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Abstract

Oxidative stress has been implicated in the pathogenesis of bronchial
asthma. Besides granulocytes, the airway epithelium can produce
large amounts of reactive oxygen species and can contribute to
asthma-related oxidative stress. Histamine is a major inflammatory
mediator present in large quantities in asthmatic airways. Whether
histamine triggers epithelium-derived oxidative stress is unknown.
We therefore aimed at characterizing human airway epithelial H2O2

production stimulated by histamine. We found that air–liquid
interface cultures of primary human bronchial epithelial cells (BECs)
and an immortalized BEC model (Cdk4/hTERT HBEC) produce
H2O2 in response to histamine. The main source of airway epithelial
H2O2 is an NADPH dual oxidase, Duox1. Out of the four histamine
receptors (H1R–H4R), H1R has the highest expression in BECs and
mediates the H2O2–producing effects of histamine. IL-4 induces
Duox1 gene and protein expression levels and enhances histamine-
induced H2O2 production by epithelial cells. Using HEK-293 cells
expressingDuox1orDuox2 and endogenousH1R, histamine triggers
an immediate intracellular calcium signal and H2O2 release.
Overexpression of H1R further increases the oxidative output of

Duox-expressing HEK-293 cells. Our observations show that BECs
respond to histamine with Duox-mediated H2O2 production. These
findings reveal a mechanism that could be an important contributor
to oxidative stress characteristic of asthmatic airways, suggesting
novel therapeutic targets for treating asthmatic airway disease.
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Clinical Relevance

This study identifies a novel source of airway oxidative stress,
which is characteristic of asthma disease pathogenesis, by
showing that airway epithelial cells release hydrogen peroxide
in response to histamine through H1 receptor–mediated
activation of dual oxidase (Duox) enzymes. Furthermore, Th2
cytokines relevant to asthma promote these responses to
histamine by augmenting Duox1 expression. These findings
identify novel targets for therapeutic intervention for asthma.

Bronchial asthma is a chronic respiratory
disorder characterized by airway obstruction,
hyperresponsiveness, and chronic
inflammation (1). Several lines of evidence
suggest roles for oxidative stress in the
pathogenesis of bronchial asthma. Oxidative
damage results in airway hyperresponsiveness
(2). Elevated H2O2 levels in the airways of
patients with asthma positively correlate with
disease severity and symptom scores and
negatively correlate with their FEV1

values (3). Elevated H2O2 levels in exhaled
breath condensates were proposed to be
a disease marker for airway inflammation in
asthma (4–6). Airway mucus hypersecretion
is another characteristic hallmark of asthma
(7). Oxidative stress triggered by a variety
of agents (e.g., bacteria, silica, and growth
factors) induces mucin synthesis and
secretion in airway epithelial cells through
activation of the epidermal growth factor
receptor pathway (8–14).

Enhanced levels of reactive oxygen
species (ROS) in asthmatic airways are
thought to result from granulocytic
infiltration (15, 16). Eosinophils and
neutrophils are present in substantial
numbers in asthmatic airways and produce
large amounts of superoxide, H2O2, and
downstream ROS (4, 9, 17). In addition to
granulocytes, the human bronchial
epithelium can generate significant
quantities of H2O2, but its contribution as
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a source of ROS to asthma pathogenesis has
not been investigated (13, 18–20).

Dual oxidase 1 (Duox1) and Dual
oxidase 2 (Duox2) are NADPH oxidases
expressed in bronchial epithelial cells
(BECs) and are the main sources of
epithelial ROS (11, 19, 21). Duox localizes
to the apical plasma membrane of BECs,
producing H2O2 into the airway lumen by
consuming intracellular NADPH (20, 22).
Both Duox enzymes are regulated by
increases in intracellular calcium levels (12,
18, 20, 23). Several in vitro studies proposed
roles of Duox in diverse epithelial functions
(bacterial detection and killing, mucin
secretion, wound healing, acid secretion,
and inflammatory cytokine release) (13, 18,
19, 24–29). Recently, two studies suggested
in vivo roles of Duox1 in airway epithelial
wound repair and leukocyte recruitment in
mouse models of airway injury and allergic
asthma, respectively (30, 31).

Chronic inflammation in asthmatic
airways is also characterized by high levels of
the important pluripotent inflammatory
mediator histamine (32). Histamine is
a biogenic amine, is one of the most studied
compounds in medical research, and has
been implicated in diverse biological
functions including hematopoiesis, wound
healing, development, and inflammation
(32). In bronchial asthma, histamine is
released by mast cells or basophils upon
stimulation of their Fce receptors (33).
Secreted histamine directly affects airway
smooth muscle, endothelial, and different
immune cells, but its impact on BECs has
been vaguely studied (33). It has been
shown recently in BECs that histamine
stimulates mucin secretion, proinflammatory
cytokine release, and airway remodeling
through activation of epidermal growth
factor receptor signaling (34–37). In other
studies, Duox activation was shown to lead
to the same effects in airway epithelial cells
(24, 25, 27). Despite this, no studies have
reported links between histamine and Duox
activity in airway epithelial cells. We aimed
at investigating whether histamine is
capable of stimulating H2O2 production in
BECs and the potential involvement of
Duox in this mechanism.

Here we found that air–liquid interface
(ALI) cultures of primary and immortalized
human BECs (HBECs) release H2O2 in
response to histamine. Gene expression
data and experiments using specific
agonists and inhibitors indicated that the
histamine receptor H1R mediates

histamine-stimulated Duox activation and
ROS production. We characterized Duox
expression and activation in an
immortalized HBEC model and show that
Duox1 is the major Duox isoform
expressed. Furthermore, Th2 cytokine
treatment induces Duox1 gene expression
and amplifies the stimulatory effects of
histamine on ROS production. Our report
identifies histamine as a novel stimulus of
airway epithelial Duox (H2O2 production)
and proposes Duox as a potential source of
excess ROS in asthmatic airways.

Materials and Methods

Cell Culture
Primary HBECs (Lonza, Basel, Switzerland)
were cultured on ALI as described (18, 38).

Immortalized (nononcogenic) (CDk4/
hTERT) HBECs were created by retroviral
introduction of Cdk4 and hTERT in primary
HBECs and were provided by Dr. John
Minna (University of Texas Southwestern
Medical Center, Dallas, TX) (39, 40). We
used CDK4/hTERT HBECs seeded on
collagen-coated, 24-well Costar transwell
(6.5 mm) inserts without lung fibroblasts.
These cells are referred to as “immortalized
BECs” herein. For cytokine treatment,
submerged cell cultures in 6-well plates
(no ALI) were induced by 10 ng/ml human
IL-4 or IL-13 (R&D Systems, Minneapolis,
MN) for 2 days. Further details are provided
in the online supplement.

The 16HBE140 HBEC line was
obtained from Dr. D. Gruenert (Cystic
Fibrosis Research Center, University of
California, San Francisco, CA) and was
cultured in Eagle’s minimum essential
medium (MEM) containing L-glutamine,
glucose, NaHCO3, 10% FBS, and 1%
penicillin-streptomycin (Invitrogen,
Carlsbad, CA) on surfaces coated with 1%
BSA, 0.03 mg/ml bovine collagen, and
0.01 mg/ml human fibronectin (41).

The human mucoepidermoid BEC line
NCI-H292 (ATCC, Manassas, VA) was
cultured as described (12).

IB3–1 and C38 BECs (ATCC) were
maintained in MEM medium containing
L-glutamine, glucose, 10% FBS, and 1%
penicillin-streptomycin (Invitrogen).

BEAS-2B cells (ATCC) were cultured
on coated surfaces (BSA, bovine collagen,
and bovine fibronectin) in LHC-8 medium
containing L-glutamine, 10% FBS, and 1%
penicillin-streptomycin (Invitrogen).

HEK-293 cells were cultured in MEM-
a medium on collagen-coated plates. The
creation of HEK-293 cell lines stably
expressing human Duox11DuoxA1a or
Duox21DuoxA2 (selected Flp-In-293
clones transfected with bicistronic DuoxA/
Duox cassettes) is described in detail
elsewhere (27).

Measurement of H2O2

H2O2 production in primary HBECs
cultured on ALI was measured by Amplex
Red/horseradish peroxidase (HRP) assay
(Life Technologies, Grand Island, NY) (18).
Histamine-triggered extracellular H2O2

production by HEK-293 cells or
immortalized airway epithelial cells was
measured using 0.25 mM homovanillic acid
(Sigma, St. Louis, MO) (22). Extracellular
H2O2 release stimulated by ionomycin or
ATP in immortalized airway epithelial cells
was assessed by luminol/HRP-based
chemiluminescence assay (17). Histamine
interferes with the luminol/HRP assay (data
not shown). Details are provided in the
online supplement.

Western Blotting
NCI-H292 or Cdk4/hTERT cell lysates were
processed for Western blotting as described
(13). Primary antibodies used were anti-
Duox (rabbit, 1:2,000; a gift from Dr.
Francois Miot [IRIBHM, Université Libre
de Bruxelles]), anti–a-tubulin (mouse,
1:2,000; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-TLR4 (rabbit, 1:2,000;
Novus Biologicals, Littleton, CO), anti-
TLR5 (rabbit, 1:2,000; Santa Cruz
Biotechnology), anti-goat Histamine H1
Receptor (A-20) antibody (Santa Cruz
Biotechnology), rabbit polyclonal anti-
GAPDH antibody (Trevigen, Gaithersburg,
MD), and antiactin (rabbit, 1:4,000; Sigma).
Secondary antibodies used were HRP-
linked anti-rabbit IgG from donkey
(1:1,000; GE Healthcare) and HRP-linked
anti-mouse IgG from sheep (1:1,000; GE
Healthcare).

The supplemental material contains
details of RNA isolation, qualitative RT-
PCR, quantitative real-time PCR, calcium
measurements, and cloning of the H1R
construct.

Statistical Analysis
Data are represented as mean 6 SEM or
mean 6 SD. Significance was calculated
with Student’s t test and was marked as
*P , 0.05, **P , 0.01, and ***P , 0.001.
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Results

Primary BECs Release H2O2 in
Response to Histamine
To determine if histamine induces ROS
production in normal HBECs (NHBECs),
NHBECs were differentiated for 3 to 4 weeks
on ALI. These NHBEC cultures are
polarized, develop transepithelial resistance,
express large amounts of Duox, and are
capable of producing H2O2 after stimulation
by ionomycin or ATP (18, 28). Histamine
added to the luminal surface of the airway
cells increased apical H2O2 generation by
74.5% (donor A) or 94.7% (donor B)
(Figure 1A).

ALI Cultures of Cdk4/hTERT
Immortalized HBECs
Primary airway cells provide the best
in vitro model to study airway epithelial
physiology, but they have limitations (e.g.,
donor-to-donor variations and limited
expansion potential) preventing large-scale
studies. Several cancer cell lines have been
used as alternative models, but these
cultures lack most of the features of
differentiated BECs, including high Duox

expression. Cancer lines acquire several
novel features due to their oncogenic
nature. To circumvent this, Minna and
colleagues derived immortalized BEC lines
from primary human cells by transfections
with retroviral constructs coding cyclin-
dependent kinase (Cdk) 4 and human
telomerase reverse transcriptase (hTERT)
(39). This resulted in immortalized cultures
that exhibit an epithelial morphology and
express mature epithelial markers (39).
These cells were created without oncogenic
transformation, provide an excellent model
to study airway epithelial biology in vitro,
and have been well characterized in a three-
dimensional organotypic culture model
(40). We cultured Cdk4/hTERT-
immortalized (Cdk4/hTERT) HBECs on
collagen-coated transwell supports exposed
to ALI without using collagen plugs or
a lung fibroblast feeder layer (40). Under
these conditions, Cdk4/hTERT HBECs
develop into monolayers with increased
transepithelial resistance (Figure 2A),
which are easy to maintain and can be
expanded easily and show minimum
variations between experiments. These
cultures release MUC5AC (measured by

ELISA; data not shown) and stain positively
for mucins by Periodic acid-Schiff staining
(data not shown). Real-time PCR data
detected MUC5AC as the main MUC gene
expressed (Figure 2B). MUC5AC gene
expression detected by real-time PCR
(MUC5AC/actin mRNA) in Cdk4/hTERT
HBE ALI cultures (mean, 1.313 1024; n = 3)
is comparable to gene expression in the
mucus-producing NCI-H292 human
mucoepidermoid BEC line (mean, 1.12 3
1023; n = 3) (12). Expression of another
airway mucin gene, MUC2 (MUC2/actin
mRNA), in CDK4/hTERT HBE ALI
cultures was low (mean, 7.33 3 1026; n =
3) compared with that of NCI-H292 cells
(mean, 2.35 3 1024; n = 3) (Figure 2B)
(12). Ciliated cells were not observed in
these ALI cultures. However, Cdk4/hTERT
ALI cells expressed the anion channel
pendrin (real-time PCR and Western blot;
data not shown) also found in differentiated
BECs (42). Because of these advantages, we
used this BEC model, referred to as
“immortalized BECs” or “Cdk4/hTERT
HBECs,” throughout the study to describe
histamine-stimulated Duox activity.

H1R Is the Dominant Histamine
Receptor in HBECs
We confirmed that Cdk4/hTERT HBECs
also respond to histamine with enhanced
H2O2 production. Basal H2O2 production
of immortalized BECs was significantly
increased by histamine (Figures 2C and
2D). Next we asked which histamine
receptors (HRs) are expressed in
differentiated ALI cultures of Cdk4/hTERT
HBECs. H1R was the main HR expressed
(Figure 2E). H1R was found to be the
dominant HR expressed in other airway
epithelial cell lines (BEAS-2B, NCI-H292)
as well (Figure 2E) (37, 43). H1R expression
appears early and remains dominant during
differentiation on ALI (Figure 2F). Testing
HR-specific agonists, we found that only
H1R agonist stimulated H2O2 production
in differentiated Cdk4/hTERT HBECs
(Figure 2G). Thus, we conclude that
histamine H1R is the main HR expressed in
immortalized BECs and mediates the
H2O2–producing effect of histamine.

Characterization of Duox Function in
Cdk4/hTERT HBECs Cultured on ALI
Duox expression and function has not been
investigated before in Cdk4/hTERT HBECs
(39, 40). Therefore, we cultured HBECs on
ALI for different periods of time and

Figure 1. Histamine stimulates apical release of H2O2 from polarized cultures of primary human
bronchial epithelial cells. Cells obtained from two different donors were differentiated on air–liquid
interface (ALI) cultures (6.5-mm transwells, 24 wells) for 21 days. Apical H2O2 production was
measured on adherent cells over 30 minutes by the Amplex Red/HRP assay in the presence or
absence of 300 mM histamine (triplicates, mean 6 SD). *P , 0.05 and **P , 0.01 (Student’s t test).
Unstim, unstimulated.
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measured H2O2 production in the presence
of the well-known Duox activators
ionomycin (1 mM) and ATP (300 mM).
H2O2 production gradually developed and
peaked at 16 days (Figure 3A). Later, H2O2

production decreased with time
(Figure 3A). The flavoenzyme inhibitor
diphenylene iodonium (10 mM), which also
inhibits Duox, blocked ATP-stimulated
H2O2 production (Figure 3A). In the same
set of samples, we determined Duox protein
expression by Western blotting. Duox
expression followed functional H2O2

production data with time (Figures 3A and
3B), such that the most intense Duox

protein band was observed also at Day 16
and the intensity of protein expression
dropped afterward (Figure 3B). In addition
to Duox, we detected expression of
important innate immune receptors Toll-
like receptor 2 and Toll-like receptor 5
(Figure 3B). These data confirm that Cdk4/
hTERT HBECs represent an excellent
in vitro model to study Duox function in
airway epithelium.

Duox1 Is the Major Isoform
Expressed in Immortalized HBECs
The H2O2 measurement and Western blot
data do not determine which Duox isoform

is dominant in Cdk4/hTERT HBECs.
Therefore, we measured human Duox1 and
Duox2 gene expression levels by real-time
RT-PCR in the same set of cultures
previously assessed for Western blotting
and H2O2 release (Figures 3A and 3B).
Duox1 mRNA levels were almost two
orders of magnitude higher than Duox2
mRNA levels at most of the time points
tested during ALI differentiation
(Figure 3C). Changes in Duox1 mRNA
levels followed the same pattern as Duox
protein expression data and H2O2 release
results (Figures 3A and 3B). These data
clearly show that Duox1 is the main Duox

Figure 2. Histamine H1 receptor mediates H2O2 production in immortalized human bronchial epithelial cells (HBECs) stimulated with histamine. (A) ALI
cultures of immortalized Cdk4/hTERT HBECs develop transepithelial resistance over time. Cells were cultured for 3 weeks on collagen-coated, 24-well
transwell (6.5-mm) inserts, and transepithelial resistance (Ohm/cm2) was measured at the indicated time points by voltohmeter. Data show mean 6 SEM
of four independent experiments. (B) Comparison of gene expression levels of two mucin genes, MUC2 and MUC5AC, between Cdk4/hTERT HBEs
(ALI) and H292 cells. Total RNA was isolated from airway cells and reverse transcribed, and MUC gene expression was evaluated by real-time PCR (MUC/
actin gene expression, mean 6 SEM; n = 3) (C) Immortalized Cdk/hTERT cells were cultured on ALI for 2.5 weeks and trypsinized, and histamine-
stimulated (100 mM) extracellular H2O2 release was measured in suspension by the homovanillic acid/HRP assay (one representative experiment; n = 3).
Arrow indicates time of histamine stimulation. (D) Histamine (100 mM)-stimulated H2O2 production rates obtained in three independent experiments
presented in B were analyzed, and mean 6 SEM values are presented. (E) Gene expression of histamine receptors (H1R–H4R) was analyzed in two
different bronchial epithelial cell lines (Cdk4/hTERT and NCI-H292) maintained in submerged cultures (one representative gel out of four independent
experiments). (F) Gene expression changes of histamine receptors in ALI cultures of Cdk4/hTERT cells over time. At Days 0, 4, 7, 14, 16, and 22, cells
were harvested, total RNA was prepared, and histamine receptor expression was determined using gene-specific primers (one representative gel; two
other experiments gave similar data). Samples without reverse transcription (RT) were included as controls. (G) Extracellular H2O2 release of 2.5-week-old
ALI cultures of Cdk4/hTERT cells stimulated by histamine receptor specific agonists (HR Ag) was quantified in suspension by the homovanillic acid/
horseradish peroxidase assay. Another experiment gave similar data (mean 6 SD). Student’s t test. *P , 0.05.
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isoform expressed in this cell culture model.
We also detected gene expression of Duox
activator 1 and Duox activator 2 in ALI
cultures of immortalized HBECs (data not
shown). We also compared Duox1 and
Duox2 gene expression levels among
numerous HBEC lines and primary cells
(Figure 3D). All of the cell lines included in
our survey are widely used in airway
epithelial studies. However, several of these
models lack significant Duox expression in
comparison to primary ALI NHBECs
expressing large amounts of Duox
(Figure 3D) (18). In addition to primary
ALI cells, the NCI-H292 cell model
expresses Duox and provides an excellent

in vitro model to study the airway epithelial
functions of Duox (18, 24). Our data
indicate that Duox1 expression in Cdk4/
hTERT cells is similar to that of primary
cells or NCI-H292 cells (Figure 3D). Duox2
expression in all cell models tested was
significantly lower than Duox1 (Figure 3D).
These results further establish Cdk4/
hTERT HBECs as an excellent in vitro
model to study Duox functions in the
human airways.

Th2 Cytokines Induce Duox1
Expression in Cdk4/hTERT HBECs
Th2 cytokines (IL-4 and IL-13) have been
shown to up-regulate Duox1 in airway

epithelial cells (18, 44). To confirm this
observation in our cell model, we exposed
Cdk4/hTERT HBECs (submerged cultures,
non-ALI) to human IL-4 or IL-13 and
measured Duox1 and Duox2 gene
expression levels by real-time PCR. Duox1
expression was found to be dominant over
Duox2 confirming previous data (Figures
3C and 3D). Both Th2 cytokines induced
Duox1 expression, IL-4 by 5.1-fold and IL-
13 by 4.1-fold (mean; n = 3) (Figure 4A).
Untreated immortalized HBECs expressed
relatively low amounts of Duox, but its
expression was strongly boosted by IL-4 or
IL-13 in Cdk4/hTERT cells, similar to NCI-
H292 cells (Figure 4B).

Figure 3. Dual oxidase (Duox)1 is the main source of H2O2 in immortalized HBECs. (A) Immortalized Cdk4/HTERT HBECs were cultured on ALI for
different times. Cells in suspension were stimulated by 1 mM ionomycin or 300 mM ATP with or without 10 mM diphenylene iodonium (DPI), and H2O2

production was measured by the Luminol/HRP luminescence assay. Data are from one representative measurement (n = 3). (B) Cell lysates were prepared
from Cdk4/hTERT cells cultured under the conditions mentioned in A, and expressions of the following proteins were measured by Western blotting:
Duox, TLR4, TLR5, a-tubulin, and actin. Data are from one representative measurement (n = 3). (C) Human Duox1 and Duox2 gene expression levels in
ALI cultures of Cdk4/hTERT cells were determined by real-time RT-PCR. Duox gene expression is given relative to actin. Data are from one representative
experiment (n = 3). (D) Human Duox1 and Duox2 mRNA levels (relative to actin) in different bronchial epithelial cell lines were compared with primary HBEC
ALI cultures. Values are mean 6 SEM (n = 4). Iono, ionomycin; RLU, relative luminescence unit; TLR, Toll-like receptor; unstim, unstimulated.
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H1R Mediates Histamine-Activated
H2O2 Production in IL-4–Induced
HBECs
Untreated Cdk4/hTERT HBECs did not
produce detectable H2O2 in response to
histamine, consistent with their low Duox
expression (Figures 4B and 4C). IL-4
treatment, however, enhanced basal H2O2

production that was further increased by

histamine in a dose-dependent manner
(Figure 4C). Similar results were obtained
with IL-13 treatments (data not shown). To
identify the HR responsible for histamine-
stimulated H2O2 production, we exposed
IL-4–treated Cdk4/hTERT cells to HR-
specific agonists. Only H1R agonist
stimulation resulted in significantly
increased H2O2 production (Figure 4D).

We also pretreated IL-4–induced Cdk4/
hTERT HBECs with H1R and H2R
antagonists before histamine challenge.
H1R antagonist inhibited histamine’s effect
on H2O2 production in a dose-dependent
manner, whereas H2R antagonism had no
effect (Figure 4E). These data confirm that
histamine stimulates ROS production in
immortalized BECs through H1R.

Figure 4. IL-4 amplifies histamine-triggered H2O2 production in bronchial epithelial cells. (A) Submerged cultures of Cdk4/hTERT HBECs were treated
with human IL-4 or IL-13 (10 ng/ml) for 2 days, and Duox gene expression levels were assessed by real-time RT-PCR. Data are from one representative
experiment (n = 3). (B) Duox protein expression levels were induced in NCI-H292 or Cdk4/hTERT HBECs by IL-4 or IL-13 (10 ng/ml, 2 d). Data are
from one representative experiment (n = 3). (C) Histamine stimulates H2O2 production in a dose-dependent manner (0–30 mM) in IL-4–induced Cdk4/
hTERT HBECs (IL-4 treatment: 10 ng/ml, 2 d). Uninduced cells do not produce H2O2. H2O2 production was measured by homovanillic acid/horseradish
peroxidase assay. Values are mean 6 SEM. IL-4 induction: n = 4; no induction: n = 3. (D) Histamine 1 receptor agonist (100 mM) stimulates H2O2

production in IL-4–induced Cdk4/hTERT HBECs. Histamine 2,3,4 receptor (H1R–H4R) agonists had no effect. Noninduced cells were unresponsive to the
agonists tested. (E) H1R antagonist inhibits histamine-stimulated (100 mM) H2O2 production in IL-4–induced Cdk4/hTERT HBECs in a dose-dependent
manner. H2R antagonist had no effect. H2O2 production was measured by homovanillic acid/horseradish peroxidase assay. Values are mean 6 SEM
(n = 3). Ag, agonist; Ant, antagonist; unstim, unstimulated.
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Duox-Expressing HEK-293 Cells as a
Model to Study Histamine-Stimulated
Duox Activation
In addition to airway epithelial cells, we
studied Duox activation by histamine in
independent Duox1- or Duox2-

reconstituted cell models for better
characterization of the process. We used our
established HEK-293 cell models stably
expressing bicistronic pcDNA5.1/FRT
constructs of human Duox11DuoxA1a or
human Duox21DuoxA2 (22). These cells,

referred to as Duox1/DuoxA1a or Duox2/
DuoxA2 Flp-In-293 cells, express Duox1 or
Duox2 and produce large amounts of H2O2

in response to calcium-mobilizing agonists
(22). Histamine-stimulated responses in
these cell lines have not been characterized

Figure 5. Endogenous H1R expression in HEK-293 cells mediates histamine-stimulated increases in cytosolic calcium levels. (A) Gene expression levels
(H1R–H4R) were measured in HEK-293 cells by real-time RT-PCR (mean 6 SEM; n = 3). (B) Histamine (100 mM)-stimulated changes in cytosolic calcium
concentrations were followed for 2.5 minutes in FURA2-loaded cells. Parental HEK-293 cells and HEK-293 cells stably transfected with the Duox1/
DuoxA1a or the Duox2/DuoxA2 system were tested. Arrows indicate time of histamine stimulation. One representative experiment for each cell line is
shown (n = 4). Lower graphs: histamine dose dependence of maximal calcium level increases in the three cell lines tested (mean 6 SEM; n = 4).

Figure 6. Histamine stimulates Duox-mediated H2O2 production in HEK-293 cells stably expressing Duox1/DuoxA1a or Duox2/DuoxA2. HEK-293 cells
stably expressing the Duox1/DuoxA1a (D1A1a) or the Duox2/DuoxA2 (D2A2) system were stimulated with 100 mM histamine, and H2O2 production was
measured by the homovanillic acid/horseradish peroxidase assay. Representative kinetics and barographs with average 6 SEM values are shown (n = 3).
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before (22). By real-time quantitative PCR,
we detected similar gene expression levels
of H1R in HEK-293 cells and its Duox/
DuoxA-expressing derivative lines
(Figure 5A). No H2R, H3R, or H4R gene
expression was detected (Figure 5A). To
show that HEK cells respond to histamine,
we followed changes in intracellular
calcium in FURA2-loaded cells. All three
cell lines showed immediate and robust
calcium signals after the addition of
histamine (Figure 5B, upper panels). The
calcium kinetics showed a rapid peak
within seconds after histamine addition,
which dropped to basal levels in a few
minutes (Figure 5B, upper panels). The
amplitude of increases in intracellular
calcium was enhanced by increasing doses
of histamine (Figure 5B, lower panels).
Thus, we conclude that HEK cells express
H1R and respond to histamine with rapid
increases in cytosolic calcium and that
histamine signaling is not altered by stable
expression of the Duox/DuoxA systems.

We next measured extracellular H2O2

production in all three cell lines stimulated

by histamine. As expected, HEK-293 cells
without transfected Duox did not produce
H2O2 (Figure 6). HEK-293 cells expressing
Duox1/DuoxA1a or Duox2/DuoxA2
release large amounts of H2O2 without
stimulation, which was more than doubled
after the addition of histamine (D1 system:
2.25 6 0.49 fold; D2 system: 1.97 6 0.21-
fold [n = 3]) (Figure 6).

Overexpression of H1R in
Duox-Expressing HEK-293 Cells
Increases Extracellular H2O2

Production by Histamine
To confirm that H1R is responsible for
histamine-mediated H2O2 production, we
transiently transfected Duox1/DuoxA1a-
or Duox2/DuoxA2-expressing HEK-293
cells with human H1R cDNA and
measured H2O2 production 48 hours after
transfection. Control cells were transfected
with the same vector expressing green
fluorescent protein (GFP). Histamine
increased basal H2O2 production in Duox/
DuoxA-expressing cells transfected with the
GFP plasmid due to endogenous levels of

H1R, which was further increased by the
expression of H1R (Figure 7A). Duox2/
DuoxA2-expressing HEK cells showed
higher basal and histamine-stimulated
H2O2 production than the cells expressing
Duox1/DuoxA1a (Figure 7A). Western
blot data of cell lysates of HEK-293 cells
probed with an anti-H1R antibody confirm
enhanced H1R protein levels in H1R-
transfected cells compared with the GFP-
transfected controls (Figure 7B).

Discussion

The results presented in this study provide
new mechanistic details on the action of
histamine in airway epithelial cells. Our
study is the first to show that histamine
induces release of ROS (H2O2) by airway
epithelial cells. Histamine release induced
by ROS in mast cells and basophils has
already been recognized, but histamine-
stimulated ROS production by airway
epithelial cells has not been documented
before (45, 46).

Figure 7. H1R overexpression enhances histamine-stimulated H2O2 production in Duox/DuoxA-expressing HEK-293 cells. (A) HEK-293 cells stably
expressing the Duox1/DuoxA1a (D1A1a) or the Duox2/DuoxA2 (D2A2) system were transiently transfected with a plasmid coding the H1R or a with green
fluorescent protein (GFP)-expressing plasmid (control). H2O2 production stimulated by histamine (100 mM) was measured 2 days after transfection by
homovanillic acid/horseradish peroxidase assay (values are normalized on unstimulated GFP-expressing cells). Mean 6 SEM of three independent
experiments is shown. (B) H1R expression in cell lysates of nontransfected HEK-293 cells or cells transiently transfected with the H1R-coding plasmid was
assessed by Western blotting using an anti-H1R antibody. One representative experiment is shown.

ORIGINAL RESEARCH

132 American Journal of Respiratory Cell and Molecular Biology Volume 50 Number 1 | January 2014



We show that differentiated primary
HBECs release H2O2 in response to
histamine (Figure 1). The limitations of
primary cell cultures prohibit large-scale
experimentation; therefore, we modified
and characterized a previously established
airway model of immortalized BECs (Cdk4/
hTERT HBECs) by culturing them in
transwells on an ALI. We found the
originally described organotypic cultures
not suitable for large-scale studies and
therefore simplified the culturing
conditions. By omitting the fibroblast
support and the collagen plug, we cultured
the immortalized Cdk4/hTERT cells on
collagen-coated transwell inserts similar to
several other studies published on ALI
cultures of primary human cells or cancer
lines. This immortalized cell line offers
several advantages over other in vitro
airway epithelial cell models. Most cancer
lines obtained from patients’ airways
exhibit less differentiated airway features
than immortalized (noncancer) lines and
express low or undetectable levels of Duox
(13, 18, 47). Several cancer lines do not
become polarized once cultured on ALI.
The biggest advantage of this immortalized
line is its high Duox expression on ALI or
when induced by cytokines. We have
assayed several airway epithelial cell models
for Duox expression and found that only
the NCI-H292 cell line and our Cdk4/
hTERT model showed high Duox
expression (comparable to ALI cultures of
primary cells). We and others have already

used the NCI-H292 cell model to study
Duox, but this line cannot be cultured on
ALI, and it is a transformed line isolated
from a cancer patient (18, 24). Similar to
ALI cultures of primary cells, Duox1 is the
major isoform found in ALI cultures of
Cdk4/hTERT cells. H2O2 production, Duox
protein production, and Duox1 mRNA
levels change in parallel with time during
cultivation on ALI (Figure 3).

Typically, primary NHBE ALI cells
have a substantial baseline H2O2 production
without treatment with any stimuli (18).
Cdk4/hTERT ALI cultures have very low
background signal of ROS species
production that is mostly diphenylene
iodonium resistant (Figure 2A), suggesting
that, unlike primary cells, Duox is not
constitutively active in this model. This
feature of the Cdk4/hTERT ALI cultures
makes them ideal for studies on Duox
activation by external stimuli.

ALI Cdk4/hTERT immortalized airway
epithelial cells also respond to histamine
with H2O2 production like primary ALI cell
cultures (Figures 1 and 2). We determined
H1R receptor to have the highest expression
among HRs in our cell model (Figure 2).
This is consistent with findings also
identifying H1R as the main HR expressed
in other airway epithelial cell lines (34, 43).
H1R signals through intracellular calcium,
which is a known activator of Duox (18, 19,
34, 48). Furthermore, H1R has a crucial role
in mediating allergic responses in the
airways (49).

The data presented here show that
histamine stimulates H2O2 production in
airway epithelial cells by signaling through
H1R and dual oxidases. The Th2 cytokines
IL-4 and IL-13 were shown to induce
Duox1 in primary airway epithelial cells
(18, 44). We also observed enhanced Duox1
expression and histamine-stimulated H2O2

release in immortalized Cdk4/hTERT cells
by IL-4 and IL-13 (Figure 4). Allergic and
asthmatic airways are characterized by high
levels of the Th2 cytokines IL-4 and IL-13
(50, 51). Elevation of Th2 cytokine levels
and histamine suggests that induced higher
levels of Duox1 and Duox-derived
production of H2O2 in allergic/asthmatic
airways could contribute to disease
pathogenesis. Our work suggests Duox as
a potential source of excess ROS that could
be targeted in allergic/asthmatic airways
(5, 52). n
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and Éva Mezey (Stem Cell Research Unit,
NIDCR, NIH) for providing the histamine
receptor agonists and antagonists and for
help with optimizing the PCR reactions; and
Dr. Francois Miot (IRIBHM, Université Libre
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