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Levels of oleic acid (OA) are elevated in plasma and bronchoalveolar
lavage fluids of patients with acute respiratory distress syndrome
(ARDS). OA is also widely used to provoke edema, by unknown
mechanisms, in experimental models of ARDS. We investigated
the impact of intravascularly applied OA on epithelial lining fluid
balance. OA (25 �M) dramatically blocked active transepithelial
22Na� transport (by 92%) in an isolated, ventilated, and perfused
rabbit lung model, provoking alveolar edema, assessed by increases
in lung weight and epithelial lining fluid volume. OA did not alter
epithelial permeability, measured by [3H]mannitol and fluorescently
labeled albumin flux, but did increase endothelial permeability, as-
sessed by capillary filtration coefficient. In A549 cells, OA completely
blocked amiloride-sensitive sodium currents measured by patch
clamp, and also largely abrogated ouabain-sensitive Na�,K�-ATPase–
mediated 86Rb� uptake. Although OA did not alter epithelial sodium
channel or Na�,K�-ATPase surface expression, it covalently associated
with both molecules and directly, dramatically, and dose-dependently
inhibited the catalytic activity of purified Na�,K�-ATPase. Therefore,
OA impaired the two essential transepithelial active sodium trans-
port mechanisms of the lung, and could thus promote alveolar
edema formation and prevent edema resolution, thereby contribut-
ing to the development of ARDS.
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Acute respiratory distress syndrome (ARDS) has an incidence
of up to 75 per 100,000 individuals (1) and exhibits mortality
rates of more than 30% (2, 3). The hallmarks of ARDS include
an increase in endothelial permeability (4) and loss of epithelial
barrier function (5, 6), resulting in an accumulation of alveolar
and interstitial edema fluid in the lung. The loss of alveolar–
capillary barrier integrity impairs active fluid transport mecha-
nisms in the lung, preventing reabsorption of edema fluid from
the alveolar space, which is a key step in the resolution of ARDS.
It is widely believed that edema fluid must be cleared for patients
with ARDS to survive (7, 8).

The primary mechanism driving fluid clearance from the alve-
olus is the active transport of sodium from air spaces into the
lung interstitium (9). This active vectorial sodium flux generates
an osmotic gradient, which, in turn, promotes passive movement
of water from the alveolar space into the interstitium (10). Sodium
uptake by the alveolar epithelial cells occurs on the apical side,
primarily through amiloride-sensitive ion channels, such as the
epithelial sodium channel (ENaC) (11, 12), with subsequent active
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pumping out from the basolateral surface by Na�,K�-ATPase
(13, 14). Thus, both ENaC (10) and the Na�,K�-ATPase (15) are
accredited with key roles in the resolution of pulmonary edema.

Perturbations to lipid metabolism and the activity of lipid-
metabolizing enzymes, particularly acyltransferases and phos-
pholipases, have been implicated in the pathogenesis of ARDS
(16, 17). Serum samples from patients with ARDS have signifi-
cantly elevated levels of oleic acid (OA), a C18:1 unsaturated
�-9 free fatty acid (16, 17). Similarly, at-risk patients who subse-
quently developed ARDS also exhibited higher serum OA levels
(17). Patients with sepsis, of whom approximately 50% develop
ARDS (2, 18), also exhibited a dramatic sixfold increase in
plasma OA levels in comparison to plasma from healthy volun-
teers (19). Similarly, in an LPS-induced acute lung injury model,
a 15-fold increase in free OA was observed in bronchoalveolar
lavage (BAL) fluids from mice 8 hours after LPS application
(20). The proportion of OA incorporated into surfactant phos-
pholipids is also significantly elevated in patients with ARDS
(21) and sepsis (22). Together, these observations have led inves-
tigators to propose OA as a prognostic factor for ARDS (17).

The observed elevation of OA levels in plasma and BAL
samples from patients with ARDS is particularly interesting
considering that OA-induced lung injury is an extensively used
experimental model of ARDS (23). However, the precise mecha-
nism by which OA induces lung edema formation remains to
be clarified. OA has been described to cause an increase in
pulmonary vascular permeability, within seconds of exposure
(24), resulting in extravascular lung water accumulation (25).
However, no study to date has addressed the influence that OA
may have on transepithelial vectorial sodium transport and its
implications for lung physiology and pathophysiology. This study
examined the effect of OA on transepithelial sodium transport,
and we consider these data in the context of a prognostic, and
perhaps causal, role for OA in acute lung injury/ARDS.

Some of the results of these studies have been previously
reported in the form of an oral address presented at the 100th
International Congress of the American Thoracic Society,
Orlando, Florida, May 21–26, 2004 (26).

METHODS

Lung Preparation and Handling

Lungs were isolated from healthy adult male rabbits (Charles River, Sulz-
feld, Germany) that weighed 3.0 � 0.5 kg, as previously described (27).
Rabbits were anesthetized with ketamine (30–50 mg/kg intravenously)
and xylazine (6–10 mg/kg intravenously), and heparin (1,000 U/kg) was
applied as an anticoagulant. Animals were mechanically ventilated with
room air with a Harvard cat/rabbit ventilator (Hugo Sachs Elektronik,
March Hugstetten, Germany) through a tracheotomy. Catheters were
inserted into the pulmonary artery and the left atrium, which were
exposed by a midsternal thoracotomy, and perfusion was undertaken
with Krebs-Henseleit buffer (120 mM NaCl, 4.3 mM KCl, 1.1 mM
KH2PO4, 25 mM NaHCO3, 2.4 mM CaCl2, 1.3 mM magnesium phos-
phate, 0.24% [mass/vol] glucose, and 5% [mass/vol] hydroxyethylamy-
lopectin) at a flow rate of 100 ml/minute with a left atrial pressure of
1.6 mm Hg. Lungs were freely suspended from a force transducer in a
temperature-equilibrated housing chamber at 37�C (or at 4�C in the
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case of low-temperature experiments) and ventilated with room air sup-
plemented with 4.5% CO2 to maintain pH of the recirculating buffer
between 7.35 and 7.37. Peak inspiratory pressure was set to 7.5 mm Hg.
A frequency of 30 breaths/minute and an inspiratory/expiratory ratio of
1:1 with a positive end-expiratory pressure of 2 mm Hg were applied to
prevent atelectasis and to maintain constant minute volume during the
experiment. Perfusion pressure, ventilation pressure, and the weight of
the isolated organ were continuously monitored online.

Treatment of Lungs

Lungs were routinely maintained for 30 minutes to establish baseline
conditions, after which OA (25-�M final concentration, dissolved in a
1:1 mixture of H2O to ethanol as vehicle) or vehicle alone was applied
to the perfusate. Lungs were allowed to reestablish steady-state baseline
conditions for 30 minutes, after which they were nebulized with amilor-
ide in 2.5% (vol/vol) dimethyl sulfoxide in physiologic saline, yielding
a concentration of 10 �M in the epithelial lining fluid (ELF), or with
physiologic saline (in the case of a sham nebulization). In some experi-
ments, both OA and amiloride were applied sequentially in the same
experiment, as described previously. Experiments were conducted ei-
ther at 37�C or at 4�C. After a 30-minute reequilibration period, radio-
active tracers were applied by ultrasonic nebulization of a mixture of
22NaCl (1 �Ci/ml) and [3H]mannitol (6 �Ci/ml) in physiologic saline,
over 10 minutes, with an Optineb ultrasonic nebulizer (Nebu-Tec,
Elsenfeld, Germany), connected directly to the inspiration loop of the
ventilator. More than 90% of the aerosol that reached the lung was
deposited into the alveolar space, leading to a tracer deposition of
approximately 1.2 �Ci 22Na� and approximately 7.2 �Ci [3H]mannitol.
The elimination of 22Na� from the lung was monitored by �-detectors
(Target System Electronic, Solingen, Germany) placed around the lung
and perfusate reservoirs for 90 minutes after nebulization. Transit of
the [3H]mannitol tracer was followed by discontinuous perfusate sam-
pling (at 5, 10, 15, 20, 30, 50, and 90 minutes after nebulization) and
was quantified by scintillation counting in a Canberra Packard �-counter
(Packard, Dreieich, Germany). Tracer-clearance curves were refer-
enced to a 100% starting point at the end of nebulization. As an alterna-
tive to the radioactive tracers 22Na� and [3H]mannitol, a second, inde-
pendent measurement of epithelial permeability was fluorescein
isothiocyanate (FITC-)–labeled albumin flux from the perfusate into
the alveolar space. The FITC-albumin was added to the perfusate (at
a final concentration of 0.16 mg/ml) 30 minutes after sham treatment
or OA or H2O2 (300 �M; positive control) application. The FITC-
albumin concentrations were determined from BAL fluids (200 �l)
in a Fusion (Packard) microplate spectrofluorimeter at an emission
wavelength of 480 nm and an excitation wavelength of 520 nm, as
described elsewhere (28). The experimental protocol was identical to
that described previously for the radioactive 22Na� and [3H]mannitol
transit kinetics. ELF volume was determined from sodium concentra-
tions of BAL fluids as described previously (29).

Assessment of Endothelial Permeability

Capillary filtration coefficients (Kf,c) were used to assess changes in
endothelial permeability. Coefficients were determined gravimetrically
from the slope of the lung weight–gain curve induced by a 7.5–mm Hg
step elevation of the venous pressure for 10 minutes, as described
previously (30, 31). These experiments were performed separately from
the studies addressing 22Na� and [3H]mannitol fluxes.

Electrophysiology

To investigate changes in macroscopic current of epithelial cells caused
by OA and amiloride, the conventional whole-cell patch-clamp tech-
nique (32) was used. Human lung epithelial A549 cells (American Type
Culture Collection; Manassas, VA) contain amiloride-sensitive sodium
channels with biophysical properties similar to those of type II alveolar
epithelial cells (33). We therefore used A549 cells as a model lung
epithelial cell in our studies. Cells were plated on 16-mm-diameter glass
cover slips and mounted in a flow-through chamber on the stage of an
inverted microscope (Axiovert 135; Zeiss, Jena, Germany) and perfused
(2–3 ml/minute) with 145 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 2 mM
MgCl2, 5.5 mM glucose, and 10 mM N-2-hydroxyethylpiperazine-N�-
ethane sulfonic acid, pH 7.4, at room temperature. Pipettes pulled
from borosilicate glass tubes (GC 150; Clark Electromedical Instruments,

Pangbourne, UK) were fire-polished to give a final resistance of 3 to
5 M	, and back-filled with 135 mM potassium methylsulfonic acid,
10 mM KCl, 6 mM NaCl, 1 mM Mg2ATP, 2 mM Na2ATP, 5.5 mM
glucose, 10 mM N-2-hydroxyethylpiperazine-N�-ethane sulfonic acid,
0.5 mM ethyleneglycol-bis-(�-aminoethyl ether)-N,N�-tetraacetic acid,
pH 7.4. The effective corner frequency of the low-pass filter was 5 kHz.
The frequency of digitization was twice that of the filter frequency.
Offset potentials were nulled directly before formation of a seal. Series
resistance and membrane capacitance were compensated before the
onset of recordings with an Axopatch 200B amplifier (Axon Instru-
ments, Foster City, CA). Experiments were performed at room temper-
ature (22�C) or in selected cases at 8�C. Inward and outward currents
across the cell membrane were elicited by using a step-pulse protocol
from –100 to �100 mV in 10-mV increments for 500 milliseconds from a
holding potential of –40 mV. Current–voltage relationships were con-
structed by averaging the current values between 100 and 500 milliseconds
from the start and plotted using Origin software (Microcal Software,
Northampton, MA). These measurements were repeated with perfusate
containing OA or amiloride. The drug-sensitive currents were calculated
by subtracting the current remaining after exposure to OA or OA and
amiloride from the corresponding control (no drug) values (33).

Ouabain-sensitive Rb Uptake Assay

Ouabain-sensitive uptake of the K�-mimic 86Rb� into A549 cells was
used to estimate potassium transport mediated by Na�,K�-ATPase,
essentially as described by Ridge and colleagues (34). Cells, plated in
six-well plates, were incubated in Dulbecco’s modified Eagle me-
dium:F12 (1:1), supplemented with 10% (vol/vol) fetal calf serum in
the absence or presence of ouabain (1.67 mM), OA (1 nM–250 �M),
or ethanol (0.17% [vol/vol]), which served as a vehicle control, for
5 minutes at 37�C in a Heidolph UniMax 1010 incubator (Heidolph
Instruments, Schwabach, Germany) with gentle (100-rpm) gyration.
Media were aspirated off and replaced with identical fresh medium
containing 1 �Ci/ml 86Rb�, and plates were incubated for a further 5
minutes (37�C, 100 rpm). Rb uptake was terminated by aspiration of
the medium and the addition of 10 mM ice-cold Tris-Cl and 150 mM
MgCl2, pH 7.4. Wells were washed extensively with 10 mM Tris-Cl and
150 mM MgCl2 (3 
 5 ml), and plates were air-dried overnight. Cells
were solubilized in 0.2% (m/v) sodium dodecyl sulfate, and 86Rb� in the
cell extracts was quantified by liquid scintillation counting in a Canberra
Packard �-counter (Packard). Protein was quantified with the BioRad
DC protein assay reagent (BioRad, Munich, Germany), which is based on
the method of Bradford (35), adapted for samples containing detergents.

Immunoprecipitation, Cell-Surface Biotinylation,
and Acylation Studies

Protein extracts were prepared from A549 cells by scraping in 1 ml
of cell-lysis buffer (50 mM Tris-Cl, pH 7.4, containing 100 mM NaCl,
50 mM NaF, 5 mM �-glycerophosphate, 2 mM ethylenediaminetetraacetic
acid, 2 mM ethyleneglycol-bis-[�-aminoethyl ether]-N,N�-tetraacetic
acid, 1 mM sodium orthovanadate, 0.1% Triton X-100, and 25
 prote-
ase inhibitor cocktail [Roche, Mannheim, Germany]) per 10-cm-diame-
ter tissue culture dish. Extracts (1 ml) were briefly vortexed (2 
 5
seconds). Extracts were incubated with protein G–agarose beads and
5 �g of the relevant antibody (goat anti–Na�,K�-ATPase � subunit
[Santa Cruz, Santa Cruz, CA] or rabbit anti-ENaC � subunit [Calbio-
chem, San Diego, CA]) by end-over-end mixing (16 hours, 4�C). Beads
were washed (3 
 1 ml, 4�C) and boiled in sample buffer (100 �l);
the supernatants were resolved by Tris-Tricine sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% polyacryl-
amide gel (36), transferred to an Immobilon-P membrane (Amersham,
Buckinghamshire, UK), and probed for Na�,K�-ATPase (with mouse
anti–Na�,K�-ATPase� subunit [Sigma, Diesenhofen,Germany]) or ENaC
(with goat anti-ENaC � subunit [Santa Cruz]). Immune complexes
were detected with peroxidase-conjugated secondary antibodies and
visualized by enhanced chemiluminescence (Amersham).

Biotinylation of cell-surface proteins of A549 cells was undertaken
as described in Dada and coworkers (37). Cell monolayers (80–90%
confluent in 10-cm-diameter tissue culture dishes) were washed with
phosphate-buffered saline and maintained on ice. Cells were labeled
(4�C, 1 hour) with 1 mg/ml EZ-link N-hydroxysuccinamide-SS-biotin
(Pierce, Rockford, IL) in PBS (1 ml), rinsed six times with 50 mM
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glycine in phosphate-buffered saline to quench unreacted activated
biotin, and then lysed in cell-lysis buffer (described previously). Cell
extracts were incubated with end-over-end shaking (16 hours, 4�C) with
streptavidin-agarose beads (Pierce). Beads were washed (4 
 1 ml,
4�C) and boiled in sample buffer (100 �l), and the supernatants were
resolved, transferred to an Immobilon-P membrane (Amersham), and
probed for Na�,K�-ATPase and ENaC as described previously.

To investigate whether OA covalently associated with either Na�,K�-
ATPase or ENaC, cell monolayers were incubated with (9,10[n]-3H)OA
(50 �Ci/ml; Amersham) for 1 hour. Monolayers were washed (10 

10 ml) with phosphate-buffered saline, lysed, and immunoprecipitated
as described previously. Immunoprecipitates were split between two
gels, one of which was probed by immunoblotting for Na�,K�-ATPase
or ENaC, whereas the other was subjected to autoradiography for
3 weeks at �70�C.

Na�,K�-ATPase Activity Assay
The Na�,K�-ATPase–catalyzed hydrolysis of ATP was determined es-
sentially as previously described (38). The direct effect of OA on cata-
lytic activity was determined by preincubating the catalytic � subunit
of Na�,K�-ATPase (5 mU; Sigma) in assay buffer (33.3 mM imidazole,
167 mM NaCl, 50 mM KCl, pH 7.2; 267 �l) with varying concentrations
of OA (100 nM–100 �M) for 5 minutes at 37�C. Substrate (25 mM
ATP, 50 mM MgCl2, pH 7.2; 67 �l) was added, and the reactions
incubated at 37�C for a further 20 minutes, after which stop solution
(50 mg/ml FeSO4 in 3% [vol/vol] H2SO4, 1% [m/v] ammonium molyb-
date; 1.5 ml) was added and the concentration of the phosphomolybdate
complexes determined at 700 nm in a BioRad SmartSpec 3000 (Bio-
Rad). The inclusion of ouabain (1.67 mM) served as a negative control.

Statistical Treatment of Data
Numeric values are given as the mean � SD. Intergroup differences
were assessed by a factorial analysis of variance with post hoc analysis
with Fisher’s least significant difference test, where p values less than
0.05 were considered significant.

RESULTS

Oleic Acid Blocks Transepithelial Active Sodium Transport
in Intact Lungs

At 37�C, approximately 62% of the 22Na� was cleared from lungs
by the end of the experiment (Figure 1). This clearance was

Figure 1. 22Na� clearance from isolated,
ventilated, and perfused rabbit lungs is
impeded by oleic acid (OA), amiloride,
and low temperature. Lungs were main-
tained either at 37�C (black) or 4�C (green)
and sham-nebulized with physiologic
saline 30 minutes after establishing a
steady-state equilibrium. After a further
30 minutes, 22Na� tracer was nebulized
to the lung, and elimination of this tracer
from the lung was monitored over 60
minutes. In additional experiments, OA
(25-�M final concentration) was applied
to the perfusate of lungs maintained at
37�C (red) or at 4�C (light blue) after estab-
lishing a steady-state equilibrium. Alter-
natively, instead of sham-nebulization,
amiloride (10-�M final concentration in
the epithelial lining fluid) was nebulized
to lungs maintained at 37�C (blue) or at
4�C (brown). In a separate set of experi-
ments, both OA and amiloride were ap-
plied together sequentially (magenta).
Counts were set at 100% immediately

after nebulization of 22Na� tracer into the lungs. Each data point represents the mean of six independent experiments. For clarity, SDs (which
were always 
 2%, with the exception of control lungs and amiloride-treated lungs at 37�C, which were 4 and 3%, respectively) have been
omitted. However, they are incorporated into the analyses of these data in Figure 2.

mediated by both active and passive transport processes. When
the lung was cooled to 4�C, only 48% of the 22Na� nebulized
into the lung was cleared over the same time course. Sodium
clearance at 4�C is attributable exclusively to passive transport
processes, because active processes are shut down at this temper-
ature (39). OA (25-�M perfusate concentration) and amiloride
(an ENaC inhibitor; 10-�M ELF concentration) applied at 37�C
impaired transepithelial sodium flux, reducing the clearance of
the 22Na� tracer from a lung maintained at 37�C to 50 and 46%,
respectively. These data indicate that OA significantly impairs
transepithelial sodium flux.

Passive epithelial paracellular permeability, measured by
[3H]mannitol clearance from the lung, was not significantly af-
fected by low temperature, OA, or amiloride, when compared
with control lungs at 37�C (Figure 2, solid bars). Thus, we rea-
soned that clearance of the fraction of 22Na� from the lungs
at 37�C that was not cleared at 4�C was attributable to active
processes, because passive processes were unaffected under all
experimental conditions used. This “active transport” fraction
is represented in Figure 1 by the difference between the area
above the curve for the warm (37�C) and cold (4�C) control
lungs. The effects of OA and amiloride specifically on active
22Na� clearance from the lung could thus be quantified (Figure
2, open bars).

Transepithelial active 22Na� transport was significantly (p 

0.001) reduced by 92 � 3% when OA (25-�M final concentra-
tion) was applied to the perfusate (Figure 2). Similarly, without
exhibiting any effect on the passive [3H]mannitol flux, amiloride
(10 �M in the ELF) significantly (p 
 0.001) reduced active
sodium transport by 58 � 6% compared with control (untreated)
lungs. This finding is consistent with reports that approximately
50% of the sodium transport channels in mammalian lungs are
amiloride-sensitive (10, 40). There was no additional inhibition
of active sodium transport when OA was applied with amiloride
(Figure 2), suggesting that OA blocked amiloride-sensitive so-
dium channels in addition to other sodium transport processes
(one candidate being the Na�,K�-ATPase). To strengthen our
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Figure 2. OA completely blocks active sodium transport without affecting passive paracellular epithelial permeability of intact lungs. Active 22Na�

transport (open bars) was quantified from the data in Figure 1 as described in METHODS. The active 22Na� transport in untreated lungs maintained
at 37�C was set at 100%, with the active 22Na� transport in treated lungs expressed relative to this control value. Passive [3H]mannitol flux (solid
bars) was monitored by scintillation counting of perfusate samples taken at timed intervals after nebulization of the [3H]mannitol tracer to the
lungs, as described in METHODS. The passive [3H]mannitol flux in untreated lungs maintained at 37�C was set at 100%, and mannitol flux in treated
lungs was expressed relative to this control value. No active transport occurs at 4�C, hence there is no value for this parameter in the figure. Bars
represent the mean � SD (n � 6 for all groups except OA � amiloride, 4�C � OA, and 4�C � amiloride, all at n � 4); *p 
 0.001.

hypothesis, we applied OA or amiloride to lungs maintained at
4�C. Neither OA nor amiloride had any effect on transepithelial
sodium flux at 4�C (Figure 2). These data suggest that passive
transport processes were not altered after administration of OA,
whereas active transport processes were completely blocked.

Because [3H]mannitol is a marker for paracellular epithelial
permeability to small solutes, we further investigated any effect
that OA may have on large solute permeability, which would
result from any gross epithelial injury. We therefore monitored
passage of FITC-albumin from the vascular space (the perfusate)
to the alveolar space (represented by BAL fluids). In control,
sham-treated lungs, BAL fluids yielded fluorescence values of
67 � 14 arbitrary fluorescence units/ml ELF, whereas in lungs
treated with 25 �M OA, the average fluorescence was 71 � 20
arbitrary fluorescence units/ml ELF, which was comparable to
untreated, control lungs. In contrast, after application of 300
�M H2O2 in the perfusate, which would generate gross epithelial
damage, the BAL fluid fluorescence increased tenfold to 640 �
170 arbitrary fluorescence units/ml ELF. From these data, we
conclude that OA did not cause gross epithelial damage at the
concentrations and route of administration used in our studies.

In control lungs that were not nebulized at any point, no
apparent change in lung weight was observed over the course
of the experiment (results not shown). However, control lungs
maintained at 37�C and sham nebulized with physiologic saline
exhibited a nonsignificant change in lung weight (0.12- � 0.1-g
loss; Figure 3A) over the time course of the experiment. Thus,
there was no progressive edema formation in the control lungs.

There was a transient weight gain immediately after each nebuli-
zation step, because each nebulization consistently deposited
approximately 1 ml (SD 
 8%) of fluid per nebulization (i.e.,
� 2 ml in total/experiment) was deposited into the lung. But
this excess fluid was fully cleared from the control lungs main-
tained at 37�C by the end of the experiment. However, in the
case of lungs maintained at 4�C, where active transport was
blocked, there was a net weight gain of 1.5 � 0.3 g (corresponding
to 1.5 ml of excess fluid). In line with our 22Na� transport data,
OA (applied at 25 �M in the perfusate) caused a weight gain
of 1.8 � 0.4 g, and amiloride induced a total weight gain of
1.0 � 0.2 g. Thus, when active transport processes are blocked
(by either low temperature, OA, amiloride, or combinations
thereof), the fluid that was nebulized into the lungs could not
be cleared. It is critical to observe that the net weight gain of
the treated lung is attributable to fluid that has been nebulized
into the lung but cannot subsequently be cleared.

These observations are corroborated by estimation of the
ELF volume under these experimental conditions. In control
lungs maintained at 37�C, the ELF volume was kept constant
at approximately 2.38 � 0.24 ml (Figure 3B). When lungs were
maintained at 4�C, the ELF volume increased to 4.39 � 0.22 ml,
indicating an average increase of 2.01 ml in ELF volume. Simi-
larly, treatment with OA and amiloride increased the ELF vol-
ume by 2.28 and 0.92 ml, respectively. Our data are supported by
similar experiments performed in rats, where amiloride caused a
comparable decrease in alveolar fluid clearance (41). Similarly,
when OA and amiloride were applied together, or when OA or
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Figure 3. OA provokes edema formation
in intact lungs. Fluid accumulation in the
isolated, ventilated, and perfused rabbit
lungs was estimated from the net lung
weight gain, which was continuously mon-
itored online throughout the experiment
(A ) and by determination of the epithelial
lining fluid (ELF) volume from broncho-
alveolar lavage fluids (B ), as described in
METHODS. Lungs were either maintained at
37�C or at 4�C to block active transport.
In additional experiments, OA (25-�M final
concentration) was applied to the perfu-
sate, or amiloride was applied to the alveo-
lar space by nebulization (10-�M final ELF
concentration), or both agents were ap-
plied sequentially in the same experiment,
as described in METHODS. Data represent
the mean � SD (n � 6 for all groups, except
OA � amiloride, 4�C � OA, and 4�C �

amiloride, all at n � 4); *p 
 0.01; **p 


0.001.

amiloride were applied separately to lungs maintained at 4�C,
an ELF volume increase of approximately 2.2 ml was again
observed. The increase in the ELF volume correlated signifi-
cantly (p 
 0.01) with the increases in lung weight, suggesting
that the edema we observed was primarily attributable to fluid
accumulation in the alveolar space.

Oleic Acid Increases Endothelial Permeability in Intact Lungs

There was no change in the endothelial permeability of the
isolated, perfused, and ventilated control rabbit lungs main-
tained at 37�C, as indicated by essentially unchanged Kf,c values
determined at 30, 70, and 110 minutes after the lungs reached
steady-state equilibrium (Figures 4A and 4B). Similarly, lungs
maintained at 4�C exhibited no perturbations to endothelial per-
meability over the 120-minute time course (Figure 4A), which
was also observed with amiloride. In contrast to these data, OA
caused a significant (p 
 0.05) 1.8-fold increase in the endothelial
permeability, as assessed by Kf,c after exposure to 25 �M OA
(the same concentration used in radioactive tracer elimination
studies; Figures 4A and 4C).

Oleic Acid Blocks Whole-Cell Current in A549 Cells

In the whole-cell mode, A549 cells exhibited inward rectifying
currents carried by sodium (33). The inclusion of OA (10 �M)
in the perfusion fluid significantly (p 
 0.01) reduced the inward
sodium current and shifted the reversal potential to �41 mV.
Representative whole-cell currents that were recorded during

control and after exposure to 10 �M OA are shown in Figure
5A. Control recordings were made in the presence of 10 �M
ethanol (vehicle control, the same concentration as was used
in the isolated, ventilated, and perfused rabbit lung model) to
exclude nonspecific effects. The effect of OA on the outward
potassium current was not significant. The averaged current–
voltage relationship of OA-sensitive and OA-plus-amiloride–
sensitive current is shown in Figure 5B.

Extracellular application of OA (10 �M) inhibited whole-
cell current to 55 � 11% at �100 mV (Figure 5C; n � 6). To
investigate the effect of amiloride on the remaining current,
the whole-cell current was recorded in cells treated simultane-
ously with amiloride and OA (each at 10 �M), in cells treated
with amiloride (10 �M) after a 5-minute pretreatment with OA
(10 �M), and in cells treated with OA (10 �M) after a 5-minute
pretreatment with amiloride (10 �M). In all cases, the results
were identical: amiloride had no appreciable effect on the OA-
sensitive current, suggesting that OA blocks amiloride-sensitive
channels (Figures 5B and 5C). The inhibition caused by OA
was not reversible, because attempts to wash out the OA with
perfusion fluid over a 30-minute time period did not restore a
control response. It was unlikely that OA had any deleterious
effect on the A549 cells, because there was no change in the
leak current after OA administration.

Parallel recordings made at 8�C (to corroborate our data
obtained in isolated, ventilated, and perfused rabbit lungs at low
temperature) are shown in Figures 5B and 5C. Low temperature
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Figure 4. OA increases endothelial per-
meability of intact lungs. (A ) Endothelial
permeability was assessed from capillary
filtration coefficients (Kf,c) determined for
lungs maintained at 37�C (solid circles) or
at 4�C (open circles). Coefficients were
also determined after administration of
10 �M (final concentration) amiloride
(inverted open triangles) to the ELF, or
25 �M (final concentration) OA (inverted
solid triangles) to the perfusate. Data rep-
resent the mean � SD (n � 4 for each
group); *p 
 0.05. Original representa-
tive recordings of pulmonary arterial
pressure (PAP), left atrial pressure (LAP),
and lung weight for a control lung (B )
and an OA-treated lung (C ) at 37�C are
indicated.

resulted in a fourfold decrease (down to 23 � 8%) in whole-cell
current, compared with whole-cell current at 22�C at –100 mV.
OA, and amiloride applied either separately or together at 8�C
did not significantly alter the whole-cell current when compared
with untreated cells maintained at 8�C. Thus, the function of
amiloride-sensitive sodium channels that were impaired by OA
was also impaired by low temperature.

Oleic Acid Impairs Na�,K�-ATPase Function in A549 Cells

The activity of Na�,K�-ATPase in A549 cells was estimated
from ouabain-sensitive 86Rb� uptake. OA (100 nM–250 �M)
caused a significant (p 
 0.001), dose-dependent decrease in Na�,
K�-ATPase activity, abrogating 83% of the activity at 250 �M

OA (Figure 6), whereas vehicle alone (0.17% [vol/vol] ethanol)
had no effect on 86Rb� uptake. At concentrations of 10 to 100 �M
OA, Na�,K�-ATPase function in A549 cells was still inhibited by
60 to 65%. The OA concentration that was applied in the iso-
lated, ventilated, and perfused rabbit lungs (25 �M) fell within
this range.

Oleic Acid Does Not Alter Cell-Surface Expression of Na�,
K�-ATPase or ENaC, but Does Associate with Both Molecules

No significant change in the cell-surface expression of Na�,
K�-ATPase (p � 0.667) or ENaC (p � 0.227) was observed
after treatment of A549 monolayers with OA (100 �M) for
20 minutes (Figures 7A and 7B). Thus, OA does not inhibit
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Figure 5. OA blocks whole-cell sodium currents in A549 cells. (A ) Repre-
sentative 500-millisecond traces demonstrate whole-cell currents in con-
trol and after 5-minute exposure to OA (10 �M). Currents were evoked
by applying incremental depolarizing 10-mV voltage steps between
–100 and �100 mV every 10 seconds from a holding potential of
–40 mV. (B ) Averaged whole-cell current-voltage plots of total (open
squares), OA-sensitive (solid circles), amiloride-sensitive (solid squares),
and OA- and amiloride-sensitive (inverted solid triangles) steady-state
currents at 22�C (left) and at 8�C (right). Values represent the mean �

SD (n � 6 for each group). The OA-sensitive currents were obtained
by subtracting residual current in B from total current in A. (C ) Summa-
rized data of normalized current elicited by a test potential at –100 mV
in the control, after perfusion with OA (10 �M), amiloride (10 �M), or
OA (10 �M) plus amiloride (10 �M; n � 6 for each group). **p 
 0.01;
***p 
 0.001 in comparison to the control at 22�C.

transepithelial sodium transport by reducing cell-surface expression
of Na�,K�-ATPase or ENaC, either by preventing their exo-
cytosis or promoting their endocytosis.

Immunoprecipitates of Na�,K�-ATPase � subunit and ENaC
� subunit were prepared from live cells incubated with (9,10[n]-
3H)OA for 1 hour. After resolution by SDS-PAGE, bands at
positions corresponding to the molecular masses of Na�,K�-
ATPase � subunit and ENaC � subunit were evident after auto-
radiography. Thus, OA associates, most likely covalently, with
both molecules (Figure 7C).

Oleic Acid Directly Inhibits the ATPase Activity
of the Na�,K�-ATPase

OA potently, dose-dependently, and directly inhibited the ouabain-
sensitive ATP-hydrolyzing activity of the catalytic � subunit

of the Na�,K�-ATPase (Figure 8). At 100 �M OA, ouabain-
sensitive ATP hydrolysis by Na�,K�-ATPase was inhibited by
a remarkable 98.6%. Significant (p 
 0.01) inhibition of ATPase
activity was attained over a concentration range of 20 to 100 �M
OA. No effect on ATPase activity was observed in the presence
of vehicle (0.17% [vol/vol] ethanol) alone.

DISCUSSION

Lipid metabolism, in particular free fatty acid dynamics, is an
emerging area of interest in the pathogenesis of ARDS. OA, in
particular, has been implicated in the pathogenesis of ARDS,
and has been identified as a prognostic factor for this syndrome.
OA levels are elevated in the circulation (16, 17) and in the
alveolar fluids from patients with ARDS (21) and in the circula-
tion of patients with sepsis that later develop ARDS (19).
Furthermore, OA-induced lung injury is an extensively used
experimental model of ARDS (23). The precise mechanisms by
which OA induces this lung edema have not been elucidated
(23), although increases in pulmonary vascular permeability (24),
resulting in extravascular lung water accumulation (25), have
been proposed as one explanation. However, no study to date
has investigated the effects that OA may have on active transepi-
thelial sodium transport, which is a key process in the resolution
of pulmonary edema.

The present study addressed this issue in an isolated, venti-
lated, and perfused rabbit lung model (29). The administration
of OA (25 �M) to the vascular compartment had no appreciable
effect on epithelial permeability as assessed by [3H]mannitol (a
small solute) and, in some cases, FITC-albumin (a large solute)
transit. Clearly, one limitation of this model is that it is a blood-
and protein-free system. Thus, for example, the contribution of
the oncotic gradients established by the protein component of
the blood is not accounted for. Furthermore, in in vivo models
of OA-induced lung injury, an increase in the epithelial perme-
ability to large solutes, such as albumin, has been reported (23,
42, 43). These studies have used considerably higher doses of
OA than the doses we used here. In one such study (43), an
intravenous bolus of 0.09 ml OA/kg was used, yielding plasma
concentrations of approximately 5 mM. Even if 95% of this
OA associated with plasma proteins, the remaining 5%, which
translates to a plasma concentration of approximately 200 �M,
would be sufficient to cause changes in epithelial permeability.
Furthermore, when we applied 200 �M OA in our isolated,
ventilated, and perfused rabbit lung model, a 4.8-fold increase
in epithelial permeability to large solutes, as assessed by FITC-
albumin transit, was observed, with a concomitant marked in-
crease in ELF volume and lung weight gain (results not shown).
Therefore, OA (25 �M) was routinely used in the isolated, venti-
lated, and perfused rabbit lungs throughout this study.

Although epithelial permeability was unaffected, the endo-
thelial permeability was increased up to 1.8-fold by the end of
the experiment, when 25 �M OA was used. These data are
consistent with reports that Escherichia coli endotoxin (44) and
Clostridium botulinum C2 toxin (45) increase the endothelial
permeability without any apparent effect on the epithelial per-
meability. In contrast, the administration of OA to the vascular
compartment of the lung dramatically reduced the active trans-
epithelial sodium transport by 92%. This observation paralleled
the effect of low temperature, where all active transport pro-
cesses are blocked. The sodium channel inhibitor amiloride
caused a partial (58%) block of active transepithelial sodium
transport. This result is consistent with reports that approxi-
mately 50% of the sodium transport channels in mammalian
lungs are amiloride-sensitive (10, 40). These observations led us
to believe that, in addition to amiloride-sensitive sodium channels,
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Figure 6. OA blocks ouabain-sensitive 86Rb� uptake
by A549 cells in a dose-dependant manner. The
uptake of 86Rb� by A549 cells was assessed in the
presence of various concentrations of OA (1 nM–
250 �M), or in the presence of vehicle alone (0.17%
[vol/vol] ethanol [EtOH] in the media). Each bar rep-
resents the mean � SD (n � 6 for each condition);
*p 
 0.001. Prot � protein.

OA inhibited other active sodium transport processes in the
lung. To further explore this phenomenon, we investigated the
effect of OA on sodium channel activity and sodium pump activ-
ity of epithelial cells in vitro.

When whole-cell current of lung epithelial cells was measured
by patch clamp, OA blocked sodium current by 55 � 11%. The
application of OA with amiloride either at 22 or at 8�C did not
significantly increase the degree to which sodium current was
blocked, compared with that observed when amiloride was ap-
plied alone. Low temperature resulted in a fourfold decrease
(down to 23 � 8%) in whole-cell current, compared with whole-
cell current at 22�C at �100 mV. Although some literature sug-
gests that the activity of ENaC-type channels is increased at low
temperature (46, 47), subsequent studies have shown that the
single-channel conductance of ENaC decreased by 50% when
the temperature of the perfusion solution was lowered from 30
to 15�C (48). Our data are consistent with these observations,
and with those of other investigators who observed a similar
phenomenon with cyclic GMP–gated channels (49). Together,
these data indicated that OA inhibited the amiloride-sensitive
channels in A549 cells. Because the active sodium transport
block that we observed in intact lungs surpassed that observed
with amiloride, we suspected that other active sodium transport
processes in the lung were also affected by OA.

We therefore shifted our focus to the Na�,K�-ATPase, which
plays a pivotal role in the active transport of sodium from alveolar
epithelial cells into the interstitium. This is an essential step in
generating the osmotic gradient that clears fluid from the alveolar
space. The importance of the Na�,K�-ATPase in the resolution of
edema has been underscored by the observation that adenoviral-
mediated transfer of an Na�,K�-ATPase subunit gene to the
alveolar epithelium promoted the resolution of acute hydrostatic
pulmonary edema (50) and pulmonary edema elicited by hyper-
oxic (51) and ventilator-induced lung injury (52). Furthermore,
OA dose-dependently impaired the Na�,K�-ATPase–mediated
uptake of 86Rb� by lung epithelial cells.

Together, our data from the intact lungs and cell culture
studies indicate that OA impairs not only one, but both of the
essential mechanisms of transepithelial active sodium transport
in the lung. OA inhibits active transport of sodium from the
alveolar space into the alveolar epithelial cells, mediated by
amiloride-sensitive sodium channels, and also inhibits the subse-
quent extrusion of sodium from the alveolar epithelial cell into
the interstitium, mediated by Na�,K�-ATPase. In this way, OA
dramatically blocks any capacity of the lung to clear edema fluid.

We also demonstrated in this study that OA causes an increase in
the endothelial permeability of isolated, ventilated, and perfused
rabbit lungs, which has also been observed by other investigators
after intravenous administration of OA to dogs (24). Thus, OA
both promotes alveolar and/or interstitial flooding by increasing
the endothelial permeability and prevents fluid clearance by
blocking active sodium transport.

This “dual effect” of OA on lung fluid homeostasis was also
reflected by the increase in lung weight gain. In our protocol,
approximately 2 ml of fluid was nebulized into the alveolar
spaces of the ventilated lungs. The weight gain we observed was
exclusively caused by the fluid that is nebulized into the lungs.
Healthy lungs can effectively clear this fluid because their sodium
transport processes are intact and functional. Lungs treated with
low temperature (which blocks active processes) or with agents,
such as amiloride and OA (which block active sodium transport),
cannot clear this excess fluid. Control lungs maintained at 37�C
over the course of the experiment exhibited transient weight
gains after each nebulization (of � 1 g, corresponding to 1 ml
of fluid nebulized into the lung per nebulization), but a net
weight loss of 0.12 g by the end of the experiment (thus, in total,
2.12 g of fluid was cleared from the lungs; Figure 3A). In lungs
maintained at 4�C, a net weight gain of 1.5 g and a 2-ml increase in
ELF volume were observed at the conclusion of the experiment,
representing fluid that could not be cleared out of the lungs
because the active fluid clearance processes were blocked at 4�C.
A parallel situation was also observed when amiloride, a selective
sodium channel blocker, and OA were applied. In both instances,
active transport processes were blocked, and fluid could not be
cleared out of the lungs. This effect was less dramatic in the case
of amiloride, because only approximately 60% of the sodium
transport channels in the alveolar epithelium are amiloride-
sensitive (40). Similarly, application of OA and amiloride to-
gether and separately at 4�C did not have any additive effect.
Thus, low temperature, amiloride, and OA must be targeting
the same process: active transepithelial sodium transport. We
concluded that the weight gains and ELF volume increases that
we observed were a direct consequence of blocked active sodium
clearance.

Under the experimental conditions, the increase in ELF vol-
ume is greater than the apparent net weight gain of the lung.
This finding is probably because of a vasoconstriction of the
lung that developed under conditions of low temperature and
OA administration. This mild vasoconstriction causes a small
reduction in the vascular space, and thereby a decrease in the
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Figure 7. OA does not alter cell-surface expression of Na�,K�-ATPase
or epithelial sodium channel (ENaC), but does associate with both mole-
cules. (A ) Subconfluent monolayers of A549 cells were sham-treated or
treated with OA (100 �M) for 1 hour, after which cell-surface proteins
were biotinylated. Biotinylated proteins were isolated by a streptavidin-
agarose pull-down, and were resolved by SDS-PAGE and transferred to
an Immobilon-P membrane. Membranes were probed for Na�,K�-ATPase
and ENaC as described in the METHODS section. (B ) Three separate
immunoprecipitations were performed for each treatment. (C ) Subcon-
fluent A549 monolayers were exposed to (9,10[n]-3H)OA (50 �Ci/ml;
Amersham) for 1 hour, after which cell extracts were immunoprecipi-
tated with anti–Na�,K�-ATPase or anti-ENaC antibodies. Immunopre-
cipitates were resolved by SDS-PAGE. Gels were exposed to X-ray film
for 3 weeks at �70�C to detect proteins acylated by (9,10[n]-3H)OA.
Alternatively, gels were analyzed by immunoblot for the efficiency of
the Na�,K�-ATPase and ENaC pull-down. Beads only indicated that no
antibodies were applied in the immunoprecipitation step. Both Na�,
K�-ATPase and ENaC were immunoprecipitated in the absence or pres-
ence of OA (100 �M) to control for any deleterious effects of the OA
on the immunoprecipitation step.

apparent lung weight. This mild vasoconstriction is indicated by
a small (� 20%) increase in pulmonary arterial pressure, which
was measured online throughout the course of the experiment
(data not shown).

To date, the molecular mechanism by which OA impairs
amiloride-sensitive sodium channels and Na�,K�-ATPase activ-
ity has not been addressed. Endocytosis is known to regulate the
activity of Na�,K�-ATPase and ENaC at the cell surface. Under
hypoxic conditions, phosphorylation of the Na�,K�-ATPase � sub-
unit at Ser18 by protein kinase C-� triggers its endocytosis (37),
and ENaC activity in Liddle’s syndrome is regulated by clathrin-
mediated endocytosis (53). We demonstrate here that a 1-hour
exposure of A549 cells to OA (100 �M) did not alter the cell-
surface expression of Na�,K�-ATPase or ENaC, as assessed by

Figure 8. OA directly inhibits Na�,K�-ATPase activity in a dose-dependent
manner. Hydrolytic activity of Na�,K�-ATPase against ATP as substrate
was determined in the presence of various concentrations of OA (1 �M–
100 �M), or in the presence of vehicle alone (0.6% [vol/vol] ethanol).
Data represent the mean � SD (n � 6). *p 
 0.01; **p 
 0.001.

cell-surface biotinylation studies. We concluded from these data
that OA neither stimulates the endocytosis of either molecule
nor does it block trafficking of either molecule to the cell surface.

Thus, it seemed likely that OA directly impaired the Na�,
K�-ATPase and ENaC activity, possibly by direct association
with either or both molecules. Our study showed that (9,10[n]-
3H)OA did bind Na�,K�-ATPase and ENaC as revealed by
autoradiography. Thus, OA formed either covalent or tight, non-
covalent complexes with both Na�,K�-ATPase and ENaC. In
support of this idea, OA directly interacted with the human
cardiac sodium channel and promoted premature inactivation
of the channel (54). Similarly, renal Na�,K�-ATPase bound up
to 100 mol OA/mol ATPase, which decreased K� affinity and
inhibited the Na�-ATPase activity (55). Thus, a direct interaction
between OA and both sodium channels and the Na�,K�-ATPase
is a likely mechanism by which OA inhibits active transepithelial
sodium transport in the lung. Furthermore, our study illustrates
that OA potently, directly, and dose-dependently inhibited the
Na�,K�-ATPase–catalysed hydrolysis of ATP.

Additional possibilities exist. OA can promote the generation
of reactive oxygen species (56). These reactive oxygen and nitro-
gen species are known to influence the expression and activity
of ENaC (57–61). These reactive oxygen species are released by
inflammatory cells into the ELF where they oxidize critical tyro-
sine residues in the ENaC extracellular loop, with concomitant loss
of ENaC activity (61). In contrast, elevated intracellular reactive
oxygen species levels alter Na�,K�-ATPase activity (37, 62) by
promoting internalization of the Na�,K�-ATPase in a protein
kinase C�–dependent pathway. This latter possibility has been
ruled out in the present study, because cell-surface expression of
both ENaC and Na�,K�-ATPase were not altered by OA.

Alternatively, because OA is a cis-unsaturated free fatty acid,
it is rapidly incorporated into the plasma membrane (63) and
thus may cause structural disruptions in the hydrophobic bilayer
core or perturb membrane fluidity and lipid–protein interactions
(64). In particular, integral membrane proteins that function
by switching between different conformational states (e.g., ion
channels) can be affected by OA.

Our study conclusively demonstrates for the first time that
intravenous OA administration prevents edema resolution in intact
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lungs by blocking active sodium transport. We have further demon-
strated that OA directly interacts with, and thus suppresses, both
amiloride-sensitive sodium channels and the Na�,K�-ATPase
pump. However, we believe that our data extend beyond the simple
explanation of an OA-induced lung injury model because they
have several clinical implications. Lipid emulsions containing 1
to 2% OA are administered intravenously for parenteral nutri-
tion in patients with sepsis, although their impact on clinical
outcome is not clear (19). Furthermore, OA has been implicated
both in the pathogenesis of ARDS and as a prognostic factor
for ARDS. OA levels are elevated in the circulation (16, 17)
and in the alveolar fluids of patients with ARDS (21), and in
the circulation of patients with sepsis who later develop ARDS
(19). Elevated OA levels are also provoked in the BAL fluids
in an LPS-induced ARDS model (20). Thus, we propose that
OA represents more than simply an ARDS model or a prognos-
tic factor for this syndrome, but rather, that OA itself may be
a mediator of ARDS.
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