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Rationale: Vascular endothelial growth factor receptor (VEGFR)
inhibition increases ceramides in lung structural cells of the alveolus,
initiating apoptosis and alveolar destruction morphologically re-
sembling emphysema. The effects of increased endogenous ceram-
ides could be offset by sphingosine 1-phosphate (S1P), a prosurvival
by-product of ceramide metabolism.

Objectives: The aims of our work were to investigate the sphingosine-
S1P-S1P receptor axis in the VEGFR inhibition model of emphysema
and to determine whether stimulation of S1P signaling s sufficient to
functionally antagonize alveolar space enlargement.

Methods: Concurrent to VEGFR blockade in mice, S1P signaling
augmentation was achieved via treatment with the S1P precursor
sphingosine, S1P agonist FTY720, or S1P receptor-1 (S1PR1) agonist
SEW2871. Outcomes included sphingosine kinase-1 RNA expres-
sion and activity, sphingolipid measurements by combined liquid
chromatography-tandem mass spectrometry, immunoblotting for
prosurvival signaling pathways, caspase-3 activity and terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
assays, and airspace morphometry.

Measurements and Main Results: Consistent with previously reported
de novo activation of ceramide synthesis, VEGFR inhibition triggered
increases in lung ceramides, dihydroceramides, and dihydrosphin-
gosine, but did not alter sphingosine kinase activity or S1P levels.
Administration of sphingosine decreased the ceramide-to-S1P ratio
in the lung and inhibited alveolar space enlargement, along with
activation of prosurvival signaling pathways and decreased lung
parenchyma cell apoptosis. Sphingosine significantly opposed
ceramide-induced apoptosis in cultured lung endothelial cells, but
not epithelial cells. FTY720 or SEW2871 recapitulated the protective
effects of sphingosine on airspace enlargement concomitant with
attenuation of VEGFR inhibitor-induced lung apoptosis.
Conclusions: Strategies aimed at augmenting the STP-S1PR1 signal-
ing may be effective in ameliorating the apoptotic mechanisms of
emphysema development.

Keywords: ceramide; apoptosis; vascular endothelial growth factor;
endothelial cells; chronic obstructive pulmonary disease

Emphysema is defined by destruction of alveolar walls causing
abnormal permanent enlargement of the distal airspaces. There
is currently no effective treatment to halt or to repair the
alveolar wall enlargement in emphysema (1). Critical patho-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Vascular endothelial growth factor (VEGF) receptor
blockade leads to alveolar cell apoptosis and emphysema-
like morphology in rats and mice. Ceramide up-regulation
is a critical step in the alveolar destruction in this model of
emphysema. We investigated whether strategies to activate
the antiapoptotic signaling of sphingosine 1-phosphate (S1P),
a prosurvival metabolite of ceramide, are sufficient to
prevent airspace enlargement induced by VEGF receptor
blockade.

What This Study Adds to the Field

This is the first study of S1P signaling in an emphysema
model and reports that augmentation of an antiapoptotic
signaling pathway that targets lung endothelial cells is
sufficient to prevent airspace enlargement in an experi-
mental emphysema model.

genic processes and attractive therapeutic targets in emphy-
sema include protease—antiprotease imbalance, oxidative
stress, and apoptosis (2). Excessive apoptosis of lung micro-
vascular endothelial cells may contribute to the paucity of lung
tissue in emphysema (3). However, an indiscriminate apoptosis
inhibitory approach in this disease may be detrimental to the
homeostatic removal of other cell types. We asked whether
enhancing primarily the prosurvival signaling of endothelial
cells in a model of apoptosis-dependent emphysema is suffi-
cient to prevent the development of airspace enlargement in
mice.

Excessive alveolar structural cell apoptosis (i.e., of alveolar
endothelial and epithelial cells) has been directly linked to
alveolar—septal destruction and emphysema in various experi-
mental animal models (2, 4-6), including the vascular endothe-
lial growth factor receptor (VEGFR) blockade model of
emphysema. In both mice and rats, VEGFR blockade causes
endothelial cell apoptosis and oxidative stress in the absence of
inflammation (attributed to inhibition of VEGFR on inflamma-
tory cells), ultimately leading to emphysema (2, 5, 6). Ceram-
ides, bioactive sphingolipid molecules that initiate signaling
leading to apoptosis, senescence, and growth arrest (7), are
up-regulated and necessary for the development of VEGFR
blockade-induced airspace enlargement (8). However, exces-
sive ceramide inhibition may deplete downstream prosurvival
metabolites such as sphingosine 1-phosphate (S1P), causing
apoptosis (8), because ceramide is catabolized to sphingosine,
which in turn is phosphorylated by sphingosine kinase (SphK)-1
and SphK-2 to S1P (9-11).
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S1P, primarily via S1P receptor-1 (S1PR1) expressed on
endothelial cells, activates signal pathways involved primarily in
cell survival, migration, and differentiation. It plays a key role in
angiogenesis and maintenance of endothelial function (12, 13),
ameliorating vascular inflammation in acute lung injury (14, 15).
S1P is linked to suppression of apoptosis in several cell lines (16,
17) and organs such as ovary, where a proper balance between
S1P and ceramide plays a key role in tissue homeostasis (16-18).
The role of S1P in the homeostasis of lung parenchyma structures
has not been elucidated.

The VEGEFR inhibition model of emphysema develops in an
apoptosis-dependent manner (6) with minimal inflammation,
while preserving other crucial elements (apoptosis, oxidative
stress, and alveolar septal and capillary destruction) that are
involved in the pathogenesis of human emphysema (5, 6, 19, 20).
Because SIP has been implicated in various immunologic
responses, the absence of prominent inflammation in the
VEGFR blockade model allows for a reductionistic investiga-
tion of the S1P effects on alveolar cell survival. Our data show
that stimulation of the SIP-S1PR1 signaling axis was sufficient
to counteract the deleterious effects of lung ceramide on
airspace enlargement. Some of the results of these studies have
been previously reported in the form of an abstract (21).

METHODS

Animal Studies

Animal studies were approved by the Institutional Animal Care and
Use Committee at Indiana University (Indianapolis, IN). The murine
models of emphysema have been described previously (5, 8). We
administered the specific VEGFR?2 inhibitor SU5416 (20 mg/kg, sub-
cutaneous; Calbiochem, Gibbstown, NJ) once, or its vehicle 0.5%
carboxymethylcellulose (CMC; Sigma, St. Louis, MO) to male C57BL/
6 mice (n = 5 per group; 3 mo old, 25 g; Jackson Laboratory, Bar
Harbor, ME). p-erythro-Sphingosine (20 pg, intraperitoneal; Sigma),
or FTY720 (0.1 mg/kg, intraperitoneal; Cayman Chemical, Ann Arbor,
MI) (8, 14) was given daily for 5 days starting on the day of SU5416
administration, using ethanol (0.1%; intraperitoneal) as vehicle con-
trol. SEW2871 (20 mg/kg; Calbiochem) (22, 23) was similarly admin-
istered by gavage. Mice were harvested 4 weeks after SU5416
administration. Additional details are available in the online supple-
ment and in Figure E1 (in the online supplement).

Sphingolipid Measurements

Ceramide, dihydroceramide, and S1P and dihydro-S1P were measured
as described (24-26) and detailed in the online supplement.

RNA Extraction

RNA was extracted from the lungs of C57BL/6 mice injected with
SUS5416 and CMC controls, and from mice injected with the VEGFR-
specific antibodies DC101 and MF1 (Imclone, New York, NY) (800 g/
mouse per injection, administered intraperitoneally, three times per
week) and their controls (dialyzed rat IgG). This experiment has been
described previously (27). Total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA), and the PureLink Micro-to-Midi total RNA
purification (Invitrogen), as described in the online supplement.

Sphingosine Kinase-1 Quantitative Polymerase
Chain Reaction

Exon-spanning primers specific for SphK1 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were designed on the basis of pub-
lished ¢cDNA sequences: SphK-1, forward 5'-TGGGGCTATGA
CTTGGAAAG-3', reverse 5'-CCAGGGAAGGTCCCTAAGAG-3';
for GAPDH, forward 5'-GCATTTGCTGATTGCACAGT-3’, reverse
5'-ACTGCCGCACTTTGTTCTCT-3'. Real-time polymerase chain re-
action (PCR) was performed with the 7500 real-time PCR system
(Applied Biosystems, Foster City, CA), as described in the online
supplement.

Determination of Sphingosine Kinase-1 Enzymatic Activity

Lungs from DCI101- and MF1- or SU5416-treated mice and their
respective controls were homogenized via microultrasonic cell disrupter
in assay buffer (9), followed by centrifugation at 100,000 X g for
20 minutes (28). SphK1 activity was measured in the supernatant, using
D-sphingosine—coated phospholipid FlashPlates (PerkinElmer Life Sci-
ences, Waltham, MA), as described in detail in the online supplement.

Cell Culture Experiments

Primary rat lung endothelial cells, kindly provided by T. Stevens
(University of South Alabama, Mobile, AL) and rat lung epithelial
cells (L2; American Type Culture Collection, Manassas, VA) were
maintained in culture at 37°C in 5% CO, and 95% air, up to passages
20 and 7, respectively. Cells were grown in Dulbecco’s modified Eagle’s
high-glucose and Ham’s F12 media, respectively, supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin. Treatments
with ceramide (polyethylene glycol-linked ceramide 16:0; Avanti Lipids,
Alabaster, AL) or vehicle were performed under low-serum (2% fetal
bovine serum) conditions.

Morphometric Analysis

Morphometric analysis of lung parenchyma with measurement of the
mean linear intercept was performed as described (6).

Apoptosis

Caspase-3 activity in lung homogenates was measured using a fluoro-
metric assay (Apo-ONE; Promega, Fitchburg, WI) as described (29).

Western Blotting

Protein were extracted from lung homogenates and Western blotting
was performed with antibodies from Cell Signaling (Beverly, MA)
unless otherwise noted: Akt (diluted 1:1,000), phospho-Akt (diluted
1:1,000), extracellular signal-regulated kinase-1/2 (ERK1/2, diluted
1:2,000), phospho-ERK1/2 (diluted 1:1,000), p38 (diluted 1:1,000),
phospho-p38 (diluted 1:1,000), c-Jun N-terminal kinase (JNK, diluted
1:1,000), phospho-JNK (diluted 1:1,000), or vinculin (diluted 1:5,000;
Calbiochem), as described in detail in the online supplement.

Immunohistochemistry

Terminal deoxynucleotidyltransferase-mediated dUTP nick end label-
ing (TUNEL) was performed with a terminal deoxynucleotidyltrans-
ferase apoptosis detection kit (Calbiochem). For colocalization studies,
the TUNEL assay was performed in parallel with fluorescence immu-
nohistochemistry for CD31 marker for endothelial cells as previously
described (8). Sections were counterstained with 4',6-diamidino-2-
phenylindole (DAPI). Microscopy was performed with a Nikon Eclipse
(TE200S) inverted fluorescence system. Images of the parenchyma
were captured in a blinded fashion and the total number of TUNEL-
positive nuclei per high-power field (n = 3-6 fields; each field averaging
250 DAPI-stained nuclei) was recorded. A negative control for staining
was performed to establish the threshold for nonspecific fluorescence.

Statistical Analysis

Statistical analysis was performed with SigmaStat (Systat Software Inc,
Chicago, IL), using unpaired Student ¢ test, analysis of variance, or
Kruskal-Wallis one-way analysis of variance on ranks for morphometry
analysis. A statistically significant difference was accepted at P < 0.05.

RESULTS

Effect of VEGFR Blockade on S1P Production and S1P
Receptor Expression

We have previously demonstrated that ceramides are up-
regulated in the lungs of mice and rats after VEGFR blockade,
primarily because of increased synthesis via the de novo
pathway during the initial 7 days after the administration of
SU5416 (20 mg/kg) (8). These increases are concomitant with
augmented alveolar cell apoptosis, both preceding the increase
in airspace size, which peaks on Day 28 (8). Because S1P is
a downstream metabolite of ceramide with opposing biological
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effects, we investigated whether S1P levels increased in parallel
with increases in ceramides or whether there was any effect of
VEGFR blockade on SphK1, the major regulator of S1P
synthesis. Using tandem mass spectrometry, we measured the
levels of S1P and dihydro-S1P at the time of ceramide elevation
in the lungs of VEGFR-inhibited mice. On Day 7 after SU5416
administration, there was no significant increase in S1P levels in
the lungs of VEGFR inhibitor-treated animals compared with
vehicle-treated mice (Figure 1A). In turn, there was an increase
in lung levels of dihydro-S1P, together with the expected
elevations in ceramides and dihydroceramides in the VEGFR-
inhibited mice (Figures 1B-1D). This pattern is consistent with
increased de novo ceramide synthesis (demonstrated in Refer-
ence 8), which accounts for increased substrate availability for
dihydro-S1P synthesis, combined with a lack of stimulation of
SphK1 activity. To document the effect of VEGFR inhibition
on SphK1, we measured SphK1 mRNA expression in mouse
lungs by real-time PCR after either pharmacological or immu-
nological (30) inhibition of VEGFR. Neither pharmacological
inhibition of VEGFR with SU5416 (20 mg/kg), nor administra-
tion of VEGFR-specific antibodies DC101 and MF1 (800 pg/
mouse three times weekly), altered lung SphK1 mRNA expres-
sion compared with their respective controls (relative expres-
sion of 1.9 = 0.3 vs. 1.85 = 0.2 in the CMC vehicle controls; and
1.84 = 0.3 vs. 1.76 = 0.1 in the IgG-injected controls, re-
spectively). Similarly, when compared with control levels, lung
SphK1 activity was not affected by either approach of VEGFR
blockade with SU5416 (Figure 1E) or anti-VEGFR antibodies
(data not shown). These results are consistent with the finding
of an increased ceramide-to-S1P ratio 7 days after receiving
VEGEFR inhibitor (Figure 1F).

S1P Augmentation via Sphingosine Attenuates the
Development of VEGFR Blockade-induced Emphysema

Because a homeostatic balance between ceramide and S1P may be
essential to the maintenance of alveolar structures, and we docu-
mented an imbalance, that is, increased ceramide-to-S1P ratio, we
reasoned that augmenting S1P signaling may be sufficient to
attenuate the deleterious effects induced by ceramide in the lung.

To address our hypothesis that S1P supplementation will
inhibit VEGFR inhibitor-induced lung injury, mice were ad-
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ministered SU5416 (20 mg/kg) followed by S1P augmentation
during the first week of the 4 weeks of VEGFR inhibition
(Figure E1), coinciding with the kinetics of ceramide-to-S1P
ratio elevation. S1P augmentation was achieved by several
approaches. Because S1P has a short half-life in the circulation
(minutes), direct delivery of S1P is generally impractical. In-
deed, after S1P administration (100 pmol; 40 pl via tail vein;
or 0.5% ethanol vehicle; three times weekly), there was no
significant elevation of S1P levels in the lung at 7 days (data not
shown), whereas daily administrations of S1P (10 pmol or
50 pmol; 20 pl; or 0.1% ethanol vehicle; via retro-orbital sinus
intravenous injection) for 5 days resulted in erratic S1P levels in
the lung, measured 2 hours after the last SI1P injection (e.g.,
whereas the 10-pmol dose elevated lung S1P levels by 80%
[1.79-fold], 50 pmol did not). We therefore chose next to
stimulate S1P signaling by systemic administration of p-erythro-
sphingosine. Sphingosine is a direct precursor of S1P, requiring
SphK1 or SphK2 for the conversion to S1P.

Systemic administration of sphingosine via daily intraperito-
neal injection increased S1P levels in the lung in a dose-
dependent manner on Day 5 (Figure 2A). In the presence of
VEGFR blockade, sphingosine supplementation led to an
increase in S1P levels and a decrease in the ceramide-to-S1P
ratio, without a change in the ceramide or dihydo-S1P levels in
the lung, compared with VEGFR inhibitor-treated lungs alone
(Figure 2B). We next measured the effect of sphingosine
administration on VEGFR inhibitor-induced alveolar enlarge-
ment. Compared with control lungs, the lungs of mice that were
subjected to VEGFR inhibition had evidence of airspace
enlargement (Figure 2C) measured by higher mean linear
intercepts at 28 days (Figure 2D), consistent with the previous
reports that defined this model of emphysema (8, 19). In
contrast, mice that were subjected to VEGFR inhibition
together with S1P supplementation in the form of p-erythro-
sphingosine had no changes in mean linear intercepts compared
with vehicle-treated control mice (Figures 2C and 2D).

To evaluate whether mice receiving D-erythro-sphingosine
demonstrated a change in the survival signaling pathways that
characterize the S1P-mediated effects, we measured the activa-
tion of the Akt and mitogen-activated protein kinase (MAPK)
signaling pathway. The phosphorylation of Akt, measured by
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Figure 1. (A-F) Ceramide and sphin-
gosine 1-phosphate (S1P) expression in
response to vascular endothelial
growth factor receptor (VEGFR) inhibi-
tion. Sphingolipid expression (mean +
SEM; n = 3-6) in the lung after ad-
Veh VEGFR  ministration of vehicle (Veh; carboxy-

-inh methylcellulose, 0.5%) or the VEGFR
inhibitor SU5416 (VEGFR-inh, 20 mg/kg;
Day 7): (A) S1P levels, normalized by
lipid inorganic phosphorus (P)); (B)
dihydro-S1P levels, P = 0.03; (C) ceram-
ide levels, P = 0.001; (D) dihydro-
ceramide lung levels, P = 0.001; (E)
[33P]SPHK-1 activity in the lung; (F)
ratio of ceramide to S1P in the lung,
P =0.02.
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Figure 2. Effect of p-sphingosine supplementation on vascular endothelial growth factor receptor (VEGFR) inhibitor-induced airspace enlargement.
(A) Sphingosine 1-phosphate (S1P) levels in the lung on Day 5 after administration of sphingosine (Sph) at the indicated concentrations (mean =
SEM; *P < 0.05; n = 2 or 3 per time point). (B) Changes in sphingolipids S1P, dihydro-S1P (DH-S1P), ceramide, and the ratio of ceramide to S1P in
the lungs of mice receiving sphingosine supplementation after VEGFR inhibitor (VEGFR-inh) administration, compared with those animals that were
treated with VEGFR inhibitor with vehicle (mean = SEM; *P < 0.05; n = 5). (C) Representative micrographs of hematoxylin and eosin-stained
sections of inflated and fixed alveolar lung tissue from mice treated with vehicle (Veh; 0.5% carboxymethylcellulose), VEGFR-inh (SU5416, 20 mg/kg,
subcutaneous; Day 28), or p-sphingosine (Sph; 20 g, intraperitoneal, daily on Days 1-5 after SU5416 administration). Scale bars, 100 um. Note the
airspace enlargement in the VEGFR inhibitor-treated lungs, which is reduced by treatment with Sph. (D) Morphometric measurements of the mean
linear intercept (MLI), indicating airspace size in mice that were treated with Veh, VEGFR-inh, or Sph and VEGFR-inh (mean + SEM; *P < 0.05 vs. Veh;

#P < 0.05 vs. VEGFR-inh; n = 5 per group; analysis of variance).

immunoblotting of lung lysates with a phospho-specific anti-
body and then normalized by total Akt levels, was decreased in
the VEGFR inhibitor-treated mice compared with vehicle
controls (Figure 3A). In contrast, D-erythro-sphingosine aug-
mentation prevented the decrease in Akt phosphorylation
induced by VEGFR blockade. All three major MAPK signaling
pathways were down-regulated by VEGFR inhibition in the
lung, whereas treatment with p-erythro-sphingosine significantly
restored signaling of the ERK and p38 MAPK pathways, with
variable effects on JNK1 activity (Figures 3B-3D).
Modulatory effects of p-erythro-sphingosine treatment on the
survival signaling pathways were associated, as expected, with
an antiapoptotic effect, opposing VEFGR inhibitor-induced
apoptosis in the lung parenchyma, as measured by TUNEL
staining of alveolar structures (Figure 4A). To determine which
alveolar cells were more likely to be rescued by S1P supple-
mentation, we performed TUNEL staining of lung sections of
VEGPF-inhibited mice in conjunction with staining for CD31,
a marker of endothelial cells, which were the alveolar cells
predicted to undergo apoptosis on withdrawal of this trophic
factor. Indeed, VEGFR inhibitor treatment was associated with
TUNEL-positive nuclei of cells staining for CD31 (Figure 4B).
In contrast, treatment with p-erythro-sphingosine markedly re-
duced the positive TUNEL staining in these cells (Figure 4B).
To more specifically investigate the cell-specific antiapoptotic

effect of p-erythro-sphingosine on alveolar epithelial and endo-
thelial cells, we studied primary epithelial and endothelial lung
cells isolated from rats. Murine epithelial and endothelial cells
undergo apoptosis when treated with ceramide (24, 31). Rat
epithelial or endothelial cells were simultaneously treated with
ceramide (ceramidel6:0; 10 mM) and either S1P or p-erythro-
sphingosine, followed by quantification of apoptosis by caspase-3
activity of the cell lysates, normalized by protein concentration.
S1P or p-erythro-sphingosine had a significantly higher inhibitory
potency against ceramide-induced caspase-3 activity in endothe-
lial cells compared with epithelial cells (Figure 4C).

Together, these results suggested that sphingosine activated
antiapoptotic S1P signaling, which typically occurs through
engagement of its receptors.

S1P Augmentation via S1P Receptor Agonists Attenuates the
Development of VEGFR Blockade-induced Emphysema

FTY720 is a sphingosine analog that is phosphorylated endog-
enously by SphK2 (32-34) to generate the active metabolite
FTY720 phosphate, which activates S1P receptors 1, 3, 4, and 5
(12). SEW2871 is a selective S1PR1 receptor agonist (12).
Treatment with either FTY720 or SEW2871 had a protective
effect on VEGFR inhibitor-induced airspace enlargement
measured by mean linear intercept (Figure 5A) of alveolar
structures stained with hematoxylin and eosin (Figure 5B). We
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Figure 3. Effect of vascular endothelial growth factor receptor (VEGFR) inhibition and p-sphingosine supplementation on Akt and mitogen-
activated protein kinase (MAPK) signaling pathways in the lung. Protein homogenates were isolated 28 days after administration of the VEGFR
inhibitor SU5416 (VEGFR-inh; 20 mg/kg, once), with concomitant p-sphingosine (Sph; 20 ng/injection for 5 d) or its vehicle (Veh) and protein was
used for immunoblotting (30 pg) with the respective antibodies, followed by densitometry. Each lane represents an individual animal. (A) Akt
activation was measured as the ratio of phosphorylated Akt to total Akt, as detected by immunoblotting (right) (mean + SEM; *P < 0.05 vs. Veh; n =
4 or 5). (B) Extracellular signal-regulated kinase (ERK) (MAPK 42/44) activation was measured as the ratio of phosphorylated ERK to total ERK, as
detected by immunoblotting (right) (mean + SEM; *P < 0.05 vs. Veh; #P < 0.05 vs. VEGFR-inh; analysis of variance [ANOVA]; n = 4-8). (C) p38
MAPK activation was measured as the ratio of phosphorylated p38 MAPK to total p38 MAPK, as detected by immunoblotting (right) (mean + SEM;
*P < 0.05 vs. Veh; #P < 0.05 vs. VEGFR-inh; ANOVA; n = 4-8). (D) c-Jun N-terminal kinase-1 (JNK1) activation was measured as the ratio of
phosphorylated JNK1 to total JNK1 (mean + SEM; *P < 0.05 vs. Veh; ANOVA; n = 3-8).

have previously reported that FTY720 (0.1 mg/kg) inhibited and antiapoptotic S1P is needed for homeostatic cellular
VEGFR inhibitor-induced apoptosis on Day 7 after SU5416 survival. The current study built on our previous observation
administration, which is the peak of apoptosis kinetics in this that VEGFR inhibition up-regulated lung ceramide through the
model (8). Interestingly, in contrast to FTY720, SEW2871- de novo ceramide synthesis pathway (8). Whereas inhibition of

treated animals had a persistent decrease in apoptosis even ceramide synthesis by fumonisin B1 (FB1), a ceramide synthase
28 days after VEGFR inhibitor administration, as measured by inhibitor, led to attenuation of emphysema in VEGFR-
caspase-3 activation in mouse lungs (Figure 5C). These anti- inhibited lungs (8), unopposed inhibition of ceramide synthesis
apoptotic effects of SEW2871, but not FT'Y720, were associated with FB1 in control lungs increased apoptosis and airspace
with an elevation of Akt phosphorylation at this time point, enlargement (8). These deleterious effects of FB1 were pre-

measured by Western blotting and densitometry compared with viously reported in other organs, such as liver (35). We reasoned
the lungs of VEGFR inhibitor-treated animals. Similarly, that these effects may be mediated by inhibition of downstream
SEW2871, but not FTY720, strongly opposed the inhibitory prosurvival sphingolipids (S1P). An excess of ceramide, in turn,
effect of VEGFR inhibitor on p38 MAPK (Figure 5E, panel ii) amplifies the levels of oxidative stress and matrix proteolytic
and had a modest stimulatory effect on ERK phosphorylation activity, and plays a central role in lung cell apoptosis and
(Figure SE, panel i) that did not reach statistical significance alveolar septal destruction (8). To functionally neutralize the
(P = 0.08). The negative effect of the VEGFR inhibitor on JNK excessive levels of ceramide in the lung, we aimed to up-

activation was not opposed by the S1P agonists; moreover, regulate S1P signaling. S1P levels are regulated by three groups
FTY720 accentuated this inhibitory effect (Figure SE, panel iii), of enzymes: sphingosine kinase-1 and -2, which phosphorylate
possibly reflecting its wider range of effects on multiple cellular sphingosine to S1P, being the major enzymes involved in S1P
targets when compared with SEW2871. synthesis (9, 28, 36); S1P lyase (37); and sphingosine phosphate

phosphatases and lipid phosphate phosphatase-1 (11), which are
DISCUSSION involved in prompt S1P breakdown. Our studies indicate that

VEGFR blockade does not inhibit SphK-1 activity and does not

Our studies suggest that augmentation of S1P signaling in the down-regulate S1P levels in the lung. Although additional
VEGFR blockade model of emphysema results in attenuation effects of VEFGR blockade on the other enzymes regulating
of airspace enlargement and apoptosis, through reversal of the S1P were not further investigated in this work, the up-regula-
ceramide-S1P imbalance. tion of dihydro-S1P was consistent with activation of the de
Previous studies in human promyelocytic cells (17) and novo pathway of ceramide synthesis without concomitant
female gonadal cells (16), and our studies in mouse lungs (8), activation of the S1P synthesis pathway. Dihdro-S1P, which
have suggested that a balance between proapoptotic ceramide differs from S1P by lacking the 4,5-trans double bond, is known
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Figure 4. Antiapoptotic effects of p-sphingosine. (A) Lung apoptosis (number of terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling [TUNEL]-positive cells per high-power lung field [hpf] measured on coded slides) was increased in response to vascular endothelial growth
factor receptor inhibitor (VEGFR-inh), but not in mice supplemented with p-sphingosine (Sph) (mean + SEM; *P < 0.05 vs. vehicle [Veh]; #P < 0.05
vs. VEGFR-inh; Student’s t test; n = 3-6). (B) Coimmunolocalization of TUNEL-positive apoptotic cells (green) with endothelial cell marker (CD31,
red) in lungs treated with VEGFR-inh with or without Sph supplementation. Note TUNEL-positive nuclear staining of CD-31 decorated cells (arrows).
Alveolar macrophages exhibited typical green autofluorescence (arrowheads). Scale bars, 50 pm. (C) Inhibitory activity of sphingosine 1-phosphate
(S1P, 1 uM) or Sph (1 wM) cotreatments on ceramide-induced caspase-3 activity measured by kinetic fluorimetry (U/min) normalized by protein
concentration in lysates of primary rat lung epithelial and endothelial cells. The inhibitory activity was calculated relative to the apoptotic activity
induced by ceramide 16:0 (Cer, 10 uM, 24 h) treatment in the absence of S1P or Sph (mean + SEM; *P < 0.05 vs. inhibitory activity of the
respective S1P agonist on epithelial cells; n = 3). DAPI = 4’,6-diamidino-2-phenylindole.

to activate S1P receptors, while lacking the intracellular second-
messenger properties of S1P (38). In addition, dihydro-S1P and
S1P may have opposite signaling effects (39), including a loss of
antiapoptotic effects of dihydro-S1P (38) Moreover, because
SphK activity was not affected by the VEGFR inhibitor, we
augmented S1P signaling by three approaches: increasing the
substrate for SphK1 by administration of p-erythro-sphingosine
(S1P precursor); generation of S1P signaling analog FTY720-P
(32, 34), which was described as also inhibiting de novo
ceramide biosynthesis (26, 40); or engaging S1P signaling in

the lung via SEW2871, an S1PR1 agonist. All three approaches
attenuated VEGFR blockade-induced airspace enlargement in
mouse lungs.

Sphingosine administration significantly decreased the
VEGFR inhibitor-induced ceramide-to-S1P ratio in the lung,
concomitant with up-regulation of prosurvival Akt activation
and inhibition of apoptosis in the lung. The antiapoptotic effect
of sphingosine appeared to be affecting predominantly alveolar
endothelial cells. Although S1P-independent effects of sphin-
gosine were not ruled out by our experimental design, these
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results were consistent with augmentation of S1P signaling.
Because the effect of S1P is mediated primarily via its receptors,
we investigated the effect of specific SIP receptor agonists on
VEGFR inhibitor-induced lung injury.

FTY720 is a sphingosine analog that is phosphorylated
primarily by sphingosine kinase-2 to form its active metabolite
FTY720 phosphate, which in turn activates the S1P receptors 1,
3, 4, and 5. Furthermore, important effects of FT'Y720 on the
lung endothelium are S1P receptor independent (41) and
FTY720 is also known to inhibit S1P lyase (42), to directly
inhibit ceramide synthases, block ceramide generation, and up-
regulate dihydro-S1P de novo biosynthesis (26, 40). Hence,
FTY720 has pleiotropic effects on lymphocyte trafficking
(32, 33, 43), endothelial vascular permeability (41, 44), heart
rate, and myofibroblast differentiation (45), to name a few.
These diverse effects may explain the dissimilar effects of
FTY720 on major signaling pathway activation compared with
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sphingosine or SEW2871 and make it difficult to identify the
precise mechanism by which FTY720-treated animals were
protected from airspace enlargement in our model. For these
reasons, we used SEW2871, a partial SIPR1 receptor agonist
that leads to SIPR1 receptor internalization and recycling (23,
46). It has been shown to ameliorate ischemia-reperfusion
injury in kidneys by decreasing lymphocyte numbers and
proinflammatory cytokines, including tumor necrosis factor-a
(22). The finding that SEW2871 blocks the development of
emphysema after VEGFR inhibition suggests that SIPR1 plays
a major role in the maintenance of alveolar septal integrity.
S1PR1 is known to mediate the effects of S1P on endothelial
cell differentiation, adherens junction formation, and mainte-
nance of endothelial integrity (12), including inhibition of
apoptosis (along with S1P3) via the Akt pathway. SEW2871
shared similar effects with sphingosine on signaling pathways,
stimulating Akt, p38MAPK, and (modestly) ERK activities in
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the presence of the VEGFR inhibitor, supporting a shared
pathway of lung apoptosis inhibition via SIPR1. Interestingly,
S1PR1 is known to be up-regulated by VEGF (47), suggesting
that, although we could not document a decrease in S1PR1
protein expression in response to VEGFR blockade, the
inhibited VEGF function may have further weakened the
effects of the endogenous S1P on S1PRI1 signaling. The finding
that S1PR1 agonist was sufficient to inhibit apoptosis and
airspace enlargement in this model is encouraging, as this target
would theoretically eliminate many of the side effects attributed
to the other S1P receptors, such as tachycardia or hypotension
(22, 23, 46).

Although VEGFR blockade and the cigarette smoking
models of emphysema share features such as ceramide up-
regulation and alveolar cell apoptosis (8, 48), the presence of an
inflammatory response and the irreversible nature of the
airspace destruction are uniquely induced by cigarette smoke
exposure. Future studies will need to address the effects of
cigarette smoking on S1P levels and activity and the effective-
ness of S1P supplementation against the onset and progression
of emphysema in response to cigarette smoke. The results of the
current study suggest SIPR1 receptor agonists may be useful
therapeutic agents for ameliorating or arresting the progression
of apoptosis in cells comprising the alveolar walls, in particular
endothelial cells, which may ultimately protect against airspace
enlargement in emphysema.
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