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Aeroallergens Induce Reactive Oxygen Species Production
and DNA Damage and Dampen Antioxidant Responses in
Bronchial Epithelial Cells

Tze Khee Chan,*"*' W, S. Daniel Tan,*"! Hong Yong Peh,*’ and W. S. Fred Wong*" "%

Exposure to environmental allergens is a major risk factor for asthma development. Allergens possess proteolytic activity that is
capable of disrupting the airway epithelium. Although there is increasing evidence pointing to asthma as an epithelial disease, the
underlying mechanism that drives asthma has not been fully elucidated. In this study, we investigated the direct DNA damage
potential of aeroallergens on human bronchial epithelial cells and elucidated the mechanisms mediating the damage. Human bron-
chial epithelial cells, BEAS-2B, directly exposed to house dust mites (HDM) resulted in enhanced DNA damage, as measured by the
CometChip and the staining of DNA double-strand break marker, YH2AX. HDM stimulated cellular reactive oxygen species
production, increased mitochondrial oxidative stress, and promoted nitrosative stress. Notably, expression of nuclear factor erythroid
2-related factor 2—dependent antioxidant genes was reduced immediately after HDM exposure, suggesting that HDM altered
antioxidant responses. HDM exposure also reduced cell proliferation and induced cell death. Importantly, HDM-induced DNA
damage can be prevented by the antioxidants glutathione and catalase, suggesting that HDM-induced reactive oxygen and nitrogen
species can be neutralized by antioxidants. Mechanistic studies revealed that HDM-induced cellular injury is NADPH oxidase
(NOX)-dependent, and apocynin, a NOX inhibitor, protected cells from double-strand breaks induced by HDM. Our results show
that direct exposure of bronchial epithelial cells to HDM leads to the production of reactive oxygen and nitrogen species that damage
DNA and induce cytotoxicity. Antioxidants and NOX inhibitors can prevent HDM-induced DNA damage, revealing a novel role for

antioxidants and NOX inhibitors in mitigating allergic airway disease. The Journal of Immunology, 2017, 199: 39-47.

llergic disease continues to increase in prevalence, af-
fecting ~30-40% of the world’s population (1). It is a
maladaptive immune response directed against nonin-
fectious environmental substances known as allergens (2, 3). Allergic
diseases caused by airborne allergens include rhinoconjunctivitis,
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eosinophilic bronchitis, and allergic asthma. Allergic asthma is an
inflammatory disorder of the airways toward airborne allergens such
as house dust mites (HDM), animal dander, plant pollen, and fungal
spores (4). These aeroallergens may have deleterious impacts on the
bronchial epithelium, contributing to asthma development. The pro-
cess of allergic sensitization of the airway cells to aeroallergens is
well investigated, but study of the damaging impacts of allergens on
lung airway epithelial cells is lacking.

Airway epithelial cells constitute the first line of defense against
environmental stimuli and pathogens such as viruses, pollutants,
and allergens (5). Particularly, the bronchial epithelium is a key
regulator of airway allergen sensitization and remodeling. Aller-
gens may damage epithelial integrity through their protease ac-
tivity and cytotoxic potential (4). Disruption of the epithelial cell
barrier and intercellular adhesion enables easier access of patho-
gens into the airways, which could be one of the contributory
factors in the development of asthma (6). In addition, allergen-
mediated activation of pattern recognition receptors and protease-
activated receptors, and induction of reactive oxygen species
(ROS) are critical steps to the initiation of inflammatory responses
(4). One of the key producers of ROS is NADPH oxidase (NOX),
a transmembrane protein responsible for the transportation of
electrons across the membrane, which at the same time reduces
oxygen to superoxide (-O, ) (7). NOX-derived ROS plays a
critical role in host defenses and cellular signaling, however, ex-
cessive production of ROS leads to cellular stress (7). In this study,
we will evaluate the contribution of NOX-derived ROS in HDM-
induced epithelial cell injury.

Oxidants are known to increase epithelial permeability by
damaging tight junctions. Overproduction of reactive oxygen and
nitrogen species (RONS) is harmful to cells, as they induce oxi-
dative and nitrosative damage to cellular macromolecules such as
the nucleic acid. RONS react with DNA to form a broad range of
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DNA lesions including base damage, single-strand breaks, and double-
strand breaks (DSBs). DNA damage in cells triggers the activation of
the DNA damage response (DDR). DDR is a coordinated series of
cellular pathways that detect, signal, and repair DNA lesions to prevent
the generation of potentially deleterious mutations (8). DDR includes
the activation of cell-cycle checkpoint mechanisms to arrest the cell
cycle for DNA damage repair or the activation of cell death pathway,
if the damage is too severe to be repaired (8).

To the best of our knowledge, this is the first demonstration that the
HDM aeroallergen directly induces DNA damage in human bronchial
epithelial cells, through the production of genotoxic RONS, probably
via enhanced NOX2 and NOX4 gene expression, with associated
increases in cellular nitrosative and mitochondrial oxidative stress.
HDM exposure alters antioxidant responses in epithelial cells, induces
apoptosis-inducing factor (AIF) nuclear translocation, triggers apo-
ptosis, and reduces cell proliferation. This highlights the cytotoxic
potential of HDM on the airway epithelium, which could be rescued
by the NOX inhibitor apocynin, and antioxidants such as glutathione
and catalase in a concentration-dependent manner, giving direct evi-
dence that NOX inhibitors and antioxidants protect airway cells from
the damaging effects of aeroallergens. Our findings have direct im-
plications in asthma disease etiology. A better understanding of the
function of epithelial cells in maintaining airway integrity and how
its dysfunction contributes to asthma enables a deeper understanding of
the mechanisms by which asthma is initiated, and provides a frame-
work to identify new therapeutic strategies to mitigate the disease.

Materials and Methods

Reagents

HDM extract, cockroach allergen extract (CAE), Aspergillus fumigatus
(ASP), and ragweed pollen extract (RWE) were obtained from Greer
Laboratories (Greerlab, Lenoir, NC). The endotoxin content in 1, 10 and
100 wg HDM extracts are 0.005, 0.05 and 0.5 pg/ml respectively.

Cell culture and treatment

BEAS-2B cells obtained from American Type Culture Collection (Rock-
ville, MD) were grown in bronchial epithelium growth medium (BEGM
BulletKit; Lonza, Basel, Switzerland) in flasks precoated with 30 wg/ml
collagen (Sigma-Aldrich, St. Louis, MO) and 10 pg/ml fibronectin (Santa
Cruz Biotechnology, Santa Cruz, CA). Cells were plated on six-well plates
and treated with HDM protein (1, 10, 100 pg) dissolved in culture medium
for 6 or 20 h. In antioxidant treatment, cells were exposed to 100 wg of
HDM in the presence of glutathione (0.1, 1, 10 mM) (Sigma-Aldrich) or
catalase (2, 20, 200 U/ml) (Sigma-Aldrich) for 6 h. In oxidase inhibitor
studies, cells were pretreated with the NOX inhibitor apocynin (100 wM)
(Sigma-Aldrich) or the xanthine oxidase (XO) inhibitor oxypurinol
(100 M) (Sigma-Aldrich) for 1 h before coincubating with 100 pg of
HDM for 6 h. Untreated control was replenished with fresh culture medium.

Comet assay using CometChip

CometChip is a highly sensitive and higher-throughput version of the comet
assay that leverages micropatterning of microwells to create arrayed comets
(9-11). Arrayed microwells were prepared as described by Wood et al. (10).
BEAS-2B cells were loaded into the microwells and exposed to different
treatment conditions. Cells were incubated with HDM with or without the
presence of antioxidants glutathione or catalase (Sigma-Aldrich), or TLR-4
antagonist (#tlrl-prslps, LPS from Rhodobacter sphaeroides; InvivoGen, San
Diego, CA) for 6 h. To mimic selective activation of TLR-4, cells were
treated with TLR-4 agonist (#tlrl-3pelps, LPS from Escherichia coli O111:
B4; InvivoGen) for 6 h without HDM. Control cells were exposed to hy-
drogen peroxide (H,O,) (100 wM) with or without the presence of antiox-
idants glutathione or catalase. After treatment, alkaline CometChip assay
was performed using protocol as described by Weingeist et al. (11).

Immunofluorescence staining

Cells were grown on four-well culture glass chamber slides and exposed to
different treatment conditions. Cells were then fixed in ice-cold methanol,
immunoblocked with 5% BSA, and probed with primary Abs targeting
YH2AX or AIF (Cell Signaling Technology, Danvers, MA), followed by
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secondary Ab and DAPI staining. Bleomycin (Sigma-Aldrich)-treated cells
(0.1 U/ml) were used as a positive control in yH2AX staining. H,O,
(100 pM)-treated cells were used as a positive control in CellROX
staining. For CellROX and MitoTracker Red CM-H,XRos (Thermo Fisher
Scientific, San Jose, CA) staining, slides were stained according to the
manufacturer’s instructions. All slides were mounted in SlowFade Gold
antifade reagent (Thermo Fisher Scientific). Images were captured using
the Zeiss Axiolmager Z1 microscope (Zeiss, Toronto, ON, Canada) and
quantitated using Imaris 5.7 software (Bitplane AG, Zurich, Switzerland).

Quantitative real-time PCR analysis

Total RNA was extracted from BEAS-2B cells with RNAzol RT (Molecular
Research Center, Cincinnati, OH). cDNA was synthesized using qScript
cDNA Supermix (Quanta Biosciences, Gaithersburg, MD), and subjected to
quantitative PCR. Briefly, template cDNA was mixed with SYBR Green
Master Mix (Applied Biosystems, Carlsbad, CA) and was quantified using a
sequence detector (ABI 7500 Cycler; Applied Biosystems, Foster City). The
mRNA expression of antioxidant genes listed in Supplemental Table I was
normalized to the level of the housekeeping gene GAPDH.

Immunoblotting

BEAS-2B cell nuclear protein extraction was performed using a nuclear
extraction kit (Active Motif, Carlsbad, CA). Nuclear protein extracts were
separated by 10% SDS-PAGE and immunoblots were probed with anti—
nuclear factor erythroid 2-related factor 2 (Nrf2) Ab or anti-Lamin A/C
Ab (Cell Signaling Technology). Cells treated with Nrf2 activator sulfo-
raphane (10 wM) (Sigma-Aldrich) for 4 h were used as a positive control.
To quantify the level of YH2AX in HDM extracts alone, HDM extract
lysates (1, 10 and 100 pg) were separated by SDS-PAGE and probed for
vYH2AX (Cell Signaling Technology). Cells exposed to bleomycin (0.1 U/ml)
for 1 h were used as a positive control. Immunoblots were developed using
ECL HRP substrate (Advansta, Menlo Park, CA).

Flow cytometry

Cell death was studied by staining cells with an FITC Annexin V/Dead Cell
Apoptosis Kit (Thermo Fisher Scientific). Early apoptotic cells were
identified as annexin V*/ propidium iodide (PI)~, late apoptotic cells as
annexin V*/PI*, and necrotic cells as annexin V_/PI*. Cells were stained
with MitoTracker Red CMXRos (Thermo Fisher Scientific) for mito-
chondrial transmembrane potential quantification according to the manu-
facturer’s instructions. Data were analyzed using a Fortessa flow cytometer
(Becton-Dickinson, San Jose, CA) and quantified with FlowJo software
(Tree Star, San Carlos, CA).

XTT assay

BEAS-2B cells were seeded at 3000 cells per well in 96-well plates and
exposed to increasing concentrations of HDM up to 30 h in the presence of
XTT reagent (Cell Signaling Technology). XTT reagent is reduced to
formazan dye in metabolically active cells, which can be quantified by
measuring the absorbance at a wavelength of 450 nm.

Nitrite assay

Cellular nitrite levels were assayed using Measure-iT high-sensitivity nitrite
assay kit (Invitrogen). BEAS-2B cells were plated on 48-well plates and
exposed to increasing concentrations of HDM. As a positive control, cells
were treated with S-nitrosoglutathione (Sigma-Aldrich), an NO donor, with
or without pretreatment of 2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide (Sigma-Aldrich), an NO scavenger that served as a nega-
tive control. Culture medium was collected after 6 h of HDM exposure and
immediately assayed for nitrite levels. Fluorescence values were deter-
mined at 365/450 nm using a spectrofluorometer.

XO activity assay

XO activity level in cells exposed to HDM was measured using XO
fluorometric assay kit (Cayman Chemical, Ann Arbor, MI) according to the
manufacturer’s instructions.

Limulus amebocyte lysate endotoxin assay

Endotoxin levels in HDM was measured using Pierce Limulus amebocyte
lysate chromogenic endotoxin quantitation kit (Thermo Fisher Scientific),
according to the manufacturer’s instructions.

Statistical analysis

All data are expressed as mean * SEM. Statistical comparison of multi-
group data were analyzed by ANOVA followed by Tukey, Bonferroni, or
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Dunnett post hoc analysis using GraphPad PRISM 6, with p < 0.05
considered significantly different.

Results
Aeroallergens induce DNA damage in human bronchial
epithelial cells

To elucidate the genotoxic potential of aeroallergens, human
bronchial epithelial BEAS-2B cells were exposed to increasing
concentrations of HDM, CAE, ASP, RWE, or LPS. These aero-
allergens are commonly used to induce experimental allergic
asthma models (12). Alkaline comet assay is a well-established
tool to quantify a broad spectrum of DNA lesions including
single-strand break, alkali-sensitive sites, and abasic site. Com-
etChip is a modified comet assay that allows high throughput and
automated data analysis, as reported previously (9-11, 13).

We observed concentration-dependent increases in DNA damage
in cells exposed to HDM, LPS, or CAE, but not to ASP or RWE
(Fig. 1A). The level of DNA damage is indicated by the per-
centage of DNA in the tail, as fragmented DNA migrates faster
than intact DNA. Fig. 1B shows representative images of comets
from cells exposed to HDM. Notably, the level of damage induced
by 100 wg HDM was similar to that induced by 100 uM H,O,, a
highly genotoxic dose. These results indicate that HDM can di-
rectly induce DNA damage, in addition to its ability to activate
immune responses in asthma.

HDM induces DNA DSBs in human bronchial epithelial cells

DSB is one of the most significant forms of damage to DNA,
because it can lead to chromosomal translocations and even cell
death if not repaired properly (14). Following the formation of a
DSB, H2AX is phosphorylated to form yH2AX, marking nucle-
osomes along megabases of DNA surrounding the DSB sites.
Using immunocytochemistry, YH2AX nuclear foci can serve as a
signal indicating the presence of DNA DSBs (15). In this study,
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we show that HDM concentration dependently induced yH2AX
foci as shown by increased immunofluorescence staining, which is
consistent with the formation of DSBs (Fig. 1C, see inset for
higher magnification). Quantification of cells with more than 10
foci per nucleus showed that up to 50% displayed a significant
increase in the level of DSBs when exposed to 100 pwg HDM for
6 h. We demonstrated that HDM aeroallergen can directly cause
DNA DSBs in airway cells, even in the absence of immune cells
that are known to secrete high levels of RONS.

HDM induces ROS production and increases mitochondrial
oxidative stress in human bronchial epithelial cells

As compared with untreated controls, H,O, (positive control)
induced intracellular ROS (green signal) in BEAS-2B cells
(Fig. 2A). HDM was able to trigger the production of ROS in a
concentration-dependent manner, as shown by the significantly
elevated green signal in cells. To learn more about the origins of
ROS, we measured mitochondrial ROS using MitoTracker Red
CM-H,XRos, which stains the mitochondria in live cells upon
oxidation (16). HDM increased mitochondrial oxidative stress in
BEAS-2B cells, as shown by the enhanced red fluorescence signal
observed (Fig. 2B).

HDM increases inducible NO synthase expression and nitrite
secretion in bronchial epithelial cells

The endogenous production of NO by NO synthase (NOS) has been
implicated as a pathophysiology event in asthma (17). NO has short
half-life and converts rapidly to the physiologically stable nitrite
(18). Hence, we measured the expression level of inducible NOS
(INOS) and the level of nitrite in cells. HDM induced significant
increases in iNOS gene expression in BEAS-2B cells (Fig. 2C,
top). In parallel, nitrite levels in BEAS-2B cells increased fol-
lowing exposure to increasing concentrations of HDM, although
they did not reach a significant level (Fig. 2C, bottom).
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A | Cellular ROS
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FIGURE 2. HDM triggers ROS production,
and increases mitochondrial oxidative stress and
nitrosative stress in cells. (A) After HDM ex-
posure, cells were fixed and stained with Cell-
ROX to measure oxidative stress level. Green
signals indicate the presence of oxidative stress
in cells. Percentage of CellROX-positive cells
was quantified on 10 random fields per treatment
group. (B) Cells were stained with MitoTracker
Red CM-H,XRos to detect mitochondrial ROS
(red). (€) iNOS gene expression in cells exposed
to HDM for 6 h was measured with RT-PCR.
Nitrite level in cell-culture medium was mea-
sured after cells were exposed to HDM for 6 h.
All experiments were repeated at least three
times and data presented are mean * SEM.
#p < 0.01, *p < 0.05 indicate significant dif-
ference from untreated control.
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HDM induces Nrf2 nuclear translocation and modulates
antioxidant gene expression in bronchial epithelial cells

Nrf2 is a key regulatory transcription factor that induces antioxi-
dant genes to protect against the deleterious effects of ROS (19). To
study the impact of HDM in regulating antioxidant responses, we
measured the activation of Nrf2 by quantifying its nuclear trans-
location. Immunoblotting of nuclear protein lysate reveals that
HDM induced Nrf2 nuclear translocation in BEAS-2B cells after
6 h HDM exposure (Fig. 3A). Interestingly, at the same time point,
we observed a reduction in antioxidant gene expression, indicating
the oxidant-antioxidant balance was disrupted despite the rise in
nuclear Nrf2 (Fig. 3B, left). To test if Nrf2 translocation leads to a
delayed rescue response, we measured the antioxidant gene ex-
pression at 20 h post HDM exposure. The expression of many
Nrf2-dependent genes including superoxide dismutase (SOD) 1,
SOD3, GST, and glutathione-disulfide reductase returned to the
basal level (Fig. 3B, right). More importantly, antioxidant genes
SOD2, catalase, and NADPH dehydrogenase quinone 1 were all
significantly elevated.

HDM reduces cell proliferation, induces AIF translocation,
and causes cell death

To assess the impact of HDM on cell proliferation, an XTT assay
was performed. Low-concentration HDM (1 and 10 pg) did not
affect cell proliferation even after 30 h of incubation. However,
high-concentration HDM (100 pg) reduced cell proliferation
starting 8 h after exposure (Fig. 4A).

AIF is an intermembrane mitochondrial flavoprotein released
from mitochondria into the cytosol during apoptosis. Translocation
of AIF into the nucleus activates the caspase-independent cell death
pathway (20). Immunofluorescence staining and quantification of
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AlF-positive nuclei showed a significant increase in the translo-
cation of AIF (green signal) from the cytosol to the nucleus (blue)
in bronchial epithelial cells exposed to HDM (10 and 100 pg)
(Fig. 4B, see inset for higher magnification). This suggests that
HDM exposure may activate the AIF-regulated cell death pathway
in bronchial epithelial cells.

To quantify cell death, we stained cells with annexin V and PI.
Cells exposed to HDM for 6 h showed slightly elevated apoptosis as
compared with untreated control. Prolonged exposure to HDM for
20 h led to a significant increase in apoptosis (Fig. 4C). This
suggests that the decrease in proliferation in cells with prolonged
HDM exposure may be due to apoptosis.

Antioxidants suppress HDM-induced DNA damage

To study if antioxidants could prevent HDM-induced DNA damage
in BEAS-2B cells, we coincubated cells with exogenous glutathione
or catalase during HDM exposure. Catalase treatment significantly
reduced intracellular ROS (green signal) in BEAS-2B cells exposed
to 100 wg HDM (Fig. 5A). In addition, we observed a significant
concentration-dependent reduction in HDM-induced DNA damage
in cells coincubated with antioxidants, measured using an alkaline
comet assay (Fig. 5B). This suggests that HDM-induced DNA
damage can be prevented by antioxidant treatment, revealing a
novel role of antioxidants in genome protection.

HDM induces NOX gene expression

Airway epithelial cells express several NOX isoforms, which each
play a different role in host defense, cell proliferation, and dif-
ferentiation (7, 21, 22). To understand if NOX-derived ROS plays
a role in HDM-induced cellular injury, NOX gene expression was
measured in BEAS-2B cells exposed to HDM. HDM significantly
induced NOX2 and NOX4 gene expression in bronchial epithelial
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FIGURE 3. HDM alters antioxidant gene expression. (A) Nuclear Nrf2
level was determined using immunoblotting. Cells treated with sulfor-
aphane (SFN) were used as positive control. (B) RNA extraction was
performed and antioxidant gene expression was measured using RT-PCR
in cells exposed to HDM for 6 (left) or 20 h (right). All experiments were
repeated at least three times and data presented are mean = SEM. *p <
0.01, *p < 0.05 indicate significant difference from untreated control.

cells (Fig. 6A). NOX2 and NOX4 have been shown to play a
crucial role in asthma pathogenesis (23-26). Most importantly, the
NOX inhibitor apocynin significantly reduced HDM-induced
DNA DSBs in the bronchial epithelial cells, as shown by
vYH2AX immunostaining (Fig. 6C), suggesting that HDM-induced
DNA damage is NOX dependent.

In contrast, XO, another ubiquitous enzyme responsible for ROS
and NO production (27), was not significantly activated by HDM
exposure (Fig. 6B). Consistent with the finding, oxypurinol, an
XO inhibitor, was not able to reduce HDM-induced DSBs
(Fig. 6C). Our data suggest that HDM exposure induced NOX2
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and NOX4 expressions but not XO activity, providing some
mechanistic insights into HDM-induced oxidative stress and the
ensuing DNA damaging effects.

Discussion

Exposure to HDM allergen is a major risk factor for allergic
sensitization and asthma development (28, 29). Between 50 and
85% of asthmatics are found to be allergic to HDM (30, 31). HDM
is a complex biological allergen that displays strong allergenic
potential, mainly through its ability to interact with the innate
immune system (31, 32). The airway epithelium is the first line of
defense for the lung tissue when exposed to environmental stimuli
including aeroallergens. It plays a central role in activating the
immune response toward external stimuli (33). In this study, we
revealed that HDM could directly induce DNA damage in BEAS-
2B cells by triggering RONS formation, probably via enhanced
NOX gene expression and the weakening of antioxidant responses.
It can also reduce cell proliferation and induce cell death, po-
tentially dampening the ability of cells to regenerate. We postulate
that the DNA-damaging potential of aeroallergens on the bron-
chial epithelial cells plays a contributing role in asthma patho-
genesis. This study suggests that allergens that are generally
perceived as being harmless cause more damage than previously
thought.

It has been shown that HDM activates bronchial epithelial cells
and releases pro-Th2 cytokines such as GM-CSF, TSLP, IL-25, and
IL-33 (33). One possible path is through its pathogen-associated
molecular patterns that can be recognized by pattern recognition
receptors expressed on the apical surface of airway epithelial cells.
Proteolytic cleavage of host proteins by the protease activity of
allergens, tissue damage, and metabolic changes induced by al-
lergens can also drive Th2 responses in cells (34). In addition,
allergen-induced tissue damage releases damage-associated mo-
lecular patterns such as ATP and uric acid, which serve as danger
signals that alert the immune system to tissue damage (5).

Increased ROS has been associated with allergic lung inflam-
mation, lung injury, and vascular remodeling. We observed ele-
vated levels of ROS when BEAS-2B cells were exposed to HDM.
Some allergens contain NOX and can induce oxidative stress in the
airway epithelium (35, 36), pointing to the possibility that HDM-
induced oxidative stress may also be dependent on NOX. In fact,
studies have shown that NOX regulates various phases of asthmatic
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FIGURE 4. HDM reduces cell proliferation, 2 16 vg HOM

and induces AIF nuclear translocation and cell
death. (A) Cell proliferation was determined
using XTT assay, up to 30 h after HDM expo-
sure. (B) Cells were stained with AIF (green)
and DAPI (blue). Colocalization of AIF with
DAPI was quantified. (C) Cell death assay was
performed using annexin V/PI staining. Cells 0 10 20
positive for annexin V only or both annexin V Time (h)
and PI were considered as early apoptotic and
late apoptotic cells, respectively. Data were
collected using flow cytometry, and analyzed
using FlowJo software. All experiments were
repeated at least three times and data presented
are mean + SEM. *p < 0.01, #p < 0.05 indicate
significant difference from untreated control.
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FIGURE 5. HDM-induced DNA damage can be prevented by antioxi-
dant treatment. BEAS-2B cells were exposed to HDM for 6 h with or
without antioxidant glutathione and catalase treatment, followed by Cell-
ROX staining and alkaline comet assay. (A) Green signal (CellROX) in-
dicates the presence of intracellular ROS in cells. (B) DNA damage in cells
is indicated by the percentage of DNA in the comet tail. Experiments were
repeated at least three times and mean score = SEM was plotted. *p <
0.01, #p < 0.05 indicate significant difference from untreated control.

pathogenesis (25, 26, 37). For instance, NOX4 overexpression in
asthma has been associated with increased oxidative stress and
agonist-induced airway smooth muscle hyper-contractility (25).
Asthmatic bronchial epithelial cells that overexpressed NOX4 and
NOX dual oxidase 1 and 2 were associated with epithelial ciliary
dysfunction (26). NOX2 enhanced eosinophil recruitment and
promoted allergic asthma airway inflammation (23, 24). The NOX
inhibitor apocynin has been shown to suppress the production of
TNF-a, IL-1B, and IL-6, as well as airway hyperresponsiveness
and airway inflammation in OVA-induced experimental asthma
(38). In this study, although we have shown that HDM induced
NOX2 and NOX4 gene expression, we did not observe a dose-
dependent effect. Hence, it is noteworthy to mention that NOX is
not the only mechanism that leads to free radical production. We
have shown that HDM dysregulated the mitochondrial electron
transport chain (another significant source of ROS) in BEAS-
2B cells, as suggested by the elevated mitochondrial oxidative
stress and weakened Nrf2-dependent antioxidant gene expression.
These could be the alternative mechanisms that lead to the in-
creased oxidative stress in BEAS-2B cells, especially in the higher

HDM INDUCES DNA DAMAGE IN BRONCHIAL EPITHELIUM

concentrations of HDM (at 10 and 100 wg) exposure. Neverthe-
less, our studies highlighted the importance of NOX enzymes,
especially NOX2 and NOX4, in HDM-induced epithelial cell
DNA damage, probably via ROS production.

It has been shown that RWE can cause oxidative damage to
mitochondrial respiratory proteins and triggers ROS production
from the mitochondrial respiratory chain complex in human airway
epithelial cells (39). Oxidative stress as a result of mitochondrial
dysfunction has been associated with the development of allergic
airway inflammation and airway remodeling (40, 41). In line with
these findings, we showed in this study that HDM increases mi-
tochondrial ROS in BEAS-2B cells. -O,  is the main damaging
by-product of mitochondrial oxidative phosphorylation, and re-
sides on the matrix side of the inner mitochondrial membrane
(42). This may account for the strong oxidation potential within
mitochondria as shown in our results.

Our results further implicate the potential role of mitochondrial
oxidative stress that leads to AIF translocation and ultimately the
activation of the cell death pathway. Under metabolic stress,
mitochondria-derived oxidants function as signaling molecules,
such as in apoptotic pathways (43). The impaired mitochondrial
respiratory chain function affects ATP production and impacts cell
viability (44). Mitochondrial ROS mediates the release of proap-
optotic cytochrome ¢ and AIF into the cytosol, leading to the
activation of caspase-dependent and caspase-independent cell
death pathways, respectively (44, 45). The release of AIF from
mitochondria into the cytosol can also be attributed to oxidative
modification by mitochondrial ROS that has changed its confor-
mation (45). In this study, after HDM exposure we observed a
significant increase in the translocation of AIF into the nucleus,
which could then trigger caspase-independent cell death. In par-
allel, we detected reduced cell proliferation and increased cell
death. These are likely to be the consequence of the activation of
mitochondria-dependent cell death. Notably, AIF nuclear trans-
location has been related to cell death by necroptosis, a form of
programmed necrosis (46). Interestingly, in our studies, HDM
does not induce necrosis (Supplemental Fig. 1), suggesting HDM-
induced cell death is mainly through apoptosis. In the asthmatic
airway, extensive bronchial epithelial cell death has been observed
(47, 48). Failure to regenerate to replace damaged bronchial epi-
thelial cells could result in the disruption of the lung barrier in-
tegrity and increased susceptibility to lung injury.

The Nrf2 transcription factor provides an earliest antioxidant
defense and cytoprotection from oxidative damage by inducing the
expression of antioxidant genes (49). In animal models, disruption
of Nrf2 enhances the susceptibility to airway inflammation and
exacerbates allergic inflammation induced by allergens (50). We
observed an increase in the translocation of Nrf2 transcription
factor into the nucleus, suggesting an immediate and first-line
oxidative stress response in cells exposed to HDM. Indeed, anti-
oxidant gene expression was dampened shortly after HDM ex-
posure. This observation is consistent with other reports that
suggest there is a defect in antioxidant capacity in asthmatic lungs
(51-53). Nevertheless, increased antioxidant expression was evi-
dent after 20 h of HDM exposure. This is likely to result from the
enhanced Nrf2 nuclear translocation observed at 6 h post HDM
exposure to restore the oxidant-antioxidant balance in cells. No-
tably, SOD2 gene expression was significantly elevated after 20 h
HDM exposure. SOD2 is a mitochondrial matrix enzyme that
scavenges oxygen radicals produced by mitochondrial during
electron transport reactions (54). This suggests the presence of
mitochondrial oxidative stress in cells, hence requiring constant
expression of SOD2.
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In this study, we have shown that HDM activates pathways such
as iNOS expression, nitrite level, Nrf2 translocation, and apoptosis.
However, it is important to note that these pathways could also be
mediated directly by RONS. For instance, iNOS expression is NOX
and RONS dependent (55, 56) and RONS-induced oxidative stress
can trigger Nrf2 nuclear translocation (57). In addition, ROS is an
important regulator of apoptotic cell death, which could be in-
duced by excessive DNA damage (58, 59).

To investigate the potential of antioxidants such as glutathione
and catalase in protection against HDM-induced DNA damage, we
added glutathione and catalase as supplements into culture me-
dium. Glutathione is a thiol compound and is a major antioxidant
present in cells to maintain a tight control of the redox status (60).
In a reduced state, glutathione scavenges a wide variety of ROS,
including -O, ", hydroxyl radical (-OH ), protein and DNA radi-
cals, by donating electrons and being oxidized to a glutathione-
thiyl radical (61). Although catalase is commonly known an
intracellular antioxidant enzyme that catalyzes the reaction that
converts H,O, to water and oxygen, it has been shown that cat-
alase is able to scavenge H,O, in extracellular compartments (62,
63). Replenishing of glutathione and catalase pools in cells
scavenges and prevents the accumulation of ROS, and as a result,
reduces DNA damage in cells. Indeed, our findings demonstrated
the ability of exogenous glutathione and catalase to reduce HDM-
induced DNA damage in BEAS-2B cells. Interestingly, although
both catalase and glutathione were able to protect cells from
HDM-induced DNA damage, only catalase was able to prevent
H,0,-induced DNA damage. This suggests that the two antioxi-

HDM (ug)

HDM (100 ug) +
Oxypurinol

dants possess different signaling mechanisms in scavenging ROS.
Nevertheless, this highlights the importance and ability of exog-
enous antioxidants to protect lung cells from the genotoxic effects
of aeroallergens, revealing a novel application of antioxidants for
treating asthma.

It has been shown than HDM binds to TLR-4 on lung epithelial
cells to induce asthma (64). To investigate the role of TLR-4 in
HDM-induced DNA damage in bronchial epithelial cells, we
employed a TLR-4 specific agonist and antagonist to activate or
block the binding of HDM to TLR-4 on bronchial epithelial cells,
respectively. We have shown that HDM-induced DNA damage is
independent of TLR-4 activation (Supplemental Fig. 2).

In addition, to determine whether the DNA damage observed in
this study was induced by an endotoxin contaminant in HDM
extracts, we first measured the endotoxin level in HDM extracts
using the Limulus amebocyte lysate endotoxin assay. The result
showed that 1 wg HDM contains 6.51391 = 0.053805 endotoxin
units (equivalent to 0.00651 pwg LPS) (Supplemental Fig. 3A). It
can be deduced that 100 wg HDM consists of ~651 endotoxin
units (equivalent to 0.651 g LPS). We exposed cells to LPS (1 or
10 pwg/ml) for 6 h and measured DNA DSBs using YH2AX im-
munofluorescence staining. We showed that the levels of DNA
DSBs in the presence of 1 or 10 pwg/ml LPS are similar to the level
in untreated cells (Supplemental Fig. 3B). This suggests that
HDM-induced DNA DSBs in BEAS-2B cells are mainly con-
tributed by HDM itself. Moreover, to rule out the possibility of the
DNA contaminants in HDM extracts contributing to the damaged
DNA observed in this study, we probed for YH2AX protein levels
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in HDM extract lysates (1, 10, and 100 wg) using immunoblotting
(Supplemental Fig. 3C). No yH2AX bands were detected in HDM
extracts, suggesting that YH2AX observed in HDM-challenged
BEAS-2B was from the bronchial epithelial cells and not the
HDM extracts.

Excessive or irreparable DNA damage activates cell death
pathways, and in asthma, airway epithelial cell death accounts for
excessive epithelial loss, which is one of the contributing mech-
anisms for worsening symptoms in allergic asthma. In this study,
we have shown that HDM allergen is genotoxic to bronchial ep-
ithelial cells and affects cell proliferation. The bronchial epithe-
lium, which suffers from genotoxicity and cytotoxicity, could be
compromised structurally and functionally. This is an important yet
understudied mechanism that drives asthma pathogenesis.

To our knowledge, the current study revealed for the first time
that HDM induces DNA damage in bronchial epithelial cells by
triggering the production of genotoxic RONS. HDM exposure
increases cellular oxidative and nitrosative stress, induces NOX2
and NOX4 gene expression, and alters Nrf2-dependent antioxidant
responses. In addition, HDM reduces cell proliferation and in-
duces cell death, which could affect airway epithelium regenera-
tion after cell injury as a result of allergen exposure. Further,
antioxidant and NOX inhibitor treatments are able to protect cells
from HDM-induced DNA damage, indicating that RONS are a
major source of DNA damage in cells exposed to HDM. Although
further studies are needed to ascertain the specific mechanism of
how HDM leads to an increase in ROS in cells, our study points to
the possibility that inhibition of oxidative stress or targeting oxi-
dative mechanisms that cause epithelial cell injury could alter
asthma pathophysiology.
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