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Abstract. Recent studies have indicated that high-mobility 
group box 1 protein (HMGB1) and the receptor for advanced 
glycation end-products  (RAGE) contribute to the patho-
genesis of asthma. However, whether the activation of the 
HMGB1/RAGE axis mediates airway epithelial barrier 
dysfunction remains unknown. Thus, the aim of this study was 
to examine the effects of HMGB1 and its synergistic action 
with interleukin (IL)-1β on airway epithelial barrier properties. 
We evaluated the effects of recombinant human HMGB1 alone 
or in combination with IL-1β on ionic and macromolecular 
barrier permeability, by culturing air-liquid interface 16HBE 
cells with HMGB1 to mimic the differentiated epithelium. 
Western blot analysis and immunofluorescence staining were 
utilized to examine the level and structure of major junction 
proteins, namely E-cadherin, β-catenin, occludin and claudin-1. 
Furthermore, we examined the effects of RAGE neutralizing 
antibodies and mitogen-activated protein kinase  (MAPK) 
inhibitors on epithelial barrier properties in order to elucidate 
the mechanisms involved. HMGB1 increased FITC-dextran 
permeability, but suppressed epithelial resistance in a dose- 
and time-dependent manner. HMGB1-mediated barrier 
hyperpermeability was accompanied by a disruption of cell-
cell contacts, the selective downregulation of occludin and 
claudin-1, and the redistribution of E-cadherin and β-catenin. 
HMGB1 in synergy with IL-1β induced a similar, but greater 

barrier hyperpermeability and induced the disruption of junc-
tion proteins. Furthermore, HMGB1 elicited the activation 
of the RAGE/extracellular signal-related kinase  (ERK)1/2 
signaling pathway, which correlated with barrier dysfunction 
in the 16HBE cells. Anti-RAGE antibody and the ERK1/2 
inhibitor, U0126, attenuated the HMGB1-mediated changes in 
barrier permeability, restored the expression levels of occludin 
and claudin-1 and pevented the redistribution of E-cadherin 
and β-catenin. Taken together, the findings of our study 
demonstrate that HMGB1 is capable of inducing potent effects 
on epithelial barrier function and that RAGE/ERK1/2 is a key 
signaling pathway involved in the crosstalk between forma-
tions of junction proteins and epithelial barrier dysfunction.

Introduction

Asthma is a syndrome composed of heterogeneous inflam-
matory disorders of the respiratory tract, characterized by 
airflow obstruction. The bronchial epithelium is central to the 
pathogenesis of asthma and plays a role in immune regulation 
during the initiation of allergic responses (1). Epithelial barrier 
function is dependent on cellular integrity, as well as on the 
coordinate expression and interaction of proteins in cellular 
junctional complexes, including apical tight junctions (TJs) 
and adherens junctions  (AJs)  (2,3). Apical TJs are mainly 
comprised of the interacting proteins, occludin and claudins. 
The AJ, comprised of E-cadherin and catenins, has been 
implicated in the assembly and maintenance of TJs. It has been 
suggested that airway epithelial barrier function is compro-
mised in asthma. Previous findings have revealed structural 
abnormalities in the apical junctional complexes of asthmatics, 
compared with those in healthy subjects  (4). The junction 
proteins are considered to be the gatekeepers responsible for 
different aspects of airway epithelial barrier function (5,6,38). 
These structural and functional abnormalities of junction 
proteins may lead to enhanced signaling between the epithe-
lium, and the underlying immune and structural cells.

High-mobility group box 1 protein (HMGB1), a nuclear 
DNA-binding protein, participates in a number of patho-
logical processes. It is secreted into the extracellular milieu 
and functions as a pro-inflammatory cytokine (7). There is 
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accumulating evidence that HMGB1 is involved in various 
pathological processes, including inflammatory disorders of 
the respiratory tract (8-10). In a previous study, we examined 
the expression levels of HMGB1 in plasma and induced 
sputum from patients with asthma and explored the association 
between HMGB1 and lung function (11). It has been demon-
strated that HMGB1 plays a potential role in the development 
of asthma (8,10,11); however, the exact role of HMGB1 in the 
pathogenesis of asthma its and mechanisms of action remain 
to be elucidated. Both HMGB1 and the receptor for advanced 
glycation end-products (RAGE) contribute to the pathogenesis 
of asthma (12-16). Blocking HMGB1 activity has been shown 
to decrease the magnitude of the allergic response in a mouse 
model of asthma induced by either house dust mite (HDM) 
extract or to ovalbumin (OVA) (12-16). RAGE knockout mice 
have also been shown to exhibit attenuated airway hypersensi-
tivity, eosinophilic inflammation and airway remodeling (15). 
To date, to the best of our knowledge, there are no studies 
available on the role of the HMGB1/RAGE axis in epithelial 
barrier function.

Interleukin (IL)-1β is a prototypical, multifunctional cyto-
kine which plays a crucial role in the inflammatory process in 
chronic lung diseases (17). Previous studies have reported that 
HMGB1 in synergy with IL-1β enhances pro-inflammatory 
responses in immune cells (18,19). Furthermore, the results of 
one of our previous studies provided evidence that HMGB1 in 
synergy with IL-1β promoted cytokine release in the human 
bronchial epithelial cell line, 16HBE (20). However, avail-
able data regarding the specific effects exerted by HMGB1 
in combination with IL-1β on epithelial barrier function are 
limited.

Therefore, in the present study, we aimed to examine the 
effects of HMGB1 on epithelial barrier structure and func-
tion, and to characterize the possible mechanisms responsible 
for these modulatory properties. Our findings indicated 
that HMGB1 not only increased barrier permeability, but 
also selectively disrupted the expression of occludin and 
claudin-1, and stimulated the redistribution of E-cadherin 
and β-catenin through the RAGE/extracellular signal-related 
kinase (ERK)1/2 signaling pathway. In addition, the presence 
of IL-1β may facilitate the HMGB1-induced dysfunction of the 
epithelial barrier.

Materials and methods

Epithelial cell culture. The human bronchial epithelial cell 
line, 16HBE14o- (16HBE), was used in this study (provided 
by Professor Yiguo Jiang of Guangzhou Medical University, 
Guangzhou,China). The 16HBE cells, a differentiated SV-40 
transformed bronchial epithelial cell line, were used due to the 
highly characteristic intercellular adhesions [Wan et al (21)]. 
The 16HBE cells were cultured in 12-well Transwell inserts 
(Corning  Costar, Corning, NY, USA) or dishes  (Nest 
Scientific  USA, Rahway, NJ, USA) coated with 30  g/ml  
collagen and 10 g/ml bovine serum albumin (BSA) in Dulbecco's 
modified Eagle's medium (DMEM; Gibco Life Technology Co., 
Shanghai, China), containing 10%  fetal calf serum  (FCS; 
Gibco/Invitrogen, Carlsbad, CA, USA). At 80-90% confluence, 
the cells were passaged and seeded at a density of 104-105 cells/
cm2 for use in the experiments. After 4 days, confluent mono-

layers of 16HBE cells were starved for 24 h in serum-free 
DMEM; they were then stimulated with human recombinant 
HMGB1 (Sigma-Aldrich, Shanghai, China) at 400  ng/ml  
for 0, 1, 6, 12, 24 or 48  h, or stimulated with HMGB1 
at 100, 200 and 400  ng/ml for 24  h. The cells were also 
treated other mediators and inhibitors in starvation medium, 
namely anti-RAGE antibody  (5  µg/ml; Merck Millipore, 
Darmstadt, Germany), the ERK1/2 tyrosine kinase inhibitor, 
U0126  (10 µM; Cell Signaling Technology, Danvers, MA, 
USA), the PI3K tyrosine kinase inhibitor, LY294002 (25 µM; 
Cell Signaling Technology) and the JNK kinase inhibitor, 
SP600125 (25 µM; Cell Signaling Technology) for 6 h prior 
to stimulation with HMGB1. The cells were also treated with 
HMGB1 (100 ng/ml) and/or IL-1β (2.5 ng/ml) to examine the 
synergistic effects.

Measurement of transepithelial electrical resistance (TER) 
and assessment of epithelial barrier function. Epithelial 
barrier function was assessed by measuring TER and fluores-
cein isothiocyanate (FITC)-dextran flux across the monolayers 
of cultured epithelial cells. Confluent monolayers of 16HBE 
cells, polarized at an air-liquid interface, were cultured 
in 12-well Transwell inserts (Corning  Costar). TER was 
measured using a Millicell ERS-2 Epithelial Volt-Ohm meter 
with an STX01 electrode (Millipore Corp., Billerica, MA, 
USA), and the levels were normalized to those prior to stimu-
lation with HMGB1 or medium only. FITC-dextran 4 kDa 
(Sigma‑Aldrich) was added to the upper chamber followed 
by incubation for 2 h at 37˚C before the liquid from both 
chambers was removed. The paracellular flux was assessed 
by taking 100 µl aliquots from both chambers to measure 
the real-time changes in permeability across epithelial cell 
monolayers. Fluorescence was measured in these samples 
using a fluorescent plate reader (Tecan Infinite M200; Tecan 
Group Ltd., Männedorf, Switzerland). The rates of FITC-
dextran permeability were regularized to the ratio between 
the cells stimulated with HMGB1 and medium only (control), 
which was denoted by Pa/Pc.

Immunofluorescence microscopy. Non-immune mouse 
immunoglobulin (Serotec, Oxford, UK) was used as a 
negative control. Following PBS washes, the cells were 
incubated with a secondary antibody, Alexa Fluor 488-goat-
anti-mouse (Invitrogen), for 1 h at room temperature, in the 
dark. All antibody dilutions were made with 3% BSA/PBS at 
the optimal dilution, according to the manufacturer's instruc-
tions. Following further washes, the nuclear counterstain, 
7-amino-actinomycin D was added, followed by incubation 
for 10 min at room temperature in the dark and further PBS 
washes.

The cell monolayers grown on glass bottom cell culture 
dishes (Nest Scientific USA) were fixed in 3% paraformalde-
hyde at room temperature for 30 min before washing with PBS 
(Invitrogen). They were then incubated with 0.2% Triton X-100 
in PBS for 10 min, and rinsed again with PBS. The cells were 
blocked with 5% skim milk in PBS for 2 h. The membranes 
were then incubated overnight with a primary antibody at 
4˚C in PBS with 3% BSA, rabbit anti‑E‑cadherin (sc‑7870) 
and rabbit anti-β-catenin (sc‑7199; all from Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Following PBS washes, 
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the cell monolayers were incubated with a secondary antibody, 
FITC (green)-linked anti-rabbit IgG (Invitrogen), for 1 h at 
room temperature in the dark. The cell nuclei were stained 
with 4',6-diamidino-2-phenylindole dihydrochloride (Sigma-
Aldrich) for 5 min. A laser scanning confocal microscope 
(Olympus, Tokyo, Japan) was used to examine the distribution 
of E-cadherin in the 16HBE cells.

Western blot analysis. The cells were harvested and washed 
twice with ice-cold PBS, lysed for 30 min in a cell lysis buffer 
(KeyGen  Biotech, Nanjing, China) containing a protease 
inhibitor, calcineurin inhibitors and PMSF; they were then 
centrifuged at 12,000 x g for 15 min at 4˚C. The protein prod-
ucts were normalized and boiled with standard sodium dodecyl 
sulfate (SDS) sample buffer; the proteins were then subjected to 
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred 
onto polyvinylidene fluoride membranes. The membranes were 
blocked for 2 h in 5% skim milk at room temperature, and incu-
bated with primary antibodies at 4˚C overnight. The antibodies 
utilized were as follows: rabbit anti‑E‑cadherin (sc‑7870), rabbit 
anti-β-catenin (sc‑7199), rabbit anti-occludin (sc-5562), and 
rabbit anti-claudin-1 (sc-28668) antibodies (from Santac Cruz 
Biotechnology); rabbit anti-phosphorylated (p-)p38 mitogen-acti-
vated protein kinase (MAPK) (p38) (4511), rabbit anti-total-p38 
(8690), rabbit anti‑p-ERK1/2 (4370), rabbit anti‑total‑ERK1/2 
(4695), rabbit anti‑p‑c‑Jun N-terminal kinase  (JNK; 4668), 
rabbit anti-total‑JNK (8690), rabbit anti-p-Akt (12178) and 
rabbit anti-total-Akt (4685) antibodies (all from Cell Signaling 
Technology); and mouse anti-RAGE antibody (MAB10040; 
from Merck Millipore, Darmstadt, Germany) After washing 
with TBS 0.1%/Tween-20 (Sigma-Aldrich), the membranes were 
incubated for 2 h at room temperature with a secondary anti-
body: an ECL-anti‑rabbit or mouse IgG HRP-linked antibody 
from Cell Signaling Technology. The immunoreactive bands 
were detected using the enhanced chemiluminescence (ECL) 
system (Weijia Technology Co., Ltd., Guangzhou, China). The 
cells were treated with 400 ng/ml HMGB1 for 0, 1, 3, 6, 12, 24 
and 48 h. The protein expression of Toll-like receptor (TLR)2 
(12276), TLR4 (13674), and RAGE was detected by western blot 
analysis.

Statistical analysis. Statistical analysis was performed using 
SPSS software, version 17.0. The data are expressed as the 
means ± standard error (SE) and analyzed using two-way analysis 
of variance (ANOVA) to test for significant differences between 
the control and treatment time curves in the epithelial resistance 
measurements. In addition, the comparisons among groups were 
evaluated using one-way ANOVA, accompanied by a Bonferroni 
post hoc test for multiple comparisons. A P-value <0.05 was 
considered to indicate a statistically significant difference.

Results

HMGB1 induces an increase in ionic and macromolecular 
barrier permeability
Ionic barrier permeability. Initially, the effects of HMGB1 on 
ionic barrier permeability in monolayers of 16HBE cells were 
examined. The effects of HMGB1 on ionic barrier permea-
bility were manifested in a concentration- and time-dependent 
manner. The effects on TER in the 16HBE cells stimulated 

with HMGB1 (400 ng/ml) for increasing periods of time are 
shown in  Fig.  1A. Stimulation with HMGB1  (400  ng/ml) 
induced a decrease in TER, starting at 6 h; the TER continued 
to gradually decrease over time, and the maximum decrease 
in TER was observed at 48 h. The cells were then stimulated 
for 24 h in a culture medium containing HMGB1 at concentra-
tions of 100, 200 or 400 ng/ml. We found that stimulation with 
HMGB1 decreased the TER in a concentration-dependent 
manner. Stimulation with 400 ng/ml HMGB1 induced a more 
significant decline in TER than the other two lower concentra-
tions (P<0.05; Fig. 1C). These findings indicate that HMGB1 at 
a high concentration has the ability to induce marked changes 
in ionic barrier permeability.

Macromolecular barrier permeability. In addition to its 
effects on ionic barrier permeability, HMGB1 also increased 
macromolecular transmission. We found that stimulation with 
HMGB1 induced an augmentation in macromolecular perme-
ability to FITC-labeled 4-kDa dextran. Concentration- and 
time-dependent changes in FITC-dextran permeability were 
also observed (Fig. 1B and D). The 16HBE cell monolayers, 
stimulated with 400  ng/ml HMGB1 for 48  h, exhibited a 
>50% increase in macromolecular permeability compared 
with the controls treated with medium only (P<0.05; Fig. 1B). 
HMGB1 at a concentration of 400 ng/ml exerted a significant 
effect on barrier permeability; hence, this concentration of 
HMGB1 was used in the subsequent experiments examining 
the mechanisms responsible for the effects of HMGB1.

HMGB1-mediated disruption in the expression and redis-
tribution of junction proteins. To elucidate the mechanisms 
responsible for the HMGB1-induced barrier dysfunction, 
we examined whether the changes in barrier function were 
paralleled by changes in the expression levels of intercellular 
junction proteins. Firstly, we stimulated the 16HBE cells with 
100, 200 or 400 ng/ml HMGB1 or culture medium for 24 h. 
Only the concentration of 400 ng/ml HMGB1 had an effect 
on the expression of junction proteins, and it caused a signifi-
cant decrease in the protein expression levels of occludin and 
claudin-1. However, western blot analysis revealed no signifi-
cant changes in the protein levels of E-cadherin and β-catenin 
in the cultures stimulated with 400 ng/ml HMGB1 (Fig. 2A). 
The epithelial cell monolayers were then stimulated with 
400 ng/ml HMGB1 for 1, 6, 12, 24 and 48 h. Western blot 
analyses also revealed similar changes in TJ and adhesion 
junction proteins in response to stimulation with HMGB1. 
Western blot analysis revealed that there were no differences 
in the protein levels of E-cadherin and β-catenin between the 
HMGB1-stimulated cells and the control cells within 48 h. 
However, stimulation with HMGB1 induced a time-dependent 
decrease in the levels of occludin and claudin-1, which was 
already detectable within 24 h of exposure in the 16HBE cells; 
a more significant decrease in these levels was observed at 
48 h (Fig. 2B). These changes were in accordance with those 
observed for ion and macromolecular barrier permeability.

Surprisingly, no similar changes in the expression levels of 
E-cadherin and β-catenin were observed in our study. The results 
of western blot analysis indicated that HMGB1 had no effect on 
the expression of these two adhesion junction proteins in the 
16HBE cells (Fig. 2A and B). However, immunofluorescence 
staining revealed the redistribution of E-cadherin from the cell 
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membrane to the cell plasma and the disruption of β-catenin 
in the HMGB1-stimulated 16HBE cells  (Fig.  2C  and  D), 
suggesting that the expression of E-cadherin and β-catenin may 
also be affected by HMGB1, and that the redistribution of these 
proteins was the principal effect.

Involvement of the RAGE/ERK cascade in HMGB1-induced 
barrier dysfunction and modification of junction proteins. To 
elucidate the mechanisms responsible for the HMGB1-induced 
dysfunction of the epithelial barrier, we hypothesized that 
HMGB1 receptors, including RAGE, TLR2 and TLR4, as well 
as downstream MAPK signaling, may contribute to this type 
of barrier dysfunction. Western blot analysis was performed to 
measure the expression levels of TLR2, TLR4, RAGE, down-
stream MAPK signaling [p38 MAPK (p38), JNK and ERK] and 
PI3K/Akt signaling in the 16HBE cells stimulated with 400 ng/ml 
HMGB1 for different periods of time. Our results demonstrated 
that the expression of RAGE began to increase significantly at 
1 h, sustained a high level within 12 h, and decreased mark-
edly at 24 h following stimulatoin with HMGB1. However, no 
significant changes in the protein levels of TLR2 and TLR4 
were observed following stimulation with HMGB1 (Fig. 3A). In 
line with this finding, HMGB1 increased the threonine/tyrosine 
phosphorylation of JNK, ERK and Akt, and this effect was 
noticeable at 5, 6 and 7 h, respectively (Fig. 3B).

Previous studies have reported that HMGB1 and RAGE 
contribute to immune and inflammatory responses (7,10,12,13); 
thus, we hypothesized that the RAGE signaling pathway may 
be involved in HMGB1-induced defects in epithelial barrier 
function. RAGE antibody had no significant effect on resting 
TER or the basal permeability to FITC-dextran. As expected, 

pre-treatment with RAGE antibody (5 µg/ml) substantially atten-
uated the HMGB1-induced decrease in TER and the increase 
in FITC-dextran permeability, compared with the HMGB1-
stimulated group (Fig. 4A and B). We then investigated whether 
the inhibition of MAPK and PI3K/Akt signaling alleviates the 
HMGB1-induced dysfunction of the epithelial barrier. Treatment 
of the 16HBE cells with the ERK1/2 tyrosine kinase inhibitor, 
U0126, significantly reversed the HMGB1-induced changes in 
TER and FITC-dextran permeability (Fig. 4C and D); however, 
no such effects were observed when the cells were treated with 
the PI3K tyrosine kinase inhibitor, LY294002, and the JNK 
kinase inhibitor, SP600125 (Fig. 4E-H). We also found that 
ERK1/2 downstream signaling was dependent on RAGE, as the 
HMGB1-induced p-ERK1/2 response was suppressed by treat-
ment with anti-RAGE antibody (Fig. 5A).

Treatment with the ERK1/2 tyrosine kinase inhibitor, 
U0126, considerably reversed the HMGB1-induced changes in 
TER and FITC dextran permeability; we examined its effect on 
the HMGB1-induced downregulation of occludin and claudin-1. 
Western blot analysis revealed a significant decrease in the 
expression of occludin and claudin-1 in the cell cultures stimu-
lated with HMGB1; these effects were substantially inhibited 
by U0126 (Fig. 5B). As shown in our above-mentioned experi-
ments, the redistribution of proteins was the principal effect of 
the HMGB1-induced disruption of E-cadherin and β-catenin. 
We assessed the distribution of adhesion junction proteins 
in response to HMGB1 stimulation and pre-treatment with 
U0126. In the control cells, immunostaining for E-cadherin 
and β-catenin exhibited a similar plasma membrane distribu-
tion. Although stimulation with HMGB1 promoted a loss of 
immunostaining for E-cadherin and the disruption of β-catenin 

Figure 1. Time- and concentration-dependent effects of high‑mobility group box 1 protein (HMGB1) on airway epithelial barrier function. 16HBE cells were 
seeded in 12-well Transwell inserts, grown for 3-5 days, and serum-deprived overnight. (A and B) To investigate the time-dependent effects, epithelial cell 
monolayers were treated with 400 ng/ml HMGB1 or medium only (n=6 experiments). (C and D) To examine the concentration-dependent effect, the epithelial 
cell monolayers were treated with 100, 200 and 400 ng/ml HMGB1, or medium for 24 h (n=6 experiments). (A and C) Transepithelial electrical resistance (TER) 
was measured with ERS-2, and the levels of TER were normalized to those prior to stimulation with HMGB1 or medium only (control); (B and D) the rates of 
FITC-dextran permeability were normalized to the ratio between HMGB1 and the medium only (control) stimulation, which was denoted by Pa/Pc. P-values were 
calculated using the ANOVA test. #P<0.05 vs. control.
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staining at cell junctions, these effects were prevented by treat-
ment with U0126 (Fig. 5C and D). Therefore, it is possible that 
RAGE/ERK1/2 signaling contributes to the HMGB1-induced 
dysfunction of the epithelial barrier.

HMGB1 in synergy with IL-1β enhances the effects on epithelial 
barrier dysfunction. Previous research has demonstrated that 
HMGB1, by forming specific complexes with damage‑associ-
ated molecular patterns (DAMPs) and cytokines, has greater 

Figure 2. High-mobility group box 1 protein (HMGB1) causes considerable changes in the expression and distribution of junction proteins. 16HBE cells were seeded 
in 12-well Transwell inserts, grown for 3-5 days, and serum-deprived overnight. Total cell lysates were prepared and E-cadherin, β-catenin, occludin and claudin-1 
were detected by western blot analysis. (A) 16HBE cells were treated with 100, 200 or 400 ng/ml HMGB1, or with medium only for 24 h. Only the concentration of 
400 ng/ml HMGB1 induced a significant decrease in junction protein expression among the 3 concentrations used, and it selectively downregulated the expression 
of occludin and claudin-1. (B) 16HBE cells were stimulated with 400 ng/ml HMGB1 for 0, 6, 12, 24 or 48 h. Western blot analysis revealed that the expression of 
E-cadherin and β-catenin was unaltered following stimulation with HMGB1, and the expression levels of occludin and claudin-1 were lower following stimulation 
with HMGB1 for 24 and 48 h. (C and D) 16HBE cells were exposed to 100 or 400 ng/ml HMGB1 or medium only for 24 h and E-cadherin and β-catenin were 
detected by immunofluorescence staining. Immunofluorescence staining revealed the redistribution of E-cadherin from the cell membrane to the cell plasma and the 
disruption of β-catenin in the HMGB1-stimulated 16HBE cells. Representatives of 3 independent experiments are displayed. Scale bar, 50 mm. #P<0.05 vs. control.
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pro-inflammatory activity than HMGB1 alone (18,19). Our 
previous study confirmed that HMGB1 in synergy with IL-1β 
enhanced cytokine release in 16HBE cells (20). In this study, 
we wished to determine whether there was a similar effect on 
barrier function. As shown in Fig. 6A, HMGB1 (100 ng/ml) 
in synergy with IL-1β  (2.5 ng/ml) exerted a more signifi-
cant effect on TER, compared to the effects observed with 
stimulation with HMGB1 alone. A 2-fold increase in the 
permeability to FITC-dextran was induced by stimulation 
with HMGB1 (100 ng/ml) in combination with IL-1β, while 
only a slight increase in this parameter was induced by stimu-
lation with HMGB1 alone (P<0.05; Fig. 6B). The synergistic 
effects on epithelial barrier dysfunction were also confirmed 
by analyzing the expression of junction proteins. Western blot 
analyses revealed that HMGB1 (100 ng/ml) in combination 
with IL-1β did not have a major effect on the E-cadherin and 
β-catenin protein expression levels over the 24‑h treatment 
period; however, there was a decrease in the protein expression 
levels of occludin and claudin-1 (Fig. 6C). Immunofluorescence 
staining of the16HBE cells for E-cadherin indicated a redistri-
bution of staining from the membrane to the cytoplasm when 
the cells were stimulated with either HMGB1 or HMGB1 in 
synergy with IL-1β (Fig. 6D). On the other hand, the intensity of 
β-catenin staining at the cell junctions was reduced following 
stimulation with HMGB1, and junctional localization became 
irregular and disrupted by HMGB1 (100 ng/ml) in synergy 
with IL-1β (Fig. 6E), correlating with a functional alteration in 
the epithelial barrier function. These results demonstrated that 
the HMGB1-induced dysfunction of the epithelial barrier was 
enhanced by IL-1β.

Discussion

To the best of our knowledge, this is the first study to demon-
strate that HMGB1 increases the airway epithelial barrier 
permeability in a concentration- and a time-dependent manner, 
selectively downregulating the TJ proteins, occludin and 
claudin-1, and redistributing the AJ proteins, E-cadherin and 
β-catenin. HMGB1 in synergy with IL-1β further promoted the 
dysfunction of the epithelial barrier. Furthermore, RAGE and 
ERK1/2 were associated with the HMGB1-mediated disruption 
of intercellular junction proteins. This study demonstrated that 
HMGB1 damaged the airway epithelial barrier, which may 
contribute to the pathogenesis of asthma.

In the present study, we selected the airway epithelial cell line 
16HBE to assess the effects of HMGB1 and HMGB1 in synergy 
with IL-1β on barrier properties. Compared with the effects on 
barrier function at different anatomic sites (22-24), HMGB1 
induced extensive changes in the cell-cell contact integrity and 
the expression of both TJ and AJ proteins, which is similar to the 
findings in the model of bronchial barrier disruption induced by 
TNF-α (25). However, other cytokines such as IL-1, IL-4, IL-10 
and vascular endothelial growth factor (VEGF) decrease barrier 
permeability function with no apparent extensive influence on 
junction proteins (26). The data presented herein support the 
view that HMGB1 is another crucial cytokine that is capable of 
inducing striking structural and functional effects on the func-
tion of the airway epithelial barrier in vitro.

In this study, we demonstrated that HMGB1 in synergy with 
IL-1β further enhanced the disruption of the epithelial barrier, 
which was in accordance with the fact that HMGB1 in combina-

Figure 3. High-mobility group box 1 protein (HMGB1) induces the activation of the receptor for advanced glycation end-products (RAGE)/extracellular 
signal‑regulated kinase (ERK)1/2 pathway in 16HBE cells. The cells were stimulated with 400 ng/ml HMGB1 for the indicated periods of time. (A) The protein 
expression of Toll-like receptor (TLR)2, TLR4 and RAGE was detected by western blot analysis. HMGB1 only increased the protein expression level of RAGE. 
(B) The activation of 3 mitogen-activated protein kinase (MAPK) pathways [phosphorylated (p-)MAPK/total (t-)MAPK: p-ERK, t-ERK, p-p38 MAPK (p38), 
t-p38, p-c-Jun N-terminal kinase (JNK) and t-JNK] and phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways ws detected by western blot analysis at 
the indicated time points. HMGB1 induced ERK1/2, Akt and JNK phosphorylation, but did not alter p38 phosphorylation. Representatives of the 3 independent 
experiments are shown.
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tion with IL-1β elicited the release of inflammatory cytokines 
more effectively than either molecule alone. Our previous study 
demonstrated that HMGB1 in synergy with IL-1β increased 
IL-8 expression in human airway epithelial cells (20). However, 
the mechanisms through which HMGB1 enhances barrier 
dysfunction by forming complexes remain unclear. A possible 

explanation for this may be that HMGB1 is required to bind the 
molecules which promote inflammation, such as IL-1β, in order 
to enhance cytokine production, much of which was shown to 
play a role in maintaining epithelial barrier function.

Being a typical DAMP molecule, HMGB1 initiates cellular 
responses by interacting with a number of different cell surface 

Figure 4. Blockade of the receptor for advanced glycation end-products (RAGE)/extracellular signal-regulated kinase (ERK)1/2 pathway attenuates high-mobility 
group box 1 protein (HMGB1)-induced epithelial barrier dysfunction in 16HBE cells. (A and B) To ascertain that the barrier dysfunction was mediated by 
RAGE, 16HBE cells were treated with or without anti-RAGE antibody (5 µg/ml) for 1 h prior to stimulation with HMGB1 for 24 h (n=6 experiments) and then 
the transepithelial electrical resistance (TER) and FITC-dextran permeability were measured. To determine that barrier dysfunction depended on the activation 
of mitogen-activated protein kinases (MAPKs) or phosphatidylinositol 3-kinase (PI3K)/Akt signaling, TER and FITC-dextran permeability were measured (n=6 
experiments) after the 16HBE cells were treated with or without the related signaling inhibitors: [(C and D) U0126 (ERK inhibitor, 10 µM), (E and F) LY294002 
(PI3K/Akt inhibitor, 25 µM)], and (G and H) SP600125 (JNK inhibitor, 25 µM)], prior to stimulatoin with HMGB1 for 24 h. The levels of TER were normalized 
to those prior to HMGB1 or medium only (control) stimulation, and the levels of the FITC‑dextran permeability were normalized to the ratio between HMGB1 
and medium only (control) stimulation, which was denoted by Pa/Pc. P-values were calculated  using the ANOVA test. *P<0.05 vs. control; #P<0.05 vs. stimulation 
with 400 ng/ml HMGB1.
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receptors, such as TLR2, TLR4 and RAGE (27). In the present 
study, the expression of RAGE was upregulated in response to 
HMGB1. However, no changes were observed in the expres-
sion of TLR2 and TLR4. In line with the results of our study, 
the blockade of RAGE with anti-RAGE antibody reduced 
the epithelial barrier hyperpermeability induced by HMGB1, 
suggesting that RAGE may be involved in the HMGB1-induced 
barrier disruption.

The MAPK-ERK1/2 pathway plays key roles in the aber-
rant distribution of E-cadherin in models of HDM- or cigarette 
smoke extract-induced epithelial disruption  (28-30); this 
evidence was also supported by the findings of our previous 
study using an animal model of toluene diisocyanate (TDI)-
induced asthma (31). In the present study, we also showed 
that U0126, an ERK1/2 inhibitor, significantly inhibited the 
HMGB1‑induced disruption of the airway epithelial barrier. 
Furthermore, the HMGB1-mediated phosphorylation of 
ERK1/2 may be prevented by the suppression of RAGE activity, 
using an anti-RAGE IgG. These data support the assumption 
that the RAGE/ERK1/2 pathway may be a key factor in the 
crosstalk between the formation of junction proteins and 
epithelial permeability barrier dysfunction.

Notably, in this study, U0126 also enhanced the expression 
of the TJ proteins, occludin and claudin-1. The reason for this 
remains unclear; however, ERK1/2 has been shown to interact 
with the C-terminal region of occludin and to mediate the 
H2O2‑induced disruption of TJs (32).

To date, the role of HMGB1 in asthma has been considered 
complex, and much remains to be clarified. HMGB1 displays a 
wide range of immunological roles in addition to its cytokine-
inducing effects, and may thus be considered as an alarm that 
alerts the human defense system of an impending danger (33). 
In the present study, the bronchial epithelium was highlighted 
as a crucial target of HMGB1. The dysregulation of junctional 
complex proteins, such as E-cadherin and occludin, may help to 
modulate the immune responses (34-37). In addition, blocking 
the function of E-cadherin reduced the TER, perturbing TJ 
formation in Madin  Darby canine kidney (MDCK I) mono-
layers (38). Therefore, the changes in the integrity of both TJs 
and AJs, induced by HMGB1 may be an ‘early event’, and may 
facilitate the entry of inhaled microorganisms, irritants and 
allergens through the epithelium, making an important contri-
bution to asthma exacerbations. The findings from the study 
by Ferhani et al (10) indicated that bronchial epithelial cells 

Figure 5. Activation of the receptor for advanced glycation end-products (RAGE)/extracellular signal-regulated kinase (ERK)1/2 pathway by high-mobility 
group box 1 protein (HMGB1) is involved in the disruption of the epithelial intercellular contacts. The 16HBE cells were exposed to 400 ng/ml HMGB1 for 
the indicated periods of time. (A) 16HBE cells were treated with or without U0126 (ERK inhibitor, 10 µM), prior to stimulation with HMGB1 for 6 h, phos-
phorylated (p-)ERK, and the total (t-)ERK were detected by western blot analysis. To confirm the association between RAGE and the activation of the ERK1/2 
pathway, the 16HBE cells were treated with or without anti-RAGE antibody (5 µg/ml) for 1 h prior to stimulation with HMGB1 for 6 h. The anti-RAGE antibody 
suppressed the HMGB1‑induced p-ERK1/2; the response was verified by western blot analysis. (B) E-cadherin, β-catenin, occludin and claudin-1 were detected 
using western blot analysis. U0126 inhibited the HMGB1-mediated downregulation of the tight junction proteins, occludin and claudin-1. The ERK inhibitor, 
U0126, prevented the delocalization of (C) E-cadherin and (D β-catenin in response to HMGB1, verified by immunofluorescence staining. Representatives of 
3 independent experiments are shown. *P<0.05 vs. HMGB1-stimulated group; scale bar, 50 mm.
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are important cellular sources of the high levels of HMGB1 
in patients with chronic obstructive pulmonary disease. These 
data suggest the possibility of an autocrine interaction between 
HMGB1 and the bronchial epithelium, an area we intend to 
explore in future studies.

In conclusion, in the present study, we confirmed that 
HMGB1 may damage the airway epithelial barrier, and this 
damage may be further aggravated by IL-1β; the HMGB1-
induced activation of the RAGE/ERK1/2 pathway may 
participate in this irregularity. Our results provide new insight 

Figure 6. High-mobility group box 1 protein (HMGB1) in synergy with interleukin (IL)-1β enhances epithelial barrier dysfunction. 16HBE cells were stimulated 
with 100 ng/ml HMGB1 in the presence or absence of 2.5 ng/ml IL-1β for 24 h. (A) Transepithelial electrical resistance (TER) and (B) FITC-dextran perme-
ability were measured after 24-h exposure to the indicated treatments (n=6 experiments). (C) E-cadherin, β-catenin, occludin and claudin-1 were detected by 
western blot analysis. The delocalization of (D) E-cadherin and (E) β-catenin was shown by immunofluorescence staining. Representatives of 3 independent 
experiments are shown. The levels of TER were normalized to those prior to HMGB1 or medium (control) stimulation, and the levels of FITC‑dextran perme-
ability were normalized to the ratio between HMGB1 and medium only (control) stimulation, which was denoted by Pa/Pc. P-values were calculated using an 
ANOVA test. *P<0.05, vs. stimulation with 100 ng/ml HMGB1; scale bar, 50 mm.
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into the mechanisms responsible for the effects of HMGB1 in 
lung diseases.
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