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AMPK activation reduces vascular permeability and airway
inflammation by regulating HIF/VEGFA pathway in a murine
model of toluene diisocyanate-induced asthma
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Abstract

Background Occupational asthma is characterized by
airway inflammation and hyperresponsiveness associated
with increased vascular permeability. AMP-activated pro-
tein kinase (AMPK) has been suggested to be a novel
signaling molecule modulating inflammatory responses.
Objective We sought to evaluate the involvement of
AMPK in pathogenesis of occupational asthma and more
specifically investigate the effect and molecular mechanisms
of AMPK activation in regulating vascular permeability.
Methods The mechanisms of action and therapeutic
potential of an AMPK activator, 5-aminoimidazole-4-car-
boxamide-1-f-p-ribofuranoside (AICAR) were tested in a
murine model of toluene diisocyanate (TDI)-induced
asthma.
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Results AICAR attenuated airway inflammation and hy-
perresponsiveness increased by TDI inhalation. Moreover,
TDI-induced increases in levels of hypoxia-inducible factor
(HIF)-1¢;, HIF-2a, vascular endothelial growth factor A
(VEGFA), and plasma exudation were substantially
decreased by treatment with AICAR. Our results also
showed that VEGFA expression was remarkably reduced
by inhibition of HIF-1o and HIF-2o0 with 2-methoxyestra-
diol (2ME?2) and that an inhibitor of VEGFA activity, CBO-
P11 as well as 2ME2 significantly suppressed vascular
permeability, airway infiltration of inflammatory cells, and
airway hyperresponsiveness induced by TDI. In addition,
AICAR reduced reactive oxygen species (ROS) generation
and levels of malondialdehyde and T-helper type 2 cyto-
kines (IL-4, IL-5, and IL-13), while this agent enhanced
expression of an anti-inflammatory cytokine, IL-10.
Conclusions These results suggest that AMPK activation
ameliorates airway inflammatory responses by reducing
vascular permeability via HIF/VEGFA pathway as well as
by inhibiting ROS production and thus may be a possible
therapeutic strategy for TDI-induced asthma and other
airway inflammatory diseases.
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Abbreviations
Ab Antibody
AHR Airway hyperresponsiveness

AICAR  5-Aminoimidazole-4-carboxamide-1-f-p-
ribofuranoside

AMPK AMP-activated protein kinase

BAL Bronchoalveolar lavage
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CMC Carboxymethylcellulose
DCF Dichlorofluorescein

DMSO Dimethylsulfoxide

EBD Evans blue dye

HIF Hypoxia-inducible factor
MDA Malondialdehyde

2ME2 2-Methoxyestradiol

p-AMPK  Phosphorylated AMPK

PBS Phosphate buffered saline
ROS Reactive oxygen species

Rrs Respiratory system resistance
TDI Toluene diisocyanate

Th2 T-helper type 2

Treg Regulatory T

VEGFA  Vascular endothelial growth factor A
Introduction

Occupational asthma is the most prevalent work-related lung
disease in industrialized countries, accounting for about
10 % of all adult-onset asthma [1]. Toluene diisocyanate
(TDI), a widely used low-molecular-weight compound, is
one of the leading causes of occupational asthma. Although
the clinical, functional, and pathologic features of TDI-
induced asthma resemble those of allergic asthma, several
important differences such as a low prevalence of specific
immunoglobulin E and a low association with atopy have
resulted in a research for alternative or complementary
mechanisms [2]. Recent advances have been made in char-
acterizing the immune response to TDI, but the pathogenesis
of TDI-induced asthma is far from clear.

AMP-activated protein kinase (AMPK) is a serine/thre-
onine protein kinase consisting of a catalytic subunit (o) and
two regulatory subunits (ff and y) and protects cells against
ATP depletion [3, 4]. The role of AMPK has been docu-
mented in regulating a wide variety of physiological
processes such as substrate metabolism, protein synthesis,
cell proliferation, and apoptosis [4, 5]. The AMPK signaling
is particularly critical for glucose and lipid metabolism and
has cardioprotective effects against pathological stress [6, 7].
A potent activator of AMPK, 5-aminoimidazole-4-carbox-
amide-1-f-p-ribofuranoside (AICAR) has been studied
extensively with various cell types and animal models [4, 5, 8].
AICAR enters cells and is quickly converted to the equiva-
lent monophosphorylated nucleotide, ZMP that mimics
AMP and activates AMPK without altering the cellular
levels of ATP, ADP, or AMP [9]. There is recent evidence
that pharmacologic AMPK activation by AICAR modulates
inflammatory reactions [4, 5, 10]. AMPK directs signaling
pathways in macrophages in a manner that suppresses
proinflammatory responses and promotes macrophage
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polarization toward an anti-inflammatory phenotype [11].
Previous studies using animal models have demonstrated
that AICAR alleviates experimental autoimmune encepha-
lomyelitis, lipopolysaccharide-induced lung injury, and
respiratory virus-induced airway inflammation [4, 10, 12].
Although there is little information available on the role of
AMPK in the pathogenesis of human asthma, AMPK path-
way has been shown to inhibit production of cellular reactive
oxygen species (ROS) through modulation of NADPH oxi-
dase in human neutrophils [13]. Oxidative stress plays a
crucial role in the development of various airway inflam-
matory disorders [14]. However, the anti-inflammatory
effect of AMPK activation through regulating oxidative
stress has not been elucidated.

While major cellular components driving asthmatic
reactions include mast cells, eosinophils, and T cells, with
a prominent role for T-helper type 2 (Th2) cells, more
recently, roles of basophils, invariant natural killer T cells,
Th17 cells, and a number of soluble mediators in asthma,
even in asthmatic patients have also been proposed
[15-17]. The recent discovery of a distinct T helper subset,
referred to as Th17 cells based on their IL-17 production,
leads to transformation of the Th1/Th2 paradigm of
immunity into a novel viewpoint that incorporates Thl,
Th2, Th17, and regulatory T (Treg) cells as elements of a
complex and mutually interacting network [18]. In fact,
several studies have reported the alteration of Th1/Th2/
Th17/Treg balance in human asthmatics; the Th1/Th2 cell
ratio is decreased [19], peripheral Treg cell prevalence is
reduced [20, 21], and Th17 cells and their related cytokines
are increased, especially in moderate to severe persistent
allergic asthmatics [22]. In addition, there is accumulating
evidence that Treg cells are important in maintaining
immune homeostasis in the airway and that their function
may be altered in asthma, mostly focusing on IL-10, which
has broad immunosuppressive and anti-inflammatory
actions relevant to the inhibition of asthma pathology [23].
As for human asthma, a number of studies have investi-
gated IL-10 synthesis in allergic and asthmatic patients.
A substantial reduction in mRNA and protein levels of IL-10
or IL-10 positive T cells and increased amounts of proin-
flammatory cytokines have been observed in patients with
asthma as compared to control healthy subjects [24-26].

The structural and functional changes in the airway
microcirculation including the increased vascular perme-
ability and blood flow, proliferation of new vessels, and
increased vascular area of the airway play a prominent role
in airway inflammation and remodeling in asthma [27].
Vascular endothelial growth factor A (VEGFA) is a fun-
damental determinant in these bronchial microvascular
changes. Growing evidence has indicated that VEGFA
stimulates airway inflammation and hyperresponsiveness,
airway remodeling, and Th2 immune responses in asthma
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[27, 28]. In fact, VEGFA level and vascular permeability
index in asthmatic patients are higher than those in normal
control subjects [29]. In human airway smooth muscle
cells, VEGFA is produced constitutively and in response to
stimulation with a variety of inflammatory mediators,
including the Th2 cytokines, IL-4 and IL-13 [30-33].
VEGFA also enhances IL-13 expression in the airways
[34], suggesting a positive feedback loop with VEGFA
enhancing Th2 sensitization and inflammation and IL-13
subsequently enhancing VEGFA production. Moreover,
VEGFA level is strongly correlated with the degree of
airway vascular abnormality and asthma severity in asth-
matics [29]. Our previous study using a murine model has
shown that VEGFA expression is dramatically increased by
TDI inhalation and that inhibition of VEGFA reverses
all pathophysiological features of TDI-induced asthma,
suggesting that VEGFA may be a major determinant of
TDI-induced asthma [28].

Expression of VEGFA is modulated by hypoxia-induc-
ible factor (HIF)-1, which is a heterodimer composed of
HIF-1o and HIF-1f [35]. HIF-1a expression is precisely
regulated by the intracellular condition, while HIF-1f is
constitutively expressed. A structurally related protein,
HIF-2¢, has also been described to be induced similarly to
HIF-1o0 and transcribe VEGFA gene [36]. In contrast to
widely present HIF-1ca, HIF-2o is only expressed in certain
organs including the lung [37]. These findings have sug-
gested that increased activity of both HIF-1o and HIF-2«
leads to overexpression of VEGFA in airway inflammation.
Levels of VEGFA, HIF-1a, and HIF-2« in bronchoalveolar
lavage (BAL) fluids are significantly higher in asthmatic
patients than those in controls, and VEGFA expression
correlates with HIF-1o and HIF-2a expression, supporting
the important role of HIF/VEGFA pathway in human
asthma [38]. However, the role of HIF activation in
TDI-induced asthma has not been explored.

On the basis of these observations, we evaluated the
involvement of AMPK in pathogenesis of occupational
asthma and more specifically investigated the effect and
molecular mechanisms of AMPK activation in regulating
vascular permeability and ROS generation using a murine
model of TDI-induced asthma.

Materials and methods
Animals and experimental protocol

Female BALB/c mice, 10-12 weeks of age and free of
murine specific pathogens, were obtained from the Orient
Bio Inc. (Seoungnam, Korea) and were housed throughout
the experiments in a laminar flow cabinet and maintained
on standard laboratory chow ad libitum. Care and use of

experimental animals were conducted in accordance with
the ‘Guide for the care and use of laboratory animals’
formulated by the National Research Council. All experi-
mental animals used in this study were under a protocol
approved by the Institutional Animal Care and Use Com-
mittee of the Chonbuk National University. Mice were
sensitized by two courses of intranasal administration of
20 pl of 3 % TDI dissolved in ethyl acetate:olive oil (1:4)
under light anesthesia (sodium pentobarbitone, 30 mg/kg,
intraperitoneally) once daily for five consecutive days with
a 3-week interval as previously described [28]. At 7 days
after the second course of sensitization (Day 38), mice
were individually placed in a horizontal cylindrical
chamber and challenged via the airways with 1 % TDI
dissolved in ethyl acetate:olive oil (1:4) by ultrasonic
nebulization (NE-U12; Omron, Tokyo, Japan). As a control,
mice were sensitized and challenged using the same protocol
but using only the solvent, ethyl acetate:olive oil (1:4).

BAL was performed at 48 h after the challenge. At the
time of lavage, mice were sacrificed by ether inhalation
(Junsei Chemical Co., Ltd, Tokyo, Japan). Chest cavity
was exposed to allow for expansion, after which the trachea
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Fig. 1 Effect of AICAR on AMPK phosphorylation in lung tissues of
TDI-sensitized and -challenged mice. Sampling was performed at 48 h
after the challenge in ethyl acetate plus olive oil (EO)-inhaled control
mice treated with drug vehicle (PBS) (EO + VEH), TDI-inhaled mice
treated with drug vehicle (EO + TDI + VEH), TDI-inhaled mice
treated with 50 mg/kg of AICAR (EO 4 TDI + AICAR 50), and
TDI-inhaled mice treated with 100 mg/kg of AICAR (EO + TDI +
AICAR 100). a Representative western blotting of p-AMPK and
AMPK protein. b Densitometric analyses are presented as the relative
ratio of p-AMPK to AMPK. The relative ratio of p-AMPK in the lung
tissues of EO 4+ VEH is arbitrarily presented as 1. Data represent
mean + SEM from seven mice per group. *p < 0.05 versus EO +
VEH, *p < 0.05 versus EO + TDI + VEH
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was carefully intubated and the catheter secured with
ligatures. Prewarmed 0.9 % NaCl solution was slowly
infused into the lungs and withdrawn. The aliquots were
pooled and then stored at 4 °C. A part of each pool was
then centrifuged, and the supernatant was kept at —70 °C
until use. Total cell numbers were counted using a hemo-
cytometer. Smears of BAL cells were prepared with a
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<« Fig. 2 Effect of AICAR on total and differential cell counts in BAL

fluids (a), pathological changes in lung tissues (b—f), and airway
responsiveness (g) of TDI-sensitized and -challenged mice. a Differ-
ential cell counts in BAL fluids from control mice treated with drug
vehicle (EO + VEH), TDI-inhaled mice treated with drug vehicle
(EO + TDI + VEH), TDI-inhaled mice treated with 50 mg/kg of
AICAR (EO + TDI + AICAR 50), and TDI-inhaled mice treated
with 100 mg/kg of AICAR (EO + TDI + AICAR 100). Represen-
tative hematoxylin and eosin-stained sections of the lungs. Sampling
was performed at 48 h after the challenge in EO + VEH (b),
EO + TDI + VEH (¢), EO + TDI + AICAR 50 (d), and
EO + TDI 4 AICAR 100 (e). Bars indicate scale of 50 um. f Scores
of peribronchial, perivascular, and total lung inflammation. g Airway
responsiveness. Data represent mean == SEM from seven mice per group.
#» < 0.05 versus EO + VEH, *p < 0.05 versus EO + TDI + VEH

cytospin (Thermo Electron, Waltham, MA). The smears
were stained with Diff-Quik solution (Dade Diagnostics of
P. R. Inc., Aguada, Puerto Rico) to determine differential
cell counts. Two independent, blinded investigators coun-
ted the cells under a microscope. Approximately 400 cells
were counted in each of four different random locations.
Inter-investigator variation was less than 5 %. Numbers
counted by two investigators were averaged and these
values were used to calculate differential cell counts.

Administration of AICAR, 2-methoxyestradiol (2ME2),
or CBO-P11

AICAR (50 or 100 mg/kg; Sigma-Aldrich, St. Louis, MO)
diluted with phosphate buffered saline (PBS) was admin-
istered intraperitoneally two times at a 24-h interval, begin-
ning 1 h after the challenge with TDI. 2ME2 (100 mg/kg
body weight/day; Calbiochem-Novobiochem Corp., San
Diego, CA) was suspended in 0.5 % carboxymethylcellu-
lose (CMC) (Sigma-Aldrich) and administered by oral
gavage four times at 24-h intervals, beginning 2 days
before the TDI challenge. Cyclopeptidic vascular endo-
thelial growth inhibitor, CBO-P11 (D-Phe-Pro (79-93);
Calbiochem-Novobiochem Corp.) diluted with dimethyl-
sulfoxide (DMSO) was used to inhibit VEGFA activity.
CBO-P11 (2 mg/kg body weight/day) was administered
intraperitoneally two times at a 24-h interval, beginning at
1 h before the TDI inhalation.

Western blot analysis

Lung tissues were homogenized in the presence of protease
inhibitors to obtain extracts of proteins. Protein concentra-
tions were determined using the Bradford reagent (Bio-Rad
Laboratories Inc., Hercules, CA). Samples were loaded on a
SDS-PAGE gel. After electrophoresis at 120 V for 90 min,
separated proteins were transferred to polyvinylidene
difluoride membranes (GE Healthcare, Little Chalfont,
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Buckinghamshire, UK) by the wet transfer method (250 mA,
90 min). Nonspecific sites were blocked with 5 % non-fat
dry milk in Tris-buffered saline containing Tween 20
(25 mM Tris, pH 7.5, 150 mM NacCl, and 0.1 % Tween 20)
for 1 h, and the blots were then incubated with an anti-
AMPK antibody (Ab) (1:700; Cell Signaling Technology,
Beverly, MA), anti-phosphorylated AMPK (p-AMPK) Ab
(1:700; Cell Signaling Technology), anti-VEGFA Ab (1:500;

<«Fig. 3 Effect of AICAR on VEGFA expression in lung tissues and in

BAL fluids and plasma exudation. Sampling was performed at 48 h
after the challenge in control mice treated with drug vehicle
(EO + VEH), TDI-inhaled mice treated with drug vehicle (EO +
TDI + VEH), TDI-inhaled mice treated with 50 mg/kg of AICAR
(EO + TDI + AICAR 50), and TDI-inhaled mice treated with
100 mg/kg of AICAR (EO + TDI + AICAR 100). a Representative
western blotting of VEGFA in lung tissues. b Densitometric analyses
are presented as the relative ratio of VEGFA to actin. The relative
ratio of VEGFA in the lung tissues of EO + VEH is arbitrarily
presented as 1. ¢ Enzyme immunoassay of VEGFA in BAL fluids.
d Measurement of plasma exudation using EBD. e Correlation
between levels of VEGFA protein in BAL fluids and plasma
exudation. Data represent mean = SEM from seven mice per group.
#p < 0.05 versus EO + VEH, *p < 0.05 versus EO 4+ TDI + VEH

Santa Cruz Biotechnology, Santa Cruz, CA), anti-IL-4 Ab
(1:800; Serotec Ltd, Oxford, UK), anti-IL-5 Ab (1:1,000;
Santa Cruz Biotechnology), anti-IL-13 Ab (1:1,000; R&D
Systems, Inc., Minneapolis, MN), or anti-IL-10 Ab (1:800;
Abcam, Cambridge, MA) overnight at 4 °C. Anti-mouse or
anti-rabbit horseradish peroxidase conjugated IgG (1:2,500)
was used to detect binding of the Abs. The membranes were
stripped and reblotted with anti-actin Ab (Sigma-Aldrich) to
verify equal loading of protein in each lane. The binding of the
specific Abs was visualized by exposing to photographic film
after treating with enhanced chemiluminescence system
reagents (GE Healthcare).

Nuclear protein extractions for analyses of HIF-1«,
HIF-18, and HIF-2«

Lungs were removed and homogenized in eight volumes of
a lysis buffer containing 1.3 M sucrose, 1.0 mM MgCl,,
and 10 mM potassium phosphate buffer (pH 7.2). The
homogenate was filtered through four layers of gauze and
centrifuged at 1,000xg for 15 min. The resulting pellets
were carefully harvested and resuspended in 10 mM
potassium phosphate buffer (pH 7.2) containing 2.4 M
sucrose and 1.0 mM MgCl, to maintain a final 2.2 M
sucrose concentration and centrifuged at 100,000x g for
1 h. The resulting nuclear pellets were washed once with a
solution containing 0.25 M sucrose, 0.5 mM MgCl,, and
20 mM Tris—HCI, pH 7.2, and centrifuged at 1,000x g for
10 min. The pellets were solubilized with a solution con-
taining 50 mM Tris—HCI (pH 7.2), 0.3 M sucrose, 150 mM
NaCl, 2 mM ethylene diamine tetraacetic acid, 20 %
glycerol, 2 % Triton X-100, 2 mM phenylmethylsulfonyl
fluoride, and protease inhibitor cocktails. The mixture was
kept on ice for 2 h with gentle stirring and centrifuged at
12,000x g for 30 min. The resulting supernatant was used
as soluble nuclear proteins for determination of levels of
HIF-1¢;, HIF-1f, and HIF-2a. The levels of these proteins
were analyzed by Western blotting using Ab against
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Fig. 4 Effect of 2ME2 on levels of HIF-1o, HIF-1f, and HIF-2¢ in
nuclear protein extracts from lung tissues. Sampling was performed at
48 h after the challenge in control mice treated with CMC
(EO + CMC), TDI-inhaled mice treated with CMC (EO + T-
DI + CMC), and TDI-inhaled mice treated with 2ME2
(EO + TDI + 2ME2). a Representative western blotting of HIF-1a
and HIF-1p. b Densitometric analyses are presented as the relative
ratio of HIF-1a to HIF-1f. The relative ratio of HIF-1a in the lung
tissues of EO + CMC is arbitrarily presented as 1. ¢ Representative
western blotting of HIF-2a. d Densitometric analyses are presented as
the relative ratio of HIF-2o to actin. The relative ratio of HIF-2o in the
lung tissues of EO + CMC is arbitrarily presented as 1. Data
represent mean & SEM from seven mice per group. *p < 0.05 versus
EO + CMC, *p < 0.05 versus EO + TDI + CMC

HIF-1a (1:600; R&D Systems, Inc.), HIF-1f (1:800; Cell
Signaling Technology), or HIF-2« (1:800; Novus Biologi-
cals, Inc., Littleton, CO) as described above.
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Measurement of VEGFA and cytokines

Levels of VEGFA, IL-4, IL-5, 1L-13, and IL-10 were
quantified in the supernatants of BAL fluids by enzyme
immunoassays according to the manufacturer’s protocol
(VEGFA; R&D Systems, Inc.; IL-4, IL-5, and IL-10; Invit-
rogen, Carlsbad, CA; IL-13; Bender MedSystems, Vienna,
Austria). Sensitivities for VEGFA, IL-4, IL-5, IL-13, and
IL-10 assays were 3, 5, 3, 2.8, and 13 pg/ml, respectively.

Measurement of plasma exudation

To assess lung permeability, Evans blue dye (EBD) was
dissolved in 0.9 % saline at a final concentration of 5 mg/ml.
Animals were weighed and injected with 20 mg/kg EBD in
the tail vein. After 30 min, the animals were killed and
their chests were opened. Normal saline containing 5 mM
ethylene diamine tetraacetic acid was perfused through the
aorta until all venous fluid returning to the opened right
atrium was clear. Lungs were removed and weighed wet.
EBD was extracted in 2 ml formamide kept in a water bath
at 60 °C for 3 h and the absorption of light at 620 nm was
measured using a spectrophotometer (Eppendorf Biopho-
tometer, Hamburg, Germany). The dye extracted was
quantified by interpolation against a standard curve of dye
concentration in the range of 0.01-10 pg/ml and is
expressed as ng of dye/mg of wet lung.

Histology

At 48 h after the last challenge, mice were euthanized for
histological assessment. The lungs and trachea of mice were
filled with 10 % (volume/volume) neutral buffered formalin
intratracheally and then were removed from the mice. For
fixation, the neutral buffered formalin was also used. The
specimens were dehydrated and embedded in paraffin. For
histological examination, 4-um sections of fixed embed-
ded tissues were cut on a Leica model 2165 rotary micro-
tome (Leica Microsystems Nussloch GmbH, Nussloch,
Germany), placed on glass slides, deparaffinized, and stained
sequentially with hematoxylin 2 and eosin-Y (Richard-Allan
Scientific, Kalamazoo, MI). Stained slides were analyzed
under identical light microscope (Axio Imager M1, Karl
Zeiss, Germany) conditions, including magnification
(20x), gain, camera position, and background illumination.
Inflammation score was graded by three independent blinded
investigators. The degree of peribronchial and perivascular
inflammation was evaluated on a subjective scale of 0-3, as
described elsewhere [39]. A value of 0 was adjudged when
no inflammation was detectable, a value of 1 for occasional
cuffing with inflammatory cells, a value of 2 for most bronchi
or vessels surrounded by thin layer (one to five cells) of
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inflammatory cells, and a value of 3 when most bronchi or
vessels were surrounded by a thick layer (more than five
cells) of inflammatory cells.

Determination of airway responsiveness

Airway responsiveness was assessed as a change in airway
function after challenge with aerosolized methacholine via
airways, as described elsewhere [40]. Anesthesia was
achieved with 45 mg/kg of pentobarbital sodium injected
intraperitoneally. The trachea was then exposed through

<« Fig. 5 Effect of AICAR on levels of HIF-1a, HIF-18, and HIF-2¢ in

nuclear protein extracts from lung tissues. Sampling was performed at
48 h after the challenge in control mice treated with drug vehicle
(EO + VEH), TDI-inhaled mice treated with drug vehicle (EO +
TDI + VEH), TDI-inhaled mice treated with 50 mg/kg of AICAR
(EO + TDI + AICAR 50), and TDI-inhaled mice treated with
100 mg/kg of AICAR (EO + TDI + AICAR 100). a Representative
western blotting of HIF-1o and HIF-1p. b Densitometric analyses are
presented as the relative ratio of HIF-1o to HIF-1p. The relative ratio
of HIF-1« in the lung tissues of EO 4+ VEH is arbitrarily presented as
1. ¢ Representative western blotting of HIF-2«. d Densitometric
analyses are presented as the relative ratio of HIF-2a to actin. The
relative ratio of HIF-2« in the lung tissues of EO + VEH is arbitrarily
presented as 1. Data represent mean + SEM from seven mice
per group. *p < 0.05 versus EO 4+ VEH; *p < 0.05 versus EO +
TDI + VEH

midcervical incision, tracheostomized, and an 18-gauge
metal needle was inserted. Mice were connected to a
computer-controlled small animal ventilator (flexiVent,
SCIREQ, Montreal, Canada). The mouse was quasi-sinu-
soidally ventilated with nominal tidal volume of 10 ml/kg at
a frequency of 150 breaths/min and a positive end-expira-
tory pressure of 2 cm H,O to achieve a mean lung volume
close to that during spontaneous breathing. This was
achieved by connecting the expiratory port of the ventilator
to water column. Methacholine aerosol was generated with
an in-line nebulizer and administered directly through the
ventilator. To determine differences in airway response to
methacholine, each mouse was challenged with methacho-
line aerosol in increasing concentrations (5-50 mg/ml in
saline). After each methacholine challenge, the data of
respiratory system resistance (Rrs) was continuously col-
lected. Maximum values of Rrs were selected to express
changes in airway function, which was represented as a
percentage change from baseline after saline aerosol.

Measurement of intracellular ROS

ROS were measured by a method previously described
[41]. BAL cells were washed with PBS. To measure
intracellular ROS, cells were incubated for 10 min at room
temperature with PBS containing 3.3 uM 2’,7’-dichloro-
fluorescein (DCF) diacetate (Molecular probes, Eugene,
OR), to label intracellular ROS. We performed fluores-
cence-activated cell sorting analysis with DCF stained cells
(1 x 10* cells) in BAL fluids to measure ROS levels using
a FACSCalibur instrument (BD Biosciences, San Jose,
CA). The data were analyzed with a CellQuest Pro program
(BD Biosciences).

Determination of oxidative damage

The degree of oxidative damage was assessed by measure-
ment of malondialdehyde (MDA) levels in homogenized
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lung tissues using the OxiSelect thiobarbituric acid-reactive
substances assay kit (Cell Biolabs, San Diego, CA) accord-
ing to the manufacturer’s protocol. The MDA values were
expressed as pM/mg lung tissue protein.

Densitometric analyses and statistics

All immunoreactive and phosphorylated signals were
analyzed by densitometric scanning (Gel Doc XR, Bio-Rad
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<« Fig. 6 Effect of 2ME2 or CBO-P11 on VEGFA expression and

plasma exudation in lung of TDI-sensitized and -challenged mice.
Sampling was performed at 48 h after the challenge in control mice
treated with CMC (EO + CMC), TDI-inhaled mice treated with
CMC (EO + TDI + CMC), TDI-inhaled mice treated with DMSO
(EO + TDI + DMSO), TDI-inhaled mice treated with 2ME2
(EO + TDI + 2ME2), and TDI-inhaled mice treated with CBO-
P11 (EO + TDI + CBO-P11). a Representative western blotting of
VEGFA in lung tissues. b Densitometric analyses are presented as the
relative ratio of VEGFA to actin. The relative ratio of VEGFA in the
lung tissues of EO + CMC is arbitrarily presented as 1. ¢ Enzyme
immunoassay of VEGFA in BAL fluids. d Measurement of plasma
exudation using EBD. e Correlation between levels of VEGFA
protein in BAL fluids and plasma exudation. Data represent
mean = SEM from seven mice per group. p < 0.05 versus
EO + CMC, *p < 0.05 versus EO + TDI + CMC, §p < 0.05 versus
EO + TDI + DMSO

Laboratories Inc.). Data were expressed as mean &= SEM.
Statistical comparisons were performed using one-way
ANOVA followed by Scheffe’s test. Pearson’s correlation
was calculated to assess the correlation between data.
Statistical significance was set at p < 0.05.

Results

AICAR activates AMPK in the lung of TDI-sensitized
and -challenged mice

To confirm the ability of AICAR to activate AMPK in the
lung, we determined AMPK phosphorylation in lung tis-
sues of TDI-inhaled mice treated with AICAR. Western
blot analysis revealed that AICAR at 50 and 100 mg/kg
increased p-AMPK protein levels in lung tissues approxi-
mately 2.3- and 3.5-fold, respectively, as compared with
the levels in the control mice treated with drug vehicle
(PBS) (Fig. 1). However, no significant changes in total
AMPK protein levels were observed in any of the groups
tested.

AICAR attenuates TDI-induced airway inflammation

As the hallmark of TDI-induced asthma is the infiltration of
inflammatory cells into the airways, we investigated the effect
of AICAR on numbers of inflammatory cells in BAL fluids.
The numbers of total cells, macrophages, lymphocytes, neu-
trophils, and eosinophils in BAL fluids were dramatically
increased at 48 h after TDI inhalation compared with the
numbers in the control mice (Fig. 2a). Treatment with AICAR
significantly decreased the numbers of total cells, lympho-
cytes, neutrophils, and eosinophils.

Histological analyses revealed typical pathological fea-
tures of asthma in the TDI-exposed mice. Numerous
inflammatory cells infiltrated around the bronchioles and
mucus and debris accumulated in the lumens of bronchioles
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Fig. 7 Effect of 2ME2 or CBO-P11 on total and differential cell
counts in BAL fluids (a) and airway responsiveness (b) of TDI-
sensitized and -challenged mice. a Differential cell counts in BAL
fluids from control mice treated with CMC (EO + CMC), TDI-
inhaled mice treated with CMC (EO + TDI + CMC), TDI-inhaled
mice treated with DMSO (EO + TDI + DMSO), TDI-inhaled mice
treated with 2ME2 (EO + TDI 4 2ME2), and TDI-inhaled mice
treated with CBO-P11 (EO + TDI + CBO-P11). b Airway respon-
siveness. Data represent mean £ SEM from seven mice per group.
#p < 0.05 versus EO 4+ CMC, *p < 0.05 versus EO + TDI + CMC,
§p < 0.05 versus EO + TDI 4+ DMSO

(Fig. 2c) as compared with the control mice (Fig. 2b). Mice
treated with AICAR (Fig. 2d, e) showed marked reductions
in the infiltration of inflammatory cells in the peribronchi-
olar region and in the amount of debris in the airway
lumens. In addition, the scores of peribronchial, perivas-
cular, and total lung inflammation were significantly
increased after TDI inhalation compared with the scores in
the control mice (Fig. 2f). AICAR treatment was effica-
cious in decreasing the scores of lung inflammation.

AICAR reduces TDI-induced airway
hyperresponsiveness (AHR)

To determine the attenuating effect of AICAR on AHR,
airway responsiveness was assessed as a percent increase
of Rrs in response to increasing doses of methacholine. In
TDI-sensitized and -challenged mice, the dose-response
curve of percent Rrs shifted to the left compared with that
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Fig. 8 Effect of AICAR on ROS levels in BAL cells and MDA levels
in lung tissues of TDI-sensitized and -challenged mice. Sampling was
performed at 48 h after the challenge in control mice treated with
drug vehicle (EO + VEH), TDI-inhaled mice treated with drug
vehicle (EO + TDI 4+ VEH), TDI-inhaled mice treated with 50
mg/kg of AICAR (EO + TDI + AICAR 50), and TDI-inhaled mice
treated with 100 mg/kg of AICAR (EO + TDI + AICAR 100).
a DCF fluorescence intensity is presented as the relative ratio of ROS
levels in EO + TDI + VEH, EO + TDI 4+ AICAR 50, or
EO + TDI + AICAR 100 to those in EO + VEH. The ROS levels
in the BAL fluids of EO + VEH is arbitrarily presented as 100.
b MDA levels in lung tissues. Data represent mean = SEM from
seven mice per group. "p < 0.05 versus EO + VEH, *p < 0.05
versus EO + TDI + VEH

of the control mice (Fig. 2g). In addition, the percent Rrs
produced by administration of methacholine (25 and
50 mg/ml) was significantly increased in the TDI-inhaled
mice compared with the control mice. TDI-sensitized and
-challenged mice treated with AICAR showed the dose—
response curve of percent Rrs that shifted to the right.
TDI-inhaled mice treated with 100 mg/kg of AICAR
showed a significant reduction in percent Rrs produced by
methacholine at 50 mg/ml compared with that of mice
treated with drug vehicle only. These results indicate that
AICAR reduces TDI-induced AHR.

AICAR down-regulates VEGFA expression and plasma
extravasation

Given the fundamental role of VEGFA in pathophysio-
logical changes of asthma [27, 28], we examined the effect
of AMPK activation on VEGFA expression and vascular
permeability in TDI-induced airway inflammation. Wes-
tern blot analysis showed that levels of VEGFA protein in
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Fig. 9 Effect of AICAR on IL-10 protein levels in lung tissues and in
BAL fluids. Sampling was performed at 48 h after the challenge in
control mice treated with drug vehicle (EO + VEH), TDI-inhaled
mice treated with drug vehicle (EO + TDI + VEH), TDI-inhaled
mice treated with 50 mg/kg of AICAR (EO + TDI + AICAR 50),
and TDIl-inhaled mice treated with 100 mg/kg of AICAR
(EO + TDI + AICAR 100). a Representative western blotting of
IL-10 in lung tissues. b Densitometric analyses are presented as the
relative ratio of IL-10 to actin. The relative ratio of IL-10 in the lung
tissues of EO 4+ VEH is arbitrarily presented as 1. ¢ Enzyme
immunoassay of IL-10 in BAL fluids. Data represent mean + SEM
from seven mice per group. *p < 0.05 versus EO 4+ VEH, *p < 0.05
versus EO + TDI + VEH

lung tissues were dramatically increased at 48 h after TDI
inhalation compared with the levels in the control mice
(Fig. 3a, b). Treatment of mice with AICAR resulted in a
significant decrease in VEGFA levels in lung tissues.
Consistent with the results obtained from the Western blot
analysis, enzyme immunoassay revealed that levels of
VEGFA in BAL fluids were significantly higher in TDI-
inhaled mice than in the control mice and that treatment
with AICAR remarkably reduced the TDI-induced increase
in VEGFA levels (Fig. 3c¢).

EBD assay showed that plasma extravasation was sub-
stantially increased after TDI inhalation compared with
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that in the control mice (Fig. 3d). The increase in plasma
extravasation was dramatically decreased by AICAR
treatment. To demonstrate the relationship of vascular
permeability with VEGFA expression in TDI-inhaled mice,
we evaluated the correlation between VEGFA protein in
BAL fluids and plasma exudation. The levels of VEGFA
protein in BAL fluids were significantly correlated with the
levels of plasma extravasation (r = 0.831; p < 0.05)
(Fig. 3e).

HIF-1a and HIF-2« are activated in lung tissues
of TDI-inhaled mice

To evaluate whether HIF-1a and HIF-2« are activated in
TDI-induced occupational asthma, we measured HIF-1«
and HIF-2o protein levels in nuclear protein extracts from
lung tissues using Western blotting. Both isoforms of
HIF-o subunit were greatly increased after TDI inhalation
compared with the levels in the control mice (Fig. 4). As
expected, the increased levels of HIF-1a and HIF-2o in
nuclear extracts from lung tissues of TDI-inhaled mice
were greatly reduced by treatment with 2ME2, a non-
specific inhibitor of HIF.

AICAR negatively modulates TDI-induced activation
of HIF-1« and HIF-2«

We next determined whether AMPK influences the acti-
vation of HIF-lo and HIF-20 in TDI-induced asthma.
Treatment of mice with AICAR significantly lowered the
increases in two HIF-o isoform levels in nuclear protein
extracts from lung tissues of TDI-inhaled mice (Fig. 5).

2ME2 and CBO-P11 suppress VEGFA expression,
vascular permeability, airway inflammation,
and AHR induced by TDI

In order to support the notion that the therapeutic effect of
AMPK activator on TDI-induced asthma is mediated by
down-regulation of HIF/VEGFA signaling, we sought to
explore whether the blockade of HIF/VEGFA pathway can
affect TDI-induced airway responses including vascular
permeability using 2ME2 and CBO-P11, an inhibitor of
VEGFA activity. Both 2ME2 and CBO-P11 significantly
suppressed VEGFA expression in lung tissues and BAL
fluids (Fig. 6a—c). The increased plasma extravasation after
TDI inhalation was also reduced by administration of
2ME2 and CBO-P11 (Fig. 6d). Moreover, the levels of
VEGFA in BAL fluids showed a significant positive cor-
relation with the levels of plasma extravasation (r = 0.803;
p < 0.05) (Fig. 6e). As shown in Fig. 7a, 2ME2 and CBO-
P11 dramatically decreased influx of inflammatory cells
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Fig. 10 Effect of AICAR on IL-4 (a—c), IL-5 (d—f), and IL-13 (g—i)
protein levels in lung tissues and BAL fluids. Sampling was
performed at 48 h after the challenge in control mice treated with
drug vehicle (EO + VEH), TDI-inhaled mice treated with drug
vehicle (EO + TDI + VEH), TDI-inhaled mice treated with 50
mg/kg of AICAR (EO + TDI + AICAR 50), and TDI-inhaled mice
treated with 100 mg/kg of AICAR (EO + TDI + AICAR 100). The
expression of IL-4 (a), IL-5 (d), and IL-13 (g) in lung tissues was

into the airway lumen. Moreover, AHR induced by TDI
was improved by treatment with 2ME2 and CBO-P11
(Fig. 7b).

AICAR reduces oxidative stress in TDI-sensitized
and -challenged mice

Oxidative stress is recognized as a key component of airway
inflammation in TDI-induced occupational asthma [42]. A
previous study has reported that simulators of AMPK reduce
ROS release in neutrophils [13]. To investigate effect of
AMPK on TDI-induced ROS production, ROS levels in
BAL cells were measured. The ROS levels in BAL cells
were considerably higher in TDI-inhaled mice than in the
control mice (Fig. 8a). The increased ROS generation was
substantially reduced by activation of AMPK with AICAR.

We assessed oxidative damage by measuring MDA in
lung tissues. The MDA levels in lung tissues were
increased after TDI challenge and markedly decreased by
treatment with AICAR (Fig. 8b).

identified by western blotting. Densitometric analyses are presented
as the relative ratio of IL-4 (b), IL-5 (e), and IL-13 (h) to actin. The
relative ratio of each molecule in the lung tissues of EO + VEH is
arbitrarily presented as 1. The levels of IL-4 (c), IL-5 (f), and IL-13 (i)
were measured in BAL fluids by enzyme immunoassay. Data
represent mean & SEM from seven mice per group. *p < 0.05 versus
EO + VEH, *p < 0.05 versus EO + TDI + VEH

AICAR enhances TDI-induced expression of IL-10 in
the lung

Since IL-10 is an immune regulatory cytokine that suppresses
inflammatory reactions [43], we tested the effect of AMPK
activation on IL-10 expression in the lung. TDI challenge
induced an increase in levels of IL-10 protein detected by
Western blotting in lung tissues, as compared with levels in
the control mice (Fig. 9a, b). The increased IL-10 levels in
lung tissues were further increased by administration of Al-
CAR. Enzyme immunoassay also showed that levels of IL-10
in BAL fluids were increased after TDI inhalation and that
AICAR treatment further enhanced the increase in IL-10
levels of BAL fluids (Fig. 9c¢).

AICAR down-regulates TDI-induced expression
of Th2 cytokines in the lung

To ascertain the effect of AMPK activation on Th2 cyto-
kine expression in lungs, we measured the levels of 1L-4,
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IL-5, and IL-13 in lung tissues or BAL fluids from AICAR-
treated and untreated mice. Levels of IL-4, IL-5, and IL-13
detected by Western blotting in lung tissues as well as by
ELISA in BAL fluids were significantly increased at 48 h
after TDI inhalation compared with the levels in the control
mice (Fig. 10). AICAR treatment was associated with
apparent reductions of these cytokine levels in both lung
tissues and BAL fluids.

Discussion

To our knowledge, the present study is the first to docu-
ment the beneficial effect of AMPK pathway on TDI-
induced airway inflammatory responses, especially on
vascular permeability and oxidative stress. Although the
pathogenesis of occupational asthma caused by low-
molecular-weight compounds such as TDI remains largely
uncertain, TDI-induced asthma is characterized by airway
inflammation and AHR associated with increased micro-
vascular permeability. In this study, AMPK activator
ameliorated airway inflammation and AHR and also
decreased levels of HIF-1a, HIF-2a, VEGFA, and plasma
exudation in a murine model of TDI-induced asthma. In
addition, inhibition of HIF and VEGFA activity was dra-
matically effective in decreasing vascular exudation and
reversing pathophysiologic features of TDI-induced asthma.
We also found that AMPK activator reduced ROS genera-
tion and Th2 cytokine levels but enhanced the expression of
IL-10 in the lung. These results suggest that AMPK acti-
vation exerts the therapeutic effect in TDI-induced asthma
by reducing vascular permeability via HIF/VEGFA pathway
as well as by inhibiting ROS production.

AMPK pathway has been suggested to be a novel sig-
naling molecule modulating inflammatory and immune
responses [4, 5]. In animal models of several inflammatory
diseases, AMPK activator can prevent the progression of
inflammatory responses [4, 10, 12]. Consistent with these
results obtained from other diseases, we showed that
AMPK activation notably alleviated airway inflammation
and AHR in the murine model of TDI-induced asthma. In
the search for underlying mechanisms by which AMPK
controls TDI-induced asthma, we found that AMPK acti-
vator suppressed not only HIF-1«, HIF-20, and VEGFA
activity but also plasma extravasation enhanced after TDI
inhalation. VEGFA increases microvascular permeability
so that plasma proteins and inflammatory cells can leak
into the extravascular space, which contributes to edema
and inflammation of the airway [28]. In this study, VEGFA
expression and plasma extravasation were remarkably
increased in response to TDI challenge, and VEGFA levels
in BAL fluids were significantly correlated with the levels
of plasma extravasation. HIF pathway activates
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transcription of the gene encoding VEGFA and thus is
expected to be implicated in TDI-induced airway inflam-
mation. Indeed, HIF-la and HIF-20 protein levels in
nuclear protein extracts from lung tissues were increased
after TDI inhalation in our murine model. We also found
that VEGFA expression was remarkably reduced by inhi-
bition of HIF-1o and HIF-2a with 2ME2 and that VEGFA
inhibitor, CBO-P11 as well as 2ME2 significantly sup-
pressed vascular permeability, airway infiltrations of
inflammatory cells, and AHR induced by TDI. These
observations support the notion that HIF-mediated VEGFA
expression contributes to TDI-induced airway responses
through enhancing vascular permeability. Importantly, in
the current study the increased levels of HIF-1a, HIF-2¢,
and VEGFA after TDI inhalation were remarkably
decreased by administration of AMPK activator in asso-
ciation with lower plasma exudation. An inhibitory effect
of AICAR on HIF-1o expression has been observed in
retinal epithelial cells, which is consistent with our in vivo
results [44]. Based on these findings, we suggest that
AMPK activation reduces vascular permeability by down-
regulating HIF/VEGFA pathway in TDI-induced asthma.
It is noteworthy that we found the suppressive action of
AMPK activation on oxidative stress in airway inflamma-
tion. Oxidative stress is associated with the pathogenesis of
TDI-induced occupational asthma [42]. Activated inflam-
matory cells in the airway produce large amount of ROS.
Beside generation of ROS via cellular pathways, formation
of ROS in the lung can also take place by exogenous
sources like ozone, ionizing radiation, chemicals, and dust
particles [14]. A recent in vitro study has demonstrated that
TDI exposure induces ROS generation in airway epithelial
cells [42]. In agreement with these observations, the levels
of ROS production in cells from BAL fluids were sub-
stantially elevated after TDI inhalation in our murine
model. Increased ROS levels lead to mucus hypersecretion,
smooth muscle contraction, and epithelial shedding [14]. In
addition, oxidative stress results in activation of redox-
sensitive transcription factor and consequent induction of
many inflammatory genes that are abnormally expressed in
airway inflammation [45]. Previous studies have reported
that natural products, which act as a ROS scavenger,
potently protect TDI-induced asthma by down-regulating
various proinflammatory mediators including Th2 cyto-
kines [46, 47]. Hence, enhancement of antioxidant capacity
can be an attractive approach to treat TDI-induced asthma.
Recently, activation of AMPK has been reported to have
antioxidant action capable of regulating intracellular ROS
in neutrophils and endothelial cells [13, 48]. Supporting in
vitro results, we found that AICAR treatment profoundly
decreased ROS levels in BAL cells of TDI-induced asthma.
Our results also showed that AICAR was effective in
ameliorating oxidative damage, quantified by the MDA
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levels. Moreover, ROS increase vascular permeability by
inducing VEGFA expression through up-regulation of HIF-
lo activation [49-51]. Therefore, AMPK activation may
negatively modulate vascular permeability partly by
inhibiting ROS-HIF-VEGFA axis. Taken together, these
findings suggest that suppression of oxidative stress is one
of important beneficial roles of AMPK in TDI-induced
asthma.

This study provides evidence for an immune regulatory
function of AMPK that is regulation of IL-10 in airway
inflammatory diseases. IL-10 has emerged as an anti-
inflammatory cytokine relevant to the inhibition of asthma
pathology [52]. A recent study has demonstrated that
activation of AMPK regulates T cell-mediated immune
responses by inducing the generation of IL-10 in spleen
cells [53]. Previously, we have demonstrated that reduction
in oxidative stress by treatment with an antioxidant
increases levels of IL-10 in lung tissues and in serum of a
murine model of asthma, suggesting that IL-10 is regulated
through ROS/antioxidant balance [54]. The present results
showed that AICAR increased IL-10 expression with
decreasing ROS production. Thus, AMPK signaling path-
way seems to modulate IL-10 expression, at least in part,
via inhibition of ROS generation in TDI-induced asthma.

Animal models of asthma have been extensively used to
examine mechanisms of the disease, to evaluate the activity
of a variety of genes and cellular pathways, and to predict
the safety of new drugs or chemicals before being used in
clinical studies [55]. Among various animal models of
asthma, mouse is usually chosen by many researchers
thanks to its numerous advantages compared to the use of
other animals, including IgE production as the primary
allergic antibody, availability of numerous immunological
reagents, various inbred strains, easy breeding, short ges-
tational period, and small and relatively inexpensive cost
[56]. However, mouse like other species has several limi-
tations: mouse does not display spontaneous symptoms or
long-lasting bronchoconstriction as seen in asthmatics, its
lung is more fully developed at birth so environmental
influences have different effects, the structure of mouse
lung is very different from human, and mouse is an obli-
gate nasal breather and is limited in chronic asthma.
Therefore, it is clear that the results from studies with the
mouse model of asthma are not easily translated to humans,
and therapeutic initiatives successful in this animal model
have generally been of limited success in the clinic [57].

In conclusion, our results have demonstrated that AMPK
activation attenuates TDI-induced airway inflammation and
hyperresponsiveness. AMPK activation by AICAR also
decreases vascular permeability by modulating HIF activation
and VEGFA expression in TDI-induced asthma. Moreover,
administration of AICAR reduces ROS production, while
enhancing the expression of an anti-inflammatory cytokine

IL-10. Our data suggest novel anti-inflammatory mechanisms
of AMPK activation, that is, down-regulation of HIF/'VEGFA
pathway and inhibition of ROS generation with inducing
IL-10 expression. These findings point to the considerable
potential of AMPK activation in the treatment of occupational
asthma and other airway inflammatory diseases, although
extrapolation of these findings to humans needs to be
judicious.
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