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Excessive mechanical stress is a key component of ventilator-associ-
ated lung injury, resulting in profound vascular leak and an intense
inflammatory response. To extend our in vitro observations concern-
ing the barrier-protective effects of the lipid growth factor sphingo-
sine 1-phosphate (Sph 1-P), we assessed the ability of Sph 1-P
to prevent regional pulmonary edema accumulation in clinically
relevant rodent and canine models of acute lung injury induced by
combined intrabronchial endotoxin administration and high tidal
volume mechanical ventilation. Intravenously delivered Sph 1-P sig-
nificantly attenuated both alveolar and vascular barrier dysfunction
while significantly reducing shunt formation associated with lung
injury. Whole lung computed tomographic image analysis demon-
strated the capability of Sph 1-P to abrogate significantly the accu-
mulation of extravascular lung water evoked by 6-hour exposure
to endotoxin. Axial density profiles and vertical density gradients
localized the Sph 1-P response to transitional zones between aer-
ated and consolidated lung regions. Together, these results indicate
that Sph 1-P represents a novel therapeutic intervention for the
prevention of pulmonary edema related to inflammatory injury and
increased vascular permeability.
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The key pathophysiologic feature of acute lung injury (ALI)
and ventilator-associated lung injury is a sustained duration of
high-permeability lung edema, which in addition to producing
physiologic derangement (hypoxemia and reduced lung compli-
ance) increases the need for and duration of ventilatory support.
It is now appreciated that increased requirements for mechanical
ventilation enhance the risk of malnutrition, nosocomial infec-
tion, and multiple organ dysfunction syndrome. Clearly, thera-
pies aimed at minimizing the vascular leak underlying ALI will
decrease the duration of mechanical ventilation and may have
substantial impact on morbidity and mortality associated with
ALI. Effective adjunctive therapies to treat or prevent ALI or
ventilator-associated lung injury, however, remain elusive (1–5).

Platelets have long been demonstrated to enhance the integ-
rity of the microcirculation (6, 7) with thrombocytopenia increas-
ing capillary permeability and accelerating fluid and protein
extravasation (8, 9). Infusion of platelets or platelet-released
products reverses the barrier compromise seen in thrombocyto-
penia (10). Recently, we identified sphingosine 1-phosphate (Sph
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1-P), a biologically active lipid generated by hydrolysis of mem-
brane lipids primarily in activated platelets, as the major barrier-
protective product of platelets (11, 12). Through ligation of cell
surface endothelial differentiation gene receptors, Sph 1-P initi-
ates downstream cytoskeletal reorganization, resulting in im-
proved endothelial barrier function in vitro (12). We recently
translated these in vitro observations into an in vivo model of
sepsis/ALI in which C57BL/6 mice exposed to intratracheal lipo-
polysaccharide (LPS) (2 mg/kg) followed by intravenous Sph
1-P (1 �M) demonstrated reduced lung wet-weight to dry-weight
ratios, decreased extravasation of Evans blue dye into the pulmo-
nary interstitium, and attenuated accumulation of alveolar protein
after 6 and 24 hours compared with mice exposed to intratracheal
LPS alone (13). Although rodent models provide an efficient
means to establish the therapeutic potential of barrier-protective
approaches, they do not allow for evaluation of regional differ-
ences in lung mechanical and cellular behavior now well recog-
nized as characteristic of ALI in humans (14, 15). Therefore, large
animal experiments in injury models with appropriate scale and
mechanical characteristics are essential to the translation of these
therapies into the practice of critical care medicine. As vascular
barrier-protective strategies for the treatment of ALI are not
currently available, we hypothesized that Sph 1-P–induced endo-
thelial barrier enhancement would attenuate lung edema forma-
tion in a rodent model of pure ventilator-induced lung injury as
well as decrease regional vascular leak in a clinically relevant
canine model of LPS-induced, ventilator-associated ALI. Our re-
sults strongly support further consideration of Sph 1-P as a novel
therapeutic intervention for ALI. Some of the results of these
studies have been previously published in abstract form (16, 17).

METHODS

Johns Hopkins University Institutional Animal Care and Use Commit-
tee approved all animal protocols. Additional method details are re-
ported in the online supplement.

Mouse Ventilator-induced Lung Injury Preparation

C57BL/6 mice were anesthetized and tracheostomized, and the jugular
vein was cannulated. Mice were treated with intravenous saline or Sph
1-P (Sigma Co., St. Louis, MO) and 2 hours of high-Vt (17 cc/kg)
mechanical ventilation. Lung capillary leakage in mice was assessed
using Evans blue dye extravasation as we previously described (13).

Canine ALI Preparation

Twenty-one male beagles (13–18 kg) were anesthetized with pento-
barbital and pancuronium. Tracheostomy, femoral artery and vein can-
nulation, and pulmonary artery catheter placement were performed.
Volume-controlled mechanical ventilation (Lifecare PLV-102) was ini-
tiated with high-Vt (17 cc/kg), positive end-expiratory pressure (5 cm
H2O), and the rate was set to achieve an end-tidal (partial) carbon
dioxide pressure (PetCO2) of 30–35 mm Hg and subsequently adjusted
to maintain pH of more than 7.20. FiO2 of 0.30 was increased as required
to maintain SaO2 of more than 88% or PaO2 of more than 60 mm Hg.
Recruitment sighs of three times Vt were performed hourly. Airway,
arterial, pulmonary artery, and central venous pressures, SaO2, and
PetCO2 were monitored continuously. Serial measurement of arterial
and mixed venous blood gases quantified gas exchange. Venous admix-
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ture (Qs/Qt) was calculated using standard equations (18). All previously
mentioned parameters plus pulmonary artery occlusion pressure and
cardiac output were recorded hourly. Intravenous saline was adminis-
tered continuously and bolused as needed for hypotension or for hemo-
concentration per protocol. Animals were killed at the conclusion of
the study with supplemental pentobarbital followed by exsanguination.

Endotoxin and Sph 1-P Delivery

Escherichia coli LPS (O55:B5 Sigma L4005), 2 mg/kg, was delivered
intrabronchially through an 18-gauge catheter introduced into each of
five lobar bronchi via the working channel of a fiberoptic bronchoscope
(Olympus, Melville, NY). Nine beagles received Sph 1-P (85 �g/kg;
Sigma Co.) via a 20-minute infusion concomitant with LPS instillation.

Bronchoalveolar Lavage Protein Concentration

Bilateral bronchoalveolar lavage was performed with 20-cc aliquots of
saline for serial determination of bronchoalveolar lavage fluid protein
concentration.

Computed Tomography

Six dogs were studied 6 hours after injury induction using contiguous
1-mm computed tomographic (CT) (Aquilion 16, Toshiba, New York,
NY) images spanning the lung from apex to base obtained in the supine
position. Images were gated at end inspiration and end expiration during
steady-state mechanical ventilation, two four-slice image acquisitions
per breath, with 2-mm incremental table movement between acquisi-
tions. The lung tissue in each slice was segmented from the chest wall
and mediastinum and analyzed using PASS image analysis software
(University of Iowa Division of Physiological Imaging, Iowa City, IA).
Whole lung total, air, and tissue volumes, axial density profiles, and
vertical density profiles were generated as global and regional measures
of injury severity (15, 19–21).

Statistical Analysis

Venous admixture at each time point and CT data were compared
using the Student’s paired t test. Linear regression was performed to
compare oxygenation trends beyond 90 minutes. Bronchoalveolar la-
vage protein accumulation within groups was analyzed using a one-way
analysis of variance with repeated measures and between groups using
two-way analysis of variance. Data are presented as mean � SEM with
statistical significance defined at p � 0.05.

RESULTS

Murine Physiologic Assessment

C57BL/6 mice were injured by a 2-hour exposure to high-Vt
mechanical ventilation (17 cc/kg). Mice were infused with either
normal saline or Sph 1-P (1 �M) 1 hour after initiation of me-
chanical ventilation (n � 4 each group). Lungs were harvested
and assayed for vascular leak quantified by lung tissue homoge-
nate Evans blue dye concentration standardized to body weight
(Figure 1). Mechanical ventilation directly increased tissue Evans
blue concentration (� 80% increase) compared with control mice
(0.129 � 0.014 vs. 0.071 � 0.005 �g/ml g�1, mean � SEM, p �
0.002). Sph 1-P infusion after initiation of mechanical ventilation
attenuated Evans blue extravasation (� 30% inhibition) compared
with ventilation alone (0.090 � 0.009 vs. 0.129 � 0.014 �g/ml g�1,
p � 0.04), achieving levels similar to control mice (0.09 � 0.009
vs. 0.071 � 0.005 �g/ml g�1, p � 0.07).

Canine Global Physiologic Assessment

Beagles were injured with intrabronchial LPS (n � 21), with
one group of animals concomitantly infused with Sph 1-P (n �
9). Intrabronchial LPS administration (2 mg/kg) resulted in the
development of severe lung injury with rapid increases in Qs/Qt

immediately after LPS instillation, progressing over the duration
of the support period (5.8 � 3.4% to 41.72 � 3.9% after 8
hours) (Figure 2). In conjunction with the increase in Qs/Qt,
bronchoalveolar lavage protein progressively increased after

Figure 1. Intravenous sphingosine 1-phosphate (Sph 1-P) attenuates
vascular leak in a murine model of high-VT mechanical ventilation-
induced permeability. Shown are the levels of extravasated Evans blue
dye (�g/ml/g body weight) in mouse lung homogenate sampled from
spontaneously ventilating C57Bl/6 mice (control, n � 5), high-VT me-
chanically ventilated mice (HVT, VT � 17 cc/kg, 2 hours, n � 4), and
mechanically ventilated mice that received intravenous Sph 1-P (1 �M)
1 hour after the onset of mechanical ventilation (HVT � S1P, VT � 17
cc/kg, n � 4). *p � 0.05 compared with control; ‡p � 0.05 compared
with HVT.

LPS injury with 6 hours of ventilation (5.2-fold increase over
baseline; Figure 3).

CT Quantification of Injury

Lung tissue volume measurements obtained by CT, which in-
clude vascular structures, airway structures, lung parenchyma,
and extravascular lung water, account for approximately 30%
(28.0 � 2.9%) of the total lung volume at 5-cm H2O positive
end-expiratory pressure in the uninjured canine lung (Figure 4).
Assuming a constant pulmonary blood volume, an increase in
lung tissue volume after injury reflects lung water accumula-
tion (15, 22). In well established canine models of lung injury

Figure 2. Intravenous Sph 1-P attenuates lipopolysaccharide (LPS)-
induced shunt formation in a canine model of ventilator-associated lung
injury. Depicted is the time course of venous admixture formation
in anesthetized beagles subjected to high-VT mechanical ventilation
(17 cc/kg) after treatment with intrabronchial LPS (2 mg/kg, black
squares, n � 12) or intrabronchial LPS plus concomitant intravenous
Sph 1-P (85 �g/kg, dotted line, triangles, n � 9). Beagles receiving
intravenous Sph 1-P demonstrated significant reductions in shunt for-
mation beginning 5.5 hours after exposure to LPS compared with dogs
receiving LPS alone. After 5.5 hours, n � 3. Mean � SEM. *p � 0.05.
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Figure 3. Intravenous Sph 1-P attenuates LPS-induced bronchoalveolar
lavage (BAL) protein accumulation in a canine model of ventilator-
associated lung injury. Shown is the time course of BAL fluid protein
accumulation in anesthetized beagles subjected to high-VT mechanical
ventilation (17 cc/kg) after treatment with intrabronchial LPS (2 mg/kg,
black bars, n � 10) or intrabronchial LPS plus concomitant intravenous
Sph-1-P (85 �g/kg, gray bars, n � 7). Baseline BAL protein concentration
was 279 � 45.2 �g/ml (dashed line). After 6 hours, n � 3. Mean �

SEM. *p � 0.05; ‡p � 0.05 compared with baseline.

(oleic acid and saline lavage) with worse degrees of hypoxemia,
lung tissue density increased approximately 1.4-fold after injury
(39.1 � 7.97% and 43.9 � 6.9% respectively; Figure 4) compared
with control dogs (23, 24). In our endotoxin model, LPS induced
a 1.7-fold increase in lung tissue volume compared with historic
control subjects (48.6 � 5.71% vs. 28.0 � 2.9%; Figures 4 and 5).

Effect of Sph 1-P on Canine Ventilator-associated Lung Injury

After an initial rise in Qs/Qt similar to that observed in the LPS
control group, intravenously delivered Sph 1-P attenuated any
further impairment in oxygenation with significant improve-

Figure 4. Intravenous Sph 1-P abrogates computed tomographic (CT)
evidence for LPS-induced lung water accumulation in a canine model
of ventilator-associated lung injury. Shown is CT quantification of end-
expiratory lung tissue volume in normal dogs (n � 8), dogs injured with
oleic acid (0.08 ml/kg intravenously over 20 minutes, n � 4), dogs injured
with large volume warmed saline lavage (60 cc repeated every 10 minutes
until PaO2 � 90 mm Hg, n � 4) (24), dogs injured with intrabronchial LPS
(2 mg/kg, n � 3), and dogs injured with LPS (2 mg/kg) and treated
concomitantly with intravenous Sph 1-P (85 mcg/kg, n � 3). All animals
were imaged at positive end-expiratory pressure (5 cm H2O). *p � 0.05
compared with LPS; ‡p � 0.05 compared with control.

Figure 5. Intravenous Sph 1-P attenuates pulmonary edema formation
in response to LPS in a canine model of ventilator-associated lung injury.
Depicted are CT images of beagle lungs after 6 hours of high-VT mechan-
ical ventilation (17 cc/kg) after injury with intrabronchial LPS (2 mg/
kg, A, C, E ) or intrabronchial LPS plus concomitant treatment with iv
Sph 1-P (85 �g/kg, B, D, F ). Sections represent similar regions from
apical (A and B ), infracarinal (C and D ), and basilar (E and F ) regions
of each animal. Sph 1-P grossly attenuates regional lung injury in LPS-
injured lungs. Images are not to scale.

ments seen after 5 hours (p � 0.05) (Figure 2). By the completion
of the observation period, Qs/Qt had declined from a peak of
37.0 � 3.34% to 16.7 � 2.85%, a striking improvement (approxi-
mately 55%) compared with LPS-treated animals, which did not
receive Sph 1-P. Corresponding to the improvement in shunt
formation, the increase in bronchoalveolar lavage protein in-
duced by LPS was largely abrogated by the infusion of Sph 1-P
in LPS-challenged dogs (p � 0.05) (Figure 3), with a more than
60% decrease in Sph 1-P–treated animals after 6 hours. By CT
analysis, Sph 1-P attenuated the accumulation of lung water
induced by LPS (tissue volume [% total] 30.5 � 2.7% LPS �
Sph 1-P vs. 48.6 � 5.7% LPS alone) to a level comparable to
normal historic control animals (p � 0.49) (Figures 4 and 5).

Effect of Sph 1-P on Canine Regional
Physiologic Derangement

As previously stated, the advantage of the large animal model
is the regional information provided. End-inspiratory CT images
in this LPS/ventilator-associated lung injury model demonstrates
bilateral heterogeneous infiltrates involving all lung regions in
animals injured with intratracheal LPS (Figure 5). Consistent
with a vascular barrier protective action, regional edema accu-
mulation is markedly diminished in dogs treated concomitantly
with intravenous Sph 1-P (Figure 5). Craniocaudal (axial) vol-
ume profiles at end-expiration demonstrate increased air volume
and decreased density throughout the lungs, particularly in mid-
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Figure 6. Intravenous Sph 1-P improves basilar aeration after intrabron-
chial LPS instillation in a canine model of ventilator-associated lung
injury. (A ) Craniocaudal (axial) end-expiratory volume profiles of me-
chanically ventilated beagles 6 hours after LPS instillation (solid line,
total volume; solid line with error bars, air volume, n � 3) and after LPS
instillation with concomitant Sph 1-P (dotted line, total volume; dotted
line with error bars, air volume, n � 3). (B ) CT generated whole-lung
axial tissue density profiles of anesthetized beagles after 6 hours of high-
VT (17 cc/kg) mechanical ventilation after treatment with intrabronchial
LPS (2 mg/kg, solid, n � 3) or intrabronchial LPS plus concomitant
intravenous Sph 1-P (85 �g/kg, dotted, n � 3); 0 Hounsfield units (HU)
corresponds to 100% tissue density, whereas �1,000 Hounsfield Units
corresponds to 100% air. Sph 1-P markedly attenuates edema formation
after LPS represented by the increased air content in all lung regions
inferior to the apical zones. Data represent mean � SEM after standard-
ization of lung size.

lung and basilar regions of dogs treated with Sph 1-P after LPS
instillation compared with LPS instillation alone (Figure 6A).
Vertical density gradients quantifying injury in the anteroposter-
ior dimension display a sharp slope from ventral to dorsal in
supine LPS-injured and Sph 1-P–treated cohorts, suggesting a
gravitationally dependent predilection for lung edema formation
in both groups (Figure 7). Furthermore, these vertical density
gradients demonstrate increased air content in all lung regions
in animals treated with intravenous Sph 1-P compared with those
injured with LPS alone (Figure 7), with lung water accumulation
most dramatic in gravitationally dependent, basilar lung. Sph
1-P dramatically attenuates the formation of alveolar edema
with the most profound benefits observed in the transitional
midlung regions (Figures 5–7).

DISCUSSION

ALI represents a significant cause of morbidity and mortality
in critically ill patients. Mechanical ventilation clearly contrib-
utes to the impact of the disease process through a variety of
mechanisms, including direct mechanical injury to the alveolus

Figure 7. Intravenous Sph 1-P attenuates regional lung edema forma-
tion induced by intrabronchial LPS in a canine model of ventilator-
associated lung injury. Depicted are vertical (anteroposterior) density
gradients of beagles treated with intrabronchial LPS (2 mg/kg, solid,
n � 3) and beagles treated with intrabronchial LPS and concomitant
intravenous Sph 1-P (85 mcg/kg, dotted, n � 3). Vertical density gradi-
ents were generated segmenting the lung into apical (A ), carina (B ),
and basilar (C ) regions; 1-cm equal bins in the anteroposterior direction
were generated, and the average density of each bin was measured.
Sph 1-P improves aeration of transitional lung zones within each region
with the most significant changes evident in the mid (carinal) lung
region. Data represents mean � SEM. *p � 0.05.

and the alveolar capillary interface and through the generation
of cytokines, which propagate the inflammatory process both
locally within the lung and systemically (25–29). Treatment for
ALI, however, remains largely supportive, without therapies that
target specific pathogenetic mechanisms. Although ventilation
strategies designed to limit mechanical injury to the alveolus
improve outcomes from ALI (27, 30), adjunctive therapies to
limit the duration of mechanical ventilation, such as surfactant
administration or corticosteroid therapy, have not proven bene-
ficial for treating adults with ALI to date (1, 3, 5). As a marked
increase in vascular permeability with vascular leak into lung
tissues is recognized as the central pathogenic cellular mecha-
nism underlying the physiologic derangement characteristic of
ALI, novel therapies that reduce lung microvascular permeabil-
ity are likely to be clinically beneficial.

The lung endothelium is a functionally dynamic tissue that
forms a semipermeable barrier between the vascular compartment
and the parenchymal interstitium. Because of its enormous surface
area, the lung vasculature is particularly sensitive to barrier dys-
regulation with increases in permeability. Disruption of the integ-
rity of the endothelial cellular barrier occurs via ultrastructural
changes characterized by cytoskeletal rearrangement and the gen-
eration of tensile forces within the cell resulting in cellular contrac-
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tion, the interruption of intercellular adhesion complexes, and
the creation of gaps between neighboring cells, which allow the
exudation of fluid, macromolecules, and leukocytes into the inter-
stitium and ultimately into the alveolar space, the pathological
hallmark of ALI. Lung endothelial cell structure and function
are greatly influenced by exposure to mechanical forces (31, 32),
which can dramatically alter pulmonary vascular endothelial bar-
rier properties. Cyclic stretch, greatly accentuated by mechanical
ventilation, may invoke cytoskeletal rearrangement resulting in
contraction of neighboring endothelial cell and disruption of inter-
cellular adhesions, thus worsening endothelial barrier function and
producing increased fluid flux across capillaries as demonstrated
in vitro and in isolated perfused rat lung models (26, 31, 33). Simi-
larly, the contractile apparatus is essential for agonist-induced
changes in lung permeability, including those evoked by endotoxin
(34, 35) and by thrombin, a regulatory molecule in the coagulation
cascade (12).

We were the first to observe that Sph 1-P, a biologically active
sphingolipid, enhances pulmonary vascular barrier function
in vitro (12). Through signaling initiated by ligation of G-protein–
coupled endothelial cell surface receptors, Sph 1-P induces corti-
cal rearrangement of the cytoskeleton, stabilizing and enhancing
intercellular and cell-matrix adherence, which translates into
improved barrier function as evidenced by increases in transmono-
layer endothelial resistance (12). Recently, we demonstrated at-
tenuation of inflammatory lung injury induced by intratracheal
LPS in spontaneously ventilating C57BL/6 mice treated with par-
enteral administration of Sph 1-P or its structural analog FTY720
(13). In this study, we have extended these observations and
demonstrated that intravenous Sph 1-P also attenuates the in-
creased lung edema formation observed in a murine model of
pure mechanical ventilation-induced lung injury, underscoring the
importance of mechanical stress in this process. Mice treated with
intravenous Sph 1-P 1 hour after exposure to high Vt mechanical
ventilation displayed significant reductions in lung parenchyma
Evans blue dye extravasation compared with vehicle-treated,
mechanically ventilated mice (Figure 1).

Although rodent models may be used to establish the thera-
peutic potential of this approach, large animal experiments in
injury models with appropriate scale and mechanical characteris-
tics are essential to the translation of these therapies into the
intensive care unit. Several large animal models of ALI have

TABLE 1. GAS EXCHANGE, HEMODYNAMIC, AND AIRWAY MECHANICS PARAMETERS

LPS LPS � Sph 1-P

Baseline 90 min 6 h Baseline 90 min 6 h

pH 7.39 � 0.01 7.23 � 0.01† 7.20 � 0.02† 7.38 � 0.02 7.21 � 0.01† 7.22 � 0.01†

PaCO2
, mm Hg 35.6 � 1.17 47.9 � 1.56† 42.8 � 1.26†‡ 34.7 � 1.47 46.3 � 1.31† 36.7 � 1.26¶

PaCO2
, mm Hg 145.9 � 9.66 88.1 � 4.28† 78.9 � 6.98†§ 145.9 � 7.28 79.0 � 6.39† 83.3 � 5.49†

PaCO2
/FIO2

480.2 � 31.6 243.9 � 21.1† 196.1 � 19.0†§ 492.5 � 24.4 233.5 � 32.1† 276.0 � 24.2†

MAP, mm Hg 102.1 � 4.32 99.2 � 3.32 105.9 � 5.19 105.8 � 5.58 102.3 � 3.82 89.2 � 7.99
CO, L/min 2.57 � 0.25 2.52 � 0.09 1.82 � 0.23†‡ 2.80 � 0.29 2.93 � 0.98 1.79 � 0.33†‡

MPAP, mm Hg 14.5 � 1.93 20.4 � 1.50† 21.9 � 1.30† 14.8 � 1.10 18.1 � 1.15† 19.8 � 0.65†

PAOP, mm Hg 5.83 � 0.57 7.67 � 0.88 10.0 � 0.70† 5.63 � 0.78 7.38 � 1.24 10.4 � 1.99†‡

Pplat, mm Hg 10.6 � 0.85 14.4 � 0.69† 15.3 � 0.42† 10.9 � 0.67 14.9 � 1.01† 15.3 � 0.41†

Hgb, g/dl 9.16 � 0.39 9.9 � 0.35 10.5 � 0.45† 9.77 � 0.41 10.2 � 0.48 10.4 � 0.54
IVF, ml/kg/h* 24.9 � 2.69 24.7 � 3.56

Definition of abbreviations: CO � cardiac output; Hgb � hemoglobin; IVF � intravenous fluid; LPS � lipopolysaccharide; MAP �

mean arterial pressure; MPAP � mean pulmonary artery pressure; PAOP � pulmonary artery occlusion pressure; Pplat � plateau
airway pressure; Sph 1-P � sphingosine 1-phosphate.

* Total intravenous fluid administration.
† p � 0.05 compared with baseline.
‡ p � 0.05 compared with 90 minutes.
§ p � 0.05 compared to LPS � Sph 1-P.

been characterized in the literature, with oleic acid infusion,
saline lung lavage, and acid aspiration representing those most
commonly used. However, the injuries produced by these meth-
ods involve severe mechanical disruption of the endothelium or
epithelium and, as such, may not be amenable to therapies that
target endogenous barrier regulatory modalities. LPS challenge
has been used to model clinical sepsis and pneumonia and, when
combined with mechanical ventilation, results in significant lung
injury. With intravenous administration, we observed profound
hemodynamic compromise with limited lung injury despite elevated
concentrations of endotoxin (data not shown). Intrabronchial endo-
toxin administration allowed us to focus the inflammatory reaction
in the lung, producing a lung injury characterized by hypoxemia,
increased shunt, reduced compliance, edema, and mechanical het-
erogeneity while maintaining hemodynamic stability (Table 1). In
this clinically relevant canine model of LPS-induced ALI, we have
demonstrated that Sph 1-P attenuates the oxygenation impairment
induced by intrabronchial LPS instillation in part by interrupting
the translocation of plasma proteins and water across the pulmo-
nary microvascular endothelial barrier and into the alveolar air-
space. Interestingly, although Sph 1-P was administered concurrent
with the intrabronchial LPS, the improvement in oxygenation is
delayed, requiring approximately 90 minutes before any physio-
logic effect becomes evident (Figure 2). After 90 minutes, the slopes
of the venous admixture versus time curves diverge significantly
(p � 0.05), with an absolute improvement in shunt fraction evident
5.5 hours after injury induction. The mechanism of injury operative
early in the time course remains unclear. It is possible that atelecta-
sis occurs rapidly in both groups in response to LPS introduction,
supported by the rapid increase in airway pressure in each group
(Table 1). Despite hourly recruitment maneuvers, the acute in-
flammatory response and transient bronchoconstriction may make
recruitment of these atelectatic regions difficult, resulting in ventila-
tion/perfusion mismatch and shunting, which must recover before
the barrier-enhancing effect of Sph 1-P becomes apparent. Al-
though hydrostatic effects may contribute to the formation of alveo-
lar edema in this model, this is likely minor, as the cardiac output,
mean pulmonary artery pressure, and pulmonary artery occlusion
pressure remain similar between groups (Table 1).

As demonstrated by CT imaging, mechanical heterogeneity is
a fundamental property of ALI in humans, with different regions
of the lung experiencing variable levels of collapse, flooding, cyclic
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TABLE 2. PERIPHERAL BLOOD CELL PROFILES IN LIPOPOLYSACCHARIDE-INDUCED CANINE ALI

WBC (	 103) ANC (	 103) ALC (	 103) Platelet (	 103)

Baseline 5 h Baseline 5 h Baseline 5 h Baseline 5 h

LPS 11.9 � 7.7 3.4 � 3.1* 8.5 � 6.4 2.4 � 2.7* 2.2 � 0.9 0.8 � 0.5* 239 � 52 174 � 59*
LPS � Sph 1-P 8.3 � 3.3 1.7 � 0.6* 5.9 � 3.1 1.1 � 0.4* 1.5 � 0.7 0.7 � 0.7* 216 � 50 167 � 35

Definition of abbreviations: ALC � absolute lymphocyte count; ANC � absolute neutrophil count; LPS � lipopolysaccharide; Sph 1-P � sphingosine 1-phosphate;
WBC � white blood cell count.

*p � 0.05 compared with baseline.

stretch, and overdistension (14, 15, 19, 36). This heterogeneity is
not captured in cellular or rodent models of ALI, which do not scale
in terms of the effects of gravity, the interaction of the abdomen and
chest wall, the mechanical interdependence of neighboring regions
of the lung, or the hemodynamics and fluid dynamics. These factors
further the need for large animal model validation of interventions
successful in rodent models. For example, the likelihood that a
particular intervention to limit lung injury in a mouse model will
translate to patient care will depend on the degree that the mechani-
cal conditions found in that model are represented in the heteroge-
neously injured human lung. Assuming a constant intrapulmonary
blood volume, lung water accumulation is analogous to the change
in lung tissue volume measured by CT imaging in the injured state
compared with the normal condition.

Consistent with previous CT data from oleic acid and saline
lavage injured dogs, lung water increased on the order of 1.7-
fold after intrabronchial administration of LPS (Figure 4). Dra-
matically, intravenous Sph 1-P nearly completely prevented this
increase in lung tissue volume (Figures 4 and 5). Furthermore,
Sph 1-P reduced the accumulation of lung edema throughout
the lung compared with LPS-injured animals, as demonstrated
by the axial and vertical density profiles (Figures 6B and 7). The
slight reduction in total lung volume (air plus tissue volumes,
794 � 119 vs. 899 � 24 ml, p � 0.2) observed in the LPS-treated
animals is likely due to a combination of increased atelectasis
and greater lung stiffness (lower air volume at same airway
pressure), both of which reduce air volume and cannot be differ-
entiated by this analysis. Absolute lung size may also contribute
to this difference, although this is unlikely given the similar
weights of the animals in each group (14.3 � 1.1-kg LPS vs. 14.6 �
0.8-kg Sph 1-P). Injury is most pronounced in the gravitationally
dependent regions of all animals, whereas the nondependent
apical regions are relatively spared (Figures 5–7). Sph 1-P im-
proves aeration of lung at all levels in the vertical dimension,
with the most significant improvements observed in the mid-
dependent regions of the mid lung zone (Figure 7). The increased
tissue density seen in the gravitationally dependent regions of
the Sph 1-P–treated animals is likely the result of atelectasis in
these regions rather than lung edema accumulation as the lung
tissue volume in these dogs approaches that of historical control
animals (Figure 4).

It is clear from the data presented that endothelial barrier
enhancement with Sph 1-P attenuates edema formation in a
rodent model of ventilator-induced lung injury as well as in a
clinically relevant large animal model of ALI. Interestingly, the
effect of Sph 1-P on lung edema accumulation is sustained de-
spite the presumed short half-life of the compound in vivo be-
cause of rapid clearance from the circulation by sphingosine
lyase (37, 38). In mice, the barrier-enhancing effect of Sph 1-P
was sustained 24 hours after injection (13), and in the canine
model, the vascular protective effect becomes evident approxi-
mately 2.5 hours after infusion and is sustained for at least 8
hours. The effects of Sph 1-P on alveolar edema formation in

intact animal models of ALI are likely due to multiple potentially
synergistic mechanisms. Via ligation of cell surface receptors, Sph
1-P induces ultrastructural changes within the pulmonary micro-
vascular endothelium, which manifest as barrier enhancement.
These effects occur rapidly in vitro and are sustained for several
hours (12). In addition to its endothelial cytoskeletal effects,
Sph 1-P appears to modulate the immune response directly.
With the exception of endothelial cells, Sph 1-P directly inhibits
cellular motility of virtually all cell types (39, 40). Sph 1-P pre-
vented neutrophil chemotaxis in response to IL-8 and the trans-
migration of neutrophils across an EC monolayer in vitro (41).
We recently reported Sph 1-P–mediated decreases in neutrophil
activity in lung and kidney tissues compared with mice treated
with intratracheal LPS alone (13). Previous reports have sug-
gested that Sph 1-P and several of its structural analogs decrease
levels of circulating leukocytes (38). In this study, we observed
leukopenia in beagles in response to intrabronchial LPS, an
effect not altered by intravenous Sph 1-P (Table 2). Another
potential effect of Sph-1-P may involve alterations in lung vascu-
lar vasoactivity with a recent study describing systemic vasorelax-
ation induced by nitric oxide released in response to endothelial
differentiation gene-3 receptor ligation (42). Although this effect
has not been studied in the pulmonary vasculature, temporary
inactivation of the hypoxic pulmonary vasoconstrictive response
via nitric oxide release could contribute to the increased shunt
observed in the Sph 1-P–treated animals 90 minutes after injury
induction (Figure 2) (43). This mechanism in isolation is unlikely,
however, as restoration of hypoxic pulmonary vasoconstrictive
alone would not lead to the decreased alveolar protein accumula-
tion or the decreased lung edema observed. Finally, the effects
of Sph 1-P on alveolar epithelial barrier function or on edema
clearance mechanisms remain undefined at this point and repre-
sent a fertile area for future studies.

In summary, we have shown that Sph 1-P, a naturally oc-
curring product of activated platelets and a potent in vitro barrier
protective agonist, alters the course of ALI in a clinically relevant
canine model through a variety of potential mechanisms, includ-
ing decreasing endothelial permeability to fluid and macromole-
cules. This novel approach of pulmonary microvascular barrier
modulation holds promise as a therapeutic strategy limiting the
morbidity associated with prolonged mechanical ventilation in
patients with ALI. Studies that address the efficacy of Sph 1-P
administered as rescue therapy after well established ALI and
in the presence of lung-protective low-Vt mechanical ventilation
may further solidify the potential for this strategy in the care of
the critically ill.
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