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Summary

Airway epithelial cells (AECs) express a variety of receptors, which sense

danger signals from various aeroallergens/pathogens being inhaled con-

stantly. Proteinase-activated receptor 2 (PAR-2) is one such receptor and

is activated by cockroach allergens, which have intrinsic serine proteinase

activity. Recently, dual oxidases (DUOX), especially DUOX-2, have been

shown to be involved in airway inflammation in response to Toll-like

receptor activation. However, the association between PAR-2 and DUOX-

2 has not been explored in airways of allergic mice. Therefore, this study

investigated the contribution of DUOX-2/reactive oxygen species (ROS)

signalling in airway reactivity and inflammation after PAR-2 activation.

Mice were sensitized intraperitoneally with intact cockroach allergen

extract (CE) in the presence of aluminium hydroxide followed by intrana-

sal challenge with CE. Mice were then assessed for airway reactivity,

inflammation, oxidative stress (DUOX-2, ROS, inducible nitric oxide syn-

thase, nitrite, nitrotyrosine and protein carbonyls) and apoptosis (Bax,

Bcl-2, caspase-3). Challenge with CE led to up-regulation of DUOX-2 and

ROS in AECs with concomitant increases in airway reactivity/inflamma-

tion and parameters of oxidative stress, and apoptosis. All of these

changes were significantly inhibited by intranasal administration of

ENMD-1068, a small molecule antagonist of PAR-2 in allergic mice.

Administration of diphenyliodonium to allergic mice also led to improve-

ment of allergic airway responses via inhibition of the DUOX-2/ROS

pathway; however, these effects were less pronounced than PAR-2 antago-

nism. The current study suggests that PAR-2 activation leads to up-regu-

lation of the DUOX-2/ROS pathway in AECs, which is involved in

regulation of airway reactivity and inflammation via oxidative stress and

apoptosis.

Keywords: airway epithelium; allergic asthma; cockroach extract allergens;

dual oxidase-2; proteinase-activated receptor-2; reactive oxygen species.

Introduction

Asthma is a common inflammatory airways disease affect-

ing people of all nations with high prevalence in western

countries. Different allergens originating from cockroach,

house dust mite and ragweed, as well as other sources,

play an important role in the pathogenesis of asthma.1–3

In response to these allergens, inflammatory and struc-

tural cells in the airways produce a variety of mediators

such as cytokines, histamine, matrix metalloproteinases,

Abbreviations: AEC, airway epithelial cell; BAL, bronchoalveolar lavage; CE, cockroach extract; DUOX, dual oxidase; H2O2,
hydrogen peroxide; iNOS, inducible nitric oxide synthase; i.n, intranasal; NO, nitric oxide; PAR-2, proteinase-activated receptor
2; ROS, reactive oxygen species
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leukotrienes and reactive oxygen species (ROS), which are

associated with airway inflammation/remodelling and

mucus hypersecretion.2,4,5 Reactive oxygen species such as

hydrogen peroxide may be directly or indirectly involved

in epithelial cell apoptosis, increased vascular permeability

and inactivation of antioxidant enzymes, so contributing

to asthma symptomatology.4–7

Airway epithelial cells (AECs) are constantly exposed to

airborne allergens and responsible for key immune

responses through a wide range of pattern recognition

receptors that respond to danger signals emanating from

pathogenic microbes or injured cells.2,8 Airborne allergens

originating from common household pests such as cock-

roaches also activate AECs through proteinase-activated

receptor-2 (PAR-2). Activation of PAR-2 leads to produc-

tion of a variety of inflammatory mediators that are

involved in the pathogenesis of asthma.9,10 This notion is

supported by studies that show association of PAR-2 with

airway inflammation in both people with asthma and ani-

mal models of asthma.2,11,12 PAR-2 is expressed on a

variety of cells in the lung including airway epithe-

lium.10,13 PAR-2 knockout allergic mice also develop

decreased airway inflammation and airway hyper-respon-

siveness compared with their wild-type counterparts in

response to different allergens.12,14 These data point

towards a strong role of PAR-2 in the development of

airway hyper-responsiveness and airway reactivity; how-

ever, signalling mechanisms following PAR-2 activation,

especially in relation to oxidative stress, have not been

fully elucidated in murine airway epithelium.

The NADPH oxidase homologues, dual oxidase 1 and

2 (DUOX-1 and DUOX-2) are also expressed on the air-

way epithelium and play an important role in host

defence as well as inflammation, primarily through pro-

duction of hydrogen peroxide (H2O2).
15 Increasing evi-

dence supports the role of DUOX-2 in airway reactivity/

inflammation through H2O2 production at mucosal sur-

faces. For example, DUOX-2 is up-regulated in people

with asthma, current smokers, and following viral infec-

tion.16–18 Moreover, hyperoxia-induced acute lung injury

is mediated by DUOX-2-induced H2O2, and DUOX-A-

deficient mice that lack maturation factor for DUOX-1/2

show decreased airway inflammation and hyper-reactiv-

ity.19,20 Toll-like receptors (TLRs) 2, 3, 4 and 5, which

also sense the presence of pathogens on airway epithe-

lium, have been recently identified to be involved in air-

way inflammation through DUOX-2.21,22 Histamine,

which is released in response to allergic stimuli, has been

shown to trigger the release of H2O2 via DUOX-1/2 on

human bronchial epithelial cells and contribute to oxida-

tive stress in the airways.23 Together, these findings sug-

gest that DUOX-2 might be involved in the regulation of

allergic airway responses. Earlier studies have shown that

PAR-2 may regulate superoxide generation in different

cell types, which are thought to be involved in airway

inflammation.24,25 However, no study so far has looked

into a possible association between PAR-2 and DUOX-2

in AECs. Given the localization of both PAR-2 and

DUOX-2 on AECs and recent evidence of TLR signalling

via DUOX-1/2, we hypothesized that PAR-2 activation by

cockroach allergens, because of their intrinsic protease

activity, might lead to activation of DUOX-2 and subse-

quent ROS generation during allergic airway responses.

Hence, the purpose of this study was to investigate the

effect of PAR-2 activation triggered by cockroach aller-

gens on DUOX–ROS signalling, airway reactivity and

inflammation in a mouse model of allergic asthma. Our

findings show for the first time that allergen sensitization

and challenge with cockroach allergens extract activates

DUOX-2–ROS signalling in AECs with concomitant

enhancement of airway reactivity/inflammation, oxidative

stress and apoptosis. All of these effects are attenuated by

a small molecule antagonist of PAR-2 in the allergic air-

ways of mice.

Materials and methods

Animals

Male BALB/c mice, 8–10 weeks of age (20–25 g), free of

specific pathogens, were used in the experiments. The

animals were obtained from the Experimental Animal

Care Centre, College of Pharmacy, King Saud University.

The animals were kept under standard laboratory condi-

tions of 12 : 12-hr light : dark cycle and 24–26° ambient

temperature. All experimental animals used in this study

were under a protocol approved by the Animal Care and

Research Committee of the College of Pharmacy, King

Saud University.

Mice sensitization and challenge

Sensitization was performed according to the protocol

described earlier with little modification.26,27 Mice were

sensitized on days 1 and 6 with intraperitoneal injections

of 20 lg whole-body German cockroach (Blattella germa-

nica) extract (Greer Laboratories, Lenoir, NC), adsorbed

to 4 mg alum. Non-sensitized control animals received

only alum with the same volumes. Two weeks after first

sensitization, the mice were challenged intransally under

light anaesthesia with 50 lg cockroach extract (CE) once

only on days 14 and 16. The CE at a concentration of

100 mg/ml tested positive in our earlier publication using

Limulus amoebocyte assay kit, indicating that it contained

> 0�05 endotoxin units/ml.12 To study the role of PAR-2

activity modulation in this model, mice were given a

small molecule antagonist, ENMD-1068 (Enzo Life Sci-

ences, Farmingdale, NY) at 5 mg/kg, intranasally before

each cockroach extract challenge. Some mice were sensi-

tized and challenged with heat-inactivated CE (HCE;
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inactivation carried out at 65° for 30 min) with the same

protocol as described above. This procedure reduces

trypsin-like proteinase activity in the CE by > 90%.12

Additionally, we used a proteinase activity inhibitor, soy-

bean trypsin inhibitor (SBTI), and a PAR-2 agonist, tryp-

sin, in vivo. For this purpose, one group of mice

(SEN + CHAL + SBTI) was challenged with SBTI-treated

CE (CE was treated with 200 lM SBTI for 30 min at

37°); the other group (SEN + CHAL + Trypsin) was

given trypsin (0�2 lg, intranasally) after each CE chal-

lenge. The former neutralizes trypsin-like activity in CE

and the latter is equivalent to serine protease activity con-

tained in 50 lg CE.12

Mice were divided into following groups: Control

group (CON): mice received only vehicles for sensitiza-

tion and challenge; Sensitized and challenged group

(SEN + CHAL): mice were sensitized and challenged with

CE using the same protocol described above; Sensitized

and challenged group administered ENMD-1068

(ENMD + SEN + CHAL): mice were sensitized and chal-

lenged with CE using the same protocol described above

and ENMD-1068 was administered on days 14 and 16

before each allergen challenge; Sensitized and challenged

group with heat-inactivated CE (SEN + CHALHCE): mice

were sensitized and challenged with heat-inactivated CE

using the same protocol described above; Sensitized and

challenged group with heat-inactivated CE and adminis-

tered ENMD-1068 (ENMD + SEN + CHALHCE): mice

were sensitized and challenged with heat-inactivated CE

using the same protocol described above and ENMD-

1068 was administered on days 14 and 16 before each

allergen challenge.

Measurement of airway reactivity in vivo

Twenty hours after final allergen challenge, airway reactiv-

ity to methacholine in conscious, unrestrained mice was

assessed by a whole-body non-invasive plethysmograph

(Buxco Electronics Inc., Wilmington, NC.) as described

earlier.12,27 Baseline enhanced pause (Penh) was deter-

mined by exposing mice to nebulized saline. To assess the

role of dual oxidase in PAR-2-mediated signalling, the

SEN + CHAL group was treated with diphenyl iodonium

(DPI; 1 mg/kg, intranasally) before each allergen chal-

lenge followed by a methacholine reactivity test on day 17

as described above. The mice were then exposed to

increasing concentrations of aerosolized methacholine dis-

solved in saline (0–32 mg/ml) to obtain a dose–response
and Penh values were recorded at each dose.

Bronchoalveolar lavage

The trachea was cannulated to perform bronchoalveolar

lavage (BAL) 2 days after final allergen challenge; PBS

was introduced into the lungs via the tracheal cannula

and the total cells were counted manually in a haemocy-

tometer chamber followed by spinning of cells onto glass

slides for differential count. A differential count of at least

300 cells was made according to standard morphologic

criteria on cytocentrifuged Diff-Quik stained slides. The

number of cells recovered per mouse was calculated and

expressed as mean � SE per ml for each group.

Brushing of AECs from murine trachea

Airway epithelial cells from murine trachea were harvested

by scraping the lumen of the trachea gently with a brush,

which was made by sanding a plastic polyethylene tube.

For real-time PCR, harvested AECs were immediately

placed in RNAlater (Qiagen, Hilden, Germany) followed

by lysing by multiple passages through an 18G needle. For

ROS experiments, the tracheas were cut open longitudi-

nally and AECs were gently scraped using a mini plastic

spatula and pooled (three or four tracheas for n = 1) in

oxygenated (95% O2 and 5% CO2) Krebs–Hanseleit buffer;

the same samples were used for Western blot experiments.

Epithelial removal was confirmed by microscopic exami-

nation of haematoxylin & eosin stained sections.

Real-time PCR

Total RNA was isolated from the murine AECs using an

RNeasy micro kit according to the manufacturer’s protocol

(Qiagen). RNA yield and purity were measured with the

Nanodrop 1000 (Thermo Scientific, Waltham, MA). This

was followed by conversion of 0�5 lg of total RNA into

cDNA using a High Capacity cDNA archive kit (Applied

Biosystems, Foster City, CA) according to the manufac-

turer’s instructions as described earlier.27,28 Real-time PCR

was performed on an ABI PRISM 7500 Detection System

(Applied Biosystems) using Taqman Universal Mastermix

(Applied Biosystems), cDNA, and FAM-labelled Taqman

gene expression kit. For the real-time PCR of DUOX-1,

DUOX-2, MUC5AC, Bcl-2, Bax, caspase-3 and inducible

nitric oxide synthase (iNOS), the Taqman assays-on-

demand gene expression kits were purchased from Applied

Biosystems. 18S rRNA (Ribosomal RNA) was used as an

endogenous control. The fold difference in expression of

target cDNA was determined using the comparative CT

method. The fold difference in gene expression of the tar-

get was calculated as described earlier.29

Western immunoblotting

Aliquots of the supernatants isolated from murine AECs

(30 lg protein/well) were separated on 10% SDS–PAGE.
Proteins were transferred to nitrocellulose membranes

and then probed either with polyclonal goat DUOX-2, or

monoclonal rabbit iNOS, or polyclonal rabbit nitrotyro-

sine, polyclonal rabbit Bax, or polyclonal rabbit Bcl-2, or
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polyclonal rabbit caspase-3 antibodies (Santa Cruz

Biotechnology, Dallas, TX) at a dilution of 1 : 500 to

1 : 1000, or b-actin rabbit polyclonal antibody (Santa

Cruz Biotechnology) at a dilution of 1 : 5000. This was

followed by incubation with the secondary horseradish

peroxidase-conjugated antibodies (anti-goat and anti-rab-

bit IgGs; Santa Cruz Biotechnology) for 1 hr at room

temperature. For detection of bands, the membranes were

treated with an enhanced chemiluminescence reagent

(Amersham ECL, GE Healthcare, Chalfont St Giles, UK)

for 0�5–1 min and subsequently exposed to ECL Hyper-

film. The relative expression of the protein bands was

quantified by densitometric scanning of the X-ray films.

Western blot values are expressed in percentage after nor-

malization to b-actin levels.

Nitrite assay

Nitrite levels in BAL fluid were estimated by the method of

Misko et al.30 The method was based upon the reaction of

nitrite with 2,3-diaminonaphthalene to form the fluores-

cent product, 1-(H)-naphthotriazole. This assay is 50–100
times more sensitive than the well-known Griess assay.

Readings of the fluorescent product were taken at 365 nm

(excitation) and 450 nm (emission) on Synergy HT Multi-

Mode Microplate Reader (BioTek Instruments, Winooski,

VT). A standard curve was generated using known

concentrations of sodium nitrite. Results were expressed

as nmol/l.

Protein carbonyls assay

The content of protein-bound carbonyls in the tracheal

supernatant, an indicator of protein oxidation, was mea-

sured at 380 nm using 2,4-dinitrophenylhydrazine

(DNPH) by the method of Levine et al31 as described by

us previously.32 Briefly, after precipitation of proteins in

tracheal supernatant by trichloroacetic acid, the pellet was

dissolved in DNPH followed by further precipitation after

a waiting period of 1 hr. The resulting pellet was dis-

solved in 6 M guanidine solution after several washes with

ethanol : ethyl acetate solution. Absorbance of the sample

was taken at 380 nm and carbonyl content was calculated

using molar absorption coefficient of 22 000/M/cm. The

final results were expressed as nmol/mg protein.

Reactive oxygen species assay

For ROS generation, the harvested AECs were incubated

with 100 lM 6-carboxy-20,70-dichlorofluorescin diacetate

(DCFH-DA) for 30 min at 37°. DCFH-DA forms a fluo-

rescent product, DCF (dichlorofluorescein) upon oxida-

tion with ROS. Fluorescence caused by DCF in each well

was measured and recorded for 30 min at 485 nm (excita-

tion) and 530 nm (emission) by the method of Wang and

Joseph33 using a Synergy HT Multi-Mode Microplate

Reader (BioTek Instruments) with temperature maintained

at 37°. For in vitro experiments, the compounds trypsin

(100 nM), ENMD-1068 (1 mM), polyethylene glycol

(PEG)-catalase (250 U/ml) and DPI (10 lM) were incu-

bated with harvested AECs from CE-sensitized and chal-

lenged mice for 30 min followed by measurement of DCF

fluorescence as described above. The background fluores-

cence caused by buffer and DCF were subtracted from the

total fluorescence in each well caused by the AECs in the

presence of DCF. Fluorescence intensity was expressed as

ROS generation (% control).

Lung histology

Lungs were removed from the thorax and fixed with forma-

lin for histological analysis. Formalin-fixed lungs were sec-

tioned at a thickness of 5 lm followed by staining with

haematoxylin and eosin and Periodic Acid Schiff for inflam-

mation-related morphology and mucus production, respec-

tively. Sections were examined by bright-field microscopy.

Chemicals

Unless stated otherwise, all chemicals were of the highest

grade available and were purchased from Sigma Chemi-

cals (St Louis, MO).

Statistical analysis

The data were expressed as mean � SEM and derived from

two or three independent experiments. Comparisons

among different groups were analysed by analysis of vari-

ance followed by Tukey’s multiple comparison tests. A P

value of < 0�05 was considered significant for all statistical

tests. All the statistical analyses were performed using GRAPH

PAD PRISM statistical package (Graph Pad, San Diego, CA).

Results

Cockroach allergens induced activation of DUOX-2 in
AECs and blockade by PAR-2 antagonism

Since TLR signalling has been linked to the activation of

DUOX recently, we reasoned that PAR-2 activation by

cockroach allergens may also lead to DUOX activation

because it is one of the receptors that recognizes danger sig-

nals similar to TLRs. Sensitization and challenge with CE

led to up-regulation of DUOX-2 at both mRNA and pro-

tein levels in AECs compared with the control group

(Fig. 1a,b) whereas there was no difference in DUOX-1

expression (data not shown). Sensitization and challenge

with CE also led to increased ROS generation in AECs

compared with the control group (Fig. 1c). Pre-treatment

with ENMD-1068, a PAR-2 antagonist in allergic mice, led
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to down-regulation of DUOX-2 and ROS generation in

AECs compared with the CE-sensitized and challenged

group (Fig. 1a–c). Mice sensitized and challenged with

heat-inactivated CE had slight increase (P > 0�05) in

DUOX-2 mRNA expression and ROS generation compared

with the control group (Fig. 1d,e). Control mice challenged

with CE also did not show any significant difference in

DUOX-2 mRNA expression and ROS generation in com-

parison to control mice. On the other hand, mice sensitized

and challenged with intact CE and then challenged with

trypsin had increased DUOX-2 mRNA expression and ROS

generation compared with CE sensitized and challenged

mice. Furthermore, mice sensitized with intact CE and

challenged with SBTI-neutralized CE had decreased

DUOX-2 mRNA expression and ROS generation compared

with CE-sensitized and -challenged mice (Fig. 1d,e). This

shows that PAR-2 activation by cockroach allergen protein-

ase activity leads to up-regulation of DUOX-2 and ROS

generation in AECs of allergic mice.

Cockroach allergens induced increase in airway
reactivity/inflammation and mucin secretion, and
attenuation by PAR-2 antagonism

To investigate the effects of PAR-2 blockade in a model

of allergic airway inflammation in response to CE sensiti-

zation and challenge, ENMD-1068 was administered

before each intranasal allergen challenge. Sensitization

and challenge with CE led to increased Penh in response

to aerosolized methacholine dose-dependently (Fig. 2a),

which was attenuated significantly by ENMD-1068. Sensi-

tization and challenge with CE also led to increased air-

way inflammation, as assessed by total leucocyte (Fig. 2b)

and eosinophil counts (Fig. 2c), both of which were

attenuated by ENMD-1068. Mice sensitized and chal-

lenged with heat-inactivated CE and those treated with

ENMD-1068 before challenge with heat-inactivated CE

had similar Penh values (P > 0�05 at all methacholine

doses), which were slightly higher than in the control

group (Fig. 2d). On the contrary, there was an increase

in total cell (P > 0�05) and eosinophil count (P < 0�05)
in mice sensitized and challenged with heat-inactivated

CE. Treatment with ENMD-1068 neither reduced total

leucocyte count nor eosinophil count in mice sensitized

and challenged with heat-inactivated CE (Fig. 2e). Airway

inflammation was also confirmed by histological exami-

nation, which showed blockade of inflammatory cell infil-

trate into airways and perivascular regions in the ENMD-

treated group (Fig. 3a).

Sensitization and challenge with CE led to increased

mucin expression from AECs as shown by PAS staining

(Fig. 3b) and increased MUC5AC expression (Fig. 3c) in
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Figure 1. Effect of intact (a–c)/heat-inactivated

cockroach extract allergen challenge and pro-

teinase activated receptor-2 (PAR-2) activity

modulators (d–e) on dual oxidase 2–reactive

oxygen species (DUOX-2–ROS) signalling in

airway epithelial cells (AECs) of different

groups. (a) DUOX-2 mRNA expression, (b)

DUOX-2 protein expression, (c) ROS genera-

tion, (d) DUOX-2 mRNA expression, and (e)

ROS generation. Expression of DUOX-2 in all

the groups was assessed by real-time PCR. For

mRNA expression by comparative CT method

using real=time PCR, first column was made

as the calibrator against which the other

groups were compared. ROS generation was

assessed biochemically. Values are expressed as

mean � SE, n = 4 to 8/group and derived

from two independent experiments. *P < 0�05,
versus SEN + CHAL group.
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AECs compared with the control group. These changes

were attenuated significantly by intranasal administration

of ENMD-1068 before CE allergen challenge. This shows

that PAR-2 activation by CE leads to mucin secretion

from AECs and antagonism of PAR-2 reverses this effect.

Mice sensitized and challenged with heat-inactivated CE

and those treated with ENMD-1068 before challenge with

heat-inactivated CE did not have significant differences in

MUC5AC expression (P > 0�05) compared with the con-

trol group mice (data not shown).

Cockroach allergens induced increase in markers of
oxidative stress and apoptosis, and attenuation by
PAR-2 antagonism

As PAR-2 activation led to H2O2 generation in AECs, our

next hypothesis revolved around its possible detrimental

effects in allergic airways. Our data show that markers of

oxidative stress were increased after sensitization and

challenge with CE, as shown by increased level of iNOS

expression (Fig. 4a), nitrite (Fig. 4b), nitrotyrosine

(Fig. 4c) and protein carbonyls (Fig. 4d). Pre-treatment

with ENMD-1068 before CE challenge reversed the

changes in parameters of oxidative stress induced by CE

challenge in allergic mice (Fig. 4a–d).
The next question was whether oxidative stress was

associated with increased apoptosis in AECs. Sensitization

and challenge with CE led to increased apoptotic markers

in epithelial cells as evidenced by increased Bax (Fig. 4e)

and caspase-3 expression (Fig. 4f), and decreased Bcl-2

expression (both mRNA and protein; Fig. 4g,h). Pre-

treatment of allergic mice with ENMD-1068 reversed the

changes in apoptotic markers induced by CE sensitization

and challenge (Fig. 4e–h). Hence, all of these data suggest

that PAR-2 activation induced by CE in allergic mice not

only leads to increased oxidative stress in the airways but

also apoptosis and these effects may be initiated by

DUOX-2 mediated signalling.

Inhibition of DUOX-2 in vitro/in vivo in allergic mice
attenuates oxidative stress, apoptotic markers and
airway reactivity/inflammation

Until now, we have only shown that PAR-2 is responsible

for DUOX-2 up-regulation in the allergic airways, increased

oxidative stress and airway reactivity/inflammation. If
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Figure 2. Effect of intact (a–c) and heat-inacti-

vated (d, e) cockroach extract allergen chal-

lenge on airway reactivity and inflammation.

(a) Enhanced pause (Penh), (b) total leucocyte

count, (c) eosinophil count, (d) Penh, and (e)

total leucocyte and eosinophil counts. Airway

reactivity to methacholine was measured as

Penh, 24 hr after the final allergen challenge

using a Buxco system for whole body plethys-

mography in which mice were exposed to

increasing concentrations of methacholine (0–

32 mg/ml). Airway inflammation in bronc-

hoalveolar lavage was assessed 48 hr after the

final allergen challenge through total cell and

eosinophil cell counts. Values are expressed as

mean � SE, n = 6 to 8/group and derived

from two to three independent experiments.

*P < 0�05, versus SEN + CHAL/

SEN + CHALHCE group.
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DUOX-2 was indeed responsible for all of these changes

after PAR-2 activation, then its inhibition by DPI should

attenuate the changes induced by cockroach allergens.

Treatment of CE-sensitized and -challenged mice with DPI

both in vivo (Fig. 5a) and in vitro (Fig. 5b) resulted in sig-

nificant reduction of ROS generation from AECs. PEG-cat-

alase treatment in vitro showed around 85% reduction in

ROS generation from AECs, suggesting that H2O2 is the

predominant oxidizing species in AECs of CE-sensitized

and -challenged mice (Fig. 5b). Moreover, PAR-2 activa-

tion by trypsin in vitro further resulted in enhancement of

ROS generation from AECs of CE-sensitized and -chal-

lenged mice (Fig. 5b). Next, effects of DUOX-2 inhibition

were determined on oxidative stress and apoptotic parame-

ters after in vivo treatment of CE-sensitized and -challenged

mice with DPI. DUOX-2 inhibition by DPI led to a

decrease in oxidative stress markers, i.e. nitrotyrosine and

protein carbonyl levels (Fig. 6a,b), as well as apoptotic

markers, i.e. Bax, caspase-3 and Bcl-2 expression (Fig. 6c–
e). Finally, it was confirmed whether DUOX-2-mediated

oxidative stress and apoptosis in airways contributed func-

tionally to parameters related to allergic airway responses

(airway reactivity, inflammation and mucin gene expres-

sion). Indeed, pre-treatment of allergic mice with DPI led

to decrease not only in airway reactivity but also inflamma-

tion (total leucocyte count) compared with CE-sensitized

and -challenged mice (Fig. 7a,b). MUC5AC expression was

also attenuated by DPI pre-treatment in allergic mice

(Fig. 7c). Surprisingly, DUOX-2 inhibition by DPI in aller-

gic mice showed only 15% reduction in eosinophil count

(not significant; data not shown) and similar iNOS/nitrite

levels compared with CE-sensitized and -challenged mice
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(data not shown); this suggests that PAR-2-mediated

DUOX-2 signalling is not responsible for iNOS up-regula-

tion and eosinophilic infiltration. However, overall our data

show that DUOX-2-generated ROS after cockroach allergen

challenge contributes significantly in the induction of oxi-

dative stress and apoptosis in the airways with parallel

enhancement of allergic airway responses.

Discussion

This is the first study to show that PAR-2 activation by

cockroach allergens leads to activation of DUOX-2 and

subsequent ROS generation in murine AECs. Further-

more, PAR-2 blockade by a small molecule antagonist,

ENMD-1068, before allergen challenge prevented ROS
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Figure 4. Effect of cockroach extract allergen

challenge on parameters of oxidative stress and

apoptotic markers in airway epithelial cells

(AECs)/trachea of allergic mice. (a) Inducible

nitric oxide synthase (iNOS) expression, (b)

nitrite levels, (c) 3-NT, (d) protein carbonyls,

(e) Bax, (f) caspase-3, and (g, h) Bcl-2. Expres-

sion of iNOS and pro-/anti-apoptotic genes in

all the groups was assessed by real-time PCR.

For mRNA expression by comparative CT

method using real-time PCR, the first column

was made as the calibrator against which the

other groups were compared. 3-NT and Bcl-2

levels were assessed by Western blot whereas

nitrite and protein carbonyls were assessed bio-

chemically. Values are expressed as
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generation and subsequent airway hyper-responsiveness

and airway inflammation. This suggests that cockroach

allergen proteinases cleave PAR-2 and lead to activation

of DUOX-2–ROS signalling in the airway epithelium of

allergic mice.

The aeroallergens originating from house dust mite and

cockroach have been shown to cause release of several

mediators via activation of PAR-2 on AECs and other

inflammatory cells. These mediators are thought to be

responsible for various aspects of airway hyper-respon-

siveness and airway inflammation.3,10,12,13 This has been

confirmed by proteinase inhibitors, which attenuate aller-

gen-induced airway hyper-responsiveness and inflamma-

tion in various animal models of asthma.34,35

Furthermore, allergic mice that lack PAR-2 show

decreased airway inflammation and hyper-reactivity com-

pared with wild-type mice in response to different aller-

gens.12,14 Among various inflammatory mediators, PAR-2

activation has been shown to cause release of superoxide

radicals from various inflammatory cells.24,25 However,

no study has investigated the effect of PAR-2 activation

on DUOX signalling during allergic responses in murine

airway epithelial cells.

The respiratory epithelium is the most important first

line of defence against inhaled microorganisms and aller-

gens by evoking immune responses through a variety of

receptors that recognize and respond to pathogen-associ-

ated molecular patterns. Recently, H2O2 is reported to be

released in response to different pathogenic stimuli pri-

marily from NADPH oxidase homologues, DUOX-1 or

DUOX-2.2,15,21 Controlled H2O2 production by these two

enzymes in AECs takes care of the invading pathogens

and forms an important physical barrier. However, dur-

ing airway inflammation, DUOX up-regulation may be

detrimental because of excessive production of H2O2,

which may be used by several pathways to further amplify

oxidative potential of H2O2 and cause cellular damage.
This is supported by findings that show increased H2O2

in BAL fluid/exhaled breath condensates and products of

oxidative damage in the airways of people with

asthma.36–38

It was thought for a long time that increased H2O2

production is the result of dismutation of superoxide rad-

icals, which is increased in people with asthma.32,36,37

However, recent findings have modified this concept and

shown an important role of DUOX-2 especially in the

context of airway inflammation. This is supported by

recent findings in people with asthma as well as animal

studies.17,19 Our study also showed up-regulation of

DUOX-2 and subsequent ROS generation from murine

AECs after CE allergen challenge. We have shown earlier

that CE allergens contain serine proteinase activity and

activate PAR-2,12 so increase in ROS production in our

study was the result of DUOX-2 up-regulation after PAR-

2 cleavage because there was no induction of DUOX-1

after CE allergen challenge.

The PAR-2 activation after CE allergen challenge was

responsible for enhanced airway reactivity and inflamma-

tion via the DUOX-2–ROS pathway. This observation

was based on the attenuation of a CE-induced increase in

airway reactivity and inflammation by ENMD-1068 and

DPI. Inhalation of H2O2 has been reported to produce

airway reactivity and inflammation even in naive mice.39

Therefore it is not surprising that recent studies are

beginning to show an important role of H2O2 generated

by DUOX-2 in airway inflammation as well as hyper-

reactivity.17,19 Enhanced ROS production has been

reported in previous studies in allergic airways and shown

to correlate with increased airway constriction, infiltration

of inflammatory cells, vascular hyperpermeability and

exaggerated mucus production.4,5,32,37,38

Proteinase-activated receptor 2-mediated regulation of

DUOX-2 activity is not surprising because other receptors

that recognize and respond to danger signals at mucosal

surfaces also lead to production of ROS via DUOX. For

example, TLR-2, -3, -4 and -5, which also sense the
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presence of pathogens on airway epithelium, have been

recently shown to be associated with inflammation

through DUOX-2. Ryu et al21 showed recently that b-glu-
cans–TLR-2 and lipopolysaccharide–TLR-4 signalling

pathways were essential for triggering allergic rhinitis and

allergic asthma, respectively, through DUOX-2-generated

ROS. DUOX-A-deficient mice that lack maturation fac-

tors for DUOX-1 and -2 show decreased airway hyper-

reactivity and inflammation.19 Yu et al18showed that

TLR-3 activation by poly(I:C) led to cleavage of soluble

tumour necrosis factor receptor type 1 partly via DUOX-

2-generated ROS from human bronchial epithelial cells.

Moreover, people with asthma have been shown to have

increased expression of DUOX-2 compared with those

without asthma.17 Histamine, which is released in

response to allergic stimuli, has been shown to trigger the

release of H2O2 via DUOX-1/2 on human bronchial epi-

thelial cells and contribute to oxidative stress in the air-

ways.23 PAR-2 adds to this expanding repertoire of

receptors that can respond to allergic stimuli and modify

Nitrotyrosine

(70 000 MW)

β -Actin

(23 000 MW)

(35 000 MW)

(29 000 MW)

β -Actin

β -Actin

β -Actin

SEN+CHAL DPI+
SEN+CHAL

SEN+CHAL DPI+
SEN+CHAL

SEN+CHAL DPI+
SEN+CHAL

SEN+CHAL DPI+
SEN+CHAL

(a)

P
ro

te
in

 c
ar

bo
ny

ls
,

nm
ol

/m
g 

pr
ot

ei
n

(b)

*

SEN+CHAL
DPI+SEN+CHAL

SEN+CHAL
DPI+SEN+CHAL

Bax

Caspase 3

Bcl-2

(c)

(d)

(e)

0

0

1 *

*

*

*

2

3

4

50

100

P
ro

te
in

 n
itr

ot
yr

os
in

e 
ex

pr
es

si
on

150

200

DPI+SEN+CHAL
SEN+CHAL

DPI+SEN+CHAL
SEN+CHAL

DPI+SEN+CHAL
SEN+CHAL

0

50

B
ax

 p
ro

te
in

 e
xp

re
ss

io
n

C
as

pa
se

-3
 p

ro
te

in
 e

xp
re

ss
io

n
B

cl
-2

 p
ro

te
in

 e
xp

re
ss

io
n

100

150

0

50

100

150

0

50

100

150

200

250

Figure 6. Effect of dual oxidase (DUOX)

inhibitor, diphenyl iodonium (DPI) on cock-

roach extract allergen-induced changes in

markers of oxidative stress and apoptosis in

airway epithelial cells (AECs) of allergic mice.

(a) 3-NT, (b) protein carbonyls, (c) Bax, (d)

caspase-3 and (e) Bcl-2. Expression of pro-/

anti-apoptotic markers was assessed by Wes-

tern blot whereas protein carbonyls were mea-

sured biochemically. Values are expressed as

mean � SE, n = 5 or 6/group and derived

from two independent experiments. *P < 0�05,
versus SEN + CHAL group.

ª 2015 John Wiley & Sons Ltd, Immunology, 145, 391–403400

A. Nadeem et al.



the environment of AECs through production of ROS.

However, we cannot rule out the possibility that some of

the observed effects on DUOX-2, airway reactivity and

inflammation may be PAR-2 independent because of the

presence of low lipopolysaccharide activity in the CE

preparation, and this is a limitation of our study.

Hydrogen peroxide produced in AECs may react with

nitrite present in the airways to produce nitrating spe-

cies.7,17,36 H2O2 may diffuse into the nearby tissue where

eosinophil peroxidase and/or myeloperoxidase may use

both H2O2 and nitrite to cause oxidative modification of

proteins and loss/alteration of function.5,40 Indeed, our

study shows increased iNOS expression in AECs along

with increased nitrite levels in BAL fluid. Concomitantly,

nitrotyrosine and protein carbonyl levels were increased in

CE-sensitized and -challenged mice, suggesting that H2O2

generated by DUOX-2 after PAR-2 activation may be

responsible for these observations. However, DPI adminis-

tration did not lead to decreased iNOS expression and

nitrite levels but led to decreased nitrotyrosine/protein car-

bonyl levels, suggesting that DUOX-2 inhibition may be

responsible for decreased oxidative stress predominantly

via a decrease in H2O2-mediated reactions. A recent study

has shown that H2O2 generated by DUOX-2 is responsible

for oxidative modification of proteins in AECs.17

Increased oxidative stress/ROS generation may lead to

apoptosis of AECs, as has been reported in earlier

reports.4,40–42 However, in this study we investigated

ROS-mediated apoptosis in the context of PAR-2

activation. It is well known that apoptotic signals con-

verge on the mitochondria via activation of pro-apoptotic

members of the Bcl-2 family, such as Bax, whereas Bcl-2

serves as an anti-apoptotic protein. Upon activation of

Bax, possibly by ROS, there is subsequent activation of

effector caspases such as caspase-3 which ultimately leads

to apoptosis.4,43 These apoptotic changes were observed

in AECs after CE allergen challenge as indicated by

increased Bax and caspase 3 expression with a concomi-

tant reduction in Bcl-2 expression. CE-induced changes

on apoptotic markers were reversed by ENMD-1068 as

well as DPI. This possibly suggests the involvement of

DUOX-2 in PAR-2-mediated increase in markers of

apoptosis on AECs after CE allergen challenge. Kim

et al20 have shown recently that DUOX-2 is involved in

apoptosis of AECs in response to hyperoxia. Our study

also points towards the importance of DUOX-2 signalling

with respect to apoptosis in AECs.

Increased apoptosis may lead to several pathophysiologi-

cal changes in the airways. For example, it can lead to

epithelial shedding and increase permeability to otherwise

non-permeable substances.4,41 A compromised epithelial

barrier is thought to be responsible for enhanced entry of

antigens to dendritic cells, leading to their maturation and

an increase in allergic responses and further contributing to

airway hyper-responsiveness and remodelling.2,5,8 Our study

shows that PAR-2 antagonism can rescue the epithelium
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from these damaging effects of DUOX-2-generated ROS

and help in the maintenance of epithelial integrity. Increased

ROS may also inactivate the antioxidant enzymes as has

been reported in the earlier studies. Antioxidant enzymes

oxidatively modified by ROS consequently lose their protec-

tive function thereby contributing to epithelial apoptosis/

inflammation in response to allergens.4,5,32,40,43 Similar

mechanisms may be responsible for the increased apoptosis

observed in our study. This is supported by observations in

our study showing increased nitrotyrosine, as well as protein

carbonyls, formation in the airways, both of which are a

consequence of ROS-mediated modification of proteins and

serve as important markers of oxidative insult on proteins.

DUOX-1/2 has also been implicated in augmenting

mucin expression in the airway, a characteristic feature

of allergic asthma that may lead to airway remodelling

during chronic inflammation. Recently, it has been

shown that TLR signalling leads to MUC5AC up-regula-

tion via DUOX-1/2. For example, flagellin, a TLR-5 ago-

nist induced DUOX-2-generated H2O2 and MUC5AC

expression in nasal epithelium and these effects were

absent in DUOX-2 knockout mice.22 Another report

showed DUOX-1-mediated H2O2 was responsible for

increased MUC5AC expression in response to TLR-4

activation.44 Furthermore, NOX4, a non-phagocytic

NADPH oxidase, was also reported to be involved in

MUC5AC expression in human nasal epithelial cells via

H2O2 production.45 Our study confirms these earlier

observations and shows that DUOX-2 is involved in

exaggerated mucin secretion in response to PAR-2 activa-

tion and may contribute to airway remodelling during

chronic airway inflammation. Our study further shows

that DUOX-1/2 may be differentially regulated in

response to different danger signals being encountered at

airway mucosal surfaces.

In conclusion, our study shows a significant contribu-

tion of DUOX-2–ROS pathway in PAR-2-mediated effects

on airway reactivity, inflammation, oxidative stress and

apoptosis in airways of allergic mice. Our study also

shows that antagonism of PAR-2 activation by ENMD-

1068 leads to attenuation of allergic airway responses

caused by CE allergen challenge. Our findings suggest that

PAR-2 antagonism may be used as a therapeutic strategy

to counteract airway hyper-reactivity and inflammation.
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