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A B S T R A C T   

Airway epithelium, the first defense barrier of the respiratory system, facilitates mucociliary clearance against 
inflammatory stimuli, such as pathogens and particulates inhaled into the airway and lung. Inhaled particulate 
matter 2.5 (PM2.5) can penetrate the alveolar region of the lung, and it can develop and exacerbate respiratory 
diseases. Although the pathophysiological effects of PM2.5 in the respiratory system are well known, its impact on 
mucociliary clearance of airway epithelium has yet to be clearly defined. In this study, we used two different 3D 
in vitro airway models, namely the EpiAirway-full-thickness (FT) model and a normal human bronchial epithelial 
cell (NHBE)-based air-liquid interface (ALI) system, to investigate the effect of diesel exhaust particles (DEPs) 
belonging to PM2.5 on mucociliary clearance. RNA-sequencing (RNA-Seq) analyses of EpiAirway-FT exposed to 
DEPs indicated that DEP-induced differentially expressed genes (DEGs) are related to ciliary and microtubule 
function and inflammatory-related pathways. The exposure to DEPs significantly decreased the number of cili-
ated cells and shortened ciliary length. It reduced the expression of cilium-related genes such as acetylated 
α-tubulin, ARL13B, DNAH5, and DNAL1 in the NHBEs cultured in the ALI system. Furthermore, DEPs signifi-
cantly increased the expression of MUC5AC, whereas they decreased the expression of epithelial junction pro-
teins, namely, ZO1, Occludin, and E-cadherin. Impairment of mucociliary clearance by DEPs significantly 
improved the release of epithelial-derived inflammatory and fibrotic mediators such as IL-1β, IL-6, IL-8, GM-CSF, 
MMP-1, VEGF, and S100A9. Taken together, it can be speculated that DEPs can cause ciliary dysfunction, hy-
perplasia of goblet cells, and the disruption of the epithelial barrier, resulting in the hyperproduction of lung 
injury mediators. Our data strongly suggest that PM2.5 exposure is directly associated with ciliary and epithelial 
barrier dysfunction and may exacerbate lung injury.   

1. Introduction 

Airway epithelium, located in the trachea and brioche of the respi-
ratory system, is the first defense barrier against inhaled pathogens, 
allergens, and particulates (Adivitiya et al., 2021; Knowles and Boucher, 
2002). In healthy airway epithelium, inhaled pathogens and particles 

are removed, being trapped in the mucus secreted by goblet cells in the 
form of sputum by ciliary motility of ciliated cell particulates (Adivitiya 
et al., 2021; Knowles and Boucher, 2002). Ciliary dysfunction, such as 
abnormal motility, length, and structure, is associated with abnormal 
mucociliary clearance, such as hypersecretion of mucus, weakening of 
tight junction, and inflammatory response in the epithelium 

Abbreviations: PM2.5, Particulate matter 2.5; NHBE, normal human bronchial epithelial cell; ALI, air-liquid interface; DEP, diesel exhaust particle; DEG, differ-
entially expressed gene; COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis; PCD, primary ciliary dyskinesia; SRM, standard reference material; GO, 
gene ontology; IL, interleukin; TEER, transepithelial electrical resistance; ZOs, zona occludins. 

* Correspondence to: Division of Allergy and Respiratory Disease Research, Department of Chronic Disease Convergence Research, Korea National Institute of 
Health, Korea Disease Control and Prevention Agency, Chungju 28159, South Korea. 

E-mail address: hjlim1121@korea.kr (H.J. Lim).  

Contents lists available at ScienceDirect 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

https://doi.org/10.1016/j.ecoenv.2024.116090 
Received 25 September 2023; Received in revised form 30 January 2024; Accepted 6 February 2024   

mailto:hjlim1121@korea.kr
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2024.116090
https://doi.org/10.1016/j.ecoenv.2024.116090
https://doi.org/10.1016/j.ecoenv.2024.116090
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2024.116090&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecotoxicology and Environmental Safety 273 (2024) 116090

2

(Bustamante-Marin and Ostrowski, 2017; Carlier et al., 2021). 
Particulate matter (PM), a major component of air pollutants, is 

classified as coarse particles (PM10, particles ≤ 10 μm in diameter), fine 
particles (PM2.5, particles ≤ 2.5 μm in diameter), and ultrafine particles 
(PM0.1, particles ≤ 0.1 μm in diameter. In respiratory systems, PM10 and 
PM2.5 can penetrate the primary bronchial tract and alveolar region, 
respectively, whereas PM0.1 can cross cell membranes and directly affect 
cells (Yang et al., 2020). Inhalation of PM is associated with developing 
and exacerbating respiratory diseases such as asthma, COPD (chronic 
obstructive pulmonary disease), and lung cancer. Previous studies have 
demonstrated that the underlying mechanisms of PMs to cause respi-
ratory diseases include innate immune inflammation, oxidative stress, 
apoptosis, autophagy, and imbalance of Th1/Th2 cells (Leikauf et al., 
2020; Mazzarella et al., 2007). 

Recent studies have shown that exposure to PM2.5 can induce cilia 
shortening, mucus production, and a collapse of the tight junction with 
oxidative stress in bronchial epithelial cells (Kim et al., 2017, 2021). 
However, these results were obtained from submerged cultures of 
bronchial epithelial cells, which does not allow one to assess cilia 
function. Therefore, they may not be appropriate to accurately address 
the process of PM2.5-induced ciliary dysfunction and impairment of 
mucociliary clearance. On the contrary, the bronchial epithelial cell 
model used in the present study involves bronchial epithelial cells 
differentiated at the air-liquid interface (ALI), and thus is physiologi-
cally more relevant as it is comparable to the airway epithelium model, 
representing an environment of pseudostratified epithelium that com-
prises motile cilia, mucus secretion, and epithelial barrier (Gray et al., 
1996; Stewart et al., 2012). PM2.5 exposure exacerbates the disruption of 
the epithelial barrier composed of epithelial cells grown in ALI with 
upregulated production of pro-inflammatory cytokines, such as IL-6 and 
IL-8, and reactive oxygen species (ROS). This suggests that the under-
lying mechanism of the PM2.5-induced disruption of the airway epithe-
lium defense system involves the production of oxidative stress and 
inflammatory responses (Ghio et al., 2013; He et al., 2020; Zarcone 
et al., 2016). Moreover, diesel exhaust particles (DEPs), a mixture of 
organic chemicals and metals, are the main component of PM2.5 and are 
reportedly associated with airway inflammation and remodeling 
through cytotoxicity, DNA damage, and oxidative stress (Li et al., 2006; 
Steiner et al., 2016). Nevertheless, unlike other harmful factors such as 
cigarette smoke and viral infections, detailed mechanisms of how PM2.5, 
including DEPs, exposure causes cilia dysfunction and impaired muco-
ciliary clearance of the airway defense machinery have not been 
elucidated. 

In this study, we investigated the effect of DEPs on the airway de-
fense machinery’s ciliary function and mucociliary clearance. Epi-
AirwayFT tissues simulating 3D full-thickness (FT) respiratory human 
microtissues were subjected to a transcriptomic analysis, and the tran-
scriptomic changes were further confirmed by using ALI-cultured pri-
mary normal human bronchial epithelial cells (NHBEs). DEPs in the 
multiciliated epithelium model lead to ciliary dysfunction, hyperplasia 
of goblet cells, disruption of the epithelial barrier, and hyperproduction 
of lung injury mediators. These results provided insights for under-
standing the molecular and cellular bases for impaired airway defense 
machinery by DEP exposure in the multiciliated epithelium model. 

2. Materials and methods 

2.1. Preparation and exposure of DEPs 

DEPs, diesel PM standard reference material (SRM) 1650b, were 
commercially obtained from the National Institute of Standards and 
Technology (NIST, Gaithersburg, MD). DEPs (20 mg/mL) were sus-
pended in 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Burlington, 
MA) with Dulbecco’s phosphate-buffered saline (DPBS) and sonicated 
for 1 h with vortexing in a cooling water bath. Dissolved DEPs were 
aliquoted and stored for a short period at − 20 ℃ and a long period at 

− 70 ℃ for further analysis. Before cell exposure, thawed DEPs were 
sonicated for 1 h in a cooling water bath and freshly resuspended in 
DPBS. DEP suspension (100 μL) with DPBS was treated directly to the 
apical side of the transmembrane and exposed to EpiAirwayFT tissue 
(AFT-100, MatTek, Ashland, MA) or ALI-cultured NHBEs. DMSO (10%) 
with dPBS was used as a vehicle. 

2.2. RNA-sequencing analysis 

The libraries were prepared for 150 bp paired-end sequencing using 
TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, CA, USA). 
Total RNA from the EpiAirwayFT tissues exposed to DEPs for 24 or 72 h 
was extracted using Trizol reagent (Thermo Fisher Scientific, Waltham, 
MA, USA), and a total of 500 ng of RNA molecules were fragmented and 
synthesized as single-stranded cDNAs through random hexamer prim-
ing. The products were used as a template for second-strand synthesis, 
and double-stranded cDNA was prepared. After sequential processes of 
end repair, A-tailing, and adapter ligation, the cDNA libraries were 
amplified. The libraries were quality-checked using the TapeStation 
4200 instrument and High Sensitivity D1000 ScreenTape System (Agi-
lent, Santa Clara, CA, USA). According to the manufacturer’s library 
quantification protocol, they were quantified with the KAPA library 
quantification kit (Kapa Biosystems, Wilmington, MA, USA). Following 
cluster amplification of denatured templates, sequencing was performed 
as paired-end (2×150 bp) using Illumina Novaseq6000 (Illumina). 
Finally, the normalized gene count was measured as fragments per 
kilobase of transcript per million mapped reads (FPKM). 

To measure gene expression profiling, genes exhibiting an expression 
change of at least 1.5-fold increase (or decrease) compared to control 
were selected from samples and hierarchically clustered according to 
expression similarity using the Gene Cluster 3.0 program (De Hoon 
et al., 2004). Volcano plots for gene expression were generated using the 
EnhancedVolcano package (version 1.16.0) in R. To measure the 
network structure of Gene Ontologies (GOs) related to gene function, a 
list of genes with more than 1.5-fold increase (or decrease) compared to 
the control group was selected and analyzed with the ClueGO program 
at default parameter settings (Bindea et al., 2009). To determine 
gene-related GO terms, the clusterProfiler 4.0 package in R was used 
(Wu et al., 2021). As previously reported (Kim et al., 2018, 2020, 2022), 
pathway activity was calculated by summing the gene expression rates 
in each pathway obtained from the KEGG pathway database (https:// 
www.genome.jp/kegg/). Only pathways in which 50% or more of the 
genes constituting the pathway were present were analyzed. Specif-
ically, the expression ratios of the genes compared to that of the control 
were logarithmically transformed and linearly added. In this process, 
genes (or proteins) that inhibit the main flow of signals in the pathway 
were given a weight of − 1. To determine the statistical significance of 
pathway activity, the measured pathway activity was compared with 
random activity values obtained by repeating the same process 1000 
times with randomly selected genes. 

2.3. ALI-cultured NHBEs 

NHBEs (Lonza, Walkersville, MD, USA) were cultured in 0.1 mg/mL 
collagen IV-coated tissue culture dish with PneumaCult-Ex Plus medium 
(STEMCELL Technologies, Vancouver, Canada) supplemented with 1% 
penicillin-streptomycin and incubated at 37 ◦C with 5% CO2. For ALI 
culture, NHBEs (1.5 ×105 cells/well) were seeded onto collagen IV- 
coated polyester (PET) membrane 12 mm Transwell (3460, Corning, 
NY, USA) and incubated in PneumaCult-Ex Plus medium added to both 
the apical and basolateral sides of Transwell inserts until the cells 
reached 100% confluency (Rayner et al., 2019). Then, the medium on 
the apical side of the Transwell inserts was removed. At the same time, 
the medium on the basolateral side was changed to PneumaCult-ALI 
medium (STEMCELL Technologies) containing supplements. Cells at 
ALI were cultured for 20 d and washed with DPBS on the apical side, and 

E. Park et al.                                                                                                                                                                                                                                     

https://www.genome.jp/kegg/
https://www.genome.jp/kegg/


Ecotoxicology and Environmental Safety 273 (2024) 116090

3

the medium was changed on the basolateral side every 2–3 d. 

2.4. Immunofluorescence staining 

For immunofluorescence staining of the Transwell membrane, the 
inserts were washed with PBS and fixed with 4% paraformaldehyde 
(PFA; Biosesang, Seongnam, Korea) for 20 min. Cells were per-
meabilized with 0.1% Triton X-100 in PBS for 10 min and blocked with 
1% bovine serum albumin (BSA) in PBS+0.1% Tween 20 (PBST) for 
30 min. Primary antibodies including ARL13B (17711–1-AP; Pro-
teintech, Rosemont, IL, USA), acetylated α-tubulin (sc-23950; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), E-cadherin (#3195; Cell 
signaling, Denver, MA, USA), phalloidin (A12381; Invitrogen, Carlsbad, 
CA, USA) and MUC5AC (orb547405; Biorbyt, Cambridge, UK) were 
diluted with 1% BSA in PBST and incubated with cells for 1 h at room 
temperature. Fluorescence-conjugated secondary antibodies, including 
Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti- 
mouse IgG (Invitrogen), were incubated with cells for 1 h in the dark 
at room temperature. The Transwell membranes were cut and mounted 
on glass slides. Membranes on the slide were covered with the coverslip, 
and fluorescence images were visualized by an FV3000-ORS laser 
scanning confocal microscope (Olympus Crop., Tokyo, Japan). To access 
areas of the fluorescence-positive cells, fluorescent intensity was 
measured using cellSens imaging software (ver 2. X) (Olympus). 

For immunofluorescence staining of single-ciliated cells, they were 
dissociated from the Transwell inserts using TrypLE Express (Gibco, 
Grand Island, NY, USA) and fixed with 4% PFA for 10 min. After washing 
with PBS, the cells were resuspended in it in a total volume of 400 μL. 
Aliquots of 100 μL of cell suspension were centrifuged on a glass slide at 
500 rpm for 5 min using a cytospin centrifuge (Hanil Science Industrial, 
Seoul, Korea), and immunofluorescence staining was performed with 
acetylated α-tubulin antibody, as mentioned above. Cells on the slide 
were covered with the coverslip with ProLong Gold antifade reagent 
with 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen). To measure 
cilia length, 230 cilia in each group were analyzed (10 cilia on each of 23 
ciliated cells) using the ImageJ open source. 

2.5. Hematoxylin and Eosin (H&E) staining and Alcian blue (AB) 
staining 

The Transwell was fixed overnight in 4% PFA, dehydrated, and 
paraffin embedded. After deparaffinization and rehydration, paraffin 
sections were stained with either hematoxylin, eosin (H&E), or AB and 
then covered with a cover slip with an aqueous mounting medium. 
Sections stained with AB 8GX (Sigma-Aldrich) were counterstained with 
nuclear fast red (Sigma-Aldrich). Images were acquired with the Pan-
noramic SCAN II slide scanner (3D Histech, Budapest, Hungary). 

2.6. Transmission electron microscopy (TEM) 

To determine an ultrastructure of the differentiated cilium, the cells 
were pre-fixed with a fresh solution containing 2.5% glutaraldehyde and 
2% formaldehyde at 4 ◦C and then post-fixed with 1% osmium tetroxide. 
The specimens were dehydrated, embedded in Epon 812, and sectioned 
in 70 nm thick slices. Double staining was performed with 5% aqueous 
uranyl acetate for 10 min and 3% lead citrate for 60 s. The sections were 
examined using TEM LIBRA120 (ZEISS, Oberkochen, Germany). 

2.7. Western blot analysis 

Cells were lysed in PRO-PREP Protein Extraction Solution (iNtRON, 
Seoul, Korea) by vortexing. The protein lysates (10 µg) were separated 
on Bolt 4–12% Bis-Tris Plus mini gels (Invitrogen) and transferred to a 
polyvinylidene difluoride membrane using Trans-Blot Turbo Transfer 
System (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were 
blocked in 5% skim milk with PBST for 1 h at room temperature and 

incubated with primary antibodies against ARL13B (Proteintech), 
acetylated α-tubulin (Santa Cruz Biotechnology), E-cadherin (Cell 
signaling), ZO1 (ab96587; Abcam, Cambridge, UK) and β-actin (sc- 
47778; Santa Cruz Biotechnology) overnight at 4 ◦C. After washing with 
PBST; the membrane was incubated with horseradish perox-
idase‑conjugated secondary antibodies and developed using the Super-
Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher 
Scientific). Signals were detected using a ChemiDoc Imaging System 
(Bio‑Rad Laboratories), and band intensity was quantified using Image 
Lab software (Bio-Rad Laboratories). 

2.8. Quantitative real-time PCR (qRT-PCR) 

Total RNA was prepared from cut membranes of the Transwell in-
serts using RNAeasy Mini Kit (Qiagen, Germantown, MD, USA) ac-
cording to the manufacturer’s instructions. cDNA from 1 μg of total RNA 
was synthesized using RNA to cDNA EcoDry Premix (TaKaRa, Shiga, 
Japan). qRT-PCR was performed using the PowerSYBR Green PCR 
Master Mix (Applied Biosystems, Warrington, UK) on QuantStudio5 
real-time PCR system (Applied Biosystems) according to the manufac-
turer’s instructions. The gene primer sequences used are as follows: 
DNAH5-F: 5′-CGTGGAGTGCATCATCAGTG-3′, DNAH5-R: 5′- 
TCTTGGTTTGCACGGGAATG-3′, DNALI1-F: 5′-CACCTCCAGGAGCAGT-
TAGAC-3′, DNALI1-R: 5′-TGACCTCCCGGATCAACTCA-3′, β-actin-F: 5′- 
CCAACCGCGAGAAGATGA-3′, β-actin-R: 5′-CCAGAGGCGTACAGGGA-
TAG-3′ (Schamberger et al., 2015). 

2.9. Transepithelial electrical resistance (TEER) measurement 

Before the measurement of TEER, the apical surfaces of the Transwell 
were rinsed with PBS. At pre- and 72 h post-exposure of DEPs, TEER was 
measured with an electrometer EVOM2 (World Precision Instruments, 
Sarasota, FL) using an STX electrode. The TEER values were calculated 
as unit area resistance (Ohm × cm2) and presented as percent relative to 
the pre-exposure values. 

2.10. Enzyme-linked immunosorbent assay (ELISA) and Luminex assay 

After DEP exposure on the apical side of the Transwell inserts, the 
basolateral medium was harvested and stored at − 70 ℃. Levels of 
secretory factors, interleukin (IL)− 1β, IL-6, granulocyte-macrophage 
colony-stimulating factor (GM-CSF), matrix metalloproteinase-1 (MMP- 
1), S100 calcium-binding protein A9 (S100A9), and vascular endothelial 
growth factor (VEGF) were quantified from basolateral medium using 
Luminex assay according to the manufacturer’s instructions (R&D Sys-
tems, Minneapolis, MN, USA). IL-8 (R&D systems), MUC5AC (Biomatik, 
Ontario, Canada), and MUC5B (Biomatik) levels were measured using 
an ELISA kit according to the manufacturer’s instructions. 

2.11. Statistical analysis 

All data in HNBEs are presented as the standard error of the mean 
(SEM) in at least three independent experiments. Statistical significance 
was calculated by two-tailed unpaired Student’s t-test using the 
GraphPad Prism5 software (GraphPad Software, Inc., San Diego, CA, 
USA). Statistical significance was set at P ≤ 0.05 for all analyses. 

3. Results 

3.1. Expressional profile of genes, pathway activity, and functional 
enrichment 

To investigate how DEPs affect the airway defense machinery, the 
change of the gene expressions in EpiAirwayFT apically exposed to DEPs 
for 24 or 72 h was accessed using RNA-sequencing analysis. As shown in  
Fig. 1, long-term exposure (72 h) to DEPs induced more dramatic gene 
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expression changes than 24 h exposure compared to that in the control 
(Fig. 1A and B). The distribution of the DEGs (increased more than 2-fold 
or decreased less than 0.5-fold compared to that of the control) upon 
DEP exposure significantly differed between the two time points 
(Fig. 1C). GO and KEGG pathway analysis indicated that the DEGs at 
72 h were significantly enriched in ciliary and microtubule function 
(p<0.001) (Fig. 1D and E). We evaluated the pathway activity altered by 
DEP exposure using all genes involved in each pathway for a more 
general measure of biological function. Fig. 1F shows that inflammatory- 
related pathways were upregulated, whereas metabolic-related path-
ways were downregulated following 72 h exposure to DEPs compared to 
those in the control. These data suggest that the effect of DEPs against 
airway defense machinery may be associated with the regulation of 
ciliary function. 

3.2. Establishment of fully differentiated NHBECs as ALI cultures 

To further verify whether the observed DEP-induced transcriptomic 
changes indeed led to actual ciliary dysfunction, a multiciliated 
epithelium model using NHBEs was established. NHBEs were cultured in 
ALI condition for 20 d (Supplementary Fig. 1), and their differentiation 
was assessed on days 0, 14, 17, and 20 in ALI using immunofluorescent 
staining. The expression of acetylated α-tubulin, a marker of motile cilia, 
was only detected in the mitotic spindle of proliferating cells at day 0. 
Still, as the ALI-cultured cells form cilia, it was detected in the cilia- 
differentiated NHBEs (Day 14). Furthermore, the number of acetylated 
α-tubulin-positive cells gradually increased with time thereafter up to 
day 20 of ALI culture. The expression of acetylated α-tubulin was also 
correlated with the expression of ciliary protein ARL13B (Supplemen-
tary Fig. 1 A). Moreover, the ultrastructure of the ‘9+2’ arrangement of 
microtubules was present in the cilia of differentiated NHBEs at ALI- 

cultured samples, indicating that ALI culture of NHBEs properly facili-
tated motile cilia formation (Supplementary Fig. 1B). Furthermore, ALI- 
cultured NHBEs expressed E-cadherin and F-actin, markers of tight 
junction, indicating that ALI-cultured NHBEs developed major compo-
nents of the epithelial barrier (Supplementary Fig. 1 C). These data 
suggest that the differentiation of NHBEs in ALI culture adequately 
supported the structural organization of airway defense machinery 
required for mucociliary clearance and tight junction. 

3.3. DEP exposure affects ciliated to goblet cell ratio in fully differentiated 
NHBE cells 

To examine the effect of DEPs on a multiciliated epithelium, ALI- 
cultured NHBEs were exposed apically to DEPs for 72 h (Fig. 2A), and 
morphological changes were evaluated by H&E staining and AB stain-
ing. The results indicated that the DEP treatment decreased the number 
of cilia, whereas increasing the mucus secretion of the apical surface of 
the epithelium. However, the thickness of epithelium was not signifi-
cantly changed by DEP treatment (Fig. 2B). Additional immunofluo-
rescence staining using antibodies against acetylated α-tubulin and 
MUC5AC also indicated that DEPs decreased the area of ciliated cells 
(acetylated α-tubulin-positive cells), but increased the area of mucus- 
producing goblet cells (MUC5AC-positive cells) (Fig. 2C–F). These 
data suggest that DEPs may impair mucociliary clearance in ALI- 
cultured NHBEs. 

3.4. DEP exposure alters ciliary function-related gene expression in ALI- 
cultured NHBEs 

To evaluate the possibility of DEP-induced impairment of mucocili-
ary clearance, the effect of DEP on the length of cilia and the expression 

Fig. 1. Effects of DEP exposure on gene expression in an EpiAirwayFT. (A) A total of 2120 genes showing at least a 1.5-fold change in expression by exposure to DEPs 
at 24 or 72 h were clustered according to their expression level. Each row represents a gene in red or green, respectively, according to its high and low expression 
levels (logarithmic FPKM), as indicated by the scale bar. (B) Expression patterns of genes compared to that of the control are shown in a Volcano plot. The log fold 
represents the average expression level of each gene, and the log P-value represents the p-value of the Student’s t-test for each gene. (C) After isolating DEGs with at 
least a 2-fold change compared to that of the control in each sample, their distributions were compared. (D) Enriched GO terms (FDR < 0.01) are shown as a network 
graph where each node represents a GO term, and node size is proportional to the number of genes associated with a GO term. Closely related GO terms are shown in 
the same color. Representative GO terms are indicated. (E) The top 20 GO terms selected from DEGs at 72 h are plotted. (F) Pathways showing a p-value <0.01 were 
selected from samples and clustered according to activity level relative to control. As the scale bar indicates, red and green colors represent high and low activity 
levels, respectively, compared to the control. According to KEGG’s criteria, pathways were classified into six functional categories as indicated by color bars. 
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of motile cilia-related genes was examined. Compared to the vehicle- 
exposed cells, the DEP-exposed cells had significantly shorter cilia, 
and the length of the cilia was inversely proportional to the concentra-
tion of DEP used (Fig. 3A). DEP exposure also significantly suppressed 
the mRNA levels of DNAH5 and DNALI1, major components of cilia 
dynein, as well as protein levels of acetylated α-tubulin, ARL13B and 
ciliary protein markers DNAL1 and FOXJ1 (Fig. 3B and C). These results 
suggest that DEP may promote mucociliary clearance impairment by 
hindering sufficient production of motile cilia. 

3.5. DEP exposure disrupts the epithelial barrier in ALI-cultured NHBEs 

Impairment of mucociliary clearance in the airway epithelium leads 
to dysfunction of the airway barrier, which triggers the secretion of 
inflammation-related cytokines from epithelial cells. The expression of 
intracellular junction-related protein was examined to address the 
impact of DEPs on the airway epithelium barrier function. Immunoflu-
orescence staining of acetylated-α-tubulin indicated that DEP caused 
loss of ciliated cells in a concentration-dependent manner. It also dis-
rupted the formation of the normal epithelial layer (Fig. 4A). Western 
blot analysis showed that DEP treatment significantly suppressed the 
expression of tight junction proteins ZO-1 and Occludin and adherent 
protein E-cadherin (Fig. 4B). The results of TEER measurement indicated 
that the integrity of cellular barrier was significantly compromised by 
200 μg/mL of DEP treatment. In contrast, a lower concentration of DEP 
(100 μg/mL) did not significantly affect the TEER (Fig. 4C). These data 
suggested that DEP can cause dysfunction of the airway barrier by 
compromising the epithelial layer integrity. 

3.6. DEPs stimulate the secretion of inflammation and/or fibrosis-related 
regulators in ALI cultures 

The amount of such mediators contained in the basolateral medium 
was examined to test the possibility of DEP contributing to the impair-
ment of mucociliary clearance by producing inflammatory and fibrotic 
mediators. Apical exposure to DEPs increased the production of pro- 
inflammatory cytokines such as IL-1β, IL-6, IL-8, and GM-CSF in ALI- 
cultured NHBEs (Fig. 5A–D). Additionally, inflammatory and/or 
fibrotic mediators such as MMP-1, VEGF, and S100A9 significantly 
increased in response to DEP exposure (Fig. 5E–G). 

4. Discussion 

Typically, the cilium has a 9+2 array of microtubules with nine outer 
doublet microtubules and a central pair of singlet microtubules (Loreng 
and Smith, 2017). However, abnormal structures of cilia, such as dynein 
arm defects associated with reduced frequency of ciliary beating, are 
predominantly observed in patients with primary ciliary dyskinesia 
(PCD) caused by the genetic mutation of two main genes of cilia struc-
ture, DNAH5 and DNAI1 (Escudier et al., 2009; Rayner et al., 1995; 
Sharma et al., 2008;). Non-genetic factors defects such as smoking and 
pathogen infection can also lead to cilia dysfunction, including loss of 
cells, reduced motility, and shortened length, as observed in COPD and 
asthma (Chen et al., 2020; Leopold et al., 2009; Milgrim et al., 1995; 
Simet et al., 2010). Therefore, we first examined the cilia structure to see 
whether DEPs caused significant structural deformation. 

The TEM image of the DEP-exposed cilia showed no prominent 
structural defects (data not shown). However, as shown in Figs. 2C and 
3A, DEP exposure resulted in ciliary dysfunction, such as decreased cells 
and shortened cilia length. To better address this observation at the 
molecular level, the expression of cilia structure-related genes, namely 

Fig. 2. DEPs change the ratio of ciliated and goblet cells in ALI-cultured NHBEs. (A) Experimental design of DEP treatment for 72 h on an apical side of the Transwell 
inserts. (B) Paraffin section of an ALI-cultured NHBEs exposed to DEPs was stained with H&E (left) and Alcian blue (right). Arrows and arrowheads indicate ciliated 
cells and goblet cells, respectively. (C) Representative immunofluorescence images of acetylated α-tubulin (green) and MUC5AC (red) after DEP treatment for 72 h. 
Bar: 20 μm. (D-F) Quantitative assessment of cilia and goblet cells-positive area in DEP-treated ALI-cultured NHBEs (n=3). Acetylated α-tubulin (D) and MUC5AC (E) 
positive area of Transwell membrane were measured with image J software and calculated as the percentage of MUC5AC / cilia area (F). n.s. > 0.05, *P < 0.05, **P <
0.01 and ***P < 0.001, compared with vehicle. 
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acetylated α-tubulin, ARL13B, and FOXJ1, was examined, and their 
expressions were significantly decreased by DEP, except the FOXJ1, a 
transcription factor for cilia genes (Fig. 3B). Ciliary membrane protein 
ARL13B, an ARL family member of small GTPases essential for cilio-
genesis, acts as an effector of the elongation of cilia through the exten-
sion of the ciliary membrane (Lu et al., 2015). Thus, the repressed 
expression of ARL13B protein by DEPs in this study may account for the 
observed shortening of the ciliary length. 

Additionally, DEPs significantly inhibited the mRNA expression of 
DNAH5 and DNALI1, components of the outer dynein arm complex and 
inner dynein arm complex, respectively (Fig. 3C). It has been reported 
that the expression of DNALI1 was downregulated in patients with 
smoking-associated lung diseases (Chen et al., 2018), and epithelial cells 
exposed to cigarette smoke extracts or poly (I:C) downregulated the 
expression of cilia structure-related genes, including DNAH5, with 
shortened cilia length (Brekman et al., 2014; Chen et al., 2020). Thus, 
the suppression of DNAH5 and DNALI1 expression by DEPs may 
contribute to the observed shortening of cilia. 

However, it also has been reported that knockdown of DNAH5 
resulted in immotile cilia in the airway epithelial model (Zahid et al., 
2020) and that PM2.5 negatively impacted the ciliary beat function, 
including ciliary beat frequency and pattern, in nasal epithelium 
impacting (Jia et al., 2019). Furthermore, the changes in ciliary length 
have been reported to be associated with ciliary motility (Bottier et al., 

2019), and therefore, there still exists a possibility that the DEP-induced 
shortened cilium and the thickened mucus layer on the multiciliated 
epithelium lead to a decrease in beating frequency. 2B). In other words, 
the possibility of DEP-induced hindrance in cilia motility cannot be 
excluded at this point, and it will be one of the major objectives of our 
future studies on the biological effect of DEP. 

Junctions between adjacent cells physically maintain the airway 
epithelial barrier and regulate epithelial permeability. These intracel-
lular junctions are comprised of tight junctions, including zona occlu-
dins (ZOs), Occludin, Claudins and junction adhesion molecules (JAMs) 
transmembrane proteins, and adherent junctions, including E-cadherin 
transmembrane protein (Rezaee and Georas, 2014). Disruption of tight 
junctions and adherent junctions, such as the decreased expression of 
ZO-1, ZO-2, Occludin, and E-cadherin in airway epithelium, has been 
observed in obstructive pulmonary diseases, including asthma and 
COPD, and is accompanied by impaired mucociliary clearance (Agha-
pour et al., 2018; Carlier et al., 2021; Rezaee and Georas, 2014). 

In the present study, DEPs significantly decreased the expression of 
epithelial junction proteins ZO-1, Occludin, and E-cadherin (Fig. 4B) 
and slightly, but significantly, reduced the airway epithelium barrier 
integrity represented by TEER value at a concentration of 200 μg/mL 
(Fig. 4C), indicating that DEPs disrupted airway epithelial barrier. Pre-
vious studies reported that DEPs disrupt the epithelial barrier in 
epithelial cells (Lee et al., 2022; Rynning et al., 2018), supporting our 

Fig. 3. DEPs inhibit ciliary growth in ALI-cultured NHBEs. (A) DEPs inhibit cilia length. A cytospin centrifuge applied DEP-treated cells on a glass slide and evaluated 
by immunofluorescence staining. Representative images were merged with acetylated α-tubulin (green), DAPI (blue), and DIC (gray). Bar: 20 μm. Cilia length was 
measured from 230 cilia in each group (at least 10 cilia per ciliated cell; n=4) using ImageJ software. (B-C) DEPs suppress the expression of cilia-related markers. (B) 
Western blot analysis of acetylated α-tubulin and ARL13B protein in whole cell lysates after DEP treatment for 72 h (n=4). β-actin was used as a loading control. (C) 
Quantitative RT-PCR analysis of DNAH5 and DNAL1 mRNA levels in whole cell lysates after DEP treatment for 72 h (n=3). β-actin was used as a loading control. *P <
0.05, **P < 0.01 and ***P < 0.001, compared with vehicle. 
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findings. As to why DEPs only showed a marginal but significant 
decrease in TEER value at a higher concentration, it is speculated that a 
relatively short period of treatment (72 h) contributed to such a mar-
ginal decrease in TEER value. Considering our experimental protocol 
was designed to evaluate the detrimental effect of DEPs on the 
already-established epithelial barrier rather than on the formation of the 

epithelial barrier, long-term treatment of DEPs may result in more 
drastic changes in terms of TEER. 

Airway epithelium communicates with multiple types of cells, such 
as immune cells and mesenchymal cells, for the pulmonary defense 
system. Compromised airway epithelium barrier function stimulates the 
release of inflammatory and fibrotic mediators, including many 

Fig. 4. DEPs reduce the expression of the epithelial junction-related proteins in ALI-cultured NHBEs. (A) Representative immunofluorescence images of acetylated 
α-tubulin (green) and E-cadherin (red) after DEP treatment for 72 h. Bar: 20 μm. (B) Western blot analysis of ZO-1 and E-cadherin protein in whole cell lysates after 
DEP treatment for 72 h (n=3). β-actin was used as a loading control. (C) Inhibition of barrier integrity following DEP treatment was determined by TEER mea-
surement (n=4). n.s. > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001, compared with vehicle. 

Fig. 5. DEPs increase the release of epithelial-derived inflammatory cytokines and fibrotic mediators. (A-G) Quantitative analysis of cytokines including IL-1β (A), IL- 
6 (B), IL-8 (C), GM-CSF (D), MMP-1 (E), VEGF (F), and S100A9 (G). Quantitative levels of IL-1β, IL-6, GM-CSF, MMP-1, S100A9, and VEGF were measured in a 
basolateral medium of ALI-cultured NHBE treated apically with DEPs for 72 h by Luminex assay (n=4). ELISA determined the quantification of IL-8 levels in the 
basolateral medium (n=4). n.s. > 0.05, *P < 0.05, **P < 0.01 and ***P < 0.001, compared with vehicle. 
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cytokines and chemokines, into the extracellular space (Carlier et al., 
2021). The mediators and recruited immune cells promote airway 
inflammation and act on mesenchymal cells, such as fibroblasts, to 
stimulate fibrosis, contributing to airway remodeling. In COPD or 
asthma, the damaged airway epithelium releases pro-inflammatory cy-
tokines (IL-1, IL-8, IL-6, GM-CSF, and TNF-α) and fibrotic factors (TGF-β, 
PDGF, and MMPs) (Rynning et al., 2018). Furthermore, ambient PM or 
DEP exposure in airway epithelium upregulates the production of a 
variety of epithelial cytokines, including IL-1, IL-6, IL-8, IL-25, IL-33, 
GM-CSF, and TNF-α (De Grove et al., 2018; Leikauf et al., 2020). 
Among these, IL-1β, IL-6, IL-8, and GM-CSF have been reported to 
regulate PM-induced signaling, including MAPK, NF-κB, and ROS acti-
vation (De Grove et al., 2018). Our data also demonstrate that DEPs 
significantly increased the production of pro-inflammatory cytokines, 
namely IL-1β, IL-6, IL-8, and GM-CSF, in the multiciliated epithelium 
model (Fig. 5A-D). Interestingly, these cytokines released from damaged 
airway epithelial cells mechanistically trigger profibrotic responses 
including extracellular matrix (ECM) production, fibroblast prolifera-
tion, and collagen synthesis through epithelial-mesenchymal crosstalk 
(She et al., 2021). In addition to cytokines, DEP exposure enhanced the 
release of fibrotic factors such as MMP-1, VEGF, and S100A9 (Fig. 5E-G). 

Excess activity of MMPs is known to be a pathogenic mediator in 
destructive pulmonary diseases, and MMP-1 has been reported to be 
activated by DEPs in bronchial epithelial cells (Amara et al., 2007; Li 
et al., 2009). In the case of the VEGF, a mediator of angiogenesis and 
vascular remodeling, its upregulation along with goblet cells hyperpla-
sia, inflammation, and lung fibrosis was observed in mouse models 
exposed to DEPs, indicating airway inflammation and remolding (Kim 
et al., 2016). Lastly, S100A9, which activates fibroblast proliferation 
and collagen formation, is highly upregulated in patients with asthma or 
idiopathic pulmonary fibrosis (Araki et al., 2021; Xu et al., 2013). These 
data indicate that DEPs can cause epithelium damage and induce the 
release of inflammatory cytokines and fibrotic factors to promote im-
mune response and fibrosis. Nevertheless, detailed underlying mecha-
nisms must be further elucidated by studying the communication 
between airway epithelial cells and immune cells (or fibroblast), 
possibly with the ALI co-culture model. 

This study has a limitation. The experiments with ALI-cultured 
NHBEs used NHBE cells derived from a single young male. Therefore, 
further analysis of the effects of DEP exposure by gender or age are 
required. 

5. Conclusion 

In the present study, we demonstrated that exposure to DEP impaired 
mucociliary clearance through ciliary dysfunction, resulting in the 
secretion of epithelial-derived mediators that can cause airway inflam-
matory response and fibrosis in a multiciliated epithelium model. The 
main features of DEP-induced ciliary dysfunction include decreased 
ciliated cells, shortened ciliary length, and reduced expression of cilia 
structure-related genes. Our data strongly suggest that DEP can directly 
damage the airway defense machinery, which may exacerbate lung 
injury. 
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