5 (12).  
Occludin, a key regulator of TJs stability and function, 
is closely related to the transcription of claudin-1 (13). It 
was reported that PM increased MUC5AC expression by 
downregulating claudin-1 in human airway cells (14). In 
addition, studies have demonstrated that P. aeruginosa caused 
transient disruption of TJs and downregulated the claudin-1, 
claudin-4, and occludin (15). Previously, our group has 
found that claudins released into the alveolar compartment 
was highly related to barrier function loss after P. aeruginosa 
installation (16). However, whether PM would promote the 
invasion of P. aeruginosa by disruption of TJs is still unknown.

We hypothesize that PM promotes ROS generation, 
leading to a disruption of TJs proteins and the invasion of 
P. aeruginosa. To test this, we investigate the effect of PM on 
human bronchial epithelial cells and mice upon P. aeruginosa 
infection.

Methods

Cell culture and PM treatment

The human bronchial epithelial cell lines (BEAS-2B) were 
purchased from Shanghai Institute of Cell Biology, Chinese 

Academy of Sciences, and were cultured in high glucose 
dulbecco’s modified eagle’s medium (DMEM) containing 
10% fetal bovine serum (FBS), 100 IU/mL penicillin 
and 100 μg/mL streptomycin at 37 ℃ in a humidified 
atmosphere with 5% CO2. PM Standard Reference Material 
(SRM) 1649b was obtained from the National Institute of 
Standards and Technology (NIST, Gaithersburg, Maryland, 
USA). It is composed of selected polycyclic aromatic 
hydrocarbons (PAHs), nitro-substituted PAHs (nitro-PAHs), 
polychlorinated biphenyl (PCB) congeners, chlorinated 
pesticides, and inorganic constituents. And it is dispersed 
in all kinds of sizes. Stock solutions of PM (4 mg/mL) were 
prepared by phosphate buffered saline (PBS) and were 
stored at −20 ℃. Cells were seeded in 10 cm2 dishes, 6- or 
96-well plates, and exposed to PM at a final concentration 
of 50, 200 and 400 µg/mL, respectively.

P. aeruginosa preparation

P. aeruginosa strain employed was PAO1 with green 
fluorescent protein (GFP, excitation 488 nm, emission 
507 nm, kindly provided by University of California, San 
Francisco, USA). In each group of experiments, PAO1-
GAP was streaked onto a pseudomonas cetrimide agar 
(PCA, Thermo Fisher, Hampshire, England) medium plate 
and cultured for 18 to 24 h at 37 ℃. Then, a single colony 
was inoculated in PCA medium by rotary shaking at 37 ℃  
for 16 to 18 hours until the bacteria reached log-phase. 
Subsequently, 1 mL bacterial suspension was washed thrice 
with PBS and suspended by PBS.

Cell viability assay and LDH release assay

Cell viability was assessed using Cell Counting Kit-8 
(CCK-8, Beyotime, Shanghai, China). BEAS-2B cells were 
seeded into 96-well plates overnight and then treated with 
PM at doses of 0, 50, 200 and 400 µg/mL for 2, 6, 12, 24 
and 48 hours, respectively. After treatment, CCK-8 solution 
was added to each well at a ratio of 1:10 for another  
1 hour at 37 ℃. The absorbance at 450 nm was read by a 
microplate reader (FlexStation® 3; Molecular Devices, San 
Jose, USA). The lactate dehydrogenase (LDH, MAK066, 
Sigma-Aldrich, St. Louis, USA) release assay was performed 
according to the manufacturer’s instructions. 

Reactive oxygen species (ROS) assay

The intracellular ROS was detected by 2’,7’-Dichlorodihy
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drofluorescein diacetate (DCFH-DA, Beyotime, Shanghai, 
China). BEAS-2B cells were plated in 6-well plates at a 
density of 2.5×105 cells per well and cultured for 24 hours. 
After treated with PM for 24 hours, cells were incubated 
with DCFH-DA at the final concentration of 10 µmol/L  
for 20 min at 37 ℃ in the dark. Then, the fluorescence 
of 2,7-dichlorofluorescein (DCF) was monitored using 
flow cytometer (BD FACScantoTM, San Jose, California, 
USA). We used the mean fluorescence intensities (MFI) to 
compare the fluorescence intensity.

Immunofluorescence assay

A sterilized coverslip was laid into each well of a 6-well 
plate and cells were seeded onto the coverslip at a density 
of 2.5×105 cells/mL. BEAS-2B cells were pretreated with 
N-acetylcysteine (NAC, 5 mM) 1 hour before 24 hours PM 
(200 μg/mL) exposure, then cells were infected by PAO1 
(at a multiplicity of infection of 10, MOI 10). Cells were 
fixed with 4% formaldehyde before being blocked by 5% 
bovine serum albumin (BSA). After incubation with anti-
zonula occluden (ZO)-1, anti-occludin, or anti-claudin-1 
antibody [Cell Signaling Technology (CST), Boston, 
Massachusetts, USA] at 4 ℃ overnight, cells were incubated 
with fluorescein isothiocyanate (FITC, excitation 494 nm, 
emission 518 nm, CST) or cyanine dye (cy3, excitation 
555 nm, emission 564 nm, CST)-conjugated secondary 
antibodies for 2 hours at room temperature. Subsequently, 
the cells were treated with 4’, 6-diamidino-2-phenylindole 
(DAPI, excitation 345 nm, emission 455 nm, Sigma-
Aldrich, St. Louis, USA) 5 min. The results were observed 
and photographed by fluorescence microscopy.

Invasion assay assessed by colony forming units (CFU) 
assay and confocal microscopy

The two experiments were performed as described 
previously with modifications in this study (17,18). When 
grown to approximately 50–60% confluency, cells were 
cultured with PM for 24 hours and subsequently infected 
with PAO1 at a MOI of 10 by replacing the medium with 
DMEM containing 50 μL bacteria suspension (OD600 
0.25≈1×108CFU/mL) for 2 hours. After vigorously 
washed thrice with PBS, cells were added by 200 mg/mL 
gentamicin sulfate (Sigma-Aldrich, St. Louis, USA) for 
3 hours. Then, cells were lysed with 0.1% Triton X-100 
(Sigma-Aldrich, St. Louis, USA). The lysates were serially 
diluted and plated onto PCA plates in triplicate. The CFUs 

represented the numbers of intracellular bacteria (19). In 
confocal microscopy, cells were seeded on glass coverslips 
for 24 hours. Subsequently, cells were cultured with PM for 
24 hours, infected with PAO1 at a MOI of 10 for 2 hours, 
and bacteria located outside the cells were killed using  
200  mg/mL gentamic in  fo r  3  hour s .  Nex t ,  4% 
paraformaldehyde was added to wells to fixed cells. 
Then DAPI was added to stain the nuclei. The cell 
membranes were stained with 1, 19-dioctadecyl-3, 3, 
39, 39-tetramethylindocarbocyanine perchlorate (DiI, 
excitation 549 nm, emission 565 nm, Beyotime, Shanghai, 
China) for 10 min before the coverslips were removed and 
tested by laser confocal microscope (Leica TCS SP5 II, 
Leica Microsystems, Wetzlar, Germany). The intracellular  
GFP-PAO1 was counted and expressed as intracellular PAO1 
per cell.

Trans-epithelial electrical resistance (TEER)

The TEER was measured with the EVOM2 system 
(Epithelial Voltohmmeter, America). Briefly, BEAS-2B cells 
were seed on the upper chamber of the transwells. The 
mean of three measurements per insert was determined. 
The electrical resistance of insert membranes without 
cells was subtracted, and the real resistance values were 
multiplied with the total surface area of the inserts  
(0.33 cm2) as described before (20).

Animals

Twenty-four C57BL/6J mice (12 male; 12 female) were 
purchased from SLAC Laboratory Animals (Shanghai 
Laboratory Animal Center, Shanghai, China), 8–10 weeks 
old, and certified as specific pathogen-free. They were 
housed for one week (temperature 20–24 ℃, humidity  
40–60%, lights on 8 a.m.–8 p.m.), then averagely and 
randomly divided into four groups (Six mice per group). 
Each group was inoculated by instilling PBS or PM (0.5, 
2, or 4 mg/kg) respectively three times for 72 hours (21) 
before P. aeruginosa (1×106 CFU, 24 hours) infection as 
previously described (22). The studies were approved by 
the Animal Care and Use Committee of Fudan University 
(certificate number: 2016-026), Shanghai. 

Lung histology

Following euthanasia with avertin, the lungs were isolated 
and immersed in 10% formalin, dehydrated in ethanol and 
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embedded in paraffin. Then the hematoxylin and eosin 
staining was performed and lung injury was evaluated as 
described previously (19).

Lung bacterial burden

At 24 hours after infection, mice were euthanized and 
lungs were removed in a sterile fashion. The lungs were 
weighted and homogenized in 1 mL sterile PBS. Five 
hundred microlitres of the blood were collected aseptically. 
Then homogenized lung and blood samples were serially 
diluted and plated onto PCA plates in triplicate, which were 
incubated at 37 ℃ overnight prior to bacterial enumeration. 
The CFUs represented the number of lung and blood 
bacteria (19).

Western blot assay

BEAS-2B cells and lung tissues of mice from each group 
was obtained and electrophoresed, transferred to the Poly 
vinylidene fluoride (PVDF) membranes, and then incubated 
with anti-occludin antibody, anti-claudin-1 antibody, and 
anti-GADPH antibody (CST, Boston, MA, USA) overnight 
at 4 ℃. After washing thrice in TBST, membranes were 
incubated with a peroxidase-conjugated secondary antibody 
(1:1,000 dilution, CST) for 1 hour at room temperature and 
detected by enhanced chemiluminescence (Thermo Fisher, 
Hampshire, England).

Statistical analysis

Each in vitro experiment was repeated for three times with 
three duplication in each group. All data were expressed as 
mean ± standard deviation. Comparisons among multiple 
groups were performed with one-way analysis of variance 
(ANOVA) and Bonferroni adjusted pairwise comparisons 
were used for post-hoc pair test. Spearman correlation 
was used for correlation analysis. All analyses were two-
sided and performed with GraphPad Prism 5 (GraphPad 
Software, Inc., San Diego, California, USA). P<0.05 was 
considered statistically significant.

Results

Toxicity effects of PM on the human bronchial epithelial 
cells

BEAS-2B cells were exposed to 0, 50, 200 and 400 μg/mL 

PM for 2, 6, 12, 24 and 48 hours, respectively (Figure 1A). 
Although no significant changes of intracellular formazan 
production in BEAS-2B cells were observed, there was a 
visible decrease trend after exposure to 50 μg/mL of PM for 
2–48 hours. When BEAS-2B cells were exposed to 200 or 
400 μg/mL of PM for 2–48 hours, we observed a significant 
decrease of cell viability except for the group being exposed 
to 200 μg/mL of PM for 12 hours. In addition, the results 
demonstrated that exposing to PM of 200 μg/mL for 24 
hours reduced BEAS-2B viability to almost 50%. Therefore, 
PM concentration of 200 μg/mL and optimal exposure 
time of 24 hours were selected for subsequent experiments. 
Furthermore, a concentration-dependent increase of LDH 
release (Figure 1B) and ROS generation (Figure 1C,D) upon 
PM exposure was observed.

Effects of PM on the invasion of P. aeruginosa to the 
human bronchial epithelial cells

We first performed time-response experiments to determine 
the optimal infection time of P. aeruginosa. Infected with P. 
aeruginosa for 2 hours increased both bacterial adhesion and 
invasion to the airway epithelial cells without causing visible 
cytotoxicity, as assessed based on morphological changes 
and CFU assay (data not shown). However, a shorter 
infection time of 0.5 hour failed to cause bacterial adhesion 
and invasion to cells. Meanwhile, we failed to observe PM 
effects on P. aeruginosa invasion when BEAS-2B cells were 
infected with P. aeruginosa for longer time (4 or 6 hours), 
because it directly caused cell death. Thus, we chose 2 
hours as our optimal time for the further bacteria invasion 
assays (Figure 2). PM was proved to significantly increased 
the number of bacterial invasion to the airway epithelial 
cells in concentration-dependent manner by CFU assay  
(Figure 2B), which is further confirmed by confocal 
microscopy (Figure 2C,D). Then BEAS-2B cells were 
pretreated with or without NAC (5 mM) for 1 h before 
PM (200 μg/mL) exposure. Twenty four hours later, cells 
were infected with P. aeruginosa (MOI 10) for an additional 
2 hours. The result showed that the inhibition of ROS 
production significantly attenuated the PM-induced 
invasion of P. aeruginosa to BEAS-2B (Figure 2C,D), 
suggesting that ROS signaling pathway may be involved in 
the invasion process. 

NAC attenuates PM-induced TJs disruption 

To further check whether ROS might mediate TJs proteins 
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Figure 1 Toxicity effects and reactive oxygen species (ROS) production of PM on BEAS-2B cells. (A) BEAS-2B cells were exposed to 
the indicated concentrations of PM (0, 50, 200 or 400 μg/mL) for 2, 6, 12, 24 and 48 hours, respectively; (B) release of LDH by BEAS-
2B cells stimulated with PM (0, 50, 200 or 400 μg/mL) for 24 hours. The absorbance at 490 nm represents cell toxicity; (C) intracellular 
ROS generation was assessed by flow cytometry by detecting MFI; (D) the statistical graph of MFI. Data indicate the mean ± SD and are 
representative of the results obtained from 3 independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001 compared with the untreated 
controls.
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expressions, immunofluorescence and western blot were 
utilized to assess the expressions of ZO-1, occludin, 
claudin-1 and claudin-5. BEAS-2B did not express 
claudin-5 (data not shown). PM reduced the total protein 
abundance of occludin and claudin-1 at the cell membrane 
(Figure 3A,B,C,D). And the inhibition of ROS production 
significantly attenuated PM-induced ZO-1, occludin and 
claudin-1 disruptions at the cell membrane (Figure 3A). 
In addition, PM reduced TEER significantly, which was 
restored by NAC (Figure 3E).

PM increases lung injury, lung bacteria burden and blood 
bacterial dissemination accompanying by the degradation 
of the TJs in vivo

The results of lung histology showed that PM aggravated P. 
aeruginosa-infected lung injury in a concentration-dependent 
manner (Figure 4A,B). Compared to the control group, 
the protein expression of occludin and claudin-1 in PM 

(0.5, 2, or 4 mg/kg) exposed groups decreased significantly 
(Figure 4C,D), which were consistent with the in vitro 
results. The number of bacterial CFUs in the lungs and 
bloods had been analyzed as described in the materials and 
methods section. The number of CFUs detected in the 
lungs was significantly higher in the PM (0.5, 2, or 4 mg/kg)  
exposed mice compared to the control mice (Figure 4E). 
Bacterial CFUs of the blood in PM (0.5 mg/kg) exposed 
mice was similar to the control mice (Figure 4F). However, 
for mice exposed to 2 or 4 mg/kg of PM, the number of 
CFUs in the blood increased significantly compared to the 
control mice (Figure 4F), suggesting that PM increases the 
bacterial blood dissemination if the exposure concentration 
exceeds 2 mg/kg In fact, an increase of the number of 
CFUs was closely correlated both with an increase in mice 
lung injury and with the degradation of TJs (Figure 4G,H), 
suggesting that a PM exposure in the airways contributes 
to an increasing lung injury, including the disruption of TJs 
which results in an increasing number of bacteria in the lung.
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Figure 2 Effects of PM on the invasion of P. aeruginosa to the human bronchial epithelial cells. BEAS-2B ells were exposed to 0, 50, 200 and 
400 μg/mL PM respectively for 24 hours with or without NAC (5 mM, 1 hour) pretreated and followed by infection with P. aeruginosa (MOI 
10) for an additional 2 hours. (A) Images were obtained by inverted microscopy magnification of 40; (B) PM promoted P. aeruginosa invasion 
in BEAS-2B cells; (C) confocal microscopy showed the number of bacteria entering BEAS-2B cells. Red represents cell membrane, blue 
represents cell nucleus, green represents P. aeruginosa (magnification 400); (D) the confocal microscopy results were expressed as intracellular 
GFP-PAO1 in each cell. Data are expressed as mean ± SD, from three separate experiments. **, P<0.01; ***, P<0.001 compared with the 
untreated controls. ###, P<0.001 compared with the PM (200 μg/mL) group.
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Discussion

PM is one of the most complex and harmful pollutants in 
the atmosphere, which has a wide range of sources and 
regional differences. In the real world, it is dispersed in 

all kinds of sizes. Thus, SRM 1649b containing different 
sizes and compositions was used to carry on this research. 
Different from the traditional point of view that considered 
the lower respiratory tract (LRT) as sterile, recent 
studies have demonstrated that there are lung microbiota 
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Figure 3 NAC attenuates PM-induced tight junction disruption. BEAS-2B cells were pretreated with or without NAC (5 mM) for 
1 h before PM (200 μg/mL). Twenty-four hours later, cells were infected with P. aeruginosa (MOI 10) for an additional 2 hours. (A) 
Immunofluorescence of ZO-1, occludin and claudin-1 (magnification 200); (B) the protein expression of occludin and claudin-1 were 
detected by western blot; (C,D) the statistical graph of occludin and claudin-1 protein expression; (E) the TEER were measured in an air-
liquid model. Data are expressed as mean ± SD, from three separate experiments. **, P<0.01; ***, P<0.001versus control; #, P<0.05; ###, 
P<0.001 versus PM-exposed group.
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Figure 4 PM increases P. aeruginosa-infected lung injury, lung bacteria burden and blood bacterial dissemination accompanying by the 
degradation of the tight junction in vivo. (A) Histological changes of the four group: Control (PBS) and PM (0.5, 2, or 4 mg/kg) (magnification 
200); (B) mean lung injury score for each group; (C,D) the protein expression of occluding and claudin-1in mice were detected by western 
blot. (E) the CFUs in the lungs of mice in the control and PM exposed groups (0.5, 2, or 4 mg/kg) 24 hours post-P. aeruginosa instillation; 
(F) the CFUs in the blood of mice in the control and PM exposed groups 24 hours post-P. aeruginosa instillation. A total of 5–6 mice were 
examined per group; (G,H) the correlation analysis of protein abundance of occludin and claudin-1 with the lung bacteria burden. Data are 
expressed as mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001 compared with the untreated controls.
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colonizing in LRT both in healthy and in chronic 
respiratory diseases individuals (23-26). However, whether 
PM could promote opportunistic pathogens invasion to 
respiratory tract remains unclear. To investigate this point, 
the human bronchial epithelial cell lines (BEAS-2B cells) 
were chosen for our in vitro study. 

In the study, we found that cell viability decreased in 
both concentration and time-dependent manner upon 
PM exposure, which were in accordance with previous 
studies (27,28). Furthermore, PM promoted the invasion of  
P. aeruginosa to airway epithelium, which was reversed by 
NAC, suggesting that the oxidative stress response was 
involved in this process. Then we observed that PM increased 
lung bacterial burden and blood bacteria dissemination in 
vivo model. Gally et al. (29) has reported that cigarette smoke 
exposure resulted in the decreased expression of the fatty 
acid binding protein 5 (FABP5), β defensin-2, and increased 
P. aeruginosa infection and inflammatory cytokine levels in 
primary normal human bronchial epithelial cells. Borcherding 
et al. (30) found that coal fly ash inhibited antimicrobial 
peptides activity and interfered with P. aeruginosa clearance 
in primary human airway epithelial culture model and in 
mice. Our results were basically consistent with these studies. 
However, the difference was that the PM used in our study is 
a well analyzed complex, which could properly imitate the real 
world exposure, rather than single source such as coal fly ash.

Furthermore, we assessed the effects of PM on the 
airway epithelial TJs protein including ZO-1, claudin-1 
and occludin upon infection in both in vitro and in- in vivo 
model. We found that PM disrupted the TJs barrier, which 
may contribute to promote bacteria invasion into airway 
epithelia. It was already reported that the TJs play a key 
role in the regulation of paracellular transport (9). Without 
intact TJs structure, the epithelial barrier would not remain 
tight, allowing deposited PM to translocate across the 
barrier. Caraballo et al. (31) reported that PM breached 
alveolar epithelial barrier via the disruption of occludin. It 
might consequently promote PM to invade into the barrier. 
Wang et al. (32) demonstrated that PM disrupted endothelial 
cell barrier via ZO-1 degradation by activated calpain and 
thus resulted in vascular hyper-permeability (33). It was 
found in our study that PM decreased the total protein 
abundance of occludin and claudin-1 but not claudin-5 in 
the airway epithelia, which were consistent with previous 
study reporting that diesel exhaust particles exposure 
changed occludin distribution in airway epithelia (20)  
and PM exposure downregulated claudin-1 expression in 
human airway cells (14). But the major difference was that 

our study was performed in an infection model. In addition, 
oxidative stress has provided a vital mechanism for PM-
induced cell damage (28). We observed that ROS induced 
by PM was closely related to PM-induced disruption of 
the claudin-1 and occludin proteins expressions in the 
airway epithelia and mice lung tissue. Most important, it 
was initially found that an increase of the number of CFUs 
was closely correlated to the reduced protein synthesis or 
increased protein degradation of the TJs, suggesting that 
a PM exposure in the airways contributes to an increasing 
lung injury, including the disruption of the TJs, then results 
in an increasing number of bacteria in the lung tissue. 
When lung tissue loses the ability to manipulate these TJs 
structures appropriately, it becomes more susceptible to 
various injuries, such as injury because of inhaled particles 
and bacterial infections. 

However, there are some limitations in our study. Firstly, 
we could not exclude the role of PM-impaired immune 
cells such as neutrophils, NK cells and macrophages in 
promoting infection. Further study may be carried out 
to investigate it. Secondly, it was better to using an air-
liquid model in the whole study for that it helps to keep 
the polarity of TJs. Third, although we used the 1649b 
containing different sizes and chemical constitutions to 
investigate the total effect of PM in order to imitate the real 
world condition, we still do not demonstrate exactly which 
kind of composition contributes more in this process.

Conclusions

We confirm that PM promotes P. aeruginosa invasion to 
airway epithelium and increases lung bacterial burden 
and blood bacterial dissemination. Inhibition of ROS 
production increases ZO-1, claudin-1 and occludin protein 
abundance to prevent PM-induced bacterial invasion. ZO-1, 
claudin-1 and occludin could be vital targets to regulate the 
airway epithelial permeability and defend bacterial invasion 
and blood bacterial dissemination upon PM exposure.
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