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A B S T R A C T

Mitochondria are increasingly recognized as key mediators of acute cellular stress responses in asthma.
However, the distinct roles of regulators of mitochondrial physiology on allergic asthma phenotypes are cur-
rently unknown. The mitochondrial Ca2+ uniporter (MCU) resides in the inner mitochondrial membrane and
controls mitochondrial Ca2+ uptake into the mitochondrial matrix. To understand the function of MCU in
models of allergic asthma, in vitro and in vivo studies were performed using models of functional deficiency or
knockout of MCU. In primary human respiratory epithelial cells, MCU inhibition abrogated mitochondrial Ca2+

uptake and reactive oxygen species (ROS) production, preserved the mitochondrial membrane potential and
protected from apoptosis in response to the pleiotropic Th2 cytokine IL-13. Consequently, epithelial barrier
function was maintained with MCU inhibition. Similarly, the endothelial barrier was preserved in respiratory
epithelium isolated from MCU-/- mice after exposure to IL-13. In the ovalbumin-model of allergic airway dis-
ease, MCU deficiency resulted in decreased apoptosis within the large airway epithelial cells. Concordantly,
expression of the tight junction protein ZO-1 was preserved, indicative of maintenance of epithelial barrier
function. These data implicate mitochondrial Ca2+ uptake through MCU as a key controller of epithelial cell
viability in acute allergic asthma.

1. Introduction

The airway epithelium is an essential controller of numerous re-
sponses to allergens, including inflammatory, immune and regenerative
processes [1]. The epithelium forms a physiologic barrier to extraneous
allergens and pollutants and is comprised of mucus, apical junction
complexes and airway surface liquids [2,3]. Of note, inhaled toxins and
certain inflammatory cytokines can disrupt barrier integrity, which
might represent a risk factor for allergen sensitization [1]. In addition,
airway barrier dysfunction likely initiates signal transduction cascades
that alter epithelial cell fate [1]. Recently, dysfunctional apical junc-
tional complexes have been documented in the respiratory epithelium
of asthmatic patients [4], although the precise mechanisms involved
and consequences for this phenomenon are not clear. Therefore, un-
derstanding the regulation of airway epithelial barrier function is im-
portant in asthma immunology and pathophysiology.

Excessive reactive oxygen species (ROS) have a significant effect on
the development of tissue injury and epithelial barrier dysfunction
observed in asthma [5,6]. Mitochondria are key players in the

development of oxidant stress-related illnesses by serving as the pri-
mary source of cellular ROS [7–10]. Mitochondria serve to buffer in-
tracellular Ca2+ levels, which has been proposed to drive mitochondrial
ROS production. Indeed, the “love-hate” triangle between mitochon-
drial Ca2+, ROS, and ATP is well-established, in which mitochondrial
Ca2+ uptake increases the activity of Ca2+-dependent dehydrogenases
that in turn increase ATP production and mitochondrial ROS generation
[7,11]. In the case of mitochondrial Ca2+ overload, in conjunction with
pathophysiological accumulation of ROS, cells respond by sustained
opening of the high conductance cyclosporin A-sensitive permeability
transition pore [12]. This in turn leads to the rapid collapse of the
mitochondrial membrane potential (ΔΨm) and the swelling of mi-
tochondria. Subsequent loss of cytochrome c leads to cellular apoptosis
[13,14]. These data led us to hypothesize that there is a considerable
conceptual overlap between asthma pathophysiology and mitochon-
drial biology in the aspects of oxidative stress, apoptosis, and Ca2+

homeostasis [15–18].
Mechanistically, mitochondrial Ca2+ uptake was discovered to be

mediated by the mitochondrial calcium uniporter (MCU) located in the
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organelle's inner membrane [19]. In models of cardiac disease, over-
expression of MCU in cardiomyocytes increases cell death in response to
challenge by proapoptotic stimuli [20]. By contrast, suppressing MCU
with Ru360, a pharmacological antagonist related to ruthenium red,
protects against ischemia-reperfusion injury [21]. Despite the clear
evidence for the role in mitochondrial Ca2+ uptake and excessive mi-
tochondrial ROS generation in asthma, no studies to date have explored
whether the mechanisms of the “love-hate” triangle exist in airway
epithelia or whether MCU inhibition can prevent this process. Utilizing
primary human epithelial cells as well as an in vivo murine model of
experimental allergic asthma, we investigated the role of MCU as a key
regulator of mitochondrial ROS-dependent effects, in particular airway
epithelial cell death and loss of barrier function.

2. Materials and methods

2.1. Epithelial cell culture and DN-MCU adenoviral expression

Primary human airway epithelial cells (HAEC) were obtained from
the Cells and Tissue Core, Division of Pulmonary Medicine, University
of Iowa [22]. Cells were grown in keratinocyte serum- free media
(KSFM, Gibco, Waltham, MA) and routinely tested for mycoplasma
contamination. Cells were grown until confluent and then infected with
either adenovirus containing the cDNA for mitochondrial- targeted GFP
(Mt-GFP, empty vector) or Mt-DN-MCU (both at 10 MOI) for 48 h prior
to treatment with recombinant human IL-13 (10 ng/ml, cat. 213-ILB/
CF, R&D Systems, Minneapolis, MN) for 48 or 72 h. Adenoviral vectors
were generated by the University of Iowa Gene Vector Core Facility.

Primary murine tracheal epithelial cells (MTBEC) were isolated
from CD1 mice or MCU knockout mice (KO, CD1 strain) as previously
described [23]. Cells were plated onto collagen (BD Biosciences)–-
coated transwell plates and maintained in MTEC Plus culture medium
as described previously [23]. Cells were grown until confluent and then
challenged with recombinant murine IL-13 (10 ng/ml, cat. 413-ml-
005/CF, R&D Systems) for 4 days.

2.2. Isolation of mitochondrial fractions

Freshly collected HAEC were suspended in ice-cold mannitol, su-
crose, 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 centrifuga-
tion twice at 600Xg for 5 min. The crude mitochondrial and cytosolic
fraction was obtained from the supernatant by centrifugation at
8,500Xg for 10 min. The pellet was then resuspended in 100 μl MSE
with protease and phosphatase inhibitors. Finally, samples were cen-
trifuged at 8,500×g for 10 min and the supernatant (cytoplasmic
fraction) was isolated. The pellet (mitochondrial fraction) was re-
suspended in 50 μl MSE with protease and phosphatase inhibitors for
subsequent immunoblotting.

2.3. Immunoblotting

Immunoblotting was performed on whole cell lysates, cytoplasmic
(for cytochrome c) or mitochondrial fractions (see above). To obtain
whole cell lysates, HAEC or lung homogenates were lysed in RIPA
buffer and centrifuged at 6000 × g for 10 min at 4 °C to separate in-
soluble components. Protein concentration was measured via DC Assay
according to manufacturer protocol (Bio-Rad, Hercules, CA). Lysates
were mixed with 5X sample buffer, resolved by SDS-PAGE electro-
phoresis and transferred to PVDF membranes. After blocking in 5% dry
milk in TBS with 0.05% Tween 20 for 60 min, the membranes were
incubated in primary antibody against MCU (1:500, HPA016480,
Sigma), COXIV (1:1000, cat. 4850, Cell Signaling), cytochrome c (cy-
toplasmic fraction, 1:500, cat. 4280, Cell Signaling), ZO-1 (1:500, cat.

AB2272, Millipore), Bax (1:500, cat. Sc-70407, Santa Cruz), Bcl-2
(1:500, cat. sc492, Santa Cruz) or GAPDH (1:1000, cat. 2118, Cell
Signaling) overnight, followed by anti-rabbit (1:2000, cat. sc-2004, Bio-
Rad) or anti-mouse (1:2000, cat. 7076, Cell Signaling) IgG secondary
antibody for 60 min at room temperature. Proteins were visualized with
the enhanced chemiluminescence detection method (Licor, Lincoln,
NE). Densitometric analysis was assessed by ImageStudioLite software
(Licor). After normalization, data were calculated as fold change.

2.4. O-Cresolphthalein Ca2+ assay

For measurement of mitochondrial Ca2+ content, HAEC were sus-
pended in ice-cold mannitol, sucrose (MS) buffer that was free of EGTA
to avoid Ca2+ chelation. Mitochondria were pelleted and diluted in
calcium assay buffer (Cat. 700551, Cayman Chemical, Ann Arbor, MI)
homogenized and sonicated (2 × 10 s at 40% of maximal power
output). Ca2+ content in the supernatant was determined spectro-
photometrically using the O-Cresolphthalein Complex one calcium
assay kit (Cat. 701220, Cayman Chemical). Values were normalized to
total protein concentration measured via DC Assay according to man-
ufacturer protocol (Bio-Rad).

2.5. Calcium retention capacity (CRC) assay

Calcium Green-5N was used to monitor extramitochondrial Ca2 in
HAEC assay as previously described [24,25]. HAEC were infected with
empty vector or DN-MCU virus. Cells were grown for 48 h, harvested
using trypsin and washed in PBS. The CRC assay was performed in 106

HAEC in 100 μl respiration buffer containing 120 mM KCl, 10 mM Tris-
HCl pH 7.4, 5 mM MOPS, 5 mM Na2HPO4, 10 mM glutamate, 2 mM
malate, 0.002% digitonin, 0.5 mM thapsigargin to inhibit ER Ca2+

uptake and 1 µM Calcium Green-5N (cat. C3739, Molecular Probes,
Waltham, MA). Calcium Green-5N fluorescence was monitored at
485 nm excitation; 535 nm emission, after adding CaCl2 (100 µM free
Ca2+ at 3-min intervals at 30 °C). Values were normalized to baseline.

2.6. Mitochondrial Ca2+assay

To study changes in mitochondrial Ca2+, cells were loaded with the
AM ester of Rhod-2 (5 µm; Kd = 570 nm, cat. R1245MP, Molecular
Probes) at 36.5 °C for 15 min in culture medium, followed by a sub-
sequent 30 min period for hydrolysis of the dye. In AM-ester form, the
dye carries a positive charge, which allows accumulation in negatively
charged mitochondria, in which the ester bond is hydrolyzed. Because
the hydrolysis might also occur in the cytosol, cells were also incubated
with the mitochondria-specific fluorescent marker (mitoTracker, cat.
M22426, Molecular Probes) to ascertain mitochondrial localization.
After washout, plates were transferred to the recording chamber
mounted on a Leica P8 STED (Buffalo Grove, IL) confocal laser-scanning
system. MitoTracker (5 µm) was loaded simultaneously with the Ca2+

ion-sensitive probes. After 1 min of baseline recording, agonist hista-
mine (100 μM, cat. HY125, Sigma, St. Louis, MO) or IL-13 (10 ng/ml)
was added and confocal images were recorded every 5 s up to 6 min. All
fluorescent probes were purchased from Molecular Probes. The fluor-
escent signal over time was analyzed with Fiji software from NIH
ImageJ. All images were taken at the same time and using the same
imaging settings. Data were reported as difference in signal over
baseline.

In additional experiments, cells loaded with Rhod-2 were imaged at
2 min after addition of IL-13 using a LSM 510 confocal microscope (Carl
Zeiss, San Diego, CA), and analyzed with NIH ImageJ. All images were
taken at the same time and using the same imaging settings. Data are
presented as difference in signal over baseline.
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2.7. Confocal imaging of mitochondrial matrix membrane potential

The mitochondrial membrane potential was measured in live cul-
tured HAEC using tetramethylrhodamine methyl ester (TMRM, 100 nM,
cat. T668, Molecular Probes). Cells were imaged using a LSM 510
confocal microscope (Carl Zeiss, San Diego, CA), and analyzed with NIH
ImageJ. All images were taken at the same time and using the same
imaging settings. Data are presented as fold change over control.

For determination of the mitochondrial matrix membrane potential
by fluorescence-activated cell sorting (FACS), HAEC were washed and
resuspended in PBS with 2.5 mM CaCl2, 1 mM MgCl2, 5 mM pyruvate,
and 1% BSA. Cells were labeled with 2 µM TMRM for 20 min at 37 °C.
Depolarization of HAEC was induced with 10 µM Antimycin A (Sigma)
as a positive control. After labeling cells samples were analyzed with
Muse Cell Analyzer (Millipore Sigma, Burlington, MA). Two cell po-
pulations are distinguished by cytofluorimetric separation: depolarized
“positive” and “negative” cells with preserved membrane potential.
Data were calculated as fold change from control.

2.8. Mitochondrial superoxide detection with mitoSOX

ROS were measured in live cultured HAEC using the dihy-
droethidium derivative MitoSOX red (5 μM, cat. D1168, Invitrogen,
Waltham, MA). Cells were imaged using a LSM 510 confocal micro-
scope (Carl Zeiss), and analyzed with NIH ImageJ. All images were
taken at the same time and using the same imaging settings. Data are
presented as fold change over control.

For MitoSOX determination via FACS, HAEC or MTBEC were wa-
shed and resuspended in PBS with 2.5 mM CaCl2, 1 mM MgCl2, 5 mM
pyruvate, and 1% BSA. Cells were labeled with 0.5 µM MitoSOX (cat.
D1168, Invitrogen) for 20 min at 37 °C. Maximal ROS production was
induced with 10 µM Antimycin A (Sigma) as a positive control. After
labeling cells samples were analyzed with a Muse Cell Analyzer
(Millipore Sigma, Burlington, MA). Based on mitochondrial superoxide
production induced by Antimycin, this signal was gated to distinguish
two populations: ROS “negative” and ROS “positive” cells. Data were
expressed as fold change from control.

2.9. Transepithelial electrical resistance and conductance

HAEC or MTBEC were seeded on collagen-coated cell culture inserts
(Transwell-clear, diameter 12 mm, 0.4 µm pores; Corning, Acton, MA)
in multi-well plates and cultured under submerged conditions in
DMEM-F-12 (Gibco) or MTBEC media [23] in the presence of 10% fetal
bovine serum (FBS) and penicillin/streptomycin (1%) until confluent.
Then, the medium was removed from the upper compartment to allow
polarization at the air–liquid interface (ALI). Transepithelial electrical
resistance (TEER) of HAEC monolayers was measured with an epithelial
voltmeter (EVOM2, World Precision Instruments, Sarasota, FL). The
resistance of the epithelial monolayer was calculated by subtracting the
baseline electrical resistance of the supporting filter and buffer medium
without cells from the total electrical resistance determined with the
monolayer. The conductance was calculated as the reciprocal of TEER
(1/Ω × cm2).

2.10. Endothelial barrier permeability

TRITC-Dextran (50 μl, 4.4 kDa, 1 mg/ml, cat. T1037, Sigma) was
added to the apical chamber (total volume 1 mg/ml) of HAEC or
MTBEC cultured at the ALI. After 20 min, 100 μl of media were col-
lected from the lower chamber. TRITC fluorescence was measured on a
SpectroMax ELISA plate reader. Data were calculated as the percent of
control (set as 100%).

2.11. Cell viability analysis

Following adenoviral expression of DN-MCU or Mt-GFP in HAEC for
72 h (10 MOI), cell viability was assessed by trypan blue staining min
(0.4% (w/v) trypan blue solution, cat. 15250061, ThermoFisher,
Waltham, MA). Cells were counted using a hemocytometer. Viable and
nonviable cells were recorded separately. Data were calculated as the
means of independent experiments.

2.12. Annexin V assay

HAEC were infected with adenovirus expressing DN-MCU or Mt-GFP
(48 h, 10 MOI), and exposed to IL-13 (72 h), and then trypsinized, re-
suspended in media and labeled for Annexin V using an Annexin V/
Dead Cell kit (cat #MCH100105, Merck Millipore, Billerica, MA, USA)
as recommended by the manufacturer. As a positive control, samples
were treated for 24 h with hydrogen peroxide (100 μM, Sigma-Aldrich).
The samples were analyzed with a Muse automated cell analyzer
(Merck Millipore). Based on labeling for Annexin V in apoptotic cells
and for the nuclear dye 7-aminoactinomycin D (7-AAD) in dead cells,
this assay distinguished four populations by cytofluorimetric separa-
tion: live (7-AAD negative, Annexin V negative), non-apoptotic dead (7-
AAD positive, Annexin V negative), apoptotic live (7-AAD negative,
Annexin V positive), and apoptotic dead (7-AAD positive, Annexin V
positive) cells. Data were calculated as fold change from control.
Scatterplots were generated using software from the FlowJo program
(FlowJo LLC).

2.13. Caspase-3 activity assay

HAEC were infected with adenovirus expressing DN-MCU or Mt-GFP
(48 h, 10 MOI), and exposed to IL-13 (72 h) prior to lysis in RIPA buffer
and centrifugation at 6000 × g for 10 min at 4 °C to separate insoluble
components. Protein concentration was measured via DC Assay ac-
cording to manufacturer protocol (Bio-Rad). Cell lysates were then as-
sessed for caspase-3 activity according to manufacturer's instructions
(cat. KH01091, Invitrogen). Values were normalized to total protein
concentration.

2.14. Induction of OVA-mediated allergic asthma in mice

MCU-/- mice in CD1 background were a kind gift from Dr. Toren
Finkel. Additional CD1 WT were obtained through Charles Rivers Labs.
Equal numbers of 8–10 week old male and female mice were used.
Allergic asthma was modeled in vivo by challenge OVA as previously
described [24,25]. Mice were sensitized by i.p. injection of 10 µg of
OVA (cat. A7641, Sigma) mixed with 1 mg of alum (or saline alone, for
control mice) on days 0 and 7. Mice were subsequently challenged with
inhaled OVA (cat. A5503, Sigma, 1% solution in 0.9% saline, 40-min
challenge) or saline on days 14–17. Mice were then euthanized on day
18.

2.15. Immunofluorescence and immunohistochemistry

For immunofluorescence imaging, HAEC were fixed with 4% PFA
for 20 min at room temperature followed by 0.1% Triton X-100 per-
meabilization for 10 min. The cells were then incubated with ZO-1
(1:100, rabbit anti-human or mouse, 1:500, cat. AB2272, Millipore,
Bilerica, MA), followed by Alexa Fluor 488-labeled goat anti-rabbit IgG
secondary antibody (1:2500, cat. R37116, Thermo Scientific). Cells
were imaged at 63x or 100x magnification using a LSM 510 confocal
microscope (Carl Zeiss). Brightness and contrast were adjusted with
ImageJ software. As control, cells were visualized and imaged using
epifluorescence microscopy without primary to image GFP staining.
The methods used to quantify the staining intensity involved two steps:
1) count the mean density, 2) divide the mean area [26]. Data were
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calculated as fold change from control.
For immunohistochemistry, lungs were fixed with 4% paraf-

ormaldehyde, paraffin-embedded, and 5 μm-tissue sections cut. After
antigens retrieval by boiling the tissue sections in 0.01 M citrate buffer,
pH 6.0, for 15 min, the sections were washed in dH2O for 5 min, fol-
lowed by quenching of endogenous peroxidases with 3% hydrogen
peroxide containing 1% sodium azide for 10 min. After permeabiliza-
tion in 0.1% Triton-X-100, the sections were blocked in goat anti-rabbit
serum, incubated anti-ZO-1 (rabbit anti-human or mouse, 1:100, cat.
AB2272, Millipore) for 24 h, goat- anti-biotin (1:2000, DAB, Sigma) for
1 h at room temperature, and horseradish peroxidase- conjugated sec-
ondary antibody for 30 min at room temperature. Staining was devel-
oped with diaminobenzidine (DAB, Sigma-Aldrich) substrate for 3 min
at room temperature. Sections then were counter-stained with hema-
toxylin and mounted with Perma-Mount medium (Thermo Scientific).
Images were taken on an Olympus BX-61 light microscope (Olympus,
Center Valley, PA) at 20-x objective. Sections were evaluated in a
blinded fashion and staining intensity was scored using NIH Image J
software (ImageJ64, version 1.48, National Institutes of Health).
Specifically, the intensity of the nuclear DAB staining was considered as
background and values were divided by the mean area.

2.16. TUNEL staining of mouse lung tissue

Terminal deoxynucleotidyl transferase dUTP-mediated nick-end la-
beling (TUNEL) staining was performed with the InSitu Cell Death
Detection Kit, TMR Red Kit as recommended by the manufacturer
(12156792910; Roche, Indianapolis, IN). Nuclei were counterstained
with TO-PRO-3 (Invitrogen). Sections were mounted with VectaShield
mounting media (VectaShield, Burlingame, CA). Images (3–4/lung)
were acquired with a Zeiss 710 Confocal Microscope at 20X or 63X
magnification. All images were acquired with the same imaging set-
tings. TUNEL positive cells were imaged using NIH ImageJ software and
calculated as the percentage of TUNEL-positive cells relative to the total
number of cells in large airways.

2.17. Statistical analysis

All data are presented as mathematical mean values ± standard
error of the mean. Student's two-tailed t-test, one-way ANOVA or two-
way ANOVA followed by Tukey's test was used to assess statistical
differences. p-values ≤ 0.05 were considered statistically significant.

3. Results

3.1. Expression of dominant negative MCU in airway epithelial cells blunts
IL-13-mediated mitochondrial Ca2+ uptake

Our first goal was to develop a model of MCU inhibition in airway
epithelial cells. Here we applied a recently reported approach to inhibit
MCU activity through expression of a dominant-negative MCU con-
struct with point mutations of Asp260 and Glu263 to Gln [27] (D260Q,
E263Q, denoted “DN- MCU”). This approach has been validated to
block Ca2+ conductance by MCU and thereby abolish IMCU. [27]. To
validate whether DN-MCU inhibits endogenous MCU function, primary
human airway epithelial cells (HAEC) were infected with DN-MCU
adenovirus or a control vector (Mt-GFP). Isolation of mitochondrial
fractions of HAEC after infection showed a significant increase in total
MCU expression compared to GFP controls, demonstrating over-
expression in mitochondria of HAEC (Fig. 1A). Next, we determined the
baseline Ca2+ concentrations in mitochondria of HAEC expressing Mt-
GFP or DN-MCU. Overexpression of DN-MCU diminished the Ca2+

concentration by about 50% (Fig. 1B). In addition, experiments using
Calcium Green-5N to measure mitochondrial Ca2+ uptake showed a
rapid increase in Calcium Green-5N fluorescence followed by a decline
in the fluorescence intensity of the calcium sensor indicating increased

mitochondrial uptake (Fig. 1C). Over the same range of calcium con-
centration, HAEC expressing DN-MCU did not demonstrate evidence for
mitochondrial uptake (Fig. 1C). We next confirmed that DN-MCU effi-
ciently blocks mitochondrial matrix Ca2+ uptake after Ca2+ mobili-
zation by Histamine [28,29]. For this purpose, we loaded HAEC in-
fected with adenovirus expressing Mt-GFP or DN-MCU with the
mitochondrial Ca2+ indicator, Rhod-2. As expected, DN-MCU abolished
the histamine-induced increase in matrix Ca2+ uptake (Fig. 1D). These
data validate that our model of DN-MCU overexpression in airway
epithelial cells inhibits MCU activity.

IL-13 induces apoptosis and barrier dysfunction in colonic epithelial
cells [30] and diminishes the capacity of respiratory epithelial cells to
maintain barrier function [31]. Since mitochondria play key roles in
activating apoptosis and MCU deletion protects from cell death [32],
we asked whether IL-13 induces mitochondrial Ca2+ uptake via MCU.
Indeed, we observed an increase in mitochondrial Ca2+ uptake by IL-13
that was abolished with overexpression of DN-MCU (Fig. 1E, F).

3.2. MCU inhibition abolishes mitochondrial ROS production and preserves
mitochondrial membrane potential

Mitochondrial matrix Ca2+ uptake is well known to enhance mi-
tochondrial ROS (Mt-ROS) production [7]. We therefore examined
whether MCU inhibition blocks Mt-ROS production in airway epithelia.
To determine if inhibition of MCU function modulates IL-13-induced
changes, the same time point was assessed, HAEC were treated with IL-
13 for 48 h as we previously reported [24,33]. As expected, controls
exposed to IL-13 showed an increase in mitochondrial superoxide
production. In contrast, DN-MCU significantly blunted IL-13-induced
Mt-ROS production compared to control (Fig. 2A-C).

Increased Ca2+ uptake triggers Mt-ROS production, which in turn
promotes opening of the mitochondrial transition pore (MPTP) and
depolarization of the mitochondrial membrane potential (ΔΨm). Here,
we hypothesized that inhibition of MCU would preserve the ΔΨm.
Thus, we measured ΔΨm in HAEC following stimulation with IL-13 for
72 h by two complementary methods. As expected, IL-13 treatment in
control cells dissipated ΔΨm, whereas inhibition of MCU preserved it
(Fig. 2D-F).

3.3. DN-MCU expression protects against cytokine-induced cell death

Prolonged opening of MPTP, such as in the setting of excessive Mt-
ROS, results in leakage of cytochrome c into the cytoplasm and sub-
sequent activation of apoptotic pathways [14,34]. Thus, we examined
whether DN-MCU prevented epithelial cell apoptosis after IL-13 ex-
posure. As compared to control-treated cells, expression of DN-MCU in
HAEC prevented the marked decrease in cell number after exposure to
IL-13 (Fig. 3A). Moreover, significantly fewer Annexin V-positive cells
were seen with MCU inhibition. These findings support that the de-
crease in cell number after IL-13 exposure is at least in part through
activation of apoptosis that can be prevented by DN-MCU (Fig. 3B).

To corroborate that MCU inhibition blocks apoptosis in HAEC, the
IL-13- mediated cytochrome c release was measured using Western blot
analysis. After 72 h exposure to cytokine, IL-13 induced a significant
increase of cytochrome c in cytoplasmic fractions of cell lysates
(Fig. 3C). Compared to control, IL-13-treated cells in the presence of
DN-MCU had significantly reduced levels of cytochrome c (Fig. 3C).

Finally, we measured caspase-3 activation since different upstream
pathways converge on caspase-3 induction for final apoptotic execu-
tion. HAEC exposed to IL-13 demonstrated a significant increase in
caspase-3 activity compared to untreated control cells. In contrast, no
change in caspase-3 activity occurred in HAEC expressing DN-MCU
after IL-13 exposure (Fig. 3D).
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3.4. DN-MCU decreases IL-13-induced impairment of barrier function

Epithelial cell apoptosis in acute asthma can result in increased
permeability of the epithelial layer [35]. To directly test the role of
MCU in epithelial barrier function, we measured HAEC transepithelial

electric resistance (TEER) (and its inverse, or conductance). In HAEC
infected with control virus, incubation with IL-13 for 3 days sig-
nificantly lowered TEER and increased conductance compared to no
cytokine treatment. By contrast, conductance/TEER did not change in
cells infected with the DN-MCU after exposure to IL-13 (Fig. 4A, B). We

Fig. 1. MCU inhibition blocks mitochondrial matrix Ca2+ uptake in human airway epithelial cells. HAEC were infected with empty virus (Mt-GFP) or DN-MCU (both at 10 MOI) for 48 h. (A)
Immunoblots for MCU in isolated mitochondrial fractions from Mt-GFP or DN-MCU-infected HAEC. COXIV: loading control for mitochondria. (B) Ca2+ concentration by o-cresolphthalein
assay in mitochondria. Data were normalized to total mitochondrial protein measured by BCA assay (n = 3 independent experiments). (C) Comparison of mitochondrial calcium levels in
HAEC infected with control or DN-MCU virus. Arrow indicates calcium addition. Increasing mitochondrial calcium results in a rapid increase in the fluorescent signal but the subsequent
decline in the fluorescent signal, representing mitochondrial calcium uptake, is only observed in control-infected cells. (D) Mitochondrial matrix Ca2+ uptake by Rhod-2 fluorescence.
Arrow denotes when histamine was added. Peak mitochondrial matrix Ca2+ concentration represented as Rhod-2 fluorescence intensity. (n = 4 independent experiments). (E)
Mitochondrial matrix Ca2+ uptake by Rhod-2 fluorescence. Arrow denotes when IL-13 was added. Peak mitochondrial matrix Ca2+ uptake represented as Rhod-2 fluorescence intensity
(n = 3 independent experiments). (F) Representative images and quantification of Rhod-2 fluorescence two minutes after addition of IL-13 (n = 3 independent experiments). All data are
the means± SEM. Student's two-tailed t-test was used. * p< 0.05 vs. Mt-GFP.
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Fig. 2. MCU inhibition abolishes ROS production and preserves the membrane potential. (A) Representative images and (B) quantification of mitochondrial ROS production in HAEC infected
with Mt-GFP (empty) or DN-MCU adenovirus (10 MOI) prior to exposure to IL-13 (10 ng/ml) for 2 days (n = 5 independent experiments; data were quantified for 5–6 images per
treatment at 63x magnification and represented as percent of control). Scale bars = 100 µm. (C) Scatter plots and quantification of Mt-ROS of MitoSOX fluoresence by flow cytometry (n
= 4 independent experiments, represented as fold change). (D) Representative images of mitochondrial membrane potential staining by TMRM fluorescence. (E) Quantification of TMRM
(n=5 independent experiments; data were quantified for 5–6 images per treatment at 63x magnification, represented as percent of control). Scale bars= 100 µm. (F) Scatter plots and
quantification of TMRM staining by flow cytometry (n = 4 independent experiments, represented as fold change). All data are the means± SEM. One-way ANOVA with Tukey post hoc
test used. * p< 0.05 vs. control, # p<0.05 versus Mt-GFP/IL-13.
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also assessed epithelial barrier permeability in additional assays in
which TRITC-labeled dextran was applied to the apical surface and
recovered from the basolateral chamber. While IL-13 treatment
strongly enhanced barrier permeability in monolayers of HAEC infected
with control adenovirus, barrier function was significantly attenuated
in DN-MCU-infected cells (Fig. 4C).

To confirm that MCU inhibition preserves barrier function, we also
investigated the expression of the tight junction protein zona occludens-
1 (ZO-1), a well-established marker of junctional integrity [36]. Mt-GFP
or DN-MCU infected cells had formed cell-cell contacts with a similar
pattern of staining in all cells (Fig. 4D). In contrast, after exposure of
control cells to IL-13, ZO-1 staining was less intense (Fig. 4D). These IL-
13-mediated effects were absent when DN-MCU was overexpressed
(Fig. 4D). These data are in line with previous studies that patients with
asthma have decreased ZO-1 expression in the pulmonary epithelium
[31,36]. Together, these findings support a role for MCU in airway
epithelial cell barrier dysfunction.

3.5. Reduced IL-13-mediated barrier dysfunction and mitochondrial ROS
production in MCU-/- primary airway epithelial cells

To further confirm our findings in HAEC, murine tracheal bronchial
airway epithelial cells were isolated from WT or MCU-/- mice in CD1
background [37]. Assessment of barrier function by analysis of TEER

and TRITC-dextran movement in primary MTBEC from MCU-/- mice
had a significantly higher resistance compared to WT cells (Fig. 5A).
After treatment with IL-13 for 4 days, the movement of TRITC-dextran
over the MTBEC monolayer was significantly greater in WT controls
compared to in MCU-/- MTBEC (Fig. 5B).

Mitochondrial superoxide production by mitoSox was increased in
WT, but not in MCU-/- MTBEC exposed to IL-13 after 4 days (Fig. 5C).
These results are consistent with our findings with overexpression of
the DN-MCU mutant and demonstrate that loss of expression or func-
tional knockout of MCU activity reduces cytokine-mediated airway
epithelial cell Mt-ROS and barrier dysfunction.

3.6. Decreased apoptosis and preserved ZO-1 expression in respiratory
epithelium in MCU-/- mice after OVA challenge

To investigate the effects of MCU deficiency in a murine model of
allergic asthma in vivo, we performed studies using MCU-/- or WT mice
following sensitization and challenge with ovalbumin (OVA) [25].
Based on the in vitro findings of preserved barrier function under MCU
inhibition, we tested whether MCU deletion in vivo protects from
apoptosis in acute allergic asthma. As expected, TUNEL-positive cells
were readily detected in large airway epithelium from WT mice as
compared to saline controls (Fig. 6A, B). By contrast, OVA-challenged
MCU-/- mice had significantly fewer TUNEL-positive cells.

Fig. 3. Apoptotic cell death and mitochondrial cytochrome c release by IL-13 are reduced by MCU inhibition. HAEC were infected with Mt-GFP or DN-MCU (10 MOI) for 48 h and exposed to IL-
13 (10 ng/ml) for 72 h. (A) Cell viability by trypan blue staining (n = 5 independent experiments, measured as the ratio of viable cells to total cells). (B) Scatter plots and quantitation of
apoptosis based on FITC-Annexin-V/7-AAD staining (n = 5 independent experiments). (C) Representative immunoblots and densitometric analysis for cytochrome C isolated from
cytoplasmic fractions of cells (n = 6 independent experiments, results represented as percent of control). (D) Caspase-3 activity was measured via caspase-3 activity assay (n = 4
independent experiments, results are normalized to total protein concentration). All data are the means± SEM. One-way ANOVA with Tukey post hoc test used. * p<0.05 vs. control; #
p<0.05 vs. Mt-GFP/IL-13.
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MCU deletion selectively in cardiac myocytes prevented cell death
and alleviated ischemia-reperfusion injury [38]. In a previous study
utilizing cardiac myocyte-specific DN-MCU mice, mRNA expression of
Bcl-2 and protein levels of Bax were increased [27]. Similar to these
findings, compared to WT saline controls, MCU-/- mice had increased
Bax protein expression (Fig. 6C). Further analysis of the expression of
the two proapoptotic and antiapoptotic proteins, Bax and Bcl-2, re-
spectively, showed an increase in the ratio of Bax/Bcl-2 in the lungs of
WT mice exposed to OVA compared to controls (Fig. 6D). However,
analysis of the ratio of Bax/Bcl-2 showed no difference in expression
between MCU-/- controls compared to saline-treated WT mice
(Fig. 6D). In addition, MCU-/- mice treated with OVA did not show
increased expression compared to saline controls or OVA-treated WT
mice (Fig. 6D). Moreover, Bcl-2 protein levels were decreased in WT,
but not in MCU-/- mice after OVA treatment, probably as a result of
altered Bax expression. These data support the hypothesis that MCU is
involved in allergen-mediated apoptosis of airway epithelium.

To test a marker of barrier function integrity, we examined ZO-1
protein levels in lung homogenates from MCU-/- and WT mice. In lung
lysates from MCU-/- mice, ZO-1 expression was increased compared to
WT mice (Fig. 6C). Further analysis of ZO-1 protein by immunostaining
demonstrated increased ZO-1 expression in MCU-/- mice as compared
to WT controls (Fig. 6E, F). OVA-treated WT mice had significantly
reduced ZO-1 staining within the airway epithelia. In contrast, large
airway epithelial cell ZO-1 from MCU-/- did not significantly change
after OVA treatment (Fig. 6E, F). These data are consistent with our in
vitro data and strongly suggest that MCU has a key role in barrier

integrity in respiratory epithelium in allergic asthma in vivo.

4. Discussion

The objective of this study was to define the role of MCU in the
relationship between mitochondrial Ca2+ uptake and ROS production
in airway epithelium and its implication in Th2-type cytokine- and al-
lergen-mediated responses. Here we report that in the presence of al-
lergic stimuli, MCU modulates Mt-ROS generation, epithelial barrier
integrity and apoptosis.

MCU, the channel responsible for mitochondrial matrix Ca2+ up-
take, has been recently identified and is now being extensively studied
through the use of genetic and pharmacologic agents to inhibit MCU
activity [20,39]. Somewhat surprisingly, mice with global MCU
knockout are viable, with no obvious baseline abnormalities [37].
However, the most striking phenotypes associated with MCU deficiency
were observed in ROS-dependent models [32,40,41]. While asthma is
also a ROS-driven disease, little work has been performed to understand
the role of MCU in the lung [42,43] Thus, our data add to the existing
literature and position MCU as a regulator of mitochondrial dysfunction
in asthma.

Mitochondrial Ca2+ overload is thought to dissipate the inner ΔΨm
via MPTP opening and enhance formation of ROS [44]. Dissipation of
ΔΨm is associated with release of cytochrome c and induction of
apoptosis [11]. Indeed, apoptotic activity, indicated by increased cy-
tochrome c release, occurs in OVA-induced experimental allergic
asthma [45]. However, conclusive evidence for this proposed

Fig. 4. MCU inhibition in HAEC decreases IL-13-mediated conductance and epithelial monolayer permeability. (A, B) HAEC in Transwell inserts were grown to confluence. Fresh medium was
added every 2 days until cells excluded basolateral media. Cells were then infected with Mt-GFP or DN-MCU (10 MOI) for 48 h and TEER (ohm × cm2) was monitored after IL-13
treatment (72 h, 10 ng/ml). Conductance was calculated based on TEER values. (C) Epithelial permeability was assessed by the amount of TRITC-dextran (1 mg/ml) detected in the media
of the basolateral compartment of the Transwell and represented as fold-change over GFP-control cells. (D) Representative immunofluorescent images for ZO-1 (green) in HAEC
expressing Mt-GFP or DN-MCU after 72 h treatment with IL-13 or control (63x). Nuclei TO-PRO (blue), negative staining control without primary antibody for Mt-GFP or DN-MCU. Scale
bar 100 µm. All data are means± SEM for 3 independent experiments (n = 3 samples/treatment group). Analysis used one-way ANOVA with Tukey post hoc test. * p< 0.05 vs. control;
# p<0.05 vs. Mt-GFP/IL-13.
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mechanism, and in particular the precise role of MCU, is lacking. Our
data are in agreement with previous reports in other cell or tissue types
demonstrating a role for MCU in cell death [18,32,38,46–48]. For ex-
ample, knockdown of MCU in HeLa cells and primary cerebellar granule
neurons decreases mitochondrial Ca2+ uptake following histamine sti-
mulation and attenuates cell death induced by oxidative stress [32]. In
mice, deletion of MCU protects against cell death in an in vivo
ischemia-reperfusion (IR) injury model by preventing the activation of
the mitochondrial permeability transition pore (MPTP) [38,48]. Fi-
nally, knockdown of the TRV1 Ca2+ channel in respiratory epithelium
abolishes mitochondrial Ca2+ overload and decreases apoptosis in re-
sponse to IL-13 [47], further suggestive of a link between mitochondrial
Ca2+ and apoptosis specifically in airway epithelial cells. Here, we
demonstrate that in addition to histamine [48], IL-13 promotes mi-
tochondrial matrix Ca2+ uptake in respiratory epithelial cells, likely as
a result of IP3-dependent ER-Ca2+ release [49]. Indeed, IL-13 and other
allergens induce sustained Ca2+ elevations in monocytes and alveolar
epithelial cells, followed by activation of Ca2+ release-activated Ca2+

(CRAC) channels [49–51].
In addition to the proposed apoptosis induction via Ca2+ influx, Mt-

ROS production and release of cytochrome C release, our data also
imply that the loss of MCU has additional effects on apoptosis by reg-
ulating Bax protein levels. Of note, a previous study using conditionally
expressing DN-MCU in hearts of adult mice showed increased Bax

protein expression [27]. While predominantly cytosolic at baseline,
upon activation Bax becomes a mitochondrial outer membrane com-
ponent of the mitochondrial permeability pore. Thus, Bax induces mi-
tochondrial outer membrane permeabilization, leading to the release of
proteins normally found in the space between the inner and outer mi-
tochondrial membranes and cell death [52–54]. Of note, Bax expression
is regulated by cytosolic Ca2+ as was evidenced by a study showing
enhanced mRNA levels of Bax in pancreatic acinar cells after increased
intraceullar Ca2+ [55]. Since apoptosis was inhibited with ablation of
MCU in our study, we speculate that Bax activation is inhibited by MCU
deficiency. Although the mechanism is unclear, we speculate that si-
milar to other published evidence [29,50], exposure of mice to OVA
increases ER-localized Ca2+ release which is buffered by MCU in WT
mice. However, the reduction in mitochondrial Ca2+ uptake in MCU-/-
mice may lead to increased intracellular Ca2+ concentrations that alter
localization, expression and activation of Bax [52].

The bronchial epithelium provides a physical barrier to protect the
lung parenchyma from external stimuli that induce the production of
inflammatory cytokines. Consistent with this mechanism, human asth-
matic patients have strong evidence of epithelial desquamation [56],
which likely leads to airway remodeling and a more chronic and per-
sistent inflammatory phenotype [4]. Primary airway epithelial cells
obtained from patients with asthma have diminished epithelial barrier
function and decreased expression of ZO-1 [35,57], an intracellular

Fig. 5. Reduced IL-13-mediated mitochondrial ROS generation and permeability in MCU knockout tracheal epithelial cells. (A) WT or MCU-/- MTBEC in Transwell inserts were grown to
confluence and TEER (ohm × cm2) was measured after cells excluded media from the apical side indicating monolayer establishment. (B) MTBEC were exposed to 10 ng/ml IL-13 for 4
days and epithelial permeability was assessed by the amount of TRITC-dextran (1 mg/ml) detected in the media of the basolateral compartment of the Transwell. Data are represented as
fold-change over WT. (C) Quantitation of Mt-ROS with MitoSOX using flow cytometry. All data are the means± SEM for 3 independent experiments (n = 3 samples/treatment group).
Student's two-tailed t-test was used for (A), one-way ANOVA with Tukey post hoc test for (B, C). * p< 0.05 vs. control; # p<0.05 vs. CD1/IL-13.
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membrane protein which clusters and stabilizes adhesive components
of the apical junction complex. In our studies, we found that MCU de-
ficiency preserves ZO-1 expression following allergen challenge. We
also detected increased protein levels of ZO-1 in MCU-/- mice as

compared to littermates. There is some evidence for ROS-mediated
changes in ZO-1 expression [58], which requires further investigation
in the context of allergic asthma.

Fig. 6. MCU knockout protects from respiratory epithelial cell death
and barrier breakdown after OVA exposure in vivo. (A)
Representative staining (TUNEL red; nuclei TO-PRO blue) and (B)
quantification of apoptotic cells. Cells were counted in 4–5 visual
fields per condition (63x magnification). Scale bar 100 µm. (C)
Representative immunoblot and quantification of Bax or ZO-1 in
lung homogenates (n = 8 wt saline mice and 7 MCU-/- saline
mice). (D) Representative immunoblot for Bax, Bcl-2 and MCU.
Quantification of Bax/Bcl-2 ratio in WT and MCU KO mice (n =
8 wt saline mice, 6 wt OVA-challenged mice, 7 MCU-/- saline and
7 MCU-/- OVA-challenged mice). Data are represented as fold
change over WT saline control. (E, F) Representative im-
munohistochemistry and scoring for ZO-1 in lung sections of
OVA- or saline-challenged WT or MCU-/- mice. Scale bar 50 µm.
Student's two-tailed t-test was used for (C); one-way ANOVA with
Tukey post hoc test used for all other measurements. * p< 0.05
vs. saline; # p<0.05 vs. WT mice treated with OVA.
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5. Conclusions

These data implicate that mitochondrial Ca2+ uptake through MCU
activity in the presence of allergen is a mechanism by which epithelial
cell integrity and survival is compromised. Mitochondrial matrix Ca2+

uptake induces Mt-ROS production and opening of MPTP. As a result,
the mitochondrial membrane potential dissipates and cytochrome C is
released and activates apoptosis. In turn, respiratory epithelial cell
death results in loss of epithelial barrier function. Thus, maintaining
epithelial layer integrity via MCU inhibition may be a novel approach
for the treatment of allergic asthma. Given that the respiratory epi-
thelium can be easily targeted with inhaled agents, such a formulation
would have a direct effect on the impacted cell type with fewer un-
desired effects on other tissues. For example, proof-of-concept studies
from our group established the utility of nanoparticle-based treatments,
delivered by inhalation, as a novel therapeutic modality for allergic
asthma [59].
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