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Abstract. Endoplasmic reticulum (ER) stress is an important 
reaction of airway epithelial cells in response to various 
stimuli, and may also be involved in the mucin secre‑
tion process. In the present study, the effect of ER stress 
on neutrophil elastase  (NE)‑induced mucin (MUC)5AC 
production in human airway epithelial cells was explored. 
16HBE14o‑airway epithelial cells were cultured and 
pre‑treated with the reactive oxygen species (ROS) inhibitor, 
N‑acetylcysteine (NAC), or the ER stress chemical inhibitor, 
4‑phenylbutyric acid (4‑PBA), or the cells were transfected 
with inositol‑requiring kinase 1α (IRE1α) small interfering 
RNA (siRNA) or X‑box‑binding protein 1 (XBP1) siRNA, 
respectively, and subsequently incubated with NE. The 
results obtained revealed that NE increased ROS production 
in the 16HBE14o‑cells, with marked increases in the levels 
of ER stress‑associated proteins, such as glucose‑regulated 
protein 78 (GRP78), activating transcription factor 6 (ATF6), 
phosphorylated protein kinase R‑like endoplasmic reticulum 
kinase (pPERK) and phosphorylated (p)IRE1α. The protein 

and mRNA levels of spliced XBP1 were also increased, and 
the level of MUC5AC protein was notably increased. The ROS 
scavenger NAC and ER stress inhibitor 4‑PBA were found to 
reduce ER stress‑associated protein expression and MUC5AC 
production and secretion. Further analyses revealed that 
MUC5AC secretion was also attenuated by IRE1α and XBP1 
siRNAs, accompanied by a decreased mRNA expression 
of spliced XBP1. Taken together, these results demonstrate 
that NE induces ER stress by promoting ROS production in 
16HBE14o‑airway epithelial cells, leading to increases in 
MUC5AC protein production and secretion via the IRE1α and 
XBP1 signaling pathways.

Introduction

Mucin (MUC)5AC is a major component of gel‑forming 
mucus in human airways, which is understood to contribute 
to various functions, ranging from lubrication to hydration. 
Mucins, including MUC5AC, are secreted in the airways both 
at a low baseline rate and at a high, stimulated rate. Under 
healthy conditions, the constant  baseline level of mucin 
secretion supports the steady‑state mucociliary clearance 
of inhaled particles and pathogens that enter the airways 
during breathing  (1). During the progression of chronic 
airway diseases, particularly during acute exacerbations, 
massive levels of acidic viscous mucin have been shown to be 
produced in a rapid burst phase (2,3). Once stimulated with 
mucus‑promoting factors, a significant and rapid increase in 
both MUC5AC mRNA and protein expression in goblet cells 
results in an excessive accumulation of unfolded MUC5AC 
protein in the endoplasmic reticulum (ER) lumen. Previous 
studies have focused predominantly on the molecular mecha‑
nisms underlying MUC5AC gene transcription and protein 
synthesis (4,5). However, the mechanisms through which the 
protein load capacity of the ER may be improved, and those 
through which protein folding and the handling efficiency of 
the ER may be increased, remain unclear; thus, further experi‑
ments are required to elucidate the underlying mechanisms.

An excessive level of mucin synthesis results in an 
accumulation of misfolded proteins in the ER, a condition 
termed as ‘ER stress’, which triggers a compensatory cellular 
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response termed as the ‘unfolded protein response’ (UPR) (6). 
The aim of the UPR is to reverse ER stress by enhancing 
the protein secretion ability of the ER, as well as increasing 
the capacity of the ER for protein folding and processing. 
However, whether factors promoting MUC5AC production are 
able to induce ER stress, and the effect of ER stress‑signaling 
pathways on the regulation of the production of airway 
MUC5AC, have yet to be elucidated. It has been reported that 
the overproduction of interleukin (IL)‑13 and allergen‑induced 
MUC5AC is partly dependent on ER stress (7); however, the 
underlying molecular signaling mechanisms have not yet 
been fully elucidated. Previous studies have demonstrated 
that the ER‑stress transducer, inositol‑requiring kinase 1α 
(IRE1α), is required for normal secretory protein metabolism 
and cytokine production (8,9).

In the present study, neutrophil elastase (NE) was 
selected to induce MUC5AC mRNA and protein expression. 
The aim of the present study was to investigate the role of 
ER stress in NE‑regulated MUC5AC expression, ultimately 
to better understand the mechanisms of airway mucus secre‑
tion. The results obtained may aid in the identification of 
therapeutic strategies with which to alleviate airway mucus 
hypersecretion.

Materials and methods

Cells and reagents. The immortalized human bronchial 
epithelial cell line, 16HBE14o‑, was provided by Procell Life 
Science & Technology. Small interfering RNA (siRNA) for 
IRE1α, X‑box‑binding protein 1 (XBP1) and control siRNA 
were obtained from Santa Cruz Biotechnology, Inc. The 
IRE1α siRNA sequence was: GGA​CGU​GAG​CGA​CAG​AAU​
Adtdt and the XBP1 siRNA sequence was: GCC​UGU​CUG​
UAC​UUC​AUU​Ctt. Mouse anti‑human β‑actin monoclonal 
antibody (cat.  no.  sc‑517582), as well as goat anti‑rabbit 
IgG‑HRP (cat. no. sc‑2004) and goat anti‑mouse IgG‑HRP 
(cat. no. sc‑2005) antibodies were purchased from Santa Cruz 
Biotechnology, Inc. Rabbit anti‑human phosphorylated (p‑)
protein kinase R‑like endoplasmic reticulum kinase (PERK) 
monoclonal antibody (Thr‑980) (no. AP328) was obtained from 
the Beyotime Institute of Biotechnology. Rabbit anti‑human 
polyclonal antibodies against glucose‑regulated protein 78 
(GRP78) (cat. no. ab230508), PERK (cat. no. ab77654), acti‑
vating transcription factor 6 (ATF6; cat. no. ab37149), IRE1α 
(cat. no. ab37073), p‑IRE1α (Ser724; cat. no. ab48187) and 
XBP1 {cat. no. ab37152; note that this antibody recognizes 
both active spliced  (XBP1s) and inactive unspliced XBP1 
[XBP1(u)]} were purchased from Abcam. The reactive oxygen 
species (ROS) assay and MTT cell viability kits were obtained 
from the Beyotime Institute of Biotechnology. The human 
MUC5AC ELISA kit was purchased from R&D Systems, Inc. 
Mouse anti‑human MUC5AC monoclonal antibody was from 
Neomarkers, Inc. 4‑Phenylbutyric acid (4‑PBA), an ER‑stress 
inhibitor, and N‑acetylcysteine (NAC), an inhibitor of ROS, 
were obtained from Merck KGaA. XtremeGENE siRNA 
transfection reagent was obtained from Roche Diagnostics. 
Microplate readers were from Tecan Group, Ltd. The confocal 
laser scanning microscopy  was purchased from Leica 
Microsystems GmbH, whereas the fluorometer was from 
Molecular Devices, LLC.

Cell viability assay. The appropriate concentration of NE was 
determined using an MTT assay, as previously described (10). 
Briefly, a total of 1x104/ml cells  in 200 µl cell suspension 
was seeded into each well of a 96‑well plate. The cells were 
subsequently treated with 25, 50, 100 or 200 ng/ml NE, and 
incubated at 37˚C in an atmosphere of 5% CO2. Cell viability 
was determined using an MTT assay, according to the manu‑
facturer's instructions. At 8, 12, 24, 36 and 48 h following 
treatment, 20 µl 5 mg/ml MTT were added to each well, and 
the cells were incubated at 37˚C for a further 4 h. The superna‑
tants were subsequently discarded, and dimethyl sulfoxide was 
added (150 µl/well). The plate was then placed on an orbital 
shaker at room temperature for 15 min. The absorbance was 
read at 570 nm using a microplate reader (sunrise F039300; 
Tecan Group, Ltd.).

Cell transfection. The immortalized human bronchial epithe‑
lial cell line 16HBE14o‑was used in these experiments. The 
cells were incubated at a density of 1.5x105/ml in 24‑well 
plates, and cultured with 0.45  ml serum‑free RPMI‑1640 
in each well. siRNA transfection reagent (5 µl) was diluted 
with 45 µl serum‑free medium to reach a final volume of 
50 µl. Aliquots (1 µg) of IRE1α siRNA, XBP1 siRNA or 
control siRNA were diluted with 50 µl serum‑free medium. 
Subsequently, the diluted siRNA and transfection reagent were 
mixed and incubated for a further 20 min at room temperature. 
The transfection mixture was added in a drop‑wise manner 
to each well, and vortex‑mixed gently for 10 sec, followed 
by an incubation at room temperature for 16 h. After care‑
fully removing the supernatant, the cells were washed 3 times 
with PBS and subsequently incubated with fresh RPMI‑1640 
medium containing 10% fetal bovine serum, prior to further 
treatment with 100 ng/ml NE for a further 24 h.

Cell culture and grouping. The 16HBE14o‑cells were grown in 
RPMI‑1640 medium and incubated at 37˚C in an atmosphere 
of 5% CO2 in a humidified incubator. The cells were grouped 
as follows: i) The control group, where cells were cultured 
under normal conditions without any additional interventions; 
ii) the NE group, where cells were treated with 100 ng/ml NE; 
iii) the NE and 4‑PBA group, where cells were pre‑treated with 
10 mmol/l 4‑PBA, as previously described (11), for 30 min prior 
to NE exposure; iv) the NE and NAC group, where cells were 
pre‑treated with 3 mmol/l NAC, as previously described (12), 
for 30 min prior to NE exposure; v) the NE and control siRNA 
group, where cells were treated with NE following transfec‑
tion with control siRNA; vi) the NE and IRE1α siRNA group, 
where cells were treated with NE following transfection with 
IRE1α siRNA; and vii) the NE and XBP1 siRNA group, where 
cells were treated with NE following transfection with XBP1 
siRNA. After grouping, all the cells were incubated at 37˚C 
for a further 24 h subsequent to further experiments being 
performed.

Measurement of ROS production. The 16HBE14o‑cells 
were treated with various concentrations of NE (25, 50 and 
100 ng/ml) for 24 h, and the ROS detection assay kit was then 
used to measure intracellular oxidative stress, according to 
the manufacturer's instructions. The collected cells were incu‑
bated with serum‑free medium‑diluted DCFH‑DA (1:1,000; 
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final concentration, 10 µmol/l) at a density of 5x106/ml for 
20 min in the dark at 37˚C. After washing with serum‑free 
medium, the ROS fluorescence intensity was observed using a 
fluorometer (Flexstation 3; Molecular Devices, LLC).

Quantification of MUC5AC protein expression by ELISA. The 
cell culture supernatants and 16HBE14o‑cells were collected 
separately. Cell lysates at multiple dilutions (1:0, 1:1, 1:2 
and 1:5) were prepared with phosphate‑buffered saline (PBS). 
MUC5AC protein expression in the culture supernatants and 
cytoplasm were measured following the instructions provided 
with the ELISA kit. Optical densities were measured at 450 nm 
(Flexstation 3; Molecular Devices, LLC), and the results are 
expressed as percentages of the baseline controls.

Quantification of protein expression by western blot analysis. 
Total protein was isolated from the cells using RIPA buffer 
reagent containing PMSF. Total protein was determined by 
BCA assay. The total protein of each sample was 40 µg. Protein 
samples were separated on a 5‑10% SDS‑PAGE gel, and the 
separated proteins were then transferred onto a polyvinylidene 
difluoride (PVDF) membrane. Subsequent to being blocked 
with PBS containing 0.05% Tween‑20 and 5% skimmed milk 
for 1 h, the membranes were incubated for 2 h at room temper‑
ature with antibodies against GRP78, p‑PERK, PERK, ATF6, 
p‑IRE1α, IRE1α, XBP1 (all dilution, 1:500) and β‑actin ( dilu‑
tion, 1:500). After washing, the membrane was incubated with 
an HRP‑conjugated secondary antibody (dilution, 1:1,000) 
for 2 h at room temperature. Peroxidase activity was detected 
using an enhanced chemiluminescence  (ECL) reagent 
(Applygen Technologies Inc.). The relative band density of 
the target protein compared with β‑actin was quantified using 
Quantity One Analysis software (Bio‑Rad Laboratories, Inc.).

Quantification of XBP1 mRNA expression by reverse 
transcription‑quantitative PCR (RT‑qPCR). Total RNA was 
isolated from the cultured 16HBE14o‑cells in each group 
using TRIzol® reagent. The RNA samples were stored 
at ‑20˚C following initial quantification. RT‑qPCR analysis 
of XBP1s mRNA levels was performed using a two‑step 
RT‑PCR kit according to the manufacturer's instructions. The 
specific primers for PCR were as follows: XBP1s forward, 
5'‑GGAGTTAAGACAGCGCTTGG‑3' and reverse, 5'‑GTC​
AAT​ACC​GCC​AGA​ATC​C‑3'; and GAPDH forward, 5'‑GGG​
AAG​GTG​AAG​GTG​GGA​GTG‑3' and reverse, 5'‑AGC​AGA​
GGG​GGC​AGA​GAT​GAT‑3'. The amplification process was 
performed for 40  cycles under the following conditions: 
Pre‑denaturation at 95˚C for 10 min; denaturation at 95˚C for 
35 sec; annealing at 56˚C for 55 sec, and extension at 72˚C 
for 3 min. The relative mRNA levels of XBP1s were analyzed 
using the 2‑ΔΔCq method (13).

Quantification of MUC5AC expression by immunofluorescence 
assay. The 16HBE14o‑cells were seeded on glass coverslips in 
24‑well plates at a density of 1x105/ml, and fixed with 4% para‑
formaldehyde at room temperature for 30 min. Subsequently, 
the cells were permeabilized with 0.1% Triton X‑100 for 15 min 
and were blocked with goat serum for 45 min. The cells were 
then incubated with 150 µl primary monoclonal antibody against 
MUC5AC (mouse anti‑human; dilution, 1:200) overnight at 4˚C, 

followed by incubation in fluorescein isothiocyanate‑conju‑
gated secondary antibody for 1 h. Cell nuclei were stained with 
propidium iodide (PI) for 5 min, and images were captured 
using a fluorescence confocal microscope (TCS‑SP2; Leica 
Microsystems GmbH). Finally, the relative fluorescence inten‑
sity of the cells was analyzed using Image Pro Plus software 6.0.

Statistical analysis. All data are presented as the means ± SD. 
Statistical analyses were performed with SPSS 17.0 software 
(SPSS, Inc.). All experiments were performed with at least 
6 cell cultures, in duplicate or triplicate. One‑way analysis of 
variance (ANOVA) was used followed by Bonferroni analysis. 
A value of P<0.05 was considered to indicate a statistically 
significant difference.

Results

Cell viability upon incubation with NE. To select the proper 
concentration and treatment duration for NE incubation, various 
concentrations of NE (25, 50, 100 and 200 ng/ml) were used 
for the treatment of the cells. MTT assay was used to detect the 
absorbance from 8 to 36 h in each group. MTT assay revealed 
similar levels of cell viability from 8 to 36 h between the 
control group and the NE‑treated groups following treatment 
with 25‑100 ng/ml NE, indicating that exposure to NE within 
this concentration range up to 36 h was essentially non‑toxic to 
the 16HBE14o‑cells. However, treatment with 200 ng/ml NE 
for 36‑48 h evidently reduced cell viability (P<0.05) (Fig. 1). 
Therefore, 100 ng/ml NE was selected as the intervention condi‑
tion.

NE promotes ROS production. ER stress may be activated 
by ROS; therefore, the levels of ROS production in cells 
were detected following incubation with NE. The production 
of ROS in the cultured 16HBE14o‑cells was detected using 
DCFH‑DA. The results revealed a significant increase in 
ROS production in the NE treatment group compared with 
the control group. Furthermore, the production of ROS was 
found to increase with the increasing NE concentration; ROS 
production in the 100 ng/ml NE treatment group was found 
to be markedly higher, as compared with the negative control 
group (Fig. 2).

ROS activates the UPR and increases the expression of ER 
stress‑related proteins. To investigate whether NE activates 
the ER stress pathway, the levels of ER stress‑related proteins 
were assayed following NE stimulation. Western blot analysis 
was performed to examine the p‑PERK, p‑IRE1α, ATF6 and 
GRP78 protein expression levels in the 16HBE14o‑cells. As 
shown in Fig. 3, the protein expression levels of p‑PERK, 
p‑IRE1α, ATF6 and GRP78 were significantly increased 
following treatment of the cells with 100  ng/ml NE (all 
P<0.01). To further explore the involvement of ROS in the 
NE‑induced increase in the expression of ER‑related proteins, 
the 16HBE14o‑cells were pre‑incubated with NAC, an inhib‑
itor of ROS. It was found that NAC markedly attenuated the 
NE‑induced upregulation in the protein expression of p‑PERK, 
p‑IRE1α, ATF6 and GRP78 (all P<0.01). These data demon‑
strated that the generation of ROS was primarily involved in 
NE‑induced ER stress‑associated protein production. When 
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the cells were pre‑treated with the ER stress inhibitor, 4‑PBA, 
the protein expression levels of p‑PERK, p‑IRE1α, ATF6 and 
GRP78 were also markedly decreased, compared with the 
group treated with NE only (all P<0.01).

XBP1s expression is increased by NE stimulation, and 
may be suppressed by treatment with NAC and 4‑PBA. To 
assess whether XBP1 is involved in the NE‑induced process, 
RT‑qPCR and western blot analysis were performed to examine 
the mRNA and protein expression levels of XBP1s in the 
16HBE14o‑cells. The ROS scavenger, NAC, and the ER stress 
inhibitor, 4‑PBA, were used to verify the probable signaling 
factors. The results obtained revealed significant increases in 
the mRNA and protein levels of XBP1s in the 16HBE14o‑cells 
incubated with 100 ng/ml NE (Figs. 4C and 5A). Moreover, 
such increases induced by NE were markedly attenuated by 
pre‑treatment with either the ROS scavenger, NAC, or the ER 
stress inhibitor, 4‑PBA (all P<0.01; Figs. 4C and 5A), suggesting 
that NE may increase XBP1 expression, and that this may be 
mediated via ROS generation and ER stress activation.

XBP1 expression levels are reduced following transfection 
with IRE1α siRNA, XBP1 siRNA. To further evaluate the role 
of XBP1 and whether IRE1α is responsible for XBP1 activa‑
tion, the cells were further transfected with IRE1α siRNA, 
XBP1 siRNA or negative control siRNA, and subsequently 
stimulated with NE. The transfection efficiency was verified 
by detecting the protein expression levels of IRE1α and XBP1 
by western blot analysis following transfection. The antibody 
to XBP1 used in the experiment is able to recognize total 
XBP1 protein including both isoforms (inactive non‑spliced 
and active spliced) of XBP1. The results obtained revealed 
that minimal IRE1α protein was detected in the IRE1α 
siRNA‑transfected cells. In addition minimal XBP1 protein 
(both unspliced and spliced form) was detected in the XBP1 
siRNA‑transfected cells, confirming the successful transfec‑
tion (Fig. 4A and B). Following NE stimulation, the XBP1s 
mRNA and protein expression levels were significantly 
decreased in the cells transfected with IRE1α and XBP1 

siRNA, compared with the normal control siRNA‑transfected 
cells (all P<0.01; Figs. 4D and 5B). These results demonstrate 
that IRE1α may be responsible for XBP1 activation.

The IRE1α‑XBP1 pathway is involved in NE‑induced MUC5AC 
expression. In order to measure the mucin content during path‑
ological conditions, the major airway mucin MUC5AC protein 
and mRNA expression were assayed following NE stimulation. 
The roles of the ROS and ER stress pathways in the process of 
MUC5AC production were also assessed by pre‑treating the 
cells with NAC and 4‑PBA. The results revealed that the expo‑
sure of 16HBE14o‑cells to 100 ng/ml NE led to an increase 
in MUC5AC protein production in both the supernatant and 
cytoplasm, although these increases in the level of MUC5AC 
protein were clearly attenuated by pre‑treatment with NAC or 
4‑PBA (P<0.01) (Fig. 6A), indicating that oxidative stress and 
ER stress may be involved in the MUC5AC production process. 
Moreover, to investigate whether IRE1α and XBP1 participate 
in the MUC5AC production, the cells were transfected with 
IRE1α siRNA or XBP1 siRNA prior to NE stimulation. The 
data indicated that NE‑induced MUC5AC mRNA expression 
and protein production were significantly decreased in both 
the supernatant and cytoplasm (P<0.01; Fig. 6B). The results 
of immunofluorescence assay revealed that MUC5AC staining 
was  diminished in all the experimental groups that were 
pre‑treated with NAC or 4‑PBA, or transfected with IRE1α 
or XBP1 siRNA, when compared with the NE‑treated group 
(P<0.01; Fig. 7). Taken together, these results suggest that 
the IRE1α/XBP1 pathway may be involved in NE‑induced 
MUC5AC expression.

Discussion

In the present study, it was demonstrated that NE stimulation 
resulted in the activation of the ER stress‑associated proteins, 
PERK, IRE1α and ATF6, and MUC5AC mucin secretion. 
Treatment with the ROS scavenger, NAC, and the ER stress 
inhibitor, 4‑PBA, led to a decrease in ER stress‑associated 
protein expression and MUC5AC production. In addition, it 
was observed that MUC5AC secretion was notably reduced 
by the knockdown of XBP1 expression through IRE1α siRNA 

Figure 2. Effect of NE on ROS generation in 16HBE14o‑cells. Cells were 
treated with various concentrations of NE for 24 h, and the generation of ROS 
was detected using a ROS detection kit. Data are presented as the means ± SD 
(n=8 per group). *P<0.05 vs. control (0 ng/ml); #P<0.01 vs. control (0 ng/ml). 
NE, neutrophil elastase; ROS, reactive oxygen species.

Figure 1. Proliferation of cells detected by MTT assay. Cells were exposed 
to various concentrations of NE (treatment groups were as follows: Negative 
control, and 25, 50, 100 and 200 ng/ml NE) for different periods of time (8, 
12, 24, 36 and 48 h). Data are presented as the means ± SD (n=8 per group). 
*P<0.05 vs. 100 ng/ml NE group for 36 h; #P<0.01 vs. 100 ng/ml NE group for 
48 h. NE, neutrophil elastase.
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and XBP1 siRNA transfection, suggesting that ER stress 
signaling, particularly that involved with the IRE1α‑XBP1 
pathway, may play an important role in MUC5AC production 
induced by NE.

Airway mucus hypersecretion is a major pathophysiolog‑
ical feature in numerous patients with chronic inflammatory 
airway diseases. NE is a serine protease secreted by neutro‑
phils that is highly expressed in the airway secretions of 
these patients (14). It is recognized as a potent and significant 
agonist that gives rise to MUC5AC overexpression and mucin 
hypersecretion (15,16). A previous study demonstrated that 
NE‑induced MUC5AC mRNA and protein expression was 
associated with various signaling molecular and pathways that 
involve the activation of protein kinase C (PKC), epidermal 
growth factor receptor (EGFR) and mitogen‑activated protein 
kinase (MAPK) (17). In the present study, the potential role 
of ER stress induced by NE in the secretion of airway mucin 
was investigated, and the results obtained may provide novel 
insight into the mechanisms and regulation of airway mucin 
secretion; these findings may also lead to the identification 
of additional therapeutic strategies to alleviate airway mucus 
hypersecretion.

ER stress is an important reaction of airway epithelia in 
response to noxious stimuli. Various stimuli involving hypox‑
emia (18), oxidative stress (19), infection (20‑22), cigarette 

smoke (23,24) and hyperglycemia (25) can disrupt ER func‑
tion, resulting in the accumulation of unfolded and misfolded 
proteins in the ER lumen, a condition known as ER stress (26). 
The ER is mainly responsible for synthesizing, folding and 
processing secretory and transmembrane proteins correctly. 
Previous studies have confirmed that ER stress is involved in 
the occurrence and progression of airway inflammation and 
various pulmonary diseases, including chronic obstructive 
pulmonary disease (COPD), asthma and cystic fibrosis (27,28).

ROS are one of the major factors causing ER stress (29,30). 
Moreover, it is an important inducing factor in airway 
inflammation and mucin secretion (31). In the present study, 
intracellular ROS levels, as well as the protein levels of the 
ER chaperone, GRP78, p‑PERK, p‑IRE1α, ATF6 and XBP1s, 
were significantly increased by NE exposure, suggesting that 
NE can trigger both oxidative and ER stress. Subsequently, 
co‑treatment with NAC, a ROS scavenger, significantly attenu‑
ated the production and activation of the above‑mentioned 
ER stress‑associated proteins. Taken together, all these 
results indicate that NE‑induced ER stress is, at least partly, 
ROS‑dependent.

ER stress activates a complex signaling network referred 
as the UPR to reduce ER stress and restore homeostasis (32). 
Generally, the UPR is initiated by three ER stress transducers: 
PERK, IRE1 and ATF6. In unstressed cells, IRE1, PERK and 

Figure 3. Expression of endoplasmic reticulum stress‑related proteins in 16HBE14o‑cells. Cells were exposed to 100 ng/ml NE or pre‑treated with NAC and 4‑PBA 
prior to NE exposure. GRP78, PERK, p‑PERK, IRE1α, p‑IRE1α, and ATF6 proteins were assayed by western blot analysis. (A) Relative GRP78 protein expression 
levels are presented as the ratio of GRP78 to β‑actin. (B) Relative p‑PERK protein expression levels are presented as the ratio of p‑PERK to PERK, β‑actin blots 
are for the loading control. (C) Relative p‑IRE1α protein expression levels are presented as the ratio of pIRE1α to IRE1α, β‑actin blots are for the loading control. 
(D) Relative ATF6 protein expression levels are presented as the ratio of ATF6 to β‑actin. Data are presented as the means ± SD (n=4 samples per group). *P<0.01 
vs. negative control; #P<0.01 vs. the NE group. NE, neutrophil elastase; NAC, N‑acetylcysteine; ATF6, activating transcription factor 6; 4‑PBA, 4‑phenylbutyric 
acid; GRP78, glucose‑regulated protein 78; IRE1α, inositol‑requiring kinase 1α; p, phosphorylated; PERK, protein kinase R‑like endoplasmic reticulum kinase.
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Figure 4. Protein expression of IRE1α and XBP1 in 16HBE14o‑cells. (A) Cells were transfected with IRE1α siRNA or negative control siRNA, IRE1α protein was 
assayed by western blot analysis. Relative IRE1α protein expression levels are presented as the ratio of IRE1α to β‑actin. Data are presented as the means ± SD (n=4 
samples per group). *P<0.01 vs. negative control and control siRNA (B) Cells were transfected with XBP1 siRNA or negative control siRNA, XBP1 protein was 
assayed by western blot analysis. Relative XBP1(s) protein expression levels are presented as the ratio of XBP1(s) to β‑actin. Relative XBP1(u) protein expression 
levels are presented as the ratio of XBP1(u) to β‑actin. Data are presented as the means ± SD (n=4 samples per group). *P<0.01 vs. negative control and control siRNA. 
(C) Cells were exposed to 100 ng/ml NE or pre‑treated with NAC and 4‑PBA prior to NE exposure. XBP1 protein was assayed by western blot analysis. Data are 
presented as the means ± SD (n=4 samples per group). *P<0.01 vs. negative control; #P<0.01 vs. the NE group. (D) Cells were transfected with IRE1α siRNA or 
XBP1 siRNA, and then incubated with 100 ng/ml NE. Relative XBP1(s) protein expression levels are presented as the ratio of XBP1(s) to β‑actin. Relative XBP1(u) 
protein expression levels are presented as the ratio of XBP1(u) to β‑actin. Data are presented as the means ± SD (n=4 samples per group). #P<0.01 vs. the NE + control 
siRNA group. IRE1α, inositol‑requiring kinase 1α; NE, neutrophil elastase; NAC, N‑acetylcysteine; 4‑PBA, 4‑phenylbutyric acid; XBP1, X‑box‑binding protein 1; 
XBP1(s), spliced XBP1; XBP1(u), unspliced XBP1.

Figure 5. Expression of spliced XBP1 mRNA in 16HBE14o‑cells. (A) Cells were exposed to 100 ng/ml NE or pre‑treated with NAC and 4‑PBA prior to 
NE exposure. XBP1(s) was evaluated by reverse transcription‑quantitative PCR. (B) Cells were transfected with IRE1α siRNA or XBP1 siRNA prior to 
exposure to NE. Data are presented as the means ± SD (n=4 samples per group). *P<0.01 vs. control; #P<0.01 vs. NE group. NE, neutrophil elastase; NAC, 
N‑acetylcysteine; IRE1α, inositol‑requiring kinase 1α; 4‑PBA, 4‑phenylbutyric acid; XBP1, X‑box‑binding protein 1; XBP1(s), spliced XBP1.
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ATF6 remain in an inactive state through association with 
GRP78 (33). Three pathways, namely the IRE1/XBP1 pathway, 
the PERK/eIF2α pathway and the ATF6/CHOP pathway, 
collectively constitute the ER‑specific UPR (34). Upon the ER 
receiving a stress stimulus, these UPR transducers are dissoci‑
ated from GRP78, and subsequently become activated. PERK 
is activated by the autophosphorylation of its kinase domain, 
which leads to the subsequent phosphorylation of eukary‑
otic initiation factor 2 substrate α  (eIF2α), specifically at 
Ser51. IRE1α dimerization and autophosphorylation activates 
its RNase activity to splice XBP1 mRNA, thereby generating 
the mature spliced form of XBP1 known as XBP1s (35). It has 
been reported that XBP1s is a key initiator of ER stress‑induced 
protein expression (36‑38). IRE‑XBP1 signaling is one of the 
most important pathways in ER stress, which is involved in 
numerous pathological processes, including tumor growth, 
metastasis and inflammation (35,39).

IRE1 has two isoforms, IRE1α and IRE1β. IRE1α is 
ubiquitously expressed, whereas IRE1β is limited to the epithe‑
lial cells, mainly at the gastrointestinal tract (40). Previous 
studies have demonstrated that the IRE1α pathway is required 
for normal secretory protein metabolism (8). Park et al (41) 
have reported that kaempferol alleviates ovalbumin‑induced 
airway mucus hypersecretion by inhibiting the activation of 

IRE1α and c‑Jun N‑terminal kinase in human bronchial airway 
epithelial BEAS‑2B cells. It is therefore possible to propose that 
an IRE1α‑XBP1 dependent signaling cascade is involved in the 
synthesis and secretion of MUC5CA. To examine this hypoth‑
esis, siRNA was used to silence the IRE1α and XBP1 genes. 
The results obtained demonstrated that both siRNAs caused a 
significant decrease in the mRNA and protein level of XBP1s, 
which was accompanied by decreases in MUC5AC synthesis 
and secretion. It has been reported that IRE1β, the other specific 
isoform of IRE1, was able to directly induce mucin production 
in Calu‑3 cells by promoting XBP1 mRNA splicing‑dependent 
transcription of AGR2, which was not mediated by an ER‑stress 
response (6). Furthermore, IRE1α‑dependent XBP1 mRNA 
splicing was found to be involved in the secretion of airway 
MUC5AC in the present set of experiments, suggesting a vital 
role of XBP1 in the IRE1 pathway.

XBP1 is a basic leucine zipper constitutional protein 
which belongs to the cAMP response element binding protein 
(CREB)/activating transcription factors (ATF) family (42). It 

Figure 6. MUC5AC protein production in 16HBE14o‑cells. (A) Cells were 
exposed to 100 ng/ml NE or pre‑treated with NAC and 4‑PBA prior to NE 
exposure. (B) Cells were transfected with IRE1α siRNA or XBP1 siRNA 
prior to exposure to NE. MUC5AC protein in the supernatant and in the cyto‑
plasm were detected by ELISA. Data are presented as the means ± SD (n=4 
samples per group). *P<0.01 vs. control; #P<0.01 vs. NE group. NE, neutro‑
phil elastase; NAC, N‑acetylcysteine; IRE1α, inositol‑requiring kinase 1α; 
4‑PBA, 4‑phenylbutyric acid; XBP1, X‑box‑binding protein 1; MUC, mucin. Figure 7. Intracellular MUC5AC expression in 16HBE14o‑cells. 

(A) MUC5AC was detected by immunofluorescence and confocal micros‑
copy. Cell nuclei were stained with propidium iodide (red fluorescence). 
(B) The fluorescence intensities are expressed as the IOD/area. IOD/area 
values were calculated using Image pro‑plus‑6.0 software. *P<0.01 vs. control; 
#P<0.01 vs. NE group. NE, neutrophil elastase; NAC, N‑acetylcysteine; 
4‑PBA, 4‑phenylbutyric acid; MUC, mucin.



XU et al:  ER STRESS/XBP1 PROMOTES MUCIN SECRETION8

is involved in several normal physiological processes, and is 
an important component of the UPR. In the UPR after ER 
stress, XBP1s functions as a transcription factor to initiate the 
expression of many target genes that regulate the unfolding 
of proteins  (43). In a previous study, XBP1 was reported 
as one of the MUC5AC‑associated core genes in healthy 
nonsmokers with high MUC5AC expression (44). In the present 
study, the human bronchial epithelial 16HBE14o‑cell line was 
used, and cells that were cultured in vitro were subsequently 
exposed to NE. The results revealed that MUC5AC secre‑
tion was reduced following transfection with XBP1 siRNA, 
indicating that XBP1 may be indispensable for MUC5AC 
production under NE‑induced ER stress. It will be interesting 
to examine the potential transcriptional effects of XBP1 on 
mucin secretion in human airways featuring other stimuli, 
such as smoke or fine particles.

Moreover, 4‑PBA, an inhibitor of ER stress, was found 
to significantly decrease the expression of MUC5AC, and 
IRE1α siRNA also markedly reduced (but did not completely 
inhibit) the expression of MUC5AC, indicating that other ER 
stress‑associated proteins may also be involved in airway 
mucus secretion through XBP1. Indeed, all the three pathways 
that participate in ER stress have been shown to interact with 
each other. For example, XBP1 mRNA can be induced by 
ATF6, and ATF6 expression can be enhanced by PERK (45). 
A recent study reported that ATF6 and XBP1 may reduce 
colorectal cancer cell proliferation and stemness by activating 
PERK‑eIF2α signaling (46). The limitation of the present study 
is that animal experiments in vivo were not performed for veri‑
fication; only the ER stress inhibitor, 4‑PBA, was used while no 
specific inhibitors of PERK, ATF6 or IRE1α were used. Among 
the three branches of the UPR, PERK is a most widely studied 
pathway with numerous functions (47). It seems difficult to act 
as a relatively specific blocking target. The expression of ATF6 
was relatively weak in the present study, suggesting that the 
role of ATF6 may be less important. IRE1α‑dependent XBP1 
splicing will lead to production of the XBP1 transcription 
factor, this is also an important ER stress signaling pathway. 
MUC5AC expression in the human small airway epithelium 
was linked to several mucus production/secretion‑related 
transcription factors including XBP1. Therefore, the present 
study mainly focused on the IRE1α/XBP1 pathway. However, 
further studies still need to be performed. The authors aim to 
establish animal models and select specific inhibitors or RNA 
interference for PERK and ATF6 in the future, in order to fully 
elucidate the underlying mechanism(s).

In conclusion, the present study demonstrates that ER 
stress is involved in NE‑induced MUC5AC secretion in human 
airway epithelial cells, and that this is achieved mainly through 
the activation of the IRE1α and XBP1 signaling pathways.
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