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Abstract: Particulate matter (PM) is a mixture of solid and liquid air pollutant particles suspended
in the air, varying in composition, size, and physical features. PM is the most harmful form of
air pollution due to its ability to penetrate deep into the lungs and blood streams, causing diverse
respiratory diseases. Aesculetin, a coumarin derivative present in the Sancho tree and chicory,
is known to have antioxidant and anti-inflammatory effects in the vascular and immune system.
However, its effect on PM-induced airway thickening and mucus hypersecretion is poorly understood.
The current study examined whether naturally-occurring aesculetin inhibited airway thickening
and mucus hypersecretion caused by urban PM;y (uPM;, particles less than 10 um). Mice were
orally administrated with 10 mg/kg aesculetin and exposed to 6 ug/mL uPM;g for 8 weeks. To
further explore the mechanism(s) involved in inhibition of uPM;jp-induced mucus hypersecretion by
aesculetin, bronchial epithelial BEAS-2B cells were treated with 1-20 uM aesculetin in the presence of
2 ug/mL uPMjg. Oral administration of aesculetin attenuated collagen accumulation and mucus
hypersecretion in the small airways inflamed by uPMjg. In addition, aesculetin inhibited uPMj,-
evoked inflammation and oxidant production in lung tissues. Further, aesculetin accompanied the
inhibition of induction of bronchial epithelial toll-like receptor 4 (TLR4) and epidermal growth factor
receptor (EFGR) elevated by uPM;jg. The inhibition of TLR4 and EGFR accompanied bronchial
mucus hypersecretion in the presence of uPM;jg. Oxidative stress was responsible for the epithelial
induction of TLR4 and EGFR, which was disrupted by aesculetin. These results demonstrated
that aesculetin ameliorated airway thickening and mucus hypersecretion by uPM; inhalation by
inhibiting pulmonary inflammation via oxidative stress-stimulated TLR4 and EGFR. Therefore,
aesculetin may be a promising agent for treating airway mucosa-associated disorders elicited by
urban coarse particulates.

Keywords: urban particulate matter; airway thickening; mucus hypersecretion; aesculetin inflamma-
tion; oxidative stress

1. Introduction

Particulate matter (PM) is a generic term to categorize air pollutants consisting of a
mixture of solid and liquid particles suspended in the air, varying in composition, size,
and physical features [1,2]. Industrial facilities, power plants, vehicles, incinerators, dust,
and fires are the major anthropogenic sources of urban PM. The ability of PM to engender
potential risk to human health is dependent on the size and chemical composition of the
suspended particles [2,3]. The particle sizes range between 2.5 mm (PM,5) and 10 mm
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(PMyp). Airborne PM with potential toxic elements can act as a lethal blow to health and in
particular as a leading driver of premature mortality and cardiopulmonary morbidity [2,4].
Potential toxic elements of PM include inorganic ions, organic substances, metals, reactive
gases, and particle carbon core [5]. Especially, PM affects different parts of the respiratory
tracts according to the size of particle, eventually eliciting diverse types of respiratory
diseases [6,7]. The upper airways are damaged by PM;(, whereas ultrafine particles (less
than 0.1 pum) influence lung alveoli [8,9]. It is reasonable to assume that finer particles are
more hazardous to human health than the coarser ones [10]. PM can cause other noxious
diseases such as nonfatal heart attacks, serious asthma, reduced lung functionality, airway
irritation, and difficult breathing [11,12].

There is a growing body of evidence demonstrating that the adverse effects of airborne
PM on respiratory or cardiovascular diseases are linked to its deposition in the respiratory
tract [4,13]. Numerous studies have investigated which mechanisms are involved in
respiratory health effects in response to PM [14-16]. The airway epithelium, as the major
site of PM deposition, may undergo barrier dysfunction as the initial effects of PM [4]. The
air pollution-induced toxic effects involve the formation of reactive oxygen species (ROS)
through activation of direct and indirect mechanisms [4,17,18]. Oxidative stress may lead
to activation of the inflammatory cascades in both macrophages and epithelial cells [17].
In addition, oxidative stress can trigger redox-sensitive apoptotic pathways leading to
oxidative organ injury [17]. However, the susceptibility of the target organ to injury may be
attributed to its capability to enhance protective scavenging systems involving endogenous
redox signaling and potent immune-mediated responses [17,19]. A recent study shows
that the nuclear factor erythroid-related factor 2 activated by redox imbalance plays a
key role in alleviating PM-induced toxicity through inhibiting oxidative damage [20].
Hydrogen sulfide, an endogenous gaseous molecule present in the circulation, attenuates
PM-induced pulmonary inflammatory injury, lung endothelial barrier disruption, and
vascular hyperpermeability [21]. Nevertheless, the role of antioxidant defenses to chronic
exposure of PM needs further exploration.

Since PM is associated with inflammatory respiratory diseases, including chronic
obstructive pulmonary disease (COPD) and asthma, potential nutrients and supplements
with an anti-inflammatory property have been suggested for their prevention and treat-
ment [22,23]. For example, stemonine, a traditional Chinese herb, reduces lung inflam-
mation in mice with PM, s-induced COPD, providing a novel approach for the treatment
of PM2.5-induced respiratory diseases [24]. In addition, the harmful effects of PM on
respiratory diseases may be ameliorated by safe and effective natural antioxidants [24].
Experimental studies have shown that natural plant compounds have antioxidant and anti-
inflammatory effects on PM-exposed target cells [25]. Aesculetin (Figure 1A), a coumarin
compound present in the Sancho tree and chicory, has anti-inflammatory and anti-diabetic
effects [26-28]. Aesculetin could be effective in protecting against acute lung injury via dis-
ruption of inflammatory pathways [28]. Our recent study reveals that aesculetin attenuates
alveolar damage and fibrosis via interaction of alveolar epithelial cells with blood-derived
macrophages [29]. However, little is known about the beneficial effects of aesculetin on
PM-induced airway thickening and mucus hyperproduction. The current study elucidated
that aesculetin ameliorated aberrant mucus hypersecretion from mouse airways exposed
to urban PM;g (uPMyp). In addition, this study examined whether aesculetin ameliorated
airway thickening of mice exposed to uPMj inhalation. Furthermore, the underlying
mechanisms involved in airway thickening and mucus overproduction were explored by
examining inflammatory receptor induction and oxidant formation in bronchial epithelial
cells exposed to uPMjj.
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Figure 1. Chemical structure (A), leukocytes in bronchoalveolar lavage fluid (BALF, (B)) and induction of inflammatory
COX-2 and NOS2 (C), and eotaxin-1 (D) in uPMjp-exposed and aesculetin-treated mouse lung tissues. Mice exposed to
uPM; were orally treated with 10 mg/kg aesculetin. Cells in the BALF were counted by using a hematologic analyzer
(B). Lung tissue extracts were subject to Western blot analysis. The graphs (mean + SEM, n = 3) denote quantitative
densitometric results. Respective values in the bar graphs not sharing an alphabetical lowercase imply significant difference

atp <0.05.

2. Materials and Methods
2.1. Chemicals

M199 culture media and human epidermal growth factor (EGF) were obtained from
the Sigma-Aldrich Chemical (St. Louis, MO, USA), as were all other reagents, unless
specifically stated elsewhere. Fetal bovine serum (FBS), penicillin-streptomycin, and
trypsin-EDTA were offered by Lonza (Walkersville, MD, USA). Human bronchial airway
epithelial cell line, BEAS-2B, was provided from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Sigma-Aldrich Chemical provided uPM;, sample (product
number: NIST SRM 1648A, particles less than 10 um). For the Western blot analysis,
antibodies against toll-like receptor 4 (TLR4), cyclooxygenase-2 (COX-2), nitric oxide
synthase 2 (NOS2), eotaxin-1, a-smooth muscle actin (x-SMA), and collagen I were obtained
from the Santa Cruz Biotechnology (Santa Cruz, CA, USA). Human collagen IV antibody
was purchased from Bioss Antibodies (Woburn, MA, USA). Antibodies of human EGF
receptor (EGFR) and MUC5AC were supplied by Abcam (Cambridge, UK).

Aesculetin (Sigma-Aldrich Chemical) was prepared in dimethyl sulfoxide (DMSO,
<0.5% in a final culture concentration) for cell culture.
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2.2. Animal Experiments

Five week-old male BALB/c mice (Hallym University Breeding Center for Laboratory
Animals) introduced in this study were bred at the Animal Facility of Hallym University.
Female mice were excluded due to concerns that female hormone cycles would influence ex-
perimental results. Mice were acclimatized for 1 week before commencing the experiments.
Mouse caring and feeding were described in our previous study [29]. The current study
was approved by the Hallym University Institutional Review Board and the Committee on
Animal Experimentation (Hallym 2017-56, approved on 14 February 2018) in compliance
with the University’s Guidelines for the Care and Use of Laboratory Animals.

All mice were divided into four subgroups (n = 6-7 for each subgroup). Mice receiving
uPM;j inhalation were further placed into two subgroups. Mice were supplied with
10 mg/kg aesculetin via oral gavage daily for 8 weeks, and 1 h later mice inhaled 6 pug/mL
uPM; for 30 min in a plastic chamber with an ultrasonic nebulizer (Clenny2 Aerosol,
Medel, Italy). Control mice and aesculetin-treated mice received phosphate-buffered saline
(PBS) as a vehicle of the particulate matter. All mice were sacrificed 24 h after the latest
provocation (day 60) with an anesthetic [29]. The trachea, lungs and airways were cleaned
in 1 mL PBS to collect bronchoalveolar lavage fluid (BALF). The amounts of inflammatory
cells were measured using a hematologic analyzer (Drew Scientific, Oxford, CT, USA). The
right lungs were placed in liquid nitrogen and the left lungs fixed in 4% paraformaldehyde
for immunohistological analyses.

2.3. Western Blot Analysis

Western blot analysis was conducted with the protocols described in our previous
study [29]. Lung tissue extracts and cell lysates and culture media were electrophoresed
and transferred on a nitrocellulose membrane. The gel membrane was incubated overnight
at 4 °C with a specific primary antibody of MUC5AC, COX-2, NOS2, eotaxin-1, x-SMA,
collagen I, collagen IV, TLR4, and EGFR. The membrane was then applied to a secondary
antibody conjugated to horseradish peroxidase (HRP) for 1 h. For the comparative control,
-actin antibody was used.

2.4. Hematoxylin and Eosin (H&E) Staining

For the histological analyses of airways, small airway and alveolar specimens provided
at the end of the experiments were fixed in 10% paraformaldehyde [30]. The H&E-stained
tissue sections were examined using an optical microscope Axioimager system equipped
for fluorescence illumination (Carl Zeiss, Oberkochen, Germany). Three images were taken
from each tissue section.

2.5. Masson Trichrome Staining

The sectioned paraffin-embedded lung tissues were stained with Masson trichrome
stain for the visualization of collagen fibers. The sections were examined by using an
optical Axiomager microscope (Carl Zeiss), and three images were taken for each section.

2.6. Alcian Blue-Periodic Acid-Schiff (PAS) Staining

The paraffin-embedded lung specimens were sectioned and stained with PAS stain
(Sigma-Aldrich Chemical) to assess goblet cell hyperplasia as a measure of airway mucus
hypersecretion [31]. The stained sections were examined, and five images were taken for
each section.
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2.7. Dihydroethidium (DHE) Staining for ROS Production

Paraffin-embedded tissue sections of airways were prepared for DHE staining [30].
Airway tissues were stained by incubating for 1 h in 20 uM DHE (Invitrogen, Carlsbad, CA,
USA). For the identification of nuclei, 4,6-diamidino-2-phenylindole (DAPI) was given for
10 min. Stained tissues on slides were mounted and images were taken using an optical
microscope (Carl Zeiss).

2.8. BEAS-2B Cell Culture

BEAS-2B cells were cultured in 25 mM HEPES-buffered M199 containing 10% FBS,
according to culture protocols previously described in our studies [31]. Aesculetin at
1-20 uM was pretreated overnight, and then 2 pg/mL uPM;jg applied to BEAS-2B cells to
induce TLR4, EGFR, MUC5AC, collagen I, and collagen IV. Peak expressions of TLR4 and
EGFR were attained when uPM;, was added to BEAS-2B cells for 8 h and MUC5AC for
48 h.

The BEAS-2B cytotoxicity of <20 uM aesculetin was determined after 24 h culture by
using a 3-(4,5-dimethylthiazol-yl)-diphenyl tetrazolium bromide (MTT, Duchefa Biochemie,
Haarlem, The Netherlands) assay [29].

2.9. Statistical Analysis

The data (means = SEM) obtained from the in vitro and in vivo experiments were run
for statistical analyses [29-31]. Significance was determined by a one-way ANOVA and
differences were analyzed with Duncan’s multiple-range test at p < 0.05.

3. Results
3.1. Inhibitory Effects of Aesculetin on uPM;jp-Induced Lung Inflammation

This study investigated whether uPM; inhalation influenced leukocyte contents in
BALFE. When 6 pg/mL uPM;jy was inhaled to mice for 8 weeks, the amounts of neutrophils
and lymphocytes in BALF highly augmented (Figure 1B). In contrast, the supplement of
10 mg/kg aesculetin to uPM;jp-exposed mice inhibited neutrophilia and lymphocytosis
in BALE Further, this study examined whether uPM;( evoked lung inflammation was
attenuated by oral administration of aesculetin. The induction of inflammatory COX-2
and NOS2 was markedly elevated in uPM;jp-inhaled lung tissues and such induction
was inhibited by 10 mg/kg aesculetin (Figure 1C). In addition, aesculetin diminished
airway induction of eotaxin-1 elevated in the presence of uPM;jg (Figure 1D), indicating
this compound may inhibit eosinophilia in airways.

3.2. Suppressive Effects of Aesculetin on Thickening of uPM;o-Inhaled Airways

This study examined whether aesculetin attenuated airway thickening due to uPMy
inhalation. From the histological examination with H&E staining, the small airways of
uPM;p-exposed mice became thick and narrow (Figure 2A). When 10 mg/kg aesculetin
was supplemented to uPM;jp-loaded mice, such histological thickening in the small airways
was noticeably reduced (Figure 2A). Collagen fiber deposits were notably observed around
airways of uPMj inhalation-challenged mice, as detected by Masson trichrome staining
(Figure 2B). It should be noted that the uPM;jy inhalation proliferated goblet cells in
the small airways. However, supplying aesculetin for 8 weeks lessened the deposition
of collagen fibers and goblet cell hyperplasia (Figure 2B). Consistently, the treatment
of 10 mg/kg aesculetin reduced the airway tissue level of x-SMA enhanced in uPMjg-
challenged mice (Figure 2C).
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Figure 2. Inhibitory effects of aesculetin on airway thickening (A), fibrosis (B) and x-SMA accumulation of uPMjg-exposed
mouse small airways. Mice were orally supplied with 10 mg/kg aesculetin and exposed to uPMj for 8 weeks. Airway
tissues were stained by using H&E reagent (A) and Masson trichrome stain (B). Each photograph is representative of
four mice. Lung tissue extracts were subjected to Western blot analysis (C). The bar graphs (mean + SEM, n = 3) show

quantitative results. Respective values in bar graphs not sharing an alphabetical lowercase show significant difference at
p <0.05.

3.3. Blockade of uPMyy-Induced Airway Mucus Hypersecretion by Aesculetin

This study attempted to examine whether aesculetin inhibited mucus hypersecretion
in airways induced by uPMjg inhalation. When mice were exposed to uPMy for 8 weeks,
there was a strong Alcian blue-PAS staining observed in mouse airways, indicating mucus
hypersecretion from epithelial goblet cells (Figure 3A). In contrast, oral administration of
10 mg/kg aesculetin markedly reduced the staining in the airway epithelium of uPMjy
inhalation-challenged mice. Further, Western blot analysis showed that the aesculetin
treatment reduced the elevated MUC5AC induction in uPMjg-inhaled mouse small airways
(Figure 3B). On the other hand, this study introduced DHE staining for the measurement
of ROS production in lungs exposed to uPMjg. A strong red DHE staining was detected in
uPMjp-loaded airways, indicating marked ROS production by uPM; (Figure 3C). However,
aesculetin highly reduced the ROS production in lungs. Accordingly, aesculetin inhibited
the uPM; inhalation-induced airway thickening and mucus overproduction possibly
through diminishing oxidative stress in the airways.
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Figure 3. Inhibition of production of mucin (A,B) and oxidants (C) by 10 mg/kg aesculetin in uPMjp-exposed mouse small
airways. Mice were orally administrated with 10 mg/kg aesculetin and exposed to uPMjg for 8 weeks. Airway tissue
sections were stained by using Alcian blue-periodic acid-schiff (PAS, (A)) and dihydroethidium (DHE) stains (C). Each
photograph is representative of four mice. Nuclear counterstaining was conducted with hematoxylin (A) and DAPI (C).
Lung tissue extracts were applied to Western blot analysis (B). The bar graphs (mean + SEM, n = 3) indicate quantitative
results. Respective values in bar graphs not sharing an alphabetical lowercase indicate significant difference at p < 0.05.

3.4. Inhibition of uPM;o Induction of Epithelial Mucin and Collagen by Aesculetin

The current study attempted to confirm that aesculetin inhibited bronchial epithelial
thickening and mucus hypersecretion induced by uPMjg. When BEAS-2B cells were
cultured with aseculetin, there was no cytotoxic effect of aesculetin in the absence and
presence of 2 ug/mL uPM;, (Figure 4A,B). The uPM; stimulation highly enhanced the
cellular levels of fibrotic collagen proteins (Figure 4C). The induction of these proteins was
attenuated by treating >1 uM aesculetin. In addition, the mucin protein MUC5AC as a
mucus hypersecretion marker was highly induced in bronchial epithelial BEAS-2B cells by
stimulation with uPMj for 48 h (Figure 4D). In contrast, such induction was abolished by
treating >1 uM aesculetin (Figure 4E). Accordingly, aesculetin may encumber bronchial
epithelial thickening and mucus hyperproduction triggered by uPM;.



Antioxidants 2021, 10, 494

8 of 14

cell viability (%)

A)

0
untreated

control

(D)

MUC5AC

2 pg/ml uPMyq
© aesculetin (uM)
untreated kbbbl | e’ S
control 1 10 20
(B) collagen | —-_— 140 kDa
120
collagen IV s S 140 kDa
g -
2 S35 ¢ a
£ £ s ]
© 8,5l
= 6
© T 27
© 15|
c
0 S 'r
1 10 20 untreated 1 10 20 ° 05 |
— ry =3
aesculetin (uM) contrel aesculetin (uM) oM
2 pg/ml UPMyq Control —_— 20
aesculetin (uM)
2 pg/ml uPM,,
2 ug/ml uPM,o
2 ig/ml uPMyo (E) aesculetin (UM)
untreated I —
2 4 8 12 24 48 (h) benl 1 10 20
' B 150 kD:
. ® Mucsac g— 150 kDa

factn D D GID GED GD @D @D !0 . i e e o o S 2 (D2

induction (fold of control)

5
45
4
35
3
25
2
15
1
05
0

3

N
12

[N

o

o
o

induction (fold of control)

0
2 4 8 12 24 48 (h) untreated 1 10 20

control

2 pg/ml uPM;q aesculetin (uM)
2 pg/ml uPM;,

Figure 4. Cytotoxicity (A,B), and induction of collagens (C) and MUC5AC (D,E) in uPMjp-loaded bronchial epithelial cells.
BEAS-2B cells were treated with 2 ug/mL uPMj in the presence of 1-20 uM aesculetin for 24 h. Cell viability was measured
by MTT assay (cell viability = 100%, mean 4+ SEM, n = 5). Lung tissue extracts were subjected to Western blot analysis with
a primary antibody against collagen I, collagen IV (C) and MUC5AC (D,E). The bar graphs (mean 4+ SEM, n = 3) designate
quantitative results. 3-Actin was used as an internal control. Respective values in bar graphs not sharing an alphabetical
lowercase indicate significant difference at p < 0.05.

3.5. Suppression of uPMo-Induced Inflammatory Epithelial Receptors by Aesculetin

This study investigated that airway thickening and mucus hypersecretion due to
uPMjg entailed the induction of airway epithelial receptors of TLR4 and EGFR. There was
very weak expression of TLR4 in untreated control cells, whereas this receptor was greatly
induced by treating 2 ug/mL uPM;g to BEAS-2B cells for 4-8 h (Figure 5A). The addition
of >10 uM aesculetin to epithelial cells inhibited such induction of TLR4 significantly
(Figure 5B). When the cells exposed to uPMjj in the presence of 20 ug/mL OxPAPC, a
TLR2/4 signaling inhibitor, the uPM;p-up-regulated MUC5AC induction was dampened
by non-toxic OxPAPC (Figure 5C).

When bronchial epithelial cells were exposed to uPM;jg, the EGFR induction showed a
temporal dual-peak response, achieving peak induction at 8 h and 48 h after its exposure
(Figure 6A). The treatment of epithelial cells with >10 uM aesculetin diminished such in-
duction of EGFR significantly (Figure 6B). The EGFR inhibition by 1 uM erlotinib abolished
epithelial induction of MUC5AC up-regulated by uPM; (Figure 6C). It should be noted
that more potent inhibition of the MUC5AC induction was observed with 20 uM aesculetin
than with OxPAPC or erlotinib (Figure 5C). Therefore, the mucus overproduction by uPMjg
may be attributed to simultaneous activation of both TLR4 and EGFR.
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Figure 5. Western blot analysis showing temporal responses of TLR4 induction (A), and TLR4 inhibition by aesculetin (B)
and MUC5AC blockade by TLR4 inhibitor (C) in uPMjg-exposed bronchial epithelial cells. BEAS-2B cells were incubated
with 2 ug/mL uPMjg up to 48 h in the presence of 1-20 uM aesculetin (B) or 20 pug/mL OxPAPC (C). Cell lysates were
applied to Western blot analysis. The bar graphs (mean + SEM, n = 4) designate quantitative results. Means without a
common alphabetical lowercase differ, p < 0.05.

3.6. Involvement of Oxidative Stress in Epithelial Receptor Activation by uPM;

This study attempted to determine that intracellular oxidant formation was involved
in concurrent activation of TLR4 and EGFR in uPMjjp-exposed cells, as evidenced by
oxidation of DCF-DA. As expected, a weak DCF staining was detected in non-stimulated
control cells (Figure 7A). The uPM;jg-alone-exposed cells showed heavy fluorescence,
indicative of marked oxidant generation. The cells exposed to uPMj in the presence of
1-20 uM aesculetin showed no increase in DCF fluorescence (Figure 7A). It can be assumed
that aesculetin may block an accumulation of intracellular oxidants in epithelial cells due
to uP MlO-

To examine whether oxidative stress was involved in induction of TLR4 and EGFR
of uPM;p-inhaled airway epithelial cells, BEAS-2B cells were treated with 20 uM H,O,.
Treating with 20 uM HO; for 8 h elevated epithelial TLR4 induction (Figure 7B). Similarly,
the oxidant loading induced EGFR in epithelial cells (Figure 7C). Submicromolar aesculetin
attenuated such induction of TLR4 and EGFR in a dose-dependent manner (Figure 7B,C).
These data imply that oxidants may trigger the receptor signaling of TLR4 and EGFR
responsible for mucus overproduction due to uPM;y.
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Figure 6. Temporal induction of epidermal growth factor receptor (EGFR) (A), its blockade by aesculetin (B) and MUC5AC
inhibition by EGFR inhibitor (C) in uPM;jgp-exposed bronchial epithelial cells. BEAS-2B cells were incubated with 2 pg/mL
uPMj up to 48 h in the presence of 1-20 uM aesculetin (B) or 1 uM erlotinib (C). Cell lysates were applied to Western blot
analysis. The bar graphs (mean + SEM, n = 4) show quantitative results. Means without a common alphabetical lowercase
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Figure 7. Inhibition of reactive oxygen species (ROS) production (A) and induction of TLR4 (B) and EGFR (C) by aesculetin
in uPMjg-exposed or HyO,-stimulated bronchial epithelial cells. BEAS-2B cells were incubated with 2 ng/mL uPM;jg or
20 uM H;O; for 8 h in the presence of 1-20 uM aesculetin (B). The ROS production was measured by fluorescent DCF-DA
staining (n = 3, (A)). Cell lysates were applied to Western blot analysis. The bar graphs (mean + SEM, n = 4) in the bottom
panels show quantitative results. Means without a common alphabetical lowercase differ, p < 0.05.
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4. Discussion

Epidemiological evidence supports that increased levels of particulate air pollution
enhance morbidity and mortality of respiratory diseases [32,33]. There is a strong rela-
tionship between PM and exacerbations of pre-existing lung conditions such as COPD
observed [34]. However, little is known about how a chronic contact to ambient PM can
evoke the development of COPD. The PM deposition in the respiratory tracts is dependent
predominantly on the particle size, with larger particles accumulated in the upper and
larger airways, and smaller particles infiltrating deep into the alveolar spaces [8,9,34].
This study found that the exposure of mice to uPM;jy induced bronchiolar thickening
along with increased expression of x-SMA in lung tissues. In addition, there was mu-
cus overproduction in bronchioles exposed to uPMjg, being concurrent with increased
induction of epithelial MUC5AC in airways. However, it should be noted that uPM;jg
did not show notable alveolar injury (data not shown), indicating that the particle size of
uPM;y was not small enough to penetrate deep into the alveoli. Consistently, the uPMjg
loading enhanced the induction of collagens and MUC5AC in bronchial airway epithelial
cells. Ineffective clearance of this uPM;g from the bronchial airways could cause particle
retention in upper and larger lung tissues. Eventually, such particle retention in airways
may result in pathogenetical responses critical for respiratory diseases such as allergic
asthma accompanying eosinophilia. Indeed, the uPM; inhalation enhanced the eotaxin-1
induction in lung tissues.

Long-term exposure to urban air pollution leads to reduction of lung functionality,
airway irritation, breathing difficulty, and aggravation of pre-existing respiratory dis-
eases [7,12,34]. Although the precise mechanisms underlying detrimental effects of air
pollutants are still unclear, the induction of pulmonary inflammation following particle
inhalation represents a plausible mechanistic pathway. The airway epithelium as a major
site of PM deposition is known to be inflammogenic [4]. Several studies have shown that
PM retention in airways triggers pulmonary inflammation [14,15,35]. This study revealed
that uPMj inhalation to mice enhanced lung tissue levels of the inflammatory COX-2
and NOS2, suggesting that uPM;( caused pulmonary inflammation. One can assume
that the mucus overproduction from uPM;g-stimulated bronchioles may be attributed to
pulmonary inflammation. According to current literature, PM generates ROS, inducing
antioxidant and inflammatory responses in airway epithelial cells [4,17,19]. It was found
that the exposure to uPM; instigated oxidative stress in mouse bronchioles, evidenced
by DHE staining. Therefore, the mucus overproduction and bronchiole thickening by
uPM;g may entail oxidative stress leading to pulmonary inflammation. Oxidative stress as
a consequence of air pollution results in organ injury via redox-sensitive apoptotic path-
ways [17]. Fine PM initiates type 2 cytokines-evoked pro-inflammatory immune responses
in chronically inflamed upper airway mucosa [36]. However, the mechanisms underlying
the unfavorable effects of uPM7y on mucosal diseases remain debatable.

It has been generally accepted that the pathological mechanisms through which
PM may contribute to respiratory diseases include oxidative stress-triggered direct toxic
injury [15,16,19,37]. Accordingly, literature evidence suggests that dietary antioxidants
and supplements abrogate harmful effects of air pollution in asthma and other chronic
respiratory diseases [22,23]. This study found that plant-derived aesculetin attenuated
uPM;p-induced oxidative stress and inflammation, accompanying reduction of neutrophilia
and lymphocytosis in BALE. Antioxidants may alleviate the adverse effects of PM on
chronic diseases [19,24,25]. Aesculetin attenuates alveolar injury and fibrosis induced
by macrophage-derived inflammation [29]. Similarly, phenolic compounds may have
a favorable effect on skin exposed to heavy air pollution through exerting antioxidant
and anti-inflammatory activities [25]. These compounds reduce cellular ROS level, and
augment cellular antioxidant ability and lower the levels of cellular mediators involved
in inflammatory responses to PM [25]. Nevertheless, it is still undefined whether PM-
triggered oxidative stress is involved in airway thickening and mucin overproduction.
This study demonstrated that plant-derived aesculetin attenuated uPM;p-induced airway
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thickening and bronchiolar mucus hyperproduction possibly through its inhibition of
oxidative stress and inflammation. One study shows that naringin blocks diesel PM-
induced abnormal secretion of airway surface liquid in the respiratory tract [38]. These
findings suggest that plant-derived natural compounds may provide a novel strategy for
the therapeutically treatment of PM-induced respiratory diseases.

Molecular scenes of the respiratory diseases associated with exposure to PM include in-
duction of inflammation, oxidative stress, and cell death [15,16,37]. Both TLR2 and TLR4 are
involved in inflammatory immune responses of macrophages induced by fine and coarse
ambient air PM [39]. Urban PM; 5 containing trace microbial elements may exacerbate aller-
gic inflammation and eosinophilia in the murine lung via a TLR2/TLR4/MyD88-signaling
pathway [40]. This study revealed that the uPM;( inhalation stimulated mucus production
aberrantly from airway epithelial cells overexpressing TLR4, which was abrogated by
aesculetin, as the inhibitor of TLR4. On the other hand, lung inflammation by neutrophil
elastase entails the EGFR activation in bronchial epithelial by a novel metalloprotease
pathway [41]. The EGFR inhibition reduces both cytokine expression and endotoxicity in
response to lipopolysaccharide in mice [41]. In the present study EGFR activation was
involved in the mucus production from airway epithelial cells exposed to uPMjg. The
current findings suggest that coarse uPM-induced epithelial activation of both EGFR and
TLR4 may influence airway inflammation via oxidative stress. Therefore, aesculetin target-
ing TLR4 and EGFR may find use in treating airborne PM-associated respiratory diseases.
Similarly, naringenin reduces mucous hypersecretion in neutrophil elastase-induced air-
way inflammation by encumbering ROS production and inhibiting the NF-kB activity via
EGFR-PI3K-Akt/ERK signaling [42].

5. Conclusions

The current report revealed that aesculetin attenuated airway thickening and mucus
hypersecretion during pulmonary inflammation by uPMj, inducing oxidative stress con-
currently. In addition, aesculetin accompanied inhibition of cellular induction of bronchial
epithelial TLR4 and EFGR by stimulation with uPM;. Furthermore, such protective effects
of aesculetin on mucus hypersecretion were attributed to the inhibition of bronchiolar
epithelial induction of TLR4 and EGFR. Taken together, naturally-occurring aesculetin
ameliorated upper airway mucosa inflamed by urban coarse PM inhalation by disrupting
pulmonary inflammation and oxidative stress via TLR4 and EGFR.
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