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Abstract

Acute lung injury (ALI) is a major cause of mortality and morbidity worldwide. The activation of
peroxisome proliferator-activated receptor-a (PPARa) by its ligands, which include Wy-14643,
has been implicated as a potential anti-inflammatory therapy. To address the beneficial efficacy of
WYy-14643 for ALI along with systemic inflammation, the in vivo role of PPARa activation was
investigated in a mouse model of lipopolysaccharide (LPS)-induced ALI. Using age-matched
Ppara-null and wild-type mice, we demonstrate that the activation of PPARa by Wy-14643
attenuated LPS-mediated ALI. This was evidenced histologically by the significant alleviation of
inflammatory manifestations and apoptosis observed in the lung tissues of wild-type mice, but not
in the corresponding Ppara-null mice. This protective effect probably resulted from the inhibition
of LPS-induced increases in pro-inflammatory cytokines and nitroxidative stress levels. These
results suggest that the pharmacological activation of PPARa might have a therapeutic effect on
LPS-induced ALL.

Keywords

Peroxisome proliferator-activated receptor-a; Lipopolysaccharide; Acute Lung Injury; Cytokines;
Nitroxidative stress

1. Introduction

Acute lung injury (ALI), a severe complication often observed in intensive care units, is a
syndrome characterized by serial pulmonary inflammatory responses including alveolar,
epithelial and vascular endothelial injury, leukocyte infiltration, interstitial edema, and
proteinous leakage into the alveolar space. Lipopolysaccharide (LPS), which is discharged
during systemic Gram-negative bacterial infections, is thought to play a crucial role in the
development of ALI. Recent data showed that the crude incidence of ALI was 78.9 per 100
000 person-years, which is a severe burden in health-care management [1]. Despite its high
mortality rate, there is currently no effective ALI therapy; therefore, there remains an urgent
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need for the discovery of definitive and targeted drug therapies for ALI. Studies designed to
address this issue often rely on animal models of LPS-induced AL, a valuable tool in ALI
research. These models are generated via either local (intranasal or intratracheal) or systemic
(intravenous and intraperitoneal) administration of LPS for a short period, which is usually
no more than 48 h [2]. The development of ALI by systemic LPS administration is clinically
suited for mimicking sepsis.

PPARa belongs to the nuclear receptor superfamily of ligand-activated transcription factors
that regulate lipid metabolism, inflammation, and cell differentiation [3]. Growing evidence
links PPARa with a potent anti-inflammatory activity through the control of NF-xB and
JNK activation [4,5], signal transducer and activator of transcription 1 (STAT1)-related
inflammatory signaling in cultured neuronal cells [6], and LPS-induced liver toxicity in
PPARa-null mice [7]. Although the natural PPARa ligands are fatty acids, pharmacological
activators such as Wy-14643 and its structural derivatives have been widely used for
exerting potent stimulatory effects on PPARa in research settings [8]. Recently, the effect of
PPARa activation by Wy-14643 in the ALI model using Ppara-null mice was reported [8].
In that study, pretreatment of the mice with Wy-14643 decreased the levels of macrophage
inflammatory protein-2, tumor necrosis factor-a and eicosanoids, and improved lung
compliance and vascular leakage in LPS-exposed mice. However, the study did not assess
histopathological changes, apoptosis, the potential role of various cytokines, or nitrosative
stress in systemic LPS-induced ALI, and did not fully investigate the potential protective
effects of PPARa activation. Therefore, the aims of the present work are to address these
unresolved issues. In this study, LPS was administered intraperitoneally to induce systemic
inflammation and the effects of PPARa activation on ALI and serum cytokines and
development of nitroxidative stress were observed.

2. Materials and methods

2.1 Animals

Homozygous female age-matched Ppara-null mice (129/Svj background) and wild-type
(WT) mice [stock number 2448 from the Jackson Laboratory (Bar Harbor, ME, USA)] were
used in this study. All mice were maintained in a controlled environment and fed standard
rodent chow and water ad libitum. At the age of 8-10 weeks, the animals were randomly
divided into six groups (n = 3-4/group). Mice in the first and third groups (WT mice) and
fourth and sixth groups (null mice) were pre-treated with Wy-14643 (dissolved in corn oil)
at a dose of 50 mg/kg body weight intraperitoneally (i.p.). Two hours later, the second and
third groups (WT mice) and fifth and sixth groups (null mice) were treated with LPS
(Escherichia coli, serotype 0111:B4; Sigma-Aldrich, St. Louis, MO, USA) at a dose of 10
mg/kg body weight i.p. Lung tissues were excised from the mice, which were killed by
asphyxiation at 20 h after LPS injection or at 22 h for the Wy-14643-treated groups (the first
and fourth groups). All animal experiments were conducted with the approval of the
Institutional Animal Care and Use Committee of the National Institute on Alcohol Abuse
and Alcoholism, National Institutes of Health.

2.2 Histopathological analysis

The lung specimens from each mouse were fixed in 10% neutral formalin and embedded in
paraffin, and then 4-pum thick sections were stained with hematoxylin and eosin (H&E). To
assess the levels of lung injury, 10 areas in the lung parenchyma were graded by an
experienced pathologist who was blind to group assignment, as previously reported [7].
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2.3 Homogenized tissue sample preparation

Lung tissues were homogenized in 5 volumes of ice-cold TE buffer (50 mM Tris-HCI, pH
7.5, and 1 mM EDTA) containing protease and phosphatase inhibitor cocktails (Calbiochem,
La Jolla, CA, USA).

2.4 Determination of serum cytokines

Serum levels of the cytokines interleukin-6 (IL-6) and interferon-gamma (IFN-vy) were
determined using cytometry beads arrays (BD Bioscience, Palo Alto, CA, USA) following
the manufacturer’s protocol.

2.5 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Apoptotic cell death in lung tissues was determined using the ApopTag Peroxidase In Stu
Apoptosis Detection Kit (Chemicon International Inc., Temecula, CA, USA). The numbers
of TUNEL-positive apoptotic cells in the lung were counted in 10 high-power (x200)
microscope fields, and the mean was calculated.

2.6 Immunohistochemistry and immunoblotting

Anti-3-nitrotyrosine (3-NT) antibody (Biocare Medical, Concord, CA, USA) was used for
immuohistostaining of 3-nitrotyrosine according to the manufacturer’s protocol.For
immunoblot analysis, whole lung lysates (40 g of protein) were separated by 12% SDS-
PAGE and subjected to immunoblot analyses using a specific anti-3-NT antibody (1:1000
dilution; Abcam, Cambridge, MA, USA), as previously described [7]. After removal of the
primary antibodies followed by washing steps, the nitrocellulose membranes were incubated
with an HRP-conjugated secondary goat anti-mouse antibody (1:5000 dilution in TE-
buffered saline containing 5% milk and 0.05% Tween 20). Protein bands were detected by
enhanced chemiluminescence and their densities were quantified [7].

2.7 Determination of malondialdehyde

The amount of malondialdehyde (MDA), a well-established lipid peroxidation marker, was
measured using the commercial kit from Oxford Biomedical Research Inc. (Oxford, Ml,
USA) following the manufacturer's protocol. The quantity of MDA (uM) in each sample
was measured using 40 pg of each whole lung lysate.

2.8 Data evaluation

The results are expressed as mean + standard deviation. Student’s t-tests were performed to
compare quantitative data obtained from two different groups. A value of P < 0.05 was
considered statistically significant.

3. Results

Histological analysis was performed on lung specimens from Ppara-null and WT mice to
determine the effects of PPARa activation on LPS-induced ALI. Without the administration
of LPS, no obvious differences were observed between Ppara-null and WT mice pretreated
with the PPARa activator Wy-14643 (Fig. 1A). When LPS was administered without
WYy-14643 pretreatment, alveolar hemorrhagic edema with infiltrations of inflammatory
cells was found in the lungs of both mouse groups (Fig. 1B and D). However, the amount of
neutrophil infiltrates in perivascular and alveolar areas in Ppara-null mice was significantly
higher compared to that of WT mice (Fig. 1B and D). While a significant reduction in
inflammatory cells infiltration and alveolar hemorrhagic edema were observed in lung
sections from WT group mice with LPS and pretreated with Wy-14643, the LPS-mediated
histologic damage in Ppara-null mice was not alleviated by pretreatment of Wy-14643 (Fig.
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1C and D). Accordingly, the levels of congestion, edema, neutrophil infiltrates and alveolar
hemorrhages in the Ppara-null mice with Wy-14643 and LPS were significantly higher than
those of the WT mice (Fig. 1D).

To determine whether pretreatment with Wy-14643 would differentially protect the mouse
groups treated with LPS, TUNEL analysis was performed to detect apoptotic cells in lung
tissue from the Ppara-null and WT mice (Fig. 2). While there were extremely few apoptotic
cells in both mouse groups treated with Wy-14643 (Fig. 2A and D), many more TUNEL-
positive pneumocytes and vascular endothelial cells were observed in LPS-exposed Ppara-
null mice without Wy-14643 pretreatment than in the corresponding WT mice (Fig. 3B and
D). Furthermore, Wy-14643 pretreatment significantly decreased the numbers of apoptotic
cells in the LPS-exposed WT mice compared to the corresponding Ppara-null mice (Fig. 3C
and D).

To elucidate the mechanisms underlying the differential effects of Wy-14643 pretreatment
on Ppara-null and WT mice, we analyzed the serum levels of two prominent pro-
inflammatory cytokines, namely IFN-y and I1L-6. Compared to the LPS-exposed WT mice,
serum levels of IFN-y and IL-6 were significantly decreased in WT mice pretreated with
Wy-14643 (Fig. 3A and B, respectively). In contrast, the cytokine levels were not
significantly changed in LPS-exposed Ppara-null mice upon pretreatment with Wy-14643

(Fig. 3).

We have reported that nitrosative/oxidative stress plays a critical role in LPS-mediated liver
damage [7]. To evaluate peroxynitrite and nitrative stress in the LPS-exposed lungs of
Ppara-null and WT mice, we performed immunohistochemical analysis to detect 3-NT in
formalin-fixed lung tissues (Fig. 4A-D). No significant differences were observed between
the two groups treated with Wy-14643 alone (Fig. 4A). The highest levels of 3-NT staining
were detected in sections from the lungs of Ppara-null mice exposed to LPS (Fig. 4B).
However, pretreatment with Wy-14643 did not decrease the levels of 3-NT immunostaining
in the lungs of Ppara-null mice (Fig. 4C). In contrast, the level of 3-NT staining was
reduced in LPS-exposed WT mice pretreated with Wy-14643 compared to the
corresponding WT mice that were not pretreated (Fig. 4B and C). Immunaoblot analysis also
showed a significant reduction of the increased 3-NT levels in the lungs of LPS-exposed
WT mice pretreated with Wy-14643, compared to the corresponding Ppara-null mice (Fig.
4D). We also evaluated the effects of Wy-14643 pretreatment on the LPS-induced lipid
peroxidation by measuring the levels of MDA in Ppara-null and WT mice. MDA levels
were increased in LPS-exposed mice of both genotypes (Fig. 4E). Wy-14643 pretreatment
significantly decreased the level of MDA in LPS-exposed WT mice, whereas lipid
peroxidation was not reduced in the corresponding Ppara-null mice in response to
Wy-14643 pretreatment (Fig. 4E).

4. Discussion

The activation of PPARa plays a crucial role in the up-regulation of genes encoding proteins
responsible for the adequate maintenance of healthy proteomes [10]. Both oral and dietary
administrations of Wy-14643 were found to up-regulate genes encoding for various heat-
stress inducible chaperone proteins and proteasome components in WT mice; this
upregulation was PPARa-dependent, as these genes were not upregulated in the
corresponding Ppara-null mice [10]. Based on our results, it is expected that WT mice
containing the intact PPARa would prevent protein aggregation and/or efficiently remove
damaged proteins via activation of these critical PPARa-dependent genes/proteins in critical
situation such as ALLI. In contrast, Ppara-null mice may have a deficiency in the
maintenance of cellular proteomes and the elimination of damaged proteins due to the
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absence of PPARa. Hence, it is likely that the absence of PPARa and the critical genes/
proteins needed for maintaining healthy proteomes in the Ppara-null mice may aggravate
tissue damage, particularly when exposed to LPS or other toxic agents such as carbon
tetrachloride, cadmium, or paraquat, as has been demonstrated [10].

AL can be induced by various conditions including severe sepsis, severe bacterial
pneumonia, and trauma. Among these, Gram-negative bacteria-induced sepsis is one of the
leading causes of ALI [11]. LPS constitutes the main component of the outer membranes of
Gram-negative bacteria, and when LPS is released into the circulation during sepsis,
interconnected inflammatory cascades are activated in the lung, ultimately resulting in ALI.
Thus, LPS has been implicated as the most important antigen contributing to the
development of ALL. In this study, we aimed to study the role of PPARa and the beneficial
effects of its agonist Wy-14643 on LPS-induced ALI with systemic inflammation, which is
similar to ALl in clinical settings.

This study clearly demonstrated that pretreatment with Wy-14643 significantly reduced the
degree of ALI in LPS-exposed WT mice, but not in Ppara-null mice. The histopathological
findings of this study showed that inflammatory infiltrates, alveolar hemorrhagic edema and
the number of apoptotic cells were significantly reduced in the lungs of LPS-exposed WT
mice pretreated with Wy14643. Our previous study indicated that the absence of PPARa
promotes the infiltration of inflammatory cells into hepatic tissue exposed to systemic
administration of LPS [7]. Accordingly, a marked reduction of lung inflammation was
observed in the present study as a result of the chemical activation of PPARa, suggesting
the involvement of PPARa in ALI and systemic inflammation. In addition, several reports
have indicated that the activation of PPAR« reduced the number of leukocytes in
bronchoalveolar lavage in ALI [8,12]. These observations are consistent with our study,
which additionally showed that Wy-14643 pretreatment reduced the levels of serum
proinflammatory cytokines including IFN-y and IL-6. These cytokines are closely associated
with the infiltration of acute inflammatory cells in ALI [13,14]. Increased levels of IFN-y
have been shown to exacerbate ALI by initiating the oxidative burst of reactive oxygen
species production from neutrophils, and by increasing IL-6 production by alveolar
macrophages [15]. Recently, it has been reported that the activation of PPAR« represses
IFN-vy production by human T cells, as PPARa is associated with modulating the
accessibility of the IFNG gene locus [16]. Further, it has been demonstrated that the
activation of PPARa can suppress the phosphorylation (activation) of STAT1 in neuronal
inflammation [6]. Our previous results also showed that the lack of PPAR« activates
STATL, leading to the increased levels of IFN-y [7]. Additionally, the in vivo results of the
present study clearly indicate that the activation of PPARa significantly reduced the IFN-y
and IL-6 levels, contributing to a decrease in inflammatory cell infiltration and inflammatory
cascade in LPS-induced lung damage.

Peroxynitrite (ONOQ™), which is produced by a reaction between NO and superoxide, has
also been implicated in the initiation and progression of ALI [17]. Further, ONOO™ is
known to promote potentially noxious chemical reactions, including tyrosine nitration and
lipid peroxidation. It has been also established that type Il pnuemocytes undergo cell death
following ONOO™ administration [18]. Our findings that the levels of 3-nitrotyrosine (a
footprint of peroxynitrite) and lipid peroxidation are decreased by Wy-14643 during LPS-
induced AL are consistent with the cytoprotective role of PPARa [10].

In summary, we found that the activation of PPARa by Wy-14643 ameliorated ALI in a
mouse model of systemic LPS administration. Pretreatment with Wy-14643 significantly
decreased the infiltration of inflammatory cells, apoptotic cells, and proinflammatory
cytokine levels, while it also downregulated nitrosative/nitrative stress and lipid
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peroxidation. These results highlight the protective effects of PPARa and its agonists, which
may be potential therapeutic targets for ALI and similar systematic inflammatory diseases.
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Figurel.

Histopathological changes from lung tissue, showing the effects of LPS with Wy-14643 on
WT and PPARa null mice. (A-C) Hematoxylin-eosin (H&E) staining with magnification
x200: (A) WT and Ppar a-null mice pretreated with only Wy-14643, (B) WT and Ppar a-
null mice after intraperitoneal LPS administration, (C) WT and Ppar a-null mice with
pretreatment of Wy-14643 and intraperitoneal LPS injection, (D) Histology scores of WT
and Ppar a-null mice. * P < 0.05 different between LPS and LPS with pretreatment of
WY-14643; ** P < 0.01 different between LPS and LPS with pretreatment of

WY-14643; # P < 0.05 different from the corresponding WT group; # P < 0.01 different
from the corresponding WT group.
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Figure 2.

Evaluation of apoptosis using TUNEL assays from lung sections in WT and Ppar a-null
mice with Wy-14643 and/or LPS. (A-C) TUNEL staining with magnification x200: (A) WT
and Ppar a-null mice pretreated with Wy-14643, (B) WT and Ppar a-null mice after
intraperitoneal LPS administration, (C) WT and Ppar a-null mice with pretreatment of
WYy-14643 and intraperitoneal LPS injection, (D) Semiquantitative analysis of TUNEL-
positive cells. Data are expressed as mean + SEM of 3-4 mice/group. * P < 0.05 for WT
after LPS administration compared to WT with Wy-14643; # P < 0.05 different from the
corresponding WT group.
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Figure 3.

Changes of serum levels of IFN-y and IL-6 in response to LPS and Wy-14643 in WT and
PPARa null mice. (A) IFN-y levels and (B) IL-6 levels. Data are expressed as mean = SEM
of 3-4 mice/group. * P < 0.05 different between LPS and LPS with pretreatment of
WY-14643.
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Figure4.

Evaluation of 3-nitrotyrosine levels and lipid peroxdiation in WT and PPARa null mice with
Wy-14643 and/or LPS. (A-C) Immunohistochemical analysis of 3-nitrotyrosine,
Magnification x200: (A) WT and Ppar a-null mice pretreated with Wy-14643, (B) WT and
Ppar a-null mice after intraperitoneal LPS administration, (C) WT and Ppar a-null mice with
pretreatment of Wy-14643 and intraperitoneal LPS injection, (D) Immunoblot analysis for
3-nitrotyrosine levels (top) compared to Coomassie-stained gels for similar protein loading
per sample (bottom), (E) MDA as a marker for lipid peroxidation. Data are expressed as
mean + SEM of 3-4 mice/group. * P < 0.05 different between groups of LPS and LPS with
pretreatment of WY-14643.
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