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Abstract
Whereas pneumonia is the most common cause of death and disability worldwide, most cases of
pneumonia spontaneously resolve. Mechanisms that promote pneumonia resolution remain to be
determined. Resolvin E1(RvE1) is an endogenous mediator that displays proresolving actions in
sterile inflammation. In this study, we developed a new model of aspiration pneumonia to evaluate
the effect of RvE1 on acute lung injury caused by acid aspiration and subsequent bacterial
challenge. Mice received hydrochloric acid into the left lung followed by the enteric pathogen
Escherichia coli. I.v. administration of RvE1 (~0.005 mg/kg) prior to acid injury selectively
decreased lung neutrophil accumulation by 55% and enhanced clearance of E. coli. RvE1
significantly decreased lung tissue levels of several proinflammatory chemokines and cytokines,
including IL-1β, IL-6, HMGB-1, MIP-1α, MIP-1β, keratinocyte-derived chemokine, and MCP-1,
in a manner independent of the anti-inflammatory mediators IL-10 and lipoxin A4. In addition,
animals treated with RvE1 had a marked improvement in survival. These findings in experimental
aspiration pneumonia have uncovered protective roles for RvE1 in pathogen-mediated
inflammation that are both anti-inflammatory for neutrophils and protective for host defense,
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suggesting that RvE1 represents the first candidate for a novel therapeutic strategy for acute lung
injury and pneumonia that harnesses natural resolution mechanisms.

More than any other infection, acute pneumonia causes the greatest morbidity and mortality
(1). To address the important global unmet need for treatment (2), several new antibiotics
were developed over the last several decades, yet pneumonia mortality has not decreased
(1,3). One explanation for the persistent adverse outcomes for pneumonia is the pathogen-
initiated inflammatory response that can spiral out of control and lead to acute lung injury
(ALI) or the acute respiratory distress (ARDS) (4). Whereas pathogen-mediated
inflammation is essential for host defense, unrestrained activation of leukocytes and lung
tissue resident cells can lead to excess tissue injury (5) and in the case of pneumonia,
subsequent hypoxemia. New insights are needed to provide new therapeutic approaches.

Aspiration pneumonia is one of the leading causes of pneumonia and ALI/ARDS (4).
Originally described in women during labor and in perioperative patients (6,7), aspiration
occurs when gastric or oropharyngeal contents inadvertently gain access into the lower
respiratory tract. Below a threshold pH, gastric acid causes airway injury and can predispose
to bacterial pneumonia owing to transient disruption in mucosal host defense mechanisms
(8–11).

No matter the cause, in most instances, pneumonia spontaneously resolves (12), suggesting
the existence of endogenous, host-protective signaling pathways. Despite carefully detailing
the remarkable histopathologic events that return the architecture of the lung from complete
consolidation to a seemingly normal state (13), there is only a limited understanding of the
mechanisms underlying this process of resolution from lung infection.

Eicosapentaenoic acid (EPA) and docosahexaenoic acid are ω-3 polyunsaturated fatty acids
(PUFA) that are essential fatty acids with beneficial properties in a wide range of human
inflammatory disorders (14). In ALI/ARDS, fish oil-based nutrition can significantly
improve oxygenation and decrease the length of stay in an intensive care unit, time on
mechanical ventilation, occurrence of new organ failure, and mortality (15–18). Recently, a
novel lipid mediator was identified in resolving inflammatory exudates that was
enzymatically derived from EPA and termed resolvin E1 (RvE1) (19). This mediator
decreases polymorphonuclear neutrophil (PMN) migration, production of proinflammatory
cytokines, and inflammation in several disease models, including periodontitis and allergic
airway inflammation (19–25). Whereas RvE1 carries potent anti-inflammatory properties in
sterile airway inflammation (25), its effect on lung infection has yet to be determined.

In this study, using a new experimental murine model of aspiration pneumonia, RvE1
displayed both anti-inflammatory and proresolving actions to decrease PMN infiltration and
enhance microbial clearance from the lung.

Materials and Methods
Materials

RvE1 and EPA were obtained from Cayman Chemical (Ann Arbor, MI). Hydrochloric acid
(0.1N hydrochloric acid [HCl],pH 1.0, endotoxin free)was purchased from Sigma-Aldrich
(St. Louis, MO). Escherichia coli strain ATCC 19138 was obtained from the American
Type Culture Collection (Manassas, VA). Trypticase soy agar plate with 5% sheep blood
was obtained from BD Biosciences (Franklin Lakes, NJ).
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Mice
Six-to-8-wk old male C57BL/6J mice were obtained from Charles River Laboratories Japan
(Yokohama, Japan). Mice were given free access to water and standard rodent chow and
were housed in pathogen-free cages. All animal experiments were approved by the Animal
Care and Use Committees of Harvard Medical School and Keio University School of
Medicine.

Model of acid-induced lung injury
Mice were anesthetized by an i.p. injection of ketamine (80 mg/kg)/xylazine (8 mg/kg).
Mice received 100 ng RvE1 or the same volume (100 µl) of saline as a vehicle via tail vein
injection, followed 30 min later by instillation of 25 µl HCl (pH 1.0) into the left lung as
described previously (26).

Twelve hours after acid instillation, the mice were anesthetized using i.p. pentobarbital
sodium (50 mg/kg) and euthanized. The trachea was exposed, and a 20-gauge angiocatheter
was inserted into the trachea and secured. The lungs were lavaged with two separate 0.7-ml
volumes of ice-cold PBS. The bronchoalveolar lavage (BAL) fluid was pooled, centrifuged
at 400 × g for 10 min at 4°C to pellet the cell fraction and the supernatant was stored at −80°
C until mediator analysis. The cell pellet was resuspended in cold saline, and total cell
counts were determined using a hemacytometer. Differential cell counts were performed
using cytocentrifuge smears stained with Diff-Quik (Sysmex, Kobe, Japan).

Development of a new murine model of aspiration pneumonia
Aspiration pneumonia was modeled by the sequential administration of HCl followed by
enteric bacteria—namely, E. coli. HCl (25 µl, 0.1 N, pH 1.0) was instilled into the left lung
as described (26), and followed 12, 24, or 48 h later by E. coli. After acid-induced ALI (vide
supra), mice were reanesthetized and 12, 24, or 48 h later saline (0.9%) containing 1–2 × 105

CFU E. coli was instilled (25 µl) into the left lung. Some animals received PBS instead of
HCl followed 12 h later by E. coli inoculation. The concentration of viable bacteria was
determined by enumerating CFUs from serial dilutions grown on blood agar plates. Left
lungs were collected 24 h after E. coli inoculation, homogenized in ice cold sterile water
containing protease inhibitor mixture (Roche, Indianapolis, IN) and 0.4 mM PMSF, and
serially diluted; aliquots were plated on blood agar. After incubation for 24 h at 37°C,
colonies were counted and results expressed as CFU per lung. A bacterial growth index
(BGI) was calculated as the ratio of lung CFU to the original inoculum instilled. Select
animals were given RvE1 (100 ng), its parent fatty acid EPA (100 ng), or vehicle (0.9%
saline) by tail vein 30 min before initiation of the aspiration pneumonia protocol. Left lungs
were collected 24 h after E. coli inoculation, and BGI was calculated. Mediator levels in
lung homogenates were determined at pivotal checkpoints in this model, namely at baseline,
after acid injury (12 h) and after pneumonia (24 h later) (vide infra). To examine whether
RvE1 improved the prognosis in this model, RvE1 (100 ng) or vehicle (0.9% saline) was
administered i.v. 30 min before HCl instillation, or 2 h after E. coli inoculation. The survival
rate was monitored for 1 wk after the initiation of aspiration pneumonia. To determine
whether RvE1 had direct antibiotic actions, E. coli was plated on blood agar with 0, 0.1, 1,
10, 100 nM RvE1, incubated for 24 h at 37°C, and colonies were counted.

Measurements of inflammatory mediators and myeloperoxidase
Lung tissue homogenates were generated from lungs collected at baseline, 12 h after HCl
instillation, or 24 h after E. coli inoculation by exposing murine lung to lysis buffer (0.5%
Triton X-100, 150 mM NaCl, and 15 mM Tris-base) for 30 min at 4°C. After centrifugation,
supernatants were collected for myeloperoxidase (MPO), cytokine, chemokine, and lipoxin
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A4 (LXA4) measurements. IL-1β, IL-6, keratinocyte-derived chemokine (KC), IL-10,
MIP-1α, MIP-1β, MIP-2 and MCP-1 were determined using a multiplex cytokine bead array
system (Bio-Plex; Bio-Rad, Hercules, CA). HMGB1 was measured using a monoclonal Ab
to HMGB1 (Shino-Test, Tokyo, Japan). Sensitive and specific ELISAs were used in tandem
to detect IL-17 (R&D Systems, Minneapolis, MN), IL-23 (eBiosciences, San Diego, CA),
IFN-γ (R&D Systems), LXA4 (Oxford Biomedical Research, Oxford, MI), and MPO
(Hycult Biotechnology, Uden, the Netherlands). LTB4, KC and 8-isoprostane were
measured in bronchoalveolar lavage fluid (BALF) cell-free supernatants by individual
ELISAs (Cayman Chemical, Minneapolis, MN; and R&D Systems).

NF-κB (p65) DNA-binding activity in the lung
For determination of NF-κB (p65) DNA-binding activity in the lung, left lungs were
collected and homogenized 6 h after E. coli inoculation. Nuclear protein was extracted using
CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich) according to the manufacturer’s
protocol. The protein concentration of the nuclear extracts was determined using a BCA
Protein Assay Kit (Pierce, Rockford, IL). NF-κB (p65) DNA-binding activity was examined
using the TransAM ELISA kit (Active Motif, Carlsbad, CA) according to the
manufacturer’s protocol. In brief, 10 µg of nuclear protein was subjected to the binding of
NF-κB to an immobilized consensus sequence (5′-GGGACTTTCC-3′) in a 96-well plate,
and the primary and secondary Abs were added. After the colorimetric reaction, the
samples’ absorbance was measured in a spectrophotometer at 450 nm with a reference
wavelength of 655 nm. Recombinant NF-κB p65 (active motif) was used as a protein
standard. The DNA binding specificity was assessed using wild-type and mutated
oligonucleotides.

Mass spectrometry
Lipids present in lung homogenates were extracted with methanol as described (27). The
methanolic extract was then diluted with 10 volumes of water, acidified with HCl to a pH of
3.5, and applied to Sep-Pak C18 cartridges(Waters, Milford, MA)for solid phase extraction.
To correct for losses during sample preparation, deuterated internal standard (1 ng of
LTB4-6, 7, 14, 15-d4;Biomol) was added to the murine lung homogenates before extraction.
For liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis, a triple
quadruple linear ion trap mass spectrometer (4000Q-TRAP; Applied Biosystems, Foster
City, CA) equipped with an Acquity ultraperformance liquid chromatography bridged ethyl
hybrid C18 column (1.7 µm, 1.0 × 150 mm; Waters) was used. LC-MS/MS analyses were
conducted in negative ion mode, and eicosanoids were identified and quantified by multiple
reaction monitoring using transitions for RvE1 (349 > 195 m/z), 18-hydroxy-
eicosapentaenoic acid (18-HEPE) (317 > 215 m/z) and EPA (301 > 257 m/z). Calibration
curves (1–1000 pg) and liquid chromatography retention times for each compound were
established with synthetic standards. In some animals, left lungs were collected 5 min after
i.v. injection of 100 ng RvE1, and the lung tissue levels of RvE1 were determined by LC-
MS/MS analysis.

Histopathologic analysis
Lung tissue was fixed by inflation with 4% paraformaldehyde at a transpulmonary pressure
of 25 cm H2O and embedded in paraffin. For histologic analysis, lungs were collected 24 h
after E. coli inoculation, and paraffin-embedded 5-µm sections of lungs were cut and stained
with H&E for light microscopy. To detect phosphorylated NF-κB (p65), lungs were
collected 6 h after E. coli inoculation and immunohistochemical analysis was performed
according to the manufacturer’s protocol. Paraffin-embedded sections were dehydrated and
pretreated with citrate buffer to expose antigenic epitopes. After blocking endogenous
peroxidase activity, sections were incubated with a rabbit polyclonal anti-phospho-NF-κB
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p65 (Ser276) Ab (Cell Signaling, Danvers,MA) for 60 min at room temperature followed by
a biotinylated secondary Ab. Biotinylated immune complexes were visualized using a
streptavidin-based detection kit. Sections were counter-stained with hematoxylin.

Statistical analysis
All data are expressed as mean ± SEM. Comparisons between groups were conducted using
ANOVA and Student t test as appropriate. Survival curves after E. coli inoculation were
estimated using the Kaplan-Meier method and compared using the log-rank test. A level of p
< 0.05 was considered to indicate statistical significance. Statistics were performed using
Graphpad Prism 4.0 for Windows (San Diego, CA).

Results
Acid injury transiently impairs airway host defense

In order to model aspiration pneumonia and more severe forms of ALI, acid (0.1 N HCl, pH
1.0) was administered by intratracheal instillation into the left mainstem bronchus and 12,
24, or 48 h later the acid-injured mice were exposed to the enteric pathogen E. coli by
intratracheal instillation into the same airway (see Materials and Methods). To facilitate
investigation of host defense mechanisms for spontaneous pneumonia resolution, the left
lung was chosen for selective injury and infection, because it is smaller than the murine right
lung. The size of the inoculum of E. coli was optimized so that uninjured animals would
spontaneously resolve the pneumonia. The left lung was harvested 24 h after E. coli
instillation, and a BGI was determined by CFU assay (viable bacteria in lung homogenate/
inoculum). In mice receiving PBS (pH 7.4) followed by 1–2 × 105 E. coli, the lung’s BGI 24
h later was 0.14 ± 0.08, indicating that >80% of the bacteria were spontaneously eliminated
from lungs within 24 h after inoculation (Fig. 1). Acid-injured animals had significantly
more difficulty clearing the bacterial challenge. Despite the presence of increased numbers
of PMNs in the airway 12 h after acid injury (26), the BGI was >1.5 [1.74 ± 0.28], which
was consistent with a failure to effectively clear E. coli at this time point. In contrast, the
BGI was ~0.5 when bacteria were introduced 24 h or longer after acid (Fig. 1). These results
provide a time course for acid mediated disruption of airway mucosal host defense
mechanisms that required >12 h to restore the capacity to clear subsequent bacterial
challenge.

RvE1 enhances bacterial clearance in a model of aspiration pneumonia
In view of potent anti-inflammatory actions of RvE1 for PMNs (20), we next determined the
effect of RvE1 on host defense in this model of aspiration pneumonia. RvE1 is
enzymatically derived from the ω-3 fatty acid EPA, so one dose of RvE1 (100 ng, ~0.005
mg/kg), its parent fatty acid EPA (100 ng), or vehicle (0.9% saline) was given i.v. (100 µl)
30 min before acid injury, and 1–2 × 105 E. coli were administered by intratracheal
instillation into the left lung 12 h later (see Materials and Methods). Lungs were harvested
24 h after E. coli instillation and CFUs were determined. The BGI in lungs from this cohort
of animals receiving HCl before bacteria increased from 0.14 ± 0.08 to 1.29 ± 0.33 (p <
0.05; Fig. 2). Of interest, the BGI in animals treated with EPA decreased below 1.0,
indicating that EPA enhanced clearance of E. coli from the lung. With RvE1, animals
displayed a marked decrease in lung homogenate BGI to 0.54 ± 0.13 (p < 0.05) that was
superior to EPA and consistent with a significant improvement in host defense. To
determine whether this route of administration resulted in detectable levels of RvE1 in lung
tissue, murine lungs were collected 5 min after i.v. injection of RvE1, and lipid extracts were
prepared for analysis by LC-MS/MS. After i.v. administration, RvE1-treated mice had 35.7
± 15.7 pg RvE1 per lung (n = 5). For control animals receiving only vehicle (0.9% saline),
quantities of RvE1 in lung tissues were below the limits of detection (5 pg) by mass
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spectrometry. Although RvE1 was not detectable in lung tissues 24 h after induction of
aspiration pneumonia, the RvE1 biosynthetic precursors EPA and 18-HEPE were present at
this time point (1834 ± 450 pg EPA per lung and 22 ± 9 pg 18-HEPE per lung, respectively;
n = 3). RvE1 did not directly kill or limit the growth of E. coli when coincubated with the
bacteria in vitro for 24 h at 37°C (Fig. 3)

RvE1 blocks leukocyte recruitment to the lung in aspiration pneumonia
To assess PMN accumulation in lung tissue, MPO levels were determined. E. coli
instillation into the left mainstem bronchus increased lung MPO levels from 44.0 ± 1.7 ng/
ml (saline control) to 550.2 ± 44.6 ng/ml (p < 0.05; Fig. 4A). Acid injury 12 h before E. coli
infection further increased lung tissue MPO to 1010.0 ± 59.6 ng/ml (p < 0.05), which
represented an ~2-fold increase compared with lungs from animals receiving E. coli alone.
RvE1 given before acid injury dramatically decreased MPO levels. This biochemical
evidence for RvE1-mediated decreases in PMN infiltration was confirmed by histologic
examination of lung tissue (Fig. 4B). The numbers of PMNs in large and small airways were
markedly decreased with RvE1, and decrements in interstitial edema formation in the
presence of RvE1 were noted (Fig. 4B).

RvE1 decreases proinflammatory mediators in aspiration pneumonia
To investigate potential anti-inflammatory and proresolving mechanisms for RvE1 in
experimental aspiration pneumonia, the levels of several inflammatory mediators that have
been assigned important roles in the pathogenesis of ALI/ARDS (28) were determined in the
supernatants of lung homogenates. Administering HCl alone led only to a modest increase in
select proinflammatory mediators in the lung (Table I). Alternatively, administration of E.
coli alone markedly increased IL-1β, MIP-1α, MIP-1β, KC, MIP-2, and MCP-1 (Table I).
Levels of the anti-inflammatory mediator IL-10 were decreased (Table I). This broad
proinflammatory response in the lung to E. coli was distinct from acid injury alone. The new
experimental model of aspiration pneumonia with both acid injury and bacterial instillation
induced significant additional increments in the production of several proinflammatory
mediators (Table I). RvE1 markedly decreased IL-1β, IL-6, HMGB-1, MIP-1α, MIP-1β,
KC, and MCP-1 without evident increases in IL-10 (Table I). Of note, levels of the counter-
regulatory lipid mediator LXA4 were increased in the setting of aspiration pneumonia and
not further increased with RvE1. These findings indicate that RvE1 dampens the
inflammatory responses to microbial invasion of the lower respiratory tract and promotes
resolution of aspiration pneumonia via mechanisms that are independent from the anti-
inflammatory IL-10 or LXA4 signaling pathways.

RvE1 inhibited the translocation and activation of NF-κB (p65) induced by aspiration
pneumonia

The pathophysiology of acid-initiated lung injury is linked to increased oxidative stress and
NF-κB activation (29), so we next determined the effect of RvE1 on these host responses.
Levels of the sensitive oxidative stress biomarker 8-isoprostane were significantly increased
in BALF after acid injury (25.8 ± 5.0 versus 11.0 ± 0.1 pg/ml with PBS, mean ± SEM for n
≥ 3; p < 0.05), but there was no significant decrease in RvE1-treated animals (38.8 ± 7.7 pg
8-isoprostane/ml). To elucidate the mechanism for the anti-inflammatory effect of RvE1, the
translocation of NF-κB (p65) into the nucleus was determined. NF-κB (p65) was almost
undetectable in noninjured lungs (0.01 ± 0.001 ng/µg nuclear protein; Fig. 5A). HCl alone
did not induce significant translocation of NF-κB (0.01 ± 0.007 ng/µg nuclear protein);
however, aspiration pneumonia induced marked translocation of NF-κB (p65) into the
nucleus (0.34 ± 0.04 ng/µg nuclear protein). RvE1 inhibited this translocation by ~40% (p <
0.05; n = 6 each). Immunohistochemical analysis showed positive staining for
phosphorylated NF-κB p65 predominantly in PMNs (Fig. 5B).
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RvE1 blocks PMN recruitment into acid-injured lung
To determine whether RvE1 directly regulated leukocyte recruitment in response to ALI,
animals were given either RvE1 (100 ng) or vehicle (0.9% saline) i.v, followed 30 min later
by either sterile PBS (pH 7.4) or HCl (0.1 N; pH 1.0) instilled into the left mainstem
bronchus (see Materials and Methods). Within 12 h, acid initiated significant inflammation
(Fig. 6A–C). Total leukocyte count in BAL fluids from animals given PBS was 2.00 ± 0.26
× 104/ml (mean ± SEM) with >90% macrophages and only 0.08 ± 0.08 × 104 PMNs/ml
(Fig. 6A–C). After acid instillation, the number of PMNs and macrophages in BAL fluids
significantly increased to 1.26 ± 0.27 × 104/ml and 4.05 ± 0.28 × 104/ml, respectively (p <
0.05). RvE1 (100 ng) markedly blocked PMN infiltration by 55% compared with vehicle
treated animals (Fig. 6B). RvE1 did not significantly affect the number of BALF
macrophages (Fig. 6C). To determine whether RvE1 decreased PMN numbers by indirect
means, concentrations of the potent PMN chemoattractants LTB4 and KC were measured in
BAL fluids. Intrapulmonary acid instillation induced a substantial increase in both LTB4 and
KC (Table II), but the levels of these mediators in BALF were not significantly altered by
RvE1, suggesting a direct action for RvE1 on PMNs.

RvE1 improved survival after aspiration pneumonia
Because aspiration pneumonia can lead to increased mortality from ALI/ARDS or sepsis
(30), the animals’ survival was closely monitored after experimental aspiration pneumonia
in the presence or absence of RvE1. Despite introduction of the acid and bacteria to only the
left lung, induction of aspiration pneumonia resulted in an early mortality rate of 50% within
3 d (Fig. 7A). In sharp contrast, all of the animals treated with RvE1 (100 ng, i.v.) before
aspiration pneumonia survived during the study period. Of note, RvE1 significantly
improved survival rate even when administered 2 h after E. coli inoculation (Fig. 7B).
Because the survival rate with both vehicle and RvE1 was 100% during the first 24 h,
potential early differences between RvE1 and vehicle cohorts could not be detected.
Therefore, in a separate set of experiments, we increased the dose of E. coli instilled by 2
logs to 1 × 107 CFU. At this higher dose, the survival advantage with RvE1 (100 ng) was no
longer evident, because all animals died within the first 24 h, suggesting that the protective
mechanisms of RvE1 are more operative during the resolution of this infectious challenge,
rather than the initial, acute responses to microbial invasion. No complications of RvE1
were observed during the 7-d period of observation.

Discussion
Aspiration of gastric acid is a frequent clinical event and can lead to both increased
susceptibility to pneumonia and ALI/ARDS (4,30). In this study, the EPA-derived lipid
mediator RvE1 both dampened acid-initiated ALI and enhanced pneumonia host defense in
mice. Despite decreasing lung PMN infiltration after ALI, RvE1 promoted the clearance of
E. coli pneumonia, decreased proinflammatory cytokines and chemokines, and enhanced
survival from the microbial challenge. The anti-inflammatory and protective actions of this
endogenous lipid mediator for bacterial pneumonia distinguish it from immunosuppressive
agents that increase, rather than decrease, the risk of infection.

Enteric feeding with EPA can markedly reduce ALI/ARDS morbidity and mortality (15), in
part via marked decreases in lung PMNs (16). In addition, increased fish intake by subjects
in the Physicians’ Health Study is associated with a lower risk of pneumonia (31), and
murine diets rich in ω-3 fatty acids decrease the severity of experimental bacterial
pneumonia (32,33). The potential for lung protection by EPA-derived mediators is
underscored by fat-1 transgenic mice that are protected from ALI (34). These transgenic
mice express the Caenorhabditis elegans ω-3 desaturase fat-1 gene and can endogenously
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generate ω-3 PUFAs from ω-6 PUFAs (35). Mechanisms for the actions of EPA to decrease
the severity of ALI in these human and animal experimental systems have not been
previously established. In this study, EPA dampened the severity of bacterial pneumonia
when it was directly infused i.v.; however, the EPA-derived lipid mediator RvE1 displayed
even more potent protective actions for pneumonia. Tissue from fat-1 mice or nontransgenic
mice that were fed diets enriched with EPA have increased EPA availability and generate
RvE1 in detectable amounts upon provocative challenge (36,37). In results presented in this
study, RvE1 was provided by i.v. administration, which led to detectable picogram
quantities in lung tissues. The presence of these pharmacologic properties emphasizes the
potent bioactivity of this natural compound. Moreover, it is notable that the
pharmacologically active dose of RvE1 administered i.v. was 100 ng per mouse, or ~0.005
mg/kg, providing compelling evidence of this compound’s potent anti-inflammatory and
proresolving actions. Thus, even if only present in low amounts in lung tissues, enzymatic
conversion of EPA to RvE1 would serve to limit overexuberant tissue responses to injury or
infection and could be responsible for some of the observed beneficial properties of EPA in
ALI/ARDS and pneumonia.

Acid aspiration evokes inflammatory responses by injured mucosal epithelial cells and
activated PMNs. Excessive or inappropriate PMN activation can cause bystander tissue
damage and contribute to the pathogenesis of ALI/ARDS (38). Inhibition of PMN function
in animal studies attenuates lung injury induced by acid aspiration (39,40). In this study,
intratracheal acid instillation induced PMN recruitment that was blocked by i.v. RvE1. LTB4
and KC (murine functional analog of human IL-8) are potent PMN chemoattractants and
activators (39,41). Both LTB4 and KC increased in BALF after ALI and remained elevated
to the same magnitude with RvE1, despite decreases in PMN accumulation. There are
several distinct possible explanations for these interesting findings, including an
intravascular rather than an airway target for the i.v. RvE1 and direct regulatory actions for
RvE1 on PMNs that are downstream from LTB4 and KC receptor signaling. Cell type-
specific actions for RvE1 have been linked to distinct patterns of receptor expression. RvE1
can interact with the LTB4 receptor BLT1 as a receptor-level antagonist and partial agonist
to dampen PMN migration and activation at sites of inflammation (42). With similar levels
of airway LTB4 after aspiration pneumonia, this receptor level antagonism for RvE1 at
BLT1 would serve to functionally inhibit LTB4-mediated activation of PMNs. RvE1 can
also interact with ChemR23 on macrophages to promote the clearance of apoptotic PMNs
and microbial debris (20,43), and ChemR23-deficient mice display a proinflammatory
phenotype (44). In addition, RvE1 interacts with ChemR23 on mucosal epithelial cells to
promote clearance of PMNs from apical surfaces in a CD55-dependent manner (45), and
RvE1 prevents destruction of periodontal tissues in experimental periodontitis (24). These
findings of direct actions for RvE1 on leukocytes and mucosal epithelial cells to regulate
their function are in accordance with results presented in this study that RvE1 inhibited
PMN, but not macrophage accumulation in the lung during ALI, and protected the lung from
aspiration pneumonia by increased clearance of E. coli infection.

Lipid mediators interact with peptide mediators of inflammation in complex regulatory
signaling networks (46). RvE1 is a potent regulator of TNFα and NF-κB signaling (20). In
our model of aspiration pneumonia, RvE1 decreased production of select proinflammatory
mediators, including IL-1β, IL-6, MIP-1α, MIP-1β, KC, and MCP-1. Of interest, data from
clinical trials in the early phase of ARDS have identified significantly higher BALF levels
of IL-1β and IL-6 in nonsurvivors (47). These cytokines can bind to receptors on the surface
of gram-negative bacteria to favor growth of the bacteria (48,49). Although RvE1 did not
carry direct antimicrobial actions, it enhanced microbial clearance of a modest dose of E.
coli from the lung and survival, perhaps in part by regulating levels of these cytokines.
MCP-1 and IL-8 are also present in BALF from patients at risk and with established ARDS
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(50,51). In murine tissues, increased MCP-1 leads to PMN accumulation and distant organ
damage by increasing the IL-8 homolog KC, which is a direct and potent PMN agonist (52).
Of interest, HMGB-1 is an abundant nuclear protein that can serve as a cytokine when
released into the extracellular milieu to play important roles in sepsis and ALI (53). In this
study, RvE1 decreased levels of HMGB-1, likely also contributing to its improvement in
bacterial clearance and survival.

In summary, early addition of the EPA-derived mediator RvE1 “jump started” resolution to
dampen PMN recruitment in acid-induced ALI and promote host defense to bacterial
challenge in a new model of aspiration pneumonia. The combination of anti-inflammatory
and anti-infective actions for RvE1 define it as a proresolving mediator and distinguish it
from immunosuppressive agents that block inflammation but predispose the host to an
increased risk of infection. RvE1 regulated PMN accumulation and a broad array of
proinflammatory cytokines and chemokines, suggesting agonist properties for RvE1 at cell
type specific receptors. These results with RvE1 support the notion that understanding host
responses that promote the resolution of pathogen-mediated inflammation may provide
insights into natural counter-regulatory mechanisms that can be leveraged into new
therapeutic strategies to improve host defense and lessen the severity of pneumonia.
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FIGURE 1.
Acid injury transiently disrupts airway host defense to bacterial challenge. Mice received an
inoculum of E. coli (1–2 × 105 CFU in 25 µl) into the left lung 12, 24, or 48 h after
instillation of HCl (0.1 N, pH 1.0, 25 µl) and a BGI was determined with lung homogenates.
Some animals received PBS (−) instead of HCl (+) followed 12 h later by E. coli
inoculation. BGI was calculated as the ratio of lung CFU to the original inoculum. *p < 0.05
versus PBS (−) animals. Values represent the mean ± SEM (n > 4).
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FIGURE 2.
RvE1 enhances bacterial clearance from the lung after acid injury. Mice were given 0.9%
saline, EPA (100 ng), or RvE1 (100 ng) i.v. followed 30 min later by intratracheal
instillation of acid (+) or PBS (−) into the left lung. Twelve hours after HCl instillation,
mice were next given 1–2 × 105 CFU of E. coli into the left lung. After 24 h, the left lungs
were collected and homogenized, and a BGI was calculated. *, p < 0.05 for saline/HCl/E.
coli versus saline/PBS/E. coli; **p < 0.05 for RvE1/HCl/E. coli versus saline/HCl/E. coli.
Values are the mean ± SEM (n > 12).
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FIGURE 3.
RvE1 does not directly impair the growth of E. coli in vitro. E. coli was plated on blood-agar
with 0, 0.1, 1, 10, 100 nM RvE1, incubated for 24 h at 37°C, and colonies were counted.
Values are the mean ± SEM (n = 3).
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FIGURE 4.
RvE1 blocks leukocyte accumulation after aspiration pneumonia. A, MPO levels in the
supernatant of lung homogenates. Left lungs were harvested and homogenized 24 h after E.
coli inoculation. MPO levels were determined by ELISA. *p < 0.05 versus vehicle/PBS/
saline, **p < 0.05 versus vehicle/PBS/E. coli and ***p < 0.05 versus vehicle/HCl/E. coli.
Values are the mean ± SEM (n > 12). B, H&E-stained sections of lung tissue obtained from
mice treated with vehicle or RvE1 24 h after airway E. coli inoculation. Original
magnification, ×40 (A and B) and ×200 (C and D).
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FIGURE 5.
RvE1 inhibited the activation of NF-κB p65. Left lung was harvested 6 h after E. coli
inoculation. A, Left lung was homogenized and nuclear protein was extracted. Translocation
of NF-κB p65 into the nucleus was determined using ELISA. *p < 0.05 versus vehicle/HCl
(−)/E. coli (−); **p < 0.05 versus vehicle /HCl (+)/E. coli (+). B, Immunohistochemical
analysis to detect phosphorylated NF-κB p65 was performed using a rabbit polyclonal anti-
phospho-NF-κB p65 (Ser276) Ab. Arrows show positive staining of NF-κB. Original
magnification, ×400 (A–C) or ×1000 (D–F).
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FIGURE 6.
RvE1 blocks acid-induced PMN recruitment into the lung. Mice received vehicle (Veh;
0.9% saline) or RvE1 (100 ng) i.v. followed 30 min later by intratracheal instillation of PBS
(pH 7.4) or HCl (pH 1.0) into the left lung. After 12 h, BALF was collected. A, Total
leukocytes in BAL fluids were enumerated, and the number of (B) PMNs and (C)
macrophages were determined. *p < 0.01 versus vehicle/PBS; **p < 0.05 versus vehicle/
HCl. Values are mean ± SEM (n = 3–4).
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FIGURE 7.
RvE1 improves the survival rate after aspiration pneumonia. Animals were treated with a
single dose of RvE1 (100 ng) or vehicle (0.9% saline) i.v. A, Thirty minutes before initiation
of ALI and aspiration pneumonia or (B) 2 h after E. coli inoculation. Mice were observed
every 24 h for 1 wk. The percent survival was determined for each cohort of 10 mice on a
daily basis.
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Table II

Concentrations of neutrophil chemoattractants in BAL

Mediator Veh + PBS Veh + HC1 RvE1 + HC1

LTB4 5.3 ± 0.9 86.3 ± 10.7* 97.8 ± 14.2

KC 5.0 ± 1.4 33.2 ± 7.4* 33.2 ± 5.7

Values are in pg/ml and represent the mean ± SEM (n = 3–4).

*
p < 0.05 versus veh + PBS cohort.

Veh, vehicle.
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