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Mechanisms and Function of DUOX in Epithelia of the Lung
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Abstract

The human lung produces considerable amounts of H2O2. In the normal uninflamed epithelium of both the
airways and the alveoli, mucosal release of H2O2 is readily detected both in cell cultures in vitro and in the ex-
haled breath of humans. The dual oxidases DUOX1 and DUOX2 are the H2O2-producing isoforms of the
NADPH oxidase family found in epithelial cells. The DUOXs are prominently expressed at the apical cell pole of
ciliated cells in the airways and in type II cells of the alveoli. Recent studies focused on the functional conse-
quences of H2O2 release by DUOX into the lung lining fluid. In the airways, a major function of DUOX is to
support lactoperoxidase (LPO) to generate bactericidal OSCN�, and there are indications that the DUOX=LPO
defense system is critically dependent on the function of the CFTR Cl� channel, which provides both SCN� (for
LPO function) and HCO3

� (for pH adjustment) to the airway surface liquid. Although DUOX is also functional
in the alveolar epithelium, no comparable heme peroxidase is present in the alveolus, and thus DUOX-mediated
H2O2 release by alveolar cells may have other functions, such as cellular signaling. Antioxid. Redox Signal. 11,
2453–2465.

Introduction

The epithelium of the airways and the alveoli is
continuously exposed to high levels of oxygen and, at the

same time, epithelial cells express mechanisms to generate
reactive oxygen species (ROS). For a long time, the release of
ROS by intracellular mechanisms (such as the mitochondrial
electron transport chain) was considered to cause oxidative
stress and pathology in lung tissue (48, 90). With the identi-
fication of the NADPH oxidase (NOX) family of membrane
proteins that allow for a regulated and measured production
of superoxide (O2

��) and H2O2, the physiological release of
H2O2 at the mucosa of lung epithelial cells was recognized
and the DUOX isoforms of the NOX family were found to be
expressed and functional at the apical membrane of both
airway and alveolar epithelial cells (37, 43, 98).

The epithelia found in the lung are tissues of innate defense,
and in this review I will focus largely on the innate defense
aspect of DUOX biology. At first the structure and cellular
composition of the epithelia found in the lung is introduced to
highlight their different functions. Then H2O2 release by the
human lung is reviewed to estimate the relation of H2O2

produced by epithelial cells compared to leukocytes. Finally,
the cellular role, regulation, and mechanisms of DUOX
function are reviewed. Current hypotheses of the role of
DUOX in innate defense and its dependence on CFTR func-
tion are discussed. Other cellular functions of DUOX in sig-
naling and maintenance of barrier function have been
reviewed recently by van der Vliet (113).

Structure of the Airway and Alveolar Epithelium

In the classic model of human lung anatomy (118), the lung
consists of 24 generations of dichotomously branching airway
tubes where each airway divides to form two smaller airways
[although variations to this scheme have been reported (54)].
Starting at the trachea (generation 0) and terminating at the
alveolar sac (generation 23), the function and cellular com-
position of the epithelium that lines the lung changes con-
tinuously. From the trachea to approximately generation 10
(dependent on the anatomical location within the lung) the
airways are called bronchi and are lined with a moderately-
tight [*300–400O � cm2, (122)] pseudo-stratified surface epi-
thelium. Epithelial tightness is a functional feature that
determines the ability of the epithelium to maintain concen-
tration gradients between the airway surface liquid (ASL, the
thin fluid film that lines the airways) and the serosa. The
airway surface epithelium consists of three major cell types: (a)
ciliated cells, (b) mucus-producing goblet cells, and (c) small
basal cells found between them on the basal membrane
(Fig. 1). Basal cells are considered to be the progenitor cells for
the surface epithelium (53). Ciliated cells account for 60–80%
of the mucosal surface (64). The thickness of the proximal
epithelium is 10–50 mm (decreasing with increasing genera-
tion of branching) and its major function is to conduct air,
filter particles, and kill microbes. The mucosal surface of the
airways is lined with a thin fluid film that consist of the
periciliary layer in which the cilia beat, and an overlying
mucus blanket of variable height (dependent on the amount

Children’s Hospital Oakland Research Institute, Oakland, California.

ANTIOXIDANTS & REDOX SIGNALING
Volume 11, Number 10, 2009
ª Mary Ann Liebert, Inc.
DOI: 10.1089=ars.2009.2558

2453



of mucus produced). In normal airways the volume of the
ASL is *1 ml=cm2 (120). The small volume is a determinant of
the concentrations of defense factors secreted by the epithe-
lium into this fluid film.

Seromucous glands are found all along the trachea and
bronchi at a density of *1 per square millimeter epithelial
area (15, 110). Glands contain serous tubules and acini that
secrete salt, water, mucus, and antimicrobial factors (8, 9).
Although the surface epithelium also secretes water and
mucus, the volume of gland secretions (123) exceeds that of
the surface epithelium (57) *10-fold and, correspondingly,
most protein content of the ASL originates from glands.

The number and size of glands declines with airway gen-
erations, and they disappear completely at approximately
generation 10, after which the airways are called conducting
bronchioles up to generation 16. From generation 17 on, the
airways become respiratory bronchioles with an increasing
number of alveoli budding off, until generation 23, where the
airways terminate in an alveolar sac (diameter roughly
0.25 mm). The alveoli are the site of gas exchange. In contrast
to the epithelium of the upper airways, the alveolar epithe-
lium is very tight [transepithelial resistances are>2000O � cm2

(37, 70)] and thus it can maintain large concentration gradi-
ents between the lumen and the serosa. It is composed of large
but thin (0.05–0.2 mm) type I cells (20, 45), and small cuboidal
type II cells (Fig. 1), which are characterized by lamellar
bodies as the storage organelle of surfactant. Alveoli are lined
with an extremely thin fluid film with a volume of *10–
20 nl=cm2 and a corresponding height of 0.1–0.2mm. This is by
far the thinnest fluid film on any epithelium and as a result,
factors secreted by alveolar cells result in high luminal con-
centrations.

Leukocytes are continuously present in the airspaces. In
normal uninflamed lungs the vast majority are macrophages.
For example, in bronchoalveolar lavage fluid obtained from
healthy subjects, a recent typical study found 94% macro-
phages, 4% lymphocytes, 1% neutrophils, and 0.7% eosino-
phils (104). Macrophages are mainly found in the alveolar
region [*2 macrophages per alveolus (20)] and represent the
major phagocytic defense against infectious agents that es-
cape the defenses of the conducting airways.

The lung is an organ of innate defense. Owing to the lung’s
prominently large and well-ventilated surface, the epithelium
continuously encounters a vast array of infectious particles.
All sections of the airways and the alveoli express a number of
parallel, partially redundant, and functionally unrelated de-
fense mechanisms. These include mechanical clearance by the

mucociliary escalator, resident phagocytic immune cells, and
a number of diverse factors that are secreted by the epithelium
into the lung lining fluid (for review see refs. 41, 74, 95, 106).
Oxidative processes based on the DUOX=lactoperoxidase
(LPO) system have only recently been recognized as a defense
factor in the airways. Its importance in comparison to the
earlier described lung defenses are currently under investi-
gation. It was found that a disruption of the DUOX=LPO
system resulted in inhibition of bacterial killing by cultured
airway epithelia (17, 78), suggesting a significant role of the
DUOX=LPO mechanism in airway defenses.

The Lung Continuously Generates and Releases H2O2

In vivo measurements of H2O2 release

Oxygen has been considered as a pulmonary toxin for over
a century (101). The identification of superoxide metabolism
in mammalian cells (73) and the eventual recognition of su-
peroxide dismutase activity in the lung (19) provided indi-
cations of in vivo generation of O2

�� and dismutation to H2O2

in lung tissue. Initially, phagocytic white blood cells in the
lung parenchyma were considered as the major source of
H2O2 production in the lung, however, with the identification
of the NADPH oxidase gene family, a number of other lung
cells, and in particular epithelial cells, were identified as vig-
orous producers of H2O2. Although excessive production of
oxidants is detrimental to tissues, the regulated release of
H2O2 by lung cells is implicated in normal cellular physi-
ology. Owing to the primary function of lung epithelial cells in
innate defense, the observed production of H2O2 by lung cells
was initially largely considered as related to lung defenses
(43). However, additional roles in cellular signaling and bar-
rier function have been considered recently (99, 119).

In recent years, the release of H2O2 by the human lung has
been identified by measuring the H2O2 content of exhaled
breath condensate. Initial studies focused on inflammatory
airway diseases but with improvements in the technique,
H2O2 release from normal uninflamed lungs was also de-
tected. In the first study of its kind, Baldwin et al. (7) measured
H2O2 in the exhaled breath of patients with acute respiratory
distress syndrome (ARDS), a severe condition characterized
by diffuse inflammation of the lung parenchyma, neutrophil
invasion, and massive release of inflammatory mediators.
Patients with ARDS were found in this and similar studies to
exhale high levels of H2O2 (Table 1) and in later studies with
improved sampling and detection, uninflamed controls were
found to exhale low but measurable levels of H2O2 of *95 nM

FIG. 1 Overview of human airways.
The proximal airways (trachea, bronchi,
conducting bronchioles) are lined with a
ciliated surface epithelium whose main
surface cells are ciliated, goblet, and basal
cells. The function of the proximal airways
is to conduct gases and filter particles.
There is *1 gland per square millimeter
surface epithelium. The distal respiratory
bronchioles are characterized by numer-
ous alveoli, whose epithelium consists of
type I and type II alveolar cells. The major
function of the alveoli is gas exchange.
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(Table 1) (61). These initial studies established that normal
lungs generate low amounts of H2O2 and inflammation
greatly increased the H2O2 concentration in exhaled breath.

Owing to the potential use of H2O2 as a marker of airway
inflammation, H2O2 was measured in exhaled breath in sev-
eral inflammatory airway diseases (Table 1). Most studies
found that inflammation of the airways [as in asthma, chronic
obstructive pulmonary disease (COPD), bronchiectasis, and
others] was associated with increases in levels of H2O2 in the
exhaled breath condensate. Normal controls exhaled *90 nM
H2O2 (median of Table 1 controls), and ranged from unde-
tectable to 300 nM. The relatively large variability between
control groups of individual studies may be related to a
number of previously described confounding factors of this
technique, including circadian periodicity of exhaled levels of
H2O2 (80, 111), the effect of flow rate during breath collection
on the measured H2O2 concentration (94), differences between
H2O2 levels exhaled by males and females (79), or technical

differences in condensate processing. In most studies the dis-
ease group exhaled 4–5 times higher levels of H2O2 (*420 nM,
median of disease group in Table 1). It was found that the level
of inflammation, the white blood cell count, and disease ex-
acerbation correlated positively with exhaled breath H2O2 (27,
68, 72), suggesting a significant role of invading leukocytes
in H2O2 production during airway inflammation.

Although it is reasonable to assume that the number of
leukocytes correlates with exhaled H2O2 levels, this was not
found in studies in cystic fibrosis (CF) patients, despite the fact
that CF lung disease is characterized by neutrophil invasion of
the airways. This puzzling observation may be related to an
inhibition of DUOX-mediated H2O2 production in CF airways
by an acidic airway pH, as discussed below (see Lack of bac-
terial killing in CF lungs).

Cell type-specific generation of H2O2

The cellular source of H2O2 in the normal uninflamed lung
has been a matter of debate for many years. The presence of
resident macrophages in the alveolar spaces of normal lungs
and the parallel increase of white blood cell counts with exhaled
H2O2 indicated white blood cells as the source of a large frac-
tion of the H2O2 released by the lung. Table 2 compiles studies
where H2O2 release by different lung cells was measured. The
results are grouped by species (human, rat, guinea pig, and
human cell lines) and by the major cell or tissue type (macro-
phages, alveolar type II cells, and airway epithelial cells). In the
first study of lung epithelial H2O2 production, Kinnula et al. (63)
used freshly isolated rat alveolar type II cells. When investi-
gating the release of H2O2 by type II cells in suspension, a
continuous rate of 3.2 fmole � h�1 � cell�1 was found, which was
much less than the rates found in macrophages obtained from
the same preparation (66 fmole � h�1 �cell�1). However, it was
noted that alveolar type II cells produced H2O2 continuously,
while H2O2 release from macrophages was transient, peaked at
*15 min and then decayed (63). Later studies on rat or guinea
pig type II cells (114, 116) found somewhat lower rates of H2O2

release (Table 2), which may have been related to improved cell
isolation techniques with fewer contaminating macrophages.
Further studies focused on the polarized release of type II cells
into the apical medium. When using polarized tight cultures of
a relatively pure human primary type II cell preparation that
included culture conditions to remove contaminating cell
types, a rate of 0.2 fmole �h�1 � cell�1 of H2O2 release into the
apical medium was found (37). This rate is relatively small
compared to previous measurements, possibly because only
the apical, blocker-sensitive fraction of H2O2 release was de-
termined, while previous studies measured the total (including
the serosal) H2O2 release. Nevertheless, these studies estab-
lished the ability of alveolar cells to continuously secrete H2O2

into the alveolar lining fluid suggesting that the H2O2 found in
exhaled breath of normal subjects at least partially originates
from alveolar epithelial cells.

The airway epithelium continuously releases mucosal
H2O2 and rates of release tend to be higher than those found
in alveolar preparations (Table 2). In several studies it was
shown that H2O2 release could be stimulated by Ca2þ-
agonists resulting in rates of up to 4.3 fmole � cell�1 �h�1 in
human cells and even higher in rat airway cultures (Table 2).
For comparison, Table 2 also lists several human lung epi-
thelial cell lines that are in common use in research studies.

Table 1. H2O2 Concentrations in Exhaled Breath

Condensate

Condition Control H2O2 (nM) Disease H2O2 (nM) Reference

ARDS
1,680 7

ND 2,400 107
95 552 61

Asthma
1,140 1

192=2381 29
200 670 68
10 260 4

270 720 55
24 127 35
30 540 3

250 810 28
COPD

120 500 21
29 205=6002 27

410 60
50 480 81

320=420 112
2903) 280 (ns) 111

CF
280=1604 58

89 64 (ns) 51
Bronchiectasis

260 870 69
300 800=1,6005 67

Smoking
190 410 80
50 240 79

Common cold
90 200 59

Pneumonia
160 590 72

Data are in nM for control and disease group of studies cited in the
reference column. Some studies had no control group. Superscript
numbers indicate additional disease or confounding factors: 1,
allergic asthmatics; 2, acute exacerbation; 3, control group included
smokers; 4, on IV antibiotics; 5, Pseudomonas-infected. ARDS, acute
respiratory distress syndrome; COPD, chronic obstructive pulmo-
nary disease; CF, cystic fibrosis; ND, not detected; ns, not signifi-
cantly different from respective control.
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Functional Characteristics of DUOX

The two large NOX homologues DUOX1 and DUOX2 were
originally identified and cloned from the epithelium of the
thyroid gland (11, 23, 31). Further investigations found that
the DUOXs are widely expressed in epithelial tissues, in-
cluding epithelia of the airways (39, 43, 98), alveoli (37), in-
testinal tract (34, 43), salivary glands (43), and prostate (117).

Human DUOX1 and DUOX2 are highly similar trans-
membrane proteins (77% identical and 83% similar) that have
a predicted domain structure as shown in Fig. 2A. DUOX is
comprised of a gp91phox homology domain typical for all
members of the NOX family, intracellular EF hand-type Ca2þ

binding pockets, and an extracellular domain that is not
found in other NOXs in humans (Fig. 2A). The gp91phox
homology domain (ranging from transmembrane domain 2 to
the C terminus) contains the electron (e�) transport machin-
ery that is found in all NOX family members that includes
binding sites for intracellular NADPH and FAD, and two
hemes in the transmembrane region. One cycle of NADPH
oxidation releases two electrons and two protons that are both
used to finally generate one extracellular H2O2. The electrons

are passed from the primary e� donor NADPH [with a mid-
point potential�320 mV, as determined for NOX2, (25)] along
its electrochemical gradient to FAD, the two hemes, and to
oxygen (midpoint potential �160 mV). This large elec-
trochemical gradient from NADPH to O2 of 160 mV indi-
cates that e� flux is always outward (see also discussion in
ref. 25), resulting in the generation of extracellular O2

�� and
H2O2.

The primary product of the small NOX homologs is O2
��,

however, natively expressed DUOX has consistently been
found to release H2O2, and not O2

�� (22, 37, 39, 43). Inter-
mediate O2

�� formation could be shown during H2O2 gen-
eration of DUOX-expressing thyroid membrane fractions,
suggesting an internal dismutation reaction to H2O2.
Ameziane–El-Hassani et al. (2) investigated the role of the
large ectodomain (that comprises residues 1–583 in DUOX1
and 1–596 in DUOX2) in H2O2 production. Experiments using
mutations or partial deletions in the ectodomain of DUOX2
suggested a function of the ectodomain in the dismutation
reaction (2). On the other hand, owing to the structural simi-
larity of the ectodomain to other heme peroxidases, it had
been proposed earlier that the ectodomain functions as an
H2O2-utilizing peroxidase, hence the ‘‘dual oxidase’’ (DUOX)
nomenclature (32). However, Donko et al. (30) argued that this
domain lacks significant residues necessary for heme binding,
and no detectable peroxidase activity could be found in an
otherwise functional recombinant DUOX expression system
(76). Currently, the role of the ectodomain of DUOX is not
well understood, but it may be involved in H2O2 generation
(2, 30, 76) or in H2O2 utilization (32,49).

Initial attempts to reconstitute functional DUOX in re-
combinant expression systems resulted in ER retention of
immature DUOX. It was proposed early on that DUOX forms
complexes or interacts with other protein factors (117). Ex-
pression of functional DUOX1 and DUOX2 in the plasma
membrane was then found to be critically dependent on the
respective ER-resident maturation factors DUOXA1 and
DUOXA2 (46), which support ER-to-Golgi transfer of DUOX1
and DUOX2 (Fig. 2B). In addition it was recently shown that
the respective DUOX=DUOXA complexes are present and
form stable functional complexes in the plasma membrane
(76). This observation is supported by the finding of a parallel
upregulation of expression of DUOX and DUOXA in native
lung epithelial cells (37). On the other hand, when DUOX was
recombinantly expressed at increasing levels while main-
taining a constant and comparably low expression of recom-
binant DUOXA, Rigutto et al. (92) found that H2O2 production
increased with increasing DUOX expression at the plasma
membrane, which argues against a simple 1:1 DUOX=
DUOXA plasma membrane complex.

Other proteins have also been described to functionally
interact with DUOX. p22phox and EF-hand binding protein 1
(EFP1) were found to interact with DUOX but without a
measurable functional consequence (117), and both p22phox
and EFP1 are expressed in airway epithelium (98, and C.
Schwarzer and H. Fischer, unpublished). In addition, NOXA1
[a regulatory subunit of the NOX1 complex (42)] was found to
be expressed in airways and to interact and inhibit DUOX1
function (83). The DUOX1=NOXA1 complex was localized in
the plasma membrane and could be dissociated in presence of
high Ca2þ concentrations (83), indicating a role for NOXA1 in
the Ca2þ-dependent regulation of DUOX1 (Fig. 2B). These

Table 2. H2O2 Production by Lung Cells

Species Cell type
Rate of H2O2

release (fmole � cell�1 � h�1) Reference

Human
Macrophage 14 47
Type II cell 0.2 37
Airway epithelium 1.5=12* 78
Airway epithelium 0.2–1.0 119
Airway epithelium 0.014=0.1* 88
Airway epithelium 2.5 #
Airway epithelium 0=4.3* 83

Rat
Macrophage 66 63
Type II cell 3.2 63
Type II cell 0.9 114
Type II cell 0.7 86
Airway epithelium 7.8=27* 78

Guinea pig
Macrophage 4.3 116
Type II cell 1.2 116
Airway epithelium 1.3 62

Human lung cell lines
CFBE41o- 0.25 96
JME=CF15 0.24 97
Calu-3 0.11 #
NCI-H292 0=2.1* 83
A549 0=0.12* 83

Rates of H2O2 release from lung cells are expressed on a per-cell
basis in fmole � cell�1 �h�1. When values in the referenced publication
were reported per cm2 epithelial area, then 106 cells per cm2 were
assumed; when values were reported per amount of DNA, then 6 pg
DNA per cell was assumed; when values were reported per amount
of protein, then 0.15 pg=mm3 and a volume of ciliated cells of
(5,000mm3), macrophages (rat, 1,150mm3; guinea pig, 1,500mm3;
human, 4200mm3), and type II cells (500mm3) was assumed. *rate
after stimulation with Ca2þ-agonist (ATP, ionomycin, or thap-
sigargin). #H. Fischer, unpublished.

A549, human type II cell-like; Calu-3, human serous gland cell-
like; CFBE41o-, human bronchial epithelial origin of CF genotype;
JME=CF15, human nasal epithelial origin of CF genotype; NCI-H292,
human lung epitheloid.
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reports suggest that DUOX associates with other proteins and
forms functional complexes both during maturation and
trafficking, and in the plasma membrane.

Expression and Function of DUOX in Lung Epithelium

Airway surface epithelium

Cell type-specific expression. Polarized epithelial airway
cultures express DUOX at the apical cell pole of ciliated cells
(98). Other epithelial cell types (mainly basal and goblet cells)
have not been investigated in detail, however, we found re-
cently that neither nonciliated cells nor basal cells express
DUOX at a level that can be detected using immunocyto-
chemistry. Figure 2C and D show a side view (Fig. 2C) and a
3D reconstruction of a confocal image stack (Fig. 2D) of a
confluent primary airway epithelial culture with the apical
aspect pointing up. Culture was immunostained for DUOX
(green), centrin (red, a marker for ciliated cells), and nuclei
(blue). This culture contains ciliated cells (identified by centrin
staining), nonciliated cells (likely goblet cells), and basal cells
(identified by the nuclei at the base of the culture visible in Fig.
2C). DUOX appears to be expressed only in ciliated surface
cells, but not in nonciliated cells nor in basal cells. Interest-
ingly, goblet cells (and also glands) are the sites for LPO re-
lease (18), indicating that H2O2 production (from ciliated cells)
and H2O2 utilization by LPO (from goblet cells and glands)
are physically separated, although the reason for this is cur-
rently unclear.

Basal cells are generally considered as the progenitor stem
cells of the airway epithelium (53). There is no appreciable

expression of DUOX in basal cells, suggesting that during
maturation from the basal to the ciliated phenotype, expres-
sion of DUOX is induced. For comparison, in fetal alveolar
type II cells, the expression of DUOX1 is developmentally
regulated during maturation to an adult phenotype in vivo,
and also in vitro during hormone-induced maturation (37).
Similarly, in vitro airway epithelial cultures increase the
amount of DUOX expressed over time in culture (88). Al-
though these observations may be related to both increased
expression of DUOX per cell and an increase in the number of
ciliated cells in the culture, the sum of these observations in-
dicates a role for increased expression of DUOX during epi-
thelial maturation.

The observation that only ciliated (and not goblet) cells
express DUOX likely affects the bactericidal activity of the
airways in inflammatory airway diseases. For example, in CF,
asthma, and chronic bronchitis, the airway epithelium un-
dergoes histological changes to a de-differentiated squamous
or mucous phenotype, resulting in a loss of ciliated cells. At
the same time these airway diseases are characterized by poor
bacterial killing by the airway epithelium and chronic airway
infections. Since DUOX expression and function has been
strongly indicated in airway defense (78), a reduction in cili-
ated cells in a de-differentiated phenotype is expected to de-
prive the epithelium of an important defense mechanism.

Regulation of DUOX by intracellular Ca2þ in airways. The
airway epithelium releases H2O2 continuously and its release
is further stimulated by mediators that increase intracellular
Ca2þ concentrations (Cai). A first indication for the Ca2þ-

FIG. 2. DUOX in the plasma membrane. (A) Model of DUOX in the membrane. The transmembrane domains are num-
bered 1 to 7. The NOX-typical gp91phox homology domain stretches from transmembrane domain 2 to the C terminus and
contains the electron (e�) transport chain, including binding sites for NADPH, FAD, and two hemes. O2

�� forms as an
intermediate and is internally dismutated to the final release product H2O2. DUOX releases cytosolic Hþ during NADPH
oxidation. Two intracellular EF hands bind Ca2þ, and an ectodomain of unclear function might be involved in H2O2

metabolism. The products of DUOX function are extracellular H2O2 and intracellular Hþ. (B) Cellular regulation of DUOX1
and DUOX2 and currently identified interacting proteins. DUOX1 is specifically upregulated by IL-4 and IL-13 by *4-fold,
while DUOX2 expression is highly induced by 20-fold by treatment of cells with interferon-g [Inf-g, (50)]. Both DUOXs
interact with their respective ER-resident chaperone DUOXA1 and DUOXA2 (46), and the DUOXA proteins may be present
and functional in the plasma membrane (76). In the apical membrane the function of the DUOXs is upregulated by intra-
cellular Ca2þ. NOXA1 has been shown to interact with and inhibit DUOXA1 in the plasma membrane in a Ca2þ-dependent
fashion (83). Circledþ indicates stimulatory effect. (C and D) DUOX protein localizes to the apical pole of airways. Primary
human airway epithelial culture was stained for DUOX (green), centrin (red), and nuclei (blue), as described (98). (C) Side view
with apical aspect pointing up. DUOX is localized at the apical pole of ciliated, centrin-labeled cells. Nuclei at the bottom of
the image are from basal cells, which do not stain for DUOX. (D) 3-D reconstructed confocal image stack at angled view onto
the mucosa. Cells that do not stain for centrin (nonciliated cells, likely goblet cells) also do not stain for DUOX (Images in C
and D by J. Tseng and H. Fischer, DUOX antibody kindly provided by F. Miot, centrin 20H5 antibody kindly provided by J.L.
Salisbury.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article at www.liebertonline.com=ars).
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dependence of H2O2 release was noticed by Kinnula et al. (62)
when performing experiments in isolated airway cells in
Ca2þ=Mg2þ free experiments. Cai agonists, such as ATP, thap-
sigargin, or ionomycin are now widely used to activate H2O2

release from airway cultures (39, 43, 78, 83). Two mechanisms
have been identified that mediate Cai-dependent regulation
of DUOX function: (a) the intracellular EF hand Ca2þ bind-
ing sites, and (b) Cai-dependent binding of NOXA1 to
DUOX1 (Fig. 2A). Site-directed mutation of the predicted
Ca2þ-binding glutamates to glutamine in the EF hands of
DUOX1 (E839Q and E875Q) or DUOX2 (E843Q and E879Q)
resulted in an almost total loss of function by the recom-
binantly expressed mutants (92). In addition, the regulation of
DUOX by Cai was modified by phosphorylation of DUOX by
protein kinases A and C. However, Ca2þ and intact EF hands
were required for kinase-dependent regulation (92), indicat-
ing that Ca2þ binding to DUOX is necessary and sufficient for
H2O2 production. In addition, NOXA1 was recently shown to
interact with and inhibit DUOX1 in a Ca2þ-dependent fashion
(Fig. 2B) possibly involving the C terminal region of DUOX1
(83). Whether the EF hands of DUOX1 are involved in the
Ca2þ-regulated NOXA1=DUOX1 interaction is unclear. An
analysis of the Ca2þ-dependence of these mechanisms, such as
the determination of the role of the EF hands in the NOXA1=
DUOX1 interaction, could help to functionally dissect these
mechanisms.

On the other hand, the regulation of the Cai signal has been
extensively studied in airways. Physiological stimuli of air-
way surface cells are ATP and acetylcholine, which are re-
leased in an autocrine fashion, and are in turn stimulated by
mucosal stressors such as mechanical or chemical stimulation
(84). Airway epithelial cells express purinergic receptors for
extracellular ATP on both their apical and the basolateral
membranes. The Cai signal evoked by addition of apical or
basolateral ATP was shown to remain highly localized to the
respective cell pole (84, 91). Thus, stimulation of the activity of
apically localized DUOX is likely mediated by an apical
stimulus. Another typical characteristic of the Cai signal is its
short-lived and transient nature (*2 min), although a sus-
tained, slightly elevated intracellular Cai remains present
during agonist stimulation (84, 91). Whether the physiologi-
cally obtained Cai are sufficient to maintain elevated H2O2

release by DUOX, or whether H2O2 release physiologically
follows similar short-lived transients have not been investi-
gated.

Are there distinct roles for DUOX1 and DUOX2 in air-
ways? Despite the high structural similarity of the two
DUOX isoforms, it was found that the H2O2 production by
DUOX2 is larger compared to DUOX1 in cell-free systems
[*5X higher (2)] or in intact cells after recombinant expression
[*2X higher, (92)]. However, based on semiquantitative RT-
PCR measurements, the normal airway epithelium expresses
DUOX1 at*5X higher levels than DUOX2 (50, 98), suggesting
that the release of H2O2 by DUOX1 and DUOX2 might be
similar in normal airways.

However, the level of expression of DUOX1 and DUOX2 is
selectively regulated by cytokines (Fig. 2B). In a seminal pa-
per, Harper and colleagues (50) investigated the regulation of
gene expression by inflammatory cytokines and found that
DUOX1 mRNA was specifically but moderately increased (by
approximately fourfold) by the Th2 cytokines IL-4 and IL-13,

while DUOX2 mRNA levels were upregulated by the Th1
cytokine interferon-g by *20-fold. The authors suggested that
the highly inducible DUOX2 is involved in responses to in-
fection and inflammation, while the more steady expression
of DUOX1 suggested a constitutive role in normal, nonin-
flamed airways, including defense, signaling (119), and mu-
cus production (99).

Defense function of DUOX in the airways. The fact that
NOX2 is involved in bacterial killing and that the primary
function of the airway epithelium is innate defense indicated
that DUOX in the airways is part of a defense mechanism. A
model of bacterial killing at the airway surface is now widely
considered that is similar to the mechanism of NOX2-based
killing in phagocytes (65) (Fig. 3A). There, the NOX2-based
NADPH oxidase generates O2

�� inside the phagosome, which
is dismutated to H2O2 (by phagosomal SOD) and further
converted to bactericidal HOCl by myeloperoxidase (MPO)
(Fig. 3A) (26,105). A similar oxidative process was proposed
for the airway epithelium by Conner and colleagues who ini-
tially identified lactoperoxidase (LPO) in sheep airway secre-
tions (44) where LPO was found to comprise *1% of soluble
airway protein content (18).

LPO is one of the three closely related, heme-containing
peroxidases that produce bactericidal ROS (the others are
MPO and eosinophil peroxidase). LPO is frequently found in
glandular secretions (e.g., in saliva or in milk). In the airways,
LPO has been localized to the submucosal glands and to goblet
cells (18, 44). The initially proposed model of LPO-mediated
killing lacked a verified source of H2O2 (18, 33, 121), but once
DUOX was found to be expressed in airways and to release
H2O2 into the ASL, a model for an antibacterial mechanism
based on the DUOX=LPO system was proposed (39, 43). It is
based on the observations that normal, uninflamed airways
continuously release H2O2 into the ASL where LPO generates
antibacterial OSCN� from H2O2 and SCN� (Fig. 3B). Note that
H2O2 by itself shows little antibacterial activity (89). The SCN�

concentration was recently identified as the rate-limiting fac-
tor during generation of OSCN� (17). SCN� concentrations in
normal airway secretions (*460 mM, ref. 121) were deter-
mined to be sufficient to maintain a continuous LPO activity in
the airways. A key functional difference between the airway
DUOX=LPO system and the phagocytic NOX2=MPO system
is that the system in phagocytes is active only during the re-
spiratory burst (lifetime *2 min, ref. 24) whereas DUOX
generates H2O2 continuously.

Despite the presence of LPO in the ASL, normal subjects
continuously exhale H2O2. This suggests that the production
of H2O2 by the airways overwhelms the available LPO ac-
tivity. However, when assuming that one ciliated airway cell
generates 2.5 fmole H2O2 per hour (Table 2) and there are
*2�109 ciliated cells in a lung, then the airways produce
H2O2 at a stunning rate of *5mmole=h. In comparison, the
H2O2 concentration found in the exhaled breath is 90 nM
(Table 1) and is exhaled at a rate of *0.7 nmole=h (94), indi-
cating that only a very small fraction of the produced H2O2

escapes the airways. Although this is a rough estimate that
does not consider resident white blood cells (which increases
this rate) or buffering by other antioxidants (which decreases
the final concentrations), this suggests that almost all of the
produced H2O2 is utilized by the airways, likely by LPO, and
only a minute amount is exhaled.
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Lack of bacterial killing in CF lungs. CF is caused by
mutations in the CFTR Cl� channel, resulting in dysfunction
or total lack of CFTR in the plasma membrane. Normal
CFTR is expressed in the apical membrane of airway epi-
thelial cells. Mutated CFTR affects the function of various
organs, but the major clinical problem is the chronic infec-
tion of the airways owing to a reduced ability to kill bacteria
at the airway surface. Although a number of mechanisms
have been proposed for the airway disease in CF (115), a
causal relation of CFTR to an innate defense process in the
airways has been lacking. Currently there are two mecha-
nistic hypotheses that require normal CFTR function for the
DUOX=LPO system in the airways to work properly (Fig. 4).
Both are based on the nonselective conduction of small an-
ions by CFTR: first, the SCN� hypothesis is based on CFTR’s
conduction of SCN�, which is necessary for the generation of
bactericidal OSCN� in the ASL (Fig. 4A). Second, the pH
hypothesis is based on CFTR’s ability to conduct HCO3

� and
alkalinize the pH of the ASL, which affects the generation of
H2O2 by DUOX (Fig. 4B). Both proposed mechanisms are
not mutually exclusive and can be expected to operate in
parallel.

The basis for the SCN� hypothesis was introduced into the
airway field by Conner and colleagues (18) and proposes that

SCN� transport by CFTR is necessary to maintain LPO
function and bacterial killing (Fig. 4A). It is based on the ob-
servations that the concentration of SCN� in the ASL is a rate-
limiting factor for the DUOX=LPO system and that LPO is
specific for SCN� (17). Thus, a continuous source of SCN� is
required to maintain the SCN� concentration in the ASL
necessary for LPO function.

Previously, CFTR was shown to conduct SCN� fairly well
at a rate of *60% of that found for Cl� (56, 66), which made
CFTR a good candidate to support SCN� secretion into the
ASL. However, several initial observations argued against
transepithelial SCN� secretion via CFTR: first, the low con-
centrations of SCN� compared to other anions and the known
anion competition and tighter binding of SCN� inside the
CFTR pore (102, 108) suggested low SCN� throughput. Sec-
ond, the unknown electrochemical driving forces at the apical
membrane for SCN�, and the unfavorable SCN� concentra-
tion gradient across the epithelium (mucosal, [SCN�]¼
460mM; serosal [SCN�]¼ 50 mM, ref. 40) did not support the
idea of passive SCN� currents across CFTR. Then, in a break-
through study, Fragoso et al. (40) found that the airway epi-
thelium utilizes a Naþ-driven basolateral transporter to move
SCN� transepithelial against a significant gradient, which
was identified as the Naþ=I– symporter that also transports

FIG. 3. Similar mechanisms of
innate defense in phagocytes
and the airways. (A) In phago-
cytic cells, the NOX2 complex
produces O2

�� inside the phago-
some, which is dismutated to
H2O2 by superoxide dismutase
(SOD) and further reduced to
bactericidal HOCl by myeloper-
oxidase (MPO). (B) In the air-
ways, DUOX of the surface
epithelium releases H2O2 into
the airway surface liquid and
lactoperoxidase (LPO), secreted
mainly by submucosal glands
(but also by surface goblet cells),
produces bactericidal OSCN�.

FIG. 4. Proposed relations
of CFTR to DUOX function.
(A) SCN� hypothesis. CFTR
as an SCN� conductor is re-
quired to supply the
DUOX=LPO system with
SCN� for the conversion into
bactericidal OSCN�. Avail-
ability of SCN� is the rate-
limiting factor indicating that
this system is inhibited in CF
(17, 78). (B) pH hypothesis.
CFTR as a HCO3

� conductor
is required to alkalinize the
pH of the ASL to allow the
HVCN1 Hþ channel to release intracellular Hþ produced by DUOX from NADPH. Stoichiometry is given for one NADPH
oxidation cycle resulting in two intracellular Hþ to generate one extracellular H2O2. Note, however, that HVCN1 does not
discriminate between Hþ of different intracellular origin and has been found to conduct a substantially higher Hþ flux than
expected from NADPH oxidation alone (98). Since both Hþ and HCO3

� are driven by the pH gradient, Hþ flux only occurs
into an alkaline ASL, while HCO3

� is released into an acidic ASL (crossover point is approximately at pH6.9, H. Fischer,
unpublished). Circledþ indicates activation.

DUOX IN LUNG EPITHELIUM 2459

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2558&iName=master.img-002.jpg&w=348&h=125
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2558&iName=master.img-003.jpg&w=360&h=136


SCN�with a high affinity. Measured rates of SCN� transport
by airway epithelia were found to be 2–10 fmole � h�1 � cell�1,
which compares well to the rates of H2O2 produced by airway
cells (Table 2). SCN� transport was stimulated by CFTR ac-
tivation or blocked by CFTR inhibition and was greatly di-
minished in CF airways (40, 85). At the same time, bacterial
killing by airways in presence of LPO was shown to be di-
rectly related to the availability of SCN� (17, 78, 85). These
investigations gave strong support for the role of the
DUOX=LPO system as a defense mechanism of the airways
that requires normal CFTR function. Thus, this mechanism
links CFTR function immediately to innate defense.

The pH hypothesis (Fig. 4B) suggests a relation between the
pH of the ASL and the NADPH oxidase activity of DUOX
(36). It is based on the function of CFTR as a HCO3

� conductor
(38, 87) and its role in alkalinizing the pH of the ASL (16) while
DUOX produces intracellular acid that is released into the
ASL across the HVCN1 Hþ channel. The pH hypothesis
proposes that CFTR is required to alkalinize the pH of the ASL
to allow the HVCN1 Hþ channel to release intracellular Hþ

produced by DUOX.
NADPH oxidation by DUOX generates intracellular Hþ

according to NADPH �Hþ. NADPþþ 2 e�þ 2 Hþ (Fig. 4B) and
acidifies the cytosol (98). The only apical mechanism in airways
that efficiently releases intracellular Hþ is the HVCN1 Hþ

channel (for a detailed discussion of other Hþ transporters see
(36, 38)). The inside-to-outside Hþ gradient both activates
HVCN1 in the apical membrane and drives Hþ across it into
the ASL. Activation of HVCN1 by the pH gradient is a key
characteristic to support the apical release of Hþ from the cell
during NADPH oxidation (14, 77). The HCO3

� buffer of the
ASL maintains the inside-to-outside Hþ gradient (52, 103) and
HCO3

� is supplied to the ASL by CFTR. HCO3
� is conducted

by CFTR at a rate of *25% compared to Cl� (56, 87). HCO3
�

conduction across CFTR into the ASL is the major mechanism
of the epithelium to alkalinize the ASL (38). This model predicts
that efficient H2O2 production is dependent on the inside-to-
outside Hþ gradient that is maintained by CFTR activity.

In cultured CF airway epithelia in vitro, ASL pH and ASL
HCO3

� concentrations are reduced (16, 100, 103) and ASL pH
in CF patients is too acidic in most studies (10, 75, 82, 109). As a
result it is expected that HVCN1 is inactive, intracellular Hþ is
released inefficiently, and NADPH oxidation is blocked [as
shown for NOX2, (77)]. In support of the pH hypothesis, ex-
haled H2O2 concentrations measured in CF patients were sur-
prisingly low (Table 1). Although the observations in human
subjects might result from a number of other mechanisms, they
support the general notion that an acidic ASL inhibits DUOX
function. Thus, the pH hypothesis links CFTR function as a
HCO3

� channel to innate defense governed by DUOX.

Airway submucosal glands

Submucosal glands of the airways are the main source of
antibacterial factors (including LPO) that are found in the
ASL. However, there is no indication that submucosal glands
express DUOX. For comparison, salivary glands express
DUOX2 along their ducts (43), and rectal glands express
DUOX2 at their bottom (43), although another study did not
find rectal glands or colonic and small intestinal crypts to
express DUOX (34). Owing to the difficulty in investigating
glands because they are deeply embedded in the submucosal

tissue, the Calu-3 cell line has been used to investigate DUOX
in a model airway serous gland cell. Calu-3 were found to
express no DUOX1 and little DUOX2 in one report (98), and
some DUOX1 and no DUOX2 in another (71). On the other
hand, Calu-3 have been reported to lack chromosome 15 (see
www.atcc.org) where both DUOX1 and DUOX2 are normally
localized (23, 31). This indicates major rearrangements in the
localization of DUOX in this cell line, suggesting that Calu-3 is
not a sensible model for the investigation of the function of
DUOX in glands. Thus, despite the prominent role of airway
glands in the release of defense factors there is currently no
indication for DUOX expression there, pointing to a function
of DUOX solely at the surface epithelium.

Alveolar cells

Although alveoli are mainly made up of type I cells, there is
currently no information available about their role in H2O2

production. Type II cells have been investigated recently.
Alveolar type II cells express DUOX1, which, as in airway
cells, is found at the apical cell pole. No significant expression
of DUOX2 was found (37). In functional studies of human
alveolar type II cells, H2O2 and Hþ production was found, but
rates of release of both H2O2 and Hþ are generally low com-
pared to the airway epithelium (37).

For comparison, in the type II-like cell line A549, DUOX1
mRNA could not be detected, but DUOX2 mRNA was lowly
expressed (71), and measured H2O2 output (after stimulation
with ionomycin, a Ca2þ agonist) was similar to primary hu-
man type II cells (Table 2). When considering the extremely
low volume of the alveolar lining fluid (10–20 nl=cm2), even
low secretory rates may result in considerable effects in the
alveolus.

Cai regulation in alveolar cells has been intensely investi-
gated in relation to the release of surfactant by lamellar bodies
of type II cells (5). Regulation of Cai is largely governed by
mechanical triggers, such as lung expansion. In addition, type
II cells also express purinergic and adrenergic receptors that
couple to Cai stimulation (13), suggesting that H2O2 release by
DUOX in alveolar cells is regulated by these external stimuli.

Nevertheless, the function of DUOX remains obscure in
alveoli. Alveolar type II cells have their own arsenal of defense
factors, most notably the surfactant proteins A and D, which
directly interact and kill microorganisms (74). However, in
other innate defense cells, H2O2 is converted by heme per-
oxidases to form bactericidal ROS. For example, myeloper-
oxidase in neutrophils generates HOCl, the peroxidase of
eosinophils forms HOBr or OSCN�, and on mucosal surfaces
LPO generates OSCN�. In contrast, there is no comple-
mentary heme peroxidase in alveoli, rather, the selenium-
containing glutathione peroxidase is found in the alveolar
lining fluid (6), which is structurally unrelated to the heme
peroxidases and reduces H2O2 to water in the presence of the
high concentrations of glutathione found in the alveolar lining
fluid (12). Thus, the function of DUOX in the alveoli might not
be in mucosal defense and may not have a mucosal target
because released H2O2 is degraded to water by the alveolar
glutathione peroxidase.

Conclusions

Since the identification of DUOX in the epithelia of the lung,
and the associated measured release of H2O2, the view of the

2460 FISCHER



role of ROS in the lung has changed considerably. Although
massive release of oxidants during lung inflammation is still
considered detrimental to the surrounding tissue, the regu-
lated release of H2O2 by DUOX now appears associated with
normal lung epithelial function. The quantitative distinction
between detrimental and functionally supportive ROS pro-
duction is still murky, but likely it is related to the equilibrium
of the rates of ROS production and utilization by the lung.

Previously, a number of antibacterial factors have been
identified in the ASL, including lysozyme, lactoferrin, b-
defensins, and several others (95). The expression of DUOX in
the airway epithelium represents a novel antibacterial mech-
anism that resembles the phagocytic NOX2-based mecha-
nism. Both phagocytes and airway epithelial cells secrete
strikingly similar defense factors (including all the ones
mentioned above), suggesting that both cell types utilize
comparable mechanisms for innate defense. However, there
are unique airway-typical characteristics; most notably,
the DUOX-based NADPH oxidase operates in parallel to the
CFTR Cl� channel in the apical membrane.

The function of CFTR in the airways and its relation to air-
way disease in CF has been investigated intensely for many
years; however, a direct relation of CFTR to an airway defense
mechanism has been elusive. The permeation of several types
of small, physiologically available anions across CFTR has been
noted (56, 66), but a physiological function or a relation to CF
airway disease was unclear. In particular, the permeability to
SCN� appeared puzzling because it has few known physio-
logical functions. However, with the identification of LPO in
the airways (44, 93), an SCN�-utilizing enzyme had been
identified and a role for CFTR as an SCN� conductor in support
of LPO function in airway defense could be established (17, 78).

At the same time, HCO3
� permeation across CFTR was

shown to alkalinize the ASL (16, 87), while the consequence of
an alkalinized ASL was puzzling. However, an overly acidic
ASL was noted in CF airways (38). Only after DUOX had been
identified as an acid producer, together with the realization
that the HVCN1 Hþ channel required an alkalinized ASL to
function properly, a mechanistic testable model could be laid
out where H2O2 production by DUOX depends on CFTR as a
HCO3

� channel (36). Thus, there are indications that normal
CFTR function is required for both the production of H2O2 by
DUOX and the support of LPO to form bactericidal OSCN�.
CFTR appears intimately related to the innate defense mecha-
nism provided by DUOX and it is tempting to speculate that
the CFTR-HVCN1-DUOX-LPO system is the functional com-
plex that provides the oxidative defenses to the airway surface.
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ARDS¼ acute respiratory distress syndrome
ASL¼ airway surface liquid
Cai¼ intracellular Ca2þ concentration
CF¼ cystic fibrosis

CFTR¼ cystic fibrosis transmembrane conductance
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COPD¼ chronic obstructive pulmonary disease
DUOX¼dual oxidase

e�¼ electron
EFP1¼EF-hand binding protein 1

ER¼ endoplasmic reticulum
HVCN1¼voltage-dependent Hþ channel

LPO¼ lactoperoxidase
MPO¼myeloperoxidase
NOX¼NADPH oxidase
ROS¼ reactive oxygen species
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