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Abstract

Apoptosis signal-regulating kinase 1 (ASK1), a member of the MAPK kinase kinase kinase
(MAP3K) family, is activated by various stimuli, which include oxidative stress, endoplasmic
reticulum (ER) stress, calcium influx, DNA damage-inducing agents and receptor-mediated
signaling through tumor necrosis factor receptor (TNFR). Inspiration of a high concentration
of oxygen is a palliative therapy which counteracts hypoxemia caused by acute lung injury
(ALI)-induced pulmonary edema. However, animal experiments so far have shown that
hyperoxia itself could exacerbate ALI through reactive oxygen species (ROS). Our previous
data indicates that ASK1 plays a pivotal role in hyperoxia-induced acute lung injury (HALI).
However, it is unclear whether or not deletion of ASK1 in vivo protects against HALL. In this
study, we investigated whether ASK1 deletion would lead to attenuation of HALI. Our
results show that ASK1 deletion in vivo significantly suppresses hyperoxia-induced eleva-
tion of inflammatory cytokines (i.e. IL-13 and TNF-a), cell apoptosis in the lung, and recruit-
ment of immune cells. In summary, the results from the study suggest that deletion of ASK1
in mice significantly inhibits hyperoxic lung injury.

Introduction

Acute lung injury (ALI) is a major clinical issue in the United States and is characterized by dif-
fuse alveolar damage due to acute inflammation [1-3]. ALI-associated inflammatory response
includes elevation of proinflammatory cytokines, immune cell infiltration, and pulmonary
edema. High concentration oxygen therapy is an essential therapeutic remedy to offset hypox-
emia caused by cardiovascular and pulmonary diseases such as ALI [4]. However, prolonged
delivery of high concentrations of oxygen is suspected to exacerbate ALI in critically ill patients
[5]. Additionally, animal experiments so far have shown that hyperoxia itself could trigger
pathological conditions similar to ALI [6]. Thus, hyperoxia-induced acute lung injury (HALI)
has been one of the most widely used animal models for studying ALL There are several ALI
models that have been widely used including HALI. Ventilator-induced ALI model has been
another major tool to study the pathogenesis of ALI even though it requires large tidal volumes
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to evoke clinically relevant ALI [7]. While different animal models indicate the involvement of
oxidative stress in ALI pathogenesis, the precise molecular mechanisms by which oxidative
stress activates lung inflammation is not fully elucidated.

Apoptosis signal-regulating kinase-1 (ASK1) is a member of the mitogen-activated protein
kinase kinase kinase (MAPKs) group and is necessary for ROS induced cell death and inflam-
mation [8]. ASK1 is prompted by many types of stimuli which include oxidative stress, calcium
influx, endoplasmic reticulum (ER) stress, DNA damage-inducing agents, and receptor-medi-
ated signaling through tumor necrosis factor receptor (TNFR) [8]. Recent studies suggest the
possibility that inhibitors of ASK1 have potential benefits in the management of ALI [9,10] and
that ASK1 is considerably activated and involved in HALI [11]. ASK1-deficient cells were also
shown to have decreased inflammatory response through reduced activation and production of
proinflammatory cytokines such as interleukin (IL)-1f, IL-6, and TNF-o [12]. Although these
studies indicate the involvement of ASK1 in oxidative and cellular stress, the overall explora-
tion of ASK1 in lungs and HALI has been minute. In our previous investigation, data indicates
that ASK1 expression plays an important role in HALI [13]. However, it is unclear whether or
not deletion of ASK1 in vivo protects against HALIL Therefore, in this study, we investigated
whether ASK1 deletion would lead to attenuation of HALI by assessment of apoptosis in lung
epithelial cells as well as immune cells in airspace, immune cell recruitment, and levels of pro-
inflammatory cytokines.

Results

Hyperoxia-induced lung epithelial apoptosis is attenuated in ASK1 KO
mice

To evaluate the effect of ASK1 deletion on histopathological findings of the mouse lungs
exposed to hyperoxia, we evaluated H&E-stained lung sections. WT lungs exposed to 24 h of
hyperoxia exhibit a slight thickening of bronchiolar epithelium compared to normoxic lungs
(Fig 1A & 1C). This hyperoxia-induced morphological alteration was also seen in ASK1 KO
lungs (Fig 1B & 1D) and there was no significant difference between hyperoxic WT and ASK1
KO lungs regarding the histopathological severity (Fig 1C & 1D). Histopathological evaluation
of H&E-stained lung sections was performed on WT and ASK1 KO mice exposed to 48-72 h
of hyperoxia. However, no significant difference was found between WT and ASK1 lungs either
(data not shown).

Lung epithelial cell apoptosis and necrosis is one of the key features of hyperoxia-induced
lung injury [14,15]. ASK1 is induced by hyperoxic insult, and this induction is a key event in
hyperoxia-induced apoptosis [11]. To assess the direct effect of ASK1 deletion on cellular apo-
ptosis in the lung, we detected DNA fragmentation by TUNEL staining using tissue sections
from WT and ASK1 KO mice exposed to 24 h of hyperoxia, as well as WT and ASK1 KO room
air controls. The results show that cell apoptosis in lung epithelium was attenuated in ASK1
KO mice (arrows in Fig 1L) compared to WT controls (arrows in Fig 1K). These results suggest
that ASK1 plays a critical role in hyperoxia-induced lung epithelial apoptosis, which is consis-
tent with previous reports [7]. Note that the protective role of ASK1 against hyperoxia-induced
cell apoptosis in the lung tissue as assessed by TUNEL staining was most remarkable at 24 h of
hyperoxia, but not at late time points (data not shown). These apparently inconsistent results
can be reconciled by the explanations that (1) cells undergoing apoptosis in most tissues are
immediately cleared by phagocytes and become histologically undetectable within 1-2 h [16]
and that (2) different types of cell death including apoptosis and necrosis occurs in lung epithe-
lial cells under prolonged hyperoxic insult [15]. Our studies utilizing TUNEL assay coupled
with morphological analysis using transmission electron microscopy (TEM) indicate that
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Fig 1. Hyperoxia-induced apoptosis of lung epithelial cells is attenuated in ASK1 KO mice. WT and ASK1 KO mice (n = 4 per each group) were
exposed to room air or 100% O, for 24 h. Whole lungs were formalin-fixed, paraffin-embedded and thin sliced sections were subjected to H&E or TUNEL
staining. Representative photomicrographs of H&E-stained (A-D) and TUNEL-stained (E-L) lung tissue sections are shown. Labeled boxes (I-L) correspond
to their respective enlarged images. Arrows denote brown signals or fragmented DNA, indicating cells undergoing apoptosis. Magnification (A-D): 40X;

(E-H): 100X; (I-L): 200X.

doi:10.1371/journal.pone.0147652.g001

apoptosis is not predominantly seen in alveolar epithelium of the lungs from mice exposed to
prolonged hyperoxia (data not shown).

Deficiency of ASK1 in mice inhibits hyperoxia-induced alteration and
increase of apoptotic macrophages

The influence of ASK1 deletion on alveolar macrophages under hyperoxic condition is not
fully understood, especially their viability and/or apoptosis. We investigated the effects of
ASKI1 deletion on morphology and apoptosis of alveolar macrophages using WT and ASK1
KO mice exposed to 24h of hyperoxia. We chose this early time point because 24h was the opti-
mized length of hyperoxic exposure in which we could distinguish morphological alteration of
macrophages, and yet cytokine elevation and recruitment of other immune cell types in the air-
space was minimal. Thus, it was simple to assess the immediate effects of ASK1 deletion on the
behaviors of alveolar macrophages under hyperoxic insult. Diff-Quik stained BAL fluid cells
from WT mice exposed to 24h of hyperoxia showed predominance of relatively large and
round mononuclear cells which are considered to be relatively intact macrophages (Fig 2C).
Meanwhile, some cells displayed abnormal appearance with shrinking of cytoplasm, a morpho-
logical feature of apoptotic cells (arrows in Fig 2C). This morphological abnormality was more
apparent in the BAL fluid cells of WT mice exposed to longer periods of hyperoxia (data not
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Fig 2. Hyperoxia-induced morphological alteration of alveolar macrophages is inhibited in ASK1 KO
mice. Bronchoalveolar lavage (BAL) fluid was collected from WT and ASK1 KO mice (n = 4 per each group)
exposed to room air or 100% O, for 24 h (A-C). Photomicrographs show representative images of Diff-Quik
stained BAL fluid cells. All cells shown here are mononuclear and have a relatively large cytoplasmic space,
suggesting that these cells are macrophages or macrophage-committed mononuclear cells that were

recruited to the lung airspace. Arrows denote macrophages with shrinking of cytoplasm. Magnification (A, B,
& C): 400X.

doi:10.1371/journal.pone.0147652.g002

shown). Remarkably, BAL fluid cells from ASK1 KO mice under hyperoxia displayed lesser
degrees of morphological abnormality compared to WT mice (Fig 2D). These results suggest
that ASK1 deletion reduces the sensitivity of alveolar macrophages to hyperoxic insult. Based
on these results, we hypothesized that ASK1 KO-associated suppression of hyperoxia-induced
morphological transition of alveolar macrophages accompanies suppressed apoptosis. To test
this hypothesis, the densities of apoptotic cells in lung airspace were evaluated by finding the
product of the cell density of BAL fluid and ratio of apoptotic to total cells, which was deter-
mined by combined TUNEL and DAPI staining of formalin-fixed BAL fluid cells followed by
counting under fluorescent microscope. The total number of apoptotic cells in lung air space of
ASK1 KO mice lung exposed to 24h of hyperoxia was significantly decreased compared to WT
hyperoxic controls (Fig 3). Results from Diff-Quik-stained BAL fluid cells suggest that ASK1
deficient macrophages are less susceptible to hyperoxia-induced apoptosis than WT controls.

Hyperoxia-induced immune cell recruitment and inflammatory cytokine
elevation in the lung is suppressed in ASK1 KO mice

The extent of immune cell infiltration to the lung airspace is one of the most reliable indexes to
evaluate the severity of ALL. We quantified the number of immune cells in BAL fluid at a 48h
time point. The results show that each density of total immune cell, macrophages, neutrophils,
and lymphocytes, in BAL fluid is significantly decreased in ASK1 KO mice compared to WT
controls (Fig 4A-4D & S1 Table). IL-1P is a cytokine known to have the most potent effect in
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Fig 3. Hyperoxia-induced accumulation of apoptotic macrophages in lung airspace is suppressed in ASK1 KO mice. WT and ASK1 KO mice were
exposed to 100% O, for 24 h. Cells in BAL fluid were resuspended in 1mL PBS. The density of apoptotic cells in BAL fluid was evaluated by multiplying the
ratio of apoptotic cells and the density of total white blood cells in BAL fluid (details are described in the Materials and Methods section). This was determined
by TUNEL and DAPI staining of BAL fluid cells, followed by counting under fluorescent microscope. Results (means + SEM; n = 6 in each group) are
cumulative data of two independent experiments. * p < 0.05.

doi:10.1371/journal.pone.0147652.9003

the lungs of early ALI patients [17,18]. Secretion of this cytokine can exacerbate the inflamma-
tory response by inducing a myriad of other proinflammatory cytokines [19]. We analyzed the
levels of IL-1p in bronchoalveolar lavage (BAL) fluid of WT and ASK1 KO mice exposed to
hyperoxia for 48 and 72 hours. The results show that hyperoxia-induced oxidative stress
increased the level of IL-1 in lung airspace, yet was significantly hampered in ASK1 KO mice
with an 82% decrease compared to WT controls at the 72h time-point (Fig 5 & S1 Table).
TNEF-a is the most potent proinflammatory cytokine member of the TNF super family and is
recognized as a mediator of the pulmonary inflammatory response [20]. We analyzed the levels
of TNF-o.in BAL fluid of WT and ASK1 KO mice exposed to hyperoxia for 48 and 72 hours.
The results show that hyperoxia-induced oxidative stress increased the level of TNF-a in lung
airspace, but was significantly reduced in ASK1 KO mice with a 52% decrease compared to
WT controls at the 72h time-point (Fig 6 & S1 Table). Based on our previous research, cytokine
elevation and immune cell recruitment is best evaluated at late timepoints with respect to
ASKI1 deletion. These results suggest that ASK1 has a critical role in the pathogenesis of HALIL.
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Fig 4. Hyperoxia-induced recruitment of immune cells to the lung airspace is attenuated in ASK1 KO mice. WT and ASK1 KO mice were exposed to
100% O for 48 h. Cells in BAL fluid were resuspended in TmL PBS. The density of total white blood cells (A), macrophages (B), neutrophils (C), and
lymphocytes (D) were determined by total cell count using a hemocytometer and differential cell count using Diff-Quik-stained cells. Results (means + SEM;
n =4 in each group) are shown. The noted experiments are representative of a minimum of two similar evaluations. * p < 0.05; ** p <0.01.

doi:10.1371/journal.pone.0147652.9004

Discussion

ASKI1 is involved in ROS-induced apoptosis and inflammation [21]. Our recent studies suggest
that ASK1 is significantly activated and involved in HALI [13]. In addition, we have also
shown that SOCS-1 protection against HALI is associated with suppression of ASK1 expres-
sion [11]. However, it is not well understood whether or not deletion of ASK1 protects against
oxygen toxicity in vivo. The purpose of this study is to provide in vivo evidence to expedite the
development of ASK1 therapeutic targets. The present study shows that (i) ASK1 deletion
attenuates hyperoxia-induced ALI and confers protection to mice exposed to hyperoxia; (ii)
ASK1 deficiency suppresses hyperoxia-induced cell apoptosis in the lung; (iii) hyperoxia-
induced immune cell infiltration was reduced in mice lacking ASK1; and (iv) ASK1 deletion
suppressed hyperoxia-induced elevation of inflammatory cytokines.

Several in vitro and in vivo studies have demonstrated that ASK1 acts as a proapoptotic and
proinflammatory molecule in oxidative stress related diseases [11,22]. ASK1 is also known to
play an important role in oxidative stress-induced cell death [23]. Once ASK1 becomes acti-
vated by dissociation of Thioredoxin (Trx), an important cellular and mitochondrial
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Fig 5. Hyperoxia-induced IL-1B elevation in the lung airspace is suppressed in ASK1 KO mice. WT and ASK1 KO mice were exposed to 100% O, for
48 or 72 h. The concentrations of IL-18 (pg/mL) in supernatants of BAL fluid were determined using ELISA. Results (means + SEM; n = 4 in each group) are
shown. The noted experiments are representative of a minimum of two similar evaluations. * p < 0.05.

doi:10.1371/journal.pone.0147652.9005

antioxidant, ASK1 can then induce cell death through the MAPK signaling pathway [23]. In
addition, it has been documented that ASK1-deficient cardiomyocytes are protective against
hydrogen peroxide (H,0,)- or calcium-induced cell death [24]. These studies suggest that
ASK1 has a pivotal role in mediating various mechanisms of oxidative-stress induced cellular
dysfunction and death, while the absence of ASK1 is protective.

It is well established that epithelial cell death plays an important role in HALI [25,26]. In the
lung epithelium, oxygen toxicity is known to trigger various forms of cell death including the
induction of apoptosis [6,15]. Our results indicate that ASK1 deletion hampers hyperoxia-
induced apoptosis of lung epithelial cells, which is in agreement with recent studies [11]. Since
this attenuation was seen at 24h of hyperoxia, an early time point when hyperoxia-induced
inflammatory response is still minimal, we surmised that ASK1 deletion-associated attenuation
of hyperoxia-induced cellular apoptosis is through downregulation of downstream proapopto-
tic pathways of ASK1 in lung epithelial cells; thus, not through a blockade of secreted apopto-
sis-inducing cytokines from other cell types. At 48h hyperoxia (data not shown), the difference
between TUNEL-stained lung sections from WT and ASK1 KO mice were minimal compared
to 24h time point. A possible explanation for this inconsistent result is that prolonged exposure
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Fig 6. Hyperoxia-induced TNF-a elevation in the lung airspace is suppressed in ASK1 KO mice. WT and ASK1 KO mice were exposed to 100% O, for
48 or 72 h. The concentrations of TNF-a (pg/mL) in supernatants of BAL fluid were determined using ELISA. Results (means + SEM; n = 4—6 in each group)
are shown. The noted experiments are representative of a minimum of two similar evaluations. * p <0.05.

doi:10.1371/journal.pone.0147652.9g006

to hyperoxia caused other forms of cell death such as necrosis rather than apoptosis, making it
difficult to clearly distinguish viable from non-viable cells by TUNEL staining.

The fate of alveolar macrophages under oxidative stress is not completely understood even
though it is established that hyperoxic insult induces them to produce a variety of proinflam-
matory cytokines, growth factors, and chemoattractants. Previous reports revealed that macro-
phages are equipped with antioxidative defense mechanisms and can live for up to two years
under a certain type of oxidative stress [27,28]. Our data indicates that under highly oxidative
conditions, a part of alveolar macrophages undergo apoptosis and that the number of apoptotic
macrophages in the lung airspace under oxidative stress is reduced in ASK1 KO mice. In the
meantime, the current study does not reveal whether ASK1 KO-associated reduced number of
apoptotic macrophages is due to increased resistance to oxidative stress or decreased recruit-
ment of macrophage-committed mononuclear cells to the lung. Further investigation is
required to answer this question.

ASK1 plays a critical role in the recruitment and activation of macrophages [29]. In this
study, we found that ASK1 deletion not only hampers hyperoxia-induced apoptosis of lung
epithelial cells and alveolar macrophages at early phase of HALIL, but also suppresses an inflam-
matory response including neutrophil recruitment and proinflammatory cytokine elevation in
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the lung airspace. It remains to be elucidated however, if the suppression of airspace cytokine
level in hyperoxic conditions seen in ASK1 KO mice is due to a reduction of cytokine release
from alveolar macrophages, since other immune cell types or lung epithelial cells can be a
source of secreted proinflammatory cytokines [30,31].

Our data suggest that the suppression of hyperoxia-induced cell apoptosis in lung tissue and
air space is a direct effect of ASK1 deletion because apoptosis suppression is remarkable as
early as 24 h of hyperoxia, an early time point in the course of HALI when proinflammatory
cytokine elevation and immune cell recruitment is not distinguished. In the meantime, the
hampered secretion of proinflammatory cytokines and immune cell recruitment to the lung
seems to be an indirect effect of ASK1 deletion secondary to suppressed cell apoptosis. The
most plausible reconciliation for these discrepant results is that ASK1 deletion leads to apopto-
sis suppression, which consequently obviates apoptosis-to-necrosis transition due to insuffi-
cient cleanup of apoptotic cells. As a result, this suppresses necrotic cell death-induced
inflammatory response [32]. Taken together, these studies show that ASK1 KO mice have sup-
pressed inflammatory response to HALI. The results demonstrate that activation of inflamma-
tory cytokines and epithelial cell apoptosis in HALI is at least in part dependent on ASK1.
Additionally, this study shows that deletion of the ASK1 gene protects against hyperoxia-
induced accumulation of apoptotic macrophages in the lung airspace. Further studies are nec-
essary to understand the precise mechanism of ASK1 in HALI. Clinically, inhibitors of ASK1
may be a novel approach to suppress hyperoxia-induced ALI and oxidant-mediated inflamma-
tory diseases. Consequently, inhibitors of ASK1 may have potential therapeutic benefit in the
management of ALL

Materials and Methods
Ethical statement

All animal experiments were performed to comply with Institutional Animal Care and Use
Committee (IACUC) of the University of South Florida for all surgical interventions. All ani-
mal experiments were conducted in accordance with the IACUC institutional guidelines. In
addition, all the procedures that were performed on animals were in compliance with the
approved IACUC protocol. For brochoalveolar lavage (BAL) fluid collection and mouse lung
sample collection, mice were sedated with an intraperitoneal injection of ketmain/xylazine.
Mice were euthanized immediately after hyperoxic exposure for sample collection. University
of South Florida IACUC or ethics committee specifically approved this study.

Mice

C57BL/6] mice (Harlan Laboratories, Indianapolis, IN) and ASK1 knockout (ASK1 KO) mice
with the same genetic background (gift from Dr. Hidenori Ichijo, University of Tokyo, Tokyo,
Japan) were used to conduct in vivo experiments. Mice, aged 7-9 weeks, were placed in cages
in a chamber (75x50x50 cm) and exposed to 100% O, for 24, 48 or 72 h. The oxygen concen-
tration in the chamber was monitored and regulated with the proOx P100 sensor (BioSpherix,
NY, USA). Mice were euthanized immediately after hyperoxic exposure for sample collection.

Bronchoalveolar Lavage (BAL) fluid

BAL fluid was collected as described previously [6,14]. Briefly, mice were sedated with intraper-
itoneal (i.p.) injection of ketamine/xylazine. After cervical dislocation, a transverse incision was
made on the ventral neck to expose the trachea. Then, a 0.6 mm catheter was placed into the
trachea through the incision. To collect BAL fluid, we repeated the following procedure 3
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times: 1 ml of cold sterile phosphate-buffered saline (PBS) was instilled into the lung using 1
ml syringe attached to the catheter, then BAL fluid was retrieved and added to collection tube.
After the BAL fluid was centrifuged, the supernatants were stored at -80°C until further
analysis.

TUNEL staining on BAL fluid cells

BAL fluid (2 to 2.5 mL) was centrifuged at 400g for 10 min at 4°C. Cell pellets were resus-
pended in 1 ml of cold sterile PBS and total number of cells was immediately determined using
hemocytometer. Two sets of aliquots, 200-300 l, of cell suspension were centrifuged onto
glass slides at 800 rpm for 3 min in a cytocentrifuge (Shandon Cytospin 2, Pittsburgh, PA).
One set of cytospin cells was stained with Diff-Quik Stain and differential white blood cell
count was performed. The other set of cytospun cells was fixed in 4% paraformaldehyde for 25
min at 4°C, stained with TdT-mediated dUTP nick end labeling (TUNEL) using DeadEnd
Fluorometric TUNEL System (Promega, Madison, WTI). Cells stained with TUNEL were coun-
terstained with DAPI and fluorescence signals were detected on a BX-43 fluorescence micro-
scope (Olympus, Tokyo, Japan). The number of cells positive for TUNEL and DAPI was
counted respectively in 4 randomly chosen fields. For each field the ratio of cells positive for
TUNEL to those positive for DAPI was calculated as an apoptotic ratio. The mean of the apo-
ptotic ratios of 4 randomly chosen fields was used as the representative apoptotic ratio for each
sample, which was multiplied by the density of total white blood cells to retrieve the density of
apoptotic cells.

Collection of Mouse Lung

Mice were anesthetized with intraperitoneal injection of a ketamine/xylazine mixture. Follow-
ing thoracotomy, the inferior vena cava (IVC) was clamped and 2 ml of sterile PBS was injected
into the right ventricle for lung perfusion. The whole lung was inflation-fixed in 10% neutral-
ized formalin at 20 cm H,O pressure. Paraffin-embedded tissue sections were cut by micro-
tome and stored at room temperature until use.

ELISA

The levels of IL-1P (eBioscience, San Diego, CA) and TNF-a (RayBiotech Inc., Norcross, GA)
in BAL fluid were measured using commercial ELISA kits according to the manufacturer's
instructions.

TUNEL staining on lung tissue sections

TUNEL staining of lung tissue sections was performed as previously described [6]. Briefly, the
lung tissue sections were deparaffinized and then incubated with proteinase K to unmask anti-
gen binding sites. After being blocked with 3% hydrogen peroxide in PBS, the sections were
incubated with TdT enzyme and FITC-labeled dUTP. Subsequently, the sections were incu-
bated with anti-FITC horseradish peroxidase conjugate. Colorimetric detection of apoptotic
cells was performed using 3,3’-diaminobenzidine (DAB) reagent.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software version 10.0,
San Diego, CA). Comparison of variables between two groups was performed using the Stu-
dent's t-test. Comparison of variables between three and more groups was performed using
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one-way ANOV A with post-hoc Tukey HSD test. All tests were two-tailed, and values of
p < 0.05 were considered significant.

Supporting Information

S1 Table. Density of immune cells and concentration of cytokines in WT and ASK1 KO
mice exposed to room air and hyperoxia. WT and ASK1 KO mice were exposed to normoxia,
or 100% O, for 24, 48 or 72 h. The densities of each immune cell type in BAL fluid and the con-
centrations of IL-18 and TNF-a in supernatants of BAL fluid were determined. Results

(means + SEM; n = 3-6 in each group) are shown.
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