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Rationale: Acute lung injury (ALI) remains an important cause of
mortality in intensive care units. Inflammation is controlled by
cytokines and eicosanoids derived from the n-6 fatty acid (FA)
arachidonic acid (AA). The n-3 FA eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) and mediators derived from EPA and
DHA possess reduced inflammatory potency.
Objectives: To determine whether the ability of fat-1 mice to endog-
enouslyconvertn-6 to n-3FA, andthus generatean increasedratioof
n-3 to n-6 FA, impacts experimental ALI.
Methods: We investigated ALI induced by intratracheal instillation of
endotoxin in fat-1 and wild-type (WT) mice, assessing leukocyte
numbers, protein concentration, and prostaglandin and cytokine
levels in bronchoalveolar lavage fluid, as well as free FA in plasma,
and lung ventilator compliance. Body temperature and motor
activity of mice—markers of sickness behavior—were also recorded.
Measurements and Main Results: In ALI, fat-1 mice exhibited signifi-
cantly reduced leukocyte invasion, protein leakage, and macro-
phage inflammatory protein-2 and thromboxane B2 levels in lavage
fluid compared with WT mice. Free AA levels were increased in the
plasma of WT mice in response to endotoxin, whereas EPA and DHA
were increased in the fat-1 group. Ventilator compliance was
significantly improved in fat-1 mice. Body temperature and motor
activity were decreased in ALI. fat-1 Mice recovered body tempera-
ture and motor activity faster.
Conclusions: fat-1 Mice exhibited reduced features of ALI and sickness
behavior. Increasing the availability of n-3 FA may thus be beneficial
in critically ill patients with ALI.
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Acute respiratory distress syndrome (ARDS) and acute lung
injury (ALI) are common clinical disorders, characterized by
alveolar epithelial and endothelial injury, leading to the de-
velopment of pulmonary edema, elevation of pulmonary artery
pressure, and finally acute respiratory failure (1, 2). According
to recent data, the incidence of ALI or ARDS was 4.5–7.1% of
all patients admitted to an intensive care unit (ICU), increasing

to 12.5% when only patients treated longer than 24 hours in the
ICU were considered (3, 4). The high mortality rate associated
with ARDS and ALI has declined to 30–40% in recent
randomized trials (1), but there is no proven pharmacologic
treatment, despite a multitude of successful strategies in animal
models (5, 6). Pathophysiologic features of ALI include a com-
promised endothelial–alveolar barrier, leading to increased
vascular permeability, neutrophil migration into the lung tissue,
and formation of proinflammatory mediators, such as cytokines
and eicosanoids (e.g., thromboxane [Tx]B2 and prostaglandin
[PG] E2) (2, 7).

Lipids, lipid mediators, and inflammation are closely in-
terrelated (8–11). The generation of proinflammatory and anti-
inflammatory as well as vasoactive eicosanoids (e.g., PGE2 and
TxA2) is coupled with the generation of free arachidonic acid
(AA) from phospholipids. Eicosanoids are of major interest due
to their ability to control inflammation through their proin-
flammatory and antiinflammatory potencies (10). In Western diet
and current nutritional regimes applied in ICUs, linoleic acid is
the most prominent n-6 fatty acid (FA), which can be elongated
and desaturated to the eicosanoid precursor AA. The n-3 FAs,
including eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), make up an appreciable part of the fat in cold-
water fish and seal meat. The EPA-derived 5-series leuko-
trienes, generated by the 5-lipoxygenase and the cyclooxygenase
product TxA3, possess markedly reduced inflammatory and
vasomotor potencies when compared with the AA-derived lipid
mediators, and may even exert antagonistic functions (12, 13).

Both n-3 and n-6 polyunsaturated FAs (PUFAs) are essen-
tial FAs, because mammals rely on dietary supply due to their
inability to synthesize or convert them. Transgenic fat-1 mice,
engineered to express the Caenorhabditis elegans fat-1 gene
encoding an n-3 FA desaturase, are capable of producing n-3
PUFA from n-6 PUFA, and thereby have a lower ratio of n-6:

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

n-3–Containing diets or lipid emulsions were reported to
have beneficial effects on the acute lung injury (ALI) in
experimental models and patients. Still, uncertainty exists
if the supply of n-3 fatty acids (FAs) is of benefit per se or is
just counteracting the negative effects of n-6 FAs supplied
as controls.

What This Study Adds to the Field

ALI and signs of systemic inflammation as fever were
ameliorated in mice endogenously synthesizing n-3 FA
without dietary or parenteral nutritional intervention.
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n-3 FAs in their tissues and organs, without the need for dietary
interventions (14). This ratio corresponds more to the n-6:n-3
FA ratio in early evolution, when the human enzyme systems
were developed (15).

Different groups have reported a major influence of nutri-
tion, including n-3 FAs, on the morbidity of patients in intensive
care. In ARDS, a tailored nutrition with EPA, g-linoleic acid, and
antioxidants was reported to improve oxygenation, to reduce
length of mechanical ventilation, to decrease incidence of new
organ failure, and to shorten length of stay in the ICU (16–18).
There is increasing evidence that including fish oil in parenteral
nutritional regimes may decrease length of stay in surgical
patients (9, 11, 19–21).

In the present study, we examined the effect of n-3 versus n-6
FAs, independent of possible confounding enteral or parenteral
nutrition, in a murine model of ALI comparing transgenic fat-1
to wild-type (WT) mice. We aimed to investigate the difference
in the susceptibility to ALI of an organism with a reduced n-6:
n-3 ratio compared with one with a ‘‘Western diet–style’’ n-6:n-3
ratio.

Some of these data were presented at the Second Congress
of the International Society on Nutrigenetics/Nutrigenomics (22).

METHODS

Reagents

Chemicals of highest purity were obtained from Merck (Darmstadt,
Germany). LPS (O111:B4) from Escherichia coli was from Sigma-
Aldrich (Dreisenhofen, Germany).

Animals

Local government authorities and university officials responsible for
animal protection approved the study. Parent and offspring fat-1 (14)
and WT mice on the C57BL/6 background were maintained on a 12-
hour day/night cycle under specific pathogen-free conditions. Animals
12- to 16-weeks of age (weight, 23–25 g) of either sex were used for
experiments. The n-6:n-3 ratio of the FAs in the diet was 7.3:1.

Murine Model of ALI

Mice were anesthetized, a small catheter was inserted in the trachea, and
LPS (10 mg in 50 ml normal saline/mouse) was instilled, as previously
described (23). At baseline, 4, 24, or 72 hours after LPS application, mice
were killed, bronchoalveolar lavage (BAL) was performed, and the lung
was then removed for determination of myeloperoxidase (MPO) (23).
Alveolar-recruited leukocytes and leukocytes in peripheral blood were
counted using a counting chamber. Differentiation of leukocytes was
performed in blinded fashion using differential cell counts of Pappenheim-
stained cytocentrifuge preparations (23). Protein in BAL was deter-
mined according to Lowry (24). Fixation, embedding, and staining of
lungs with hematoxylin and eosin was performed as previously described
(25). For immunohistochemical analysis of nuclear factor (NF)-kB
expression, the primary NF-kB antibodies were purchased from Cell
Signaling (Beverly, MA). Alveolar type II epithelial cells were isolated
as previously described (26).

Determination of Lung Compliance by Ventilator

Mice were tracheostomized and ventilated in a volume-driven mode at
a positive end-expiratory pressure of 0 kPa, as described previously
(27). The respiration rate was set at 20 breaths/minute, and ventilation
pressure was recorded while inflating the lung at a VT of 200 ml. Lung
compliance is given and was corrected for animal weight.

ELISA

Tumor necrosis factor (TNF)-a, macrophage inflammatory protein
(MIP)-2, PGE2 (all from R&D Systems, Wiesbaden, Germany), and
TxB2 (Assay Designs, Ann Arbor, Michigan) from BAL, as well as
active NF-kB (Thermo Fisher Scientific, Schwerte, Germany), were
determined by ELISA according to the manufacturers’ instructions.

Determination of Resolvin E1 and Neuroprotectin D1

Resolvin (Rv) E1 and neuroprotectin (NP) D1 in the reconstituted
BAL samples were analyzed by liquid chromatography–tandem mass
spectrometry, using D4-PGE2 as the internal standard. Detection was
performed on an API-4000 mass spectrometer (Applied Biosystems,
Foster City, CA), essentially as described by Arita and colleagues (28).

Measurement of Body Temperature and Locomotor Activity

Abdominal temperature and locomotor activity were measured using
a biotelemetry system (Mini-Mitter; Bend, OR). Biotelemetry trans-
mitters were implanted into the abdominal cavity after appropriate
anesthesia 1 week before the experiment, as previously described (29).
After surgery, animals were housed individually in a climate chamber
at a thermoneutral ambient temperature of 308C and 50% humidity.
Artificial light was provided between 7:00 A.M. and 7:00 P.M. Body
temperature was continuously recorded at 5-minute intervals. A mean
temperature was calculated for each animal every 12 hours (7:00 A.M.–
7:00 P.M. and 7:00 P.M.–7:00 A.M.). Activity pulses were counted every
5 minutes, and were added together for 12 hours to yield a cumulative
measure of day-time or night-time activity, and were expressed as
activity counts per 12 hours.

Determination of Free FAs in Plasma and FAs from

Lung Tissue

Plasma was collected by venous puncture directly after death. FAs
were determined from plasma and tissue by gas chromatography, as
previously described (30, 31).

Statistical Analysis

Data are given as the mean (6 SEM). Independent experiments (n 5 6–
8) were performed per group and time point. Two-way analysis of
variance was performed to test for differences between different groups
(WT versus fat-1) and time (0, 4, 24, and 72 h). Repeated-measure two-
way analysis of variance was used in the cases of activity and temperature
to detect differences between groups (WT, WT 1 LPS, fat-1, fat-1 1

LPS) and different time points. Post hoc analysis was performed using
Student-Newman-Keul’s test. As values of leukocytes, MPO, TNF-a,
MIP-2, PGE2, TxB2, and locomotor activity were not normally distrib-
uted, log transformation was performed. P values less than 0.05 were
considered to indicate statistical significance. Analyses were performed
using SigmaStat 3.5 for Windows (Systat Software, San Jose, CA).

RESULTS

Lung Histology of WT and fat-1 Mice Undergoing ALI

Before challenge, lungs of WT and fat-1 mice displayed a similar
histological pattern (Figure 1). At 24 hours after LPS injection,
WT mice demonstrated significant invasion of leukocytes into
the alveolar space, as well as interstitial edema formation.
These features were even more pronounced beyond 72 hours
after ALI induction. In contrast, leukocyte invasion and edema
formation were ameliorated in fat-1 mice subjected to LPS
instillation at both time points.

Intraalveolar Leukocyte Invasion in ALI

Next, we sought to quantify the amount of leukocyte invasion.
Before induction of ALI, 0.18 (6 0.01) 3 106 and 0.08 (6 0.01) 3

106 leukocytes were detected in the BAL of WT and fat-1 mice,
respectively (P , 0.01; Figure 2A). After LPS challenge, leu-
kocyte counts rose over time to 3.77 3 106 and 1.70 3 106

measured in WT and fat-1 mice at 72 hours, respectively. Leu-
kocyte numbers were significantly lower in fat-1 mice at 24 and
72 hours (P , 0.01 for each comparison).

Under baseline conditions, the percentage of neutrophils in
BAL cells was less than 2% in both mouse strains. After 24 and
72 hours, the fraction of neutrophils in BAL cells was 89 (6 2) %
and 87 (6 2) % in WT and fat-1 mice, in line with the pre-
dominantly neutrophilic invasion in LPS-induced ALI (23).
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Before injury, 5 (6 1) % of BAL cells were lymphocytes, as
determined in WT mice. In contrast, the percentage of lym-
phocyte was 10 (6 2) % in BAL cells of fat-1 mice (P , 0.05).
The WT mice had a fraction of 3 (6 1) % and of 5 (6 1) %
lymphocytes after 24 and 72 hours, respectively, with no
significant difference compared with fat-1 mice. More than
94% monocytes/macrophages were present in the BAL cells
of WT mice at baseline. In contrast, fat-1 mice exhibited only
a fraction of 86 (6 3) % of monocytes/macrophages in BAL
cells (P , 0.05). However, after injury, the percentage monocytes/
macrophages was below 11% in both groups at 24 and 72 hours.

Leukocytes in Peripheral Blood after LPS-induced ALI

Leukocytes counts were 3.29 (6 0.35) 3 1012/L and 3.75
(6 0.86) 3 1012/L in peripheral blood at baseline (Figure E1A
in the online supplement) in WT and fat-1 mice, respectively.
Leukocytes increased in fat-1 mice 4 hours after LPS challenge
(P , 0.05 versus WT), dropped after 24 hours, and increased to
a second peak after 72 hours. The numbers at 24 hours were
significantly lower compared with the 4- and 72-hour values
(P , 0.05). In the WT group, no significant difference over time
was evident.

Lung MPO in ALI

MPO was measured after performing BAL to determine in-
terstitial and intravascular leukocytes in the lung (Figure E1B).
At baseline, 1.9 (6 0.3) U/g were detected in WT mice, with
comparable values in fat-1 animals. The MPO increased in WT
animals, reaching a peak at 24 hours, and dropping at 72 hours.
This increase in MPO was clearly blunted in fat-1 mice, and

differed significantly from WT animals at 24 hours (P , 0.05).
The MPO values at baseline and at 72 hours after LPS in-
stillation were significantly different from all other time points
in both groups (P , 0.01).

LPS-induced Protein Extravasation in ALI

Baseline protein concentrations in the BAL fluids were 136
(6 36) mg/ml and 103 (6 26) mg/ml in WT and fat-1 mice,
respectively (Figure 2B). After ALI, protein concentration in
BAL fluids from WT mice steadily increased as a marker of
leakage, and was nearly 10 times higher after 72 hours com-
pared with baseline. In contrast, protein leakage was blunted in
fat-1 mice, reaching only 770 (6 110) mg/ml after 72 hours. The
difference between both strains was significant at all time points
after onset of ALI (4, 24, and 72 h; P , 0.05).

Lung Ventilator Compliance in LPS-induced ALI

Lung ventilator compliance in WT mice without LPS applica-
tion was 6.14 (6 0.38) L/(kg 3 kPa) in control animals, without
significant variation in fat-1 mice (Figure 2C). LPS induced a
significant decrease in compliance after 24 hours in both strains.
However, the reduction was significantly less pronounced in
fat-1 animals compared with WT mice (P , 0.05).

Cytokine Generation in ALI

The concentration of TNF-a was determined as 254 (6 23) pg/ml
under baseline conditions in WT mice, and did not differ in fat-1
animals (Figure 3A). After LPS challenge, TNF-a peaked at
4 hours in both groups, and returned to baseline after 24 hours.

Figure 1. Lung histology of wild type (WT) and fat-1 mice

before and after induction of acute lung injury (ALI). (A, C,

E) Lung histology was performed in WT and (B, D, F) fat-1
mice (A and B) before (0 hours), and (C and D) 24 hours,

and (E and F) 72 hours after instillation of 10 mg LPS into

the trachea. No difference was found before induction
of the injury. After 24 hours, lungs of WT mice displayed

a higher amount of amount of leukocytes and interstitial

edema as compared with fat-1 mice. Both features were

aggravated after 72 hours, with lungs of WT mice still
showing a higher degree of interstitial fluid and leukocytes.
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Interestingly, no significant difference between the groups was
evident.

The MIP-2 concentration in the BAL fluid was 83 (6 10) pg/ml
before the induction of ALI in WT mice (Figure 3B). Of note,
the MIP-2 level was significantly higher in fat-1 animals before
LPS challenge (P , 0.01). In WT mice, MIP-2 levels peaked at
4 hours, and declined steadily to concentrations even below
baseline at 72 hours. The course of cytokine release
was comparable in fat-1 mice, but the peak concentration only
reached 50% of that observed in WT mice (P , 0.01).

NF-kB in ALI

To investigate possibly altered expression of NF-kB—one of the cen-
tral intracellular mediators of inflammation—immunohistochemical
analysis of sections derived from the lungs of WT and fat-1 mice
was performed (Figure E2). The NF-kB was expressed primarily
in the bronchial epithelium and endothelium in both WT and
fat-1 animals. The fat-1 animals exhibited a significantly reduced
NF-kB expression compared with WT mice, both before and
after LPS challenge.

In addition, isolated alveolar type II epithelial cells were
stimulated for 120 minutes with 1 ng/ml TNF-a, and active
NF-kB was determined by an ELISA-based assay (Figure E2
[e]). Active NF-kB was already increased 10 minutes after TNF-
a application, and declined subsequently. The increase was
higher and more prolonged in alveolar epithelial cells derived
from WT mice as compared with the fat-1 group (P , 0.05).

Eicosanoid Formation in ALI

Under baseline conditions, the TxB2 concentration was 93 (6 7) pg/ml
in WT mice, with comparable concentrations determined in
fat-1 animals (Figure 3C). The TxB2 was already increased
in WT mice after 4 hours (P , 0.05 versus baseline and 72 h).
At 24 hours after induction of ALI in WT mice, TxB2 levels
peaked, and were increased more than threefold, reaching
baseline levels after 72 hours. In fat-1 mice, the rise in TxB2

concentration was largely blunted, and the peak concentration
was less than 60% compared with WT animals (P , 0.05).

Before induction of ALI, we found less than 100 pg/ml PGE2

in the BAL fluids of both groups. After LPS challenge, the
PGE2 levels rose steadily, and, after 72 hours, reached 1,030
(6 320) pg/ml and 547 (6 130) pg/ml in WT and fat-1 mice,
respectively. However, this difference failed to reach levels of
statistical significance.

Rv Generation in ALI

The BAL was either analyzed directly, or pooled for the same
treatment group/time point (n 5 4 mice for each time point),
and evaporated down to 100 ml to enrich the concentrations
of Rvs. Despite our ability to detect RvE1 and NPD1 with
a detection limit of 0.01 ng/ml, we were not able to detect any
Rvs in BAL.

Activity and Temperature in Mice Undergoing ALI

As fat-1 mice seemed to cope better with ALI, we sought to
determine the activity and temperature in mice with ALI. All
mice exhibited a preferential night activity, and moved less
during the day (Figures 4A and 4B). The frequency and pattern
of movement were undisturbed, even after instilling normal
saline into the trachea (sham injury). After induction of ALI in
WT mice, we found an equalization of the day (D) and night
(N) pattern, and a dramatic reduction in movements beginning
12 hours after LPS instillation (P , 0.01 versus baseline). fat-1
Mice undergoing ALI also exhibited a reduction in the night
activity, beginning 12 hours after the injury (P , 0.01 versus

Figure 2. fat-1 Mice and (A) leukocyte invasion, (B) protein leakage,

and (C) lung ventilator compliance in a model of acute lung injury
(ALI). Wild-type (WT) and fat-1 (FAT) mice underwent bronchoalveolar

lavage (BAL) before (0), and 4, 24, and 72 hours after instillation of 10

mg LPS into the trachea. (A) Leukocytes and (B) protein were de-

termined in BAL fluid. After LPS stimulation, leukocytes increased
markedly, and differed significantly from baseline at 4 hours (xxP ,

0.01), and from 4 hours and baseline at 24 and 72 hours ($$P , 0.01).

Even before LPS stimulation, fewer leukocytes were found in the BAL

fluids of fat-1 mice. After LPS challenge, the invasion of leukocytes was
markedly reduced in fat-1 mice (**P , 0.01). Protein concentration

increased steadily after LPS instillation. The difference in WT mice was

significant at all time points (xP , 0.05). In fat-1 mice, the protein
concentration after 24 and 72 hours was significantly different from

baseline at all time points (%P , 0.05 and $P , 0.05 for both

comparisons). fat-1 Mice exhibited lower protein concentrations in

BAL fluid in ALI (*P , 0.05 versus WT). (C) Lung ventilator compliance
decreased 24 hours after LPS instillation (xP , 0.05 versus baseline). The

loss of compliance was of a smaller magnitude in fat-1 mice compared

with that observed in WT mice (*P , 0.05). Data are given as mean 6

SEM (n 5 6–8 independent experiments each). Error bars that appear
to be missing are too small to be seen on the scale of the figure.

Mayer, Kiessling, Ott, et al.: Lung Injury and fat-1 Mice 477



baseline), but this decrease was markedly less pronounced
compared with WT mice undergoing ALI. Furthermore, fat-1
mice exhibited no detectable change in daytime activity after
initiation of injury. The LPS-exposed fat-1 and WT mice dif-

fered significantly beginning with the second night after injury
(N2, D3, N3; P , 0.05).

Body temperature was higher during the night compared
with the day under baseline conditions in all groups, corre-
sponding to the increased night activity of the mice (Figures 4C
and 4D). After instillation of normal saline, the temperature
dropped by 0.58C in both fat-1 and WT mice. Induction of ALI
led to a pronounced reduction in body temperature (22.58C) in
both groups. The groups with normal saline injection differed
significantly from mice receiving LPS during the first day (D1;
WT or fat-1 versus WT 1 LPS or fat-1 1 LPS; P , 0.05). The
decrease in temperature was also significant the first night of
injury in both ALI groups (P , 0.05 versus control groups).
Both groups with sham injury and the fat-1 group undergoing
ALI returned to a preinjury temperature profile beginning with
the second day (D2). In contrast, WT mice had a reduced body
temperature until the third night after injury (N3), and did not
recover.

Free FAs in Plasma

Due to the introduction of the C. elegans fat-1 gene encoding an
n-3 FA desaturase, fat-1 mice are capable of converting n-6 into
n-3 PUFA. We determined free FAs at baseline, 4, 24, and 72 hours
after instillation of LPS in plasma as AA and EPA (Figure 5).
The baseline concentration of AA was 5.5 (6 0.6) mmol/L in
WT mice, with similar concentrations determined in fat-1 mice.
At 4 hours after induction of ALI, free AA was tripled in WT
mice, but only increased by 50% in the fat-1 group (P , 0.01). In
WT animals, the AA levels returned to baseline after 24 hours.
The AA concentration was decreased to 2.3 (6 0.1) mmol/L at
24 hours in fat-1 mice (P , 0.01 versus WT), and returned to
baseline after 72 hours.

fat-1 Mice exhibited higher baseline concentrations of n-3
FAs. Concentrations of EPA and DHA were 1.5 (6 0.2) and 6.1
(6 0.4) mmol/L, respectively, as opposed to 0.5 (6 0.1) and 1.8
(6 0.2) mmol/L in WT mice (P , 0.05). We could determine
a massive increase in n-3 FAs in fat-1 mice, reaching 30 mmol/L
when combining EPA and DHA levels 4 hours after the injury.

Figure 3. fat-1 Mice and mediator generation in bronchoaveolar

lavage (BAL) in a model of acute lung injury. Wild-type (WT) and fat-
1 (FAT) mice underwent BAL before (0), and 4, 24, and 72 hours after

instillation of 10 mg LPS into the trachea. The (A) tumor necrosis factor

(TNF)-a, (B) macrophage inflammatory protein (MIP)-2, (C) throm-

boxane (Tx) B2, and (D) prostaglandin (PG) E2 levels were determined
by ELISA in the BAL fluid. TNF-a levels increased massively after 4 hours

(xxP , 0.01 vs. all other time points) and returned to baseline

concentrations. The baseline levels of MIP-2 were higher in fat-1 mice

as compared with the WT group (**P , 0.01). The MIP-2 concentration
also peaked at 4 hours, and steadily decreased to values even below

baseline after 72 hours. The differences between all time points were

significant in the WT group (xxP , 0.01 for each comparison). In the fat-

1 group, MIP-2 levels at 4 and 72 hours differed from all other time
points ($$P , 0.01). The concentration of MIP-2 at 24 hours differed

from concentrations observed at 4 and 72 hours, but not from values at

baseline (11P , 0.01). The increase in MIP-2 after LPS challenge was
blunted in fat-1 mice (**P , 0.01 vs. WT). The TxB2 was already

increased in WT mice after 4 hours (xP , 0.05 vs. baseline and 72 h).

The TxB2 levels peaked at 24 hours ($$P , 0.01 vs. all other time points;
&P , 0.05 vs. baseline and 72 h). The elevation was blunted in fat-1
mice in comparison with the WT group (*P , 0.05). PGE2 increased

steadily and differed from baseline in both groups ($P , 0.05), in

contrast to all other mediators determined. Data are given as mean 6

SEM (n 5 6–8 independent experiments each). Error bars that appear
to be missing are too small to be seen on the scale of the figure.

b
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This level was nearly double the sum of EPA and DHA in WT
mice.

Both FAs returned to baseline concentrations 24 hours after the
induction of ALI in both groups. Interestingly, the ratio of
AA:(EPA 1 DHA) was 2.4:1 in WT mice and 1:1.3 in fat-1
animals under baseline conditions. The ratio changed to 1.2:1 in
WT mice and 1:3.3 in fat-1 mice 4 hours after the instillation of LPS.
In WT mice, EPA was also increased after 4 hours, but continued
to decline until 72 hours to concentrations even below baseline.

When measuring the sum of all free FAs under baseline
conditions in WT mice, we found a concentration 300.1 (6 21.7)
mmol/L in plasma, with similar levels in fat-1 mice. Free FAs
increased by a factor of four in WT mice after 4 hours, but less
than three times in fat-1 mice (P , 0.01), returning to baseline
concentrations after 24 hours.

FAs in Lung Tissue

AA constituted 9.09 (6 0.38) % of all FAs in lung tissue in WT
mice (Figure E3). In fat-1 mice, the AA level was significantly
lower, as its fraction was only 6.82 (6 0.62) %. After LPS
instillation, AA increased over time, and reached 12.08 (6 0.29)
% after 72 hours in WT mice. In contrast, the AA levels dropped
in fat-1 mice after 4 hours, increasing thereafter to reach base-
line levels after 72 hours. Both groups differed significantly at
every time point (P , 0.01).

EPA content was 0.07 (6 0.01) % and 0.49 (6 0.08) %
in WT and in fat-1 mice, respectively. In both groups, EPA
peaked at 4 hours, with an increase of nearly 75% in fat-1 mice,
and subsequently declined, reaching near-baseline levels at
72 hours. Again, both groups differed significantly at every
time point (P , 0.01).

DHA was nearly twofold higher in fat-1 mice compared with
WT animals under baseline conditions. After LPS challenge,
DHA steadily increased in both groups. In the WT group, DHA
values at 24 and 72 hours were significantly higher compared
with the baseline and 4-hour values (P , 0.01). At all time
points, DHA levels in fat-1 mice were higher than in WT
animals (P , 0.01).

DISCUSSION

We were able to demonstrate a reduction in the severity of LPS-
induced ALI in fat-1 mice, compared with WT animals. fat-1
Mice exhibited lower neutrophil invasion, lower protein leak-
age, and better lung compliance after injury. The generation of
the proinflammatory mediators MIP-2, TxB2, and PGE2, but
not TNF-a, was reduced in fat-1 mice. fat-1 Mice also exhibited
accelerated return to normal motor activity and temperature
after lung injury. Under conditions of ALI, we could also

Figure 4. fat-1 Mice and motor activity and body temperature in
a model of acute lung injury (ALI). Wild-type (WT) and fat-1 (FAT) mice

were housed individually in a climate chamber at a thermoneutral

ambient temperature of 308C and 50% humidity with a 12-hour day/

night cycle. (A) Day-time and (B) night-time motor activity, as well as
(C and D) temperature, were recorded under baseline conditions (D0 5

Day 0; N0 5 Night 0) and after instillation of LPS or 0.9% NaCl into the

trachea (D1–D3 5 Day 1 to Day 3; N1–N3 5 night 1 to night 3). Day-
time motor activity was depressed in the WT plus LPS group ($$P ,

0.01 vs. D0; 1P , 0.05 vs. marked other groups). Night-time activity

was reduced in both groups undergoing ALI ($$P , 0.01 vs. respective

N0; 11P , 0.01 vs. groups without LPS challenge), but the fat-1 plus
LPS mice show increased motor activity compared with the WT plus

LPS group (**P , 0.01). Body temperature decreased in all groups on

D1 ($P , 0.05 and $$P , 0.01, vs. baseline). Both control groups had

a higher temperature as compared with the LPS groups (xP , 0.05).
Whereas fat-1 mice recovered their day-time body temperature at D2,

WT mice differed from all other groups at this time point (1P , 0.05).

Mean night-time temperature was decreased in both lung injury
groups at N1, but fat-1 mice returned to baseline values ($$P , 0.01

vs. baseline). The difference in body temperature was significant

compared with the control groups at N1 (xP , 0.05). The temperature

remained depressed in the WT plus LPS group, but not in fat-1 mice
with ALI (1P , 0.05 vs. all other groups).

b
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demonstrate lower concentrations of free AA and a reduced
sum of free FAs, but higher concentrations of EPA and DHA in
fat-1 mice.

In our model, the general response of fat-1 mice to endotoxin
was intact, as mirrored, for example, by the release of in-

flammatory eicosanoids and cytokines. In contrast to WT mice,
the release in TxB2 and PGE2 was reduced in fat-1 mice. Two
mechanisms may have contributed to this effect in fat-1 animals.
Reduced availability of AA and increased concentrations of the
n-3 FAs, EPA and DHA, as mirrored in the plasma, may have
decreased the generation of AA-derived eicosanoids. Further-
more, increases in n-3 lipids in the cell membrane may interfere
with lipid-based second messenger formation, such as, for
example, generation inositolphosphates (32), phosphatidylino-
sitol 3-kinase–dependent signaling (33), or plasma membrane
translocation and activation of protein kinase C (34). Reduced
activation of NF-kB by n-3 FAs may also add to the reduction in
eicosanoids (35, 36). In line with this observation, we detected
decreased staining intensity of NF-kB in histological sections of
lungs derived from fat-1 mice compared with WT animals. LPS-
induced MIP-2 release into the BAL fluid was also reduced in
fat-1 mice. Of note, the baseline concentration of MIP-2 was
increased in fat-1 mice, in parallel with a lower leukocyte count
in BAL fluids, a feature that might speculatively be caused by
an adaption process due to reduced basal migration of leuko-
cytes into the airspace.

Interestingly, we could not show a difference between WT
and fat-1 mice in TNF-a generation. When infusing fish oil–
based lipid emulsions for 2–5 days, a reduced release of TNF-a
in isolated monocytes derived from patients with sepsis (30), in
the BAL fluids of mice with ALI (23), or in the plasma of
volunteers injected intravenously with LPS (37), has previously
been demonstrated. However, when volunteers underwent the
same intravenous LPS challenge after long-term oral fish oil
supplementation, no significant difference in TNF-a levels in
plasma was evident compared with control volunteers (38). We
speculate that this may be part of a long-term compensation
process, which contrasts the effects of acute intervention with
n-3 lipids.

A major feature of ALI is the intrapulmonary invasion of
leukocytes. The recruitment of neutrophils through the endo-
thelial–epithelial barrier is a tightly regulated, multistep process
(39). The n-3 lipids may interfere with this process at multiple
stages, involving reduced presentation of endothelial adhesion
molecules (36). Furthermore, the transition from rolling to firm
adhesion is facilitated by platelet-activated factor presented by
endothelial cells to leukocytes (40), and activation of phospha-
tidylinositol 3-kinase g in leukocytes (41), with both features

Figure 5. fat-1 Mice and free fatty acids (FAs) in plasma in a model of
acute lung injury. Blood was drawn from wild-type (WT) and fat-1

(FAT) mice before (0), and 4, 24, and 72 hours after instillation of

10 mg LPS into the trachea. (A) Free arachidonic acid (AA), (B)

eicosapentaenoic acid (EPA), (C) docosahexaenoic acid (DHA), and
(D) the sum of free FAs were determined in plasma. The AA

concentration increased at 4 hours ($P , 0.05 and $$P , 0.01, vs.

all other time points). At 24 hours, the concentration of AA fell below

the baseline concentration in fat-1 mice (xP , 0.05). The AA
concentration in WT and fat-1 mice differed significantly at 4 and

24 hours (**P , 0.01). The EPA differed significantly between WT and

fat-1 at all time points (*P , 0.05 and **P , 0.01), and also peaked at
4 hours in fat-1 ($$P , 0.01 versus all other time points) and in WT

mice (xP , 0.05 vs. 72 h). Concentrations of DHA differed at all time

points between the WT and fat-1 mice (*P , 0.05 and **P , 0.01).

The DHA peaked in both groups at 4 hours (xxP , 0.01 vs. all other
time points). The sum of free FAs exhibited nearly the same time

profile, with a peak at 4 hours ($$P , 0.01 vs. all other time points).

fat-1 Mice had a lower sum of free FAs as WT mice at 4 hours (**P ,

0.01). Data are given as mean 6 SEM (n > 6 independent experi-
ments each). Error bars that appear to be missing are too small to be

seen on the scale of the figure.
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being inhibited by n-3 FAs (33, 42). All these aspects, together
with reduced generation of MIP-2—the murine equivalent of
the human chemotaxin IL-8—may be responsible for the re-
duced recruitment of neutrophils into the alveolar space in fat-1
mice. As TNF-a levels were similar in both groups, but NF-kB
was lower in fat-1 mice, we speculate that, in our setting, the
TNF-a–NF-kB axis was not a critical factor involved in the
differential effect of n-3 FAs on adhesion and transmigration.
The characteristic of reduced neutrophil infiltration was already
demonstrated by infusion of fish oil–based lipid emulsions in
mice (23). The idea of reduced transmigration of neutrophils
into the interstitial and alveolar compartment is further
strengthened by our data demonstrating increased numbers of
circulating leukocytes in fat-1 mice 4 and 72 hours after injury,
together with reduced MPO activity in lung tissue.

Furthermore, we provide evidence that LPS instillation into
the lungs significantly impairs lung compliance within 24 hours
after instillation. Determination of compliance represents a rec-
ognized means to evaluate lung injury (43), and impairment is
found in patients with ALI (44). The reduced loss in lung
compliance underscores the fact that ALI is reduced in fat-1
mice.

Increase in free FAs in the plasma is a general response in
severe inflammation and infection (45, 46). Due to limited
stores of carbohydrates, a change in the utilization and release
of substrates occurs. Glucose oxidation is limited, but fat
oxidation is increased in severe sepsis (47). Free FAs in the
plasma are increased, and mirror the lipids accumulated during
long-term nutrition in fat stores (46, 48, 49). Free AA is
increased to nearly 300% in WT mice, but only by 50% in the
fat-1 group 4 hours after LPS instillation. The sum of EPA and
DHA in WT animals rose to 15.6 mmol/L, in contrast to 30.3
mmol/L in fat-1 mice. As nutrition in man is thought to have
changed from a higher intake of n-3 to reduced availability in
n-3 and increased ingestion of n-6 FAs, in what we now call
Western diet, the general response to inflammation may have
changed. After induction of ALI, the ratio of AA:(EPA 1

DHA) was 1.2:1 and 1:3.3 in WT and in fat-1 mice, respectively.
Reduced inflammatory activation, as estimated by reduced

leukocyte infiltration, prostanoids, and MIP-2, may have trans-
lated into improved vascular and epithelial barrier function, as
judged by decreased protein concentration in the BAL fluid.
Improvement of capillary leakage and protein extravasation by
n-3 lipids were found in models of ALI, and linked to the
reduced formation of 4-series leukotrienes derived from AA
and generation of less active 5-series leukotrienes originating
from EPA (23, 50). Interestingly, generation of either 4-series
or 5-series leukotrienes in vitro, and in isolated organs, can be
controlled by providing the free precursor FA. After activation
of the 5-lipoxygenase, formation of 4-series or 5-series leukotrienes
is regulated by the availability of either (endogenous or exog-
enous) free AA or EPA (51, 52). Furthermore, a shift in levels
of precursor FAs may also result in different cyclooxygenase-
derived eicosanoids (53), bearing in mind that inhibition of this
enzyme in patients with sepsis resulted only in a trend toward
improved pulmonary function, and did not impact the mortality
rate (54).

Reduced injury and better recovery may also be delineated
from the temperature and activity recording in mice subjected
to lung injury. fat-1 Mice returned to regular body temperature
within 24 hours after instillation of LPS. This is in clear contrast
with WT mice, which did not recover regular temperature during
the observation time of 72 hours. These data on body temper-
ature are well in line with the recordings of mouse activity.
Although we did find an unchanged day-time activity in fat-1
mice, it was reduced in WT animals. Night-time activity was

severely decreased in WT mice, and was reduced in the fat-1
group. The thermoregulatory response to inflammation can
consist of phases of fever and hypothermia (55). Hypothermia
is often regarded as maladaptive, correlating with poor clinical
outcome, as the mortality of patients with hypothermia and
sepsis has been reported as twice that of febrile patients (56).
Under the conditions of a thermoneutral environment, the mice
used in this study would have been able to develop fever as well
as hypothermia, depending on the kind and severity of a given
inflammatory insult (55). The faster recovery of fat-1 mice from
the hypothermia induced by ALI is thus indicative of the
protective effects of n-3 FAs. In line with this observation is
the attenuation of depressed motor activity in fat-1 mice.
Suppression of motor activity is a characteristic component of
the array of centrally controlled signs of illness, collectively
termed ‘‘sickness behavior’’ (57). The fact that this aspect of the
sickness syndrome could effectively be antagonized in fat-1
mice clearly demonstrates the adaptive and beneficial effects of
n-3 FAs. The faster recovery from hypothermia, and the
reduced depression of activity, may speculatively be linked to
the formation of Rvs. Generation of this new class of EPA- or
DHA-derived lipid mediators has already been demonstrated in
fat-1 mice (58) and in human blood (59). Synthesis of Rvs or
injection of RvE1 facilitated and accelerated resolution of
inflammation (60, 61). In a murine model of asthma, RvE1 or
NPD1 facilitated resolution of ovalbumin-induced allergic
airway inflammation and hyperresponsiveness (62, 63). This is
contrasted by our negative determinations of RvE1 or NPD1 in
the BAL in LPS-induced ALI. Given that Levy and colleagues
(63) reported NPD1 in whole murine lungs, the BAL may be
the wrong compartment in which to examine these highly
interesting mediators.

A beneficial impact of a diet rich in n-3 lipids and antiox-
idants on ventilation time, secondary organ failures, and length
of stay in patients with ALI has been shown (16–18). A faster
reduction in leukotriene and protein influx in the alveolar space
was demonstrated in these patients (64), which is in line with
our experimental observations. From the data of the clinical
studies and experimental evidence, inclusion of n-3 lipids in the
nutrition of patients suffering from ALI should be considered.
The choice of the nutritional lipid supplied may influence
plasma profile of FAs (46), lipid mediators (52), and lung injury
(50).

The use of fat-1 mice to examine the influence of n-3 lipids in
ALI combines the advantage of an increased ratio of n-3 to n-6
FAs, without the need to supply additional lipids. Exogenous
supply of lipids may be an additional confounding factor, as
ingestion of lipids may modulate the inflammatory response via
the neuroendocrine axis, the vagus nerve, and acetylcholine
receptors on leukocytes (65). The infusion of lipid emulsions
may lead to increased generation of precursor FAs for the lipid
mediator pathways (46). A limitation of the study is the use of
the LPS-induced model. The single application of LPS creates
a single-hit injury to induce inflammatory responses. Such
a model is clearly different from clinical and experimental
ALI induced by bacterial infection.

In conclusion, we were able to show that fat-1 mice develop
a less severe lung injury compared with WT animals after LPS
instillation. fat-1 Mice were able to increase free n-3 FAs
instead of n-6 FAs, and to produce less inflammatory mediators,
such as MIP-2 and TxB2. We also found decreased neutrophil
invasion and reduced protein influx in the alveolar space,
together with improved lung compliance. fat-1 Mice returned
faster to normal body temperature, and exhibited a reduced loss
of activity compared with WT animals. We demonstrate here,
for the first time, that fat-1 mice with a reduced n-6:n-3 ratio are
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less prone to ALI compared with WT mice with an n-6:n-3 ratio
corresponding to our normal Western diet and the nutrition
ratio used for patients in intensive care. Nutritional interven-
tions to manipulate the availability of n-3 FAs in patients with
ALI in intensive care might have significant implications for
their outcome.
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