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Rationale: Asthma is characterized by disordered airway physiology
as a consequence of increased airway smooth muscle contractility.
Theunderlying causeof this hypercontractility is poorly understood.
Objectives:We sought to investigatewhether theburdenofoxidative
stress in airway smooth muscle in asthma is heightened and medi-
ated by an intrinsic abnormality promoting hypercontractility.
Methods:Weexamined theoxidative stress burdenof airway smooth
muscle in bronchial biopsies and primary cells from subjects with
asthma and healthy controls. We determined the expression of tar-
gets implicated in the control of oxidative stress in airway smooth
muscle and their role in contractility.
Measurements andMain Results:We found that the oxidative stress bur-
den in the airway smoothmuscle in individuals with asthma is height-
ened and related to the degree of airflow obstruction and airway
hyperresponsiveness. This was independent of the asthmatic envi-
ronment as in vitro primary airway smooth muscle from individuals
with asthmacomparedwithhealthycontrols demonstrated increased
oxidative stress–induced DNA damage together with an increased
production of reactive oxygen species. Genome-wide microarray of
primary airway smooth muscle identified increased messenger RNA
expression in asthma ofNADPH oxidase (NOX) subtype 4. This NOX4
overexpression in asthma was supported by quantitative polymerase
chain reaction, confirmed at the protein level. Airway smoothmuscle
from individuals with asthma exhibited increased agonist-induced
contraction. This was abrogated by NOX4 small interfering RNA
knockdown and the pharmacological inhibitors diphenyleneiodo-
nium and apocynin.
Conclusions:Ourfindings supporta critical role forNOX4overexpres-
sion in asthma in the promotion of oxidative stress and consequent
airway smooth muscle hypercontractility. This implicates NOX4 as
a potential novel target for asthma therapy.
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Asthma affects over 300 million people worldwide. Importantly,
asthma control is suboptimal in about half of sufferers, and 10%
are refractory to current antiinflammatory and bronchodilator
therapies (1, 2). There is therefore an urgent need for new
therapies. Asthma is characterized by variable airflow obstruc-
tion and airway hyperresponsiveness as a consequence of
increased airway smooth muscle contractility (1, 2). This height-
ened airway smooth muscle (ASM) contraction is considered to
be largely due to the local asthmatic milieu with infiltration by
inflammatory cells, in particular eosinophils and T cells, into the
submucosa (2–4), to mast cells in the ASM bundle (4, 5), and to
up-regulation of Th2 cytokines (6, 7).

Interestingly, there is an increasing body of evidence that
ASM is fundamentally altered in asthma compared with healthy
controls, suggesting that abnormalities in these structural cells
may also play a critical role in the development of the abnormal
physiology in asthma andmay contribute to the persistent airway
inflammation. ASMs from individuals with asthma exhibit in-
creased synthetic capacity (8, 9), mitochondrial biogenesis
(10), altered calcium homeostasis (10, 11), and in some reports
(10–12), but not all (13, 14), increased proliferation. Critically,
there is emerging evidence that ASM from individuals with
asthma is hypercontractile as demonstrated by an increased ve-
locity of contraction in response to electrical field stimulation at
the single-cell level (15) and in cell populations using gel con-
traction assays (16).

The asthma phenotype is dependent upon dynamic interac-
tions between the host and its environment. Exposure to
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Asthma is characterized by variable airflow obstruction and
airway hyperresponsiveness as a consequence of increased
airway smooth muscle contractility. The underlying cause of
this hypercontractility is poorly understood.

What This Study Adds to the Field

We identified an increased burden of oxidative stress as-
sociated with up-regulated nicotinamide adenine dinucle-
otide phosphate oxidase (NOX) 4 expression in the airway
smooth muscle in asthma. Airway smooth muscle from
individuals with asthma is intrinsically hypercontractile.
Pharmacological inhibition and small interfering RNA
knockdown of NOX4 normalizes this hypercontractility,
suggesting that NOX4 may be a novel therapeutic target for
asthma.
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environmental stimuli and the consequent inflammatory re-
sponse is likely to be responsible for the increased oxidative
stress observed within the asthmatic airway, as evidenced by in-
creased 8-isoprostane in sputum and breath condensate (17).
Whether the ASM in asthma is under an increased oxidative
stress burden and whether this affects ASM function is uncer-
tain. We hypothesized that the burden of oxidative stress in
ASM in asthma is heightened, in part mediated by a fundamen-
tal abnormality in the asthmatic ASM, which in turn promotes
ASM hypercontractility.

Some of the results of these studies have been previously re-
ported in the form of an abstract (18).

METHODS

Detailed methods are available in the online supplement.

Subjects and Cells

Subjects with asthma (n ¼ 51) and healthy control subjects (n ¼ 28)
were recruited from Leicester, UK. Asthma severity was defined by
Global Initiative for Asthma (GINA) treatment steps (mild–moderate
GINA 1–3, severe GINA 4–5) (2). Primary ASM was isolated from
bronchial biopsies and cells were used in experiments between pas-
sages 2 and 6. The study was approved by the Leicestershire Ethics
Committee, and patients gave their written informed consent.

Immunohistochemistry and Western Blotting

Two-micrometer sections from glycomethacrylate-embedded bronchial
biopsies were stained using an 8-oxo-7,8-dihydro-29-deoxyguanosine (8-
oxodG) monoclonal antibody (Abcam, Cambridge, UK), or isotype
control (Dako, Ely, UK) and assessed using a semiquantitative score
from no to very high staining (0–5). SDS-PAGE and Western blotting
were prepared using ASM lysates (19) with a nicotinamide adenine
dinucleotide phosphate oxidase (NOX) 4 rabbit polyclonal antibody
(Abcam).

ASM DNA Damage and Intracellular ROS

DNA damage was assessed using the human 8-oxoguanine glycosy-
lase 1 (hOGG1)-modified comet assay (hOGG1 comet) (20).
Intracellular reactive oxygen species (ROS) was assessed by incu-
bating the ASM with 10 mM 5-(and-6)-chloromethyl-29,79-dichlor-
odihydrofluorescein diacetate for 30 minutes (21), washed, and
incubated with PBS or 10 mM H2O2, and fluorescence was read
after 1 h.

Flow Cytometry and Immunofluorescence

ASMs were stained with rabbit polyclonal anti-NOX4 (Abcam, Cam-
bridge, UK), anti–NOX 1–3 and 5 (Insight Biotechnology, Wembley,
UK) indirectly labeled with fluorescein isothiocyanate (FITC; Dako),
or a-smooth muscle actin-FITC direct conjugate (Sigma Gillingham,
Dorset, UK), or bradykinin B2 receptor indirectly labeled with FITC
(BD, Oxford, UK) or isotype controls (Dako) and assessed by flow
cytometry (BD FACScan; BD), as previously described (22). ASMs
were stained for immunofluorescence with rabbit polyclonal NOX1–5
or anti-superoxide dismutase (SOD)2 (Abcam) or isotype controls,
indirectly labeled with FITC, and counterstained with 49,69-
diamidino-2 phenylindole (Sigma).

Gene Array and Analysis

ASMRNA expression was examined using theHumanGenomeU133A
probe array (Affymetrix, Santa Clara, CA) and analyzed to determine
genes that demonstrated significant differential expression between
health and disease by more than twofold up- or down-regulated follow-
ing 1,000 permutations or were present in five or more individuals with
asthma/healthy control subjects versus one or less healthy control
subjects/individuals with asthma.

Real-Time Reverse Transcription–Polymerase

Chain Reaction

Real-time reverse transcription–polymerase chain reaction was
performed (SuperScript Vilo cDNA synthesis kit, Express SYBR
GreenER qPCR Supermix Universal; Invitrogen, Paisley, UK). Rela-
tive quantification was done using the comparative 22ΔΔCt method
and expressed as fold change as previously described (23). The inter-
nal normalizer gene was 18S RNA amplified with 18S forward primer
(h18SRNA.891F:GTTGGTTTTCGGAACTGAGG) and 18S re-
verse primer (h18SRNA.1090R:GCATCGTTTATGGTCGGAAC);
amplification of NOX4 was with primers forward (hNox4.598F:
TGGCTGCCCATCTGGTGAATG) and reverse (hNox4.878R:
GCATCGTTTATGGTCGGAAC).

Assessment of ASM Contraction by Collagen Gel Analysis

ASM cells were harvested post-treatment with either NOX4 inhibitor
diphenyleneiodonium (1 or 5 mM for 6 hours; Sigma), apocynin
(10 mM for 30 min; Acros Organics, Fischer Scientific, Loughborough,
UK), SOD mimetic manganese (III) tetrakis (4-benzoic acid) porphyrin
chloride (10, 50, or 100 mg/ml for 6 h; Enzo Life Sciences, Exeter, UK),
or post-transfection (nucleofection; Lonza AG, Cologne, Germany) with
two NOX4 or SOD2 small interfering RNAs (siRNAs) with a nega-
tive control (Stealth RNAi; Invitrogen), and their contractile prop-
erties were assessed using collagen gel contraction (22). The mean
(SEM) % viability of cells recovered from the gels following collage-
nase digestion was 87 (3)%. Transfection efficiency was greater than
90%, and knockdown efficiency for NOX4 was 80–90% and for
SOD2 90–95%.

Statistical Analysis

Statistical analysis was performed using PRISM Version 4 (GraphPad,
La Jolla, CA). Parametric data were presented as mean (SEM) and non-
parametric data as median (interquartile range). Analysis between
groups was by t tests or Mann-Whitney tests and across groups by
ANOVA with appropriate post hoc pairwise comparisons. P , 0.05
was considered significant.

RESULTS

We sought to determine the degree of oxidative stress in the
ASM bundle in asthma. We investigated expression by the
ASM bundles in bronchial biopsies from subjects with mild to
moderate or severe asthma compared with healthy control sub-
jects of 8-oxodG, a biomarker of oxidative damage, by immuno-
histochemistry. These subjects were extensively phenotyped and
their clinical characteristics are as shown in Table 1.We found that
in asthma, independent of disease severity, there was a marked
increased nuclear 8-oxodG staining (Figures 1A–1E). Critically,
this was inversely correlated with FEV1/FVC (%) (r ¼ 20.38;
P ¼ 0.02; n ¼ 37) (Figure 1F) and airway hyperresponsiveness
(r ¼ 20.43; P ¼ 0.025; n ¼ 27), suggesting that there is an asso-
ciation between the burden of oxidative stress and the features of
disordered airway physiology that characterize asthma.

We then considered whether this exaggerated oxidative stress
burden was increased in ASM independent of the local in vivo
environment. We cultured primary ASM isolated by microdis-
section from bronchial biopsies from individuals with asthma
and healthy controls (see Table E1 in the online supplement)
and assessed the levels of oxidatively damaged DNA using
hOGG1-modified single-cell gel electrophoresis, or “comet” as-
say, before and after exposure to hydrogen peroxide (100 mM).
Background levels of DNA damage consisting of single-strand
breaks and alkali-labile and 8-oxodG sites in primary ASM cells
from individuals with asthma were significantly elevated com-
pared with levels from healthy control subjects (mean differ-
ence [95% confidence interval {CI}] in tail moment 2.2 [1.8 to
2.5]; P , 0.001) (Figure 2A). Analysis by percentage tail DNA
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revealed similar findings (data not shown). Following hydrogen
peroxide (10 mM) exposure, there was an increase in the pro-
duction of ROS, which was more marked in asthmatic ASM
compared with that from healthy control subjects (mean fold
difference [95% CI] 8.1 [3.0 to 19.1]; P ¼ 0.029) (Figure 2B).
DNA damage following hydrogen peroxide challenge was com-
parable in health and disease (Figure 2A), suggesting that the
maximal response is similar, but sensitivity to oxidative stress is
heightened in asthmatic ASM. These observations support the
view that there are intrinsic differences in the function of ASM

derived from individuals with asthma and suggest that these ab-
normalities can be present in the absence of the asthmatic envi-
ronment, although this does not exclude the possibility that these
effects may be further augmented by the proinflammatory milieu
and heightened oxidative stress burden in the asthmatic airway.

To determine the potential mechanisms in asthma driving the
increased sensitivity to oxidative stress in ASM, we chose to ex-
amine messenger RNA (mRNA) expression using genome-wide
microarrays of unstimulated ASM from six individuals with
asthma and six healthy control subjects. We identified 17

Figure 1. Representative photo-
micrographs of bronchial biopsies

illustrating 8-oxo-7,8-dihydro-

29-deoxyguanosine (8-oxodG)

immunostaining in (A) an iso-
type control, (B) a subject with

severe asthma, (C) the airway

smooth muscle (ASM) bundle

of a healthy control, and (D)
the ASM bundle in a subject

with severe asthma. Scale bars,

100 mm (A and B) and 25 mm

(C and D). (E) Semiquantitative
intensity score of 8-oxodG in

ASM cells in subjects with

asthma compared with healthy
subjects. Data are shown as

mean 6 SEM; n ¼ 37; compar-

ison across groups Kruskal-

Wallis P ¼ 0.022 and between
groups post hoc Dunn’s pairwise

comparison P values as shown.

(F) 8-oxodG staining intensity

was correlated negatively with
airflow obstruction (FEV1/FVC

%) (Spearman’s rank correla-

tion coefficient).

TABLE 1. CLINICAL CHARACTERISTICS OF INDIVIDUALS WITH ASTHMA AND
HEALTHY CONTROLS

Normal

Mild–Moderate Asthma

(GINA 1–3)

Severe Asthma

(GINA 4–5)

Number 9 18 10

Age* 42 (5) 49 (4) 53 (3)

Male/female 5/4 7/11 4/6

Never/current/ex-smokers 8/1/0 14/4/0 7/3/0

Atopy, n (%) 4 (44) 12 (67) 7 (70)

PC20FEV1, mg/ml† .16 0.46 (0.17–1.3)‡ 0.78 (0.26–2.3)‡

FEV1, % predicted* 94 (3) 82 (7) 77 (7)‡

Pre-BD FEV1/FVC, %* 82 (2) 72 (2)‡ 69 (5)‡

BD response, %* 0 (0) 11 (4)‡ 11 (3)‡

Sputum cell counts

TCC* 0.9 (0.1) 2.4 (0.5) 4.7 (1.1)‡

Eosinophil, %x 0.4 (0.8) 1.0 (5.2) 4.6 (13.3)‡

Neutrophil, %* 56 (12) 48 (7) 62 (8)

Macrophage, %* 37 (12) 39 (7) 26 (6)‡

Lymphocyte, %* 2.0 (1.5) 1.2 (0.3) 0.8 (0.4)

Epithelial cells, %* 5 (4) 6 (1) 2 (1)

8-oxodG semiquantitative score

Epitheliumx 4.5 (1.25) 5 (0.5) 5 (0.75)

Lamina propriax 4 (1) 5 (0.75) 5 (0.75)

Airway smooth musclex 2 (2.25) 4.5 (1.75)‡ 4.5 (2)‡

Definition of abbreviations: BD ¼ bronchodilator; GINA ¼ Global Initiative for Asthma; 8-oxodG ¼ 8-oxo-7,8-

dihydro-29-deoxyguanosine; TCC ¼ total cell count.

* Mean (SEM).
y Geometric mean (95% confidence interval).
z P , 0.05 compared to control.
x Median (interquartile range).
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transcripts that were significantly up-regulated and 20 down-
regulated in asthma versus healthy controls (more than twofold,
with a false discovery rate of 29% following 1,000 permutations).
Additionally, 23 transcripts were present in five or more individ-
uals with asthma versus one or fewer healthy control subjects and
11 transcripts in five or more healthy control subjects versus one
or fewer individuals with asthma (Tables E2a–E2c).

From the gene array data, we selected genes that are involved
in the generation and detoxification of ROS, namely NOX4,
a subtype of the ROS-generating nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidases, and SOD2, which were up-
and down-regulated in asthma respectively. The other NOX
isoforms, 1–3 and 5, were not identified by gene array in ASM
from healthy subjects or those with asthma. Abnormalities in
NOX4 and SOD2 expression have the potential to act in con-
cert with an increase in oxidative stress via ROS generation
through the up-regulation of NOX4 and decrease ROS removal
through the down-regulation of SOD2. NOX4 has been impli-
cated in the pathogenesis of pulmonary fibrosis, and its expres-
sion is increased in interstitial lung disease in humans (24, 25)
and in murine models (25). We confirmed that NOX4 protein
and mRNA expression is increased in asthma by flow cytometry
(7.7 [1.4]% vs. 21.4 [5.4]%; mean difference [95% CI] 13.7 [0.2
to 27.3]; P ¼ 0.024) (Figures 2C and 2D) and quantitative real-
time reverse transcription–polymerase chain reaction (Figure
2E; P ¼ 0.002). The amount of mRNA expression was related
to the FEV1/FVC (%) (r ¼ 20.41; P ¼ 0.046; n ¼ 23) (Figure
2F). Interestingly, this correlation was remarkably similar to the
relationship between airflow obstruction and the in vivo burden
of oxidative stress. In contrast, we were unable to confirm dif-
ferential SOD1 or SOD2 expression by ASM from individuals
with asthma and healthy subjects at the mRNA or protein level
(Figures E1A–E1D). Similarly, we did not identify differences
in the expression of NOX1–3 or 5 by ASM between subjects
with asthma or healthy controls using flow cytometry and

immunofluorescence (data not shown). Taken together, these
data suggest that the intrinsic differences in oxidative stress
burden in ASM from individuals with asthma and healthy con-
trols may be due to the differential NOX4 expression.

Figure 2. (A) Detection of DNA

damage induced by hydrogen
peroxide in airway smooth

muscle (ASM) cells using the

human 8-oxoguanine glycosy-

lase 1-modified alkaline comet
assay. Reactive oxygen species

(ROS) promotes formation of

8-oxo-7,8-dihydroguanine in

DNA. Human 8-oxoguanine gly-
cosylase 1 is an 8-oxoguanine

DNA glycosylase that recog-

nizes and removes the dam-

aged DNA caused by ROS.
Tail moment is defined as the

product of the tail length and

the total DNA in the tail. It
incorporates the smallest de-

tectable size of migrating DNA

(comet tail length) and the

fragments (represented by the
intensity of DNA in the tail).

Data are shown as mean 6
SEM (n ¼ 9). (B) Detection of

intracellular ROS, induced by hydrogen peroxide in ASM cells after 1 hour using 29,79-dichlorofluorescin diacetate, which detects hydrogen
peroxide, peroxyl radicals, and peroxynitrite anions (mean 6 SEM; n ¼ 8). (C) Intracellular flow cytometric data shown as a scatter plot (mean 6
SEM). (D) Representative flow cytometric analysis of NOX4 cell surface expression and intracellular NOX4 expression. Gray line corresponds to IgG

isotype control, black line NOX41. (E) Quantitative reverse transcription–polymerase chain reaction analysis of NOX4 mRNA in normal and
asthmatic ASM cells (mean 6 SEM; n ¼ 23). (F) NOX4 mRNA expression correlated negatively with airflow obstruction. Comparisons were made

across groups by Kruskal-Wallis test with post hoc Dunn’s pairwise comparison for nonparametric data and by paired and unpaired t tests as

appropriate for parametric data. Correlations were assessed by the Spearman rank test.

Figure 3. (A) Percentage contraction of collagen gels impregnated
with airway smooth muscle from donors with asthma (n ¼ 19) versus

healthy control donors (n ¼ 8) over 1 hour following stimulation with

1 nM bradykinin, (B) area under the curve gel contraction (mean6 SEM),

and (C) representative gel photographs taken at 0 hour and 1 hour time
points. The comparison was made by unpaired t test. *P , 0.05.
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Disordered airway physiology is the hallmark of asthma with
an exaggerated response to smooth muscle spasmogens. Here we
confirm, using a gel contraction assay, that ASM agonist-induced
contraction is increased in asthma compared with healthy control
subjects (mean difference in area under the curve contraction
[95% CI] 11.85 [2.1 to 21.6]; P ¼ 0.02) (Figures 3A–3C). Trans-
forming growth factor (TGF)-b has been implicated in increasing
ASM contractility, in part via up-regulation of a-smooth muscle
actin expression (22, 25). However, neither basal TGF-b release
nor a-smooth muscle actin expression was different between
ASM from individuals with asthma and that from healthy control
subjects (Figures E2A–E2C). Bradykinin B2 receptor was also
not different between ASM from individuals with asthma and
that from control subjects (mean difference in median fluores-
cence intensity [95% CI]224 [2174 to 126], P¼ 0.71; n ¼ 8). We
therefore considered that NOX4 overexpression in asthma may
predispose the asthmatic ASM to heightened agonist-induced
contraction. We found that the agonist-induced ASM contraction
of the healthy control donors and those with asthma combined
was inhibited by anti-NOX4 siRNA (mean difference [95% CI]
27.3 [211.2 to 23.5]; P ¼ 0.002). Interestingly, this effect was
predominately due to the attenuation of the contractile response
of the donors with asthma. The hypercontractility seen in the
individuals with asthma was abrogated by an anti-NOX4 siRNA

(mean difference [95% CI] 210.25 [213.6 to 27.3]; P ¼ 0.0003)
(Figures 4A–4C). The reduction in the contractile response me-
diated by NOX4 siRNA was significantly greater in ASM from
individuals with asthma than in that from healthy control subjects
(mean difference [95% CI] 7.3 [1.3 to 13.4]; P ¼ 0.023) (Figure
4D) and was replicated by a second NOX4-specific siRNA (mean
difference [95% CI] 8.6 [2.0 to 15.2]; P ¼ 0.017). Likewise, the
agonist-induced contraction of asthmatic ASM was attenuated by
the NOX inhibitor apocynin (mean difference in area under the
curve contraction [95% CI] 9.1 [0.6 to 17.8]; P¼ 0.042; n ¼ 4) and
in a concentration-dependent manner by diphenyleneiodonium
(Figures 4E and 4F).

Wewere unable to demonstrate differential SOD2 expression
between ASM from individuals with asthma and that from
healthy control subjects; however, we considered whether per-
turbing SOD2 may affect ASM contraction. Indeed, an anti-
SOD2 siRNA increased the contractility of both asthmatic
and healthy control ASM donors combined to a degree similar
to anti-NOX4, but did not reach statistical significance (mean dif-
ference [95%CI] 6.0 [21.6 to 11.2]; P¼ 0.051) (Figures 5A–5C).
Importantly, in contrast to anti-NOX4, the effect of anti-SOD2
was similar in subjects with asthma (7.2 [28.6 to 23]; P ¼ 0.26)
and healthy controls (4.9 [22.5 to 12.3]; P ¼ 0.13) (Figures 5A–
5C). The increase in the contractile response induced by SOD2

Figure 4. (A) Percentage con-

traction of collagen gels, fol-
lowing stimulation with 1 nM

bradykinin, impregnated with

airway smooth muscle from

donors with asthma versus
healthy control donors un-

transfected or transfected with

negative control small interfer-

ing RNA (siRNA) or NOX4
siRNA, (B) representative gel

photographs taken at 0 hour

and 1 hour time points, and

(C) area under the curve (AUC)
gel contraction (mean 6 SEM,

n ¼ 6 asthma, n ¼ 4 healthy

control). Between group com-
parisons were made by paired

t tests, *P , 0.05, **P , 0.01.

(D) Comparison of the differ-

ence in AUC between negative
control siRNA and NOX4 siRNA

in asthma versus healthy con-

trol. (E) Percentage contraction

of collagen gels impregnated
with airway smooth muscle

from donors with asthma versus

healthy control donors follow-
ing stimulation with 1 nM bra-

dykinin in the presence and

absence of diphenyleneiodo-

nium (1–5 mg/ml) (n ¼ 4). (F)
AUC gel contraction (mean 6
SEM, n¼ 4). Across-group com-

parisons were made by linear

regression.
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siRNA was not significantly different between ASM from indi-
viduals with asthma and that from healthy controls (mean dif-
ference [95% CI] 2.2 [211.5 to 15.9]; P ¼ 0.71) (Figure 5D) and
was replicated by a second SOD2-specific siRNA (mean differ-
ence [95% CI] 3.5 [24.3 to 11.3]; P ¼ 0.31). Similarly, the SOD
mimetic manganese (III) tetrakis (4-benzoic acid) porphyrin
chloride attenuated agonist-induced contractions of asthmatic
ASM in a concentration-dependent manner (Figures 5E and
5F). This suggests that changes in SOD2 expression and func-
tion may affect ASM contraction, but that this does not repre-
sent an intrinsic abnormality of asthma. Importantly, neither
anti-NOX4 nor anti-SOD2 siRNA significantly affected the
ASM a-smooth muscle actin expression (Figures E3A–E3D),
suggesting that their effects upon ASM contraction are indepen-
dent of the contractile protein expression.

DISCUSSION

This is the first report to identify that the oxidative stress burden
in asthmatic ASM in vivo is increased and in vitro primary ASM
exhibited increased ROS generation, resulting in oxidative
stress and increased background levels of oxidatively damaged
DNA. Critically, we have identified that NOX4 expression is

intrinsically up-regulated in asthma. Both the degree of oxida-
tive damage in vivo and the NOX4 expression in vitro were
similarly related to the degree of airflow obstruction. Most im-
portantly, this agonist-induced ASM hypercontractility in
asthma was eliminated by inhibition of NOX4. Indeed, the
agonist-induced contraction of ASM from individuals with
asthma was normalized by NOX4 siRNA, strongly supporting
a critical role for NOX4 in the asthma paradigm.

Current evidence supports the view that the burden of oxida-
tive stress is up-regulated in the airway of individuals with
asthma (17). An elevated oxidative stress burden may be a con-
sequence of the inflammatory milieu in asthma or due to abnor-
malities in the dynamic and complex processes involved in the
generation and detoxification of ROS. Here we found that the
oxidative stress burden in asthmatic ASM was increased in vivo
and in vitro, suggesting that an abnormality in the handling of
ROS persists in primary culture. Indeed, we found using genome-
wide transcriptome arrays and confirmed by quantitative poly-
merase chain reaction and at the protein level by flow cytometry
that expression of NOX4 was intrinsically up-regulated in ASM
derived from subjects with asthma. The expression of the other
NOX isoforms 1–3 and 5 were not different between asthma and
health, and therefore our results do not support a role for

Figure 5. (A) Percentage contrac-

tion of collagen gels, following

stimulation with 1 nM bradykinin,

impregnated with airway smooth
muscle from donors with asthma

versus healthy control donors

untransfected or transfected with

negative control small interfering
RNA (siRNA) or superoxide dismu-

tase 2 siRNA, (B) representative gel

photographs taken at 0 hour and
1 hour time points, and (C) AUC

gel contraction (mean6 SEM, n ¼
8). Between-group comparisons

were made by paired t tests. (D)
Comparison of the difference in

AUC between negative control

siRNA and superoxide dismutase

2 siRNA in asthma versus healthy
control. (E) Percentage contrac-

tion of collagen gels impregnated

with airway smooth muscle from

asthmatic versus healthy control
donors following stimulation with

1 nM bradykinin in the presence

and absence of manganese (III)
tetrakis (4-benzoic acid) porphyrin

chloride (10–100 mg/ml) (n ¼ 6).

(F) AUC gel contraction (mean 6
SEM, n ¼ 6). Across-group com-
parisons were made by linear

regression.
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a nonspecific NOX effect, but rather suggest a specific role for
NOX4. Although we demonstrated differential expression by
gene array of the mitochondrial enzyme SOD2 in ASM from
individuals with asthma and healthy controls, we were unable to
validate this observation by quantitative polymerase chain reac-
tion or protein expression. Therefore, our findings support the
view that NOX4 rather than mitochondrial enzymes may be more
important in driving the intrinsic abnormalities in asthmatic ASM.
This increased expression of NOX4 in asthma has the potential to
increase the generation of ROS and provides a possible explana-
tion for the heightened burden of oxidative stress observed in
vivo. Whether this intrinsic difference between asthma and health
has clinical implications is therefore critically important.

The cardinal feature of asthma is disordered airway physiology,
which is largely a consequence of increased ASM contraction (1,
2). We found that the burden of oxidative stress observed in the
ASM bundle in vivo and the expression of NOX4 in primary
ASM cells were related to the degree of airflow obstruction, sug-
gesting that oxidative stress driven by increased NOX4 expression
may contribute to impaired lung function in asthma. We con-
firmed and extended the earlier fundamental observation that
ASM from individuals with asthma exhibit increased agonist-
induced contraction compared with healthy control subjects (15,
16). This was not a consequence of differences in expression of
a-smooth muscle actin or bradykinin B2 receptor by ASM in
disease versus health. Importantly, we found that both NOX4
siRNA and pharmacological inhibition attenuated this exagger-
ated contractile response in asthmatic ASM. The importance of
oxidative stress upon agonist-induced contraction was also dem-
onstrated by the increased contraction in response to SOD2
siRNA and reduced contraction in the presence of the SOD2
mimetic. However, critically, these effects were similar between
ASM from individuals with asthma and that from healthy control
subjects, supporting the view that this mechanism is not differ-
entially regulated in health and disease. Indeed, the intrinsic dif-
ference observed in the agonist-induced contraction between
asthmatic and normal ASM was normalized by NOX4 knock-
down, implicating the intrinsic up-regulation of NOX4 as critical
in the development of ASM hypercontractility in asthma.

One potential criticism of our study is that in the absence of an
animal model, we are unable to demonstrate that manipulation of
NOX4 expression in vivo modulates ASM contraction. Thus,
whether NOX4 is necessary or sufficient to induce ASM hyper-
contractility in asthma remains unknown. We used the gel con-
traction assay as a model of ASM contraction. Gel contraction
occurs over a longer time period than agonist-induced broncho-
constriction in vivo and reflects the need for the force of contrac-
tion of the ASM within the gel to be sufficient to cause gel
contraction. However, this method has been validated as a mea-
sure of ASM contraction in previous studies (16, 22), and we are
therefore confident that it reflects in vivo differences. Intrigu-
ingly, it is also uncertain whether this NOX4 up-regulation in
asthmatic ASM represents the primary abnormality in asthma
or a secondary phenomenon. A previous study has reported ab-
normal mitochondrial biogenesis in ASM from individuals with
asthma (10). This led to increased oxygen consumption and al-
tered intracellular calcium homeostasis. NOX4 is up-regulated in
hypoxic conditions, acting as a hypoxia sensor (26). The conse-
quent increased production of ROS may provide a positive feed-
back loop enhancing mitochondrial biogenesis. Therefore, it is
likely that these two observations are intimately related, with
one potentially augmenting the other. Nevertheless, that NOX4
may be a secondary event rather than the primary abnormality in
the pathogenesis of asthma does not detract from its potential
clinical relevance, as strategies aimed at normalizing NOX4 ex-
pression in asthma may have important clinical outcomes.

In conclusion, we have demonstrated that the oxidative stress
burden in ASM from individuals with asthma is heightened to-
gether with an up-regulation of NOX4. ASM from individuals
with asthma exhibited increased agonist-induced contraction,
which was abrogated by siRNA knockdown or pharmacological
inhibition, implicating NOX4 as a novel target for asthma ther-
apy. Pharmacological inhibitors of NOX4 are already in early
development for pulmonary fibrosis (27). We therefore suggest
that this approach may present an important novel target for
asthma, which could be tested in clinical trials in the near future.
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