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Sphingosine1–phosphate(S1P) is a key endogenous regulator of the
response to lung injury, maintaining endothelial barrier integrity
through interaction with one of its receptors, S1P1. The short-term
administration of S1P or S1P1 receptor agonists enhances endothe-
lial monolayer barrier function in vitro, and attenuates injury-
induced vascular leak in the lung and other organ systems in vivo.
Although S1P1 agonists bind to and activate S1P1, several of these
agents also induce receptor internalization and degradation, and
may therefore act as functional antagonists of S1P1 after extended
exposure. Here we report on the effects of prolonged exposure to
theseagents in bleomycin-induced lung injury.Wedemonstrate that
repeated administration of S1P1 agonists dramatically worsened
lung injury after bleomycin challenge, as manifested by increased
vascular leak and mortality. Consistent with these results, prolonged
exposure to S1P1 agonists in vitro eliminated the ability of endothelial
cell monolayers to respond appropriately to the barrier-protective
effects of S1P, indicating a loss of normal S1P–S1P1 signaling. As
bleomycin-induced lung injury progressed, continued exposure to
S1P1 agonists also resulted in increased pulmonary fibrosis. These
data indicate that S1P1 agonists can act as functional antagonists of
S1P1 on endothelial cells in vivo, which should be considered in
developing these agents as therapies for vascular leak syndromes.
Our findings also support the hypothesis that vascular leak is an
important component of the fibrogenic response to lung injury, and
suggest that targeting the S1P–S1P1 pathway may also be an
effective therapeutic strategy for fibrotic lung diseases.
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Sphingosine 1–phosphate (S1P) is a bioactive lysophospholipid
that mediates diverse cellular processes through interactions
with at least five distinct G protein–coupled receptors, termed
S1P1–5 (1, 2). S1P signaling was shown to play important roles in
cell migration, survival, contraction, proliferation, and cell–cell
interactions (3).

Extensive data indicate that S1P, signaling via S1P1, plays
a critical role in maintaining endothelial barrier integrity. S1P is
normally present in human and mouse plasma at concentrations
of approximately 0.5–1 mM (4–6). The activation of S1P1 on
endothelial cells by S1P induces cytoskeletal rearrangements
that promote the formation of intercellular adherens junctions
and tight junctions, resulting in an enhancement of endothelial
monolayer barrier function (7–9). S1P analogues that bind to
and activate S1P1 were similarly shown to promote endothelial
barrier integrity in vitro (10–12).

Several lines of evidence support the importance of the S1P–
S1P1 pathway for regulating vascular permeability in vivo. Mice
that are genetically deficient for the S1P-producing enzyme
sphingosine kinase 1 (Sphk1) develop worse vascular leak after
lung injury (13, 14). The genetic deletion of both sphingosine
kinases (Sphk1 and Sphk2) results in a complete lack of
circulating S1P and increased vascular leak in multiple organ
systems, even in the absence of tissue injury (15). Similarly,
interrupting S1P–S1P1 signaling with S1P1 receptor antagonists
also increases vascular leak (16). Conversely, short-term treat-
ment with S1P or S1P1 receptor agonists was shown to prevent
vascular leak in numerous animal models of acute lung injury,
and in models of renal and cutaneous injury (10, 12, 16–22).
Because increased vascular permeability is a hallmark of tissue
injury, there is a great deal of interest in developing S1P1

agonists as potential therapeutic agents for conditions in which
vascular leak is thought to play a central role (22, 23).

The most well-known S1P analog is FTY720, a derivative of
the fungal compound myriocin. FTY720 was initially identified
as a potent immunosuppressant, because it causes a profound
peripheral lymphopenia by inducing lymphocyte sequestration
in secondary lymphoid organs (24–26). It has been extensively
studied in humans as a potential therapy for solid organ trans-
plant rejection and multiple sclerosis (27–33). FTY720 is rapidly
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phosphorylated in vivo to FTY720-P, which binds with high
affinity to and activates four of the five S1P receptors, S1P1,3–5

(34, 35). Its effects on the S1P1 receptor have been most well-
studied. Although FTY720-P activates S1P1 in vitro, it also causes
a loss of S1P1 cell-surface expression through receptor internal-
ization and degradation, and can therefore act as a ‘‘functional
antagonist’’ of the receptor (36–40). Such functional antagonism
of S1P1 on lymphocytes is thought to explain the ability of
FTY720 to induce lymphocyte sequestration (41, 42). Numerous
S1P1-selective agonists have been developed which, like FTY720,
were also shown to induce peripheral lymphopenia (43–45), pre-
sumably through functional antagonism of S1P1 on lymphocytes.

As noted already, the short-term administration of FTY720
or S1P1-selective agonists prevents injury-induced vascular leak
in vivo. However, studies demonstrating the barrier-protective
effects of these agents focused on early time points (< 24 h)
after tissue injury, with the administration of a single dose of
agonist (10, 12, 16–22). In vitro studies show that S1P1 agonists,
similar to their effects on lymphocytes, can also induce the time-
dependent internalization and degradation of S1P1 on endothe-
lial cells (38–40). Therefore, S1P1 agonists may initially enhance
endothelial barrier function and prevent vascular leak by
augmenting S1P1 signaling, but prolonged exposure to these
agents may exert the opposite effect, disrupting endothelial
barrier integrity and worsening vascular leak through functional
antagonism of S1P1 on endothelial cells. To determine whether
this functional antagonism of endothelial S1P1 occurs in vivo,
we studied the effects of sustained administration of two such
agents, FTY720 and the S1P1-selective agonist, AUY954, in the
bleomycin mouse model of lung injury. We found that pro-
longed exposure to FTY720 dramatically worsened mortality,
histologic evidence of lung injury, and vascular leak after
bleomycin challenge. Prolonged exposure to AUY954 similarly
exacerbated bleomycin-induced vascular leak, consistent with
the functional antagonism of endothelial S1P1. Uninjured mice
treated with FTY720 and AUY954 also demonstrated changes
consistent with increased pulmonary vascular permeability,
although these findings were milder and not associated with
mortality or major histologic sequelae. As the response to
bleomycin injury progressed, sustained treatment with S1P1

agonists also led to increased lung fibrosis, suggesting that S1P–
S1P1 signaling may represent an important pathway for limiting
the fibrotic response to injury.

MATERIALS AND METHODS

Cells and Reagents

All mice were purchased from the National Cancer Institute–Frederick
Animal Production Program (Frederick, MD). Human umbilical-vein
endothelial cells (HUVECs) were purchased from Lonza (Walkersville,
MD) and maintained in EGM-2 medium (Lonza), except where
indicated. S1P was purchased from Avanti Polar Lipids (Alabaster,
AL). FTY720 and FTY720-P were purchased from Cayman Chemicals
(Ann Arbor, MI). SEW2871 was purchased from Fisher Scientific
(Pittsburgh, PA). AUY954 was synthesized according to the protocol
described by Pan and colleagues (44). Stock solutions were prepared in
methanol (S1P), water (FTY720), or DMSO (FTY720-P, SEW2871,
and AUY954). FITC-labeled albumin and FITC-labeled phalloidin
were purchased from Sigma (St. Louis, MO). For in vivo administra-
tion, FTY720 and AUY954 stock solutions were diluted to the
appropriate concentrations in sterile water. For in vitro experiments,
S1P, FTY720-P, and SEW2871 stock solutions were diluted in serum-
free media with 0.1% fatty acid–free BSA, and sonicated before use.

Animals and Administration of Bleomycin

Adult male C57Bl/6 mice, 7–9 weeks old (z 25 g), were used in all
experiments. Mice were administered a single intratracheal dose of

bleomycin at 1.2 U/kg (standard dose) or 0.1 U/kg (low dose), in a total
volume of 50 ml. Control mice were injected intratracheally with 50 ml
sterile saline. For FTY720 experiments, mice were injected intraper-
itoneally with vehicle or FTY720 at 5 mg/kg or 0.5 mg/kg, three times
per week. For AUY954 experiments, mice were injected intraperito-
neally with vehicle or AUY954 at 5 mg/kg once daily. All administra-
tions of FTY720, AUY954, and vehicle were initiated 1 hour before
bleomycin challenge, and continued throughout the duration of the
experiments. Bronchoalveolar lavage (BAL) was performed, and lungs
were harvested at the time points indicated. All protocols were
approved by the Massachusetts General Hospital Subcommittee on
Research Animal Care, and all mice were maintained in a specific
pathogen–free environment certified by the American Association for
Accreditation of Laboratory Animal Care.

Administration of LPS

Mice were administered a single intratracheal dose of 50 mg of lipo-
polysaccharide (LPS) or sterile saline in a total volume of 50 ml. BAL
was performed 24 hours after LPS challenge. FTY720 at 0.5 mg/kg or
vehicle was administered intraperitoneally once daily, beginning
24 hours before LPS challenge (48 h before BAL).

Lung Histology

Lungs were inflated with 10% buffered formalin at 25 cm H2O for
15 minutes, excised, fixed in 10% formalin for 72 hours, and embedded
in paraffin. Multiple paraffin-embedded 5-mm sections were stained
with hematoxylin–eosin or Masson trichrome stain. Images were ob-
tained with a Nikon Eclipse ME600 microscope with a Nikon DXM
1200C digital camera and NIS Elements AR 2.30 software (Nikon
Instruments Inc., Melville, NY).

Mouse BAL

Mouse lungs were lavaged with six successive 0.5-ml aliquots of PBS with
0.6 mM EDTA (3 ml in total). These BAL samples were centrifuged at
540 3 g, at 48C, for 5 minutes. The BAL supernatants were transferred
into siliconized, low-binding microcentrifuge tubes (Fisher Scientific) for
subsequent analysis. The BAL cell pellets were resuspended in PBS for
determinations of cell count, cytospin analysis, and cytofluorimetry.

BAL Total Protein, D-Dimer,

and Thrombin–Antithrombin Determination

Concentrations of BAL supernatant total protein were determined
using the commercially available BCA Protein Assay Kit (Pierce/
Thermo Scientific, Rockford, IL), according to the manufacturer’s
instructions. D-dimer activity and thrombin–antithrombin (TAT) con-
centrations in BAL supernatants were determined with commercially
available ELISA kits obtained from Fisher Scientific and USCN Life
(Wuhan, P.R. China), respectively.

BAL Leukocyte Counts, Cell Differentials, and Cytofluorimetry

BAL total cell counts were determined using a Cellometer Auto T4
(Nexcelom, Lawrence, MA) cell counter. Total leukocytes (obtained
by excluding the percentages of red blood cells) and percentages of
mononuclear cells and neutrophils were determined in preparations of
cells centrifuged with a Cytospin 3 (Shandon/Thermo Scientific, Rock-
ford, IL) and stained with Hema 3 stain (Millipore, Billerica, MA).
Cells recovered from BAL were incubated at 48C for 20 minutes with
2.4G2 anti-FcgIII/II receptor (BD Pharmingen, Franklin Lakes, NJ),
and stained with monoclonal antibodies to mouse CD3, CD4, and CD8
directly conjugated to allophycocyanin (APC), FITC, and phycoery-
thrin (PE), respectively (all from BD Pharmingen) at 48C for 30
minutes. Percentages of CD31, CD41, and CD81 cells were deter-
mined by cytofluorimetry, using a FACSCalibur Cytometer (Becton–
Dickinson, Franklin Lakes, NJ), and analyzed using CellQuest soft-
ware (BD Biosciences, San Jose, CA).

Evans Blue Dye Extravasation Assay

Evans blue dye extravasation was assessed in saline-challenged and
bleomycin-challenged mice, as described previously (46). Briefly,
Evans blue dye (Sigma) was injected intravenously at 20 mg/kg into

Shea, Brooks, Fontaine, et al.: S1P1 Agonists Worsen Lung Injury 663



mice 2 hours before they were killed. When the mice were killed, blood
was recovered into a heparinized syringe by cardiac puncture. The right
ventricle was then perfused with PBS to remove intravascular dye from
the lungs, which were then removed and homogenized. Evans blue dye
was extracted from the homogenates by the addition of 1.5 ml of
formamide, followed by incubation overnight at 608C, and centrifuga-
tion at 5,000 3 g for 30 minutes. The absorption (A) of Evans blue dye
in the lung supernatants and plasma was measured at 620 nm and
corrected for the presence of heme pigments as follows: A620 (cor-
rected) 5 A620 2 (1.426 3 A740 1 0.030). The concentrations of Evans
blue dye in the lungs and plasma were then determined against
a standard curve, and the degree of vascular leak in each lung set
was presented as an Evans blue dye index, calculated as the ratio of the
total amount of Evans blue dye in those lungs to the concentration of
Evans blue dye in the plasma of that mouse.

Measurement of Lung Hydroxyproline

Total lung hydroxyproline was determined as described previously
(47). Briefly, lungs were homogenized in PBS and hydrolyzed over-
night in 6 N HCl at 1208C. A 25-mL aliquot was then desiccated,
resuspended in 25 mL H2O, and added to 0.5 ml of 1.4% chloramine T
(Sigma), 10% n-propanol, and 0.5 M sodium acetate, pH 6.0. After 20
minutes of incubation at room temperature, 0.5 ml of Erlich’s solution
(1 M p-dimethylaminobenzaldehyde from Sigma, in 70% n-propanol
and 20% perchloric acid) were added, and a 15-minute incubation at
658C followed. Absorbance was measured at 550 nm, and the amount
of hydroxyproline was determined against a standard curve.

Endothelial Permeability Assay

HUVECs were grown to confluence on semipermeable, fibronectin-
coated transwell inserts in 24-well plates, with media above (luminal
chamber) and below (abluminal chamber) the monolayers. Intact
monolayers were serum-starved for 1 hour, and then stimulated with
S1P (1 mM), FTY720-P (1 mM), or SEW2871 (10 mM), with FITC–
albumin (1 mg/ml) added to the luminal chamber. After 1 hour of in-
cubation at 378C, transwell inserts were removed from the wells, and
fluorescence in the abluminal chamber was measured using a Thermo
Fluoroskan Ascent FC (Thermo Scientific) (excitation/emission, 485/
518 nm). The concentration of FITC–albumin in the abluminal chamber
was determined against a standard curve. Permeability was reported as
an albumin flux index, and the ratio of abluminal FITC–albumin
concentration was compared with baseline conditions. Where indicated,
intact HUVEC monolayers were pretreated with FTY720-P, SEW2871,
or medium alone for 24 hours before performing the permeability assay.

Visualization of Endothelial Cytoskeletal Rearrangement

HUVECs were grown to confluence on fibronectin-coated, four-well
Lab-Tek chamber slides (Nunc). Where indicated, FTY720-P (1 mM)
or SEW2871 (10 mM) was added to media 24 hours before stimulation.
Cells were serum-deprived for 1 hour, and then stimulated with S1P
(1 mM), thrombin (1 U/ml), or both for 30 minutes. Cells were then
washed with PBS, fixed with 2% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and incubated with FITC–phalloidin for
15 minutes before image acquisition with the microscope equipment
already described, using a 310 optical lens and 340 objective lens
(total magnification, 3400).

Statistical Analyses

Except where indicated in figure legends, differences between treatment
and control groups were analyzed for statistical significance with two-tailed
Student t tests, using Microsoft Excel software (Microsoft, Redmond,
WA). For comparisons of survival after bleomycin challenge, we per-
formed log-rank tests using GraphPad Prism software (GraphPad Soft-
ware, La Jolla, CA). P , 0.05 was considered statistically significant.

RESULTS

The Nonselective S1P Receptor Agonist FTY720 Worsens

Lung Injury and Mortality after Bleomycin Challenge

We first examined the effects of repeated administrations of the
nonselective S1P receptor agonist FTY720 on mortality after

intratracheal instillations of bleomycin. Although bleomycin
challenge alone at a dose of 1.2 U/kg induced minimal mortality
at 2 weeks, the administration of FTY720 at 5 mg/kg or 0.5 mg/kg
three times per week to bleomycin-challenged mice had a strik-
ing effect, inducing 100% and 70% mortality, respectively
(Figure 1). In the absence of bleomycin challenge, treatment
with FTY720 had no overt toxicity and no effect on survival.

The early response to bleomycin-induced lung injury in mice
mimics the exudative phase of acute respiratory distress syn-
drome (ARDS) in humans, characterized by vascular leak,
intra-alveolar coagulation, hyaline membrane deposition, and
inflammatory-cell recruitment (48). The time course of mortal-
ity we observed in bleomycin-challenged mice treated with
FTY720 (during Days 7–14 after challenge; Figure 1) is there-
fore more consistent with death from worsened exudative
responses, rather than from progressive lung fibrosis, which
typically does not become established until Day 14 after
bleomycin challenge (48). To assess whether the effects of
prolonged FTY720 treatment on mortality after bleomycin
challenge were attributable to worsened lung injury, we per-
formed histologic analyses of mouse lungs on Day 7 after
bleomycin challenge, just before the onset of mortality in
FTY720-treated mice. Mice injected intratracheally with saline
and treated with vehicle or FTY720 showed no histologic
evidence of lung injury (Figures 2A and 2B). Lungs from
bleomycin-challenged mice treated with vehicle showed the
characteristic pattern of injury seen in this model, with patchy
areas of alveolar damage adjacent to areas of normal lung
(Figures 2C and 2E). Concurrent treatment with FTY720,
however, resulted in more extensive lung injury, with a more
diffuse pattern of alveolar damage and very little normal lung
(Figure 2D). On high-power magnification, the most striking
finding in FTY720-treated mice was the extensive intra-alveolar
accumulation of amorphous eosinophilic material, representing
the hyaline membranes characteristic of lung injury (Figure 2F).

FTY720 and the S1P1-Selective Agonist AUY954 Worsen Lung

Vascular Leak and Intra-Alveolar Coagulation after

Lung Injury

We assessed lung vascular leak in saline-challenged and bleomycin-
challenged mice by measuring BAL fluid total protein concen-
trations and performing Evans blue dye extravasation assays.

Figure 1. Effects of nonselective S1P receptor agonist FTY720 on

survival after bleomycin (Bleo) challenge. Mice received a single intra-

tracheal (IT ) dose of bleomycin (1.2 U/kg) or saline, and were treated
with intraperitoneal vehicle or FTY720 at 5 or 0.5 mg/kg, three times

per week, starting on Day 0. FTY720 treatment at both doses led to an

increase in mortality within 2 weeks after bleomycin challenge. Data

are combined from three independent experiments; n 5 10–25 mice/
group in total. For both FTY720 doses tested, P , 0.0001, comparing

bleomycin 1 vehicle with bleomycin 1 FTY720 by log-rank test.
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The concentration of BAL total protein rose on Days 3 and 7
after bleomycin challenge, and this increase in vascular leak was
greatly exaggerated with repeated administrations of FTY720
(Figure 3A). Evans blue dye extravasation assays performed on
Day 7 confirmed this increase in vascular leak with FTY720
treatment (Figure 3B). Interestingly, control mice challenged
with intratracheal saline also showed an increase in BAL total
protein and Evans blue dye extravasation after FTY720 treat-
ment (Figures 3A and 3B), indicating that FTY720 can disrupt
the capillary–alveolar barrier, even in the absence of direct lung
injury. Although FTY720 treatment resulted in an increase in
vascular leak even in the absence of bleomycin challenge, this
finding was not associated with mortality (Figure 1) or obvious
histologic abnormalities (Figure 2B), likely because of the
capacity of the uninjured lung to clear increased extravascular
water and proteins. As expected, bleomycin lung injury also
induced the intra-alveolar activation of the coagulation cascade,
which was determined by measuring BAL D-dimer and TAT
levels (Figures 3C and 3D). Both of these indices of intra-
alveolar coagulation were increased in FTY720-treated mice
compared with vehicle-treated controls after bleomycin chal-
lenge (Figures 3C and 3D).

Phosphorylated FTY720 is an agonist at four of the five S1P
receptors (S1P1,3–5), and activation of S1P3 was reported to
disrupt epithelial barrier function (49). Therefore, to determine
whether our observations with FTY720 were attributable to its
effects on S1P1, we treated bleomycin-challenged and saline-
challenged mice with the S1P1-selective agonist AUY954.
AUY954 has high affinity for S1P1, with negligible effects on
other S1P receptors (44). As with other S1P1 agonists, it was
shown to induce profound peripheral lymphopenia (44). Similar
to our findings in the FTY720 experiments, prolonged treatment

with AUY954 also resulted in a dramatic increase in lung
vascular leak, as determined by measurement of BAL total
protein, with and without bleomycin-induced lung injury (Fig-
ure 3E). AUY954 also caused an increase in coagulation within
the airspaces, as determined by BAL D-dimer concentrations
(Figure 3F).

Our findings that prolonged exposure to S1P1 agonists
exacerbates vascular leak after bleomycin lung injury differ
from previous observations that short-term exposure to these
agents protects against vascular leak at early time points after
injury. To investigate whether these contrasting results reflect
differences in duration of exposure to S1P1 agonists, rather than
differences between the bleomycin model and other models of
lung injury, we examined the effects of sustained administration
of FTY720 on LPS-induced lung injury in mice. When adminis-
tered 1 hour after LPS challenge, FTY720 was shown to protect
against pulmonary vascular leak in this model, when evaluated <

24 hours after injury (12, 17). We treated mice with FTY720 at
0.5 mg/kg daily, starting 24 hours before intratracheal LPS (or
sterile saline) challenge, and we assessed the degree of protein
extravasation in BAL at 24 hours after lung injury (48 hours after
initiating FTY720 treatment). This more prolonged (48-h) expo-
sure to FTY720 resulted in a significant increase in BAL total
protein concentration, with and without LPS-induced lung injury
(Figure 3G), suggesting an increase in pulmonary vascular leak,
consistent with our findings in the bleomycin model.

Effects of FTY720 and AUY954 on Inflammation after

Bleomycin Challenge

We observed the characteristic accumulation of leukocytes in
the airspaces of mice after bleomycin lung injury (Figure 4).
Despite the dramatic increase in bleomycin-induced vascular

Figure 2. Effects of FTY720 on lung injury after bleomycin

challenge. Representative hematoxylin–eosin staining of

mouse lung sections on Day 7 after intratracheal saline or
bleomycin and treatment with vehicle or FTY720 at 5 mg/kg

intraperitoneally, three times per week. (A, B) No histologic

evidence of lung injury was seen after intratracheal saline
with vehicle or FTY720 treatment. (C–F ) Bleomycin chal-

lenge induced histologic evidence of lung injury, character-

ized by intra-alveolar hyaline membrane deposition, which

was more severe in FTY720-treated mice. Representative
images are shown from each treatment group; n 5 3 mice/

group. Scale bar 5 200 mm (A–D) or 50 mm (E, F ).
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leak with FTY720 treatment, no differences were evident in the
total numbers of BAL leukocytes between FTY720-treated and
vehicle-treated mice (Figure 4A). However, differences were
evident in the subsets of leukocytes. FTY720 treatment resulted
in a decrease in BAL lymphocytes (Figure 4B), consistent with
the expected induction of peripheral lymphopenia by S1P1

agonists. Moreover, an increase in BAL neutrophils occurred
with FTY720 treatment (Figure 4C). A similar pattern of BAL
leukocyte accumulation was seen in AUY954-treated mice after
bleomycin challenge (Figures 4D–4F), although the decrease in
lymphocytes and increase in neutrophils did not reach statistical
significance in these experiments.

Prolonged Exposure to S1P1 Agonists Results in a Loss of S1P–

S1P1 Signaling in Endothelial Monolayers

The initial response of endothelial cell monolayers to S1P1

agonist treatment in vitro is the stabilization and enhancement
of intercellular junctions, which increases monolayer barrier
function. However, S1P1 agonists were also shown to cause
a time-dependent loss of S1P1 surface expression in many cell
types, including endothelial cells, because of agonist-induced
receptor internalization and degradation (36–40). Therefore, we
hypothesized that with sustained exposure to S1P1 agonists, the
down-regulation and functional antagonism of endothelial cell
surface S1P1 would impair the ability of these cells to respond
appropriately to the barrier-enhancing properties of S1P. To

test this hypothesis, we assessed the effects of S1P on HUVEC
monolayer barrier function in the presence or absence of
FTY720-P or the S1P1-selective agonist SEW2871. SEW2871
is a weak S1P1 agonist, and although it appears to cause minimal
receptor degradation at concentrations < 500 nM (37, 43), the
loss of endothelial S1P1 expression was seen at higher concen-
trations (> 1 mM) (39). As expected, short-term (1-hour)
stimulation with S1P (1 mM), FTY720-P (1 mM), or SEW2871
(10 mM) decreased monolayer permeability to FITC-labeled
albumin (Figure 5A), consistent with S1P1-mediated barrier
enhancement. In contrast, prolonged (24-hour) exposure to
FTY720-P or SEW2871 had the opposite effect, increasing
monolayer permeability (Figures 5B and 5C). Furthermore,
prolonged exposure to these S1P1 agonists eliminated the ability
of S1P to enhance barrier function (Figures 5B and 5C),
indicating a loss of normal S1P-S1P1 signaling.

We also examined the effects of prolonged S1P1 agonist
exposure on endothelial monolayers by visualizing HUVEC
actin cytoskeletal rearrangements in response to thrombin
(Figure 6). In the resting state, confluent HUVECs demon-
strated a cortical ring arrangement of the actin cytoskeleton,
which promotes tight intercellular adhesions. Treatment with
thrombin for 1 hour resulted in actin stress fiber formation, with
a disruption of cell–cell interactions and the creation of para-
cellular gaps. Thrombin-mediated stress fiber formation was
effectively blocked by the co-administration of S1P. However,

Figure 3. Effects of FTY720 and the

S1P1-selective agonist AUY954 on lung

vascular leak and intra-alveolar coagula-
tion after lung injury. (A) Bronchoalveolar

lavage (BAL) total protein concentration

was increased in FTY720-treated mice

compared with vehicle-treated mice on
Day 3 (D3) and Day 7 (D7) after bleomy-

cin challenge. (B) Evans blue (EB) dye

extravasation assay confirmed the pres-

ence of increased lung vascular leak at D7
after bleomycin. Seven days of exposure

to FTY720 increased lung vascular leak,

even in the absence of bleomycin-
induced lung injury (A and B, Saline D7).

(C, D) Intra-alveolar coagulation after

bleomycin injury was also increased in

FTY720-treated mice compared with
vehicle-treated control mice, as deter-

mined by BAL D-dimer and thrombin–

antithrombin concentrations. (E, F )

Treatment with the S1P1-selective ago-
nist AUY954 at 5 mg/kg/day similarly

increased lung vascular leak, both in the

presence (Bleomycin D7) and absence

(Saline D7) of lung injury, and it also
increased intra-alveolar coagulation. (G)

BAL total protein concentration was in-

creased in FTY720-pretreated mice com-
pared with vehicle-pretreated mice, 24

hours after intratracheal LPS challenge, as

well as in saline-challenged control mice.

Data are presented as means 6 SEM,
with n 5 4–5 mice/group. *P , 0.05,

**P , 0.005, and ***P , 0.0005, com-

paring FTY720-treated or AUY954-

treated versus vehicle-treated groups at
each time point.
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pretreating HUVEC monolayers with FTY720-P or SEW2871
for 24 hours eliminated the ability of S1P to prevent thrombin-
mediated stress fiber formation (Figure 6).

FTY720 and AUY954 Worsen Lung Fibrosis after Low-Dose

Bleomycin Challenge

In the bleomycin model, fibrosis develops during the second
week after lung injury, and can be reliably assessed by Day 14
(48). As demonstrated in Figure 1, however, challenging mice
with our standard dose of bleomycin (1.2 U/kg) and treating
them with FTY720 resulted in very high mortality, with most of
the animals dying during the second week. Therefore, to ensure
survival for at least 2 weeks and allow us to compare the
development of lung fibrosis between vehicle-treated and
FTY720-treated mice, we lowered the bleomycin dose 12-fold
(to 0.1 U/kg), and used our lower dose of FTY720 (0.5 mg/kg,
three times per week). With this treatment strategy, all mice
survived for 2 weeks. By itself, this low-dose bleomycin
challenge resulted in minimal lung fibrosis on Day 14, as
assessed by Masson trichrome staining (Figure 7A). However,
when mice challenged with low-dose bleomycin were treated
with FTY720, an increase in collagen deposition was evident
(Figure 7B). Quantification of total lung collagen by hydrox-
yproline measurement confirmed that low-dose bleomycin
challenge alone did not induce significant fibrosis, whereas
low-dose bleomycin with concurrent FTY720 treatment signif-
icantly increased lung collagen (Figure 7C). Furthermore, the

S1P1-selective agonist AUY954 induced a similar degree of
fibrosis after low-dose bleomycin challenge, indicating that the
profibrotic effects of FTY720 were mediated by S1P1 (Figure 7C).

Even at this lower dose of 0.5 mg/kg three times per week,
FTY720 treatment increased lung vascular leak (Figure 7D) and
intra-alveolar coagulation (Figure 7E) at all time points after
bleomycin challenge, and in saline-treated control mice. In
contrast to findings with our standard dose of bleomycin,
FTY720 treatment induced a significant increase in total BAL
leukocytes after low-dose bleomycin challenge (Figure 7F),
although with a similar decrease in T cells and an increase in
neutrophils (data not shown).

DISCUSSION

In this study, we examined the effects of prolonged exposure to
S1P1 agonists on lung injury, using the bleomycin model. In
contrast to the protective effects of short-term exposure to S1P1

agonists, prolonged exposure to two such agents, the non-
selective S1P receptor agonist FTY720 and the S1P1-selective
agonist AUY954, exacerbated the lung injury induced by
bleomycin. Sustained administration of FTY720 resulted in
a dramatic worsening of mortality and histologic evidence of
lung injury, and both FTY720 and AUY954 treatment increased
vascular leak, intra-alveolar coagulation, and fibrosis after bleo-
mycin challenge. Furthermore, prolonged exposure to S1P1

agonists resulted in increased pulmonary vascular leak in the

Figure 4. Effects of FTY720 and AUY954 on BAL leuko-

cytes after bleomycin challenge. (A–C ) FTY720 treatment

had no effect on total leukocyte accumulation in the
airspaces after bleomycin lung injury, although a decrease

in BAL T cells occurred, as well as an increase in BAL

neutrophils, in FTY720-treated compared with vehicle-

treated mice. (D–F ) Similar effects on BAL leukocyte
accumulation were evident with AUY954 treatment, with

no difference in total leukocytes and trends toward de-

creased T cells and increased neutrophils. Data are pre-
sented as means 6SEM, with n 5 5 mice/group. *P ,

0.05, **P , 0.005, and ***P , 0.0005, comparing

FTY720-treated or AUY954-treated versus vehicle-treated

groups at each time point.
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absence of direct injury, similar to the phenotype of mice that
lack circulating S1P or are treated with S1P1 antagonists (15, 16).
These observed increases in vascular leak with sustained ad-
ministrations of FTY720 and AUY954 are consistent with our
hypothesis that prolonged exposure to S1P1 agonists can result
in functional antagonism of S1P1 on endothelial cells in vivo,
leading to a loss of the barrier-protective effects of endogenous
S1P–S1P1 signaling.

The results of our study are consistent with the large body of
evidence that S1P is an important endogenous regulator of
endothelial permeability, and that its ability to restore and
enhance endothelial barrier function is mediated by the S1P1

receptor. S1P–S1P1 signaling induces endothelial cytoskeletal
rearrangements that tighten intercellular junctions, thereby

decreasing the permeability of endothelial cell monolayers
in vitro (7–12). The importance of endogenous S1P–S1P1

signaling for maintaining vascular barrier integrity in vivo is
highlighted by recent studies showing how a genetic deficiency
in the enzymes that produce circulating S1P, or a pharmacologic
inhibition of S1P1, results in increased vascular permeability
under basal conditions and in response to tissue injury (13–16).
Conversely, augmenting endogenous S1P–S1P1 signaling
through the short-term administration of S1P or S1P1 agonists
was shown to reduce vascular leak in many different animal
models of acute tissue injury (10, 12, 16–22). Accordingly, there
is great interest in developing S1P1 agonists as potential
therapeutic agents for pathologic conditions in which vascular
leak is believed to play a central role (22, 23).

Figure 5. Effects of prolonged expo-
sure to FTY720-P and the S1P1-selective

agonist SEW2871 on endothelial mono-

layer permeability. Human umbilical
vein endothelial cells (HUVECs) were

grown to confluence on semipermeable,

fibronectin-coated membranes. HUVEC

monolayer permeability to FITC-labeled
albumin over 1 hour (1h) was then de-

termined. (A) S1P (1 mM), FTY720-P

(FTY-P; 1 mM), and SEW2871 (SEW;

10 mM) all decreased HUVEC monolayer

permeability when cells were stimulated for 1 hour. In contrast, when cells were pretreated with (B) FTY720-P or (C) SEW2871 for 24 hours (24h),
monolayer permeability was increased at baseline, and failed to decrease in response to S1P. Data are presented as means 6 SEM (n 5 3), and are

representative of two or three independent experiments. *P , 0.05, **P , 0.005, and ***P , 0.00005, versus untreated cells.

Figure 6. Effects of prolonged exposure to
FTY720-P and SEW2871 on endothelial cell

cytoskeletal rearrangements induced by throm-

bin. HUVEC actin filaments were visualized with
FITC-labeled phalloidin staining. Baseline corti-

cal arrangement of the actin cytoskeleton was

unaffected by 24 hours of exposure to FTY720

or SEW2871 (top row). Stimulation with throm-
bin (1 U/ml) for 1 hour induced stress fiber

formation with cellular distortion and paracellu-

lar gap formation, a process inhibited by cos-

timulation with S1P. Pretreating HUVEC
monolayers with FTY720 or SEW2871 for

24 hours eliminated the ability of S1P to atten-

uate thrombin-induced cytoskeletal changes.

Images are representative of two independent
experiments. Scale bar 5 50 mm.
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The results of our study initially seem to contradict published
reports in which S1P1 agonists protected animals against injury-
induced vascular leak. However, those studies focused on early
time points (< 24 hours) after tissue injury, with the adminis-
tration of a single dose of agonist (10, 12, 16–22). Although
these agents all bind to and activate S1P1 (hence their designa-
tion as agonists), they can also induce receptor internalization
and degradation, and may therefore act as functional antago-
nists of S1P1 upon prolonged exposure (36–38). In fact, such
functional antagonism of S1P1 on lymphocytes is thought to
explain the ability of these agents to induce peripheral lympho-
penia (41, 42). S1P1 agonists were also shown to induce receptor
degradation and functional antagonism of S1P1 on endothelial
cells in vitro (38–40). It is reasonable to hypothesize, therefore,
that prolonged exposure to S1P1 agonists also results in
functional antagonism of S1P1 on endothelial cells in vivo, with
the resulting loss of endogenous S1P–S1P1 signaling leading to
the increased vascular leak that we observed in our experi-
ments.

Other potential explanations for the discrepancy between
our findings and previous reports about S1P1 agonists include
differences in dosing or a specific interaction between these
agonists and bleomycin itself. However, we observed increases
in vascular leak and mortality with both FTY720 doses tested
(0.5 and 5 mg/kg), which overlap with the range of doses shown

to exert barrier-protective effects in short-term models of tissue
injury (0.1–2 mg/kg). Furthermore, we observed increases in
vascular leak with S1P1 agonist treatment in the absence of
bleomycin challenge, suggesting that these findings are not
specific to the lung injury induced by bleomycin. Our finding
that prolonged FTY720 treatment can also exacerbate the lung
injury induced by intratracheal LPS further supports our
hypothesis that this agent can act as a functional antagonist of
endothelial S1P1 in vivo. The contrast between our findings with
sustained FTY720 treatment in the LPS model and previous
findings with short-term administrations of FTY720 in this
model highlight the time-dependent nature of this agent’s
ability to act as either an agonist or antagonist of S1P1.

To support our hypothesis that the effects of S1P1 agonists
on endothelial cells depend on the duration of exposure, we
used an in vitro assay of endothelial monolayer barrier function,
taking advantage of the known barrier-enhancing effect of S1P–
S1P1 signaling in HUVECs. As previously shown, short-term
(1-h) exposure to S1P or S1P1 agonists decreases endothelial
monolayer permeability and protects against thrombin-mediated
barrier disruption. However, prolonged (24-hour) exposure to
S1P1 agonists exerts the opposite effect, increasing monolayer
permeability and eliminating the ability of S1P to enhance
barrier function. This elimination of S1P-mediated barrier pro-
tection suggests an inhibition of normal S1P–S1P1 signaling,

Figure 7. Effects of S1P1 agonists on

lung injury and fibrosis after low-dose

bleomycin challenge. (A) Trichrome
staining of mouse lung sections (scale

bar 5 100 mm) on Day 14 after low-dose

intratracheal bleomycin challenge (0.1 U/kg)

demonstrated minimal collagen accumu-
lation. (B ) Treatment with FTY720 at 0.5

mg/kg, three times per week, resulted in

increased collagen deposition in the
lungs. (C ) Quantification of fibrosis with

total lung hydroxyproline measurement

confirmed the increase in lung fibrosis in

FTY720-treated mice. Treatment with
the S1P1-selective agonist AUY954 also

increased lung fibrosis on Day 14 after

low-dose bleomycin challenge. (D–F )

FTY720 at 0.5 mg/kg, three times per
week, also resulted in increased (D) BAL

total protein concentration, (E ) D-dimer

activity, and (F ) leukocyte accumulation

after low-dose bleomycin challenge. Data
are presented as means 6 SEM, with n 5

5 mice/group. *P , 0.05, **P , 0.005,

and ***P , 0.0005, comparing FTY720-
treated or AUY954-treated versus vehicle-

treated groups at each time point.
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consistent with the hypothesis that in the setting of prolonged
exposure, S1P1 agonists behave as functional antagonists of
endothelial S1P1.

The increase in baseline endothelial monolayer permeability
with prolonged exposure to S1P1 agonists in vitro is also
noteworthy. This finding may be attributable to an inhibition
of basal S1P–S1P1 signaling (because of S1P present in the
growth medium), or it may represent unopposed S1P signaling
through S1P2 or S1P3, which were reported to have barrier-
disruptive properties (49–51). Interestingly, prolonged exposure
to FTY720-P appears to have a greater effect on increasing
baseline monolayer permeability than does SEW2871. Al-
though this finding may be attributed to the higher affinity of
FTY720-P for the S1P1 receptor or its more pronounced effects
on receptor degradation, it may also be attributed to the ability
FTY720-P (but not SEW2871) to activate other S1P receptors,
and specifically S1P3.

Our data support previous work indicating that S1P1 agonists
can act as functional antagonists of S1P1 expressed in endothe-
lial cells in vitro, and also suggest that this phenomenon is
important in vivo. In the lung, this functional antagonism of
S1P1 caused increased vascular leak, both at baseline and in
response to direct lung injury. Therefore, caution should be
exercised in developing S1P1 agonists as potential therapies for
vascular leak syndromes, because prolonged exposure to these
agents may paradoxically worsen leak.

Our findings may have direct clinical implications. In a Phase
II clinical trial of FTY720 for relapsing multiple sclerosis (MS),
pulmonary toxicity, manifested by dyspnea and mild decreases
in pulmonary function, was observed in a significant number of
patients who received FTY720 at the highest dose (5 mg/day)
(30). The lower dose (1.25 mg/day) was equally efficacious at
treating MS, but had minimal pulmonary toxicity. Recent Phase
II and Phase III clinical trials of FTY720 for the prevention of
renal transplant rejection also reported mild, statistically non-
significant decreases in pulmonary function at doses of 5 and
2.5 mg/day (31, 32). Although these pulmonary effects are non-
specific, such findings could result from minor perturbations in
lung endothelial barrier function. However, the FTY720 doses in
our animal experiments are significantly higher (in mg/kg/d) than
the doses used in those clinical trials. For example, our lower
dose of 0.5 mg/kg three times per week would be equivalent to
approximately 12 mg/day in a 60-kg human. Whether or not
FTY720 (or other S1P1 agonists) can exacerbate pulmonary
vascular leak at clinically relevant doses remains to be deter-
mined. Nevertheless, our data suggest that monitoring for the
development or exacerbation of lung injury merits consideration
for patients treated with S1P1 agonists.

In addition to studying the effects of S1P1 agonists on the
initial phases of lung injury, we examined how these agents
affect the later fibrotic phase. Given the excessive mortality
when FYT720 treatment was combined with our standard dose
of intratracheal bleomycin, we used a low-dose bleomycin
challenge to ensure adequate survival at 2 weeks, when fibrosis
could be reliably assessed and compared between control and
treatment groups. We also examined the effects of S1P1 agonists
on lung vascular leak, intra-alveolar coagulation, and inflam-
matory cell accumulation after low-dose bleomycin challenge.

Although this low-dose bleomycin challenge induced a neg-
ligible amount of lung fibrosis in vehicle-treated mice, we found
that concurrent treatment with FTY720 or AUY954 greatly
exacerbated the fibrotic response. As was the case in our
standard-dose bleomycin experiments, significant increases
were evident in vascular leak and intra-alveolar coagulation
with S1P1 agonist treatment under these conditions. A large
body of evidence indicates that intra-alveolar coagulation is an

important component of the fibrotic response to lung injury,
either through the establishment of a provisional fibrin matrix
within the airspaces, or through thrombin-mediated activation
of proteinase-activated receptors (52–59). Increased extravasa-
tion of plasma proteins, including clotting factors, into the
alveolar space as a result of increased vascular leak can lead
to increased intra-alveolar activation of the coagulation cascade.
Therefore, it is reasonable to hypothesize that the increased
fibrosis we observed in FTY720-treated and AUY954-treated
mice resulted from the observed increases in vascular leak and
coagulation.

Other differences in the response to bleomycin injury
elicited by S1P1 agonist treatment preclude us from definitively
attributing the increased fibrosis we observed to functional
antagonism of endothelial S1P1 and increased vascular leak.
Most notable of these differences were alterations in leukocyte
accumulation in the airspaces, although the importance of
inflammatory cells in the development of lung fibrosis after
injury is a matter of controversy. According to numerous pub-
lications, the fibrotic and inflammatory responses to bleomycin
appear to be independent of each other (46, 60–66). Specifically,
the systemic depletion of neutrophils or a genetic deficiency in
T cells does not prevent the development of fibrosis in the
bleomycin model (62, 64, 65). Moreover, a genetic deletion of
lysophosphatidic acid receptor-1 protects against bleomycin-
induced lung fibrosis without affecting inflammatory cell
accumulation in the airspaces (46), and the inhibition of trans-
forming growth factor (TGF)-b activation prevents fibrosis
while increasing inflammation after bleomycin challenge (66).
Nevertheless, we cannot exclude the possibility that the in-
creased overall inflammatory response or reduction in BAL T
cells we observed with prolonged S1P1 agonist treatment may
have contributed to the exaggerated fibrotic response to low-
dose bleomycin. S1P can also mediate other processes that may
contribute to the development of lung fibrosis, including cellular
apoptosis, fibroblast chemotaxis, angiogenesis, and TGF-b
signaling (7, 67–78). Therefore, further elucidation of the effects
of S1P1 agonists on these biological processes will be of interest
for a better understanding of how S1P–S1P1 signaling modifies
the fibrotic response to injury.

The response to lung injury involves a complex series of
biological processes, including epithelial cell death, inflammatory
cell recruitment and activation, increased vascular permeability,
activation of the coagulation cascade, deposition of extracellular
matrix by fibroblasts, and subsequent re-epithelialization. If their
timing, magnitude, and balance are appropriate, these responses
lead to a resolution of injury and restoration of normal lung
structure and function. However, if any or all of these processes
are exaggerated, progressive lung dysfunction can ensue. Dysre-
gulation of the wound-healing response to injury may also lead to
progressive scarring, such as occurs in idiopathic pulmonary fibro-
sis and the fibroproliferative phase of ARDS (79, 80). Endogenous
S1P–S1P1 signaling appears to be a critical regulatory component
of the response to injury, limiting endothelial barrier disruption
and vascular leak. Our data suggest that S1P–S1P1 signaling may
be important for regulating not only the early exudative phase of
lung injury, but also the later fibroproliferative phase. If our
hypothesis that vascular leak promotes fibrosis is correct, then the
development of agents to induce sustained increases in S1P–S1P1

signaling without functional antagonism of the receptor could
potentially benefit patients with vascular leak syndromes, and
with other diseases characterized by excessive fibrosis.
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