
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  52:  96,  2023

Abstract. Fine particulate matter (PM2.5) is a type of small 
particle that is <2.5 µm in diameter that may cause airway 
inflammation. Thus, the present study aimed to explore the 
effects of PM2.5 on endoplasmic reticulum (ER) stress and 
airway inflammation in human airway epithelial cells. For 
this purpose, HBE135‑E6E7 airway epithelial cells were 
cultured and exposed to specific concentrations of PM2.5 for 
various periods of time, and cell viability was determined 
using a Cell Counting Kit‑8 assay. The results of the present 
study demonstrated that exposure to PM2.5 increased the 
mRNA and protein expression levels of interleukin (IL)‑6, 
tumor necrosis factor (TNF)‑α and mucin 5AC (MUC5AC). 
Moreover, the expression levels of ER stress‑related proteins, 
such as glucose‑regulated protein 78, CCAAT‑enhancer 
binding protein homologous protein, activating transcription 
factor 6, protein kinase R‑like ER kinase (PERK), phosphory‑
lated (p‑)PERK, inositol‑requiring enzyme 1α (IRE1α) and 
p‑IRE1α, and nucleotide‑binding oligomerization domain 1 
(NOD1) expression levels were increased following exposure 
to PM2.5. Transfection with IRE1α small interfering RNA 
(siRNA) led to the increased production of IL‑6, TNF‑α and 
MUC5AC. Moreover, the expression of NOD1 and the trans‑
location of NF‑κB p65 were inhibited following transfection 
with IRE1α siRNA. In addition, the results of the present study 

demonstrated that transfection with NOD1 siRNA decreased 
the production of IL‑6, TNF‑α and MUC5AC, and decreased 
the translocation of NF‑κB p65. The expression levels of IL‑6, 
TNF‑α and MUC5AC were increased in the HBE135‑E6E7 
cells following treatment with C12‑iE‑DAP, a NOD1 agonist. 
Moreover, treatment with C12‑iE‑DAP led to the activation 
of NF‑κB p65. Collectively, the results of the present study 
suggest that PM2.5 promotes airway inflammation and mucin 
production by activating ER stress in HBE135‑E6E7 airway 
epithelial cells, and that the IRE1α/NOD1/NF‑κB pathway 
may be involved in this process.

Introduction

Fine particulate matter (PM2.5) is a type of small particle with 
a diameter of <2.5 µm. PM2.5 is either a solid or liquid particle 
with the ability to be suspended in air. The results of epidemio‑
logical investigations have demonstrated that exposure to PM2.5 
is inextricably associated with the development of multiple 
respiratory diseases, including asthma and chronic obstruc‑
tive pulmonary disease (COPD), which are exacerbated by 
airway inflammation and a decline in pulmonary function (1‑3). 
However, the mechanisms by which PM2.5 causes airway 
inflammation and lung injury are not yet fully understood.

The results of a previous study demonstrated that PM2.5 
typically contains a large number of ions, polycyclic aromatic 
hydrocarbons or lipopolysaccharides, which can induce free 
radical production, causing reactive oxygen species (ROS) 
and hydroxyl radical production (4). The overproduction 
of hydroxyl radicals or ROS may lead to lipid peroxidation 
of the cell membrane and an elevation in the intracellular 
calcium concentration, thus disrupting the balance of intra‑
cellular calcium homeostasis. In addition, the increase in 
the intracellular calcium concentration may further enhance 
the manufacturing of hydroxyl radicals or ROS (5). Notably, 
the PM2.5‑induced accumulation of ROS may play a crucial 
role in the release of inflammatory mediators and cyto‑
kines, such as interleukin (IL)‑6 and tumor necrosis factor 
(TNF)‑α, and may induce mucus secretion in the lungs (6). 
PM2.5‑induced lung injury may also cause the hypersecretion 
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of various types of mucins, such as mucin 5AC (MUC5AC). 
The results of previous studies have revealed that MUC5AC 
levels are increased in the lumen of the endoplasmic reticulum 
(ER) when airway cells are stimulated by mucus‑promoting 
substances, such as ROS (7,8). Excess mucin and ROS produc‑
tion leads to the accumulation of misfolded proteins in the 
ER, leading to ER stress (9). Thus, it was hypothesized that 
ER stress may play a notable role in PM2.5‑induced airway 
inflammation and mucin hypersecretion. Moreover, nuclear 
factor (NF)‑κB plays a key role in ER stress‑mediated 
inflammation (10). There are three major signaling pathways 
which are associated with ER stress in eukaryotes; namely, 
inositol‑requiring kinase (IRE)1α, protein kinase R‑like ER 
kinase (PERK) and the activating transcription factor (ATF)6 
pathways (11). Keestra‑Gounder et al (12) demonstrated that 
the nucleotide‑binding oligomerization domain (NOD)‑like 
receptor family, including NOD1, activated NF‑κB. This 
activation initiated the gene expression of cytokines and the 
release of inflammatory factors, which may reveal the associa‑
tion between ER stress and inflammation (12). However, the 
specific roles of the aforementioned pathways in regulating 
PM2.5‑induced airway inflammation, mucin hypersecretion 
and ROS overproduction remain to be fully elucidated. Thus, 
further investigations into the effects of PM2.5 on ER stress 
and subsequent signaling cascades are required.

The results of a previous study by the authors demonstrated 
that ER stress may promote airway mucin secretion under the 
influence of neutrophil elastase (13). Thus, the present study 
aimed to investigate the effects of ER stress on the manage‑
ment of PM2.5‑induced pro‑inflammatory factor production, 
namely ROS and MUC5AC. The present study also aimed to 
determine the potential pathways involved in PM2.5‑induced 
airway damage. The findings of the present study may provide 
a basis for the development of novel therapeutic strategies to 
relieve airway inflammation and mucin hypersecretion.

Materials and methods

Cells, reagents and antibodies. The immortalized human 
bronchial epithelial cell line, HBE135‑E6E7, was purchased 
from Procell Life Science & Technology Co., Ltd. The 
Cell Counting Kit (CCK)‑8 (cat. no. E‑CK‑A362), human 
MUC5AC enzyme‑linked immunosorbent assay (ELISA) 
kit (cat. no. E‑EL‑H2279c), Cy3‑labeled goat anti‑rabbit IgG 
(cat. no. BA1032) and FITC‑labeled goat anti‑mouse IgG 
(cat. no. BA1101) were obtained from Wuhan Boster Biological 
Technology Co., Ltd. Human IL‑6 (cat. no. MM‑0049H2) and 
TNF‑α (cat. no. MM‑0122H2) ELISA kits were obtained 
from MMbio. The Annexin V‑FITC/PI double staining cell 
apoptosis detection kit (cat. no. KGA108) was purchased 
from Nanjing KeyGen Biotech Co., Ltd. Mouse anti‑human 
β‑actin monoclonal antibody (cat. no. 66009‑1‑Ig) was 
purchased from ProteinTech Group, Inc. Goat anti‑rabbit 
IgG‑HRP (cat. no. BA1054) and goat anti‑mouse IgG‑HRP 
(cat. no. BA1051) antibodies were purchased from Wuhan 
Boster Biological Technology, Ltd. Rabbit anti‑human 
glucose‑regulated protein 78 (GRP78) polyclonal antibody 
(cat. no. ab21685), and rabbit anti‑human PERK mono‑
clonal antibody (cat. no. ab229912) were obtained from 
Abcam. Rabbit anti‑human phosphorylated (p‑)PERK (cat. 

no. Bs‑3330R) and MUC5AC (cat. no. Bs‑7166R) polyclonal 
antibodies were purchased from BIOSS. Mouse anti‑human 
CCAAT‑enhancer binding protein homologous protein 
(CHOP) monoclonal antibody (cat. no. 2895) was purchased 
from Cell Signaling Technology, Inc. Mouse anti‑human 
NOD1 monoclonal antibody (cat. no. sc‑398696) was purchased 
from Santa Cruz Biotechnology, Inc. Rabbit anti‑human 
IRE1α (cat. no. DF7709), p‑IRE1α (cat. no. AF7150) and 
ATF6 (cat. no. DF6009) polyclonal antibodies were obtained 
from Affinity Biosciences. The NF‑κB activation‑nuclear 
translocation assay kit (cat. no. SN368) and ROS assay kit 
(cat. no. C1022) were purchased from the Beyotime Institute 
of Biotechnology. The ER stress inhibitor, 4‑phenylbutyric 
acid (4‑PBA; cat. no. HY‑A0281), the ATF6 inhibitor, 
Ceapin‑A7 (cat. no. HY‑108434), the PERK inhibitor, ISRIB 
(cat. no. HY‑12495), and the IRE1α inhibitor, 4µ8C (cat. 
no. HY‑19707), were purchased from MedChemExpress. The 
NOD1 agonist, C12‑iE‑DAP (cat. no. tlrl‑c12dap), was obtained 
from InvivoGen. Small interfering RNA (siRNA) targeting 
IRE1α and NOD1, and negative control (NC) siRNA were 
obtained from GenePharma. The IRE1α siRNA sequence was 
5'‑GCA GAU AGU CUC UGC CCA UTT‑3' (sense), 5'‑AUG GGC 
AGA GAC UAU CUG CTT‑3' (antisense), the NOD1 siRNA 
sequence was 5'‑CCU UCU UUA CAG CCU UCU UTT‑3' 
(sense), 5'‑AAG AAG GCU GUA AAG AAG GTT‑3' (antisense), 
and the negative control siRNA sequence was 5'‑UUC UCC 
GAA CGU GUC ACG UTT‑3' (sense), 5'‑ACG UGA CAC GUU 
CGG AGA ATT‑3' (antisense).

Cell viability assay. The optimal concentration and duration 
of PM2.5 exposure were determined using a CCK‑8 assay, as 
previously described (14). Briefly, 1x104/ml cells in a 200‑µl 
cell suspension were cultured in a 96‑well plate. The cells were 
subsequently exposed to 10, 50, 100, 200 or 400 µg/ml PM2.5 
and cultured at 37˚C in a 5% CO2 environment. Following 
exposure to PM2.5 for 12, 24 and 48 h, 10 µl CCK‑8 were 
added to each well, and the cells were incubated at 37˚C for 
a further 2 h. The optical density (OD) was detected using a 
microplate reader (Multiskan FC; Thermo Fisher Scientific, 
Inc.) at a wavelength of 450 nm. 

Cell transfection. Cells were cultured in 24‑well plates at a 
density of 1.5x105/ml with 0.45 ml serum‑free RPMI‑1640 
in each well. To reach a final volume of 50 µl, 5 µl siRNA 
transfection reagent (Lipofectamine™ 2000; cat. no. 52887; 
Invitrogen; Thermo Fisher Scientific, Inc.) were mixed with 
45 µl serum‑free medium. In total, 1 µg aliquots of IRE1α 
siRNA, NOD1 siRNA or NC siRNA were diluted with 50 µl 
serum‑free medium. Subsequently, the transfection reagent and 
diluted siRNA were mixed and incubated at room temperature 
for an additional 20 min. The transfection combination was 
added to each well drop‑by‑drop, and vortexed for 10 sec prior 
to incubation for 16 h at room temperature. The supernatant 
was removed and the cells were washed three times with 
phosphate‑buffered saline (PBS). The cells were subsequently 
incubated with fresh RPMI‑1640 medium containing 10% fetal 
bovine serum for 24 h prior to exposure to 100 µg/ml PM2.5.

Cell culture and grouping. The HBE135‑E6E7 cells were 
cultured in RPMI‑1640 medium at 37˚C in a humidity 
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incubator with 5% CO2. The cells were grouped as follows: 
i) The control group, in which the cells were cultured under 
normal conditions (37˚C in a humidity incubator with 5% 
CO2) with no treatment; ii) the PM2.5 group, in which the 
cells were exposed to 100 µg/ml PM2.5; iii) the PM2.5 + 
4‑PBA group, in which the cells treated with 5 mmol/l 4‑PBA 
for 2 h prior to PM2.5 exposure, as previously described (15); 
iv) the PM2.5 + ISRIB group, in which the cells were treated 
with 200 nmol/l ISRIB for 2 h prior to PM2.5 exposure, as 
previously described (16); v) the PM2.5 + Ceapin‑A7 group, 
in which the cells were treated with 20 µmol/l Ceapin‑A7 for 
2 h prior to PM2.5 exposure, as previously described (17); 
vi) the PM2.5 + 4µ8C group, in which the cells were treated 
with 10 µmol/l 4µ8C for 2 h prior to PM2.5 exposure, as 
previously described (18); vii) the PM2.5 + NC siRNA group, 
in which the cells were transfected with NC siRNA and 
subsequently exposed to PM2.5; viii) the PM2.5 + IRE1α 
siRNA group, in which the cells were transfected with IRE1α 
siRNA and subsequently exposed to PM2.5; ix) the PM2.5 + 
NOD1 siRNA group, in which the cells were transfected with 
NOD1 siRNA and subsequently exposed to PM2.5; and x) 
the PM2.5 + C12‑iE‑DAP group, in which cells were treated 
with 10 µg/ml C12‑iE‑DAP, as previously described (19), and 
subsequently exposed to PM2.5. Prior to subsequent experi‑
ments, all the cells were incubated at 37˚C for an additional 
24 h following grouping.

Western blot analysis. Total protein was extracted from the 
cells using RIPA buffer reagent supplemented with PMSF. 
Total protein was quantified using a BCA assay and proteins 
were separated on a 5‑10% SDS‑PAGE gel; the amount of 
protein sampled for each sample was 20 µl. The same amount 
of protein for each sample was subsequently transferred onto 
PVDF membranes and blocked with PBS containing 0.05% 
Tween‑20 and 5% skimmed milk for 1 h. The membranes 
were incubated for 2 h at room temperature with primary anti‑
bodies against GRP78, CHOP, p‑PERK, PERK, ATF6, NOD1, 
p‑IRE1α, IRE1α (dilution for all, 1:500) and β‑actin (dilution, 
1:1,000). Following washing three times, the membranes 
were incubated with an HRP‑conjugated secondary antibody 
(dilution, 1:5,000) for 2 h at room temperature. After washing 
three times, protein bands were visualized using an enhanced 
chemiluminescence (ECL) reagent (Applygen Technologies 

Inc.). Protein expression was quantified using ImageJ software 
(version 1.8.0; National Institutes of Health) with β‑actin as the 
loading control. The experiment was performed in triplicate, 
as previously prescribed (20).

Flow cytometric analysis. The apoptosis of the HBE135‑E6E7 
cells was examined using flow cytometry. The cells were 
inoculated in six‑well plates at a density of 3x105 cells per well. 
The cells were digested with 0.25% trypsin without EDTA, 
and following the termination of digestion, the treated cells 
were collected and centrifuged at 800 x g for 5 min at room 
temperature. The cells were subsequently washed three times 
with PBS, resuspended in 500 µl binding buffer, and incubated 
with AV‑FITC (5 µl) and PI (5 µl) at room temperature for 
15 min in the dark. Apoptotic cells were evaluated using a 
flow cytometer (cat. no. cytoFLEX; Beckman Coulter, Inc.). 
The experiment was repeated three times, as previously 
described (21).

ELISA. Cell supernatants were collected following treatment 
as mentioned above. Various dilutions of cell lysates (1:0, 1:1, 
1:2 and 1:5) were treated with PBS, and the expression levels 
of IL‑6, TNF‑α and MUC5AC in the cell supernatants were 
assessed using the corresponding kits, following the manufac‑
turer's protocols. The OD was evaluated using a microplate 
reader (Multiskan FC; Thermo Fisher Scientific, Inc.) at a 
wavelength of 450 nm, and the results are presented as percent‑
ages of the baseline controls, as previously described (22).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the HBE135‑E6E7 cells in each 
group using TRIzol® reagent (Thermo Fisher Scientific, Inc.), 
and the RNA samples were incubated at ‑20˚C for 5 min. 
The mRNA expression levels of IL‑6, TNF‑α and MUC5AC 
were measured using a two‑step RT‑PCR kit following 
the manufacturer's protocols (cat. no. R223‑01; Nanjing 
Vazyme Biotech Co., Ltd.). The primer sequences used for 
PCR (cat. no. Q111‑02; Nanjing Vazyme Biotech Co., Ltd.) 
are displayed in Table I, which were designed using Primer 
Premier 5.0 software. The following thermocycling conditions 
were used for qPCR: Initial denaturation at 95˚C for 10 min; 
40 cycles of denaturation at 95˚C for 35 sec, annealing at 
56˚C for 55 sec and extension at 72˚C for 3 min. The relative 

Table I. Sequences of primers used in the present study.

Gene Primer Sequence (5'‑3') Accession no.

Homo β‑actin Forward CCCTGGAGAAGAGCTACGAG NM_001101.5
 Reverse CGTACAGGTCTTTGCGGATG 
Homo IL‑6 Forward TTCGGTCCAGTTGCCTTCTCCC NM_000600.5
 Reverse CCAGTGCCTCTTTGCTGCTTTC 
Homo TNF‑α Forward CCCATGTTGTAGCAAACCCTC NM_000594.4
 Reverse AGAGGACCTGGGAGTAGATGA 
Homo MUC5AC Forward CTACAATGGACAGCGCTTCC NM_001304359.2
 Reverse AGAAGGAGAAGGTGGTTGGG 

IL‑6, interleukin 6; TNF‑α, tumor necrosis factor‑α; MUC5AC, mucin 5AC. 
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mRNA levels were quantified using the 2‑ΔΔCq method (23). All 
samples were repeated in triplicate.

Immunofluorescence analysis. Following treatment as 
mentioned above, the cells in each group were washed three 
times with PBS and subsequently fixed with 4% paraformal‑
dehyde at room temperature for 30 min. The cells were washed 
three times and permeabilized for 15 min with 0.1% Triton 
X100 (cat. no. ST795; Beyotime Institute of Biotechnology). 
Subsequently, the cells were blocked with goat serum at 
room temperature for 45 min, and incubated with antibodies 
against MUC5AC (dilution, 1:100), NOD1 (dilution, 1:100) or 
IRE1α(dilution, 1:100) overnight at 4˚C. Following three 5‑min 
washes with PBS, the cells were incubated with secondary 
antibodies labeled with FITC (dilution, 1:100) or Cy3 (dilution, 
1:100) for 1 h, and DAPI (cat. no. C1002; Beyotime Institute of 
Biotechnology) at room temperature for 5 min. The cells were 
analyzed using a fluorescence microscope (DS‑Fi3; Nikon 
Corporation) to determine the expression of target proteins.

Assessment of ROS generation. DCFH‑DA (cat. no. S0033; 
Beyotime Institute of Biotechnology) was diluted in serum‑free 
medium at 1:1,000 to reach a final concentration of 10 µmol/l. 
Subsequently, the cell culture medium was removed and 
10 µmol/l DCFH‑DA were added to the cells for incubation at 
37˚C for 20 min. The cells were then washed three times with 
serum‑free medium to remove the DCFH‑DA that was not 
absorbed by the cells. Images were generated using a fluores‑
cence microscope (DS‑Fi3; Nikon Corporation), and ImageJ 
software (version 1.8.0; National Institutes of Health) was used 
to assess the fluorescence intensity.

NF‑κB activation‑nuclear translocation assay. Following 
treatment as mentioned above, the cells were fixed and washed 
three times with PBS. Subsequently, the cells were blocked 
with BSA and were then incubated with p65 primary antibody 
(cat. no. SN368; Beyotime Institute of Biotechnology) (dilution, 
1:100) overnight at 4˚C. Following three 5‑min washes with PBS, 
the cells were incubated with the secondary antibodies labeled 
with Cy3 for 1 h. DAPI (dilution, 1:200) at room temperature 
for 5 min was used to stain the nucleus. The cell supernatants 
were removed and mounting medium (Jiangsu CITOTEST 
Scientific Co., Ltd.) was added. Images were generated using 
a fluorescence microscope (DS‑Fi3; Nikon Corporation), and 
ImageJ software (version 1.8.0; National Institutes of Health) 
was used to assess the fluorescence intensity, indicative of the 
levels of NF‑κB activation‑nuclear translocation.

Statistical analysis. All data are presented as the mean ± standard 
deviation. At least three cell cultures were used in each experi‑
ment and repeated in duplicate or triplicate. Multiple groups 
were compared using one‑way ANOVA followed by the Tukey's 
post hoc test. All data were analyzed using SPSS (version 26.0; 
IBM Corp.) and R software (version 4.1.2; AT&T Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

Cell viability following exposure to PM2.5. To determine 
the appropriate concentration and duration for exposure to 

PM2.5, the cells were exposed to various concentrations (10, 
50, 100, 200 and 400 µg/ml) of PM2.5 for specific periods of 
time (12, 24 and 48 h). Cell viability was determined using 
a CCK‑8 assay. The results demonstrated that the levels of 
cell viability were comparable from 12 to 24 h between the 
control group and PM2.5‑exposed groups, following exposure 
to 10‑100 µg/ml PM2.5. However, at 12 to 48 h, the levels of 
cell viability in the groups exposed to 200 and 400 µg/ml 
PM2.5 decreased compared with the control group, as well 
as in the 10‑100 µg/ml groups at 48 h. Thus, results of the 
present study suggested that when used for up to 24 h and at 
100 µg/ml, PM2.5 did not cause toxicity to the HBE135‑E6E7 
cells (Fig. 1).

PM2.5 increases ER stress‑related protein expression, which 
may be reversed by 4‑PBA. To determine whether exposure to 
PM2.5 activated the ER stress pathway, the expression levels 
of ER stress‑related proteins were detected following exposure 
to PM2.5. In addition, western blot analysis was carried out 
to evaluate the protein expression levels of GRP78, CHOP, 
p‑IRE1α, NOD1, ATF6 and p‑PERK in the HBE135‑ E6E7 
cells. As illustrated in Fig. 2, exposure to 100 µg/ml PM2.5 for 
24 h resulted in increased protein expression levels of GRP78, 
CHOP, p‑IRE1α, NOD1, ATF6 and p‑PERK, compared with 
the control groups. Moreover, the expression levels of these 
proteins were significantly decreased following pre‑treatment 
with 4‑PBA, an ER stress inhibitor, compared with the groups 
exposed to PM2.5 alone (Fig. 2).

The IRE1α inhibitor, 4µ8C, exerts suppressive effects on 
the PM2.5‑induced apoptosis of airway epithelial cells. The 
results of a previous study demonstrated that ER stress was 
involved in the apoptosis of various cells (24); however, the 
effects of the inhibition of ER stress‑related pathways on the 
PM2.5‑induced apoptosis of airway epithelial cells remain 
to be fully elucidated. Thus, herein, the HBE135‑E6E7 cells 

Figure 1. Cell viability assayed using a Cell Counting Kit‑8. Cells were exposed 
to various concentrations of PM2.5 (treatment groups were as follows: Control 
without PM2.5, and 10, 50, 100, 200 and 400 µg/ml PM2.5) for various 
periods of time (12, 24 and 48 h). Data are presented as the mean ± SD (n=3 
repetitive holes per group). **P<0.01. PM2.5, fine particulate matter. 
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were exposed to 100 µg/ml PM2.5 alone, or treated with 
5 mmol/l 4‑PBA (an ER stress inhibitor), 200 nmol/l ISRIB 
(a PERK inhibitor), 20 µmol/l Ceapin‑A7 (an ATF6 inhibitor) 
or 10 µmol/l 4µ8C (an IRE1α inhibitor) prior to exposure to 
PM2.5. The results of flow cytometric analysis demonstrated 
that exposure to PM2.5 significantly increased cell apoptosis 
compared with the control group. However, the effects of 
PM2.5 exposure were attenuated by the aforementioned ER 
stress‑related inhibitors, compared with PM2.5 exposure 
alone. Notably, 4µ8C exerted the most potent inhibitory effects 
on PM2.5‑induced apoptosis compared with the other three 
inhibitors, suggesting that the IRE1α signaling pathway may 
play a key role in PM2.5‑induced airway injury (Fig. 3).

PM2.5 promotes the production of airway inflammatory 
cytokines and MUC5AC, which may be mitigated by ER 
stress‑related inhibitors, such as 4µ8C. To determine the role 
of ER stress in PM2.5‑induced airway inflammation and mucus 
hypersecretion, the HBE135‑E6E7 cells were treated with 
matched concentrations of PM2.5, 4‑PBA, ISRIB, Ceapin‑A7 
and 4µ8C. The results of ELISA and RT‑qPCR assays 

demonstrated that PM2.5 significantly promoted the secre‑
tion and expression of IL‑6, TNF‑α and MUC5AC compared 
with the control groups. However, following pre‑treatment 
with ER stress‑related inhibitors, the PM2.5‑induced hyper‑
secretion and overexpression of IL‑6, TNF‑α and MUC5AC 
were significantly decreased in each group (Fig. 4A‑F). The 
inhibitory effects of 4µ8C pre‑treatment on IL‑6 secretion 
were more pronounced than those following 4‑PBA or ISRIB 
pre‑treatment (Fig. 4A); however, the inhibitory effects of 
4µ8C pre‑treatment on IL‑6 mRNA expression were only 
more prominent than those of 4‑PBA pre‑treatment (Fig. 4D). 
Compared with the other three inhibitors, 4µ8C inhibited 
the secretion of TNF‑α and MUC5AC at the highest levels 
(Fig. 4B and C). Moreover, 4µ8C was only superior to 4‑PBA 
in inhibiting the TNF‑α mRNA expression levels (Fig. 4E), 
and was only superior to ISRIB in inhibiting the MUC5AC 
mRNA expression levels (Fig. 4F). The cell immunofluores‑
cence images of MUC5AC revealed that PM2.5 promoted the 
intracellular expression of MUC5AC, which was markedly 
reversed by the four inhibitors mentioned above (Fig. 4G). 
Collectively, the results of the present study demonstrated that 

Figure 2. Expression of endoplasmic reticulum stress‑related proteins in HBE135‑E6E7 cells. Cells were exposed to 100 µg/ml PM2.5, or treated with 
5 mmol/l 4‑PBA prior to PM2.5 exposure. The levels of the aforementioned proteins were measured using western blot analysis. (A) The relative protein 
expression levels of GRP78 and CHOP are depicted as the ratio of each to β‑actin. The relative p‑IRE1α protein expression levels are presented as the ratio 
of p‑IRE1α to IRE1α; β‑actin blots were used as the loading control. (B) The same method was used to indicate the relative expression levels of NOD1 and 
ATF6 proteins. (C) Relative p‑PERK protein expression levels. Data are presented as the mean ± SD (n=3 repeats per group). *P<0.05 and **P<0.01. PM2.5, 
fine particulate matter; 4‑PBA, 4‑phenylbutyric acid; GRP78, glucose‑regulated protein 78; CHOP, CCAAT‑enhancer binding protein homologous protein; 
IRE1α, inositol‑requiring kinase 1α; NOD1, nucleotide‑binding oligomerization domain 1; ATF6, activating transcription factor 6; PERK, protein kinase 
R‑like endoplasmic reticulum kinase; p‑, phosphorylated.
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4µ8C, an IRE1α inhibitor, may exhibit the highest potential 
in inhibiting PM2.5‑induced airway inflammation and mucin 
hypersecretion.

Inhibition of ER stress may alleviate the increase of ROS 
and NF‑κB induced by PM2.5. ROS affects several critical 
aspects of ER stress (25); however, the role of ER stress in 
the PM2.5‑induced overproduction of ROS remains to be 
fully elucidated. In the present study, the results of DCFH‑DA 
staining demonstrated that ROS production was markedly 
increased following exposure to PM2.5, and this effect was 
mitigated following treatment with ER stress inhibitors 
(Fig. 5A). Notably, the inhibitory effects of 4µ8C on ROS were 
more pronounced than those of 4‑PBA (Fig. 5A); however, 
there was no significant difference in the inhibitory effects 
between 4µ8C and ISRIB or Ceapin‑A7. In addition, the 
effects of three ER stress‑related pathways (IRE1α, ATF6 
and PERK) on NF‑κB activation‑nuclear translocation were 
investigated in the present study. As shown in Fig. 5B, PM2.5 
exposure significantly enhanced NF‑κB activation‑nuclear 
translocation, and this was suppressed by the four ER 
stress‑related inhibitors. Notably, 4µ8C, an IRE1α inhibitor, 
inhibited NF‑κB activation‑nuclear translocation at a higher 
level than ISRIB (a PERK inhibitor), Ceapin‑A7 (an ATF6 
inhibitor) and 4‑PBA (an ER stress inhibitor). These results 
demonstrated that IRE1α may play a key role in the regulation 
of NF‑κB activation.

IRE1α regulates NF‑κB via NOD1 in PM2.5‑induced ER 
stress. The results of the present study demonstrated that 
IRE1α exhibited the highest potential in the PM2.5‑induced 
regulation of ER stress and NF‑κB; however, the potential 
signaling cascades of IRE1α remain unclear. NOD1, a newly 
discovered ER stress‑related protein, may interact with IRE1α. 
Firstly, the inhibition efficiency of IRE1α siRNA, NOD1 

siRNA, or NC siRNA was evaluated using RT‑qPCR and 
it was found that compared with control groups, no change 
in IRE1α or NOD1 mRNA levels was observed when the 
HBE135‑E6E7 cells were transfected with NC siRNA alone; 
however, there was a significant decrease in the mRNA levels 
of IRE1α or NOD1 following transfection with IRE1α siRNA 
or NOD1 siRNA alone, and the inhibitory efficiencies reached 
~70% in both cases (Fig. 6A and B). The cells were then 
transfected with IRE1α siRNA, NOD1 siRNA or NC siRNA 
prior to exposure to 100 µg/ml PM2.5. As shown in Fig. 6C, 
the results of western blot analysis demonstrated that exposure 
to PM2.5 promoted the expression of p‑IRE1α, and this was 
not affected by prior transfection with NC siRNA. In addition, 
p‑IRE1α was significantly inhibited following transfection 
with IRE1α siRNA. Notably, results of the western blot anal‑
ysis were comparable with the immunofluorescence intensity 
of IREα in each group (Fig. 6D). These results indicated that 
IRE1α siRNA inhibited the expression and phosphorylation 
of IRE1α. As shown in Fig. 6E, PM2.5 exposure significantly 
increased the protein expression levels of NOD1, compared 
with the control group. There was no significant difference in 
NOD1 expression between the PM2.5 + NC siRNA and PM2.5 
groups. However, pre‑treatment with IRE1α siRNA markedly 
reduced the PM2.5‑induced increase in NOD1 expression, 
indicating that IRE1α modulates NOD1 in PM2.5‑induced ER 
stress. In addition, NOD1 expression was markedly decreased 
in the PM2.5 + NOD1 siRNA group compared with the PM2.5 
group, suggesting that NOD1 siRNA inhibited the expression of 
NOD1. Moreover, following pre‑treatment with C12‑iE‑DAP, 
a NOD1 agonist, there was a significant increase in NOD1 
expression compared with the PM2.5 group. Similar results 
were obtained using immunofluorescence analysis (Fig. 6F). 
In addition, the effects of pre‑treatment with IRE1α siRNA or 
NOD1 siRNA on the PM2.5‑induced NF‑κB activation‑nuclear 
translocation were then investigated. As shown in Fig. 6G, 

Figure 3. Effects of PM2.5, or pre‑treatment with four inhibitors on HBE135‑E6E7 cell apoptosis. Cells were pre‑treated with 4‑PBA (5 mmol/l), ISRIB 
(200 nmol/l), Ceapin‑A7 (20 µmol/l) and 4µ8C (10 µmol/l) for 2 h, and then incubated with 100 µg/ml PM2.5 for 24 h. Flow cytometry was performed to 
examine apoptosis. All data are presented as the mean ± SD of each group (n=3 repeats per group). *P<0.05 and **P<0.01. PM2.5, fine particulate matter; 
4‑PBA, 4‑phenylbutyric acid; ISRIB, integrated stress response inhibitor.
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there was a notable decrease in the activation‑nuclear trans‑
location of NF‑κB in the PM2.5 + IRE1α siRNA or PM2.5 + 
NOD1 siRNA groups, compared with the PM2.5 + NC siRNA 
group. However, pre‑treatment with C12‑iE‑DAP further 

increased the NF‑κB activation‑nuclear translocation induced 
by PM2.5. These results suggested that in PM2.5‑induced 
ER stress, IRE1α may promote the NF‑κB activation‑nuclear 
translocation by increasing the expression of NOD1.

Figure 4. Secretion and mRNA expression levels of IL‑6, TNF‑α and MUC5AC. ELISA was used to detect the levels of inflammatory factors and mucin 
secretion. RT‑qPCR assay was utilized to measure the mRNA expression level of the target protein relative to β‑actin. Cells were pre‑treated with 4‑PBA 
(5 mmol/l), ISRIB (200 nmol/l), Ceapin‑A7 (20 µmol/l) and 4µ8C (10 µmol/l) for 2 h, and then incubated with 100 µg/ml PM2.5 for 24 h. (A) ELISA results 
of IL‑6. (B) ELISA results of TNF‑α. (C) ELISA results of MUC5AC. (D) RT‑qPCR results of IL‑6. (E) RT‑qPCR results of TNF‑α. (F) RT‑qPCR results 
of MUC5AC. (G) Intracellular expression of MUC5AC detected using immunofluorescence at x400 magnification. All data are presented as the mean ± SD 
of each group (ELISA and RT‑qPCR with n=3 repeatsper group, and immunofluorescence with n=3 different field images per group). *P<0.05 and **P<0.01. 
PM2.5, fine particulate matter; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; MUC5AC, mucin 5AC; 4‑PBA, 4‑phenylbutyric acid; ISRIB, integrated 
stress response inhibitor; RT‑qPCR, reverse transcription‑quantitative PCR.
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PM2.5 promotes airway inflammation and mucin production 
through the IRE1α/NOD1/NF‑κB pathway. The results of 
the present study demonstrated that the expression levels of 
IL‑6, TNF‑α, MUC5AC, IRE1α and NOD1 were increased 
following PM2.5 exposure, and IRE1α regulated the activa‑
tion‑nuclear translocation of NF‑κB via NOD1. The results 
of previous studies have demonstrated that NF‑κB plays a 
critical role in regulating airway inflammation and mucus 
hypersecretion (26,27). Therefore, herein, the effects of the 
IRE1α/NOD1/NF‑κB pathway on the expression of inflam‑
matory cytokines and mucin were investigated following 
exposure to PM2.5. As illustrated in Fig. 7A‑F, there was a 
notable decrease in the secretion and mRNA expression of 
IL‑6, TNF‑α and MUC5AC compared with the PM2.5 + 
NC siRNA group, regardless of IRE1α siRNA or NOD1 
siRNA pre‑treatment. However, following pre‑treatment with 
C12‑iE‑DAP, the secretion and mRNA expression of IL‑6, 
TNF‑α and MUC5AC were significantly increased. The 
results of the immunofluorescence analysis demonstrated that 
MUC5AC was markedly attenuated in the PM2.5 + IRE1α 
siRNA and PM2.5 + NOD1 siRNA groups, compared with 
the PM2.5 + NC siRNA group. In addition, the fluorescence 
intensity was markedly increased in the PM2.5 + C12‑iE‑DAP 
group (Fig. 7G), and these results were comparable with those 
obtained using ELISA and RT‑qPCR (Fig. 7A‑F). These 
results suggested that PM2.5 may promote the expression of 

IREα, NOD1 and NF‑κB activation‑nuclear translocation, 
thus, promoting airway inflammation and mucin production.

Discussion

The findings of the present study demonstrated that PM2.5 
activated ER stress‑related proteins, including CHOP, GRP78, 
ATF6, PERK, p‑PERK, IRE1α, p‑IRE1α and NOD1. These 
proteins enhanced the apoptosis of airway epithelial cells, 
resulting in an increase in the levels of ROS, IL‑6, TNF‑α 
and MUC5AC. These increases were significantly alleviated 
following pre‑treatment with ER stress‑related inhibitors, such 
as 4‑PBA, ISRIB, Ceapin‑A7 and 4µ8C. Moreover, the results 
of the present study demonstrated that transfection with IRE1α 
siRNA reduced NOD1, NF‑κB, IL‑6, TNF‑α and MUC5AC 
expression, and transfection with NOD1 siRNA also decreased 
NF‑κB, IL‑6, TNF‑α and MUC5AC expression. C12‑iE‑DAP 
treatment increased the levels of NOD1, NF‑κB, IL‑6, TNF‑α 
and MUC5AC, suggesting that the IREα‑induced promotion 
of NOD1 increased NF‑κB, which may play a role in the 
overproduction of inflammatory cytokines and mucin induced 
by PM2.5.

The results of a previous study demonstrated that various 
particles induce tissue necrosis and cell apoptosis, followed 
by the release of intracellular contents. This may include 
the release of non‑zyme lactate dehydrogenase, which is 

Figure 5. (A) The intracellular ROS generation was determined using DCFH‑DA. (B) The intracellular NF‑κB activation‑nuclear translocation was assayed 
using a specialized kit. All images were detected using a fluorescence microscope at x400 magnification, and the mean gray values were computed using 
ImageJ software. Data are presented as the mean ± SD (n=3 different field images per group). *P<0.05 and **P<0.01. PM2.5, fine particulate matter; ROS, 
reactive oxygen species; 4‑PBA, 4‑phenylbutyric acid; ISRIB, integrated stress response inhibitor. 
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Figure 6. The levels of p‑IRE1α, IRE1α and NOD1 expression, and NF‑κB activation‑nuclear translocation. The cells were transfected with negative control 
(NC) siRNA, IRE1α siRNA or NOD1 siRNA respectively, or were pretreated with 10 µg/ml C12‑iE‑DAP (a NOD1 agonist) for 2 h prior to exposure to 
100 µg/ml PM2.5 for 24 h. (A) The mRNA expression levels of IRE1α relative to β‑actin measured by RT‑qPCR. (B) The mRNA levels of NOD1 relative to 
β‑actin. (C) Relative protein expression levels of p‑IRE1α, detected by western blot, were depicted as the ratio of each group to β‑actin. (D) The expression 
levels of IRE1α, assayed by the immunofluorescence labeled by CY3, were detected using a fluorescence microscope at x400 magnification. (E) Relative 
protein expression levels of NOD1, detected using western blot analysis. (F) The expression levels of NOD1, assayed using immunofluorescence labeled with 
FITC, were detected using a fluorescence microscope at x400 magnification. (G) The intracellular NF‑κB activation‑nuclear translocation, assayed using a 
specialized kit, were also detected using a fluorescence microscope at x400 magnification, and the mean gray values were computed using ImageJ software. 
Data are presented as the mean ± SD (RT‑qPCR and western blot with n=3 repeats per group, and immunofluorescence with n=3 different field images per 
group). *P<0.05 and **P<0.01. RT‑qPCR, reverse transcription‑quantitative PCR; PM2.5, fine particulate matter; IRE1α, inositol‑requiring kinase 1α; NOD1, 
nucleotide‑binding oligomerization domain 1.
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associated with the release of free radicals (28). Subsequently, 
the release of intracellular contents may lead to the recruit‑
ment of inflammatory cells, such as macrophages, monocytes 

and natural killer cells. These cells may secrete TNF‑α, which 
is associated with inflammation in various processes (29). 
PM2.5 is often generated via the burning of coal and diesel 

Figure 7. (A) The secretion levels of IL‑6. (B) The secretion levels of TNF‑α. (C) The secretion levels of MUC5AC. (D) The mRNA expression levels of 
IL‑6. (E) The mRNA expression levels of TNF‑α. (F) The mRNA expression levels of MUC5AC. (G) The intracellular MUC5AC expression determined by 
immunofluorescence microscope at 400x magnification. The secretion levels of IL‑6, TNF‑α and MUC5AC were detected by ELISA. The mRNA expression 
levels of IL‑6, TNF‑α and MUC5AC relative to β‑actin were measured by RT‑qPCR. Cells were transfected with negative control (NC) siRNA, IRE1α siRNA 
or NOD1 siRNA, or were pre‑treated with 10 µg/ml C12‑iE‑DAP (a NOD1 agonist) for 2 h prior to exposure to 100 µg/ml PM2.5 for 24 h. Data are presented 
as the mean ± SD (ELISA and RT‑qPCR with n=3 repeats per group, and immunofluorescence with n=3 images per group). *P<0.05 and **P<0.01. PM2.5, fine 
particulate matter; MUC5AC, mucin 5AC; IRE1α, inositol‑requiring kinase 1α; NOD1, nucleotide‑binding oligomerization domain 1.
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engine exhaust emissions. As the aerodynamic diameter of 
PM2.5 is <2.5 µm (30), a higher proportion of the particles 
are deposited in the lungs where they permeate deep alveoli, 
thus, affecting the respiratory system and potentially entering 
the bloodstream (31). PM2.5 also promotes airway oxida‑
tive stress, inflammation and mucin hypersecretion, which 
may cause long‑term airway damage. At present, research is 
focused on determining the effects of PM2.5 on respiratory 
diseases, such as asthma and COPD. However, the effective‑
ness of current treatment options for PM2.5 remain limited, 
and further investigations are required to determine the 
mechanisms responsible for PM2.5‑induced airway damage.

Previous studies have demonstrated that the ER stress 
response is a fundamental characteristic in numerous inflam‑
matory diseases, and this may activate the unfolded protein 
response (UPR) (32,33). UPR performs an adaptive role in 
protein quality assurance to promote optimal protein synthesis, 
secretion and folding in ER to reverse ER stress (34). In addi‑
tion, ER stress is involved in various airway inflammatory 
diseases, including lung infections, pulmonary fibrosis, asthma 
and COPD (33,35). However, the specific role of ER stress 
in PM2.5‑induced airway injury is not yet fully understood. 
Molagoda et al (36) reported that the inhibition of ER stress 
protected HaCaT human keratinocytes from PM2.5‑induced 
oxidative stress and apoptosis (36), and similar results were 
observed in the present study using HBE135‑E6E7 airway 
epithelial cells. Kim et al (37) revealed that the inhibition of 
ER stress alleviated the lipopolysaccharide‑induced produc‑
tion of inflammatory cytokines in healthy human bronchial 
epithelial cells (37), which was also consistent with the results 
of the present study. The results of previous studies have also 
confirmed that ER stress may be involved in the hypersecre‑
tion of airway mucin (38,39). Notably, the role of ER stress 
in PM2.5‑induced mucin hypersecretion was demonstrated in 
the present study. In summary, ER stress may play a key role in 
PM2.5‑induced airway injury; however, further investigations 
into the specific underlying mechanisms are required.

As ER transmembrane receptors, ATF6, PERK and 
IRE1 are considered the three major signaling pathways in 
maintaining ER homeostasis, and function differently in the 
pathogeneses of various airway diseases (40‑42). On the one 
hand, p‑PERK promotes the phosphorylation of eukaryotic 
translation initiation factor 2α (eIF2α), inhibiting the transcrip‑
tion of numerous proteins. On the other hand, IRE1 and ATF6 
may localize in the nucleus and enhance the transcription of 
UPR chaperone proteins, such as GRP78, to enhance folding 
capacity and decimate misfolded proteins for relieving ER 
stress (43). As previously demonstrated, in a PM2.5‑exposed 
macrophage cell line, UPR was mediated by the PERK‑eIF2α 
axis (44). However, in human airway epithelial cells, IRE1 and 
ATF6 play a major role in mucin hypersecretion (7,13). These 
results suggest that the importance of the three aforementioned 
ER stress‑related signaling pathways may vary under different 
conditions. Notably, IRE1 exists in two isoforms; namely, 
IRE1α and IRE1β. IRE1α may be expressed in numerous cell 
types; however, IRE1β is restricted to epithelial cells, mainly in 
the gastrointestinal tract (45). The present study demonstrated 
that 4µ8C, only inhibiting one of the pathways in the process 
of ER stress, had a more potent inhibitory effect than 4‑PBA 
inhibiting ER stress as a whole. The reason for this result may 

be that 4µ8C inhibits only one pathway of ER stress, which is 
more targeted and specific compared to 4‑PBA. The inhibition 
of three pathways by 4‑PBA may result in a weak inhibitory 
effect on each pathway. The IRE1α pathway may be more 
crucial in promoting PM2.5‑induced ER stress. The results of 
a previous study confirmed that IRE1α promoted NF‑κB by 
increasing X‑box‑binding protein 1, which plays a key role in 
the inflammatory response of airway epithelial cells (46). The 
results of the present study demonstrated that ATF6, PERK 
and IRE1α exert specific regulatory effects on PM2.5‑induced 
apoptosis and the overproduction of ROS, IL‑6, TNF‑α and 
MUC5AC; however, IRE1α exhibited a greater regulatory 
potential. Moreover, in homeostatic states, GRP78 is attached 
to the specific domains of ATF6, PERK and IRE1α to prevent 
them from activation. Under conditions of stress, GRP78 is 
redirected to unfolded proteins of the ER, activating the three 
transducers (47). In addition, CHOP controls the intricate 
interaction between the adaptive and apoptotic branches of the 
UPR (48). Therefore, both GRP78 and CHOP exhibit potential 
as ER stress markers. Collectively, the results of previous 
studies and those of the present study indicated that GRP78 
and CHOP may be elevated in the airway under the influence 
of various stimuli, including ovalbumin, lipopolysaccharide, 
house dust mites or PM2.5 (49,50).

Among the multitudinous airway cells, epithelial cells 
serve as a physical barrier between the body and the external 
environment, and activate the inflammatory response to 
external stimuli (51). Epithelial cells express numerous pattern 
recognition receptors, including Toll‑like receptors (TLRs), 
NOD1 and NOD2, to identify different external triggers, 
producing chemokines and cytokines (52). A previous study 
demonstrated that IRE1α activated TLR2, TLR4 and NF‑κB 
for involvement in ER stress caused by bacteria and mycobac‑
teria (53). Notably, the results of a previous study demonstrated 
that NOD1 and NOD2, which play roles in detecting bacterial 
peptidoglycan, may also transduce ER stress signals to trigger 
inflammation (54). Keestra‑Gounder et al (12) demonstrated 
that IRE1α activation promoted NOD1 and NOD2 to mediate 
the inflammatory branch of the UPR. The present study 
further demonstrated that PM2.5 activated IREα, promoted 
NOD1 and enhanced NF‑κB to overproduce airway inflam‑
mation and mucin. However, further studies are required to 
focus on further verifying the effects of ER stress on ROS, 
inflammatory factors and mucin production, and determine 
the regulatory role of the IRE1α/NOD1/NF‑κB pathway in 
animal models of PM2.5‑induced lung injury. Moreover, 
further investigations into the mutual promotion mechanism 
between IRE1α and NOD1 in ER stress are warranted.

In conclusion, the results of the present study suggested that 
ER stress was involved in PM2.5‑induced apoptosis, and the 
overproduction of ROS, inflammatory cytokines and mucin in 
airway epithelial cells. Furthermore, the IRE1α/NOD1/NF‑κB 
pathway may play a critical role in airway inflammation 
and mucin hypersecretion caused by PM2.5. Blocking the 
IRE1α/NOD1/NF‑κB pathway may exhibit potential in the 
treatment of airway damage.
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