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Abstract

asthma.

Background: The airway epithelial barrier function is disrupted in the airways of asthmatic patients. Abnormal
mitochondrial biogenesis is reportedly involved in the pathogenesis of asthma. However, the role of mitochondrial
biogenesis in the airway barrier dysfunction has not been elucidated yet. This study aimed to clarify whether the per-
oxisome proliferator-activated receptor y coactivator-1alpha (PGC-1a), a central regulator of mitochondrial biogenesis,
is involved in the disruption of the airway barrier function induced by aeroallergens.

Methods: BEAS-2B cells were exposed to house dust mite (HDM) and the expressions of PGC-1a and E-cadherin, a
junctional protein, were examined by immunoblotting. The effect of SRT1720, a PGC-1a activator, was investigated by
immunoblotting, immunocytochemistry, and measuring the transepithelial electrical resistance (TEER) on the HDM-
induced reduction in mitochondrial biogenesis markers and junctional proteins in airway bronchial epithelial cells.
Furthermore,the effects of protease activated receptor 2 (PAR2) inhibitor, GB83, Toll-like receptor 4 (TLR4) inhibitor,
lipopolysaccharide from Rhodobacter sphaeroides (LPS-RS), protease inhibitors including E64 and 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) on the HDM-induced barrier dysfunction were investigated.

Results: The amounts of PGC-1a and E-cadherin in the HDM-treated cells were significantly decreased compared
to the vehicle-treated cells. SRT1720 restored the expressions of PGC-1a and E-cadherin reduced by HDM in BEAS-2B
cells. Treatment with SRT1720 also significantly ameliorated the HDM-induced reduction in TEER. In addition, GB83,
LPS-RS, E64 and AEBSF prevented the HDM-induced reduction in the expression of PGC1a and E-cadherin.

Conclusions: The current study demonstrated that HDM disrupted the airway barrier function through the PAR2/
TLR4/PGC-1a-dependent pathway. The modulation of this pathway could be a new approach for the treatment of
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Background

Asthma is a chronic airway inflammatory disease that is
characterized by variable symptoms of wheeze, shortness
of breath, chest tightness and/or cough, and by variable
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expiratory airflow limitation [1]. Although it is consid-
ered a heterogenous disease with multiple molecular
mechanisms, the airway inflammation of asthma is gen-
erally associated with allergic mechanisms related to type
2 airway inflammation. Aeroallergens such as house dust
mite (HDM), animal dander, fungal spores, plant and tree
pollen play a pivotal role in the pathophysiology of aller-
gic asthma because they trigger immune responses with
the activation of allergen-specific T helper type 2 (Th2)
cells [2—4]. The bronchial epithelium forms a physical
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barrier against the external environment through the
formation of cell-cell junctions consisting of tight junc-
tions, adherence junctions and desmosomes, referred to
as the epithelial junctional complex [5, 6]. Tight junctions
and adherence junctions are located at the apical end of
the lateral membrane and are comprised of numerous
membrane proteins including occludin, zonula occludens
(ZO)-1 and E-cadherin [5, 6]. A reduction in the expres-
sion of E-cadherin and ZO-1 is reportedly observed in the
airways of asthmatic patients [7, 8]. Allergens with prote-
olytic activity such as HDM can directly cleave epithelial
tight junctions and disrupt barrier structures [9, 10]. The
major HDM, Dermatophagoides pteronyssinus allergen
Der p 1 is known to cleave tight junctions directly and
indirectly through protease-activated receptor-2 activa-
tion [11]. Disruption of the epithelial barrier increases
the susceptibility to external stimuli leading to airway
hyperresponsiveness. Furthermore, a damaged epithelial
barrier increases the accessibility of allergens into the
submucosa activating the subsequent immune responses.
Thus, regulation of the bronchial epithelial function has
been attracting attention as an important immunological
checkpoint in asthma. However, the precise mechanisms
by which epithelial junctions are disrupted are not fully
understood.

In airway epithelial cells and BEAS-2B cells, interleu-
kin (IL)-4 reportedly promotes intracellular asymmetric
dimethylarginine (ADMA) accumulation, which causes
a reduction in mitochondrial biogenesis [12]. Though
the result of the mitochondrial biogenesis reduction is
unknown, since most important role of airway epithelial
cells is the airway barrier function, it is probable that the
reduction affects airway the barrier disfunction.

Mitochondria play a key role in energy homeostasis
and the metabolism of reactive oxygen species (ROS)
[13]. Appropriate elimination of damaged mitochondria
through mitochondrial autophagy (mitophagy) and the
renewal of mitochondria by mitochondrial biogenesis are
essential for mitochondrial homeostasis [14]. Mitochon-
drial biogenesis is regulated mainly at the transcriptional
level and requires the coordinated expression of both
nuclear-encoded and mitochondrial-encoded proteins,
including peroxisome proliferator-activated receptor y
coactivator-la (PGC-1a), mitochondrial transcriptional
factor A (TFAM), adenosine 5’-monophosphate-acti-
vated protein kinase (AMPK), and nuclear respiratory
factors (NRF)-1 and -2 [14]. Among these molecules,
PGC-1a is the key regulator of mitochondrial biogenesis
[15].

Sirtuin 1 (SIRT1) is a powerful deacetylase that has
been shown to activate PGC-1a to drive mitochondrial
biogenesis [16], and SRT1720, the activator of SIRT1,
is an effective SIRT1 agonist that enhances PGC-la
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activation [17-19]. In previous reports, SRT1720 alle-
viated lung injury and improved the lung function in rat
with emphysema caused by cigarette smoke through pro-
tecting against the apoptosis of type II alveolar epithelial
cells [20]. SRT1720 inhibited the differentiation of TGEF-
B1-induced myofibroblasts [21]. SRT1720 repressed the
LPS-induced release of cytokines such as IL-8, IL-6 and
tumor necrosis factor (TNF)-a from cultured peripheral
blood mononuclear cells [22]. In a report about asthma,
SRT1720 also suppressed inflammatory cell infiltration
and cytokine production including TNF-a and IL-6 in
the lungs of an ovalbumin (OVA)-induced mouse model
[23]. It is probable that the activation of mitochondrial
biogenesis by SRT1720 in airway epithelial cells contrib-
utes to amelioration of the asthma pathophysiology.

Therefore, the current study aimed to clarify the con-
tribution of regulators of mitochondrial biogenesis to
airway barrier dysfunction. We assessed the effect of
house dust mite (HDM), a common aeroallergen related
to asthma, on the expression of mitochondrial biogen-
esis markers and junctional proteins in airway epithelial
cells. Furthermore, we investigated how an activator of
PGC-1a modulates the constitution of junctional pro-
teins and the airway barrier function to explore novel
therapeutic targets for bronchial asthma.

Materials and methods

Materials

The following reagents were used in this study: purified
HDM extract from Dermatophagoides pteronyssinus was
purchased from LSL (Tokyo, Japan); SRT1720 was from
Selleck Chemicals (Houston, TX); GB83 was from Axon
Medchem (Groningen, Netherlands); Lipopolysaccharide
from Rhodobacter sphaeroides (LPS-RS) was from Invivo-
gen (San Diego, CA); Dexamethasone, E64, 4-(2-Aminoe-
thyl) benzenesulfonyl fluoride hydrochloride (AEBSF),
and mouse monoclonal anti-B-actin antibody were from
Sigma (St Louis, MO). Protein block, a blocking reagent,
was from Dako (Kyoto, Japan); Rabbit polyclonal anti-
PGC-1la antibody, rabbit monoclonal anti-TFAM anti-
body, rabbit monoclonal anti-PINK1 antibody, rabbit
monoclonal anti-E-cadherin antibody, rabbit polyclonal
anti-ZO-1 antibody, FITC-conjugated goat anti-rabbit
secondary antibody, and Alexa Fluor 647-conjugated goat
anti-rabbit secondary antibody were from Abcam (Cam-
bridge, MA); horseradish peroxidase—conjugated sec-
ondary antibodies and mouse monoclonal anti-inducible
nitric oxide synthases (iNOS) antibody were from Santa
Cruz Biotechnology (Dallas, TX); MitoTracker Red probe
and Hoechst 33,342 were from Invitrogen Life Tech-
nologies (Eugene, OR); Keratinocyte-SEM (serum-free
medium) and Human Keratinocyte Growth Supplements
were from Gibco (Grand Island, NY). Bronchial epithelial
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growth medium (BEGM) bullet kit including bronchial
epithelial basal medium (BEBM) and subculture reagents
were purchased from Lonza Japan Bioscience (Tokyo,
Japan).

Cell culture

BEAS-2B cells, a human bronchial epithelial cell line,
were obtained from American Type Culture Collection
(Manassas, VA). The BEAS-2B cells were cultured in
Keratinocyte-SFM medium supplemented with Keratino-
cytes Supplements at 37 “C in a humidified atmosphere of
5% CO, and passaged in 75 cm? flasks. Normal primary
human bronchial epithelial cells (pHBEC) were obtained
from Lonza (Wokingham, UK) and cultured in BEGM.
To prepare BEGM, BEBM was supplemented with
human recombinant epidermal growth factor (0.5 ng/
ml), insulin (5 pg/ml), transferrin (10 pg/ml), hydrocor-
tisone (0.5 pg/ml), triilodothyronine (6.5 ug/ml), epineph-
rine (0.5 pg/ml), retinoic acid (50 nM), gentamycin and
amphotericin-B (50 pg/ml) and bovine pituitary extract
(35 mg/ml).

Animals

8-week-female C57BL/6 ] mice were purchased from
SEIMI (Sendai, Japan). All mice were housed in a spe-
cific pathogen-free facility and maintained under con-
stant temperature (24 °C), humidity (40%), and light cycle
(8:00 A.M. to 8:00 PM.), with food and water provided
ad libitum. The mice were exposed to HDM (30 ug/body,
50 ul) intranasally every other day as described previ-
ously [24]. The control mice received PBS. The mice were
euthanized on day 15, and the trachea was cannulated
after the pulmonary circulation was perfused and free of
blood. The lung was inflated with 10% paraformaldehyde
for 10 min at 25 cm H,O and subsequently removed and
fixed in 10% paraformaldehyde for 24 h at room tem-
perature. Samples were then dehydrated in ethanol and
xylene, embedded in paraffin, cut in 5-um sections. All
experiments were approved by the Tohoku University
Animal Experiment Ethics Committee and performed in
accordance with the Regulations for Animal Experiments
and Related Activities at Tohoku University.

Western blotting

The expression of markers of mitochondrial biogenesis
(PGC-1a and TFAM) and junctional proteins (E-cad-
herin and ZO-1) in BEAS-2B cells was analyzed by west-
ern blotting. Cells (2 x 10° cells/ml) were seeded in 6-well
culture plates and grown to 80—90% confluence. Then the
cells were maintained in Keratinocytes Supplements free
medium for 24 h and stimulated with or without HDM
(100 pg/ml). 24 h after HDM stimulation, the cells were
homogenized in cell lysis buffer (0.05% TritonX, 3 mM
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Tris—HCI, pH7.4 0.4 mM EGTA, 10 mM MgCl2, 1 uyM
phenylmethylsulfonyl fluoride, 100 pg/ml aprotinin, 1 pg/
ml leupeptin) on ice and harvested for western blot-
ting. SRT1720 (1 pM), a PGC-1a activator, was added
to the culture medium at 6 h before HDM stimulation.
Protease activated receptor (PAR) 2 inhibitor GB83,
Toll-like receptor (TLR) 4 inhibitor LPS-RS, cysteine
peptidase inhibitor E64, and serine peptidase inhibi-
tor AEBSF were added at 30 min before HDM stimula-
tion. Synthetic glucocorticoid dexamethasone was added
at 24 h before HDM stimulation. The whole cell lysates
were homogenized for several seconds using an ultra-
sonic homogenizer (BANDELIN, Berlin, Germany). The
samples were solubilized in SDS-PAGE sample buffer
(Bio-Rad, Hercules, CA). Equal amounts of protein were
loaded and separated by electrophoresis on 12% SDS
polyacrylamide gels. After electrophoresis, the separated
proteins were transferred to polyvinylidene difluoride
membranes (Millipore, Darmstadt, Germany). The mem-
branes were blocked with a blocking reagent. Rabbit
polyclonal anti-PGC-1a antibody (1:5000), rabbit mono-
clonal anti-TFAM antibody (1:5000), rabbit monoclonal
anti-PINKI1 antibody (1:1000), rabbit monoclonal anti-E-
cadherin antibody (1:10,000), rabbit polyclonal anti-ZO-1
antibody (1:2000), mouse monoclonal anti-iNOS anti-
body (1:200) and mouse monoclonal anti-B-actin anti-
body (1:5000) were used as primary antibodies to detect
the target proteins. Horseradish peroxidase—conjugated
secondary antibodies (1:5000) were detected using ECL-
prime Western Blotting Reagent (Amersham Biosciences,
Buckinghamshire, UK) and visualized with a chemilumi-
nescence imaging system (LAS-4000 mini, FUJIFILM,
Tokyo, Japan). Each band intensity was quantified using
Image] (National Institutes of Health, Bethesda, MD,
USA).

Evaluation of mitochondrial mass and immunochemical
localization of E-cadherin and ZO-1 in BEAS-2B cells
BEAS-2B cells were seeded in 8-well chamber slides at a
density of 1 x 10° cells/ml and cultured for 24 h, and then
the media were replaced with the keratinocyte supple-
ment-free medium for 24 h. After incubation with 1 uM
SRT1720 for 6 h, the cells were stimulated with HDM
(100 pg/ml) for 24 h. The mitochondrial mass was evalu-
ated using MitoTracker Red probe. MitoTracker Red was
added to the existing medium to a final concentration
of 200 nM and cells were incubated for 30 min at 37 C,
5% CO,. After staining, the cells were washed once with
PBS. Then, the slides were fixed with freshly prepared
4% paraformaldehyde in PBS for 30 min at room tem-
perature. The slides were permeabilized with 0.1% Tri-
ton X-100 in PBS for 10 min at room temperature. The
slides were blocked with a blocking solution for 30 min at
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room temperature. The slides were then incubated over-
night with rabbit monoclonal anti-E-cadherin antibody
(1:500), rabbit polyclonal anti-ZO-1 antibody (1:200)
at 4°C. The slides were incubated with the appropriate
FITC-conjugated secondary antibody (1:3000) for 1 h at
room temperature. The nuclei of the cells were stained
with Hoechst 33,342 (1:200). Fluorescent images were
obtained using a confocal laser scanning microscope sys-
tem (Nikon ECLIPSE Ti-E, C2si; Nikon, Tokyo, Japan).
The mean fluorescence intensity of E-cadherin, ZO-1,
MitoTracker were quantified by using Image].

Immunochemical localization of PGC-1a, TFAM

and E-Cadherin in lung tissues from mice

Tissue samples were fixed in 10% formalin and embed-
ded in paraffin. 5 pum thick serial tissue sections were
obtained and mounted in Superfrost/Plus glass slides
(Fischer Scientific). Deparaffinization was performed by
washing three times for 5 min in xylene, then washing in
100%, 95%, 80%, 70% ethanol three times for 5 min and,
finally, rinsing with distilled water. Slides were washed in
PBS for 5 min and processed for antigen retrieval using
citrate buffer. The sections were permeabilized with
Triton-X 100 for 15 min. Sections were then washed in
PBS, blocked using blocking reagent (Dako) for 60 min
at room temperature. Sections were incubated over-
night at 4 °C with rabbit polyclonal anti-PGC-1a anti-
body (1:1000), rabbit monoclonal anti-TFAM antibody
(1:10,000), rabbit monoclonal anti-E-Cadherin antibody
(1:10,000) or nonspecific polyclonal rabbit IgG as a neg-
ative control at 4 °C overnight. After being washed, the
samples were incubated with Alexa Fluor 647-conjugated
goat anti-rabbit secondary antibody (1:3000) for 60 min
at room temperature. Omission of the primary antibody
was used as negative control. After washing, the nuclei of
the cells were stained with Hoechst 33,342 (1:200). Fluo-
rescent images were obtained by microscopy (BX53-33-
SDO; Olympus, Tokyo, Japan) and photographed with
a digital camera (DP71-SET; Olympus). The mean fluo-
rescence intensities of PGC-1a, TFAM, and E-cadherin
were quantified by using Image].

Quantification of interleukin (IL)-33 in supernatant

of BEAS-2B cells

The amounts of IL-33 in the supernatants of BEAS-2B
cells were determined using DuoSet Kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Transepithelial electrical resistance measurements (TEER)

Primary human bronchial epithelial cells were seeded
onto collagen type I coated 12-well transwell inserts
(transparent, 0.4 pm; Greiner) at 1 x 10° cells/cm? with
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500 pl apical and 1500 ul basolateral volumes, maintained
in BEGM, and incubated until the formation of cell mon-
olayers. Then, SRT1720 (1 uM) was added to the apical
medium. After 24 h incubation with SRT1720, the cells
were stimulated with HDM (100 ng/ml) or DMSO (vehi-
cle) for 24 h. Then, TEER was monitored using a Millicell
ERS-2 voltohmmeter (Millipore, Billerica, MA).

Statistical analysis

Results are presented as mean & SD. Comparisons among
groups were performed by One-way analysis of vari-
ance followed by the Tukey’s multiple comparison test
or unpaired t-test. An unpaired two-tailed Student t test
was used for single comparisons. p <0.05 was considered
statistically significant.

Results

Expression of mitochondrial biogenesis markers

and junctional proteins in HDM-exposed BEAS-2B cells
Because HDM is a common aeroallergen in asthmatic
patients, we investigated the effect of HDM on the
expression of mitochondrial biogenesis makers and junc-
tional proteins in BEAS-2B cells. The cells were treated
with HDM at various concentrations and time points.
HDM significantly reduced the expression of TFAM in a
concentration-dependent (Additional file 1: Figure Sla)
and time-dependent manner (Additional file 1: Figure
S1b). In the HDM-treated cells, the expression of mark-
ers of mitochondrial biogenesis was significantly reduced
compared to the control cells (PGC-1a, p<0.01; TFAM,
p<0.01) (Fig. 1a, b). The expression of junctional proteins
was also significantly reduced compared to the control
cells (E-cadherin, p <0.01; ZO-1, p<0.01) (Fig. 1c, d). We
also investigated the effect of HDM on PINKI1 expres-
sion, a marker for mitophagy, in the cells. HDM adminis-
tration significantly increased the protein level of PINK1
compared to controls in BEAS-2B cells (Additional file 1:
Figure S2a). As oxidative and nitrative stress reportedly
play an important role in HDM-induced asthma [25], we
determined iNOS expression in the HDM-treated cells.
HDM significantly increased iNOS expression in the cells
(Additional file 1: Figure S2b).

Expressions of mitochondrial biogenesis markers

and junctional proteins in the lungs of HDM-treated mice
The expressions of mitochondrial biogenesis markers
and junctional proteins were also analyzed by immu-
nofluorescence in the lungs of mice treated with HDM.
The immunofluorescence intensities of PGC-1a, TFAM,
and E-Cadherin in the epithelial region were signifi-
cantly reduced in the lungs from HDM-administered
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Fig. 1 Expression of mitochondrial biogenesis markers and junction proteins in bronchial epithelial cells. a—d BEAS-2B cells were treated with HDM
(100 pg/ml) or vehicle for 24 h and the cells were harvested. Expressions of PGC-1a, TFAM, E-cadherin and ZO-1 were analyzed by western blotting.
Data are expressed as means =+ SD (n=3). *p < 0.05, *p < 0.01

mice compared to the lungs from vehicle-treated mice
(PGC-1a, p<0.01; TFAM, p<0.01; E-cadherin, p<0.01)
(Fig. 2a—d).

Effect of SRT1720, a PGC-1a activator, on the HDM-induced
reduction of junctional protein expression and epithelial
barrier dysfunction in BEAS-2B cells and pHBEC

To identify whether a PGC-1a-dependent pathway regu-
lates the expression of junctional proteins in bronchial
epithelial cells, we investigated the effects of SRT1720,
which is an enhancer of mitochondrial biogenesis by
activating PGC-1a, on the HDM-induced reduction in
the expression of junctional proteins. SRT1720 (1 uM)
significantly restored the HDM-induced reduction in
the expression of PGC-la (p<0.05). Treatment with
SRT1720 also significantly restored the HDM-induced
reduction in the expression of TFAM (p<0.05) and
E-cadherin (p<0.05) in BEAS-2B cells (Fig. 3a—d). Next,
we investigated the effect of SRT1720 on the barrier func-
tion by measuring TEER in pHBEC treated with HDM.
We used pHBEC instead of BEAS-2B for the detection
of TEER because BEAS-2B reportedly showed poor
TEER and pHBEC performed well in ALI models and the
development of TEER was much better in pHBEC [26].
Treatment with SRT1720 significantly ameliorated the
HDM-induced reduction in TEER (p <0.05) (Fig. 3e).

Effect of SRT1720 on the HDM-induced reduction

of junctional protein expression and mitochondrial mass,
in BEAS-2B cells by immunocytochemistry

We also investigated the effect of SRT1720 on the
HDM-induced reduction in the expression of junctional

proteins in BEAS-2B cells by immunocytochemis-
try. Treatment with SRT1720 also restored the HDM-
induced reduction in the intensity of junctional proteins
expression as confirmed (Fig. 4a—d). Next, to investigate
how HDM and SRT1720 affect mitochondrial mass, the
mitochondrial mass in BEAS-2B cells was analyzed by
immunofluorescence using a MitoTracker Red probe.
HDM reduced the mitochondrial mass in the cells, which
was restored by treatment with SRT1720 (Fig. 4a, b and

e).

Effect of SRT1720 on the HDM-induced release of IL-33

in BEAS-2B cells

Type 2 immune responses to allergen exposure play cru-
cial roles in the pathogenesis of allergic asthma, which
is initiated by epithelium-derived cytokines including
IL-33, IL-25 and thymic stromal lymphopoietin (TSLP)
[27-29]. We investigated how HDM and SRT1720
affect IL-33 release from BEAS-2B cells. HDM signifi-
cantly enhanced the release of IL-33 in the supernatant
of BEAS-2B cells and the concentration of IL-33 was
the highest at 30 min after the administration of HDM
(Additional file 1: Figure S3a). SRT1720 had no pre-
ventive effect on the release of IL-33 initiated by HDM
(Additional file 1: Figure S3b).

The role of PAR2 and TLR4 signaling in the HDM-induced
reduction of PGC-1a and junctional protein expression

in BEAS-2B cells

HDM contains both proteases and endotoxin, which
activate PAR2 and TLR4, respectively. To determine
which pathway regulates the HDM-induced reduction
in PGC-1a and the subsequent disruption of junctional
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Fig. 2 Expression of mitochondrial biogenesis markers in the lungs of HDM-treated mice. a C57BL/6 mice were intranasally exposed to PBS or HDM
extract every other day for 2 weeks and the mice were sacrificed. Lung tissues were removed after fixation and immune-fluorescence staining was
performed to investigate the expressions of mitochondrial biogenesis markers (PGC-1a and TFAM) and E-Cadherin in the lungs of the mice. The
negative control indicates secondary antibody alone. Representative photographs are shown. Bars: 100 um. b—d The mean fluorescence intensity of
PGC-1q, TFAM, and E-cadherin were quantified by using ImagelJ. Data are expressed as means 4 SD (n=4). **p <0.01

proteins, we investigated the effects of blockade of PAR2
and TLR4 on the HDM-induced decrease in the expres-
sion of PGC-1a and junctional proteins using GB83, a
PAR2 inhibitor, and LPS-RS, a TLR4 inhibitor. GB-83
significantly blocked the HDM-induced reduction in the
expression of PGC-la (p<0.01), E-cadherin (p<0.05)
and ZO-1 (p<0.01) (Fig. 5a—c) compared to vehicle
treatment. Interestingly, LPS-RS also blocked the HDM-
induced reduction in the expression of PGC-1a (p <0.05),
E-cadherin (p<0.05) and ZO-1 (p<0.05) (Fig. 5d—f).

Effect of protease inhibitors on the HDM-induced decrease
of PGC-1a and E-cadherin expressions in BEAS-2B cells

Serine protease and cysteine protease are present in
HDM excrement and cleave junctional proteins directly
or indirectly via PAR2 activation. To determine the role

of protease activity in the HDM-mediated barrier disrup-
tion, we investigated the effects of protease inhibitors on
the expression of PGC-1a and E-cadherin in BEAS-2B
cells treated with HDM. E64, a cysteine protease inhibi-
tor, significantly blocked the HDM-induced reduction
in the expression of PGC-la (p<0.05) (Fig. 6a), and
E-cadherin (p<0.05) (Fig. 6b). AEBSE, a serine protease
inhibitor, also significantly prevented the HDM-induced
reduction in the expression of PGC-1a (p <0.05) (Fig. 6¢)
and E-cadherin (p<0.01) (Fig. 6d).

Effect of corticosteroids on the expression of mitochondrial
biogenesis markers and junctional proteins in BEAS-2B
cells

As inhaled corticosteroids are the central medication
for the management of patients with asthma, there is
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The expression of PGC-1a in the cells was analyzed by western blotting. (n=3). **p <0.01. b—d BEAS-2B cells were treated with vehicle or SRT1720
(1 uM) for 6 h. Subsequently, the cells were stimulated with HDM (100 pg/ml) for 24 h and the cells were harvested. The expressions of PGC-1q,
TFAM, and E-cadherin in the cells were analyzed by western blotting (n =8). e Transepithelial electrical resistance (TEER) in primary human bronchial
epithelial cells (pHBEC) were measured (n=4) after the cells were stimulated by HDM (100 ug/ml) or PBS for 24 h with or without SRT1720 (1 uM)
using a Millicell ERS-2 voltohmmeter. All data are expressed as means =+ SD. *p < 0.05, **p < 0.01

concern about the influence of corticosteroids on the E-cadherin in the cells (Additional file 1: Figure S4a—c).
expression of mitochondrial biogenesis markers and In addition, dexamethasone had no preventive effect
the composition of junctional proteins in the airways on the HDM-induced reduction in the expression of
of asthmatic patients. To address this issue, we investi- PGC-1a, TFAM and E-cadherin (Fig. 7a—c).

gated whether corticosteroids can affect the expression

of markers of mitochondrial biogenesis and junction pro-

tein in BEAS-2B cells. Dexamethasone had no significant

effect on the baseline expressions of PGC-1a, TFAM and
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(See figure on next page.)

Fig. 4 Effect of SRT1720 on mitochondrial mass and expressions of junctional proteins mediated by HDM. a, b Localization of E-cadherin, ZO-1 and
the mitochondrial mass in the cells after exposure to HDM were analyzed by immunofluorescence. Representative confocal microscopic images are
shown. The cells were stained with E-cadherin (green), ZO-1 (green), MitoTracker (red), and nuclear counterstain Hoechst33342 (blue). Bars: 100 um.
c—e The mean fluorescence intensity of E-cadherin, ZO-1, MitoTracker were quantified using ImageJ. Data are expressed as means & SD. *p < 0.05,

#p <0071

Discussion

In the current study, HDM, a common aeroallergen to
which asthmatic patients are sensitized, decreased the
expression levels of the regulators concurrently with
the reduction in the amounts of proteins related to the
formation of epithelial junctional complex. Activation
of PGC-la by SRT1720 restored the HDM-induced
mitochondrial loss and reduction in the expression of
E-cadherin, leading to recovery of the airway barrier
function. Previous studies demonstrated that the activa-
tion of SIRT1/PGC-la dependent pathway by SRT170
upregulated tight junction molecules in porcine intesti-
nal epithelial cells [30] and in a murine colitis model [31].
These data support our findings, highlighting the impor-
tant role of SIRT1/PGC-1a pathway in maintaining the
epithelial barrier function. The current study suggests a
novel mechanism of aeroallergen-mediated airway bar-
rier dysfunction.

In the context of the pathophysiology of asthma, a pre-
vious report showed that the up-regulation of PGC-1«
in bronchial smooth muscle from asthmatic patients
[32] and that non-immune immunoglobulin E (IgE)
increased the PGC-1la mRNA and protein levels in pri-
mary human airway smooth muscle cells through the
activation of phosphatidylinositol 3-kinase (PI3K)-Akt
pathway [33], suggesting their involvement in airway
wall remodeling. These findings suggest that activation
of PGC-1a may cause exacerbation of the asthma pathol-
ogy. Alternatively, the airway epithelial barrier dysfunc-
tion propagates the infiltration of inflammation into the
submucosa and impairs the process of epithelial repair.
Therefore, the airway epithelial barrier dysfunction is
profoundly involved in the progress of remodeling [34].
Thus, SRT1720 may contribute to the prevention of
remodeling due to the barrier repair effect on airway
epithelium. The role of PGC-1a in the pathogenesis of
asthma might depend on cell types in the lung. The effect
of SRT1720 on bronchial fibroblasts and airway smooth
muscle cells treated with HDM should be investigated to
clarify how activation of PGC-1a or SRT1720 affect the
airway remodeling.

The innate immune system plays critical roles in the
pathogenesis of asthma by recognizing allergens through
pattern-recognition receptors (PRRs) including TLRs
and PARs, and by providing an early warning system
through the production of cytokines and danger signals

in bronchial epithelial cells [35, 36]. Many human aller-
gens including HDM, fungi, pollen, and cat contain pro-
tease activity and can disrupt tight junction proteins
through direct proteolytic cleavage [37]. Furthermore,
proteases in HDM activate PAR2 resulting in the loss
of E-cadherin in human bronchial epithelial cells [38].
HDM allergens also contain endotoxin and activate TLR4
in bronchial epithelial cells to induce asthmatic features
including the release of epithelium-derived cytokines
such as IL-25 and IL-33 [39]. Therefore, we investigated
the effects of antagonists against PAR2 and TLR4 on the
HDM-induced reduction in PGC-1a and tight junction
proteins to determine which signaling is responsible.
Interestingly, both antagonists significantly prevented the
repression of PGC-1a and E-cadherin in HDM-treated
BEAS-2B cells. A previous report demonstrated that LPS
triggered the activation of NF-kB and the subsequent
production of pro-inflammatory cytokines through the
cooperative activation of PAR2 and TLR4 in HEK293T
cells [40], which is consistent with our findings. It has
been reported that the inhibition of TLR4 reverses the
decreased expression of PGC-1a in the renal tubules of
diabetic mice, suggesting that the TLR4-dependent path-
way could be the upstream pathway of PGC-la [41].
Meanwhile, protease inhibitors were shown to block the
HDM-induced reduction in the expression of PGC-1a in
this study. Taken together, both TLR4- and PAR2-medi-
ated signaling pathways might be involved in the HDM-
induced airway barrier disruption via the regulation of
PGC-1a. Details of the interactions between TLR4 and
PAR2 during mitochondrial biogenesis and maintenance
of the airway barrier function remain unclear and further
study is needed to clarify such interactions.

HDM Der p 1 is suggested to directly cleave extracel-
lular domain of tight junctions which initiates intracellu-
lar processing of junctional constituents [42]. In addition,
Der p 1 can cause indirect intracellular cleavage of tight
junctions through a receptor and transduction pathway
[42]. As another indirect effect of HDM, it was demon-
strated that Der p 1 exposure decreased the expressions
of epithelium tight junction proteins such as claudin-1
and junction adhesion molecule-A (JAM-A) in sinonasal
cells [43], which is consistent with our results. The cur-
rent study expands the previous data and showed the
contribution of PAR-2 and TLR4 in the HDM-mediated
reduction in tight junction proteins. Furthermore, HDM
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reportedly induced the redistribution of E-cadherin via
epidermal growth factor receptor (EGFR)-dependent
activation of PAR-2 in human bronchial epithelial cells
[44]. Der p 1 has been also shown to suppress the expres-
sion of connexin 26, which is involved in the induction
and maintenance of tight junction proteins, through
PAR-2 activation [45]. All these processes lead to the
increased permeability of epithelial cells. Thus, coopera-
tion of direct and indirect routes play a key role in the
HDM-mediated barrier dysfunction (Additional file 1:
Figure S5).

HDM increased the release of IL-33 in the superna-
tant, but SRT1720 had no significant effect on the IL-33
release in the current study. Heyen and coworkers dem-
onstrated that IL-33 signaling downregulated E-cadherin

expression on pulmonary epithelial cells [46]. IL-33 binds
to its primary receptor ST2, leading to the activation of
NF-xB or Th2 immune responses. Our results suggest
that the initial release of IL-33 caused by HDM may be
independent of the PGC-1a pathway. However, SRT1720
ameliorated the HDM-mediated downregulation of the
epithelial barrier, and SRT1720 may inhibit the down-
stream signaling of IL-33/ST-2 interaction. This might
be a novel target of Th2 responses. To clarify this, further
study is needed to investigate the effect of SRT1720 on
Th2 responses in an animal model.

PGC-1la is activated by deacetylation by SIRT1 and
phosphorylation by AMPK [47]. Thus, SIRT1 activation
enhances PGC-la-dependent transcriptions. The effect
of HDM on SIRT1 expression in BEAS-2B cells remains
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unknown. The current study demonstrated that HDM
downregulated PGC-1a expression thorough TLR4. Fur-
thermore, LPS, a ligand for TLR4, reportedly decreased
the expression of SIRT1 in k562 cells [48]. Irisin report-
edly improved the LPS-induced alveolar epithelial bar-
rier dysfunction by activating AMPK/SIRT1 pathways in
A549 cells and lung tissue of the acute lung injury mouse
model [49]. These data suggest that HDM may decrease
PGC-1la expression through a TLR4-SIRT1 dependent
pathway. The role of AMPK and proteases in addition to
SIRT1 expression during the HDM-mediated PGC-1a
downregulation together with the detailed mechanisms
should be revealed in a future study.

Oxidative stress and nitrative stress play an impor-
tant role in pathogenesis of asthma. The activation of
TLRs including TLR4 leads to overproduction of ROS
and reactive nitrogen species (RNS), which can cause

the production of proinflammatory mediators and tissue
damage [50-52]. Excessively produced ROS have been
known to inhibit SIRT1 expression [53, 54]. Exposure
to ROS triggered intestinal injury, mitophagy activation
and suppressed SIRT1/PGC-la pathway [30]. Superox-
ide, one of the ROS, reacts with nitric oxide produced
by iNOS during inflammation, leading to the formation
of RNS including peroxynitrite [55]. iNOS is shown to
cause SIRT1 S-nitrosylation [56]. It has been reported
that ADMA increased iNOS activity and production
of peroxynitrite in epithelial cells [57]. IL-4 reportedly
increased ADMA accumulation in BEAS-2B cells, and
in IL-4 plus ADMA-treated cells, expressions of PGC-1a
and TFAM were decreased [12]. Our study demonstrated
that HDM increased iNOS expression in BEAS-2B cells.
These findings suggest that oxidative and nitrative stress
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can contribute to HDM-mediated PGC-1a downregula-
tion through TLR4 activation.

The present study demonstrated that the mitochon-
drial mass was decreased by HDM, which was prevented
by SRT1720. The mitochondrial mass is determined by
the balance of biogenesis and degradation [58, 59]. The
activation of mitophagy also reportedly leads to loss
of the mitochondrial mass [60, 61]. The present study
demonstrated that HDM decreased PGC-la expres-
sion and SRT1720 reversed the HDM-induced loss of
the mitochondrial mass in BEAS-2B cells. Meanwhile,
HDM increased the expression of PINK1, a marker of the
mitophagy. These data suggest that HDM can reduce the
mitochondrial mass through the downregulation of mito-
chondrial biogenesis or the imbalance between mito-
chondrial biogenesis and mitophagy. PGC-1a-dependent
pathway may be the responsible mechanism for loss of
mitochondrial mass in this study. However, other mark-
ers of mitophagy such as parkin and BCL2-interacting
protein 3 (BNIP3), mitochondrial metabolism, and the
balance between mitochondrial fusion and fission were
not investigated in this study. Further study is needed to
clarify the precise mechanisms by which HDM decreases
mitochondrial mass and impairs mitochondrial function.

In the current study, we showed that corticosteroids
administration did not affect the expression of mitochon-
drial biogenesis markers, E-cadherin expression, and
their HDM-induced reduction in BEAS-2B cells. From
these results, it may be considered that the effects of cor-
ticosteroids on mitochondrial biogenesis in asthmatic
airway epithelial cells are negligible.

A limitation of the current study is that we used only
one HDM species, Dermatophagoides pteronyssinus,
for evaluating the effect of aeroallergen on mitochon-
drial biogenesis markers and airway epithelial function.
Der p 1 and Der p 2 from Dermatophagoides pteronys-
sinus are the dominant allergens in asthmatic patients
and have been widely used in experimental airway
allergy models. Der p 1 is a cysteine protease allergen
and is known to disrupt intracellular tight junction and
promote the release of cytokines and alarmins such as
TSLP, IL-33 and IL-25 by the protease activity during
initial sensitization [62, 63]. Der p 2 is known to mimic
MD-2, which facilitates signaling through TLR4, lead-
ing to airway inflammation [64]. The current study
expands previous findings and demonstrated a novel
effect of Dermatophagoides pteronyssinus on airway
epithelial cells. In addition to Dermatophagoides ptro-
nyssinu, Dermatophagoides farinae and Blomia tropi-
calis also represent important HDM species [65] and
contain different kinds of allergens. Some of them cross
react with allergens from Dermatophagoides ptero-
nyssinus and many of them are proteases. Therefore,
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other HDM species may have similar effects on epithe-
lial cells as the allergens from HDM used in this study.
However, IgE-binding responses are different depend-
ing on each allergen [66]. There are some HDM aller-
gens that have unique effects on airway epithelial cells.
Der f 1, an allergen of Dermatophagoides farinae, is
reported to induce pyroptosis and IL-1f secretion via
NLRP3-capase-1 inflammasome in HBEC [67]. Fur-
thermore, there might be a significant difference in the
response to HDM between animal models and in vitro
culture models. In in vitro models, the effect of mole-
cules on only one isolated cell type can be investigated.
whereas the interplay between many different cell types
is crucial for cellular homeostasis in vivo [68]. Espe-
cially, immunological responses where immune cells
such as lymphocytes, innate lymphoid cells and den-
dritic cells participate can influence HDM-mediated
signaling. Although we confirmed that HDM admin-
istration decreased expressions of PGC-la, TFAM
and E-cadherin both in vitro and in vivo, the effect of
SRT1720 in vivo HDM model needs to be examined. It
should also be clarified how immune cells contribute to
the HDM-mediated PGC-1a downregulation and how
SRT1720 affects immune cells in the future study.

Conclusion

In conclusion, the current study demonstrated the inter-
action between innate immunity and mitochondrial bio-
genesis in the context of inhaled allergen-induced airway
barrier dysfunction, an initial feature in the development
of asthma. The PAR2/TLR4/PGC-la-dependent path-
way might be a novel and promising therapeutic target
for bronchial asthma as, so far, no effective medication
for restoring the airway barrier function has been estab-
lished. Regulating this pathway could inhibit allergic
reaction in airways driven by aeroallergens because res-
toration of the airway barrier function can prevent the
penetration of external stimuli, which would suppress
the cytokine release that activates type 2 immune reac-
tions. Although further study is needed to confirm the
beneficial effect of PGC-1a activator on immunological
reactions and to determine the molecules involved in the
pathway, this approach might be applicable to a broad
array of allergic diseases including allergic rhinitis and
atopic dermatitis in addition to bronchial asthma.

Abbreviations

AEBSF: 4- (2-Aminoethyl) benzenesulfonyl fluoride hydrochloride; HDM:
House dust mite; LPS-RS: Lipopolysaccharide from Rhodobacter sphaeroides;
NRF1: Nuclear respiratory factor 1; PAR: Protease activated receptor; PGC-1a:
Peroxisome proliferator-activated receptor y coactivator-1a; PRRs: Pattern-rec-
ognition receptors; Sirtuin 1: SIRT1T; TEER: Transepithelial electrical resistance;



Saito et al. Respir Res (2021) 22:63

TFAM: Mitochondria transcription factor A; TLR: Toll-like receptor; ZO-1: Zonula
occludens-1.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512931-021-01663-6.

[ Additional file 1. Supporting information. }

Acknowledgements
We thank Mr. Brent Bell for reading the manuscript.

Authors’ contributions

TS and Tl equally contributed to this study. TS: biochemical studies, data
collection, writing of the manuscript. Tl: design of the study, biochemical
studies, immunocytochemical analysis, data. collection, interpretation of the
results, technical advice, writing of the manuscript. TN: interpretation of the
results, technical advice. MY: interpretation of the results, technical advice.
AK: interpretation of the results, technical advice. NF: technical advice. KM:
measuring TEER. SY: technical advice. YS: technical advice. YK: technical advice.
KI: technical advice. KT: technical advice. RT: interpretation of the results. TT:
interpretation of the results. MI: design of the study, interpretation of the
results. HS: design of the study, interpretation of the results, technical advice.
All authors read and approved the final manuscript.

Funding

This study was supported by a grant from the Japan Society for the Promo-
tion of Science (grant number: #18K08166 and #17K16039), a grant from

the Practical Research Project for Allergic Diseases and Immunology from
Japan Agency for Medical Research and Development, AMED (grant number:
#16ek0410018h0002, #16ek040036h0001, #17ek0410036h0002).

Availability of data and materials
The datasets used and analysed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

All experiments were approved by the Tohoku University Animal Experiment
Ethics Committee and performed in accordance with the Regulations for
Animal Experiments and Related Activities at Tohoku University.

Consent for publication
Not applicable.

Competing interests
Authors have no competing interest.

Author details

! Department of Respiratory Medicine, Tohoku University Graduate School

of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai 980-8574, Japan. 2 Department
of Respiratory Medicine, Sendai City Hospital, Sendai, Japan. > Department

of Respiratory Medicine, Osaki Citizen Hospital, Osaki, Miyagi, Japan.

Received: 21 October 2020 Accepted: 11 February 2021
Published online: 19 February 2021

References

1. Global Initiative for Asthma. Global Strategy for Asthma Manage-
ment and Prevention 2019. https://ginasthma.org/wp-content/uploa
ds/2019/06/GINA-2019-main-report-June-2019-wms.pdf. Acceced 1 Jul
2019.

2. LeonB.T cells in allergic asthma: key players beyond the Th2 path-
way. Curr Allergy Asthma Rep. 2017. https://doi.org/10.1007/51188
2-017-0714-1.

3. Robinson DS.The role of the T cell in asthma. J Allergy Clin Immunol.
2010;126(6):1081-91. https://doi.org/10.1016/],jaci.2010.06.025.

20.

21.

22.

Page 14 of 16

Fahy JV.Type 2 inflammation in asthma—present in most, absent in
many. Nat Rev Immunol. 2015;15(1):57-65. https://doi.org/10.1038/nri37
86.

Georas SN, Rezaee F. Epithelial barrier function: at the front line of asthma
immunology and allergic airway inflammation. J Allergy Clin Immunol.
2014;134(3):509-20. https://doi.org/10.1016/jjaci.2014.05.049.

Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple barriers
to multifunctional molecular gates. Nat Rev Mol Cell Biol. 2016;17(9):564—
80. https://doi.org/10.1038/nrm.2016.80.

Xiao C, Puddicombe SM, Field S, et al. Defective epithelial barrier func-
tion in asthma. J Allergy Clin Immunol. 2011. https://doi.org/10.1016/j.
jaci.2011.05.038.

ShishikuraY, Koarai A, Aizawa H, et al. Extracellular ATP is involved

in dsRNA-induced MUC5AC production via P2Y2R in human airway
epithelium. Respir Res. 2016;17(1):1-14. https://doi.org/10.1186/51293
1-016-0438-0.

Kuruvilla ME, Lee FE-H, Lee GB. Understanding asthma phenotypes,
endotypes, and mechanisms of disease. Clin Rev Allergy Immunol.
2019;56(2):219-33. https://doi.org/10.1007/512016-018-8712-1.

. Frey A, Lunding LP, Ehlers JC, Weckmann M, Zissler UM, Wegmann M.

More than just a barrier: the immune functions of the airway epithe-
lium in asthma pathogenesis. Front Immunol. 2020;11(April):1-22.
https://doi.org/10.3389/immu.2020.00761.

. Hellings PW, Steelant B. Epithelial barriers in allergy and asthma. J

Allergy Clin Immunol. 2020;145(6):1499-509. https://doi.org/10.1016/].
jaci.2020.04.010.

. Pattnaik B, Bodas M, Bhatraju NK, et al. IL-4 promotes asymmetric

dimethylarginine accumulation, oxo-nitrative stress, and hypoxic
response-induced mitochondrial loss in airway epithelial cells. J Allergy
Clin Immunol. 2016;138(1):130-141.€9. https://doi.org/10.1016/j.
jaci.2015.11.036.

. Gureev AP, Shaforostova EA, Popov VN. Regulation of mitochondrial

biogenesis as a way for active longevity : interaction between the
Nrf2 and PGC-1 a signaling pathways. Front Genet. 2019. https://doi.
org/10.3389/fgene.2019.00435.

. Piantadosi CA, Suliman HB. Mitochondrial dysfunction in lung patho-

genesis. Annu Rev Physiol. 2017;79:495-515. https://doi.org/10.1146/
annurev-physiol-022516-034322.

. Wu Z, Puigserver P, Andersson U, et al. Mechanisms controlling

mitochondrial biogenesis and respiration through the thermogenic
coactivator PGC-1. Cell. 1999;98(1):115-24. https://doi.org/10.1016/
50092-8674(00)80611-X.

. Sepharose PG, Rodgers JT, Lerin C, et al. Nutrient control of glucose

homeostasis through a complex of PGC-1 a and SIRT1. Nature.
2005;434(March):3-8. https://doi.org/10.1038/nature03314.1.

. Wan X, Wen JJ, Koo SJ, Liang LY, Garg NJ. SIRT1-PGC1alpha-NFkappaB

pathway of oxidative and inflammatory stress during trypanosoma
cruzi infection: benefits of SIRT1-targeted therapy in improving heart
function in chagas disease. PLoS Pathog. 2016;12(10):e1005954. https
;//doi.org/10.1371/journal.ppat.1005954.

. Funk JA, Odejinmi S, Schnellmann RG. SRT1720 induces mitochondrial

biogenesis and rescues mitochondrial function after oxidant injury in
renal proximal tubule cells. J Pharmacol Exp Ther. 2010;333(2):593-601.
https://doi.org/10.1124/jpet.109.161992.

. Svensson K, Schnyder S, Albert V, et al. Resveratrol and SRT1720

elicit differential effects in metabolic organs and modulate systemic
parameters independently of skeletal muscle peroxisome proliferator-
activated receptor gamma co-activator 1alpha (PGC-1alpha). J Biol
Chem. 2015;290(26):16059-76. https://doi.org/10.1074/jbc.M114.59065
3.

Gu C, LiY, Xu WL, et al. Sirtuin 1 activator SRT1720 protects against lung
injury via reduction of type Il alveolar epithelial cells apoptosis in emphy-
sema. COPD J Chronic Obstr Pulm Dis. 2015;12(4):444-52. https://doi.
0rg/10.3109/15412555.2014.974740.

Zeng Z,Cheng S, Chen H, et al. Activation and overexpression of Sirt1
attenuates lung fibrosis via P300. Biochem Biophys Res Commun.
2017;486(4):1021-6. https://doi.org/10.1016/j.bbrc.2017.03.155.

Yao H, Sundar IK, Huang Y, et al. Disruption of sirtuin 1-mediated control
of circadian molecular clock and inflammation in chronic obstructive
pulmonary disease. Am J Respir Cell Mol Biol. 2015;53(6):782-92. https://
doi.org/10.1165/rcmb.2014-04740C.


https://doi.org/10.1186/s12931-021-01663-6
https://doi.org/10.1186/s12931-021-01663-6
https://ginasthma.org/wp-content/uploads/2019/06/GINA-2019-main-report-June-2019-wms.pdf
https://ginasthma.org/wp-content/uploads/2019/06/GINA-2019-main-report-June-2019-wms.pdf
https://doi.org/10.1007/s11882-017-0714-1
https://doi.org/10.1007/s11882-017-0714-1
https://doi.org/10.1016/j.jaci.2010.06.025
https://doi.org/10.1038/nri3786
https://doi.org/10.1038/nri3786
https://doi.org/10.1016/j.jaci.2014.05.049
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.1016/j.jaci.2011.05.038
https://doi.org/10.1016/j.jaci.2011.05.038
https://doi.org/10.1186/s12931-016-0438-0
https://doi.org/10.1186/s12931-016-0438-0
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.3389/fimmu.2020.00761
https://doi.org/10.1016/j.jaci.2020.04.010
https://doi.org/10.1016/j.jaci.2020.04.010
https://doi.org/10.1016/j.jaci.2015.11.036
https://doi.org/10.1016/j.jaci.2015.11.036
https://doi.org/10.3389/fgene.2019.00435
https://doi.org/10.3389/fgene.2019.00435
https://doi.org/10.1146/annurev-physiol-022516-034322
https://doi.org/10.1146/annurev-physiol-022516-034322
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1038/nature03314.1
https://doi.org/10.1371/journal.ppat.1005954
https://doi.org/10.1371/journal.ppat.1005954
https://doi.org/10.1124/jpet.109.161992
https://doi.org/10.1074/jbc.M114.590653
https://doi.org/10.1074/jbc.M114.590653
https://doi.org/10.3109/15412555.2014.974740
https://doi.org/10.3109/15412555.2014.974740
https://doi.org/10.1016/j.bbrc.2017.03.155
https://doi.org/10.1165/rcmb.2014-0474OC
https://doi.org/10.1165/rcmb.2014-0474OC

Saito et al. Respir Res

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2021) 22:63

Ichikawa T, Hayashi R, Suzuki K; et al. Sirtuin 1 activator SRT1720
suppresses inflammation in an ovalbumin-induced mouse model

of asthma. Respirology. 2013;18(2):332-9. https://doi.org/10.111
1/).1440-1843.2012.02284 .

Ishii T, Niikura Y, Kurata K, et al. Time-dependent distinct roles of Toll-like
receptor 4 in a house dust mite-induced asthma mouse model. Scand J
Immunol. 2018;87(3):1-7. https://doi.org/10.1111/sji.12641.

ChanTK, Loh XY, Peh HY, et al. House dust mite-induced asthma

causes oxidative damage and DNA double-strand breaks in the lungs.

J Allergy Clin Immunol. 2016;138(1):84-96.1. https://doi.org/10.1016/j.
jaci.2016.02.017.

Stewart CE, Torr EE, Mohd Jamili NH, Bosquillon C, Sayers |. Evaluation of
differentiated human bronchial epithelial cell culture systems for asthma
research. j Allergy. 2012. https://doi.org/10.1155/2012/943982.

Hammad H, Lambrecht BN. Barrier epithelial cells and the control of
type 2 immunity. Immunity. 2015;43(1):29-40. https://doi.org/10.1016/j.
immuni.2015.07.007.

ZhouY,Wang S, LiY, et al. Epithelial cell — derived cytokines : more

than just signaling the alarm Find the latest version : Epithelial cell -
derived cytokines : more than just signaling the alarm. J Clin Invest.
2019;129(4):1441-51. https://doi.org/10.1097/MOL.0b013e328328d0a
4.PGC-1alpha.

Caminati M, Le PD, Bagnasco D, Canonica GW. Type 2 immunity in
asthma. World Allergy Organ J. 2018;11(1):1-10. https://doi.org/10.1186/
540413-018-0192-5.

Liang D, Zhuo Y, Guo Z, et al. SIRT1/PGC-1 pathway activation triggers
autophagy/mitophagy and attenuates oxidative damage in intestinal
epithelial cells. Biochimie. 2020;170:10-20. https://doi.org/10.1016/j.bioch
1.2019.12.001.

Cunningham KE, Vincent G, Sodhi CP, et al. Peroxisome Proliferator-acti-
vated Receptor-y Coactivator 1-a (PGC1a) Protects against Experimen-
tal Murine Colitis. J Biol Chem. 2016;291(19):10184-200. https://doi.
0rg/10.1074/jbc.M115.688812.

Trian T, Benard G, Begueret H, et al. Bronchial smooth muscle remod-
eling involves calcium-dependent enhanced mitochondrial biogenesis
in asthma. J Exp Med. 2007;204(13):3173-81. https://doi.org/10.1084/
jem.20070956.

Fang L, Wang X, Sun Q et al. IgE downregulates PTEN through microRNA-
21-5p and stimulates airway smooth muscle cell remodeling. Int J Mol
Sci. 2019;20(4):1-20. https://doi.org/10.3390/ijms20040875.

Davies DE. The role of the epithelium in airway remodeling in asthma.
Proc Am Thorac Soc. 2009;6(8):678-82. https://doi.org/10.1513/
pats.200907-067DP.

Lambrecht BN, Hammad H. Allergens and the airway epithelium
response: gateway to allergic sensitization. J Allergy Clin Immunol.
2014;134(3):499-507. https://doi.org/10.1016/jjaci.2014.06.036.

Salazar F, Ghaemmaghami AM. Allergen recognition by innate immune
cells: critical role of dendritic and epithelial cells. Front Immunol.
2013;4:356. https://doi.org/10.3389/fimmu.2013.00356.

Nawijn MC, Hackett TL, Postma DS, van Oosterhout AJ, Heijink IH. E-cad-
herin: gatekeeper of airway mucosa and allergic sensitization. Trends
Immunol. 2011;32(6):248-55. https://doi.org/10.1016/}.it.2011.03.004.
Jacquet A. Interactions of airway epithelium with protease allergens in
the allergic response. Clin Exp Allergy. 2011;41(3):305-11. https://doi.org/
10.1111/j.1365-2222.2010.03661 .

Hammad H, Chieppa M, Perros F, Willart MA, Germain RN, Lambrecht BN.
House dust mite allergen induces asthma via Toll-like receptor 4 trig-
gering of airway structural cells. Nat Med. 2009;15(4):410-6. https://doi.
org/10.1038/nm.1946.

Rallabhandi P, Nhu QM, Toshchakov VY, et al. Analysis of proteinase-
activated receptor 2 and TLR4 signal transduction: a novel paradigm for
receptor cooperativity. J Biol Chem. 2008,283(36):24314-25. https://doi.
0rg/10.1074/jbc.M804800200.

Yuan S, Liu X, Zhu X, et al. The role of TLR4 on PGC-1a-mediated oxidative
stress in tubular cell in diabetic kidney disease. Oxid Med Cell Longev.
2018;2018:1-14. https://doi.org/10.1155/2018/6296802.

Wan H, Winton HL, Soeller C, et al. Der p 1 facilitates transepithe-

lial allergen delivery by disruption of tight junctions. J Clin Invest.
1999;104(1):123-33. https://doi.org/10.1172/JCI5844.

Henriquez OA, Den BK, Hoddeson EK, Parkos CA, Nusrat A, Wise SK. House
dust mite allergen Der p 1 effects on sinonasal epithelial tight junctions.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 150f 16

Int Forum Allergy Rhinol. 2013;3(8):630-5. https://doi.org/10.1002/
alr21168.

Heijink IH, Van Oosterhout A, Kapus A. Epidermal growth factor receptor
signalling contributes to house dust mite-induced epithelial barrier dys-
function. Eur Respir J. 2010;36(5):1016-26. https://doi.org/10.1183/09031
936.00125809.

Zheng J, LiuW, FanY, et al. Suppression of connexin 26 is related to
protease-activated receptor 2-mediated pathway in patients with allergic
rhinitis. Am J Rhinol Allergy. 2012;26(1):5-9. https://doi.org/10.2500/
ajra.2012.26.3740.

Heyen L, Miller U, Siegemund S, et al. Lung epithelium is the major
source of IL-33 and is regulated by IL-33-dependent and IL-33-independ-
ent mechanisms in pulmonary cryptococcosis. Pathog Dis. 2016;74(7):1—
11. https://doi.org/10.1093/femspd/ftw086.

Stotland A, Gottlieb RA. Mitochondrial quality control: easy come, easy
go. Biochim Biophys Acta Mol Cell Res. 2015;1853(10):2802—-11. https://
doi.org/10.1016/j.bbamcr.2014.12.041.

Int C, Wang L, Wang M, Dou H, Lin W, Zou L. Sirtuin 1 inhibits lipopoly-
saccharide - induced inflammation in chronic myelogenous leukemia
k562 cells through interacting with the Toll like receptor 4-nuclear
factor k B-reactive oxygen species signaling axis. Cancer Cell Int. 2020.
https://doi.org/10.1186/512935-020-1152-z.

Li X, Jamal M, Guo P, et al. Irisin alleviates pulmonary epithelial barrier
dysfunction in sepsis-induced acute lung injury via activation of
AMPK/SIRT1 pathways. Biomed Pharmacother. 2019;118(June):109363.
https://doi.org/10.1016/j.biopha.2019.109363.

LiY, Deng S-L, Lian Z-X, Yu K. Roles of Toll-Like Receptors in Nitroxida-
tive Stress in Mammals. Cells. 2019;8(6):576. https://doi.org/10.3390/
cells8060576.

. Gill R, Tsung A, Billiar T. Linking oxidative stress to inflammation: toll-

like receptors. Free Radic Biol Med. 2010;48(9):1121-32. https://doi.
0rg/10.1016/j.freeradbiomed.2010.01.006.

Ichikawa T, Sugiura H, Koarai A, et al. TLR3 activation augments matrix
metalloproteinase production through reactive nitrogen species gen-
eration in human lung fibroblasts. J Immunol. 2014;192(11):4977-88.
https://doi.org/10.4049/jimmunol.1302919.

Salminen A, Kaarniranta K, Kauppinen A. Crosstalk between oxida-
tive stress and SIRT1: impact on the aging process. Int J Mol Sci.
2013;14(2):3834-59. https://doi.org/10.3390/ijms14023834.

Chen Z, Shentu TP, Wen L, Johnson DA, Shyy JYJ. Regulation of SIRT1
by oxidative stress-responsive miRNAs and a systematic approach

to identify its role in the endothelium. Antioxidants Redox Signal.
2013;19(13):1522-38. https://doi.org/10.1089/ars.2012.4803.

Sugiura H, Ichinose M. Oxidative and nitrative stress in bronchial
asthma. Antioxidants Redox Signal. 2008;10(4):785-97. https://doi.
org/10.1089/ars.2007.1937.

Nakazawa H, Chang K, Shinozaki S, et al. iNOS as a driver of inflamma-
tion and apoptosis in mouse skeletal muscle after burn injury: Possible
involvement of sirt1 S- nitrosylation-mediated acetylation of p65
NFeKB and p53. PLoS ONE. 2017;12(1):1-18. https://doi.org/10.1371/
journal.pone.0170391.

Wells SM, Holian A. Asymmetric dimethylarginine induces oxidative
and nitrosative stress in murine lung epithelial cells. Am J Respir Cell
Mol Biol. 2007;36(5):520-8. https://doi.org/10.1165/rcmb.2006-0302SM.
Melser S, Lavie J, Bénard G. Mitochondrial degradation and energy
metabolism. Biochim Biophys Acta - Mol Cell Res. 2015;1853(10):2812—
21. https://doi.org/10.1016/j.bbamcr.2015.05.010.

Ploumi C, Daskalaki I, Tavernarakis N. Mitochondrial biogenesis and
clearance: a balancing act. FEBS J. 2017,284(2):183-95. https://doi.
org/10.1111/febs.13820.

Benischke AS, Vasanth S, Miyai T, et al. Activation of mitophagy leads
to decline in Mfn2 and loss of mitochondrial mass in Fuchs endothelial
corneal dystrophy. Sci Rep. 2017;7(1):1-11. https://doi.org/10.1038/
$41598-017-06523-2.

Palikaras K, Lionaki E, Tavernarakis N. Balancing mitochondrial
biogenesis and mitophagy to maintain energy metabolism homeo-
stasis. Cell Death Differ. 2015;22(9):1399-401. https://doi.org/10.1038/
cdd.2015.86.

Gershwin LJ. Effects of allergenic extracts on airway epithelium. Curr
Allergy Asthma Rep. 2007;7(5):357-62. https://doi.org/10.1007/51188
2-007-0054-7.


https://doi.org/10.1111/j.1440-1843.2012.02284.x
https://doi.org/10.1111/j.1440-1843.2012.02284.x
https://doi.org/10.1111/sji.12641
https://doi.org/10.1016/j.jaci.2016.02.017
https://doi.org/10.1016/j.jaci.2016.02.017
https://doi.org/10.1155/2012/943982
https://doi.org/10.1016/j.immuni.2015.07.007
https://doi.org/10.1016/j.immuni.2015.07.007
https://doi.org/10.1097/MOL.0b013e328328d0a4.PGC-1alpha
https://doi.org/10.1097/MOL.0b013e328328d0a4.PGC-1alpha
https://doi.org/10.1186/s40413-018-0192-5
https://doi.org/10.1186/s40413-018-0192-5
https://doi.org/10.1016/j.biochi.2019.12.001
https://doi.org/10.1016/j.biochi.2019.12.001
https://doi.org/10.1074/jbc.M115.688812
https://doi.org/10.1074/jbc.M115.688812
https://doi.org/10.1084/jem.20070956
https://doi.org/10.1084/jem.20070956
https://doi.org/10.3390/ijms20040875
https://doi.org/10.1513/pats.200907-067DP
https://doi.org/10.1513/pats.200907-067DP
https://doi.org/10.1016/j.jaci.2014.06.036
https://doi.org/10.3389/fimmu.2013.00356
https://doi.org/10.1016/j.it.2011.03.004
https://doi.org/10.1111/j.1365-2222.2010.03661.x
https://doi.org/10.1111/j.1365-2222.2010.03661.x
https://doi.org/10.1038/nm.1946
https://doi.org/10.1038/nm.1946
https://doi.org/10.1074/jbc.M804800200
https://doi.org/10.1074/jbc.M804800200
https://doi.org/10.1155/2018/6296802
https://doi.org/10.1172/JCI5844
https://doi.org/10.1002/alr.21168
https://doi.org/10.1002/alr.21168
https://doi.org/10.1183/09031936.00125809
https://doi.org/10.1183/09031936.00125809
https://doi.org/10.2500/ajra.2012.26.3740
https://doi.org/10.2500/ajra.2012.26.3740
https://doi.org/10.1093/femspd/ftw086
https://doi.org/10.1016/j.bbamcr.2014.12.041
https://doi.org/10.1016/j.bbamcr.2014.12.041
https://doi.org/10.1186/s12935-020-1152-z
https://doi.org/10.1016/j.biopha.2019.109363
https://doi.org/10.3390/cells8060576
https://doi.org/10.3390/cells8060576
https://doi.org/10.1016/j.freeradbiomed.2010.01.006
https://doi.org/10.1016/j.freeradbiomed.2010.01.006
https://doi.org/10.4049/jimmunol.1302919
https://doi.org/10.3390/ijms14023834
https://doi.org/10.1089/ars.2012.4803
https://doi.org/10.1089/ars.2007.1937
https://doi.org/10.1089/ars.2007.1937
https://doi.org/10.1371/journal.pone.0170391
https://doi.org/10.1371/journal.pone.0170391
https://doi.org/10.1165/rcmb.2006-0302SM
https://doi.org/10.1016/j.bbamcr.2015.05.010
https://doi.org/10.1111/febs.13820
https://doi.org/10.1111/febs.13820
https://doi.org/10.1038/s41598-017-06523-2
https://doi.org/10.1038/s41598-017-06523-2
https://doi.org/10.1038/cdd.2015.86
https://doi.org/10.1038/cdd.2015.86
https://doi.org/10.1007/s11882-007-0054-7
https://doi.org/10.1007/s11882-007-0054-7

Saito et al. Respir Res (2021) 22:63

63.

64.

65.

66.

Chevigné A, Jacquet A. Emerging roles of the protease allergen Der p 1
in house dust mite—induced airway inflammation. J Allergy Clin Immu-
nol. 2018;142(2):398-400. https://doi.org/10.1016/j,jaci.2018.05.027.
Hyde EJ, Wakelin KA, Daniels NJ, Ghosh S, Ronchese F. Similar immune
mechanisms control experimental airway eosinophilia elicited by dif-
ferent allergens and treatment protocols. BMC Immunol. 2019;20(1):1-
14. https://doi.org/10.1186/512865-019-0295-y.

Cipriani F, Calamelli E, Ricci G. Allergen avoidance in allergic asthma.
Front Pediatr. 2017. https://doi.org/10.3389/fped.2017.00103.

Posa D, Perna S, Resch Y, et al. Evolution and predictive value of

IgE responses toward a comprehensive panel of house dust mite
allergens during the first 2 decades of life. J Allergy Clin Immunol.
2017;139(2):541-549.e8. https://doi.org/10.1016/jjaci.2016.08.014.

Page 16 of 16

67. TsaiY, Chiang K, Hung J, et al. Der f1 induces pyroptosis in human
bronchial epithelia via the NLRP3 inflammasome. Int J Mol Med.
2017;41(2):757-64. https://doi.org/10.3892/ijmm.2017.3310.

68. Blume C, Davies DE. In vitro and ex vivo models of human asthma.
Eur J Pharm Biopharm. 2013;84(2):394-400. https://doi.org/10.1016/j.
€jpb.2012.12.014.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.jaci.2018.05.027
https://doi.org/10.1186/s12865-019-0295-y
https://doi.org/10.3389/fped.2017.00103
https://doi.org/10.1016/j.jaci.2016.08.014
https://doi.org/10.3892/ijmm.2017.3310
https://doi.org/10.1016/j.ejpb.2012.12.014
https://doi.org/10.1016/j.ejpb.2012.12.014

	PGC-1α regulates airway epithelial barrier dysfunction induced by house dust mite
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Materials
	Cell culture
	Animals
	Western blotting
	Evaluation of mitochondrial mass and immunochemical localization of E-cadherin and ZO-1 in BEAS-2B cells
	Immunochemical localization of PGC-1α, TFAM and E-Cadherin in lung tissues from mice
	Quantification of interleukin (IL)-33 in supernatant of BEAS-2B cells
	Transepithelial electrical resistance measurements (TEER)
	Statistical analysis

	Results
	Expression of mitochondrial biogenesis markers and junctional proteins in HDM-exposed BEAS-2B cells
	Expressions of mitochondrial biogenesis markers and junctional proteins in the lungs of HDM-treated mice
	Effect of SRT1720, a PGC-1α activator, on the HDM-induced reduction of junctional protein expression and epithelial barrier dysfunction in BEAS-2B cells and pHBEC
	Effect of SRT1720 on the HDM-induced reduction of junctional protein expression and mitochondrial mass, in BEAS-2B cells by immunocytochemistry
	Effect of SRT1720 on the HDM-induced release of IL-33 in BEAS-2B cells
	The role of PAR2 and TLR4 signaling in the HDM-induced reduction of PGC-1α and junctional protein expression in BEAS-2B cells
	Effect of protease inhibitors on the HDM-induced decrease of PGC-1α and E-cadherin expressions in BEAS-2B cells
	Effect of corticosteroids on the expression of mitochondrial biogenesis markers and junctional proteins in BEAS-2B cells

	Discussion
	Conclusion
	Acknowledgements
	References


