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Abstract: Acute lung injury (ALI), a common cause of morbidity and mortality in intensive care units,
results from either direct intra-alveolar injury or indirect injury following systemic inflammation
and oxidative stress. Adequate tissue oxygenation often requires additional supplemental oxygen.
However, hyperoxia causes lung injury and pathological changes. Notably, preclinical data suggest
that aspirin modulates numerous platelet-mediated processes involved in ALI development and
resolution. Our previous study suggested that prehospital aspirin use reduced the risk of ALI in
critically ill patients. This research uses an in vivo imaging system (IVIS) to investigate the mechanisms
of aspirin’s anti-inflammatory and antioxidant effects on hyperoxia-induced ALI in nuclear factor
κB (NF-κB)–luciferase transgenic mice. To define mechanisms through which NF-κB causes disease,
we developed transgenic mice that express luciferase under the control of NF-κB, enabling real-time
in vivo imaging of NF-κB activity in intact animals. An NF-κB-dependent bioluminescent signal
was used in transgenic mice carrying the luciferase genes to monitor the anti-inflammatory effects of
aspirin. These results demonstrated that pretreatment with aspirin reduced luciferase expression,
indicating that aspirin reduces NF-κB activation. In addition, aspirin reduced reactive oxygen
species expression, the number of macrophages, neutrophil infiltration and lung edema compared
with treatment with only hyperoxia treatment. In addition, we demonstrated that pretreatment
with aspirin significantly reduced the protein levels of phosphorylated protein kinase B, NF-κB
and tumor necrosis factor α in NF-κB–luciferase+/+ transgenic mice. Thus, the effects of aspirin on
the anti-inflammatory response and reactive oxygen species suppressive are hypothesized to occur
through the NF-κB signaling pathway. This study demonstrated that aspirin exerts a protective
effect for hyperoxia-induced lung injury and thus is currently the drug conventionally used for
hyperoxia-induced lung injury.
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1. Introduction

Acute respiratory distress syndrome (ARDS), or acute lung injury (ALI), is a common and
devastating syndrome contributing to serious morbidities and mortality in critically ill patients. The
pathophysiologic features of ARDS include dysregulated inflammation, inappropriate accumulation
and activity of leukocytes and platelets, uncontrolled activation of coagulation pathways, and altered
permeability of the alveolar endothelial and epithelial barriers [1–3], leading to the impairment
of oxygenation and subsequent respiratory failure. Therefore, patients with ARDS may require
mechanical ventilation support with a high concentration of inspired oxygen [4]. However, prolonged
hyperoxic exposure can exacerbate the pathogenic processes within the lung [5], cause the generation
of reactive oxygen species (ROS) [6] and increase apoptotic signaling [7], all of which may result in
hyperoxia-induced ALI [8,9], causing pathological changes resembling ARDS in animal models [10].
Although numerous promising therapies have effectively prevented ARDS in experimental models,
successful translation to clinical applications is still lacking [11–13].

Platelets play a major role in the inflammatory response leading to ARDS. The possible mechanisms
by which platelets contribute to ARDS include the activation of endothelial cells by release of
proinflammatory mediators [14–16] and the adherence of platelets to lung capillary endothelial
cells, thereby activating attached leukocytes [17]. Aspirin, an antiplatelet agent, is commonly used
in clinical practice. Experimental studies have shown that in models of transfusion-related ALI,
lipopolysaccharide-induced ALI and hydrochloric acid-induced ALI, aspirin can prevent or treat
ARDS by reducing neutrophil activation and recruitment to the lung, tumor necrosis factor α (TNF-α)
expression in pulmonary intravascular macrophages, plasma thromboxane B2 levels and platelet
sequestration [18–23]. However, experimental studies on the use of aspirin for prevention or treatment
of hyperoxia-induced ALI are limited [24]. Cox et al. [25] showed that aspirin-triggered resolvin D1
treatment significantly reduced lung edema, permeability, inflammation and apoptosis in a murine
model of prolonged hyperoxic exposure. Moreover, our group reported in a study of 1149 patients
from the validating acute lung injury markers for diagnosis cohort, that prehospital aspirin use was
independently associated with a decreased risk of ARDS even after adjustment for the propensity of
prehospital aspirin use [26]. Based on these findings, further investigation of the mechanisms of the
protective effects of aspirin against hyperoxia-induced ALI is crucial.

Using an in vivo imaging system (IVIS), we investigated the mechanisms of aspirin’s
anti-inflammatory and antioxidant effect on hyperoxia-induced ALI in nuclear factor κB
(NF-κB)–luciferase transgenic mice. We hypothesized that low or high doses of aspirin prevent
hyperoxia-induced lung injury through decreased oxidative stress and inflammation.

2. Materials and Methods

2.1. Animals

The transgenic mice (aged 8 weeks) were given a standard laboratory diet and distilled water
ad libitum and were maintained on a 12-h light–dark cycle at 24 ± 2 ◦C. This study was conducted
according to institutional guidelines and approved by the Institutional Animal Care and Utilization
Committee of National Chung Hsing University, Taichung, Taiwan, and the study conformed to the
guidelines of the protocol IACUC Approval No. 102-77 approved by the IACUC ethics committee.
Part I: FVB (friend leukemia virus B) mice were randomly assigned to four groups for treatment (n = 6):
(1) normal control, (2) treatment with PBS (phosphate buffered saline) followed by exposure to 24 h
of hyperoxia (24-h group), (3) treatment with PBS followed by exposure to 48 h of hyperoxia (48-h
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group) and (4) treatment with PBS followed by exposure to 72 h of hyperoxia (72-h group). Part II:
The homozygous transgenic mice (NF-κB–luciferase+/+) were randomly assigned to four groups for
pretreatment (n = 6): (1) negative control, (2) pretreatment with PBS for 3 days followed by exposure
to 72 h of hyperoxia (mock group), (3) pretreatment with a low dose of aspirin (12.5 µg/g) for 3 days
followed by exposure to 72 h of hyperoxia (aspirin-L group) and (4) pretreatment with a high dose of
aspirin (100 µg/g) for 3 days followed by exposure to 72 h of hyperoxia (aspirin-H group). At the end
of the pretreatment, mice were exposed to hyperoxia conditions for 72 h. At the end of the experiment,
each mouse was anesthetized, and pulmonary tissues were collected for bronchoalveolar lavage,
pathological histology and protein extraction according to previously established protocols [27].

2.2. Murine Model of Hyperoxia-Induced Acute Lung Injury

The hyperoxia-exposed mice were housed in humidified 99% oxygen in a hyperoxia chamber
(36 cm × 20 cm × 20 cm) with normobaric pressure. The oxygen levels were stable (97%–99%) and
monitored every hour during the housing light cycle with an oxygen analyzer (MiniOX I, MSA Canada,
Inc., Etobicoke, ON, Canada) [28]. The mice were sacrificed after exposure to oxygen.

2.3. Imaging of Luciferase Activity

Imaging was performed using the IVIS Imaging System 200 Series (Xenogen Corp., Alameda, CA,
USA) with the camera set at the highest sensitivity. NF-κB-luciferase+/+ transgenic mice were injected
intraperitoneally with 150 mg/kg of luciferin and anesthetized with isoflurane. After 5 min, the mice
were placed supine in the chamber and imaged for 1–3 min with the IVIS Imaging System. Photons
were quantified using Living Image® software (Xenogen Corporation), and the signal intensity was
expressed as photons/s/cm2.

2.4. Reverse Transcription Polymerase Chain Reaction

The total RNA of the pulmonary tissue was extracted using TRIzol reagent (Invitrogen)
following the protocol specified by the manufacturer. Total RNA (2 µg) was resuspended in 9 µL of
diethylpyrocarbonate-treated water, and the first strand of cDNA was synthesized with a total volume
of 20 µL of random primers and ImProm-IITM reverse transcriptase. The reaction was performed
at 42 ◦C for 1 h. For further PCR amplification, an aliquot (1:10) of the RT product was adjusted to
produce 0.1 µg of each primer, and additional buffer was added to yield a final volume of 20 µL.
Aliquots of the reverse transcriptase mix were used for PCR amplification of luciferase and β-actin.
The amplified RT–PCR products were subjected to electrophoresis in a 1.5% agarose gel for 22 min.
The cDNA of β-actin was used as an internal control.

2.5. Western Blot Analysis

Expression of pulmonary tissue protein was measured using western blot analysis. Pulmonary
tissues were homogenized in 270 µL of radioimmunoprecipitation assay buffer (5-mM Tris–HCl
[pH 7.4], 0.15-M NaCl, 1% NP40, 0.25% sodium deoxycholate, 5 mM ethylenediaminetetraacetic
acid and 1-mM ethylene glycol-bis [2-aminoethyl-ether]-N, N, N, N-tetraacetic acid) with 30 µL of
phosphatase inhibitor. The homogenates were centrifuged at 13,000 rpm for 30 min at 4 ◦C. Protein
(50 µg) was then separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis in a
15% polyacrylamide gel and electrotransferred onto a polyvinylidene difluoride membrane. The
membranes were incubated in blocking solution (5% bovine serum albumin) at room temperature for
1 h. The membranes were then incubated with primary antibody (neuropilin 1 [NRP-1], Clara cell 10
kilodalton protein [CC10], NF-κB, interleukin 8 [IL-8], interleukin 1β, TNF-α, chemokine ligand 5 and
β-actin) at room temperature for 2 h. After washing, the membranes were incubated with either a goat
antirabbit or goat antimouse immunoglobulin peroxidase–conjugated secondary antibody directed
against the primary antibody at room temperature for 1 h. The membranes were developed using an
enhanced chemiluminescence detection system as described elsewhere [29].
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2.6. Pathological Histology

Lung tissues were fixed in 4% formaldehyde overnight, embedded in paraffin, and cut into
sections for hematoxylin and eosin (H&E) staining as described elsewhere [30].

2.7. Measurement of ROS Generation

Generation of ROS in the perfused lungs was monitored with 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCF-DA) fluorescence as described elsewhere [31]. After internalization, the
acetate group from the nonfluorescent molecule is cleaved using intracellular esterases to form
2′,7′-dichlorodihydrofluorescein, which serves as a substrate for intracellular ROS to generate highly
fluorescent dichlorofluorescein. Fluorescence was measured with a spectrofluorometer at 480-nm
excitation and 530-nm emissions. Data are expressed as relative fluorescence units for each cell.

2.8. Analysis of Airway Inflammation in Bronchoalveolar Lavage Fluid

Bronchoalveolar lavage fluid (BALF) was collected using 500 µL of sterile endotoxin-free saline to
wash the lungs. BALF cells were collected with centrifugation at 500× g at 4 ◦C. The number of BALF
cells was determined using a hemocytometer [28].

2.9. Statistical Analysis

Experimental values are expressed as the mean ± standard error. Differences in experimental
groups were determined using the Student’s t-test or one-way analysis of variance followed by the
post hoc Duncan’s test. Differences with p < 0.05 were considered statistically significant.

3. Results

3.1. Time Course of Lung Damage Induced by Hyperoxia in Mouse Lung in NF-κB-Luciferase+/+

Transgenic Mice

This study investigated the time courses of inflammation and tissue damage after hyperoxia in
FVB mouse lungs and kidneys (Figure 1A). To achieve this goal, we used hyperoxia exposure periods
of 24, 48 and 72 h. After 72 h of hyperoxia, the signal and the mRNA expression of luciferase from the
lung and kidney tissues were more obvious in the 72-h group than in the 24-h, 48-h and normal control
groups (Figure 1A,B). In addition, lung erythematous swelling was more obvious in the 72-h group
than in the 24-h, 48-h and normal control groups (Figure 1C).

3.2. Time Course of Hyperoxia in Relation to Alveolar Injury and Inflammation in NF-κB-Luciferase+/+

Transgenic Mice

Figure 2A shows NRP-1 and CC10 in the lung tissue of mice exposed to normoxia (normal control
group) or hyperoxia (24, 48 and 72 h). NRP1 is a transmembrane glycoprotein that acts as a coreceptor
for numerous extracellular ligands including class III/IV semaphorins, certain isoforms of vascular
endothelial growth factor and transforming growth factor beta. The NRP-1 expression in the 24-h,
48-h and 72-h groups decreased by 67%, 79% and 77%, respectively, compared with that in the normal
control group. CC10 is the major product of nonciliated bronchiolar epithelial cells (Clara cells) and
exhibits anti-inflammatory properties including inhibition of phospholipase A2 and phospholipase
C. The CC10 in the 72-h group decreased by approximately 87% compared with the normal control
group, but no significant differences were observed among the 24-h and 48-h groups. Thus, the CC10
expression decreased after 72 h of hyperoxia.
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Figure 1. (A) Bioluminescence imaging of kidney and lung tissues; (B) luciferase mRNA expression
of lung and kidney tissues; and (C) histopathological analyses of lung tissues in NF-κB–luciferase
transgenic mice after induction of hyperoxia for 0, 24, 48 and 72 h.

Figure 2. Changes in the protein expression levels for (A) alveolar injury and (B) inflammation of
lung tissues in NF-κB–luciferase transgenic mice after induction of hyperoxia for 0, 24, 48 and 72 h.
The reported values are expressed as the mean ± SEM (n = 6). Values assigned to letters (*, **) are
significantly different at p < 0.05 and are determined using Duncan’s multiple range test.

TNF-α increased by 29% after 24 h, by 48% after 48 h and by 103% after 72 h of hyperoxia
compared with the normal control group (Figure 2B). In addition, Figure 2B indicates an obvious
increase in IL-1β expression from 72 h compared with the normal control group. The results show that
TNF-α progressively increased after 24 to 72 h of hyperoxia. TNF-α is one of the cytokines involved
in systemic inflammation and is one of the cytokines that plays a role in the acute phase reaction. It
is produced chiefly by activated macrophages, although it can be produced by other cell types such
as CD4+ lymphocytes, NK cells, neutrophils, mast cells, eosinophils and neurons. Figure 2B reveals
a slight decrease in IL-8 expression from 48 to 72 h compared with the normal control group. This
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finding is unexpected because most published data indicate that at high levels of hyperoxia, rodents
exhibit high mortality by 72–96 h [32]. The burden of IL-8 was progressive between 0 and 24 h of
hyperoxia exposure. Endothelial cells store IL-8 in their storage vesicles. When endothelial cells are
seriously damaged, IL-8 is released. Thus, hyperoxia caused damage to endothelial cells from 48 to 72
h. Notably, after 72 h of hyperoxia, histological evidence of lung damage was observed. Therefore, we
suggest that lung tissue damage induced by hyperoxia occurred mainly at 72 h.

3.3. Inhibition of Hyperoxia-Induced NF-κB Activation by Using Aspirin Pretreatment in NF-κB–Luciferase+/+

Transgenic Mice

NF-κB–luciferase+/+ transgenic mice carry a luciferase gene driven by the NF-κB promoter.
Therefore, luciferase activity reflects NF-κB activity [33,34]. After 72 h of hyperoxia exposure, the
luciferase signal from the lung tissue was quantified using the IVIS software (Figure 3). Hyperoxia
stimulated the luminescent signal in the lung tissue, but the luciferase signals in the aspirin-L group
and aspirin-H group were significantly decreased compared with those in the mock group in both the
lungs and kidneys. Thus, pretreatment with either 12.5 or 100 µg/g body weight of aspirin for 3 days
in NF-κB–luciferase+/+ transgenic mice significantly protected against acute lung injury and systemic
oxidative stress caused by hyperoxia (FiO2 > 95%).

Figure 3. (A) Bioluminescence imaging of kidney and lung tissues and (B) photon quantification of
kidney and lung tissues in NF-κB–luciferase transgenic mice after induction of hyperoxia for 72 h in
the normal control (NC), mock, aspirin-L and aspirin-H groups. The reported values are expressed as
the mean ± SEM (n = 6). # p < 0.05 vs. NC group. * p < 0.05 vs. mock group.

3.4. Effect of Pretreatment on Histological Changes in the Lung in NF-κB–Luciferase+/+ Transgenic Mice

Lung erythematous swelling was more obvious in the mock and aspirin-H groups (Figure 4A).
As shown in Figure 4B, mice in the aspirin-L group exhibited significantly lower lung indices (lung
weight/body weight) than those in the mock group. Histopathological examination of the lungs was
performed after 72 h of hyperoxia. Pulmonary edema and alveolar infiltration of neutrophils were
evident in the mock group (Figure 5). However, pretreatment with either a low or high dose of aspirin
reduced neutrophil infiltration and lung edema.



Antioxidants 2020, 9, 429 7 of 12

Figure 4. (A) Gross appearance of lung and (B) lung wet-to-dry weight ratio analysis in NF-κB–luciferase
transgenic mice after the induction of hyperoxia for 72 h in the normal control (NC), mock, aspirin-L
and aspirin-H groups. The reported values are expressed as the mean ± SEM (n = 6). # p < 0.05 vs. NC
group. * p < 0.05 vs. mock group.

Figure 5. Histopathological analyses of lung tissues in the normal control (NC), mock, aspirin-L and
aspirin-H groups. Low magnification (50×) images of lung tissues are shown in the upper panel.
Medium magnification (100×) images of lung tissues are shown in the upper panel. High magnification
(400×) images are shown in the lower panel. Green: neutrophil aggregation; blue: pulmonary edema;
orange: erythrocyte aggregation; black: alveolar collapse.
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3.5. Effects of Aspirin on the Generation of ROS and the Number of Macrophages in NF-κB–Luciferase+/+

Transgenic Mice

The generation of ROS in the BALF was analyzed using H2DCF-DA fluorescence. A significant
increase in the generation of extracellular and intracellular ROS in the BALF was observed in the mock
group compared with the negative control group (Figure 6A,B). However, pretreatment with either a
low dose or a high dose of aspirin significantly reduced the generation of ROS compared with the mock
group. Macrophages are prominent cellular effectors of innate immune defense, and the numbers of
macrophages in the BALF were analyzed using Liu’s stain. A significant increase in the numbers of
macrophages (cell counts%) in the BALF was observed in the mock group compared with the negative
control group (Figure 6C). However, pretreatment with either a low or high dose of aspirin significantly
reduced the numbers of macrophages (cell counts%) compared with the mock group.

Figure 6. Quantification of reactive oxygen species (ROS) production in extracellular fluid (A) and
intracellular fluid (B); the number of macrophages (C) of the bronchoalveolar lavage fluid (BALF) and
from NF-κB–luciferase transgenic mice after induction of hyperoxia for 72 h in the normal control (NC),
mock, aspirin-L and aspirin-H groups. The reported values are expressed as the mean ± SEM (n = 6).
# p < 0.05, ## p < 0.01 vs. NC group. * p < 0.05, ** p < 0.01 vs. mock group. † p < 0.05 vs. aspirin-L group.

3.6. Effects of Aspirin on the Inflammatory Signaling in NF-κB-Luciferase+/+ Transgenic Mice

Due to ROS, hyperoxia can exacerbate organ failure through cellular injury. Therefore, a better
understanding of the signal transduction pathways in hyperoxia may provide the basis for effective
therapeutic interventions. The major biologic effects of hyperoxia include cell death, stress responses,
inflammation and modulation of cell growth. NF-κB is among the major signaling pathways ostensibly
involved, which converge, ultimately, to the expression of various stress response genes, cytokines and
growth factors. In this study, inflammation was analyzed (Figure 7). The protein expression NRP-1
was markedly decreased in the mock group compared with the normal control group. However,
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pretreatment with a low dose of aspirin slightly increased the protein expression level of NRP-1. A
significant increase of NF-κB was observed in the mock group compared with the normal control
group. However, pretreatment with either a low or high dose of aspirin significantly reduced the
protein expression of NF-κB compared with the mock group. The protein expression level of TNF-α
was markedly increased in the mock group compared with the normal control group. Pretreatment
with a high dose of aspirin significantly reduced the protein level of TNF-α. Thus, pretreatment with
either low or high doses of aspirin could reduce the transcription of proinflammatory genes, limiting
inflammation and regulating the extent of lung injury.

Figure 7. Protein expression of inflammatory signaling in NF-κB–luciferase transgenic mice after
induction of hyperoxia for 72 h in the normal control (NC), mock, aspirin-L and aspirin-H groups.
The reported values are expressed as the mean ± SEM (n = 6). ## p < 0.01, ### p < 0.001 vs. NC group.
** p < 0.01, *** p < 0.001 vs. mock group.

4. Discussion

The NF-κB–luciferase+/+ transgenic mice carry the luciferase gene driven by the NF-κB promoter.
This provides a useful animal model for noninvasive detection of the inflammatory levels in a living
organism. In this study, we induced lung damage in NF-κB–luciferase+/+ transgenic mice using
hyperoxia conditions (FiO2 > 95%) to establish a model to evaluate aspirin’s protective effects against
lung injury. Due to either protective effects, the luciferase signals of aspirin were significantly decreased
compared with the mock group. In this study, we investigated the time courses of inflammation and
lung damage after hyperoxia in the mouse lung. Groups of FVB mice were exposed to >95% oxygen in
a chamber for 24, 48 or 72 h. The controls were subjected to normoxia. IL-8 was observed to increase
after 24 h of hyperoxia with a reduction at 48 to 72 h, whereas TNF-α increased progressively after 24
to 72 h. Acute exposure to hyperoxia (72 h) has been shown to induce lung inflammation and injury,
impairing respiratory function, whereas prolonged exposure (96–120 h) causes lethality in rodents [35].
Hyperoxia exposure has been widely used as an experimental model for ALI or ARDS because of their
similar pathologic features [35].

After 72 h of hyperoxia, lungs pretreated with either a low (12.5 µg/g) or high (100 µg/g) dose of
aspirin for 3 days exhibited lower macrophages compared with those in the mock group. ROS are
well known to be involved in physiological and pathophysiological processes. High levels of ROS
are considered toxic, causing cell damage and cell death [36]. Hyperoxia produces copious ROS, and
pretreatment with either a low (12.5 µg/g) or high (100 µg/g) dose of aspirin significantly reduces
the numbers of macrophages and ROS production. Thus, pretreatment with aspirin could protect
against hyperoxia-induced ALI and exert notable protective effects. In addition, pretreatment with a
low or high dose of aspirin substantially reduced hyperoxia-induced macrophages and the protein
expression levels of phosphorylated protein kinase B, NF-κB, interleukin 6 and TNF-α compared
with hyperoxia treatment alone. These results indicate that aspirin pretreatment affects inflammatory
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response. Therefore, aspirin pretreatment significantly reduces neutrophil infiltration and lung edema
compared with treatment with hyperoxia alone. Hamid et al. [37] also showed that healthy volunteers
receive 75 or 1200 mg aspirin for seven days prior to lipopolysaccharide (LPS) inhalation, high-dose and
low-dose aspirin both could decrease pulmonary neutrophilia, tissue damaging neutrophil proteases
and BALF concentrations of TNF-α.

This suggests that pretreatment with aspirin could reduce NF-κB expression, demonstrating
excellent protective effects against ALI and systemic oxidative stress caused by hyperoxia (FiO2 > 95%).
Therefore, aspirin could protect lungs against hyperoxia-induced acute lung injuries in mice, and this
protective effect may be correlated with anti-inflammatory and ROS-suppressive effects. In human
research, due to the heterogeneity of the presentation, course and outcomes among patients meeting
the clinical definition for ARDS, the results of the aspirin treatment are controversial. Hamid et al. [37]
showed that aspirin inhibits pulmonary neutrophilic inflammation, at both low and high doses in
bronchoalveolar lavage. Studies also showed that prehospital aspirin use was independently associated
with a decreased risk of ARDS even after adjusting for the propensity of pre-hospital aspirin use [26]
and was associated with a reduced risk of ICU mortality [38]. However, Kor et al. [39] found that the
use of aspirin compared with placebo did not reduce the risk of development of ARDS at 7 days of
hospitalization. As a result, further large-scale study may be required to identify which subgroup of
ARDS may be beneficial from the aspirin treatment in the future.

This study had several strengths, including aspirin being easily available and cheap and the
effects and mechanisms of aspirin in ARDS are clear in the animal model. However, our study also
had some limitations, including only the animal study and the dose of aspirin is not clear to provide to
humans. These limitations attenuate our ability to generalize conclusions about the effects of curcumin
on ARDS.
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Abbreviations

ALI Acute lung injury
ARDS Acute respiratory distress syndrome
BALF Bronchoalveolar lavage fluid
CC10 Clara cell 10 kilodalton protein
FVB Friend leukemia virus B
H&E Hematoxylin and eosin
IVIS In vivo imaging system
LPS Lipopolysaccharide
MMP Matrix metalloproteinase
NRP-1 Neuropilin 1
PBS Phosphate buffered saline
ROS Reactive oxygen species

References

1. Ware, L.B.; Matthay, M.A. The acute respiratory distress syndrome. N. Engl. J. Med. 2000, 342, 1334–1349.
[CrossRef]

http://dx.doi.org/10.1056/NEJM200005043421806


Antioxidants 2020, 9, 429 11 of 12

2. Matthay, M.A.; Zimmerman, G.A.; Esmon, C.; Bhattacharya, J.; Coller, B.; Doerschuk, C.M.; Floros, J.;
Gimbrone, M.A.; Hoffman, E.; Hubmayr, R.D.; et al. Future Research Directions in Acute Lung Injury. Am. J.
Respir. Crit. Care Med. 2003, 167, 1027–1035. [CrossRef]

3. Matthay, M.A.; Ware, L.B.; Zimmerman, G.A. The acute respiratory distress syndrome. J. Clin. Investig. 2012,
122, 2731–2740. [CrossRef]

4. Kallet, R.H.; Matthay, M.A. Hyperoxic acute lung injury. Respir. Care 2013, 58, 123–141. [CrossRef]
5. Crapo, J.D. Morphologic changes in pulmonary oxygen toxicity. Annu. Rev. Physiol. 1986, 48, 721–731.

[CrossRef]
6. Bhandari, V.; Choo-Wing, R.; Lee, C.G.; Zhu, Z.; Nedrelow, J.H.; Chupp, G.L.; Zhang, X.; Matthay, M.A.;

Ware, L.B.; Homer, R.; et al. Hyperoxia causes angiopoietin 2–mediated acute lung injury and necrotic cell
death. Nat. Med. 2006, 12, 1286–1293. [CrossRef]

7. Mach, W.J.; Thimmesch, A.R.; Pierce, J.T.; Pierce, J.D. Consequences of Hyperoxia and the Toxicity of Oxygen
in the Lung. Nurs. Res. Pr. 2011, 2011, 1–7. [CrossRef]

8. Altemeier, W.A.; Sinclair, S.E. Hyperoxia in the intensive care unit: Why more is not always better. Curr.
Opin. Crit. Care 2007, 13, 73–78. [CrossRef]

9. Bhandari, V. Molecular mechanisms of hyperoxia-induced acute lung injury. Front. Biosci. 2008, 13, 6653.
[CrossRef]

10. Matute-Bello, G.; Frevert, C.W.; Martin, T.R. Animal models of acute lung injury. Am. J. Physiol. Cell. Mol.
Physiol. 2008, 295, L379–L399. [CrossRef]

11. Jepsen, S.; Herlevsen, P.; Knudsen, P.; Bud, M.I.; Klausen, N.O. Antioxidant treatment with N-acetylcysteine
during adult respiratory distress syndrome: A prospective, randomized, placebo-controlled study. Crit. Care
Med. 1992, 20, 918–923. [CrossRef]

12. Meade, M.O.; Jacka, M.J.; Cook, D.J.; Dodek, P.; Griffith, L.E.; Guyatt, G.H. Survey of interventions for
the prevention and treatment of acute respiratory distress syndrome. Crit. Care Med. 2004, 32, 946–954.
[CrossRef]

13. Calfee, C.S.; Matthay, M.A. Nonventilatory treatments for acute lung injury and ARDS. Chest 2007, 131,
913–920. [CrossRef]

14. Kiefmann, R.; Heckel, K.; Schenkat, S.; Dörger, M.; Wesierska-Gadek, J.; Goetz, A.E. Platelet-endothelial cell
interaction in pulmonary micro-circulation: The role of PARS. Thromb. Haemost. 2004, 91, 761–770. [CrossRef]

15. Kiefmann, R.; Heckel, K.; Schenkat, S.; Dörger, M.; Goetz, A. Role of P-Selectin in Platelet Sequestration in
Pulmonary Capillaries during Endotoxemia. J. Vasc. Res. 2006, 43, 473–481. [CrossRef]

16. Zarbock, A.; Singbartl, K.; Ley, K. Complete reversal of acid-induced acute lung injury by blocking of
platelet-neutrophil aggregation. J. Clin. Investig. 2006, 116, 3211–3219. [CrossRef]

17. Zarbock, A.; Polanowska-Grabowska, R.K.; Ley, K. Platelet-neutrophil-interactions: Linking hemostasis and
inflammation. Blood Rev. 2007, 21, 99–111. [CrossRef]

18. Kario, K.; Eguchi, K.; Hoshide, S.; Hoshide, Y.; Umeda, Y.; Mitsuhashi, T.; Shimada, K. U-curve relationship
between orthostatic blood pressure change and silent cerebrovascular disease in elderly hypertensives:
Orthostatic hypertension as a new cardiovascular risk factor. J. Am. Coll. Cardiol. 2002, 40, 133–141.
[CrossRef]

19. Chen, Z.T.; Li, S.L.; Cai, E.Q.; Wu, W.L.; Jin, J.S.; Zhu, B. LPS induces pulmonary intravascular macrophages
producing inflammatory mediators via activating NF-kappaB. J. Cell Biochem. 2003, 89, 1206–1214. [CrossRef]

20. Looney, M.; Nguyen, J.X.; Hu, Y.; Van Ziffle, J.A.; Lowell, C.A.; Matthay, M.A. Platelet depletion and aspirin
treatment protect mice in a two-event model of transfusion-related acute lung injury. J. Clin. Investig. 2009,
119, 3450–3461. [CrossRef]

21. Caudrillier, A.; Kessenbrock, K.; Gilliss, B.M.; Nguyen, J.X.; Marques, M.; Monestier, M.; Toy, P.; Werb, Z.;
Looney, M. Platelets induce neutrophil extracellular traps in transfusion-related acute lung injury. J. Clin.
Investig. 2012, 122, 2661–2671. [CrossRef]

22. Eickmeier, O.; Seki, H.; Haworth, O.; Hilberath, J.N.; Gao, F.; Uddin, M.; Croze, R.H.; Carlo, T.; Pfeffer, M.A.;
Levy, B. Aspirin-triggered resolvin D1 reduces mucosal inflammation and promotes resolution in a murine
model of acute lung injury. Mucosal Immunol. 2012, 6, 256–266. [CrossRef]

23. Tuinman, P.R.; Müller, M.C.; Jongsma, G.; Hegeman, M.A.; Juffermans, N.P. High-dose acetylsalicylic acid is
superior to low-dose as well as to clopidogrel in preventing lpopolysaccharide-induced lung injury in mice.
Shock 2013, 40, 334–338. [CrossRef]

http://dx.doi.org/10.1164/rccm.200208-966WS
http://dx.doi.org/10.1172/JCI60331
http://dx.doi.org/10.4187/respcare.01963
http://dx.doi.org/10.1146/annurev.ph.48.030186.003445
http://dx.doi.org/10.1038/nm1494
http://dx.doi.org/10.1155/2011/260482
http://dx.doi.org/10.1097/MCC.0b013e32801162cb
http://dx.doi.org/10.2741/3179
http://dx.doi.org/10.1152/ajplung.00010.2008
http://dx.doi.org/10.1097/00003246-199207000-00004
http://dx.doi.org/10.1097/01.CCM.0000120056.76356.AD
http://dx.doi.org/10.1378/chest.06-1743
http://dx.doi.org/10.1160/TH03-11-0685
http://dx.doi.org/10.1159/000095247
http://dx.doi.org/10.1172/JCI29499
http://dx.doi.org/10.1016/j.blre.2006.06.001
http://dx.doi.org/10.1016/S0735-1097(02)01923-X
http://dx.doi.org/10.1002/jcb.10590
http://dx.doi.org/10.1172/JCI38432
http://dx.doi.org/10.1172/JCI61303
http://dx.doi.org/10.1038/mi.2012.66
http://dx.doi.org/10.1097/SHK.0b013e3182a384f0


Antioxidants 2020, 9, 429 12 of 12

24. Britt, R.D.; Velten, M.; Tipple, T.; Nelin, L.D.; Rogers, L.K. Cyclooxygenase-2 in newborn hyperoxic lung
injury. Free. Radic. Boil. Med. 2013, 61, 502–511. [CrossRef]

25. Cox, R., Jr.; Phillips, O.; Fukumoto, J.; Fukumoto, I.; Parthasarathy, P.T.; Arias, S.; Cho, Y.; Lockey, R.F.;
Kolliputi, N. Aspirin-triggered resolvin D1 treatment enhances resolution of hyperoxic acute lung injury.
Am. J. Respir. Cell Mol. Biol. 2015, 53, 422–435. [CrossRef]

26. Chen, W.; Janz, D.R.; Bastarache, J.A.; May, A.K.; O’Neal, H.R.; Bernard, G.R.; Ware, L.B. Prehospital Aspirin
Use Is Associated with Reduced Risk of Acute Respiratory Distress Syndrome in Critically Ill Patients. Crit.
Care Med. 2015, 43, 801–807. [CrossRef]

27. Yen, C.; Lin, C.; Chong, K.-Y.; Tsai, T.; Shen, C.-J.; Lin, M.; Su, C.; Chen, H.; Chen, C.; Lim, C.-Y. Lactoferrin as
a Natural Regimen for Selective Decontamination of the Digestive Tract: Recombinant Porcine Lactoferrin
Expressed in the Milk of Transgenic Mice Protects Neonates from Pathogenic Challenge in the Gastrointestinal
Tract. J. Infect. Dis. 2009, 199, 590–598. [CrossRef]

28. Yen, C.-C.; Lai, Y.-W.; Chen, H.-L.; Lai, C.-W.; Lin, C.-Y.; Chen, W.; Kuan, Y.-P.; Hsu, W.-H.; Chen, C.-M.
Aerosolized Human Extracellular Superoxide Dismutase Prevents Hyperoxia-Induced Lung Injury. PLOS
ONE 2011, 6, e26870. [CrossRef]

29. Wu, S.-C.; Chen, H.-L.; Yen, C.-C.; Kuo, M.-F.; Yang, T.-S.; Wang, S.-R.; Weng, C.-N.; Chen, C.-M.; Cheng, W.T.K.
Recombinant Porcine Lactoferrin Expressed in the Milk of Transgenic Mice Enhances Offspring Growth
Performance. J. Agric. Food Chem. 2007, 55, 4670–4677. [CrossRef]

30. Wen, S.-T.; Chen, W.; Chen, H.-L.; Lai, C.-W.; Yen, C.-C.; Lee, K.-H.; Wu, S.-C.; Chen, C.-M. Amniotic Fluid
Stem Cells from EGFP Transgenic Mice Attenuate Hyperoxia-Induced Acute Lung Injury. PLoS ONE 2013, 8,
e75383. [CrossRef]

31. Al-Mehdi, A.; Shuman, H.; Fisher, A.B. Fluorescence microtopography of oxidative stress in lung
ischemia-reperfusion. Lab. Investig. 1994, 70, 579–587.

32. Nagato, A.; Bezerra, F.S.; Lanzetti, M.; Lopes, A.D.A.; Silva, M.A.D.S.; Porto, L.C.; Valenca, S. Time course of
inflammation, oxidative stress and tissue damage induced by hyperoxia in mouse lungs. Int. J. Exp. Pathol.
2012, 93, 269–278. [CrossRef]

33. Ho, T.; Chen, Y.; Hsiang, C.-Y. Noninvasive nuclear factor-κB bioluminescence imaging for the assessment of
host–biomaterial interaction in transgenic mice. Biomaterials 2007, 28, 4370–4377. [CrossRef]

34. Hsiang, C.-Y.; Chen, Y.-S.; Ho, T.-Y. Nuclear factor-κB bioluminescence imaging-guided transcriptomic
analysis for the assessment of host–biomaterial interaction in vivo. Biomaterials 2009, 30, 3042–3049. [CrossRef]

35. Reddy, N.M.; Kleeberger, S.R.; Kensler, T.W.; Yamamoto, M.; Hassoun, P.M.; Reddy, S.P. Disruption of Nrf2
impairs the resolution of hyperoxia-induced acute lung injury and inflammation in mice. J. Immunol. 2009,
182, 7264–7271. [CrossRef]

36. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazúr, M.; Telser, J. Free radicals and antioxidants in normal
physiological functions and human disease. Int. J. Biochem. Cell Boil. 2007, 39, 44–84. [CrossRef]

37. Hamid, U.; Krasnodembskaya, A.; Fitzgerald, M.; Shyamsundar, M.; Kissenpfennig, A.; Scott, C.;
Lefrançais, E.; Looney, M.R.; Verghis, R.; Scott, J.; et al. Aspirin reduces lipopolysaccharide-induced
pulmonary inflammation in human models of ARDS. Thorax 2017, 72, 971–980. [CrossRef]

38. Boyle, A.J.; Di Gangi, S.; Hamid, U.I.; Mottram, L.-J.; McNamee, L.; White, G.; Cross, L.J.M.; McNamee, J.J.;
O’Kane, C.; McAuley, D.F. Aspirin therapy in patients with acute respiratory distress syndrome (ARDS)
is associated with reduced intensive care unit mortality: A prospective analysis. Crit. Care 2015, 19, 109.
[CrossRef]

39. Kor, D.J.; Carter, R.E.; Park, P.K.; Festic, E.; Banner-Goodspeed, V.M.; Hinds, R.; Talmor, D.; Gajic, O.;
Ware, L.B.; Gong, M.N.; et al. Effect of Aspirin on Development of ARDS in At-Risk Patients Presenting to
the Emergency Department: The LIPS-A Randomized Clinical Trial. JAMA 2016, 315, 2406–2414. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.freeradbiomed.2013.04.012
http://dx.doi.org/10.1165/rcmb.2014-0339OC
http://dx.doi.org/10.1097/CCM.0000000000000789
http://dx.doi.org/10.1086/596212
http://dx.doi.org/10.1371/journal.pone.0026870
http://dx.doi.org/10.1021/jf063759o
http://dx.doi.org/10.1371/journal.pone.0075383
http://dx.doi.org/10.1111/j.1365-2613.2012.00823.x
http://dx.doi.org/10.1016/j.biomaterials.2007.07.005
http://dx.doi.org/10.1016/j.biomaterials.2009.02.016
http://dx.doi.org/10.4049/jimmunol.0804248
http://dx.doi.org/10.1016/j.biocel.2006.07.001
http://dx.doi.org/10.1136/thoraxjnl-2016-208571
http://dx.doi.org/10.1186/s13054-015-0846-4
http://dx.doi.org/10.1001/jama.2016.6330
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Murine Model of Hyperoxia-Induced Acute Lung Injury 
	Imaging of Luciferase Activity 
	Reverse Transcription Polymerase Chain Reaction 
	Western Blot Analysis 
	Pathological Histology 
	Measurement of ROS Generation 
	Analysis of Airway Inflammation in Bronchoalveolar Lavage Fluid 
	Statistical Analysis 

	Results 
	Time Course of Lung Damage Induced by Hyperoxia in Mouse Lung in NF-B-Luciferase+/+ Transgenic Mice 
	Time Course of Hyperoxia in Relation to Alveolar Injury and Inflammation in NF-B-Luciferase+/+ Transgenic Mice 
	Inhibition of Hyperoxia-Induced NF-B Activation by Using Aspirin Pretreatment in NF-B–Luciferase+/+ Transgenic Mice 
	Effect of Pretreatment on Histological Changes in the Lung in NF-B–Luciferase+/+ Transgenic Mice 
	Effects of Aspirin on the Generation of ROS and the Number of Macrophages in NF-B–Luciferase+/+ Transgenic Mice 
	Effects of Aspirin on the Inflammatory Signaling in NF-B-Luciferase+/+ Transgenic Mice 

	Discussion 
	References

