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Background: Exposure to air pollutants cause exacerbation of asthma, but the experimental 
evidence and the mechanisms still need to be collected and addressed.
Methods: Asthma model was constructed by ovalbumin (OVA) combined with or without 
airborne fine particulate matter 2.5 (PM2.5) exposure. Lung sections were stained by hematox-
ylin-eosin staining (H&E) and Masson’s trichrome. RNA-seq and gene set enrichment analysis 
(GSEA) was performed to identify the key pathway. TdT mediated dUTP Nick End Labeling 
(TUNEL) assay, real-time qPCR, Western blot, immunofluorescence and lentivirus transfection 
were applied for mechanism discovery.
Results: In this study, we found PM2.5 aggravated airway inflammation in OVA-induced 
asthmatic mice. RNA-seq analysis also showed that epithelial mesenchymal transition 
(EMT) was enhanced in OVA-induced mice exposed to PM2.5 compared with that in OVA- 
induced mice. In the meantime, we observed that apoptosis was significantly increased in 
asthmatic mice exposed to PM2.5 by using GSEA analysis, which was validated by TUNEL 
assay. By using bioinformatic analysis, Fas associated via death domain (FADD), a new actor 
in innate immunity and inflammation, was identified to be related to apoptosis, EMT and 
tight junction. Furthermore, we found that the transcript and protein levels of tight junction 
markers, E-cadherin, zonula occludens (ZO)-1 and Occludin, were decreased after PM2.5 
exposure in vivo and in vitro by using RT-qPCR and immunofluorescence, with the increased 
expression of FADD. Moreover, down-regulation of FADD attenuated PM2.5-induced apop-
tosis and tight junction disruption in human airway epithelial cells.
Conclusion: Taken together, we demonstrated that PM2.5 aggravated epithelial tight junction 
disruption through apoptosis mediated by up-regulation of FADD in OVA-induced model.
Keywords: asthma, epithelial tight junction disruption, PM2.5, FADD, apoptosis

Introduction
Asthma is a common, long-term, chronic inflammatory disease of airway, charac-
terized by airway hyper-responsiveness (AHR), variable airflow obstruction, and 
cellular inflammation, followed by tissue repair and regeneration, which affects 
millions of people worldwide.1 It can be triggered by a hypersensitivity reaction 
following the interaction of genetic and specific environmental factors, such as 
aeroallergens. Airway epithelial barrier is the first line, which defenses against 
pathogens and restricts trans-epithelial crossing of inhaled allergens. Epithelial 
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barrier function is maintained by formation of adherens 
junctions and tight junctions. Adherens junctions, which 
contain the transmembrane protein E-cadherin, are critical 
for maintaining apical-basolateral polarization and adhe-
sion to neighbouring cells.2 Tight junctions (TJs) are 
located at the most apical part of the intracellular junc-
tional complex between adjacent epithelia.3 TJs are com-
prised of proteins such as occludin, and claudins, and 
zonula occludens (ZO)-1.4 These molecules mediate the 
organization of transmembrane proteins in the membrane 
and their subsequent attachment to the cytoskeleton, and 
maintain a size- and ion-selective barrier, regulating the 
permeability of the epithelium.5,6

FADD, consisting of the N-terminal death effector 
domain (DED) and C-terminal death domain (DD), is an 
adaptor that bridges death receptor (DR) signaling to the 
caspase cascade. FADD has been implicated in numerous 
signaling pathways, including those for cell cycle regula-
tion, immune signaling, and autophagy as well as physio-
logical outcome inducing inflammation, cell proliferation, 
embryonic and immune cell development and 
tumorigenesis.7 At early times, Occludin is localized at 
the death-inducing signaling complex and can be immune- 
precipitated with FADD, a member of this complex.

Airborne fine particulate matter 2.5 (PM2.5) is the 
most common component of air pollution in the develop-
ing world. As an important environmental risk factor, 
PM2.5, has been considered to be a great threat to 
human health. There is a strong association between inha-
lation of airborne particulate matter (PM) and human 
respiratory and cardiovascular diseases.8,9 Long-term 
exposure to PM2.5 has been associated with both asthma 
development and increased asthma severity.10–12 However, 
the existing experimental data do not sufficiently explain 
how exposure to PM2.5 could increase the risk of asthma, 
and the involved mechanisms still need to be addressed. 
This study investigated the detrimental effects of PM2.5 
on the exacerbation of asthma. The epithelial tight junction 
disruption by PM2.5 through FADD-dependent apoptosis 
likely contributed directly to the development of asthma.

Materials and Methods
Preparation of PM2.5
PM2.5 was collected as described according to the pre-
vious publication.13,14 Briefly, PM2.5 samples were col-
lected from October to December 2018 using an air 
sampler on the open-air roof of a ten-story building of 

the third people’s Hospital of Chengdu. To eliminate the 
contamination, the filters were preheated at 550°C. Then, 
balanced and stabilized before sampling (20±0.5°C, 40 
±5% RH). The filter containing the sample was cut into 
a size of 1 cm×1 cm, immersed in sterilized ddH2O, and 
eluted by ultrasonic shock for 3 times. The eluent was 
filtered with medical gauze. It is then freeze-dried by 
vacuum freeze-drying apparatus and sealed at −80°C for 
preservation. Before use, PM2.5 particles were prepared 
into particulate suspension with a concentration of 10 mg/ 
mL with phosphate buffered saline (PBS).

Animal Experiments
Healthy female C57BL/6 mice (6–8 weeks old) were pur-
chased from Chengdu Da Shuo Laboratory Animal Co., 
Ltd. This study was approved by Animal Ethics 
Committee of Southwest Jiaotong University. All experi-
mental procedures and animal care were carried out under 
the guidance of the Ethics Committee in order to minimize 
the suffering of animals (SWJTU-2107-004(SWJTU)). 
The mice were randomly divided into control group, 
PM2.5-exposed group (PM2.5 group), asthma model 
group (OVA group), and PM2.5-exposed asthma group 
(OVA + PM2.5 group). To establish the asthmatic group, 
the mice were intraperitoneally sensitized on days 0 and 7 
with 25 μg of OVA and 2 mg of aluminum hydroxide, 
challenged with an intranasal administration of 20 μg of 
OVA from day 14 to 21. For PM2.5 exposure group, the 
mice were persistently instilled intranasally with 100 μg 
PM2.5 for 7 consecutive days. For OVA + PM2.5 group, 
the mice were treated with 100 μg PM2.5 during OVA 
challenge. The control group received PBS during sensiti-
zation and challenge phases instead of OVA. On day 22, 
all the mice were sacrificed for tissue collection and 
analyzed.

Cell Culture and Transfection
BEAS-2B or human bronchial epithelial (HBE) cells were 
cultured with high-glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% fetal bovine serum 
(FBS) (Gibco, USA), grown at 37°C in with 5% CO2 con-
dition. BEAS-2B cell line was purchased from GeneChem. 
The culture medium was changed every 1–2 days. When the 
cells reached 80% confluence in the plastic plates, PM2.5 
was exposed to the culture at the concentration of 62 μg/cm2 

for 3 hrs, 6 hrs, 12 hrs, 24 hrs and 48 hrs. In some experi-
ments, cells were treated with 40 μg/mL house dust mite 
(HDM) alone or together with PM2.5 for 24 hours. Then, 
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the activation of the relevant signaling pathways or the 
expression of the relevant proteins were assessed. 
shFADD lentiviruses were packed by Genechem as pre-
viously described and transduced into BEAS-2B using mul-
tiplicity of infection (MOI) 80 (after cells had grown to 30– 
50% confluence).15 After 72 hours, the FADD expression 
was evaluated by qPCR and immunofluorescence staining.

Histology
Lung tissues were isolated and immersed in a 10% for-
maldehyde solution for fixation. The fixed tissues were 
dehydrated in ascending series of ethanol, and embedded 
in paraffin. The sections (3 μm) of the lung specimens 
were stained with standard hematoxylin-eosin staining 
(H&E) and Masson’s trichrome to assess histology. The 
pathological changes of lung airway, alveolar wall thick-
ness and inflammatory cell infiltration were observed with 
a microscope (IX73, Olympus, Japan). The degree of 
peribronchial and perivascular inflammation was scored 
from 0 to 5 according to our previous methods, with 
approximately 10 areas scored in total.16

RNA Isolation and Quantitative 
Real-Time PCR
BEAS-2B cells were treated with PM2.5 at different time 
points (3 hrs, 6 hrs, 12 hrs, 24 hrs and 48 hrs). The total 
RNA was isolated using the Fastpure Cell/Tissue Total 
RNA Isolation Kit (Vazyme, China) according to the man-
ufacturer’s instructions. The purified RNA was synthesized 
using HiScript IIQ RT SuperMix for qPCR (Vazyme, 
R223–01) for the first strand cDNA. The quantitative real- 
time PCR analyses were performed with duplicate samples 
using ChamQ Universal SYBR qPCR Master Mix 
(Vazyme, China). The data was calculated by using 
2-ΔΔCT, ACTIN as the internal reference gene.

TUNEL Assay
Apoptotic cells were detected using the TUNEL Apoptosis 
Assay Kit (Solarbio) according to the manufacturer’s 
instructions. Briefly, after treatment, cells were fixed with 
4% formaldehyde. 50 µL of TUNEL working solution was 
added to each sample, incubated at 37°C for 30–60 min-
utes. Removed TUNEL working solution, and washed the 
cells 1–2 times with PBS, added 100 uL Reaction buffer. 
Fluorescence images were taken with CSU-W1 confocal 
microscopy (OLMPUS, Japan).

Immunofluorescence Staining
Immunofluorescence was performed as previously 
described.17 Briefly, frozen lung tissue sections (5μm) 
and cells were fixed with ice-cold methanol and permea-
bilized in PBS containing 0.25% Triton X-100. Then 
blocked for 30 min with 10% goat serum. Specimens 
were then incubated with antibodies against E-cadherin 
(Abcam, USA), ZO-1 (Cell Signaling Technology, USA), 
Occludin (Abcam, USA) and FADD (Bioss, China). 
TRITC-conjugated secondary Ab was used to probe the 
primary antibodies. Nuclei were stained with 4′-6-diami-
dino-2-phenylindole dihydrochloride (DAPI, Solarbio). 
Fluorescence images were taken with CSU-W1 confocal 
microscopy (OLMPUS, Japan) analyzed with CellSens 
Application Suite Software.

Data Collection and Gene Set 
Enrichment Analysis (GSEA)
The Cancer Genome Atlas (TCGA) lung adenocarcinoma 
paired normal samples were downloaded from Xena data-
hub (https://xenabrowser.net/, TCGA Pan-Cancer cohort). 
The published datasets, GSE108134, was obtained from 
public database Gene Expression Omnibus (GEO, http:// 
www.ncbi.nlm.nih.gov/geo/). The fold changes of severe 
asthma versus moderate asthma were calculated for GSEA 
analysis by using the limma R package, and a data matrix 
including genes log2 fold change values were used as the 
input data. Gene set enrichment analysis was performed 
with GESA 3.0 according to previous publications.18

Western Blotting
Cells were homogenized and re-suspended in radioimmu-
noprecipitation assay (RIPA) buffer with protease inhibi-
tor cocktail. The protein concentrations were determined 
with a microplate reader (Molecular Device). The pro-
teins were denatured by boiling in SDS loading buffer, 
separated by 10% SDS-polyacrylamide gel electrophor-
esis (SDS-PAGE) at 100–120V for 90min and electro-
blotted onto 0.22-μm microporous polyvinylidene 
difluoride (PVDF) membrane with 250 mA current for 
1–2 hrs using a wet transfer method. Subsequently, the 
membranes were blocked in 5% (w/v) non-fat milk in 
Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST) 
for 1 hr at room temperature, followed by incubation with 
primary antibodies overnight at 4°C. The membranes 
were washed with TBST and incubated with the appro-
priate secondary antibodies for 1 hr at room temperature. 
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After washing with TBST, the proteins recognized by the 
antibodies against β-actin, E-cadherin, ZO-1, and 
Occludin were visualized by Immobilon ECL Ultra 
Western HRP Substrate (Merck Millipore, Billerica, 
MA, USA).

Impedance Spectroscopy
The control cells and shFADD cells were seeded on poly-
carbonate Transwell inserts (24 well, 8.0 μm pore size), 
placed in the CellZscope module and cultured in 
a humidified incubator (37°C, 5% CO2). Resistance values 
were recorded using an automated cell monitoring system, 
CellZscope (nanoAnalytics, UK) until a plateau was 
reached wherein PM2.5 was added on top of the mono-
layer. TEER values, expressed in Ω cm2, were recorded in 
real-time over a 24-hours period post-addition of PM2.5. 
All experiments were carried out in triplicate and repeated 
at least three times.

Statistical Analysis
The data were analyzed using SPSS 17.0 software (SPSS, 
Chicago, IL, USA). Quantitative data are presented as the 
mean ± standard deviation (SD). Statistically significant 
differences in the mean values were identified by one-way 
ANOVA, followed by Dunnett’s t-test in GraphPad Prism 
7. Two-group comparisons were analyzed by using the 
Tukey-Kramer post-test or Dunnett’s T3. The differences 
were considered significant when p < 0.05. Graphs were 
made in GraphPad Prism 7 (GraphPad Software Inc., 
LaJolla, CA).

Results
PM2.5 Exposure Aggravated Airway 
Inflammation and Epithelial Mesenchymal 
Transition in Asthmatic Mice
Loss of epithelial junctions increased susceptibility 
towards pathogens and allergen as a consequence of 
exposure to different environmental factors.19 To deter-
mine the effect of PM2.5 exposure on allergic airway 
inflammation, we established an OVA-induced mice 
model exposed to PM2.5 (Figure 1A). HE staining 
showed that PM2.5 exposure severely increased infiltra-
tion of inflammatory cells in OVA-challenged mice 
compared with those in other groups (Figure 1B). 
These data also demonstrated that PM2.5 exposure sig-
nificantly aggravated airway inflammation for OVA- 
induced allergic responses. In the meantime, the 

percentage of collagen volume fraction (CFV) in OVA- 
challenged mice exposed to PM2.5 was higher than 
those in other groups (Figure 1B). In addition, we 
applied RNA-Seq to gain insights into the gene expres-
sion profiling in different groups. The analysis of aber-
rantly expressed genes between OVA group and OVA 
plus PM2.5 group identified a total of 996 differentially 
expressed genes, with 409 genes up-regulated and 587 
genes down-regulated (|Log2 fold change| ≥0.5, p.value 
<0.05) (Figure 1C). Using gene set enrichment analysis 
(GSEA), on the one hand, we found that the down- 
regulated genes were significantly enriched in “C5” 
gene sets associated with ciliary plasm, cilium move-
ment, motile cilium, microtubule-based movement, and 
cilium organization (Figure 1D). On the other hand, the 
up-regulated genes were significantly enriched in “hall-
mark” gene sets associated with epithelial mesenchymal 
transition (Figure 1D). These results indicated that 
PM2.5 exposure could suppress cilium-related gene 
expression and induce epithelial mesenchymal transition 
(EMT).

EMT could contribute to airway remodeling and fibro-
sis, which is associated with asthma severity.20 The logFC 
of genes in EMT gene set was shown in Figure 1E. It 
showed that SFRP1 and IGFBP2 were highly expressed in 
OVA-induced mice exposed to PM2.5 (Figure 1E). We 
next identified enriched transcription factor binding motifs 
in EMT gene set, and built the gene regulatory network of 
EMT using the motifs database for RcisTarget (v1.2.1) 
according to previous research (Figure 1F).21 We found 
the expression levels of these transcription factors 
(TWIST1, POU2F3, MKX, TEAD4, and E2F1) were 
higher in OVA-challenged mice exposed to PM2.5 
(Figure 1G).

PM2.5 Increased Apoptosis in Asthmatic 
Mice
To determine subtle pathway activity changes in OVA- 
challenged mice exposed to PM2.5, we performed pathway 
analysis using GSEABase package with the molecular sig-
nature database. By contrasting pathway expression levels 
between OVA group and OVA plus PM2.5 group, the heat- 
map showed strong increases in EMT, IL2 STAT5 signaling, 
apoptosis, P53 pathway, oxidative phosphorylation in OVA- 
challenged mice exposed to PM2.5 (Figure 2A). We also 
found strong reductions of Myc target V1, notch signaling 
and unfolded protein response in OVA-challenged mice 
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Figure 1 PM2.5 exposure aggravated airway inflammation and epithelial mesenchymal transition in asthmatic mice. (A) Animal models used in this study. (B) Lung sections 
from different groups are stained with hematoxylin and eosin [H&E] and Masson trichrome. White arrows indicated immune cells infiltration. Black arrows indicated collagen 
production. (C) Volcano plot showed differentially expressed genes between OVA-induced group and OVA-induced exposed to PM2.5 group. (D) GSEA analysis, down- 
regulated genes were associated with cilium movement and up-regulated genes were associated with EMT. (E) logFC of genes involved in EMT gene set. (F) Enriched 
transcription factor binding motifs and gene regulatory network of EMT. (G) logFC of transcription factors regulated genes involved in EMT gene set.
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exposed to PM2.5 compared with those in OVA-challenged 
mice (Figure 2A). Besides, OVA-challenged mice exposed 
to PM2.5 displayed consistently higher score of apoptosis, 
angiogenesis, EMT, mTORC1 signaling, TGF-beta signal-
ing, oxidative phosphorylation, P53 pathway, and protein 
secretion (Figure 2B).

To further verify that PM2.5 exposure was related to 
the apoptosis, we determined airway epithelial apoptosis 
by TUNEL assay. There were no changes in fluorescence 
intensities between control and PM2.5 group (Figure 2C). 
However, the fluorescence intensities of airway epithelial 
cells in OVA-challenged mice were dramatically increased 
after PM2.5 exposure (Figure 2C).

FADD Positively Correlated to Apoptosis 
and Negatively Correlated to Tight 
Junction in GEO and TCGA Database
Previous studies showed that FADD has emerged as 
a new actor in innate immunity, inflammation, and can-
cer development.22 We wondered whether there were 
distinct molecular features after PM2.5 exposure. To 
answer this question, we performed GSEA analysis in 
GSE108134 cohorts. Based on NES score system, the 
pathways were classified into activated- and suppressed- 
pathways. In GSE108134 cohorts, FADD was tightly 
associated with those activated pathways including 
epithelial mesenchymal transition and suppressed 

pathways including cilium-related pathways 
(Figure 3A), which were consistent with our RNA-seq 
data. In addition, we assessed FADD expression by 
immunofluorescence (IF) assay in lung tissue in the 
animal models. It showed that the fluorescence intensi-
ties of FADD were weak in the control group and 
PM2.5 group (Figure 3B). The fluorescence intensities 
of FADD were significantly stronger in OVA-challenged 
mice exposed to PM2.5 than those in OVA-challenged 
mice. Moreover, we checked the transcript level of 
FADD in human bronchial epithelial cells. The result 
also showed that PM2.5 exposure induced FADD 
expression at 3 hrs and peaked at 24 hrs in vitro 
(Figure 3E).

In the meantime, we performed FADD single gene 
GSEA according to FADD-related genes in adjacent nor-
mal tissues deposited at The Cancer Genome Atlas 
(TCGA) adenocarcinoma database. As a result, we found 
that FADD was tightly associated with activation of apop-
tosis pathways. Meanwhile, FADD was also associated 
with those suppressed pathways including apical junction 
assembly, apical junction complex, and tight junction 
(Figure 3C). To verify the impact of PM2.5 exposure on 
tight junction, we examined the expression levels of 
E-cadherin, ZO-1 and Occludin in vivo and in vitro. 
Compared with those in other groups, PM2.5 exposure 
led to a significant decrease in the expression of these 
markers in OVA-induced mice (Figure 3D). Meanwhile, 

Figure 2 PM2.5 increased apoptosis in asthmatic mice. (A and B) Heat-map and dot plot showed apoptosis was increased in OVA plus PM2.5 group compared with it in 
OVA group. (C) TUNEL assay showed apoptosis in different group. The data represent means±s.d. All data are representative of three experiments.
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we found that PM2.5 exposure inhibited the mRNA 
expression of E-cadherin, ZO-1 and Occludin in vitro 
with the increased expression of FADD (Figure 3F).

PM2.5 Aggravated HDM-Induced 
Apoptosis and Tight Junction Disruption 
in Human Airway Epithelial Cells
To further confirm the apoptosis enhanced by PM2.5 in 
airway epithelial cells, HBE cells were exposed to PM2.5 
and/or HDM in vitro. We found that PM2.5 exposure 
significantly induced apoptosis in HBE assessed by 
TUNEL staining. Similarly, the fluorescence intensities in 
cells exposed to HDM plus PM2.5 were significantly 
higher than those in cells exposed to PM2.5 or HDM 
alone (Figure 4A). In addition, to furnish more credible 
information about the apoptosis induced by PM2.5, we 
used the Scan R high content screening (HCS) technique 
to detect related apoptosis indicators. We showed that 
PM2.5 exposure was associated with increased apoptosis. 
Furthermore, PM2.5 exposure increased the number of 
apoptosis cells treated with HDM (Figure 4B). We also 
detected the expression of FADD in HBE cells by immu-
nofluorescence. It showed that PM2.5 exposure was asso-
ciated with increased fluorescence intensity of FADD in 
HBE cells as well. PM2.5 exposure significantly increased 

the HDM-induced fluorescence intensities of FADD in 
HBE cells (Figure 4C). Furthermore, we examined the 
protein expression levels of E-cadherin, ZO-1 and 
Occludin by Western blot. We found that PM2.5 exposure 
significantly reduced the expression of E-cadherin, ZO-1 
and Occludin in HBE cells compared with those in control 
group. Meanwhile, the expressions of E-cadherin, ZO-1 
and Occludin in HDM-treated HBE exposed to PM2.5 
were further decreased (Figure 4D). Our results indicated 
that PM2.5 aggravated HDM-induced apoptosis and tight 
junction disruption, which might be associated with the 
increased expression of FADD.

Down-Regulation of FADD Attenuates 
PM2.5-Induced Apoptosis and Tight 
Junction Disruption in Human Airway 
Epithelial Cells
To deeply investigate the role of FADD in 
PM2.5-mediated apoptosis and tight junction disruption, 
we knocked down the expression of FADD in HBE cells. 
The immunofluorescence showed FADD expression was 
significantly down-regulated by FADD shRNA 
(Figure 5B). Compared with that in mock cells, the 
number of apoptosis cells was significantly decreased in 
FADD-knockdown cells after PM2.5 plus HDM 

Figure 3 FADD positively correlated to apoptosis and negatively correlated to tight junction in GEO and TCGA database. (A) GSEA analysis showed FADD was associated with 
epithelial mesenchymal transition and cilium related pathways in GSE108134 database. (B) Immunofluorescence imaging showing FADD expression in different groups. (C) GSEA 
analysis showed FADD positively correlated to apoptosis and negatively correlated to tight junction in TCGA database. (D) Immunofluorescence imaging showing ZO-1, Occludin 
and E-cadherin expression in different groups. (E) Relative expression of FADD in HBE cells exposed to PM2.5 at different time-points. (F) Relative expression of FADD, ZO-1, 
Occludin and E-cadherin in HBE cells exposed to PM2.5. The data represent means±s.d. All data are representative of three experiments. *p < 0.05. **p < 0.01.

Journal of Asthma and Allergy 2021:14                                                                                            https://doi.org/10.2147/JAA.S335590                                                                                                                                                                                                                       

DovePress                                                                                                                       
1417

Dovepress                                                                                                                                                               He et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


treatment (Figure 5A). Consistently, the apoptosis signal 
in PM2.5 puls HDM group was decreased by inhibition 
of FADD (Figure 5B). To further analyze the effects of 
FADD on epithelial surface markers after PM2.5 plus 
HDM exposure, the expression levels of E-cadherin, 
ZO-1 and Occludin were assessed by immunofluores-
cence. We found that the expression levels of 
E-cadherin, ZO-1 and Occludin in PM2.5 plus HDM 
group were recovered after down-regulation of FADD 
(Figure 5C).

To further confirm the role of FADD in epithelial tight 
junction after PM2.5 plus HDM treatment, we measured the 
transepithelial electrical resistance (TEER) value in FADD 

knockdown cells. The result showed that the TEER value 
was decreased in mock cells after PM2.5 plus HDM treat-
ment. Importantly, compared with mock, down-regulation of 
FADD restored the TEER value (Figure 6A). Together, these 
results strongly indicated that down-regulation of FADD 
attenuated PM2.5-induced apoptosis and tight junction dis-
ruption in human airway epithelial cells.

Discussion
Asthma is a common, chronic respiratory disease affecting 
varieties of the population in different countries. It is 
characterized by bronchial hyper-responsiveness and air-
way inflammation. Increasing evidence has shown that the 

Figure 4 PM2.5 aggravated HDM-induced apoptosis and tight junction disruption in human airway epithelial cells. (A) TUNEL assay showed apoptosis in different group. (B) 
Apoptosis in different group detected by Scan R high content screening (HCS) technique. (C) Immunofluorescence imaging showing FADD expression in different groups. 
(D) The expression of ZO-1, Occludin and E-cadherin in HBE cells were detected by Western blot. The data represent means±s.d. All data are representative of three 
experiments.
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Figure 5 Down-regulation of FADD attenuates PM2.5-induced apoptosis and tight junction disruption in human airway epithelial cells. (A) Apoptosis in different group 
detected by Scan R high content screening (HCS) technique. (B) Immunofluorescence imaging showing FADD expression and TUNEL assay showing apoptosis in different 
groups. (C) Immunofluorescence imaging showing ZO-1, Occludin and E-cadherin expression in different groups. Mock, HBE cells were infected with GFP-only virus 
control. FADDKD, HBE cells were infected with recombinant lentivirus containing shFADD. The data represent means±s.d. All data are representative of three experiments.

Journal of Asthma and Allergy 2021:14                                                                                            https://doi.org/10.2147/JAA.S335590                                                                                                                                                                                                                       

DovePress                                                                                                                       
1419

Dovepress                                                                                                                                                               He et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


inhalation of PM2.5 was associated the adverse health 
effects throughout the respiratory and the circulatory 
system.23–25 However, there is limited experimental evi-
dence addressing the relationship between exposure to air 
pollution and development of asthma.26 In this study, we 
aimed to test the effects of PM2.5 exposure and explore 

the mechanism on asthma severity. Our results showed 
that PM2.5 exposure disrupted airway epithelial barrier 
function by decreasing the expression of tight junction 
proteins, resulting in the exacerbation of airway inflamma-
tion in OVA-induced asthmatic mice through FADD- 
regulated apoptosis.

Figure 6 TEER value and Schematic model. (A) TEER value in Mock and FADD knock-down cells after PM2.5 plus HDM treatment at different time-points. (B) Schematic 
model, PM2.5 exposure increased the transcript and protein levels of FADD. On one hand, the increased FADD inhibited the transcript levels of ZO-1, Occludin and 
E-cadherin through apoptosis signaling, which decreased the protein levels of ZO-1, Occludin and E-cadherin. On the other hand, the increased FADD aggravated apoptosis. 
Eventually, tight junction was disrupted by PM2.5.
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To investigate the potential contribution of PM2.5 expo-
sure to the increased development of asthma, an in vivo mouse 
model of asthma was adopted. Interestingly, we found that 
administration of OVA together with PM2.5 could trigger the 
development of severe airway inflammation in vivo. Previous 
studies have shown that PM2.5 stimulated T-helper type 2 cell 
differentiation and increased inflammatory responses of aller-
gic diseases.27–29 Consistent with previous studies, our results 
showed up-regulated inflammatory responses and increased 
infiltration of inflammatory cells in OVA-challenged mice 
exposed to PM2.5 compared with those in OVA-induced 
mice.30,31 Although PM2.5 administration alone could also 
induce mild airway inflammation, the pathological features 
are very different.32 Significant epithelial basement membrane 
thickening, accompanied by goblet cell metaplasia and mucus 
production, could be observed only in mice subjected to 
PM2.5 exposure combined with OVA. However, these patho-
logical features were absent in the mice subjected to PM2.5 
administration alone.

When tissue is damaged/wounded or invaded by foreign 
antigens, a series of signaling cascades activate the immune 
system, resulting in inflammatory responses that lead to 
EMT.33 In agreement with this, our RNA-Seq and GSEA 
results suggested that PM2.5 exposure could suppress cilium- 
related genes and induce EMT in OVA-induced mice. In addi-
tion, the results from TCGA and GEO database also revealed 
that FADD related to EMT and apoptosis. EMT could contri-
bute to airway remodeling and fibrosis, which is associated 
with asthma severity. EMT is also known to disrupt cell–cell 
contact as tight junctions (TJs) disband. The loss of apicobasal 
cell polarity is also characteristic of EMT and permits inter-
mingling of apical and basolateral membrane components.34,35 

We also found the expression of these transcription factors 
(TWIST1, POU2F3, MKX, TEAD4, and E2F1) were higher 
in OVA-challenged mice exposed to PM2.5. They might be the 
regulator of EMT in OVA-induced mice exposed to PM2.5, 
which need to be further investigated.

Excessive apoptosis of epithelial cells increases the 
destruction of the epithelial barrier. Tight junction disruption 
(TJD) is usually thought of as a downstream consequence of 
caspase cleavage during the apoptotic process, which has an 
important role in several pathologies including viral and bac-
terial infection,36,37 inflammation,38,39 and tumor 
progression.40 A study has reported that green tea polyphenols 
induced apoptosis in intestinal epithelia mediated by caspase-8 
through a FADD-dependent pathway.41 Thus, we wondered 
whether FADD pathway affects the airway epithelial barrier. 
In this study, the results suggested PM2.5 exacerbated airway 

epithelial barrier damage in asthmatic mice by increasing 
epithelial cell apoptosis and inhibiting tight junction protein 
expression through regulation of FADD expression. The integ-
rity of the airway epithelial barrier relies on the expression of 
several actin cytoskeleton-bound proteins, including 
E-cadherin, β- catenin, ZO-1, claudins and occludins.42 As is 
shown in the results, PM2.5 caused the apoptosis of airway 
epithelial cells and the down-regulation of the expressions of 
ZO-1, Occludin and E-cadherin, which were closely related to 
the airway epithelial barrier, leading to the barrier dysfunction. 
By down-regulating the expression of FADD, we found that 
the apoptosis of airway epithelial cells was significantly 
improved. More importantly, the expression of tight junction 
protein was significantly restored in airway epithelial barrier as 
knocking down FADD. These results suggest that PM2.5 may 
aggravate the apoptosis of asthmatic airway epithelial cells 
through the apoptotic pathway dependent on FADD. In future 
studies, it will be of interest to assess whether the loss of 
FADD is also associated with allergic sensitization.

In conclusion, the present study established that PM2.5 
exposure led to the specific degradation of the tight junc-
tions that regulated paracellular permeability, which was 
mediated by FADD through apoptosis signalling, resulting 
in the disruption of airway epithelial barrier function in an 
OVA-induced model (Figure 6B). With the continuous 
development of economy and industry, air pollution has 
become a problem that cannot be ignored. This study is to 
provide some theoretical basis for better prevention and 
treatment of related respiratory diseases, and to study the 
partial mechanism of PM2.5 aggravating the airway 
epithelial barrier damage of experimental asthma.
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