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Oleic acid (OA) can induce acute lung injury in experimental models. In the present work, we used intratracheal OA
injection to show augmented oedema formation, cell migration and activation, lipid mediator, and cytokine productions in the
bronchoalveolar fluids of Swiss Webster mice. We also demonstrated that OA-induced pulmonary injury is dependent on ERK1/2
activation, since U0126, an inhibitor of ERK1/2 phosphorylation, blocked neutrophil migration, oedema, and lipid body formation
as well as IL-6, but not IL-1 production. Using a mice strain carrying a null mutation for the TLR4 receptor, we proved that
increased inflammatory parameters after OA challenges were not due to the activation of the TLR4 receptor. With OA being a
Na/K-ATPase inhibitor, we suggest the possible involvement of this enzyme as an OA target triggering lung inflammation.

1. Introduction

Adult respiratory distress syndrome (ARDS) description
appeared in 1967, with 12 patients with refractory cyanosis
to oxygenation therapy [1]. Recently, a draft definition
proposed 3 mutually exclusive categories of ARDS based
on degree of hypoxemia: mild (200 mm Hg < PaO2/FIO2
< 300 mm Hg), moderate (100mmHg < PaO2/FIO2 <
200 mm Hg), and severe (PaO2/FIO2 < 100 mm Hg) [2]
which was nominated as Berlin definition, replacing the
American-European consensus [3]. The initial lesion char-
acterizing the exudative phase of ARDS is an increase in
alveolar permeability to plasma proteins, leading to an
interstitial and alveolar oedema [4, 5]. In the acute phase,
cytokines and lipids are released, leading to alveolar-capillary

barrier loss with hyaline membrane formation [6, 7]. In fact,
ARDS is a diffuse alveolar damage secondary to an intense
lung inflammatory response to an infectious, noninfectious,
or extra pulmonary insult [8, 9].

ARDS can be induced by several factors such as systemic
endotoxin release, pneumonia, drug overdose, acid aspira-
tion, fat embolism, and pancreatitis [10-13] and can occur
in pathological processes including sepsis, major trauma, or
severe leptospirosis [8, 14, 15].

Resolution of the pulmonary oedema and lung inflam-
mation are important determinants of ARDS outcome.
Removal of alveolar fluid depends on transport of salt
and water across the alveolar epithelium through apical
sodium channels (ENaC) followed by extrusion to the lung
interstitium via the Na-K-ATPase of alveolar epithelial cells
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[16-18]. Oleic acid (OA) is an inhibitor of the Na/K-ATPase
activity in bovine serum [19] and is also a Na/K-ATPase
inhibitor in a rabbit lung model, increasing endothelial
permeability [20]. OA has been reported to induce ARDS
in experimental models [21] and lung injury correlates with
elevated free fatty acid levels [22]. Furthermore, plasma and
bronchoalveolar lavage fluid (BALF) from ARDS patients
presented elevated OA levels [23, 24].

Lipopolysaccharide (LPS), an outer membrane compo-
nent of Gram-negative bacteria, can cause serious mul-
tiple organ dysfunctions, particularly in the respiratory
system [25]. LPS induces inflammation through the MAP-
Kinase ERK1/2 activation. The ERK pathway participates
in chemoattractant-induced neutrophil chemotaxis, in the
respiratory burst [26] and in LPS-induced ARDS [27, 28].
The attenuation of ERK1/2 phosphorylation in neutrophils
by luteolin has protected against the LPS-induced ARDS
[29]. In alveolar macrophages, the combined inhibition of
p38 and ERK1/2 induced a suppression of cytokine release
[30]. In this respect, OA induces activation of the ERK1/2
pathway in a certain type of breast cancer cell [31].

We used a mouse model of OA-induced ARDS to study
the involvement of ERK pathway in lung inflammation.
We measured lung oedema, cell migration and activation,
lipid mediator and cytokine production, lung morphological
alterations, and the response to a respiratory functional test.

2. Materials and Methods

2.1. Animals. We used male mice (30-35g) of the following
strains: Swiss Webster (SW), C57Bl/10 (from the Oswaldo
Cruz Foundation Breeding Unit, Rio de Janeiro, RJ, Brazil)
and C57Bl/10ScCr (kindly provided by the Federal Flumi-
nense University Breeding Unit, RJ, Rio de Janeiro, Brazil).
Animals were lodged at 22°C with a 12 h light/dark cycle and
free access to food and water. Animal housing conditions and
experimental procedures conformed to institutional regula-
tions and were in accordance with the National Institute of
Health guidelines on animal care. The institutional Animal
Welfare Committee approved all procedures described here
under license number 002-08.

2.2. Preparation of Oleate Solutions. We used OA (from
Sigma Chemicals) to prepare a 100 mM trisoleate solution.
After weighting and water addition, trispowder (Trizma
base-Sigma) was slowly added until the pH reached 10.0.
This mixture was sonicated and, after complete oleate
solubilization, the pH was carefully adjusted to 7.6 with
diluted HCI. Working oleate solutions were prepared by
appropriate dilutions of the 100 mM solution with sterile
saline (PBS) pH 7.4.

2.3. Intratracheal Oleate or LPS Administration. After isoflu-
rane anesthesia, an incision above thyroid was made to
expose the trachea. Trisoleate (1.25umol in 0.05mL), LPS
(500ng in 0.05mL), or the same volume of saline (in
controls) were instilled into the trachea of each mouse with
an insulin syringe. After suturing the incision with a 3.0 silk
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thread, mice were returned to their cage and monitored until
complete recovering from surgery. Inflammatory parameters
were measured at different times after challenges.

2.4. Total and Differential Cell Analysis in Bronchoalveolar
Lavage Fluid (BALF). After isolating the trachea by blunt
dissection, 1.0 mL volume of PBS was instilled in each
animal through a small caliber tube inserted into the
airway. After gentle aspiration, 1 mL was recovered in each
instillation/aspiration cycle. Total leukocyte counts were
performed by microscopy in Neubauer chambers after
diluting BALF samples in Tirk solution (2% acetic acid).
Differential leukocyte counts were done in cytocentrifuged
smears stained with the May-Grunwald-Giemsa method.
Total protein in BALF supernatants was determined using
the Micron BCA Kit method (Pierce) according to the
manufacturer’s instructions.

2.5. Lipid Body Staining and Counting. While still moist,
leukocytes on cytospin slides were fixed in 3.7% formalde-
hyde in Ca’+, Mg?"-free Hank’s buffered salt solution
((HBSS), pH 7.4) and stained with 1.5% OsOy4 [32]. Lipid
bodies were enumerated by microscopy with oil-immersion
objective lens in 50 consecutively scanned leukocytes.

2.6. Cytokine/Chemokine Assays. Measurements of IL-6,
CCL3/MIP-1a, TNFa, and IL1- were done on cell-free
BALF supernatants using ELISA kits, in accordance with
the manufacturer’s instructions (Duo Set, R&D Systems,
Minneapolis, MN, USA).

2.7. PGE, and LTBs Assays. LTBsy and PGE, in BALF
supernatants were assayed by enzyme immunoassay (EIA)
kits according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, MI, USA).

2.8. Morphologic Studies. 24 h after the challenge with trisol-
eate or saline, animals were euthanized in a CO, chamber
and lungs were removed. For microscopy studies, lungs
were fixed in 10% neutral buffered formalin, embedded in
paraffin, sectioned at 4 ym, and stained with hematoxylin
and eosin.

2.9. Cell Culture Experiments. A549 lung epithelial cells
were kindly provided by Dr. Cristina Plotkowski (from the
Rio de Janeiro State University, Rio de Janeiro, RJ, Brazil).
They were maintained in a complete DMEM/F12 (Hyclone)
medium (containing 2% fetal bovine serum, 1% penicillin,
and 100 UI/mL streptomycin). A day before the experiment,
cells were treated with trypsin (0,025%), centrifuged at 4°C,
400 xg for 10 min, resuspended in the complete medium,
and incubated at 37°C in 5% CO, in 24 well plates (300,000
cells per well). We tested two different OA concentrations
(100 and 250uM in the final incubation volume). Cells
were washed with PBS 30 min after the stimulus, lysed with
lysis buffer (10 mM Tris pH 8.0, 150 mM NacCl, 1% Triton)
containing protease inhibitors (Complete Protease Inhibitor
Cocktail Tablets from Roche), and stored at —20°C.
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FIGURE 1: Intratracheal administration of OA induces lung inflammation in Swiss Webster mice. Kinetics of neutrophils (a) and protein
accumulation (b) in BALF. Control groups received the same volume of PBS. Results are mean + SEM of at least 7 animals. This experiment
was repeated 3 times with similar results. *P < 0.05, compared to controls.

2.10. Lung Tissue Experiments. Animals were anesthetized
with ketamine and xylazine and then perfused with 20 mL
of 20 mM ethylenediaminetetraacetic acid (EDTA) pH 7.4
through the right cardiac ventricle. Then, lung tissues cut
into small pieces were homogenized at 4°C in a homogenizer
using the lysis buffer containing protease inhibitors.

2.11. Evaluation of ERK1/2 Activation in Cultured Cells and
Lung Tissues. Suspensions of cell and lung lysates in the
electrophoresis sample buffer were heated at 100°C for
5min and run in 10% polyacrylamide gels (PAGE-SDS).
After transfer of gel proteins to nitrocellulose membranes
under 15V during 60 min (Biorad semidry system), mem-
branes were incubated with a blocking solution followed
by incubation with the monoclonal antibody antiphos-
phorylated ERK1/2 (Cell Signaling—1:1000 dilution) and
then with the antimouse peroxidase conjugated antibody
(Pierce, 1:10.000). The detection was performed with the
“Super Signal Chemiluminescence” kit (Pierce), exposing the
membrane to an autoradiograph film (Kodak MR Biomax).
Membranes containing proteins were stripped, blocked
again, and incubated with the monoclonal antibody antitotal
ERK1/2 (Cell Signaling—1:1000) followed by treatment
with antimouse antibody conjugated to peroxidase. After
digitalized and analyzed by size and intensity by the Image
Master 2D Elite 4.01 equipment, bands were compared
to controls and normalized against total ERK1/2. Results’
expression was in folds over controls.

2.12. Treatment with a MAP Kinase ERKI1/2 Phospho-
rylation Inhibitor. In “in vivo” experiments, the ERK1/2
phosphorylation inhibitor U0126 (10 mg/kg), (1,4-diamino-
2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene) highly
selective inhibitor of ERK 1 and ERK 2, was injected by
the intraperitoneal route 30 min before OA administra-
tion. U0126 was previously dissolved in dimethylsulphoxide
(DMSO) and diluted with PBS when used.

2.13. Statistical Analysis. Results were expressed as mean
+ SEM and analyzed by the Newman-Keuls-Student test.
Differences were considered significant when P < 0.05.

3. Results

We used a mouse model of ARDS consequent to an
intratracheal (IT) injection of oleic acid and showed that OA
stimulation (1.25 ymol per mouse, approximately 10 mg/kg
of body weight) induced an intense neutrophil infiltration
in SW mice. Cell migration was detected already at 6h,
peaked at 24 h, returning to basal levels at 48 h (Figure 1(a)).
BALF total protein concentration, an indicator of oedema
formation, increased in the first 6 h, remained high at 24h
and 48 h, but decreased thereafter (Figure 1(b)).

Lipid body formation, indicating cell activation,
increased in BALF leukocytes 6h (Figure 2(a)) and 24h
(Figure 2(b)) after OA administration. The lipid mediator
LTB,s was significantly increased in BALF supernatant 6 h
after the OA challenge (Figure 2(c)), decreasing to basal
levels at 24h (Figure 2(d)), while PGE, reached its peak
at 24h (Figure 2(e)). In addition to inflammatory lipid
mediators, we also measured cytokine concentrations (IL-
13, IL-6, TNFa, and MIP-1a) in BALF, showing that they
were augmented 24 h after the OA stimulus (Figures 2(f),
2(g), 2(h), and 2(i), resp.).

We then compared OA and LPS challenges in
C57BL10/ScCr and the corresponding wild-type C57BL10.
C57BL10/ScCr mice possess a null mutation for TLR4 and
are resistant to high LPS doses [33]. As expected, the wild-
type strain showed a typical response to LPS, presenting cell
migration and increased total protein in BALF, while the
C57BL10/ScCr did not respond to LPS. On the other hand,
OA not only induced cell migration but also augmented
the total BALF protein in both animal types, as shown in
Figures 3(a) and 3(b) then excluding a possible oleic acid
contamination with LPS.
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FiGure 2: Continued.
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FIGURE 2: Intratracheal administration of OA induces leukocyte activation and production of inflammatory mediators in the lung of Swiss
Webster mice. Lipid body counting was done at 6 h (a) and 24 h (b), while LTB; measurements were done at 6 h (c) and 24 h (d). PGE, (e),
IL-1f8 (f), IL-6 (g), TNF« (h), and MIP-1« (i) were all measured 24 h after the challenge. Control groups received sterile saline. Each bar
represents the mean + SEM of at least 6 animals. *P < 0.05, compared to controls.
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F1Gure 3: Intratracheal administration of OA failed to induce inflammation in TLR4 mutant C57B10/ScCr mice. Neutrophil (a) and protein
(b) accumulation in BALF 24 h after stimulation of C57B10/ScCr (white bars) or C57B10 (dark bars) with OA and LPS. Control animals
received PBS. Results are mean + SEM from at least 11 animals. The experiment was repeated 3 times with similar results. *P < 0.05
compared to control group. **P < 0.05 C57B10/ScCr compared to C57B10 group for LPS.

In Figures 4(a) and 4(b), macroscopic photos clearly
show an intense hemorrhage in SW animals 24 hours after
the OA injection, as compared to controls, while microscopic
analyses (Figures 4(c) and 4(d)) of these lungs revealed an
intense alveolar hemorrhage. Functional analysis by lung
plethysmography using buxco revealed an altered pulmonary
function 24 h after OA treatment (Figure 4(e)).

We next evaluated the intracellular signaling mechanism
involved in OA-induced inflammation. In our experiments,
OA caused a substantial increase in MAPK ERK1/2 phospho-
rylation both in vivo and in vitro. Analysis of lung tissues 4
hours after IT injection of OA showed a marked increase in
ERK1/2 phosphorylation. Cultured lung epithelial A549 cells
also increased ERK1/2 phosphorylation after stimulation
with OA (Figure 5).

The role of ERK1/2 activation in our model was inves-
tigated by treating animals with the inhibitor of ERK1/2
phosphorylation U0126. Pretreating OA stimulated-SW

mice with U0126 reduced significantly BALF inflammatory
parameters as neutrophil migration (Figure 6(a)), lipid body
formation (Figure 6(b)), and IL-6 synthesis (Figure 6(c)). IL-
13 production (Figure 6(d)) was an exception, showing no
significant reduction in U0126-treated animals.

4. Discussion

In ARDS, neutrophil is the main cell migrating to lung
[8, 34]. When activated, neutrophils release an arsenal of
potent molecules contributing to increased tissue damage
and inflammation [35]. In our experiments, neutrophil
infiltration was already detected 6h after OA injection,
reaching a peak at 24h and decaying to the basal level,
thereafter indicating the resolution of the inflammatory
process.

ARDS is described as an increase in endothelial perme-
ability [21] and a loss of epithelial barrier function [13,
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FIGURE 4: Representative macroscopic photo ((a) and (b)) and photomicrograph—1000x—((c) and (d)) of lungs from SW animals 24 h after
OA challenge. Functional respiratory evaluation of animals 24 h after OA challenge using plethysmographic analysis (e). Controls received
the same volume of PBS. Results of plethysmographic analysis are mean = SEM from 7 animals. The experiment was repeated 3 times with

similar results. *P < 0.05, compared to controls.

36], leading to pulmonary oedema. In ARDS, the transport
capacity of the alveolar epithelium is greatly diminished
and is correlated to a high mortality rate [37, 38]. Actions
improving oedema clearance can offer important therapeutic
options for patients with acute respiratory insufficiency.
Na* channels are pivotal in the control of Na* clearance
and recent data indicated that the increment of the Na/K-
ATPase activity in type II cells was enough to increase the
resolution of the alveolar fluid [16, 18, 39, 40]. Sodium

channels contribute to alveolar fluid clearance under phys-
iological conditions and the deregulation of the sodium
channel activity might contribute to the pathogenesis of the
pulmonary oedema [41]. OA is an Na/K-ATPase inhibitor
[42—44] and also a sodium channel inhibitor [20]. Therefore,
we suggest that, in our model, these mechanisms are involved
in lung oedema formation.

Cytokines such as TNF-a and interleukins (mainly IL-
1 and IL-6) are important mediators in the development
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FIGURE 5: OA-induced ERK phosphorylation in the lung tissue and in A549 lung epithelial cells. Lungs were removed from SW animals
4h after the OA challenge. Cultured cell lysates were prepared after incubation for 30 min with 100 or 250 uM OA. Graphics in this figure
represent densitometric analyses of phosphorylated ERK1/2 and total ERK1/2 bands, as detailed in Methods.

of ARDS [10], contributing to augmented vascular perme-
ability and organ dysfunction [45]. IL-6 release seems to
play a key role in ARDS [46] since IL-6 levels were found
significantly higher in patients with subsequent ARDS than
in patients who did not develop it [47], although its detailed
mechanism of action remains unclear [48]. Accordingly,
our results showed, in BALF supernatants of OA challenged
animals, increased IL-6, IL-1f, and TNF-a production. The
chemokine MIP-1a, a chemotactic factor for monocytes
[49], was also increased, showing that intratracheal challenge
with OA induces the main inflammatory mediators involved
in clinical ARDS. The resulting inflammation could lead to
the altered lung function seen by plethysmography.

Lipid bodies are cytoplasmic inclusions present in dif-
ferent cellular types [50]. In limited number, they are
normal constituents of some cells, but they increase in
number and size in those involved in inflammatory and
immunologic processes [51, 52]. Lipid bodies generate the
lipid mediators LTB4 and PGE, [32]. In our model, oleic
acid augmented the lipid body number as earlier as 6 hours
after OA challenge, remaining high at 24 hours. Moreover,
LTB4, a potent chemotactic agent for neutrophils [53],
increased as early as 6 hours and could be the mediator
involved in neutrophil migration into the lung in our model,
returning to basal levels at 24 hours. PGE, production
was elevated 24 hours after OA challenge. In this regard,

accumulating evidence suggests that the cyclooxygenase-2
(COX-2)/PGE, pathway plays an important role in augment-
ing inflammatory immune response in sepsis-associated
ARDS, since the inhibition of lung PGE, production inhibits
oedema, neutrophil infiltration, proinflammatory cytokine
production, adhesion molecules expression, and restored
lung morphology, increasing survival in polymicrobial sepsis
[54]. Furthermore, this mediator inhibited phagocytosis and
in vitro killing by alveolar macrophages, impaired lung
recruitment of polymorphonuclear leukocytes, and also the
clearance of Streptococcus pneumoniae [55].

In severe ARDS, hemorrhage can be present, as seen in
patients with severe leptospirosis, leading to high mortality
rates as a result of lung flooding and inflammation [56, 57].
Here we showed that hemorrhage was detected macroscopi-
cally and microscopically after OA challenge.

Toll-like receptors (TLR) participate in the detection of
microorganisms. TLR4 is the ligand for LPS found in Gram-
negative bacteria [58]. Using a mice strain carrying a null
TLR4 mutation and comparing with its wild-type strain, we
showed that OA was not acting through TLR4 activation.
Therefore, oleic-acid-induced lung injury was not due to a
LPS contamination of the oleic acid solution.

Extracellular signal-regulated protein kinase (ERK) was
the first MAPK protein to be identified [59] and was
subsequently shown to be involved in cell proliferation and
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F1GURE 6: Blocking ERK1/2 activation by treatment with U0126 decreases OA-induced lung inflammation. Treatment protocols are described
in Methods. Neutrophils (a) and lipid body formation (b). The following cytokines were also measured: IL-6 (¢) and IL-18 (d). Controls
received the same volume of saline. All measurements were performed 24 h after OA challenge. Results are expressed as mean + SEM from
at least 6 animals. *P < 0.05 compared to control group; **P < 0.05 compared to OA stimulated group.

activation [60]. In fact, OA induced ERK/MAPK phosphory-
lation in breast cancer cells [31] and also vascular smooth
muscle cell proliferation and migration by a direct ERK-
dependent mitogenic response [61, 62]. ERK is involved in
regulating proinflammatory mediator production [30, 63].
We tested if OA could induce ERK1/2 phosphorylation in
our model and this was effectively true not only in the lung
tissue of mice, but also in cultured A549 epithelial lung cells.
Specific inhibitor of RAS/ERK activity suppressed TGF-f1
production induced by oxidized low-density lipoprotein in
human alveolar epithelial cells [63] and the U0126, a selective
inhibitor of the mitogen-activated protein kinases MEK-1
and MEK-2, upregulated aquaporin 4 expression in alveolar
type II cells in rats with oleic acid-induced lung injury [64].
We, therefore, investigated the impact of blocking ERK1/2
activation in OA-challenged mice, using the drug U0126 that
inhibits the ERK phosphorylation step. Our results show
that, in OA-challenged animals, ERK1/2 inhibition blocked
neutrophil migration, oedema (data not shown), and lipid
body formation as well as IL-6, but not IL-1 production.
Since animals received OA directly into the lung, the direct
epithelial cell damage due to the presence of this fatty acid

could in part provoke lung injury. Nevertheless, the fact that
U0126 inhibited OA-induced lung inflammation may argue
against this possibility.

Considering that OA-induced inflammation is inde-
pendent of TLR4 stimulation, a question rises about the
primordial mechanism leading to ERK activation. Whereas
OA is a Na/K-ATPase inhibitor, as already stated in the
introductory section, and taking into account the signaling
properties of this enzyme [65] promoting MAP kinase
activation, including ERK [66], we suggest that Na/K-ATPase
could be the initial OA target.

IL-1p and IL-18 are produced as cytosolic precursors
and they typically require secondary proteolytic cleavage
induced by inflammasome for activation and secretion [67].
The inflammasome consists of several proteins, one of them,
NLRP3, is involved in the recognition of bacterial RNA, ATP,
uric acid, and low intracellular potassium concentration [68]
which is a consequence of Na/K-ATPase inhibition by OA
[69]. A recent communication showed that the leptospiral
glycolipoprotein (GLP), which is also a specific Na/K-ATPase
inhibitor [42, 43], activated the NLRP3 inflammasome by
downregulating the Na/K-pump [70]. The inflammasome is
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an important step in IL-1 release, and, in our results, the IL-
13 production was independent of ERK inhibition by U0126,
pointing out, therefore, to a mechanism independent of ERK
activation.

In conclusion, activation of the ERK signaling pathway
independently of TLR4 stimulation is crucial in OA-induced
lung injury. Furthermore, the participation of the Na/K-
ATPase as a primary OA target in the mechanism of ERK
activation is suggested.
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