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Mitochondrial Dysfunction Increases Allergic Airway

Inflammation1

Leopoldo Aguilera-Aguirre,*§ Attila Bacsi,*¶ Alfredo Saavedra-Molina,§ Alexander Kurosky,†

Sanjiv Sur,‡ and Istvan Boldogh*2

The prevalence of allergies and asthma among the world’s population has been steadily increasing due to environmental factors.

It has been described that exposure to ozone, diesel exhaust particles, or tobacco smoke exacerbates allergic inflammation in the

lungs. These environmental oxidants increase the levels of cellular reactive oxygen species (ROS) and induce mitochondrial

dysfunction in the airway epithelium. In this study, we investigated the involvement of preexisting mitochondrial dysfunction in

the exacerbation of allergic airway inflammation. After cellular oxidative insult induced by ragweed pollen extract (RWE) ex-

posure, we have identified nine oxidatively damaged mitochondrial respiratory chain-complex and associated proteins. Out of

these, the ubiquinol-cytochrome c reductase core II protein (UQCRC2) was found to be implicated in mitochondrial ROS gen-

eration from respiratory complex III. Mitochondrial dysfunction induced by deficiency of UQCRC2 in airway epithelium of

sensitized BALB/c mice prior the RWE challenge increased the Ag-induced accumulation of eosinophils, mucin levels in the

airways, and bronchial hyperresponsiveness. Deficiency of UQCRC1, another oxidative damage-sensitive complex III protein, did

not significantly alter cellular ROS levels or the intensity of RWE-induced airway inflammation. These observations suggest that

preexisting mitochondrial dysfunction induced by oxidant environmental pollutants is responsible for the severe symptoms in

allergic airway inflammation. These data also imply that mitochondrial defects could be risk factors and may be responsible for

severe allergic disorders in atopic individuals. The Journal of Immunology, 2009, 183: 5379–5387.

P
revalence of allergic airway inflammation and asthma

has become an increasing problem in the United States

and other developed countries. There are indications

that complex interactions between genetic and environmental

factors have a role in the development of these diseases (1).

Environmental factors, including ozone, diesel exhaust parti-

cles, and tobacco smoke, as well as respiratory virus infections,

which are known to increase the production of reactive oxygen

species (ROS)3 in the airway epithelium, exacerbate allergic

inflammation in asthma (2). Excessive levels of ROS can trigger

signaling cascades and/or cause oxidative damage to cellular

and mitochondrial macromolecules, resulting in mitochondrial

dysfunction (3, 4). It has also been shown that environmental

oxidants induce oxidative damage to mitochondria in the air-

ways (5–7). Pollen grains and subpollen particles have intrinsic

NADPH oxidases and upon hydration they produce ROS (8, 9).

ROS generated by these pollen enzymes induce oxidative stress

in the airway epithelium, resulting in increased inflammatory

chemokine and cytokine production and exacerbation of airway

inflammation (8, 10). Repeated pollen challenges within a lim-

ited time period increase the allergic responses to Ags (11, 12).

These observations raise the possibility of a sustained cellular

injury in the airway, which makes the immune machinery more

responsive to a subsequent antigenic stimulus.

The catalytic antioxidant AEOL 10113, which mimics the effect

of superoxide dismutase (13), is able to enter mitochondria and

protect the electron transport chain from oxidative damage (14).

Importantly, intratracheal administration of AEOL 10113 signifi-

cantly decreased allergen-induced airway hyperreactivity to

methacholine and the severity of airway inflammation, as evi-

denced by the reduced numbers of inflammatory cells in bron-

choalveolar lavage fluid (BALF) (15). These observations are con-

sistent with mitochondrial dysfunction and ultrastructural changes

observed as consequences of airway inflammation in a similar

model of experimental allergic asthma (16). The exclusively ma-

ternal transmission of mitochondria in humans (17) and the epi-

demiological link between maternal history of asthma and a

greater risk for atopy in descendants (18, 19) suggest an involve-

ment of mitochondria in allergy susceptibility. Indeed, there is a

strong association between mitochondrial genomic sequence vari-

ation and total serum IgE levels and atopy (20).
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Whether exposure to pollen induces oxidative damage to mito-

chondria in airway epithelial cells, as well as the association be-

tween preexisting mitochondrial dysfunction and severe allergic

inflammatory symptoms, has not been investigated. Herein we

identified oxidatively damaged mitochondrial proteins after rag-

weed pollen extract (RWE) exposure, among which was a respi-

ratory complex III protein, ubiquinol-cytochrome c reductase core

protein II (UQCRC2). We show that deficiency of UQCRC2 re-

sults in increased ROS production in airway epithelial cells. An-

imals expressing lower levels of UQCRC2 in the airways have a

significantly higher degree of RWE-induced airway inflammation

and bronchial hyperresponsiveness compared with control mice

challenged with RWE only. These results suggest that preexisting

mitochondrial dysfunction intensifies Ag-driven allergic airway in-

flammation and it could be a risk factor for development of allergic

disorders in susceptible individuals.

Materials and Methods
Cell cultures

Human alveolar epithelial cells (A549) and mouse lung adenoma cells
(LA-4) were obtained from American Type Cell Collection and cultured in
Ham’s F-12 medium supplemented with 10% (A549) or 15% (LA-4) heat-
inactivated FBS, L-glutamine (2 mM), penicillin (100 U/ml), and strepto-
mycin (100 �g/ml) at 37°C in a humidified atmosphere with 95% air and
5% CO2. Mitochondrial DNA (mtDNA)-depleted cells (�0) were devel-
oped as we had previously described (21). Briefly, A549 cell cultures were
maintained in complete growth medium supplemented with 50 ng/ml
ethidium bromide for �60 population doublings. Respiration-deficient
cells became pyrimidine auxotrophs, and hence medium was supplemented
with uridine (50 �g/ml) and sodium pyruvate (120 �g/ml) (22). Depletion
of mtDNA was confirmed by Southern blot hybridization as previously
described (23).

Measurement of intracellular ROS levels

Cells in suspension were loaded with 5 �M 2�,7�-dihydro-dichlorofluores-
cein diacetate (H2DCF-DA) for 15 min at 37°C. After removing excess
H2DCF-DA, cells were treated with 100 �g/ml RWE and the changes in
dichlorofluorescein (DCF) fluorescence were determined at different time
points by flow cytometry (BD FACSCanto flow cytometer; BD Bio-
sciences). Each datum point represents the mean fluorescence of 12,000
cells from three or more independent experiments. Alternatively, in parallel
experiments, cells at 70% confluence were loaded with 50 �M H2DCF-DA
on 24-well plates (Costar). Changes in fluorescence intensity in mock-
treated and RWE-treated cells were measured using an FLx800 microplate
fluorescent reader (BioTek Instruments) at 488 nm excitation and 530 nm
emission wavelengths.

Mitochondria isolation and purification

Mitochondria were isolated and purified as we have previously described
(21, 24). Briefly, cell pellets were incubated in buffer A (220 mM mannitol,
70 mM sucrose, 2 mM MOPS, and 1 mM EGTA (pH 7.4)) containing
protease inhibitor cocktail (Sigma-Aldrich, catalog no. P8340). Cell sus-
pensions kept in an ice bath were sonicated with a Branson sonifier by four
pulses of 20% power, and cell homogenates were centrifuged for 10 min at
4700 � g. Mitochondria were sedimented from supernatants by centrifu-
gation at 7168 � g. Pellets were resuspended in buffer B (220 mM man-
nitol, 70 mM sucrose, 2 mM MOPS (pH 7.4)) and centrifuged at 9072 �

g. Crude mitochondrial solutions were layered on discontinuous sucrose
gradients (1.5, 1.0, and 0.5 M sucrose in 10 mM MOPS and 1 mM EDTA
(pH 7.4)) (25) and ultracentrifuged for 1.5 h at 82,705 � g (SW28 rotor;
Beckman Coulter). All centrifugation procedures were conducted at 4°C.
The band containing mitochondria was removed and washed in 10� vol of
buffer B. Mitochondrial pellets were resuspended in buffer B containing
protease inhibitor cocktail (Sigma-Aldrich) and kept at �80°C.

Isolation of mitochondrial respiratory complexes

Mitochondrial respiratory complexes (MRCs) were isolated by blue native
PAGE as previously described (26). Briefly, mitochondria (200 �g of pro-
tein) were solubilized in 50 mM imidazole-HCl, 750 mM 6-aminocaproic
acid (pH 7.0), and dodecyl maltoside (at a detergent-protein weight ratio of
1:4) for 30 min at 4°C and centrifuged at 16,100 � g. The supernatant was
supplemented with Coomassie brilliant blue G-250 (at a dye-protein weight

ratio of 1:4) and 10% glycerol, and MRCs were electrophoresed in a
5–12% blue native PAGE (27). Mitochondrial respiratory complex bands
were excised from the gel and incubated in a denaturing buffer (6% SDS,
150 mM 2-ME) and then placed on a 10% SDS-PAGE to separate indi-
vidual proteins. To confirm the identity of respiratory complexes, a MS601
MitoProfile Human Total OXPHOS Complexes Detection kit (Mito-
Sciences) was used according to the manufacturer’s protocol.

Detection of oxidized proteins

Changes in oxidized protein levels were determined using an Oxyblot kit
(Chemicon/Millipore) according to the manufacturer’s recommendations.
Briefly, proteins were derivatized with 4-dinitrophenylhydrazine (DNPH)
for 15 min followed by incubation at room temperature with a neutraliza-
tion buffer (Chemicon/Millipore). Derivatized proteins were electropho-
resed on a 10% SDS-PAGE and blotted on Hybond polyvinylidene diflu-
oride membranes (Amersham Biosciences). Blots were blocked with 5%
nonfat dry milk dissolved in Dulbecco’s PBS containing 0.05% Tween 20
(PBS-T) for 3 h and incubated with anti-DNP primary Ab (1/150) (Chemi-
con/Millipore) overnight at 4°C. In selected experiments, blots were incu-
bated with primary Ab to 4-hydroxynonenal protein adducts (1/300) (Oxis
International). In control experiments, blots were analyzed for components
of the mitochondrial respiratory chain complexes using OXPHOS mAb
cocktail (1/200) (MitoSciences). After three washes with PBS-T, mem-
branes were incubated for 1 h at room temperature with HRP-conjugated
secondary Abs (1/300) (Amersham Biosciences). Immunocomplexes were
visualized by chemiluminescence using the ECL kit (Amersham
Biosciences).

Protein identification

Protein bands were excised from Coomassie blue-stained SDS-PAGE gels,
digested with trypsin, and subjected to mass spectrum analysis using a
model 4800 MALDI-TOF/MS analyzer (Applied Biosystems). Proteins
were identified using the Swiss-Prot database and the Mascot algorithm as
we reported previously (28). Expected values were considered significant
when E �0.01 (29). MS analyses were conducted by the Biomolecular
Resource Facility at University of Texas Medical Branch at Galveston.

Amplex Red assay

Release of H2O2 from isolated mitochondria was measured by Amplex Red
(10-acetyl-3,7-dihydroxyphenoxazine; Molecular Probes) assay as we pre-
viously described (21). Briefly, mitochondria (100 �g/ml) were suspended
in 50 �l (per well) reaction buffer and incubated with 0.25 U/ml Amplex
Red and 1 U/ml HRP at 25°C for 30 min. The changes in fluorescence
intensity were measured using a microplate reader (SpectraMass M2; Mo-
lecular Devices) at 530/590 nm. The addition of catalase (400 U/ml; Sig-
ma-Aldrich), which catalyzes the decomposition of H2O2 to water and
oxygen, decreased fluorescence signals by 90%. As a positive control, in-
creasing concentrations of H2O2 (0–400 pmol) were used.

Mitochondrial quality was assessed by respiratory control ratio as pre-
viously described (30). Mitochondrial respiratory state 4 (ST4, resting
state) was determined by oxygen consumption rate in the presence of re-
spiratory substrates (5 mM glutamate/5 mM malate or 10 mM succinate/1
�M rotenone). Respiratory state 3 (ST3, active state) was determined by
oxygen consumption rate in the presence of respiratory substrates plus
ADP and Pi. Respiratory control ratio was calculated as the ratio of ST3/
ST4. Mitochondrial suspensions showing respiratory control ratio values
�2.5 were used for additional experiments.

Down-regulation of target genes by antisense oligonucleotides

Antisense oligonucleotides (ASO) were designed by siDESIGN Center on-
line software (Dharmacon RNAi Technologies) using the sequence data-
base of the National Center for Biotechnology Information. The phospho-
rothioate protected ASO were synthesized by Integrated DNA
Technologies. Down-regulation of target gene expression was evaluated by
real-time RT-PCR. Total RNA was isolated using an RNAqueous kit (Am-
bion). A template of cDNA was synthesized using SuperScript III First-
Strand Synthesis SuperMix for quantitative RT-PCR (Invitrogen). Real-
time PCR primers for UQCRC1 (ubiquinol-cytochrome c reductase core
protein I; catalog no. PPM41408A) and UQCRC2 (catalog no.
PPM24606A) (SABiosciences) were used to analyze expression levels of
these genes. To analyze transfection efficiency, Texas Red-labeled ASO
were transfected into LA-4 cells. Four hours later, cells were dried, fixed
in acetone/methanol (1/1), and stained with 10 ng/ml 4,6�-diamidino-2-
phenylindole (DAPI). Cells were mounted on microscope slides and ana-
lyzed using a Nikon Eclipse TE 200 fluorescent microscope coupled to a
Photometrix CoolSNAP Fx CCD digital camera and MetaMorph software

5380 MITOCHONDRIAL DYSFUNCTION INCREASES ALLERGIC INFLAMMATION
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(version 6.09; Universal Imaging). Down-regulation of target genes by
ASO was calculated based on percentage of transfected cells and levels of
PCR amplification. For down-regulation of UQCRC1 and UQCRC2, the
following ASO were selected: UQCRC1 (3�-t*c*t*tgcaccagaaact*a*a*t)
and UQCRC2 (3�-g*g*t*acgacgataacaa*c*g*t) (*, phosphorothioate).

Sensitization and challenge of animals

BALB/c mice were purchased from Harlan Sprague Dawley. All animal
experiments were performed according to the National Institutes of Health
Guide for Care and Use of Experimental Animals and approved by the
University of Texas Medical Branch at Galveston Animal Care and Use
Committee. Eight-week-old female mice were sensitized with RWE as
previously described (8). Briefly, mice received two i.p. administrations
(days 0 and 4) of endotoxin-free (150 �g per animal) RWE (lot 34868;
Greer Laboratories mixed with alum adjuvant (Pierce Laboratories) at a
ratio of 3:1. RWE-sensitized mice received intranasally 10 �g of antisense
dissolved in 60 �l of PBS at 36, 24, and 12 h before RWE challenge.
Control mice received the same volumes of PBS. On day 11, mice were
challenged intranasally with RWE (100 �g dissolved in 60 �l of PBS).

Assessment of UQCRC1 and UQCRC2 expression in the lungs

Levels of UQCRC1 and UQCRC2 proteins were analyzed by fluorescent
microscopy as we previously described (8). Briefly, lung sections were
blocked for 30 min with rabbit nonimmune serum (1/100). After two
washes with PBS-T, slides were incubated with primary Abs to UQCRC1
(1/200) (Santa Cruz Biotechnology) and UQCRC2 (1:200) (Novus Bio-
logicals) as well as to cytochrome c oxidase subunit IIb (Cox IIb; Molec-
ular Probes) for 60 min at 30°C. After two washes with PBS-T, cells were
incubated with FITC-conjugated (Santa Cruz Biotechnology) or Texas
Red-conjugated (Leinco Technologies) F(ab�)2 secondary Abs (1/200) for
60 min at 37°C. After a wash with PBS-T, cells were counterstained with
10 ng/ml DAPI and mounted using Dako mounting medium. The stained
sections were photographed with a Photometrix CoolSNAP Fx CCD digital
camera mounted on a Nikon Eclipse TE 200 fluorescent microscope. Five
to six images from five different levels per lung (n � 3–4 animals/group)
were obtained and fluorescence intensities corresponding to UQCRC1,
UQCRC2, as well as Cox IIb expression were measured using MetaMorph
software (version 6.09). The data are represented as fluorescence intensity/
�m2 in the peribronchial area.

Differential cell counts

Three days after RWE challenge, mice were euthanized and BALF samples
were collected. Briefly, tracheae were cannulated and lung lavage was
performed by two instillations of 0.7 ml of ice-cold PBS. The BALF sam-
ples were centrifuged (800 � g for 5 min at 4°C), and the resulting su-
pernatants were stored at �80°C for further analysis. Total cell counts in
BALF were determined from an aliquot of the cell suspension. Differential
cell counts were performed on cytocentrifuge preparations (Shandon Cy-
tospin 4 Cytocentrifuge; Thermo Scientific) stained with Wright-Giemsa in
a blind fashion by two independent researchers counting 800 cells from
each cytospin preparation.

Assessment of mucin levels

MUC5AC levels in BALF were assessed by ELISA as previously de-
scribed (31). Briefly, 96-well plates were coated with serially diluted
BALF in coating buffer (50 mM Na2CO3, 50 mM NaHCO3) and then
primary mouse anti-human MUC5AC Ab (1/16,000) (clone 45M1; Lab
Vision) was added. Binding of primary Ab was detected by peroxidase-
conjugated goat anti-mouse secondary Ab (1/5000) (Amersham Bio-
sciences) and a peroxidase substrate, tetramethyl benzidine (eBioscience).
Changes in absorbance were measured at 450 nm using a SpectraMax 190
ELISA plate reader (Molecular Devices). All incubations were done at
37°C.

Evaluation of allergic inflammation by histology

After bronchoalveolar lavage, the lungs were fixed with 10% paraformal-
dehyde, embedded in paraffin, sectioned to 5 �m, and stained with H&E.
Perivascular and peribronchial inflammation were evaluated by a pathol-
ogist in a blinded fashion to obtain data for each lung. Mucin-producing
cells were assessed by periodic acid-Schiff staining of formalin-fixed, par-
affin-embedded lung sections. The stained sections were analyzed as above
and representative fields were photographed with a Photometrix Cool-
SNAP Fx camera mounted on a Nikon Eclipse TE 200 UV microscope.

Airway hyperresponsiveness

Changes in pause of breathing (enhanced pause (Penh)) as an index of
airway obstruction were measured by barometric whole-body plethysmog-
raphy (Buxco Electronics) (32). Bronchial hyperreactivity was evaluated
using methacholine challenges (33). Briefly, mice were placed in a Buxco
chamber, allowed to acclimate for 5 min, and then exposed for 3 min to
nebulized saline. Subsequently, mice were exposed to increasing concen-
trations (0, 6.25, 12.5, 25, and 50 mg/ml) of nebulized methacholine (Sig-
ma-Aldrich) in saline. The median size of the aerosol droplets ranged be-
tween 1 and 4 �m (manufacturer’s specification). Bronchopulmonary
resistance was expressed as enhanced pause � [(expiratory time/relaxation
time) � 1] � (peak expiratory flow/peak inspiratory flow). The flow sig-
nals and the respiratory parameters were calculated using the Biosystem
XA program (Buxco Electronics).

Statistical analysis

Data are presented as means � SEM. Mice were randomly grouped (group
size, n � 4–6). All experiments were repeated three to five times. Statis-
tical analysis was performed using Student’s t test or ANOVA, followed by
post hoc tests: Bonferroni’s (samples with equal variances) and Dunnett’s
T3 (samples with unequal variances) with SPSS 14.0 software. Differences
were considered to be statistically significant at p � 0.05.

Results
Exposure to pollen extract induces oxidative damage to

mitochondrial respiratory chain proteins

Pollen grains or their extracts induce oxidative stress in cultured

cells as well as in the airway epithelium and the conjunctiva of

experimental animals (8, 34). Here we show that addition of RWE

to human airway epithelial cells (A549), after an initial oxidative

burst, resulted in a sustained increase in the intracellular ROS lev-

els. At 6 h after RWE exposure, ROS levels decreased to basal

values as shown in Fig. 1. On the other hand, in mtDNA-depleted

cells (A549�0) the oxidative burst was transient and lasted for �1

h (Fig. 1). Diphenylene iodonium (DPI; 100 �M), a NADPH ox-

idase inhibitor (35), abolished the changes in ROS levels in both

A549 and A549�0 cells (Fig. 1). Taken together, these results sug-

gested that RWE exposure causes oxidative modifications to cel-

lular and mitochondrial proteins, resulting in sustained ROS gen-

eration from mitochondria.

Next, we isolated and purified mitochondria from RWE-treated

and control cells. First, overall changes in modified protein levels

were analyzed and, as shown in Fig. 2, a notable increase in car-

bonylated protein levels was observed in mitochondrial lysates

from RWE-treated cells, but not from mock-treated cells. After

that, the MRCs were isolated by blue native PAGE (Fig. 3A),

FIGURE 1. Exposure of cells with functional mitochondria results in a

sustained increase in intracellular ROS levels. Airway epithelial cells

(A549) and mitochondrial DNA depleted A549�0 cells were loaded with

H2DCF-DA and treated with 100 �g/ml RWE in the presence or absence

of DPI, a NADPH oxidase inhibitor. Changes in intracellular DCF fluo-

rescence were determined by flow cytometry. The datum points represent

mean values of three independent experiments.

5381The Journal of Immunology
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DNPH-derivatized, and their proteins were separated in 10% SDS-

PAGE and damaged proteins were visualized by anti-DNP Ab.

Levels of carbonylated proteins were increased in mitochondrial

respiratory complexes and complex-associated proteins from

RWE-treated cells compared with those from mock-treated ones

(Fig. 3B). In complex I, anti-DNP Ab did not detect any DNPH-

derivatized proteins from mock-treated cells, while it detected

four carbonylated proteins from those treated with RWE (Fig.

3B, right panel, 1– 4). In complex III, three protein bands ap-

peared as a consequence of RWE treatment (Fig. 3B, right

panel, 5–7). In complex IV, only quantitative differences in the

levels of carbonylated proteins were observed (Fig. 3B). Due to

RWE exposure, levels of carbonylated proteins further in-

creased and an additional 31-kDa protein was oxidatively dam-

aged in complex II (Fig. 3B, right panel, 14). Furthermore, we

observed elevated levels of 4-hydroxynonenal protein adducts

from RWE-treated cells (data not shown). Their patterns were

similar; however, their abundances were less pronounced than

those of carbonylated proteins.

MALDI-TOF/MS analysis of oxidatively damaged proteins

identified NADH dehydrogenase (ubiquinone) Fe-S protein

(NDUFS) 1 and NDUFS2, both of which are constituents of the

catalytic core of complex I (Table I and Fig. 3). UQCRC1 and

UQCRC2, core components of complex III, were also identified

among the damaged proteins (Table I and Fig. 3). The localization

of these proteins in the mitochondrial respiratory chain is illus-

trated in Fig. 10. We did not find carbonylated electron transport

proteins in either complex II or IV. In all experiments, several

accessory proteins, which co-migrated with the respiratory chain

complexes during the blue native PAGE, were also damaged.

These proteins include 75-kDa glucose-regulated protein (GRP75;

associated with complex (C) III), heat shock protein (HSP) 70

(CI, CII, CIII, and CIV), HSP60 (CII and CIV), citrate synthase

(CISY; CII), and voltage-dependent anion selective channel 1

(VDAC1; CII) (Table I and Fig. 3). All identified proteins are

nuclear encoded, and the chromosomal localizations of their genes

are shown in Table I.

Pollen extract triggers ROS production from mitochondrial

respiratory chain complex III

To analyze the functional consequences of oxidative damage to

mitochondrial proteins, we determined the levels of ROS released

from isolated mitochondria of RWE-treated and control cells. The

primary mitochondrial reactive oxygen radical is the superoxide

anion, which is rapidly converted to H2O2 by enzymatic or non-

enzymatic pathways (36). Mitochondria isolated from RWE-

treated cells produced a significantly higher amount of H2O2 than

those from mock-treated cells (Fig. 4A). In control experiments,

cells were exposed to heat-inactivated RWE (8) or they were

treated with RWE in the presence of either DPI (100 �M) or antiox-

idant (N-acetyl-L-cysteine (NAC); 10 mM, 3-h pretreatment). The

H2O2 productions of mitochondria from these cells were close to

basal level. These data are in agreement with the notion that oxi-

dative mitochondrial damage leads to elevated ROS production

(37). Complex I (rotenone; 10 �M) or complex II (3-nitropropi-

onic acid (3-NPA), 3 mM) inhibitors significantly decreased mi-

tochondrial H2O2 production (Fig. 4B). The combined use of ro-

tenone and 3-NPA decreased the H2O2 production nearly to the

basal level (Fig. 4B), suggesting that electron flow from complex

I and complex II is required for the increased ROS generation.

Stigmatellin, which inhibits the Qo site of complex III at low con-

centration (0.06 �M) (38), abolished the RWE-induced mitochon-

drial H2O2 generation, while antimycin A (10 �M), an inhibitor of

the electron transfer from cytochrome b to ubiquinone (21), further

increased it, suggesting that complex III is the most likely source

of the released ROS (Fig. 4B). The sites of action of these inhib-

itors are shown in Fig. 10. Taken together, these observations in-

dicated that oxidative damage to complex I proteins either did not

result in increased ROS generation or that ROS were released into

the mitochondrial matrix where they were eliminated by antioxi-

dants. These data further support that in RWE-treated cells com-

plex III was the major site of ROS released into the inner mem-

brane space of mitochondria altering intracellular oxidative stress

levels.

Induction of mitochondrial dysfunction by UQCRC2 deficiency

in complex III

Oxidatively damaged mitochondrial proteins possess lower activ-

ity and they are subjected to enzymatic degradation (39). Because

of the oxidative damage to UQCRC1 and UQCRC2 and the in-

creased H2O2 release from complex III after RWE exposure, we

further investigated the role of these proteins. To mimic their al-

tered/decreased function, we down-regulated them at RNA level

using ASO. The efficiency of ASO treatment was determined by

quantitative RT-PCR. Results corrected by transfection frequency

of cell cultures showed that ASO down-regulated their expression

at RNA level by �80% (Fig. 5A). Due to varying percentage of

FIGURE 2. Treatment of epithelial cells with RWE increases the levels

of carbonylated proteins in mitochondria. Mitochondria isolated from

mock-treated and RWE-exposed (100 �g/ml) cells were purified (see Ma-

terials and Methods). Mitochondrial lysates were DNPH derivatized and

subjected to SDS-PAGE (left panel). After blotting onto membrane, oxi-

datively damaged proteins were detected using DNP-specific Ab (middle

panel). In parallel experiments, the relative levels of respiratory complex

proteins in mitochondrial preparations were analyzed using OXPHOS mAb

cocktail (right panel). Results are from a representative experiment from

three repeats.

FIGURE 3. Detection and identification of carbonylated mitochondrial

respiratory complex proteins. A, Mitochondria isolated from mock-treated

and RWE-exposed (100 �g/ml) cells were purified. Equal amounts of mi-

tochondrial lysates were loaded and MRCs were isolated on blue native

PAGE. B, Complexes (I–IV) were excised from blue native gels and

DNPH derivatized before separation on 10% SDS-PAGE. Carbonylated

proteins were visualized using Ab to DNP. Oxidatively damaged proteins

identified by MALDI-TOF/MS analysis are shown in Table I.
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efficiently transfected cells (determined by Texas Red-labeled

ASO), we used in situ microscopic analysis to assess changes in

cellular ROS levels. Microscopic images indicated that only cells

with red fluorescence (Texas Red) showed mitochondrial dysfunc-

tion as determined by increased DCF signal (green fluorescence) in

UQCRC2 ASO-transfected cultures (Fig. 5B). The increased DCF

fluorescence was seen at both 1 and 3 h after loading the cells with

H2DCF-DA, which is consistent with the sustained ROS genera-

tion shown in Fig. 1. In similar experiments UQCRC1 ASO-trans-

fected cells showed no increased DCF fluorescence (data not

shown). Taken together, these results suggested that down-regu-

lation of UQCRC2 caused mitochondrial dysfunction.

Preexisting mitochondrial dysfunction in the airways increases

allergic inflammation and bronchial hyperresponsiveness

Next, we investigated whether a preexisting mitochondrial damage

exacerbates allergic airway inflammation. Our plan was to model

a natural situation in which individuals with mitochondrial dys-

function induced by environmental oxidants are exposed to pollen.

In these experiments to induce mitochondrial dysfunction, the ex-

pression of UQCRC2 was down-regulated by ASO treatment in

sensitized mice. The level of UQCRC2 in the airways was assessed

immunohistochemically. We observed focal down-regulation of

UQCRC2 (Fig. 6) in the bronchial epithelium; however, the ex-

pression of mitochondrially synthesized Cox IIb was not affected

(Fig. 6). Mice expressing lower levels of UQCRC2 were intrana-

sally challenged with RWE and the allergic inflammation was

evaluated 72 h later (8). Differential cell counts from BALF

showed a 4.4-fold increase in the number of eosinophils compared

with those from mice challenged with RWE only (Fig. 7A). Down-

regulation of UQCRC2 before RWE challenge also enhanced the

accumulation of inflammatory cells in the peribronchial region of

the airways (Fig. 7B). RWE challenge alone induced significant

increase in inflammatory cell numbers in BALF compared with

PBS challenge. Lower expression of UQCRC1 (Fig. 6) did not

FIGURE 4. Mitochondria isolated from RWE-treated cells release

higher amounts of H2O2 than do mitochondria isolated from mock-treated

cells. A, Pretreatment of cells with antioxidant (NAC) as well as physical

(heat treatment, RWEH) or chemical (DPI) inactivation of pollen NADPH

oxidases abolishes the ability of RWE to increase mitochondrial ROS gen-

eration. B, Identification of respiratory complex III as the major site of

ROS production in mitochondria from RWE-treated cells. Administration

of rotenone (Rot), 3-NPA, as well as stigmatellin (Stig) to mitochondria

decreased RWE-induced mitochondrial ROS production, while addition of

antimycin A (AA) enhanced RWE-induced mitochondrial ROS production.

Data are presented as means � SEM of three independent experiments. �,

p � 0.05; ��, p � 0.01; ���, p � 0.001 vs H2O2 release from mitochondria

of mock-treated cells.

FIGURE 5. Down-regulation of UQCRC2 increases cellular ROS lev-

els. A, ASO to UQCRC2 down-regulates its expression in LA-4 cells by

�80% (see Materials and Methods). B, Increased ROS levels in cells ef-

ficiently transfected with ASO to UQCRC2. Cells were transfected with

Texas Red-labeled ASO and various times thereafter cellular ROS levels

were assessed by H2DCF-DA using microscopic analysis. Only cells with

red fluorescence (Texas Red) showed increased DCF signal (green fluo-

rescence) in transfected cell cultures. �, p � 0.05 vs mock-treated cells.

Table I. Identification of oxidatively damaged protein

Band No.a
Abbreviated

Name Protein Name Gene Location
Molecular

Mass (kDa) E Valueb
Access

Swiss-Prot Function MRC
Mitochondrial
Localization

1 NDUFS1 NADH dehydrogenase
(ubiquinone) Fe-S

2q33-q34 75 7.3 � 10�12 P28331 Electron
transport

I Inner membrane

3 NDUFS2 NADH dehydrogenase
(ubiquinone) Fe-S

1q23 49 1.5 � 10�11 O75306 Electron
transport

I Inner membrane

7 UQCRC1 Ubiquinol-cytochrome c
reductase core 1

3p21.3 52 8.7 � 10�46 P31930 Structural
protein

III Inner membrane
associated

4, 8 UQCRC2 Ubiquinol-cytochrome c
reductase core 2

16p12 48 9.2 � 10�45 P22695 Structural
protein

I, III Inner membrane
associated

5 GRP75c 75-kDa glucose-regulated
protein

5q31.1 74 6.9 � 10�19 P38646 Chaperone III Outer membrane

2, 6, 9, 11 HSP70c Heat shock protein 70 5q31.1 74 3.5 � 10�29 Q8N1C8 Chaperone I, II, III, IV Inner membrane
associated

10, 12 HSP60c Heat shock protein 60 2q33.1 61 3.7 � 10�28 Q96RI4 Chaperone II, IV Matrix
13 CISYc Citrate synthase 12q13.2-q13.3 52 6.9 � 10�19 O75390 Krebs cycle II Matrix
14 VDAC1c Voltage-dependent anion-

selective channel
protein 1

5q31 31 4.4 � 10�18 P21796 Ion transport II Outer membrane

a Localization of bands is shown in Fig. 3B.
b Protein E value or expectation value assigned by the Mascot database is the number of matches with equal or better scores that are expected to occur by chance alone.
c Proteins co-migrated with MRCs in blue native PAGE (Fig. 3).
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significantly increase the RWE-induced accumulation of eosino-

phils in the airways (Fig. 7). In controls, deficiency in levels of

mitochondrial proteins alone did not increase number of eosino-

phils in BALF or recruit inflammatory cells to the peribronchial

area (data not shown).

Mucous cell proliferation and hypersecretion of airway mucin

are important pathological features of asthma and allergic airway

inflammation (40). The levels of MUC5AC, which is the most

abundant mucin produced in the airway epithelial cells during al-

lergic inflammation (41), were determined in the BALF by ELISA.

The levels of the MUC5AC were 2.4-fold higher in the BALF of

RWE-challenged mice deficient in UQCRC2 compared with those

challenged with RWE only (Fig. 8A). As expected, decreased ex-

pression of UQCRC2 also enhanced the RWE-induced metaplasia

of mucous cells in airway epithelium (Fig. 8B). Down-regulation

of UQCRC1 before RWE challenge did not significantly increase

either the MUC5AC levels in BALF or mucous cell metaplasia

compared with mice challenged with RWE only (Fig. 8). Down-

regulation of UQCRC2 or UQCRC1 alone did not induce mucous

cell proliferation and metaplasia (data not shown).

As expected, airway hyperresponsiveness was increased (as re-

flected by Penh values) in all RWE-challenged groups of mice

compared with those challenged with PBS (Fig. 9). However, mice

expressing lower levels of UQCRC2, but not those of UQCRC1,

showed a significant increase ( p � 0.01) in airway hyperrespon-

siveness after RWE challenge compared with mice challenged

with RWE only (Fig. 9). Penh values in mice deficient in UQCRC1

or UQCRC2 alone were similar to those in the saline-challenged

control group (data not shown).

FIGURE 6. Inhibition of the expression of mitochondrial respiratory

complex III core proteins in the lungs by local ASO treatment. A, ASO

were administered intranasally to RWE-sensitized mice and expression of

UQCRC1 and UQCRC2 was analyzed in lung sections by fluorescent mi-

croscopy. In the bronchial epithelium focal down-regulation of both

UQCRC1 and UQCRC2 was observed (left panel); however, the expres-

sion of mitochondrially synthesized cytochrome c oxidase subunit IIb was

not affected (middle panel). Scrambled ASO treatment did not modify the

expression of either core proteins or Cox IIb (left and middle panels). B,

Quantification of UQCRC1 and UQCRC2 expression in airway epithelial

cells by measuring fluorescence signals in lung sections after staining with

specific Abs (see Materials and Methods). Results are means � SEM (n �

3–4 mice/group). A.U., arbitrary units; C1, UQCRC1; C2, UQCRC2; Cox,

Cox IIb. ��, p � 0.01 vs scrambled ASO treatment.

FIGURE 7. Preexisting mitochondrial dysfunction induced by

UQCRC2 down-regulation increases RWE-induced accumulation of in-

flammatory cells in the airways. Antisense oligonucleotide treatment, spe-

cific for UQCRC2 but not for UQCRC1, increased the number of eosin-

ophils in the bronchoalveolar lavage fluids (A) and enhanced accumulation

of inflammatory cells in the peribronchial area (B) in RWE-challenged

mice. ��, p � 0.01 and ����, p � 0.0001 vs mock-treated, RWE-chal-

lenged mice.

FIGURE 8. Mitochondrial dysfunction induced by UQCRC2 down-reg-

ulation enhances RWE-induced mucin production in the airways. Down-

regulation of UQCRC2, but not UQCRC1, increased the levels of

MUC5AC in the BALF (A) and increased the metaplasia of mucous cells

in airway epithelium (B) of RWE-challenged mice. Inset, Endpoint titers of

MUC5AC in the samples. ��, p � 0.01 vs mock-treated, RWE-challenged

mice.

FIGURE 9. Preexisting mitochondrial dysfunction mediated by ASO to

UQCRC2 increases RWE-induced airway hyperresponsiveness. Changes

in pause of breathing (Penh) as an index of airway obstruction were mea-

sured by barometric whole-body plethysmography. ��, p � 0.01 vs mock-

treated, RWE-challenged mice.
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Discussion
Allergic diseases are the leading cause of chronic diseases affect-

ing �20% of the population worldwide. It has been shown that

exposure to environmental oxidants causes exacerbation of allergic

symptoms; however, the underlying mechanism is not fully under-

stood. Prior studies demonstrated that environmental oxidants in-

duce mitochondrial dysfunction in the lungs (5–7). Mitochondrial

oxidative events are thought to be crucial in dendritic cell differ-

entiation, Ag presentation, and in the generation of immune re-

sponse that may lead to allergic inflammation (42). In an experi-

mental model of asthma, marked mitochondrial ultrastructural

changes and reduction in the expression of MRC proteins in air-

way epithelium were found to be associated with the local oxida-

tive milieu created by recruited inflammatory cells (16). Here we

show that preexisting mitochondrial dysfunction in airway epithe-

lium exacerbates allergen-induced accumulation of eosinophils,

mucin levels, and airway hyperresponsiveness.

To identify mitochondrial proteins sensitive to environmental

oxidants, we treated cells with ragweed pollen (extract), which

itself has intrinsic pro-oxidant activity (8). We have detected

NDUFS1 and NDUFS2 from the catalytic core of complex I, as

well as UQCRC1 and UQCRC2 structural proteins from complex

III, as oxidatively damaged MRC proteins in these cells (Fig. 10).

Mitochondria isolated from RWE-treated cells showed increased

release of H2O2, suggesting that oxidative damage to respiratory

chain proteins is directly related to mitochondrial dysfunction. To

identify the site of ROS generation in oxidatively damaged mito-

chondria, we used inhibitors of respiratory chain complexes. Our

results show that the combined use of rotenone, which inhibits the

electron flow at complex I near the binding site for ubiquinol, the

electron acceptor for complex I (43), and 3-NPA, which irrevers-

ibly binds to succinate dehydrogenase in complex II (44), blocked

H2O2 generation in mitochondria from RWE-treated cells, indi-

cating that the electron transport chain, but not �-ketoglutarate

dehydrogenase in the Krebs cycle (45), is the major source of

ROS. Stigmatellin, which blocks complex III at the Qo site, at

submicromolar concentrations (38) also abolished mitochondrial

ROS generation. In contrast, antimycin A, which binds to the ma-

trix side of complex III and inhibits the Qi site of cytochrome c

oxidoreductase in the cytochrome b subunit (21), further increased

the RWE treatment-induced mitochondrial ROS production. These

studies together suggest that complex III is the main site for ROS

generation in mitochondria of RWE-exposed cells, and thus we

focused on core I and II proteins in respiratory complex III.

Both UQCRC1 and UQCRC2 are localized to the matrix side of

complex III in proximity to the predicted site of ROS generation at

Qi center. These proteins provide structural stability to complex III

and they have mitochondrial processing peptidase activity (46).

UQCRC1 and UQCRC2 have been identified among the oxida-

tively damaged proteins in mitochondria from kidney (47), skeletal

muscle (48), and heart (48) in aging mice. Moreover, UQCRC2

was found to be involved in the natural senescence of mouse brain

(49). Oxidative stress that occurs in response to pathogens also

induces oxidative modification (e.g., carbonylation) to these core

proteins (50). Taken together, our results suggest that core proteins

in complex III are the primary acceptors of reactive radicals, and

oxidative damage-induced alterations in their structure and/or

function lead to increased mitochondrial ROS production.

Increased protein degradation results in subphysiological levels

of functional proteins (accumulation of oxidatively modified and

dysfunctional proteins) (39, 51, 52). To mimic the transient de-

crease in levels and/or functions of the oxidatively damaged

UQCRC1 and UQCRC2, we down-regulated their expression by

antisense oligonucleotides before RWE challenge. We found that

deficiency of UQCRC2, but not UQCRC1, enhanced cellular ROS

levels. Although UQCRC1 and UQCRC2 share many character-

istics, it seems that they have different roles in the maintenance of

ubiquinol-cytochrome c reductase activity of complex III. Partial

processing of UQCRC2 is shown to be associated with impairment

of proton pumping, suggesting that UQCRC2 has an important role

in the maintenance of inner membrane potential and thereby in

mitochondrial ROS generation (53). UQCRC2 is required for the

assembly of complex III, possessing two ubiquinone-reactive cen-

ters through which electrons are forwarded to cytochrome c oxi-

dase. The Qo center, where ubiquinol is oxidized by redox active

centers cytochrome c1 and the “Rieske” (2Fe-2S) protein, is ori-

ented toward the intermembrane space, while the Qi center, where

ubiquinone is reduced by the redox center cytochrome b, is facing

the matrix (54). Antimycin A inhibits the Qi center, thus increasing

H2O2 release from mitochondria. Analogously, RWE-mediated

oxidative damage to UQCRC2 might perturb electron flow at the

Qi center, thus directing electrons to the intermembrane space to

reduce molecular oxygen to form O2
. and consequently inducing

elevated mitochondrial ROS production. In addition to mitochon-

drial complex subunit proteins, several accessory proteins were

oxidatively damaged in the mitochondria of RWE-treated cells.

Although the roles of these proteins are significant in maintaining

mitochondrial integrity and function, they are not directly involved

in mitochondrial ROS generation.

We demonstrated that exposure to RWE induced sustained ROS

generation in A549 cells, while in the isogenic �0 cells only tran-

sient oxidative burst was observed. These results strongly suggest

that mtDNA-encoded proteins are implicated in the prolonged

ROS generation. However, we found that genomic DNA-encoded

mitochondrial proteins were damaged in RWE-treated cells. The

lack of mtDNA-encoded damaged proteins may be due to the pro-

tective effects of nuclear DNA-derived accessory and structural

FIGURE 10. Schematic illustration of inner membrane complexes and

localization of the oxidatively modified proteins in the mitochondria of

RWE-treated cells. The mitochondrial respiratory chain consists of four

multimeric complexes (complexes I–IV), coenzyme Q (Q), and cyto-

chorome c (C). In RWE-treated cells ROS released to the cytosol are gen-

erated at the outer site of complex III. The primary generated reactive

radical, superoxide anion (O2
. ), is converted into H2O2 by superoxide dis-

mutases (SOD). Superoxide released into mitochondrial matrix at the inner

sites of complexes I and III is converted to H2O2, which is then eliminated

by catalase and glutathione peroxidases (GPx). The mitochondrial inner

membrane is polarized (arrows) and mitochondrial membrane potential

(	
) is maintained primarily by complex V. The symbols indicate the

localization of NDUFS1 (�) and NDUFS2 (‚) in complex I, as well as

UQCRC1 (f) and UQCRC2 (�) in complex III, being those proteins that

are damaged by RWE-induced oxidative stress. The sites of action of re-

spiratory chain inhibitors including rotenone, 3-NPA, stigmatellin, and an-

timycin A, which were used in this study, are also indicated.
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proteins or their oxidative damage cannot be detected by the ap-

plied methods. Out of nearly a thousand proteins in the mitochon-

dria that are required for their function, only 13 are encoded by

mtDNA (55). Although we cannot exclude damage to mitochon-

drial DNA-encoded proteins, our results suggest that nuclear

DNA-encoded, oxidatively modified mitochondrial proteins are as-

sociated with mitochondrial dysfunction in RWE-treated cells.

Mitochondrial dysfunction and ultrastructural changes (loss of

cristae and swelling) have been observed as consequences of air-

way inflammation in an experimental allergic asthma model (16).

Epidemiological studies have revealed that there is a link between

maternal history of atopy and susceptibility to atopic disorders of

the descendant (18, 56). Furthermore, a mitochondrial haplogroup

has been shown to be associated with increased serum IgE levels

in asthmatics (20). Since mitochondria are inherited through the

maternal line, it raises the possibility that sequence variation in the

mitochondrial genome is related to the pathogenesis of asthma and

atopy.

Our data indicate that nuclear DNA-encoded mitochondrial pro-

teins are also involved in the exacerbation of RWE-induced aller-

gic inflammation. Indeed, an increase in the intensity of allergic

responses in mice was related to the chromosome 16-encoded

UQCRC2. UQCRC2 has not been linked to airway inflammation

yet, while it is implicated in a sex-dependent response to stress in

overweight women (57). It is noteworthy that obesity is a major

risk factor for asthma (58), and this association is most consistent

in women (59). UQCRC2 is important in maintenance of mito-

chondrial functional integrity, and thus its preferential carbonyla-

tion may be associated with mitochondria-driven cellular changes

leading to altered lung function or airway hyperresponsiveness

phenotype, which is independent from mitochondrial haplogroups

(60). Since the polymorphism of UQCRC2 has already been re-

ported (National Center for Biotechnology Information, Single

Nucleotide Polymorphism database, gene ID no. 7385), future

studies are needed to investigate its possible association with atopy

in humans. Our data showing that preexisting mitochondrial dys-

function enhances allergic inflammation are in line with previous

observations. Exposure to ozone or particulate matter air pollution,

both of which induce mitochondrial damage (5, 6), before allergen

challenge significantly enhanced the allergic responses (61, 62).

Furthermore, when pollen was administered daily to ragweed-sen-

sitized patients, smaller doses were required on each succeeding

day to cause the same or greater degree of allergic symptoms (11).

Repeated challenges of the nasal membrane with pollen also in-

creased the symptoms to another allergen and to nonallergic stim-

uli (11). Another human study showed that rechallenge with pollen

after 3 days, but not 1 or 4 wk later, resulted in extensive allergic

clinical symptoms and inflammatory cell infiltration (12). Taking

these and our observations into consideration, oxidative damage-

induced mitochondrial dysfunction may be involved in the “prim-

ing” phenomenon; however, this idea needs further investigation.

In conclusion, we provide evidence for the first time that oxi-

dative damage to specific proteins in the mitochondria prior the Ag

exposure intensifies airway eosinophilia, increases mucin produc-

tion, and enhances bronchial hyperresponsiveness. Our data also

imply that prevention or reduction of oxidative mitochondrial

damage in the airways may have a beneficial role in therapy of

these diseases.
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