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Abstract

Asthma is a disease of acute and chronic inflammation in
which cytokines play a critical role in orchestrating the allergic
inflammatory response. IL-13 and transforming growth factor
(TGF)-b promote fibrotic airway remodeling, a major contributor
to disease severity. Improved understanding is needed, because
current therapies are inadequate for suppressing development
of airway fibrosis. IL-13 is known to stimulate respiratory
epithelial cells to produce TGF-b, but the mechanism through
which this occurs is unknown. Here, we tested the hypothesis that
reactive oxygen species (ROS) are a critical signaling intermediary
between IL-13 or allergen stimulation and TGF-b–dependent
airway remodeling. We used cultured human bronchial epithelial
cells and an in vivo mouse model of allergic asthma to map
a pathway where allergens enhanced mitochondrial ROS,
which is an essential upstream signal for TGF-b activation and
enhanced collagen production and deposition in airway

fibroblasts. We show that mitochondria in airway epithelium are
an essential source of ROS that activate TGF-b expression and
activity. TGF-b from airway epithelium stimulates collagen
expression in fibroblasts, contributing to an early fibrotic response
to allergen exposure in cultured human airway cells and in
ovalbumin-challenged mice. Treatment with the mitochondrial-
targeted antioxidant, (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-
4-ylamino)-2-oxoethyl)triphenylphosphonium chloride
(mitoTEMPO), significantly attenuated mitochondrial ROS,
TGF-b, and collagen deposition in OVA-challenged mice and
in cultured human epithelial cells. Our findings suggest that
mitochondria are a critical source of ROS for promoting TGF-b
activity that contributes to airway remodeling in allergic asthma.
Mitochondrial-targeted antioxidants may be a novel approach for
future asthma therapies.
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Asthma is a disease of acute and chronic
inflammation and increased oxidative stress
in which cytokines play a critical role in
orchestrating the allergic inflammatory
response. Chronic inflammation leads to
subepithelial fibrosis and airway remodeling
(1, 2). IL-13 and transforming growth factor
(TGF)-b are central signals that promote
airway fibrosis (3, 4) and, when expressed
in bronchial epithelium, IL-13 leads to
the development of several characteristic
features of airway remodeling, including
subepithelial fibrosis through TGF-
b–dependent pathways (5). Although IL-13
promotes TGF-b production in respiratory
epithelium (2), the mechanism through
which this occurs remains unknown.

IL-13 is known to increase reactive
oxygen species (ROS) (6–8), and the airways
of asthma patients and allergen-challenged
mice contain high levels of ROS that appear
to contribute to asthma (9–13). ROS are
known to be important in TGF-b signaling
through a number of mechanisms.
Superoxide radicals increase TGF-b
transcription in alveolar epithelial cells (14)
and promote TGF-b activity and collagen
deposition from human lung fibroblasts
(15). Mitochondrial ROS have recently been
shown to be required for downstream TGF-
b16 signaling, and mitochondrial dysfunction
is a feature of asthmatic airway cells (17–19).
Given that IL-13 and allergens both induce
ROS, which have been shown to increase
transcription, activation, and downstream

TGF-b signaling, we hypothesized that
mitochondrial ROS are a critical signaling
intermediary between IL-13 stimulation and
TGF-b–dependent airway remodeling.

Although mitochondrial dysfunction
and oxidative stress are characteristic
factors in patients with allergic asthma
and fibrotic lung diseases (20, 21),
nontargeted antioxidants are ineffective in
patients with asthma (22). To test if a
targeted approach to antioxidant therapy
might be successful, we performed
proof-of-concept studies to determine
if infusion with (2-(2,2,6,6-
Tetramethylpiperidin-1-oxyl-4-ylamino)-2-
oxoethyl)triphenylphosphonium chloride
(mitoTEMPO), a mitochondrial-targeted
antioxidant (23), could prevent or
reduce key asthma characteristics in a murine
model of atopic asthma. MitoTEMPO
compartmentalizes to the mitochondria
by virtue of its positively charged
lipophilic cation, triphenylphosphonium
(TPP) (24).

Here, we provide new evidence that IL-13
and ovalbumin (OVA) increase mitochondrial
ROS, and that reduced mitochondrial ROS by
mitoTEMPO infusion results in improvement
of markers of airway remodeling in OVA-
challenged mice. We used osmotic minipumps
to infuse mitoTEMPO into mice treated
with OVA or saline. We show that
mitochondrial-targeted antioxidant therapy
inhibits IL-13–induced mitochondrial
ROS and TGF-b in cultured human
airway epithelium, and significantly attenuates
mitochondrial ROS, TGF-b, and collagen
deposition in OVA-challenged mice in vivo.
We used a spatially targeted, conditional TGF-
b knockout mouse model to show that
epithelial TGF-b is required for subepithelial
collagen deposition in response to OVA.
Our findings suggest that mitochondria are
a critical source of ROS for promoting TGF-b
signaling and pathological airway responses
to OVA, and that targeted antioxidant
therapy may be a novel approach for future
asthma therapies.

Materials and Methods

Animals
All animal care and housing requirements
of the National Institutes of Health
Committee on Care and Use of Laboratory
Animals were followed. All protocols were
reviewed and approved by the University
of Iowa Animal Care and Use Committee.

B6D2 background wild-type mice were
obtained from Jackson Laboratories (Bar
Harbor, ME). TGF-b-floxed (fl/fl) CC10
estrogen conditional Cre recombinase (Cre-
ER) mice were generated by obtaining
TGF-bfl/fl (Jackson Laboratories) and
crossing with CC10 Cre-ER mice (25).

A 20-mg/ml tamoxifen stock solution
was dissolved in corn oil. TGF-bfl/fl CC10
Cre-ER was injected with 0.25 mg/g body
weight tamoxifen every day for 5 days.
Control mice were injected with corn oil
alone. Mice were used for OVA challenge
7 days after the last injection.

MitoTEMPO Treatment
MitoTEMPO (Enzo Life Sciences,
Farmingdale, NY) was delivered in vivo
using a micro-osmotic minipump (Alzet,
Cupertino, CA). Control animals were
implanted with saline-filled minipumps. The
pumps were implanted 3 days before OVA
challenge and delivered drug at a dose of
0.7 mg/kg/d, as previously described (23).

OVA Sensitization and Challenge
Male and female B6D2 mice (6–8 wk old;
Jackson Laboratories) were sensitized by
intraperitoneal injection of 10 mg OVA
(Sigma, St. Louis, MO) mixed with 1 mg
of alum, (or saline alone, for control mice)
at Days 0 and 7. Mice were subsequently
challenged with inhaled OVA (1% solution
in 0.9% saline, 40-min challenge), or saline
on Days 15, 17, and 19, as previously
described (26). Animals were killed on
Day 20.

Bronchoalveolar Lavage
The trachea was cannulated and PBS
washings were collected (bronchoalveolar
lavage [BAL]), for total and differential
counts of lavage cells, ELISA measurements,
and conditioned media experiments.

Epithelial Brushings
Epithelial-specific brushing was used
to evaluate gene expression in airway
epithelial cells, as previously described
(27). Brushes were made from 60-grit
sandpaper–polished polyethylene PE-10
tube (BD Biosciences, San Jose, CA) with
an inserted stainless wire (0.095 mm
diameter). The brush was inserted
through an incision into the midsection
of the trachea, and harvested epithelium
was collected in 350 ml RNeasy lysis buffer
(Buffer RLT; Qiagen, Valencia, CA) for
RNA preparation.

Clinical Relevance

Although IL-13 is known to promote
airway remodeling via production
of transforming growth factor
(TGF)-b, the mechanism by which
IL-13 stimulates TGF-b remains
unknown. The current study shows
that mitochondria-derived reactive
oxygen species (ROS) are a critical
signaling intermediary between IL-13
or allergen stimulation and TGF-
b–dependent airway remodeling. We
found that a mitochondrial-targeted
antioxidant therapy was effective
in preventing early airway remodeling
in vivo and reducing TGF-b activity
in cultured cells, suggesting that
targeting mitochondrial ROS in airway
epithelium is a novel therapeutic
approach for asthma.
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Lung Histology
Lungs were fixed with 4% paraformaldehyde
and then processed by paraffin embedding.
Tissue sections (5 mm) were cut and
stained using Masson’s trichrome.
Images were taken on an Olympus
BX-61 light microscope (Olympus, Center
Valley, PA) at 203.

Morphometric Measurement
of Fibrosis
Masson’s trichrome–stained slides were
quantified by observers blinded to treatment
status to estimate subepithelial collagen
content. Subepithelial thickness was
measured in four sections of each of airway.
Airway collagen area was measured using
ImageJ and normalized to airway lumen area.

Hydroxyproline Assay
Lung tissue was homogenized, dried to
a stable weight, and then acidified with 6 N
HCl, and hydrolyzed by heating at 1208C for
24 hours. Hydroxyproline measurements
were determined, as described previously,
and normalized to dry lung weight (28, 29).

Cytokine Determinations
TGF-b and IL-13 in BAL fluid and
conditioned media of cell culture
experiments were measured by cytokine-
specific ELISA Duo Set kits (R&D
Systems, Minneapolis, MN). BAL cytokines
were normalized to total protein levels.

Quantitative Real-Time PCR
Total RNA was isolated using the
Qiagen RNeasy column based kits.
Complementary DNAwas prepared using the
Superscript III reverse transcription system
(Invitrogen, Carlsbad, CA), with random
nanomer primers. Expression of mRNA
was quantified using the iQ Lightcycler
(Bio-Rad, Hercules, CA) and SYBR green dye
system, normalized to acidic ribosomal
phosphoprotein mRNA. Primer sequences
are provided in the supplemental MATERIALS

AND METHODS section.

Epithelial Cell Culture
Human bronchial epithelial cells (30) were
grown in keratinocyte serum-free media
(Gibco, Grand Island, NY). Cells were
grown until 70% confluence and then
treated with TPP, 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL), or
mitoTEMPO at 10 mM or vehicle (DMSO).
After 24 hours of pretreatment, cells were
challenged with IL-13 (25 ng/ml) for

48 hours. Cells were then used to image
mitochondria or perform conditioned
media experiments. Conditioned media
were removed from IL-13–challenged
epithelial cells and added to confluent
human lung fibroblast-1 (ATCC, Manassas,
VA) for 48 hours. Conditioned media were
also made by adding BAL fluid from saline
or OVA-challenged mice (100 mg total
protein) to keratinocyte serum-free media
and adding to human lung fibroblasts. An
Amicon Ultra-4 3K Centrifugal filter device
(Millipore, Darmstadt, Germany) was used
to remove residual mitoTEMPO from our
media for selected studies.

Plasmids and Luciferase Assays
The 59-flanking sequence of the human
TGF-b1 promoter in the Plightswitch
luciferase reporter plasmid (S72025; Switch
Gear Genomics, Carlsbad, CA) was used
to assess TGF-b1 promoter activity. The
promoter-driven pGL4.13 firefly vector
(Promega, Madison, WI) was used to
control for transfection efficiency. Cells
were cotransfected with plasmid using
ExtremeGene9 Transfection Reagent
(Roche, Basel, Switzerland) according to the
manufacturer’s directions. At 4 hours after
transfection, medium was replaced with
fresh serum–containing medium, and
cells were allowed to recover for 24 hours.
Renilla and firefly luciferase activity was
determined in cell lysates using the Dual
Luciferase reporter assay kit (Promega) and
normalized to control (firefly).

ROS Detection
ROS were measured in live cells using
dihydroethidium derivative (mitoSOX)
red (5 mM, D1168; Invitrogen). The
mitochondrial localization of staining was
confirmed by colocalizing mitoTracker
green (50 nM; Invitrogen). Cells were
imaged using a LSM 510 confocal
microscope (Carl Zeiss, Oberkochen,
Germany), and analyzed with ImageJ
(National Institutes of Health, Bethesda,
MD). All images were taken at the same
time and using the same imaging settings.
Data are presented as mean fluorescent
intensity per square micron.

ROS levels from mouse lung sections
were assessed using dihydroethidium
(DHE) staining (5 mM; Invitrogen). Lungs
were snap frozen, and 10-mm sections were
stained with DHE as described previously
(31). Sections were imaged using the LSM
510 confocal microscope, and analyzed

with ImageJ. All images were taken at the
same time and using the same imaging
settings. Values were obtained from the
epithelial layer of three airways per section,
measuring under 500 mm in length at 2003
magnification. Data are presented as mean
fluorescent intensity per square micron.

Mitochondria Isolation
Isolation of mitochondria was performed
on ice. Freshly collected human bronchial
epithelial cells suspended in mannitol,
sucrose, EGTA (MSE) buffer (5 mM
3-(N-morpholino)propanesulfonic acid,
70 mM sucrose, 2 mM ethyleneglycol-bis-
(b-aminoethyl ether)-N,N9-tetraacetic acid,
220 mM mannitol, pH 7.2, with KOH),
then homogenized. Nuclei and unbroken
cells were pelleted by centrifugation twice
at 600 3 g for 10 minutes. The crude
mitochondrial and cytosolic fraction
was obtained from the supernatant by
centrifugation at 8,5003 g for 20 minutes. The
pellet was further purified by washing twice
in MSE buffer, and was then resuspended
in 200 ml MSE with protease inhibitors.

Lucigenin Assay
The rate of superoxide anion formation
was determined by lucigenin (bis-N-
methylacridinium nitrate; Sigma) as
described previously (32). Briefly, 100 ml
of substrate nicotinamide adenine
dinucleotide phosphate reduced (100 mM)
was added to 20 mg of mitochondrial
protein, lucigenin (5 mM). Chemiluminescence
was monitored every 15 seconds for
10 minutes, and the rate of change was
expressed as relative light units per second.

Immunoblots
Media were removed from human lung
fibroblast-1 cells and total protein amount
was measured using detergent compatible
assay (Bio-Rad). Soluble proteins (20 mg)
were separated by SDS-PAGE in
nondenaturing conditions and blotted
against collagen I (Ab765; Millipore).

Statistical Analysis
Data are shown as means (6 SE)
unless otherwise stated. Groups were
compared using ANOVA and two-tailed
nonparametric Mann-Whitney U tests.
The GraphPad Prism statistical software
program (GraphPad Inc., La Jolla, CA) was
used for the analyses. A P value less than
0.05 was regarded as statistically significant.
In figures, asterisks represent significance
versus saline or vehicle control.
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Results

mitoTEMPO Attenuates IL-13– and
OVA-Induced Mitochondrial ROS in
Respiratory Epithelium
IL-13–mediated inflammation and
mitochondrial dysfunction are believed to
play important roles in the pathogenesis of
allergic asthma (3, 18). Inflammation and
tissue remodeling with pathologic fibrosis
are common consequences of IL-13–
mediated T helper type 2 responses in the
lung and other organs (5). Based on these
associations, we first tested a possible
connection between mitochondrial ROS
production and IL-13 treatment by
measuring mitochondrial ROS in cultured
human airway epithelial cells after IL-13
challenge. We assessed ROS levels using
mitoSOX staining (23), a fluorescent
mitochondrial ROS reporter, and found
a significant increase in ROS after IL-13
treatment (Figures 1A–1C). We found that
mitoTEMPO significantly reduced the
IL-13–induced increase in ROS, consistent
with the concept that IL-13 was increasing
ROS by actions on mitochondria. TPP
and TEMPOL did not have a significant
effect on mitochondrial ROS as measured
by mitoSOX (see Figure E2 in the online
supplement). To further quantify oxidative
stress, we challenged epithelial cells with
IL-13 and measured the rate of O2$

2

production by lucigenin chemiluminescence.
We found significantly higher O2$

2

production in mitochondria from cells
treated with vehicle and challenged with
IL-13 compared with cells treated with
mitoTEMPO and challenged with IL-13
(Figures 1D and 1E). Based on these
findings in cultured cells, we next asked if
mitochondrial ROS-targeted antioxidant
therapy could attenuate ROS in vivo. We
used DHE to measure ROS in vehicle- or
mitoTEMPO-infused mice challenged with
OVA (Figure 1F). MitoTEMPO treatment
significantly reduced the amount of
superoxide in OVA-challenged compared
with saline-treated OVA-challenged
animals (Figure 1G). TPP infusion alone,
however, did not reduce the amount of
ROS measured from OVA-challenged mice
(Figure E3). These findings suggest that
mitochondrial ROS is increased by IL-13
in airway epithelia, and that IL-13– and
OVA-evoked increases in mitochondrial
ROS can be prevented or substantially
reduced by mitoTEMPO treatment.

Attenuation of Allergen-Induced
Subepithelial Collagen Deposition
by mitoTEMPO
Lungs obtained from saline- or TPP-infused
OVA-challenged mice showed significantly
increased subepithelial collagen deposition
compared with lungs obtained from
mice treated with mitoTEMPO and OVA
challenged (Figures 2A, E4, and E5). The

histological changes were confirmed
biochemically by hydroxyproline
quantification. The hydroxyproline content
in the lungs was significantly less in
the mice treated with mitoTEMPO and
challenged with OVA compared with
the vehicle treated OVA challenged mice
(Figure 2B). These data show that systemic
mitoTEMPO treatment is beneficial
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Figure 1. (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium
chloride (mitoTEMPO) attenuates IL-13–induced mitochondrial reactive oxygen species (ROS) in
respiratory epithelium. (A) Representative images of human bronchial epithelial cells treated with
DMSO or mitoTEMPO (MT) and challenged with IL-13, stained with mitoTRACKER to show
mitochondrial localization (B) Costaining with mitoSOX to show mitochondrial ROS; scale bars,
50 mm. (C) quantification mitoSOX staining (n = 6 in each group, *P , 0.001). (D) Representative
tracing of O2$

2 detection using lucigenin in isolated mitochondria (E) O2$
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(G) Quantification of DHE staining (n = 6 in each group, *P , 0.05).
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in reducing subepithelial remodeling
responses to allergic inflammation.

We also measured common effectors
of T helper type 2 mediated inflammation that
are often correlated with allergic asthma (3).
Interestingly, we did not find any difference
in BAL IL-13 levels or eosinophils in vehicle
treated and OVA challenged animals
compared with mitoTEMPO treated OVA
challenged animals (Figures 2C and 2D). These
data suggest that the effects of mitochondrial
ROS on fibrosis occur downstream to IL-13
signaling and inflammation.

IL-13–Challenged Respiratory
Epithelial Cell Culture Media
Supernatant Induced Collagen
Production in Human Lung Fibroblasts
To test our hypothesis that mitochondrial
ROS has downstream effects on epithelial

pro-fibrotic signaling, we asked if
epithelial cells contributed to adverse
airway remodeling by promoting collagen
production in lung fibroblasts. We
challenged epithelial cells with IL-13 in the
presence of either vehicle, TPP, TEMPOL,
or mitoTEMPO. The conditioned media
from the epithelial cells was placed on
cultured human lung fibroblasts for 48 h
prior to measuring collagen content in the
media (Figure 3A). We found that lung
fibroblasts cultured in conditioned media
from vehicle, TPP, or TEMPOL treated,
IL-13 challenged epithelial cells produced
significantly higher amounts of collagen
compared with those in conditioned
media from mitoTEMPO treated, IL-13
challenged epithelial cells (Figures 3B and
3C). We saw the same reduction in collagen
production when mitoTEMPO was

filtered from the conditioned media,
suggesting the reduced profibrotic potential
of media from mitoTEMPO treated, IL-13
challenged epithelial cells was the result
of a secreted factor rather than from
mitoTEMPO. Importantly, fibroblasts
directly treated with media containing
IL-13 did not have increased collagen
production (Figures 3D and 3E) further
suggesting that epithelial cells were
contributing an essential factor for
fibroblast activation that was downstream
of IL-13. Taken together we interpreted
these data to suggest that IL-13
acts on epithelial cells to produce a
mitochondrial ROS dependent mitogen,
which in turn activates fibroblasts to
produce collagen. Our studies also
suggested that mitochondrial targeted
anti-oxidant treatment is sufficient
to inhibit this paracrine signaling
mechanism.

To determine if a transferable factor
contributing to fibrosis was also present
in OVA mice, we challenged human
lung fibroblasts with lavage fluid from our
vehicle treated and OVA challenged or
mitoTEMPO treated and OVA challenged
mice and measured collagen content in
media by immunoblot analysis (Figures 3F
and 3G). We found that fibroblasts exposed
to lavage fluid from mitoTEMPO treated
animals produced significantly lower
amounts of collagen. These observations
suggest that the paracrine signaling
observed in our conditioned media
experiments between epithelium and
fibroblasts occurs in vivo.

Next we treated epithelial cells with
IL-13 to determine if mitoTEMPOmay have
interfered with upstream IL-13 receptor
signaling. We found that IL-13 mediated
STAT6 phosphorylation was independent
of mitoTEMPO treatment indicating that
mitoTEMPO was not globally preventing
IL-13 agonist actions on epithelial cells
(Figure E1). These in vitro and in vivo data
suggested that IL-13 and OVA induce a
humoral signal promoting fibroblasts to
elaborate collagen by a pathway involving
mitochondrial ROS.

mitoTEMPO Reduces TGF-b
Expression and Activity
IL-13 expression in epithelial cells
induces tissue fibrosis by activating TGF-b5,
and mitochondrial ROS are required for
TGF-b signaling (16). Based on these
considerations and our findings, we
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hypothesized that scavenging mitochondrial-
derived ROS would decrease allergen- or
IL-13– induced TGF-b production from
epithelial cells. To test this concept,
we treated TGF-b luciferase reporter
transfected airway epithelial cells with
mitoTEMPO or vehicle for 24 hours,
and then challenged them with IL-13 for
48 hours. We found that IL-13 mediated
a significant increase in TGF-b promoter
activity, and that pretreatment with
mitoTEMPO significantly reduced IL-
13–mediated TGF-b promoter activity
(Figure 4A). Correspondingly, pretreatment

with mitoTEMPO resulted in significant
reductions in TGF-b promoter activity
compared with vehicle-treated cells
(Figure 4B). The reduced promoter
and transcriptional activity seen in
mitoTEMPO-treated cells aligned with the
lower TGF-b concentrations in the media
of mitoTEMP-treated cells (Figure 4C).
These data suggest that antioxidant
treatment can reduce IL-13–mediated
TGF-b gene expression.

To determine the effect of allergen
challenge on in vivo TGF-b activity, we
measured TGF-b transcriptional activity in

epithelial cells from OVA-challenged mice.
TGF-b mRNA from isolated lung epithelial
cells revealed that OVA allergen challenge
significantly increased TGF-b gene
expression in airway epithelium (Figure 4D).
MitoTEMPO treatment had a trend
toward reduced latent TGF-b in the
BAL of OVA-challenged mice, and had
significant reductions in active and total
TGF-b (Figures 4E and E6). We also
measured phospho-SMAD 2/3 as an
indicator of downstream TGF-b signaling,
and found significant reductions in
phospho-SMAD 2/3 in animals treated with
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mitoTEMPO (Figure E7). Taken together,
these findings suggest that mitochondrial
ROS are important mediators of allergen-
induced TGF-b signaling and collagen
deposition in airway epithelium after OVA
or IL-13 challenge.

Epithelial TGF-b Is Required for
Subepithelial Collagen Deposition
To determine the effect of epithelial TGF-b
on subepithelial collagen deposition in vivo,
we used a tamoxifen-inducible, epithelial-
specific TGF-b knockout mouse. We
measured epithelial TGF-b before and after

OVA challenge in these mice and found
significant reductions in epithelial TGF-b
expression (Figure 5A). Lungs obtained
from epithelial TGF-b knockout mice
challenged with OVA had significantly
reduced subepithelial collagen deposition
compared with lungs obtained from
control, OVA-challenged mice (Figures
5B–5D). The histological changes were
confirmed biochemically by hydroxyproline
quantification. The hydroxyproline
content in the lungs was significantly less
in the TGF-b knockout, OVA-challenged
mice compared with the control

OVA-challenged mice (Figure 5E). These
data support our hypothesis that allergen
challenge results in increased epithelial cell
TGF-b activity that promotes subepithelial
collagen deposition.

Discussion

This study supports five novel conclusions
with respect to airway remodeling in allergic
airways disease. First, IL-13 induces
mitochondrial ROS. Second, mitochondrial
ROS generation is required for TGF-b
gene transcription downstream of IL-13
receptor binding. Third, IL-13–challenged
human airway epithelium releases a
factor capable of promoting collagen
synthesis in fibroblasts, consistent with
a paracrine influence of epithelium on
mesenchymal cells. Fourth, mitoTEMPO
antioxidant therapy is sufficient to
attenuate mitochondrial ROS, TGF-b
increases to IL-13 and OVA challenge, and
the fibrotic airway remodeling in OVA-
challenged mice. Fifth, epithelial TGF-b
is required for subepithelial collagen
deposition.

We used lucigenin, DHE, and
mitoSOX to detect ROS. Although
the validity of lucigenin as a
chemiluminescence probe has been
questioned, due to the redox cycling of
lucigenin, this is less important in cellular
systems that produce significant amounts
of O2$

2 (33). DHE reacts with O2$
2 to

form ethidium and a very specific product,
2-hydroxyethidium. Although DHE
fluorescence is limited in detecting the
exact source of ROS, it does seem to reflect
the redox status of the cell (34).

Other groups have reported that IL-13
induces TGF-b expression; however the
cellular mechanisms remain unclear (3, 35,
36). Consistent with these reports, we
detected an increase in TGF-b from
respiratory epithelium exposed to IL-13.
Using oxidant-sensitive probes, we saw
that IL-13 increased mitochondrial ROS
generation. Although ROS are involved
in multiple aspects of TGF-b signaling,
including the conversion of latent TGF-b
to active TGF-b (21), we found that
IL-13 stimulated ROS increased TGF-b
expression and activated the TGF-b
promoter, leading to enhanced
TGF-b transcription. Although the ROS
responsive signals that activate TGF-b
need further study, the calcium and
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calmodulin–dependent protein kinase II
(CaMKII) has been shown to contribute
to a proasthmatic phenotype when oxidized
(9), and so could be a mediator between
ROS and TGF-b signaling in airways
diseases. CaMKII has been described to
activate AP-1, a known transcriptional
activator of TGF-b (36). Oxidation of
CaMKII is known to promote a fibrotic
phenotype in cardiac tissue (37), but further

studies will be required to determine if
oxidation of CaMKII leads to a profibrotic
phenotype in asthmatic airways.

Asthma is a complex disease with
marked heterogeneity in its clinical course
and response to treatment. Current
asthma therapies, including corticosteroids,
alleviate inflammation and improve
pulmonary airflow in mild to moderate
asthma; however, their efficacy in reversing

structural remodeling in the airways of
patients with asthma is disappointing (38).
IL-13 induces a corticosteroid-insensitive
stimulation of TGF-b release from
bronchial epithelial cells (2), suggesting
that novel therapies directed toward
limiting airway remodeling by
corticosteroid-independent mechanisms
will be necessary. IL-13 antagonist
therapy has been shown to be beneficial
in patients with high serum periostin (39),
but does not improve lung function in
patients not taking inhaled corticosteroids
(40). Understanding the complex and
varied pathophysiology of the disease
is vital for the future of research and
clinical practice. Recent data suggest that
altered TGF-b signaling can predispose
to allergic phenotypes in humans, and
underscores a prominent role for TGF-b
in directing immune responses to
antigens present in the environment
(41). This paradigm may be relevant to
nonsyndromic presentations of allergic
disease, and highlights the potential
therapeutic benefit of strategies that inhibit
TGF-b signaling.

Our study shows that ROS is an
upstream signal in allergic airways
disease that modifies downstream airway
remodeling phenotypes. Our study does not
identify these ROS targets that mediate
downstream effects on TGF-b expression,
which is a goal for future investigation.
Unfortunately global, nontargeted
antioxidants have not shown a strong
therapeutic benefit in patients with
asthma, and might be harmful in some
situations (20, 42), but, to our knowledge,
mitochondrially targeted antioxidants have
not been tested clinically in asthma. Our
findings suggest that mitochondrial-derived
ROS might be important targets for the
treatment of subepithelial fibrosis in
asthma. n
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