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The therapeutic options for ameliorating the profound vascular
permeability, alveolar flooding, and organ dysfunction that accom-
panies acute inflammatory lung injury (ALI) remain limited. Extend-
ing our previous finding that the intravenous administration of the
sphingolipid angiogenic factor, sphingosine 1–phosphate (S1P),
attenuates inflammatory lung injury and vascular permeability via
ligation of S1PR1, we determine that a direct intratracheal or in-
travenous administration of S1P, or a selective S1P receptor (S1PR1)
agonist (SEW-2871), produces highly concentration-dependent
barrier-regulatory responses in the murine lung. The intratracheal
or intravenous administration of S1P or SEW-2871 at , 0.3 mg/kg
was protective against LPS-induced murine lung inflammation and
permeability. However, intratracheal delivery of S1P at 0.5 mg/kg
(for 2 h) resulted in significant alveolar–capillary barrier disruption
(with a 42% increase in bronchoalveolar lavage protein), and pro-
duced rapid lethality when delivered at 2 mg/kg. Despite the greater
selectivity for S1PR1, intratracheally delivered SEW-2871 at 0.5 mg/
kg also resulted in significant alveolar–capillary barrier disruption,
but was not lethal at 2 mg/kg. Consistent with the S1PR1 regulation
of alveolar/vascular barrier function, wild-type mice pretreated with
the S1PR1 inverse agonist, SB-649146, or S1PR1

1/2 mice exhibited
reduced S1P/SEW-2871–mediated barrier protection after chal-
lenge with LPS. In contrast, S1PR2

2/2 knockout mice as well as mice
with reduced S1PR3 expression (via silencing S1PR3-containing
nanocarriers) were protected against LPS-induced barrier disruption
compared with control mice. These studies underscore the potential
therapeutic effects of highly selective S1PR1 receptor agonists in
reducing inflammatory lung injury, and highlight the critical role of
the S1P delivery route, S1PR1 agonist concentration, and S1PR1

expression in target tissues.
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Acute lung injury (ALI), a significant cause of morbidity and
mortality, is characterized by a diffuse inflammatory parenchy-
mal process, often occurring in the context of multisystem organ
failure. Although the exact pathogenetic mechanisms remain
poorly defined, multiple risk factors for ALI have been identified,
with bacterial sepsis a common predisposing clinical condition (1–
3). An essential feature of the inflammatory response in ALI is the
disruption of lung endothelial barrier integrity with paracellular
gap formation, a consequence of lung endothelial activation by
diverse bioactive and biophysical stimuli. Lung vascular barrier
dysfunction contributes to high-permeability pulmonary edema
and alveolar flooding and extensive leukocyte infiltration into

lung tissues, resulting in profound hypoxemia and the require-
ment for implementing mechanical ventilation (4). Increased
vascular permeability in ALI is intimately involved with the
development of multisystem organ dysfunction involving distal
organs such as the kidney, liver, and intestine, and represents an
important independent risk factor for ALI mortality (4–8). De-
spite intense research and multiple therapeutic trials with diverse
targets, specific therapies to prevent or reverse the severe
pulmonary inflammation and increased capillary permeability
remain elusive.

A sphingolipid, sphingosine 1–phosphate (S1P), is the meta-
bolic product of sequential sphingomyelinase, ceramidase, and
sphingosine kinase enzymatic activities, and represents a vitally
important angiogenic factor (38) and signaling mediator with
potent vascular barrier–regulating properties (9). S1P functions
extracellularly via receptor ligation (9) of the G-protein–coupled
S1P receptors (S1PRs), with the S1PR1 receptor expressed in
vascular endothelial cells (9) serving as the major barrier-
enhancing S1P receptor. S1PR1 ligation promotes the recruit-
ment of actin cytoskeletal regulatory protein to membrane lipid
rafts and Gi-coupled signaling to cytoskeletal elements via Rho
family of GTPases-Rac (Rac GTPase) (9–12), resulting in de-
creased endothelial-cell (EC) permeability (9, 11, 12). In addi-
tion, S1PR1 receptor expression is essential for platelet-mediated
vascular barrier enhancement, because the inhibition of S1PR1

expression attenuates this effect (13).
Our previous in vivo work strongly indicated that S1P pro-

duces potent in vivo lung vascular barrier enhancement through
the ligation of S1P1 receptors in murine and canine models of
endotoxin-induced ALI (14, 15), suggesting a novel therapeutic
potential for S1P and related compounds in ALI. For example,
FTY-720, a structural analogue of S1P and a potent agonist for
S1P receptors after phosphorylation by sphingosine kinase, is
being evaluated in Phase III clinical trials as an immunosuppres-
sant (16). We and others showed that S1P and FTY-720 potently
reverse the vascular permeability induced by vascular endothelial
cell growth factor (17), LPS (15), and ischemia–reperfusion injury
(18). In contrast to the protective effects of S1P1 ligation, the
activation of S1P2 or S1P3 receptors induces significant alveolar
and vascular barrier disruption via the G12/13-coupled and Gq-
coupled activation of Rho/Rho kinase–mediated stress-fiber
formation (10–12, 19, 20). In addition, recent reports indicate
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adverse S1P-mediated effects on airway responses when mark-
edly elevated concentrations of S1P are delivered intratracheally,
possibly a consequence of S1PR2 or S1PR3 ligation, findings that
potentially limit the therapeutic utility of S1P (21).

Here, we explored the differential effects of S1P receptors in
a murine model of inflammatory lung injury induced by LPS. We
determined that the intravenous or intratracheal administra-
tion of either S1P or a selective S1PR1 agonist (SEW-2871) up
to 0.3 mg/kg (z 200 mM) produced dose-dependent alveolar and
vascular barrier protection in C57Bl/6 mice. In contrast, the
intratracheal delivery of 0.5 mg/kg S1P (z 1 mM final plasma
concentration) resulted in significant alveolar–capillary barrier
disruption, with approximately 50% increase in permeability and
inflammatory indices compared with untreated animals. The
delivery of markedly elevated concentrations of S1P (z 2 mg/kg;
z 4 mM concentration) was rapidly lethal. Despite greater
S1PR1 selectivity, exposures to SEW-2871 at both 0.5 and 2 mg/kg
were not lethal but did result in significant alveolar–capillary
barrier disruption. S1PR1

1/2 heterozygous mice were signifi-
cantly refractory to the protective effects of S1P (, 0.5 mg/kg),
but both S1PR2

2/2 knockout (KO) mice and silenced S1PR3 mice
were less susceptible to lung injury after challenge with LPS.
These studies, designed to assess the potential therapeutic effects
of exogenous S1P in inflammatory lung injury, underscore the
critical role of the S1P delivery route, concentration, and relative
receptor expression, and indicate S1P receptor selectivity as
a major driver of S1P and S1P analogue toxicity.

MATERIALS AND METHODS

Mice and Reagents

All experiments and animal-care procedures were approved by the
University of Chicago Animal Care and Use Committee. Male C57BL/6
(20–25 g) mice, 8 to 10 weeks old, were purchased from Jackson
Laboratory (Bar Harbor, ME) and housed until the time of experiments
in cages with free access to food and water in a temperature-controlled
room with a 12-hour dark/light cycle. In total, four to five mice were used
in each group. S1P was purchased from Avanti Polar Lipids (Alabaster,
AL), SEW-2871 was procured from Cayman Chemical Co. (Ann Arbor,
MI), LPS was purchased from Sigma (St. Louis, MO), and SB-649146 was
obtained from Glaxo Smith Kline (King of Prussia, PA). S1PR1

1/2

heterozygous and S1PR2
2/2 KO mice were obtained from Dr. Richard L.

Proia (National Institutes of Health, Bethesda, MD).

Experimental Model

Mice were anesthetized with an intraperitoneal mix of ketamine (150 mg/kg)
and acepromazine (15 mg/kg), as described previously (15), before
exposure of the trachea and the right internal jugular vein. For the group
of animals exposed to LPS-mediated acute lung injury, Escherichia coli
127-B8 endotoxin LPS solution (2.5 mg/kg) or sterile saline was
instilled intratracheally via a 20-gauge intravenous catheter. Using
the same method, S1P, SEW-2871, or vehicle was injected in the
airways 2 hours after the administration of LPS. However, mice
received S1P or SEW-2871 or vehicle intravenously via the internal
jugular vein simultaneously with the injection of LPS. In the murine
group with the S1P1 inverse agonist challenge, SB-649146 or PBS was
injected intravenously 30 minutes before the LPS/S1P intravenous
injection or LPS/SEW-2871 intravenous injection. Bronchoalveolar
lavage (BAL) fluid was collected and lungs were harvested at 18 hours
(final time point) and stored at 2808C for evaluations of lung injury.

BAL Protein Accumulation and Leukocyte Quantification

BAL was performed by flushing the lungs with 1 ml of cold Hanks’
balanced salt solution (HBSS; Invitrogen, Grand Island, NY) through
the tracheal cannula, as previously described (22). The recovered lavage
fluid (z 0.8 ml) was centrifuged (500 3 g for 20 min), and the cell pellet
was resuspended in 200 ml of ice-cold HBSS. Total numbers of cells were
counted with a hemacytometer. The BAL differential cell count was
prepared using cytocentrifugation (Cytospin 3; Shandon Instruments,

Pittsburgh, PA), and stained with Diff-Quik (Dade Behring, Düdingen,
Switzerland). BAL cell differential counts were determined using
morphologic criteria under a light microscope, with an evaluation of
approximately 400 cells per slide. The supernatant from BAL fluid was
centrifuged again (15,000 3 g for 10 min), and the supernatant was stored
at 2808C for further protein analysis (15).

Measurements of Total Proteins and Albumin from BAL

Protein concentrations in BAL fluid were measured using an RC DC
Protein Assay (Bio-Rad, Hercules, CA) according to the manufac-
turer’s recommendations, as previously described (23). Optical density
readings of samples were converted to milligrams/milliliters, using
values obtained from a standard curve generated with serial dilutions
of BSA (0.1–1.5 mg/ml) (24).

Measurement of Albumin Concentrations and

Myeloperoxidase Activity in Lung Tissue

Lung-tissue homogenates were prepared in phosphate buffer (pH 6.0)
containing 0.1% hexadecyltrimethyl ammonium bromide (HTAB;
Sigma) by homogenization on a Polytron (Qiagen) fitted with a 7-mm
probe, as previously described (25). The homogenates were frozen,
thawed, and sonicated, and the supernatant was recovered as described
elsewhere (25). Extravasation of albumin in the lung parenchyma was
determined from the clear supernatant, using sandwich ELISA kits at
dilutions of 1:20,000. Neutrophils trapped in the lung parenchyma were
monitored from the same tissue extract at 1:100 dilution, using a sandwich
ELISA kit specific for mouse myeloperoxidase (MPO) (HyCult Bio-
technology, Uden, The Netherlands). Values in terms of concentration
(ng/ml) were converted to mass antigen/wet weight of lungs by taking
into account the weight of the tissue that was homogenized initially in 1
ml of phosphate–HTAB buffer, as previously described (25).

Lung Histopathology

LPS-mediated alterations in lung morphology were characterized as
previously described (24) in excised left lungs (three animals/group)
placed immediately in formalin overnight, followed by embedding in
paraffin for histological evaluation by hematoxylin–eosin staining. An
inflammatory injury score was calculated according to the number of
total whiter blood cells (WBCs), and especially polymorphonuclear
leukocytes (PMNs), in all study groups. A pathologist (A.N.H.), blinded
to study-group delineation, served as the grader of lung-injury severity,
assessing each slide for edema, inflammation, and the presence of hyaline
membranes, according to the criteria: (1) edema: absent, mild (10%
alveoli involved), moderate (involving10–50% alveoli), or severe (in-
volving 50% alveoli); (2) inflammation: absent, mild (10 inflammatory
cells/high-power field [hpf]), moderate (10–50 inflammatory cells/hpf),
or severe (50 inflammatory cells/hpf); and (3) hyaline membranes:
present or absent (26).

Angiotensin 1–Converting Enzyme Antibody–Conjugated

Nanocarriers to Deliver S1P3 Short, Interfering RNA

Nanocarriers with polymer shells composed of poly ethylene glycol)-b-
poly lactic-glycolic acid (PLA-b-PEG-COOH/PLC-COOH) were pre-
pared and tagged to the angiotensin-converting enzyme (ACE) antibody
to ensure the targeting of lung vasculature. The ACE-tagged polymer
was combined with the short, interfering (si) STABLE S1P3 siRNA
targeting mRNA sequence 59-GCU UCA UCG UCU UGG AGA A
UU-39 (5.5 mg ACE/mg polymer). The nanocarrier/siRNA mixture was
sonicated in a water-bath sonicator (Fisher Scientific, Itasca, IL) to the
point of clarity. For the ACE antibody, primary amines were blocked
with N-hydroxysulfosuccinimide (sulfo-NHS) acetate in PBS, pH 7.4,
and incubated for 1 hour at room temperature. The solution was then
filtered with a 30-kD Ultrafree-MC filter (Millipore, Danvers, MA) and
adjusted to a final concentration of 0.2 mg/ml. The modified ACE
antibody was crosslinked to carriers containing S1P3 siRNA by co-
valently linking the carboxyl groups in the ACE antibody with the
amine groups on polymer, using the EDC reagent (Pierce, Rockford,
IL). The solvent was evaporated in a water bath at 508C under
nitrogen. The resulting polymer film was immediately suspended in
PBS (pH 7.4; final concentration, 62.5 nM siS1PR3 and 14.7 mg of
polymer PLA-b-PEG-COOH/PLC-COOH). A total of 100 ml of
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sterile, ACE-conjugated nanocarrier (containing 10 mg/kg siRNA for
S1PR3) was injected once into the internal jugular vein of C57B6/6J
mice 5 days before harvesting.

RESULTS

Concentration-Dependent and Delivery Route–Dependent

Effects of S1P and SEW-2871 on Murine Lung Fluid Balance

To assess the therapeutic potential of S1PR1 ligation as
a therapeutic strategy for lung-barrier dysfunction in ALI, our
initial experiments evaluated the effects of increasing concen-
trations of S1P (0.001–2 mg/kg) and the S1PR1 agonist SEW-
2871 (0.1–2 mg/kg), as well as the influence of intratracheal and
intravenous routes of S1P/SEW-2871 delivery on lung fluid
balance in C57Bl/6 male mice. The intratracheal delivery of
increasing concentrations of either S1P (0.001–0.1 mg/kg) or
SEW-2871 (0.1–0.3 mg/kg) failed to increase BAL total protein
concentrations significantly at 2 hours (compared with PBS-
challenged control mice) (Table 1). In contrast, compared with
untreated animals, the intratracheal delivery of 0.5 mg/kg S1P
(estimated z 1 mM peak final plasma concentration) resulted in
significant alveolar–capillary barrier disruption, with greater
than 40% increase in BAL inflammatory indices such as BAL
protein (Table 1) (P < 0.05). The intratracheal delivery of S1P
at approximately 2 mg/kg (estimated final concentration, z 4 mM)
was rapidly lethal. In contrast, the intratracheal delivery of
SEW-2871 was not lethal at either 0.5 mg/kg or 2 mg/kg.
Despite greater S1PR1 selectivity, at these concentrations,
SEW-2871 (like S1P) also resulted in significant alveolar–
capillary barrier disruption (Table 1).

Consistent with our previous in vivo reports on intact mice
(14, 15, 18) and isolated perfused murine lungs (14), an in-
travenous injection of S1P (0.03 mg/kg) via the internal jugular
vein to the target pulmonary endothelium significantly reduced
the basal BAL total protein accumulation (Table 1), assessed 2
hours after injection. SEW-2871 produced similar dose-dependent
basal barrier protection, even when intravenously administered
at up to 0.5 mg/kg (Table 1).

Dose-Dependent and Delivery Route–Dependent Effects of

S1P and SEW-2871 on LPS-Induced Murine Acute Lung Injury

We next examined the dose-dependent and route-dependent
effects of S1P and SEW-2871 delivery in a murine model of

LPS-induced ALI. Mice challenged with intratracheal LPS
(2.5 mg/kg) demonstrated substantial increases in lung perme-
ability (Table 1 and Figures 1A and 1B). In contrast, mice with
intratracheal injection of either S1P (0.001–0.1 mg/kg) or SEW-
2871 (0.1–0.3 mg/kg), delivered 2 hours after LPS, exhibited
significant reductions in LPS-induced lung inflammation and
alveolar edema at 18 hours (Table 1 and Figures 1A and 1B). In
addition, consistent with our previous reports (15), targeting
S1PR1 receptors in the vasculature by the intravenous adminis-
tration of S1P (0.03 mg/kg) significantly attenuated vascular
leakage and lung inflammation, as reflected by significant de-
creases in BAL protein and histologic scores, compared with
LPS-challenged control mice (Table 1 and Figure 1A). The
attenuation of vascular leakage by both intravenously delivered
S1P (0.03 mg/kg) and SEW-2871 (0.1–0.3 mg/kg) in the murine
model of LPS-induced ALI was dose-dependent (P , 0.05)
(Table 1 and Figure 1A). Significantly improved histologic injury
scores reflected a dramatic reduction of neutrophilic lung in-
filtration with SEW (Figure 2). In addition to the intravenous and
intratracheal delivery routes, SEW (1 mg/kg), administered
intraperitoneally in the LPS-induced murine ALI model, pro-
duced a significant decrease in BAL inflammatory cells and
BAL total protein compared with LPS-treated mice receiving
PBS (n 5 4, data not shown).

Effects of S1PR1 Inverse Agonism or Gene Deletion

on S1P/SEW-2871–Mediated Vascular Barrier Protection

during LPS-Induced Acute Lung Injury

We next used SB-649146 (0.1 mg/mouse), a novel inverse
agonist of S1PR1 that stabilizes the inactive confirmation of
this receptor (27), to confirm the role of S1PR1 in S1P-mediated
and SEW-2871–mediated barrier enhancement. C57Bl/6 mice
received 0.1 mg/mouse of SB-649146 intravenously, 30 minutes
before the challenge with LPS. Mice were then challenged with
intravenous S1P (0.03 mg/kg) or SEW-2871 (0.1 mg/kg). The
administration of 0.1 mg/mouse of SB-649146 attenuated both
S1P-mediated and SEW-2871–mediated barrier enhancement
with increased BAL total protein concentrations (at 18 hours)
(Figures 3A and 3B). By itself, SB-649146 had no effect on BAL
protein levels (Figure 3A), suggesting that our low concentra-
tion of the inverse agonist did not alter basal endothelial barrier
function, but was sufficient to attenuate S1P-induced S1PR1

coupling and signaling.

TABLE 1. DOSE AND ROUTE EFFECTS OF S1P OR SEW-2871 ON LUNG ALVEOLAR PERMEABILITY

Agonist

Intratracheal

(2 Hours)

Intratracheal 1 LPS

(18 Hours)

Intravenous

(2 Hours)

Intravenous 1 LPS

(18 Hours)

S1P

Vehicle 0.20 6 0.01 0.84 6 0.09‡ 0.18 6 0.02 1.05 6 0.14‡

0.001 mg/kg 0.22 6 0.01 0.52 6 0.16†‡ 0.15 6 0.01 ND

0.03 mg/kg ND ND 0.17 6 0.04 0.64 6 0.08†‡

0.1 mg/kg 0.23 6 0.02 0.65 6 0.02†‡ ND ND

0.5 mg/kg 0.34 6 0.03* ND 0.15 6 0.01 ND

2 mg/ml Lethal ND ND ND

SEW-2871

Vehicle 0.22 6 0.03 1.01 6 0.06‡ 0.22 6 0.04 0.95 6 0.09‡

0.1 mg/kg 0.23 6 0.05 0.63 6 0.13†‡ 0.18 6 0.02 0.59 6 0.1†‡

0.3 mg/kg 0.29 6 0.06 0.53 6 0.20†‡ 0.15 6 0.01 0.65 6 0.15†‡

0.5 mg/kg 0.33 6 0.03* ND 0.14 6 0.01 ND

2 mg/ml 0.36 6 0.01* ND ND ND

Definitions of abbreviations: S1P, sphingosine 1–phosphate; SEW-2871, selective S1P receptor 1 agonist; ND, not determined.

Values represent protein concentrations in bronchoalveolar lavage (BAL) fluids. Male C57BL/6J mice were challenged with

saline (Vehicle), S1P, or SEW-2871, delivered intratracheally or intravenously. BAL fluid was harvested after 2 hours of injection.

* Significant difference between vehicle and 2-hour agonist treatments.
† Significant differences between LPS and LPS/agonist.
‡ Significant differences between 2-hour intratracheal or intravenous drug control and LPS challenge. S1P delivered

intratracheally at 2 mg/kg was rapidly lethal.
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Effects of LPS on Lung Barrier Function in S1PR1
1/2 Mice

To study the specific barrier-enhancing role of S1PR1, wild-type or
S1PR1

1/2 mice were challenged with LPS, with BAL fluid
retrieval and lung harvesting 18 hours after LPS. Clear disruption
of vascular barrier integrity was reflected by a significant increase
in the BAL PMN cell count in S1PR11/2 mice compared with
wild-type mice (P 5 0.03) (Figure 4A). We also assessed in-
travenous S1P-mediated barrier enhancement in S1PR1

1/2 and
wild-type mice exposed to LPS-induced lung injury. S1P failed to
preserve or enhance lung barrier function in LPS-stimulated
S1PR1

1/2 mice, as reflected by increased lung tissue MPO activity,
an index of the inflammatory process (P 5 0.01) (Figure 4B).

Effect of LPS on Lung Barrier Function in Mice with Altered

S1PR2 or S1PR3 Expression

To address S1P receptor–specific responses in ALI, wild-type
mice and genetically engineered S1PR2

2/2 KO mice were
exposed to LPS-induced barrier disruption. BAL collected at 18
hours revealed that total protein levels in S1PR2

2/2 KO mice
were significantly reduced (*P 5 0.02) compared with wild-type
mice, consistent with a barrier-disruptive role of S1P2 receptors
(Figure 5A). However, no significant difference was evident in
BAL WBC counts (Figure 5B). ACE antibody–conjugated nano-
carriers were used to deliver S1PR3 siRNA by daily intravenous
injections (5 days before the administration of LPS). BAL
analysis 18 hours after the administration of LPS illustrated
a barrier-protective effect after S1PR3 silencing, as reflected by
Western blot analysis (Figure 6A), with decreases in BAL protein
concentrations (Figure 6B) and lung tissue albumin content
(Figure 6C) in S1PR3-silenced mice compared with nonsilenced
mice (P , 0.05 and P , 0.01 for LPS versus siS1PR3 vehicle group
comparisons).

DISCUSSION

Sphingolipids such as S1P, produced via the phosphorylation of
sphingosine by sphingosine kinase, have emerged as important

signaling molecules with important vascular regulatory proper-
ties. We previously described the capacity for S1P to activate lung
endothelium directly (28), and identified S1P as a potent angio-
genic factor and major endothelial chemotactic factor in serum
(29). A critical observation, however, was establishment of a clear
link between angiogenesis and inflammation, with S1P identified
as the first angiogenic factor to exert rapid, sustained, and dose-
dependent vascular barrier enhancement (9), an attribute after-
ward ascribed to other angiogenic factors such as hepatocyte
growth factor and angiopoietin-1 (30). We subsequently de-
scribed a signaling cascade evoked by S1P receptor ligation that
leads to a reorganization of the vascular EC cytoskeleton and
enhanced junctional integrity (11, 12, 31), that is, biophysical
events that ultimately strengthen the EC barrier and decrease
vascular permeability (19, 32–35).

Because effective therapies to reduce the profound vascular
leakage in ALI are severely limited, considerable interest has
arisen regarding in vivo investigations with intravenously de-
livered S1P as a potentially effective therapy for reducing
vascular leakage in inflammatory lung injury (15). In these
studies, intravenous S1P significantly attenuated LPS-induced
lung injury in spontaneously respiring mice (15), and markedly
improved oxygenation and alveolar edema resolution in mechan-
ically ventilated dogs in a combined injury model of intrabron-
chial LPS instillation and ventilator-induced lung injury (14).
However, relevant to the potential use of S1P as an ALI
therapeutic strategy is the continuous exposure of the microcir-
culation to activating levels of S1P (S1P is found in nanomolar
quantities in plasma) (36). This finding suggests that the dynamic
expression of G-protein–coupled S1PRs is likely a major mecha-
nism that coordinates S1P-mediated cellular responses, including
vascular barrier regulation. Not all S1P receptors are barrier-
enhancing, and conflicting or controversial roles of specific S1PRs
in vascular homeostasis were postulated (12, 21, 37), findings that
contributed to a potential limitation for S1P and related ana-
logues as therapeutic strategies in acute inflammatory lung
disorders. For example, although the intravascular administra-

Figure 1. Effects of sphingosine 1–phosphate (S1P) and selective S1P receptor (S1PR1) agonist (SEW-2871) on LPS-induced increases in lung
permeability. (A) Effects of S1P (0.001 and 0.1 mg/kg) in C57BL/6 mice delivered intratracheally, 2 hours after LPS injection (2.5 mg/kg) and

harvested 16 hours later. Bronchoalveolar lavage (BAL) protein accumulation was significantly decreased in S1P-treated mice compared with the

LPS-only group (*P < 0.05). Similarly, intravenously delivered S1P (0.03 mg/kg) produces significant barrier enhancement 18 hours after LPS

injection, reflected by decreased BAL protein concentrations (*P < 0.05 versus vehicle, **P < 0.05 versus LPS) compared with LPS-treated animals
(n 5 5). Veh, vehicle. (B) Results after injection of SEW-2871 (SEW) both intratracheal and intravenous, 0.1 and 0.3 mg/kg, respectively, after LPS

injection (2.5 mg/kg) and harvested after 16 and 18 hours, respectively. The accumulation of BAL protein was significantly decreased, reflecting

lung barrier function enhancement (*P < 0.05 versus vehicle, **P < 0.05 versus LPS).
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tion of S1P (, 1 mM or 85 mg/kg) protects against the in-
flammatory injury associated with ALI, elevated concentrations
of S1P (. 5–10 mM) produce substantial endothelial cell barrier
disruption in vitro, possibly via the ligation of S1PRs other than
S1PR1 (11). Moreover, adverse S1P-mediated effects on airway
responses were evident when S1P was delivered intratracheally

(21, 38). Those report depicted lung edema 2 hours after the
intratracheal injection of 2 mg/kg of S1P. Our data and earlier
reports clearly demonstrate that despite the abundant expression
of S1PR1, S1PR2, and S1PR3 in lung tissue and lung vascular
endothelium, only the ligation of S1PR1 reduces murine lung
vascular permeability in response to LPS (15), ischemia/reperfu-

Figure 2. Histologic evaluation of barrier enhancement properties of SEW-2871 in LPS-induced acute lung injury. Sections were stained with

hematoxylin–eosin for histologic evaluations of vehicle (A) and SEW-2871 (B), respectively, without evidence of inflammation. (C ) In contrast,
histologic assessments of LPS-mediated barrier dysfunction revealed a moderate increase in infiltrating polymorphonuclear leukocytes (PMNs) in

lung tissue and prominent increases in alveolar edema. (D) These LPS-mediated histologic alterations were attenuated by treatment with SEW-2871.

(E ) Relative levels of leukocyte infiltration, quantified as aggregated histologic scores, reflect SEW-2871–mediated decreases in leukocyte influx

compared with LPS alone.

Figure 3. Effects of S1PR1 inhibition on S1P/SEW-2871–mediated barrier enhancement. In these experiments, 8–10-week-old C57Bl/6 mice were
treated with 0.1 mg/mouse SB-649146 (intravenous) 30 minutes after challenge with LPS, LPS/S1P, or LPS/SEW-2871. Mice were killed 18 hours

later, and BAL fluid was collected for evaluation of protein levels. (A) The administration of 0.1 mg/mouse of SB-649146 completely reversed S1P-

mediated barrier enhancement properties, as reflected by raising BAL total protein concentrations significantly (*P 5 0.034, S1P/LPS/SB-649146

versus S1P/LPS; **P < 0.05, S1P/LPS versus LPS). (B) Administering 0.1 mg/mouse of SB-649146 attenuates the barrier-protective effects of SEW-
2871 significantly in LPS-challenged mice, as reflected by significant increase in BAL total protein level (*P 5 0.044, SEW-2871/LPS/SB-649146

versus SEW/LPS; **P < 0.05, SEW-2871/LPS versus LPS) (n 5 4).
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sion (17), ventilation-induced lung injury (VILI) (18, 19), and
ionizing radiation (20, 21). Furthermore, S1PR1 ligation is critical
to hepatocyte growth factor–mediated, hyaluronan-mediated, and
activated protein C–mediated EC barrier enhancement via S1PR1

transactivation (11, 12,
31). In contrast, the ligation of S1PR3 induces Rho GTPase
signaling to the cytoskeleton and increased lung permeability (37,
39, 40), and S1PR3 is transactivated by Mu opioid receptors and
specific isoforms of CD44, resulting in increased vascular perme-
ability (12, 41). The role of S1PR2 in lung-barrier regulation is not
well understood, but S1PR2 was suggested to evoke signals
similar to those of S1PR3, which increases vascular leakage
(42). To facilitate the translation of in vitro and in vivo in-
formation on the role of S1P/S1PRs into the pathobiology of
ALI, we assessed the dose-dependent effects of S1P as well as
delivery route–dependent responses (intratracheal versus intra-
venous) in targeting alveolar and vascular barriers. In addition,
we used a selective S1PR1 agonist (SEW-2871), a selective S1PR1

inverse agonist (SB-649146), and genetically engineered S1PR
mutant mice to assess the differential role of S1P receptors in
vascular leakage in a murine model of inflammatory lung injury.
The direct intratracheal or intravenous administration of S1P or
SEW-2871 at less than 0.3 mg/kg significantly reduced LPS-
induced murine lung inflammation and permeability. However,
the intratracheal delivery of S1P at 0.5 mg/kg resulted in
significant alveolar–capillary barrier disruption, with pulmonary
edema and markedly elevated protein concentrations. Further-
more, the intratracheal administration of S1P at 2 mg/kg pro-
duced rapid lethality (2 mg/kg). These results differed somewhat
from those of a report (37) concluding that the exposure of
pulmonary epithelium to S1P (2 mg/kg) by intratracheal injection
induces acute pulmonary edema (PE) PE, as reflected by the
extravasation of Evans blue dye into the airways, and by
comparisons of wet/dry weight ratios. The S1P-induced PE in
this report was more severe than the LPS-induced PE, but was not
lethal. Despite greater S1PR1 selectivity, our results indicate that

Figure 4. Responses of S1PR1
1/2 heterozygous mice to murine LPS-induced acute lung injury. (A) S1PR1

1/2 or wild-type (WT) mice were

challenged with LPS (intratracheally) and killed 18 hours later. Disruption of vascular barrier integrity was reflected by significant increase in BAL

PMNs of S1PR1
1/2 mice compared with WT mice (#,†P < 0.05, S1PR1

1/2/LPS versus LPS; #P < 0.05, S1PR1/LPS versus S1PR1
1/2/vehicle). (B) Effects

of S1P on lung tissue myeloperoxidase (MPO) activity in S1P1
1/2 heterozygous mice challenged with LPS. S1PR1

1/2 or wild-type mice were treated
with an intravenous injection of S1P 30 minutes after LPS. As reflected by lung-tissue MPO activity, barrier-enhancing properties of S1P were

significantly attenuated in LPS-challenged S1PR1
1/2 mice compared with WT mice (*P < 0.05, WT-LPS versus WT-LPS/S1P; **P < 0.05, WT-S1P/LPS

versus S1PR1
1/1-S1P/LPS).

Figure 5. Responses of

S1PR2
2/2 knockout (KO) mice

to murine LPS-induced acute

lung injury. BAL was collected

18 hours after intratracheal in-

jection of LPS, and total protein
level was measured in S1PR2

2/2

KO and WT S1P1/1 mice. (A)

BAL protein concentration in

S1PR2
2/2 KO mice was sig-

nificantly lower (*P 5 0.02 and

**P < 0.05 LPS versus vehicle)

than in WT mice, supporting
our hypothesis of the barrier-

disruptive role of S1P2 recep-

tors. (B) No changes occurred

in white blood cell counts in
S1PR2

2/2 KO mice compared

with WT mice.
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intratracheally delivered SEW-2871 at 0.5 mg/kg also resulted in
significant alveolar–capillary barrier disruption, but was not
lethal at 2 mg/kg. Consistent with the S1PR1 regulation of
alveolar/vascular barrier function, wild-type mice pretreated with
the S1PR1 inverse agonist, SB-649146, or S1PR1

1/2 mice
exhibited a loss of S1P/SEW-2871–mediated barrier protection
after a challenge with LPS, whereas the instillation of SB-649146
alone had no effect on BAL fluid protein concentrations. The
inability of SB-649146 to increase total BAL protein on its own
suggests that this inverse agonist, at low concentrations, may bind
to S1PR1 without affecting basal S1PR1 signaling, compared with
high concentrations of the inverse agonist, which are expected to
stimulate an inverse agonism of S1PR1 signaling. The submaxi-
mal level of inverse agonism used under the present experimental
conditions allowed for the observed antagonist effect on S1P-
mediated signaling thorough S1PR1, as demonstrated by the ability
of SB-649146 to attenuate the S1PR1 response of SEW-2871.

In contrast to S1PR1, the ligation or transactivation of S1PR2

and S1PR3 was observed to evoke barrier-disruptive responses.
We demonstrated that the activation of S1PR3, which is expressed
in both alveolar epithelium and lung vascular endothelium (37),

leads to robust Rho/Rho kinase–mediated EC barrier disruption
(12, 37). Furthermore, the S1PR3 receptor is implicated in the
untoward effects of FTY-720, an S1P analogue, when adminis-
tered to some humans with multiple sclerosis who experience
bradycardia, airway hyperreactivity, and sporadic glomerulone-
phritis. Consistent with the ascribed roles of these S1P receptors,
our study determined that S1PR2

2/2 KO mice as well as mice
with reduced S1PR3 expression (via ACE antibody–conjugated,
siS1PR3-containing nanocarriers), confirms that the physiologic
role of S1PR3 receptors is barrier-disruptive. Our study also
suggests that barrier disruption may ensue in pharmacologic
situations when the higher-affinity S1PR1 receptor is saturated
by high doses of S1P or S1P analogues such as FTY-720 and the
phosphorylated form of FTY-720 (FTY-720-P), which acts as an
agonist for S1PRs (43, 44). In particular, the (S)-enantiomer of
FTY-720-P binds to S1PR1, S1PR3, S1PR4, and S1PR5, but not
S1PR2, with high affinity, compared with the (R)-enantiomer of
FTY-720-P (45). Although FTY-720-P lacks binding to S1PR2, it
is unclear whether it mimics all the biological effects of S1P, such
as maintenance of vascular tone, endothelial barrier integrity, and
anti-inflammatory responses, with a similar or higher potency

Figure 6. LPS-induced acute lung injury responses in mice with S1PR3 silencing via angiotensin-converting enzyme (ACE) antibody–conjugated

nanocarriers with short, interfering RNA (siRNA)–S1P3 cargo. (A) Western blot analysis of lung tissue after ACE antibody–conjugated nanocarrier
delivery of siRNA targeting S1PR3. Nanocarriers were injected into jugular veins to deliver 10 mg/kg S1PR3 siRNA specifically into lung vessels, and

after 5 days, tissues were assessed by examining lung homogenates by immunoblotting in control (NP control) and in siS1PR3-depleted murine

lungs. (B) Lung injury induced by LPS is attenuated by intravenous injection of S1PR3 siRNA, using ACE antibody–conjugated nanoparticle delivery as
reflected by BAL albumin content (*P , 0.01) compared with LPS controls. **P , 0.05 in siS1PR3/vehicle versus LPS injured mice. (C ) Graphic

representation of tissue albumin content indicates ACE antibody–conjugated nanocarrier delivery significantly reduces tissue albumin content in

LPS-induced lung injury (*P , 0.01) compared with the LPS group. **P , 0.05, significant increases in tissue albumin after LPS, compared with

siS1PR3 control mice.
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in vivo in vascular systems. Interestingly, the down-regulation of
S1PR1 by (S)-FTY-720-P seems to be maintained longer than by
S1P in Chinese hamster ovary cells stably expressing S1PR1 (46).
Further studies comparing the actions of S1P, FTY-720-P, and
other S1P analogues should provide new therapeutic approaches
for ameliorating vascular inflammatory diseases.

In conclusion, our study confirms the therapeutic potential of
S1P and S1P analogues with S1P1 specificity in inflammatory lung
injury. In addition, the results underscore the critical nature of
the route of S1P administration and S1P dose, as well as a re-
quirement for S1PR1 selectivity. At physiologically relevant
concentrations, S1P is barrier-protective, regardless of delivery
via intratracheal or intravenous routes. The activation of S1P2

and S1P3 receptors, however, contributes to alveolar and vascular
barrier disruption, whereas the targeted deletion or silencing of
S1P2 and S1P3 receptors was found to be beneficial. These results
suggest that the consideration of a combined therapeutic ap-
proach involving an S1P1 agonist and an S1P2 or S1P3 receptor
antagonist (or siRNA) may be of potential utility. Continued
clarification of the exact roles of S1PRs in ALI pathobiology will
greatly facilitate the development of S1P-based therapies for the
critically ill, as well as pharmacogenomic approaches to alleviat-
ing disturbed lung fluid balance.
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