IL-4 promotes asymmetric dimethylarginine
accumulation, oxo-nitrative stress, and hypoxic
response-induced mitochondrial loss in airway

epithelial cells
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Background: Obesity is known to increase asthma risk and
severity. Increased levels of asymmetric dimethylarginine
(ADMA), an endogenous nitric oxide synthase inhibitor, are
associated with mitochondrial toxicity, asthma, and metabolic
syndrome. IL-4 upregulates the expression of protein arginine
methyltransferases, which are essential for ADMA formation.
Importantly, cross-talk between IL-4, ADMA, and
mitochondrial dysfunction could explain how obesity and IL-4
can synergize to exacerbate allergic inflammation.

Objective: We sought to investigate how IL-4, a key asthma-
associated cytokine, can influence ADMA-related effects on
lungs.

Methods: BEAS2B (bronchial epithelial) cells were treated with
IL-4 followed by ADMA and investigated for oxo-nitrative stress
and resultant mitochondrial toxicity after 48 hours by using
flow cytometry, confocal imaging, immunoblotting, and
fluorimetric assays.

Results: IL-4-induced mitotoxicity in BEAS2B cells was
significantly higher in the presence of exogenous ADMA. IL-4
treatment led to proteolytic degradation of dimethylarginine
dimethylaminohydrolase 2, which catabolizes ADMA. IL-4
pretreatment was associated with increased intracellular
ADMA accumulation and increased ADMA-induced
mitotoxicity. Airway epithelial cells treated with IL-4 followed
by ADMA showed exaggerated oxo-nitrative stress and potent
induction of the cellular hypoxic response, despite normoxic
conditions. The hypoxic response was associated with reduced
mitochondrial function but was reversible by overexpression of

From “the Molecular Immunogenetics Laboratory and Centre of Excellence for
Translational Research in Asthma & Lung Disease, CSIR-Institute of Genomics
and Integrative Biology, Delhi, and "the Department of Pulmonary Medicine and Sleep
Disorders, All India Institute of Medical Sciences, Ansari Nagar, New Delhi, Delhi.

Supported by grants from the Council of Scientific and Industrial Research (CSIR), India
(MLP 5502, BSC 0116, and MLP 1201); the Swarnajayanti Fellowship; and the
Department of Science and Technology (DST), India. Research was supported by
grant GAP 0069 (Swarnajayanti Project) from the Department of Science and
Technology, Government of India, and grant MLP 5502 and BSC 0116 from the
Council of Scientific and Industrial Research, Government of India.

Disclosure of potential conflict of interest: B. Pattnaik, M. Bodas, N. K. Bhatraju, Tanveer
Ahmad, R. Pant, R. Guleria, and A. Agrawal have received grants from CSIR (India)
and DST (India). B. Ghosh has received grants from CSIR.

Received for publication July 13, 2015; revised October 13, 2015; accepted for publica-
tion November 13, 2015.

Corresponding author: Anurag Agrawal, MD, PhD, Molecular Immunogenetics
Laboratory, CSIR-Institute of Genomics & Integrative Biology, Mall Road, New
Delhi-110007. E-mail: a.agrawal @igib.in.

0091-6749/$36.00

© 2016 American Academy of Allergy, Asthma & Immunology

http://dx.doi.org/10.1016/j.jaci.2015.11.036

Delhi, India

the mitochondrial biogenesis factor, mitochondrial transcription
factor A.

Conclusion: We conclude that IL-4 promotes intracellular
ADMA accumulation, leading to mitochondrial loss through
oxo-nitrative stress and hypoxic response. This provides a novel
understanding of how obesity, with high ADMA levels, and
asthma, with high IL-4 levels, might potentiate each other and
highlights the potential of mitochondrial-targeted therapeutics
in obese subjects with asthma. (J Allergy Clin Immunol
2016;uEN; ENE-EEN,)

Key words: IL-4, ADMA, hypoxic response, mitochondrial tran-
scription factor A, mitochondria

Mitochondrial dysfunction is now considered an important
aspect of asthma pathogenesis. Mitochondrial dysfunction can
lead to asthma-like features, and transfer of healthy mitochondria
to airway epithelium leads to resolution of airway inflammation
and remodeling in mouse models of allergic asthma.'> We have
shown previously that increased asymmetric dimethylarginine
(ADMA) levels contribute to asthma pathogenesis through
oxo-nitrative stress.”* ADMA is generated endogenously during
the proteolysis of methylated proteins through the action of
protein arginine methyl transferases (PRMTs),” and increased
ADMA levels correlate with the pathophysiology of a variety of
diseases, including asthma.’” Increased ADMA production, high
inducible nitric oxide synthase (iNOS) levels, and increased
peroxynitrite ion formation are observed in the murine model of
allergic airway inflammation (AAI) resembling asthma,”® which
is also characterized by increased mitochondrial dysfunction, as
depicted by decreased mitochondrial activity and ATP
production.'” In mice with metabolic syndrome or obesity,
increased circulating or lung ADMA levels were associated
with airway hyperresponsiveness (AHR) in the absence of any
cellular inflammation.'" Ultrastructural evidence of mitochon-
drial pathology was seen in these models.'” Recently, ADMA
has been suggested to be a biomarker, as well as a therapeutic
target, in obese human subjects with asthma."”

Two important questions merit further consideration. How does
allergic inflammation lead to accumulation of ADMA? Does
accumulation of ADMA trigger any established cellular programs
that regulate mitochondrial function? Understanding this cross-
talk between classical inflammation, arginine metabolism, and
cellular bioenergetics is necessary for developing more effective
therapeutic strategies. This is an important health issue because of
the twin epidemics of obesity and asthma, with strong clinical
evidence of bidirectional links, as well as a combined obese
asthma phenotype that is often resistant to usual treatment.'*
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Abbreviations used
AALIL Allergic airway inflammation
ADMA: Asymmetric dimethylarginine
AHR: Airway hyperresponsiveness
DAB: Diaminobenzidine
DAPI: 4',6-Diamidino-2-phenylindole
DDAH: Dimethylarginine dimethylaminohydrolase
eNOS: Endothelial nitric oxide synthase
HFA: High fat
HFR: High fructose
HIF-1a: Hypoxia-inducible factor 1o
HRP: Horseradish peroxidase
iNOS: Inducible nitric oxide synthase
mtROS: Mitochondrial reactive oxygen species
OVA: Ovalbumin
PGC-1a: Peroxisome proliferator-activated receptor y coactivator lo
PRMT: Protein-arginine methyl transferase
ROS: Reactive oxygen species
TFAM: Mitochondrial transcription factor A

Previous reports have shown that IL-4, a well-known mediator
of allergic asthma, upregulates expression of protein arginine
methyl transferases (PRMTs), which leads to arginine methyl-
ation, an essential step in the formation of ADMA. 15:16 The effect
of IL-4 on dimethylarginine dimethylaminohydrolase (DDAH),
which degrades ADMA, is not known. DDAH-1 protein is
degraded by calpain, a calcium-dependent cysteine protease.'”'®
Calpain binding sites are also predicted to be present on DDAH-2
protein, which is found in airway epithelial cells (see the Methods
section). If IL-4 activates calpain-mediated proteolysis of
DDAH-2, it could synergize with upregulation of PRMT and
enhance the effects of ADMA.

We have previously reported that the airway epithelium in mice
with allergic inflammation shows marked upregulation of
hypoxia-inducible factor la (HIF-1a)."” Activated HIF-1a,
which is the primary effector of the hypoxic response, inhibits
transcription of peroxisome proliferator-activated receptor <y
coactivator la. (PGC-1a),”>?" which is the transcription factor
for mitochondrial transcription factor A (TFAM).>> TFAM is a
candidate gene responsible for mitochondrial biogenesis,z‘g’25
and loss of TFAM induces mitochondrial dysfunction.”® The
hypoxic response can be triggered in normoxic conditions by
oxidative stress.”’ Therefore we investigated whether IL-4
promotes intracellular ADMA accumulation through altered
expression of PRMT and DDAH, accentuating the cellular
hypoxic response and leading to the mitochondrial dysfunction
observed in asthmatic patients. This conceptual model integrates
allergic and metabolic aspects of asthma, corresponding to what is
increasingly seen in clinical practice.

METHODS

Cell culture

Human bronchial epithelial cells (BEAS2B) were purchased from the
American Type Culture Collection, cultured in bronchial epithelial cell growth
medium (Lonza, Basel, Switzerland) medium, and maintained at 37°C in a
humidified atmosphere with 5% CO,/95% air. The cytokines IL-4, IL-5,
IL-13, IL-1pB, and TNF-a were purchased from BD Biosciences (San Jose,
Calif) and used at 10, 10, 10, 2, and 20 ng/mL, respectively. Cells were first
stimulated with cytokines for 24 hours followed by ADMA at 100 pmol/L
(Cayman Chemicals, Ann Arbor, Mich) dose induction for another 24 hours.
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Measurement of mitochondrial reactive oxygen

species, peroxynitrite levels, and apoptosis

Reactive oxygen species (ROS) measurement was done by using a
mitochondrial-specific ROS measuring dye, MitoSOX red (Life Technologies,
Grand Island, NY). BEAS2B cells were grown in 6-well plates, and the
respective treatments were given. After 48 hours of induction, the cells were
stained with MitoSOX red for 15 minutes, and measurement was done
by using flow cytometry (BD FACSCalibur). For peroxynitrite ion
measurement, dihydrorhodamine 123 (Life Technologies) was used. Cells
were incubated with dihydrorhodamine 123 for 30 minutes and then analyzed
by means of flow cytometry. Apoptosis was measured in BEAS2B cells by
means of Annexin V (BD Biosciences) staining. After appropriate induction,
cells were incubated with Annexin V for 20 minutes, and fluorescence was
measured by using flow cytometry (BD FACSCalibur).

Measurement of mitochondrial shape and mass

Mitochondrial shape was checked by using mitochondrial green
fluorescent protein and mitochondrial red fluorescent protein (Life
Technologies). BEAS2B cells were grown in 6-well plates with cover slips,
and respective treatments were given. The cells were transfected with
mitochondrial green fluorescent protein and mitochondrial red fluorescent
protein for 16 hours. Then cells were fixed with 2% paraformaldehyde, and
4’ 6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, Calif) was
used for nuclear staining. The cells were viewed under a Leica DMI6000
microscope (Leica, Wetzlar, Germany) at X63 magnification. For
measurement of mitochondrial mass, BEAS2B cells were grown in 6-well
plates, and respective treatments were given. The cells were stained with
mitotracker green and mitotracker red for 15 minutes, and measurement was
done by using flow cytometry (BD FACSCalibur).

Flow cytometry

The number of iNOS-, endothelial nitric oxide synthase (eNOS)-, PGC-
la—, and TFAM-producing cells was quantified by means of flow cytometry in
IL-4 plus ADMA-treated BEAS2B cells. After induction of BEAS2B cells
with IL-4 and ADMA, cells were trypsinized and washed with PBS. These
cells were fixed with 2% paraformaldehyde for 15 minutes and then
permeabilized with 0.1% triton X100 (Sigma, St Louis, Mo) for another
15 minutes. Blocking was done with 1.5% FBS (Life Technologies), and then
cells were incubated with primary antibodies against iNOS, eNOS, PGC-1a,
and TFAM (rabbit polyclonal antibody; Abcam, Cambridge, United
Kingdom) and DDAH-2 (mouse mAb, Abcam) for 3 hours. Cells were then
washed with PBS and stained with anti-rabbit and anti mouse (donkey
anti-rabbit and donkey anti-mouse, respectively) secondary antibody
conjugated with Alexa Fluor 488 (Life Technologies). Cells were washed
and resuspended in PBS and subjected to flow cytometric analysis on a BD
FACSCalibur (BD Biosciences).

Immunofluorescence

BEAS2B cells were plated in duplicate chambers of a 6-well plate and
cultured in bronchial epithelial cell growth medium. After appropriate
induction, cells were fixed with 2% paraformaldehyde and permeabilized
with 0.1% Triton-X100 (Sigma). Blocking was done with 1.5% FBS. These
cells were labeled with primary antibodies against iNOS, eNOS, HIF-1a,
PGC-1a, and TFAM, followed by Alexa Fluor 488 (Life Technologies)—
conjugated secondary antibodies. DAPI (Invitrogen) was used for nuclear
staining. Cells were viewed under a Leica DMI6000 microscope at X63
magnification. Morphometry was performed by using Imagel] software
(National Institutes of Health, Bethesda, Md).

ELISA

Total cell lysate was prepared from human recombinant IL-4-treated
BEAS2B cells. Total ADMA levels were measured in the cell lysate and
supernatant by using an ELISA (ADMA ELISA kit; DLD Diagnostika,
Hamburg, Germany) and normalized to total protein content and supernatant
volume, respectively, as per the manufacturer’s protocol.
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Immunoblotting

Immunoblotting was done, as mentioned earlier.* Total or nuclear lysate
was prepared from BEAS2B cells after respective induction, run on 10%
SDS-PAGE, and then transferred onto a polyvinylidene difluoride membrane
(MDI, Ambala Cantt, India). Blots were incubated with primary mAbs for
PRMT-2, DDAH-2, HIF-1a,, TFAM and PGC-1a. Anti-rabbit or anti-mouse
secondary antibodies (Sigma) conjugated with horseradish peroxidase (HRP)
were used, and diaminobenzidine (DAB) along with H,O, was used as a sub-
strate. TATA-binding protein and a-tubulin were used as loading controls for
nuclear and total cell lysate, respectively (both from Santa Cruz Biotech-
nology, Dallas, Tex). Densitometry was performed with ImagelJ software.

Calcium assay

The intracellular calcium load was measured by using flow cytometry and
imaging. BEAS2B cells were treated with human recombinant IL-4 for
3 hours. Intracellular calcium was stained with Fluo-3AM for 15 minutes, and
measurement was done by using flow cytometry (BD FACSCalibur). In brief,
cells were grown on cover slips and given respective treatments followed by
Fluo-3AM staining for 15 minutes. Then the cells were fixed with 2%
paraformaldehyde, and DAPI (Invitrogen) was used for nuclear staining. Cells
were viewed under a Leica DMI6000 microscope at X63 magnification.

Calpain activity

Calpain activity was measured with a calpain activity assay kit (BioVision,
Mountain View, Calif). Cell lysate was prepared by using extraction buffer
after treatment of BEAS2B cells with human recombinant IL-4. Thirty
micrograms of protein was used, and calpain activity was measured according
to the manufacturer’s instructions.

Calpain site prediction

The calpain binding site in the DDAH-2 sequence was predicted by using a
multiple kernel learning algorithm—based online tool,”® which is available at
http://calpain.org.

Plasmid and transfection

HIF-1a small interfering RNA and TFAM-cDNA plasmid along with
untargeted scramble control and c¢cDNA plasmid were procured from
Dharmacon (Lafayette, Colo) and OriGene (Rockville, Md). Transfection
experiments were done in BEAS2B cells after respective induction with LTX
Plus (Invitrogen), X-tremeGENE transfection reagent (Roche, Basel,
Switzerland) per the manufacturer’s protocol.

Statistical analysis

Representative data are shown as means = SEMs of at least 3 experiments.
Variations in data between the different groups were tested by using a 2-tailed
unpaired ¢ test. A P value of less than .05 was considered significant.

RESULTS
IL-4 augments ADMA-induced mitochondrial ROS
and peroxynitrite levels

To better understand the cross-talk between IL-4 and ADMA,
we analyzed mitochondrial reactive oxygen species (mtROS) and
peroxynitrite ion formation in BEAS2B cells treated with
different cytokines that are known to play an important role in
airway disease (IL-5, IL-1f3, IL-13, TNF-a, and IL-4),29’3' either
alone or followed by exogenous ADMA addition after 24 hours
(Fig 1, A and B). When used at their standard published doses,
cytokines were not significantly different in their capacity to
induce mtROS or peroxynitrite by themselves, but a significant
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synergistic effect was seen for IL-4, followed by ADMA treat-
ment. Such a synergistic effect was also seen for TNF-a and
IL-13 but not for IL-5 or IL-13. Higher doses of IL-1, followed
by ADMA, led to greater induction of mtROS, but this was still
lower than the induction by IL-4 followed by ADMA (see Fig
El in this article’s Online Repository at www.jacionline.org).
Having confirmed that IL-4 and ADMA act synergistically in
inducing mtROS, we focused on the mechanisms of this
interaction. The temporal sequence in which ADMA and IL-4
were added was critical (Fig 2, A and B). ADMA added along
with IL-4 or before IL-4 did not lead to greater mtROS or
peroxynitrite production than ADMA alone, whereas ADMA
after IL-4 was about twice as effective (henceforth IL-4 plus
ADMA refers to this sequence). IL-4 plus ADMA treatment
caused alterations in mitochondrial shape (Fig 2, C; ie, an increase
in donut/blob-shaped mitochondria depicting dysfunctional
mitochondria).” This alteration in mitochondrial shape
correlated with a significant decrease in mitochondrial mass,
complex I/IV activity, ATP levels, and an increase in iNOS levels
and apoptosis of BEAS2B cells (Fig 2, C-E, and see Figs E2 and
E3 in this article’s Online Repository at www.jacionline.org). In
contrast, neither IL-4 nor ADMA had a notable effect when given
individually.

IL-4 alters ADMA metabolism

To determine whether IL-4 treatment might contribute to
alteration in ADMA metabolism, sensitizing the cell to
exogenous ADMA, we measured the effect of IL-4 on the known
airway epithelial ADMA-metabolizing enzymes PRMT-2
(synthesis) and DDAH-2 (degradation).4 IL-4 treatment in
BEAS2B cells led to significantly increased PRMT-2 and
diminished DDAH-2 expression (Fig 3, A-D). IL-4 administration
alone could induce a greater increase in intracellular ADMA
levels than treatment with exogenous ADMA. A marked
synergistic effect was observed for IL-4 plus ADMA treatment
(Fig 3, E). IL-4 also induced an increase in extracellular
ADMA levels in IL-4 plus ADMA-treated cells, confirming
that the observed differences in intracellular ADMA levels are
related to changes in ADMA degradation and not just partitioning
across compartments (Fig 3, F). Together, this fits a model in
which IL-4, by preventing ADMA degradation, sensitizes the
cell to external circulating ADMA. The mechanisms were inves-
tigated further.

IL-4 promotes calpain-mediated DDAH-2
degradation

An earlier report shows that IL-4 significantly increased
calpain activity in BEAS2B cells (Fig 4, A). This increase was
accompanied by an increase in intracellular calcium levels on
IL-4 treatment (Fig 4, B-D). Cotreatment with the calpain
inhibitor calpeptin-I prevented the IL-4—induced reduction in
DDAH-2 levels (Fig 4, E-G).

Intracellular ADMA accumulation triggers a hypoxic
response and alters expression of mitochondrial

turnover proteins
To determine whether the marked oxo-nitrative stress
associated with IL-4 plus ADMA is sufficient to induce the
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FIG 1. Treatment of BEAS2B cells with inflammatory cytokines followed by ADMA triggers oxo-nitrative
stress. A and B, mtROS and peroxynitrite ion formation in BEAS2B cells treated with different cytokines.
C and D, Treatment of BEAS2B cells with cytokines (IL-4, IL-5, IL-13, IL-18, and TNF-a) plus ADMA showed
a significant increase in mtROS and peroxynitrite ion formation, with the most prominent increase being in
the IL-4 plus ADMA group. Data represent means + SEs (n = 4). *P < .05. Cont, Control; RFU, relative

fluorescence units.

hypoxic response despite normoxic conditions, we measured
HIF-1a expression in BEAS2B cells. IL-4 plus ADMA treatment
led to a significant multifold increase in HIF-la expression
compared with vehicle treatment (Fig 5, A-D). The increased
hypoxic response in IL-4 plus ADMA-treated cells was
associated with significantly decreased PGC-la and TFAM
expression (Fig 5, E-J). To determine whether the observed
changes in cultured airway epithelial cells were relevant to
diseased lungs, we measured IL-4, ADMA, HIF-1a, and TFAM
expression in lungs of mice with diet-induced metabolic
syndrome (high-fructose [HFR] and high-fat [HFA] diet—fed
mice) and AAI (ovalbumin [OVA]-treated mice) (see the
Methods section in this article’s Online Repository at www.
jacionline.org). Each of the models, whether diet or allergen
induced, showed increased IL-4, ADMA, and HIF-la and
diminished TFAM expression (see Figs E4 and E5, and the
Methods section in this article’s Online Repository at www.
jacionline.org).

Pharmacologic inhibition of iNOS or HIF-1«
knockdown partially inhibits IL-4 plus ADMA-
induced mitotoxicity

We next determined whether attenuation of oxo-nitrative
stress through iNOS inhibition could restore the IL-4 plus
ADMA-mediated decrease in mitochondrial mass. Pharmaco-
logic inhibition of iNOS by 1400W was modestly effective in
attenuating the IL-4 plus ADMA-induced decrease in mito-
chondrial mass (Fig 6, A) whereas external induction of
peroxynitrite was sufficient to induce a decrease in mitochondrial

mass (Fig 6, B). HIF-1a knockdown also attenuated IL-4 plus
ADMA/peroxynitrite—-mediated inhibition of mitochondrial
mass (Fig 6, B, and see Fig E6 in this article’s Online Repository
at www.jacionline.org). This was associated with partial
restoration of PGC-la and TFAM expression in IL-4 plus
ADMA- or peroxynitrite-treated cells (Fig 6, C and D).

TFAM overexpression inhibits IL-4 plus ADMA-
induced mitotoxicity

We next overexpressed TFAM (see the Methods section in this
article’s Online Repository) in IL-4 plus ADMA-treated
BEAS2B cells (see Figs E7 and ES8 in this article’s Online
Repository at www.jacionline.org) to determine whether restoring
normal TFAM levels would reverse the IL-4 plus ADMA-
mediated mitochondrial injury. Overexpression of TFAM in-
hibited IL-4 plus ADMA-mediated decrease in mitochondrial
complex I and IV activity and ATP production (see Fig ES,
A-C). Normal mitochondrial shape and mass were restored in
TFAM-overexpressing IL-4 plus ADMA-treated cells (Fig 6, E
and F). IL-4 plus ADMA-induced decrease in mitochondrial
membrane potential and cytochrome c leakage were significantly
inhibited by TFAM overexpression, and mtROS levels were
restored to normal (see the Methods section in this article’s Online
Repository and Figs E7, G and H, and E8, D and F).

DISCUSSION
There is emerging evidence of the important role of ADMA in
the pathogenesis of cardiometabolic and chronic lung diseases,
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FIG 2. IL-4 plus ADMA treatment causes mitochondrial dysfunction and apoptosis in BEAS2B cells.
Increased mtROS levels and peroxynitrite ion formation were measured in BEAS2B cells treated with IL-4,
ADMA, or both in different treatment sequences. A and B, IL-4 followed by ADMA had a severe effect on
mitochondrial dysfunction. C, Donut-shaped mitochondria were observed in IL-4 plus ADMA-treated
BEAS2B cells stained with mitochondrial green fluorescent protein plasmid (magnification Xx63).
Scale 20 pm. D, Decrease in mitochondrial mass (mitotracker green staining) was observed in
BEAS2B cells treated with IL-4 plus ADMA by using flow cytometry. E, IL-4 plus ADMA-induced apoptosis
(Annexin V) in BEAS2B cells was measured by using flow cytometry. Data represent means + SEs (n = 3).

*P < .05. Cont, Control; MFI, geometric mean fluorescence intensity.

providing a mechanistic basis to the earlier observations of a
bidirectional relationship between obesity and asthma.’***
Here, for the first time, we show that IL-4 promotes ADMA
accumulation. This promotes oxo-nitrative stress and hypoxic
response, which is further associated with reduced expression
of mitochondrial biogenesis factors, especially TFAM, in
cultured airway epithelial cells. These changes are mirrored
in lungs of mice with either metabolic syndrome or allergic

inflammation, further confirming the strong mechanistic links
between cardiometabolic and lung disease.

The role of ADMA in asthma is well studied. We have
previously reported increased ADMA levels in the lungs and
sera of mice with AAL” Increase in ADMA levels correlated with
increased mitochondrial oxo-nitrative stress in the lung and
strategies to reduce ADMA attenuated airway inflammation and
remodeling.**>>’ Expression of PRMT and DDAH, which



6 PATTNAIKET AL

Lo s |PRMT

Cont 1L-4
c
S s | ppDAH-2
I-Ia-Tubulin
Cont 1L-4
E
800
2 %k
S
22 600
=3
¥ o
@ o
= £ 400 N
gz
£ _g 200
2 N
a 0
< Cont IL-4 ADMA IL-4+

J ALLERGY CLIN IMMUNOL
mmm 2016

B _
=
£ 08 *
=
£ 0.6
S 3
ES 0.4
2
&3 02
«
g
> 0
Z Cont IL-4
D
E 08
=
= 06
T
-]
= o 04 *
< =
2%
/N 0.2
=
E
Z Cont IL-4

F

S 300 %
A
= =
= °
2 E 200
=ld

=
S5 100
a s
< 3

g' 0

Cont IL-4

ADMA

FIG 3. IL-4 causes accumulation of ADMA through increased expression of PRMT-2 and decreased
expression of DDAH-2. Expression of PRMT-2 was increased (A and B) and expression of DDAH-2 was
decreased (C and D) in IL-4-treated BEAS2B cells. Levels of extracellular and intracellular ADMA were
measured in culture supernantant and total cell lysate of IL-4-treated BEAS2B cells, respectively (E and
F). BEAS2B cells accumulated more ADMA in IL-4-treated followed by ADMA-treated conditions. Data repre-
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Control.

mediate ADMA synthesis and degradation, respectively, is known
to be altered in asthmatic patients, and overexpression of DDAH
attenuates asthma features in experimental models."” Sun et al'”
have previously shown that IL-4 induces PRMT]1 in a rat model
of asthma but did not investigate its effects on ADMA or its
downstream effects. The interplay between IL-4 and DDAH has
not been reported previously. In this context our finding that
IL-4 increases PRMT, reduces DDAH, and multiplies manifold
the mitotoxic effects of additional ADMA exposure gains
significance. We propose that a complex interplay between in-
flammatory cytokines might exist in vivo, which could
modulate the PRMT-ADMA-DDAH axis, leading to abnormally

high intracellular ADMA levels and mitotoxicity. Our in vitro
data using BEAS2B cells reveal that IL-4 has a pronounced
deleterious effect on mitochondrial health in the presence of
exogenously added ADMA (Figs 1, C and D, and 2). Although
comparable effects were also seen for TNF-a and IL-13, IL-13
can bind to IL-4 receptor, and TNF-a was previously shown to
induce mitotoxicity. We chose to add exogenous ADMA in our
in vitro experiments to mimic the in vivo effects of increased
ADMA levels in multiple body fluids, ranging from blood to
exhaled breath condensate.'' This also mimics the cross-talk
between metabolic syndrome with increased circulating ADMA
levels and allergic lung inflammation. Although IL-4 signaling
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is known to induce total ROS,® it was not sufficient to induce
mtROS alone in our model (Fig 1, A and B). This might be
because IL-4—-induced ROS is generated through cell mem-
brane—localized NOX-1/5-mediated systems that are not
predominant in the mtROS-generating machinery. By altering
the sequence of IL-4 and ADMA addition, we found that pretreat-
ment with IL-4 followed by exogenous ADMA treatment led to a
much greater increase in mtROS and peroxynitrite levels than
other combinations (Fig 2, A and B). Intracellular ADMA levels
after exogenous ADMA exposure were about 5-fold higher in
IL-4—pretreated cells. Because intracellular ADMA levels were

not increased by exogenous ADMA, in the absence of IL-4 treat-
ment (Fig 3, E, third bar), it can be inferred that under normal con-
ditions, ADMA is rapidly degraded inside cells. Importantly,
intracellular and extracellular ADMA levels were 2-fold
increased by IL-4 in the absence of any ADMA treatment
(Fig 3, E and F). Thus the combined effect of IL-4 and exogenous
ADMA on intracellular ADMA is highly synergistic, related to
ADMA metabolism, and not simply due to entry of exogenous
ADMA. We have shown in lungs that intracellular ADMA is
synthesized by PRMT-2 and degraded by DDAH-2," although
other isoforms regulate ADMA metabolism in other systems.*”*’
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FIG 5. BEAS2B cells treated with IL-4 plus ADMA show an increase in hypoxic response and diminished
mitochondrial biogenesis factors. A and B, Increased expression of HIF-1a in BEAS2B cells treated with IL-4
plus ADMA (immunocytochemistry). C-J, IL-4 plus ADMA treatment significantly increased HIF-1a protein
expression (Fig 5, C and D), conversely decreasing PGC-1a and TFAM expression (Fig 5, E-J). Fig 5, F,
presents the summary data of immunocytochemical imaging, and Fig 5, / and J, summarize the Western
blot data (magnification X63). Scale = 20 pm. These data imply that IL-4 plus ADMA treatment inhibits
mitochondrial biogenesis through the Hif-1a-PGC-1a-TFAM signaling axis. Data represent means * SEs
(n = 3). *P <.05. Cont, Control.
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FIG 6. Pharmacologic inhibition of iNOS or HIF-1a knockdown (HIF-1a") could not attenuate mitochon-
drial functions. A, IL-4 plus ADMA-mediated decrease in mitochondrial mass was partially rescued by phar-
macologic inhibition of INOS (by 1400W). B, HIF-1a knockdown partially restored mitochondrial mass in IL-4
plus ADMA-induced BEAS2B cells. C and D, IL-4 plus ADMA- or peroxynitrite-induced decrease in PGC-1a
and TFAM expression is partially restored by HIF-1a knockdown. E and F, IL-4 plus ADMA-induced
alterations in mitochondrial shape (Fig 6, E) and mass (Fig 6, F) are significantly restored by TFAM
overexpression (TFAM®°V®"). Data represent means + SEs (n = 5). *P < .05. MFI, Geometric mean fluores-
cence intensity; Per 100, Peroxynitrite; Scram, scrambled small interfering RNA.

Here, IL-4 significantly increased PRMT-2 and decreased
DDAH-2 expression in BEAS2B cells (Fig 3). Therefore we infer
that IL-4 inhibits ADMA degradation capacity of airway
epithelial cells by reducing DDAH-2 and thereby makes them
more susceptible to exogenous ADMA-induced oxo-nitrative
stress and mitotoxicity. To further elucidate the mechanism

of IL-4-mediated degradation of DDAH-2, we quantified
DDAH-2 RNA levels after IL-4 treatment, which remained
unchanged (data not shown). We next verified whether IL-4
posttranslationally modulates DDAH-2 levels. An earlier report
states that DDAH-1 (another isoform of DDAH) is degraded by
calpain, a calcium-dependent cysteine protease.”’ Further
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FIG 7. Schematic showing the mechanism of IL-4-mediated intracellular ADMA accumulation. Binding of
IL-4 to IL-4 receptor leads to increased PRMT-2 expression and decreased DDAH-2 expression through
calpain activation. Thus ADMA starts accumulating in the epithelial cells. Exogenous ADMA generated
because of the complex interplay of inflammatory cytokines enters the epithelial cells, but its degradation
machinery is hampered, thus further exaggerating the ADMA levels. This overaccumulation of ADMA
causes oxo-nitrative stress and leads to hypoxic response and HIF-1a activation in the nucleus. Activated
HIF-1a decreases mitochondrial biogenesis by the HIF-1a—PGC-1a-TFAM axis. Moreover, oxo-nitrative
stress can also directly cause mitochondrial injury, and mitochondrial biogenesis is also diminished in the
cell. This collectively leads to alteration of mitochondrial turnover and eventually cell death.

bioinformatic analysis with an online prediction tool (http://
calpain.org) based on a multiple kernel learning algorithm28
revealed a number of potential amino acid residues in DDAH-2
susceptible to calpain-mediated cleavage. Experimental
validation proved that IL-4 increases calpain activity in
BEAS2B cells (Fig 4, A), which is known to act through an in-
crease in intracellular calcium levels, as depicted in Fig 4, B-D.
Calpeptin-I, a calpain inhibitor, was able to block the IL-4—
mediated degradation of DDAH-2 (Fig 4, E-G). Although
DDAH-1 is generally described as the major DDAH isoform
that regulates ADMA levels,*” the role of DDAH-2 in modulating

ADMA degradation has been documented in patients with lung
disease.”” We focused on DDAH-2 based on our previous findings
in a murine model of AAL"

We further extended our study to evaluate the role of IL-4 plus
ADMA treatment in induction of the hypoxic response. The
mechanism by which a hypoxic response can develop even in
normoxic conditions and its relevance to allergic asthma have
been previously discussed.'® A modest hypoxic response can
have protective effects on airway epithelial cells, whereas an
exaggerated response might be highly deleterious and
proasthmatic.'® We found that IL-4 plus ADMA treatment leads
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to induction of HIF-1a (Fig 5, A-D), a key transcription factor
regulating the hypoxic response. To determine the in vivo
relevance, we measured IL-4, ADMA, HIF-la, and TFAM
expression in lungs of mice with diet-induced metabolic
syndrome (HFR and HFA diet-fed mice) and AAI (OVA-treated
mice). Interestingly, each of these showed increased IL-4,
ADMA, and HIF-la and diminished TFAM expression (see
Figs E4 and E5). We have recently shown that an HFR diet in
mice leads to AHR and peribronchial collagen deposition.''
Previously, we found exaggerated peribronchial collagen
deposition in mice with experimentally induced exuberant
hypoxic response'’ and recently showed that airway epithelial
mitochondrial health importantly determines myofibroblast
proliferation.” Putting this disparate evidence together, we
speculate that airway epithelium is susceptible to ADMA-
induced hypoxic response and that this drives airway remodeling
in metabolic models of AHR through direct and/or mitochondrial
effects. We do not believe that there is true hypoxia in airway
epithelial cells of such mice because they have normal
tidal volumes and respiratory rates during single-chamber
plethysmography, as well as near-normal baseline airway
resistance, suggesting patency of the major airways. The effect
of ADMA and IL-4 in mice with a genetically impaired hypoxic
response is not known but merits exploration. The requirement of
HIF-1ae for proper lung maturation makes this technically
complex.

The observed mitotoxicity in our model cannot be entirely
attributed to either hypoxic response or oxo-nitrative stress. First,
HIF-1a is shown to mediate mitochondrial dysfunction, mainly
by altering mitochondrial functions but not shape and integrity, **
as seen by us.

Second, our rescue experiments with iNOS inhibitor (1400W)
and HIF-la knockdown were only modestly effective in
recovering the IL-4 plus ADMA-induced decrease in mitochon-
drial mass (Fig 6, A and B) and, similarly, the levels of PGC-1a
and TFAM (Fig 6, C and D). The rescue might have been
improved by simultaneously targeting HIF-1a and oxo-nitrative
stress. However, previous studies have shown that overexpression
of TFAM alone is sufficient to improve mitochondrial biogenesis
and reduce oxidative stress—mediated mitochondrial damage.*
Therefore we used TFAM overexpression as a strategy to rescue
the IL-4 plus ADMA-mediated mitochondrial turnover. TFAM
overexpression significantly restored mitochondrial mass
and function in comparison with HIF-1a knockdown or 1400W
(Fig 6 and see Fig ES).

Taken together, our results suggest that intracellular ADMA
accumulation, when ADMA and 1L-4 levels are both increased,
causes airway epithelial injury and remodeling (Fig 7). We
speculate that this contributes to the pathogenesis of
difficult-to-treat allergic asthma in obese patients. Exposure to
IL-4 sensitizes airway epithelial cells to ADMA exposure
because of calpain-mediated degradation of DDAH-2, an
ADMA-catabolizing enzyme. ADMA induces mitotoxicity
through multiple mechanisms, including oxidative stress—
mediated HIF-la  upregulation causing mitochondrial
dysfunction and downregulation of PGC-1a and TFAM, critical
factors associated with mitochondrial biogenesis. Restoration of
TFAM returned mitochondrial health to near-normal levels.
Eriocitrin, a compound isolated from lemons, is shown to increase
TFAM expression and ATP production and can be tested in
experimental models of metabolic syndrome and asthma.*®
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Key messages

o IL-4 promotes accumulation of ADMA in lung cells and
potentiates ADMA-related mitochondrial toxicity.

o In the presence of IL-4, ADMA potently leads to oxo-

nitrative stress—induced hypoxic response in the airway
epithelium despite normoxic conditions.

o The hypoxic response is associated with mitochondrial
loss and can be reversed by overexpression of mitochon-
drial biogenesis factors, such as TFAM.
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METHODS
Development of an in vivo model of metabolic

syndrome

C57BL/6 mice (4-5 weeks old) were obtained from the National Institute of
Nutrition (Hyderabad, India) and acclimatized for a week before the start of
the experiments. All animals were maintained per Committee for the Purpose
of Control and Supervision of Experiments on Animals guidelines, and
protocols were approved by the institutional animal ethics committee. After
1 week of acclimatization, the mice were separated into 3 groups (n = 6) based
on the diets they would be provided, namely control, HFA, and HFR groups,
and were housed in individually ventilated cages (25°C = 2°C and 50%
humidity and 12/12-hour dark/light cycle) with enrichment facilities. The
control mice had free access to standard rodent chow (5.5% fat and nil refined
fructose). HFA mice had a high-fat diet, with 60% of energy from fat, and HFR
mice had an HFR diet, with 70% energy from fructose. Mice were kept on this
diet for 18 weeks and killed for collection of lung tissue. The HFA and HFR
diets were obtained from Research Diet (New Brunswick, NJ).

Development of an in vivo model of allergic asthma

Male BALB/c mice (8-10 weeks old) were obtained from the National
Institute of Nutrition and acclimatized for 1 week, according to animal ethics
guidelines provided by the institute animal ethical committee. Mice were
divided into 2 groups: sensitization/challenge (sham/PBS [normal control
animals]) and OVA/OVA (chicken egg OVA, grade V; Sigma-Aldrich,
St Louis, Mo). An allergic asthmatic mice model was developed, as described
previously.™!

Immunohistochemistry

Formalin-fixed, paraffin-embedded lung tissue sections were prepared for
immunohistochemical analysis. Sections were stained with the primary
antibodies for HIF-1aw (mouse mAb, Abcam) and TFAM (rabbit polyclonal,
Abcam), followed by HRP-conjugated secondary antibodies (Bang Genei).
The signal was detected by using DAB (Sigma), and hematoxylin was used as
a counterstain.

Immunoblotting

Immunoblotting was done, as mentioned earlier.”” Total cell lysate and
cytosolic fractions were prepared from BEAS2B cells and run on 10%
SDS-PAGE, followed by transfer onto a polyvinylidene difluoride membrane
(MDI). The blots were incubated with a primary mAb for HIF-1a, TFAM, and
cytochrome c, respectively. Anti-rabbit or anti-mouse secondary antibodies
(Sigma) conjugated with HRP were used, and DAB along with H,O, was
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used as a substrate. a-Tubulin was used as loading controls for total cell lysate
and cytosolic fractions, respectively (both from Santa Cruz Biotechnology).

ELISA

Total lung lysate was prepared from the AAI and metabolic syndrome
murine models (HFA and HFR). Total ADMA levels were measured in the
lung lysate by means of ELISA and normalized to total protein content, per the
manufacturer’s protocol (DLD Diagnostika).

ATP measurement

The ATP assay was measured with the ATP Bioluminescence Assay Kit
(Sigma or Invitrogen), according to the manufacturer’s instructions. Briefly,
100 pg/mL total cell lysate of BEAS2B cells was prepared and used for the
assay, and measurements were taken with a Bioluminometer (Berthold AG
model). The amount of bioluminescent signal was recorded and expressed as
relative light units.

Measurement of complex | and IV activity

Mitochondrial protein extraction was done, and total mitochondrial
protein was used for measurement of complex I and complex IV activity
(Sigma-Aldrich), as described earlier.”

Measurement of mitochondrial membrane

potential

Mitochondrial membrane potential was measured by using JC-1 staining.
BEAS2B cells, treated with IL-4 plus ADMA alone, or IL-4 plus ADMA
followed by TFAM overexpression, were stained with JC-1 (Life Technolo-
gies) for 15 minutes and measured by using flow cytometry (BD
FACSCalibur).
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FIG E1. IL-1B, followed by ADMA, leads to dose-dependent induction of
mtROS but is less potent than IL-4 followed by ADMA. A and B, mtROS and
peroxynitrite ion formation in BEAS2B cells treated with different doses of
IL-18 followed by ADMA and IL-4 followed by ADMA. Treatment of
BEAS2B cells with different doses of IL-18 (2, 5, and 10 ng) plus ADMA
showed an increase in mtROS and peroxynitrite ion formation in a
dose-dependent manner. However, the most prominent increase was
found in the IL-4 plus ADMA group. Data represent means = SEs (n = 3).

*P < .05. Cont, Control; RFU, relative fluorescence units.
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FIG E2. Altered mitochondrial functions in IL-4 plus ADMA-treated BEAS2B cells. significant decreases in
mitochondrial complex | (A), complex IV (B), and ATP (C) levels in BEAS2B cells treated with IL-4 plus ADMA
were shown. Data represent means + SEs (n = 3). ¥*P<.05. Mito, Mitochondrial extract; TCL, total cell lysate.
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FIG E3. IL-4 plus ADMA treatment leads to iNOS activation. A and B, A significant increase in iNOS (Fig E3,
A) but not eNOS (Fig E3, B) levels is observed in BEAS2B cells induced with IL-4 plus ADMA. Treatment with
IL-4 plus ADMA shows a significant increase in nuclear translocation of iNOS but not eNOS (magnification
x63) (C) and the total fluorescence intensity of the images was determined and quantified (D).
Scale = 20 pm. Data represent mean = SE (n = 3). *P < .05.
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FIG E4. Increased HIF-1a and decreased TFAM expression correlate with augmented ADMA production in
murine model of metabolic syndrome. A and B, IL-4 and ADMA levels were measured in total lung lysates of
HFA/HFR mice. C and D, Expression of HIF-1a and TFAM in lung sections, respectively. E and G, Immuno-
blots for HIF-1a in nuclear extract, and TFAM in total lung lysate of mice fed an HFA and HFR diet compared
with control mice. Parts F and H summarize the immunoblots, magnification X20. Scale = 20 pm. Data
represent mean * SE (n = 6). Br, Bronchi; Cont, control; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; TBP, TATA-binding protein. *P < .05.
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Increased HIF-1a and decreased TFAM expression correlate with augmented ADMA productionin a

mouse model of AAI. A and B, Increased IL-4 and ADMA levels were measured in total lung lysates of
OVA-challenged mice. C and D, Expression of HIF-1a and TFAM in lung sections, respectively. E, Immuno-
blots for HIF-1a and TFAM in total lung lysates of allergic asthmatic mice. Parts F and H summarize the
immunoblot data. The data from Fig E5, C-G, indicate that a significant increase in HIF-1a correlates with
decreased TFAM expression (magnification X20). Scale = 20 um. Data represent means = SEs (n = 6).
*P < .05. Br, Bronchi TLP, total lung protein.
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FIG E6. Validation of HIF-1a knockdown. HIF-1a knockdown (HIF-10%"%) was validated by means of immu-
nocytochemistry (A) and immunoblotting with HIF-1a antibody (C). The fluorescence intensity of the images
and the densitometry of the bands in the immunoblot were determined and quantified in B and D respec-
tively. It was significantly suppressed after transfection of small interfering RNA compared with induced
conditions. Data represent mean = SE (n = 3). *P < .05. TBP, TATA-binding protein.
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FIG E7. Validation of TFAM overexpression. A-F, TFAM overexpression (TFAM®'®") was confirmed by
means of immunocytochemistry and immunoblotting with TFAM antibody. G and H, TFAM expression
was significantly increased after transfection of cDNA plasmid compared with induced conditions. We
further checked the mtROS, which was found to be decreased in TFAM-overexpressed conditions. Data
represent means + SEs (n = 3). *P < .05, as compared to control and **P < .05, as compared to IL-4 plus
ADMA. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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FIG E8. TFAM overexpression restored mitochondrial biogenesis and hence function. A and B, TFAM
overexpression restored IL-4 plus ADMA-induced decrease in mitochondrial complex l/IV activity in
BEAS2B cells. C and D, IL-4 plus ADMA treatment leads to decreased ATP levels (Fig E8, C) and
mitochondrial membrane potential (JC-1 staining) that was significantly restored by TFAM overexpression
(Fig E8, D). E and F, Immunoblotting for cytochrome c in cytosolic extract confirmed that overexpression of
TFAM restored cytochrome ¢ (Cyto c) release from mitochondria. Data represent means + SEs (n = 5).
*P < .05. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; Cyto C, cytochrome C; Mito, mitochondrial
extract; TCL, total cell lysate.



	IL-4 promotes asymmetric dimethylarginine accumulation, oxo-nitrative stress, and hypoxic response–induced mitochondrial lo ...
	Methods
	Cell culture
	Measurement of mitochondrial reactive oxygen species, peroxynitrite levels, and apoptosis
	Measurement of mitochondrial shape and mass
	Flow cytometry
	Immunofluorescence
	ELISA
	Immunoblotting
	Calcium assay
	Calpain activity
	Calpain site prediction
	Plasmid and transfection
	Statistical analysis

	Results
	IL-4 augments ADMA-induced mitochondrial ROS and peroxynitrite levels
	IL-4 alters ADMA metabolism
	IL-4 promotes calpain-mediated DDAH-2 degradation
	Intracellular ADMA accumulation triggers a hypoxic response and alters expression of mitochondrial turnover proteins
	Pharmacologic inhibition of iNOS or HIF-1α knockdown partially inhibits IL-4 plus ADMA–induced mitotoxicity
	TFAM overexpression inhibits IL-4 plus ADMA–induced mitotoxicity

	Discussion
	References
	Methods
	Development of an in vivo model of metabolic syndrome
	Development of an in vivo model of allergic asthma
	Immunohistochemistry
	Immunoblotting
	ELISA
	ATP measurement
	Measurement of complex I and IV activity
	Measurement of mitochondrial membrane potential

	References


