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Ceramide is a sphingolipid generated either by hydrolysis of sphin-
gomyelin or by de novo synthesis. It regulates cellular responses to stress,
cytokines, radiation and proapoptotic stimuli1,2. A potential role of
ceramide in the regulation of vascular permeability and pulmonary
edema has not yet been considered.

Noncardiogenic pulmonary edema is a hallmark of ALI, a major
cause of death in intensive care units. In many experimental models of
ALI (such as exposure to endotoxin, zymosan, acid aspiration or intes-
tinal ischemia-reperfusion), edema formation is mediated by PAF3–7. In
addition, application of recombinant PAF acetylhydrolase markedly
decreases vascular leakage in animal models8, and showed promising
results in phase 2 clinical trials for severe sepsis9.

The molecular mechanisms by which PAF triggers edema formation
are only poorly understood, possibly because the study of PAF is compli-
cated by several factors. In vitro, PAF does not alter the permeability of
confluent endothelial cell layers10,11. The interpretation of in vivo exper-
iments with PAF is confounded by its effects on local (hypertension) and
systemic (hypotension) blood pressure12. One physiologically relevant
model that can be used to address the mechanisms of PAF action is the
isolated, perfused lung, in which edema formation can easily be moni-
tored by measuring lung weight13. In this model, the confounding
effects of pulmonary hypertension are excluded by perfusing the lungs
with constant hydrostatic pressure, while perfusion with blood-free 
perfusate permits the elimination of blood-borne leukocytes.

Using this model, we recently showed that PAF triggers edema by
increasing microvascular permeability through two independent mech-
anisms5. One pathway involves activation of EP-3-receptors by
prostaglandin E2, and can thus be blocked by cyclooxygenase inhibitors
such as acetyl salicylic acid (ASA)5,14. The nature of the other pathway is
unknown; the purpose of the present study is to elucidate its identity.
Based on the observation that PAF stimulates ceramide formation in

mouse P388D1 macrophages15, we hypothesized that ceramide is
involved in PAF-induced edema formation. We investigated this
hypothesis in isolated, perfused rat lungs and in vivo in mice. Our find-
ings indicate an important role for ceramide and ASM in mediating
PAF-induced pulmonary edema.

RESULTS
PAF mediates pulmonary edema through ASM and ceramide
To test the hypothesis that the ASM-ceramide pathway contributes to
PAF-induced pulmonary edema, we treated ASM-deficient or wild-type
control mice with PAF and assessed the development of pulmonary
edema. Whereas normal mice developed pulmonary edema within 
10 min of PAF administration, ASM deficiency reduced pulmonary
edema by ∼ 50%, as did pretreatment with ASA (Fig. 1a). Treatment of
ASM-deficient mice with ASA completely eliminated PAF-induced
edema (Fig. 1a), indicating that PAF-induced edema is mediated by the
combined action of ASM and cyclooxygenase.

We next investigated whether PAF increases ASM activity.
Compared with sham-treated mice, PAF treatment resulted in a 28%
increase in serum ASM activity, but did not increase neutral sphin-
gomyelinase (NSM) activity (Fig. 1b) or ceramide synthase activity
(data not shown). The secretory form of ASM is Zn2+-dependent16,17,
which distinguishes this ASM from intracellular, endolysosomal
ASM. PAF-induced serum ASM activity was also strictly Zn2+-
dependent (data not shown), indicating that the enzyme we measured
represents the secretory form of ASM and does not result from dam-
aged cells. Western blot analysis confirmed that the increase in ASM
activity was paralleled by an increase in ASM protein (Fig. 1c). To
show that at least part of the increased ASM serum activity originated
from the lungs and not from other organs or blood-derived leuko-
cytes, we measured ASM in the venous effluent of isolated, blood-
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Platelet-activating factor (PAF) induces pulmonary edema and has a key role in acute lung injury (ALI). Here we show that PAF
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free, perfused rat lungs. Perfusion of rat lungs with PAF rapidly
increased the activity and amount of extracellular ASM (Fig. 1d,e),
demonstrating that PAF triggers ASM release from lungs.

Because ASM hydrolyzes sphingomyelin to ceramide, we deter-
mined the concentration of ceramide in the lungs of PAF-treated
mice. In addition, to exclude an extrapulmonary origin of ceramide
derived from invading leukocytes, some experiments were conducted
in isolated, perfused rat lungs. Both in vivo (Fig. 2a,b) and in the iso-
lated organ (Fig. 2c,d), PAF treatment increased the tissue concentra-
tion of long-chain ceramides by ∼ 50%. In ASM-deficient mice, no
increase in pulmonary ceramide content was observed; in wild-type
mice, pretreatment with ASA had no effect on PAF-induced ceramide
generation (Fig. 2b). We also observed an increase in diacylglycerol
(DAG) content in PAF-stimulated lungs (Fig. 2c), which is consistent
with the activation of phospholipase C isoenzymes.

Because long-chain ceramides (C16- or C18-ceramide) are insolu-
ble in the perfusate buffer—some solvents such as ethanol or toluene
that can be used in cell culture are toxic in isolated lungs—we were
unable to directly investigate their effects, and instead used a short-
chain analog, C2-ceramide. Perfusion of rat lungs with C2-ceramide
(50 µM), but not C2-di-hydroceramide (50 µM), caused severe
edema (Fig. 3), confirming that ceramides are able to generate lung
edema. Taken together, these findings indicate a central role of
ASM-derived ceramide in PAF-induced edema.

Therapeutic interventions attenuating edema
These and other findings18,19 suggest that extracellular ASM mediates

the release of ceramide, which is functionally
active in the outer leaflet of the cell mem-
brane. To neutralize surface ceramide, we

investigated the effects of two recently described ceramide-specific
antisera20–22 on PAF-induced edema formation. Application of
ceramide-specific antibodies to mice (5 mg/kg) or isolated, perfused
rat lungs (50 µg/ml) reduced the extent of PAF-induced edema 
(Fig. 4a,b). The specificity of this inhibition was supported by the
finding that the antisera prevented PAF-triggered pulmonary edema
but had no effect on other PAF actions, such as the decreases in vascu-
lar and pulmonary conductance, which indicate vasoconstriction and
bronchoconstriction (Fig. 4c,d), events that are predominantly medi-
ated by thromboxane23. In addition, the IgG monoclonal antibody A6
(ref. 24), directed against lipid A (which did not cross-react with
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Figure 1 ASM mediates PAF-induced edema. 
(a) Edema formation in lungs of untreated wild-
type mice (Smpd1+/+; n = 9), PAF-treated wild-
type mice (Smpd1+/+/PAF; n = 11), PAF-treated
ASM-deficient mice (Smpd1–/–; n = 6), 
PAF-treated wild-type mice pretreated with ASA
(Smpd1+/+/ASA/PAF; n = 5) and PAF-treated
ASM-deficient mice pretreated with ASA
(Smpd1–/–/ASA/PAF; n = 6). *, P < 0.05
compared with Smpd1+/+/PAF. #, P < 0.05 for
Smpd1–/– ASA/PAF compared with
Smpd1+/+/ASA/PAF. (b) Serum activity of ASM
and NSM in untreated (control) and PAF-treated
BALB/c mice (n = 4–6). (c) Representative
immunoblot of sera from PAF-treated Smpd1–/–

and Smpd1+/+ mice using ASM-specific antibody,
showing 72-kDa and 75-kDa bands (indicated by
‘ASM’). (d,e) ASM activity (d; n = 4–5) and
amount (e; immunoblot) in venous effluent of
untreated and PAF-treated isolated, perfused 
rat lungs.
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Figure 2 PAF increases pulmonary ceramide content. (a,b) Pulmonary
ceramide content (n = 4–5), as determined by charring densitometry in
lungs of untreated (control) and PAF-treated BALB/c mice (a) and wild-
type or ASM-deficient mice treated as indicated with PAF and ASA (b).
(c,d) Pulmonary ceramide content, as determined by DAG kinase assay in
isolated lungs perfused with or without PAF for 10 min. c, Thin-layer
chromatography. Std., ceramide standard (Sigma type III); DAG-P,
diacylglycerol-phosphate; Cer-P, ceramide-phosphate. d, Ceramide content
of PAF-treated (n = 11) or untreated (control) (n = 6) lungs, expressed as
ratio of content of PAF-treated to control lungs on the same thin-layer
plate. *, P < 0.05 compared with control. 
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ceramide (data not shown), although lipid A has been suggested to be
structurally similar to ceramide25), did not alter PAF-induced pul-
monary edema (Fig. 4a,b).

We next examined the effects of two different techniques for phar-
macologically preventing ceramide formation. We interfered with
ceramide biosynthesis by treatment with the xanthogenate D609
(refs. 26,27), and we used imipramine to induce proteolytic degrada-
tion of ASM28,29. To exclude any extrapulmonary effects caused by
changes in blood pressure or by leukocytes, we used isolated, blood-
free, perfused rat lungs. Pretreatment with either agent prevented the
PAF-induced increase in pulmonary ceramide (Fig. 5a) and attenu-
ated the development of PAF-induced edema (Fig. 5b). Fumonisin
B1, an inhibitor of the de novo synthesis of ceramide, had no effect on
PAF-induced edema (Fig. 5b), a finding that supports the role of ASM
in ceramide release. Simultaneous treatment with D609 and ASA fur-
ther reduced the development of edema in response to PAF (Fig. 5b).
These results further corroborate the hypothesis that PAF triggers
edema through at least two independent pathways. To extend these 
in vitro findings to whole, intact animals, we pretreated mice with
D609 and then challenged them with PAF. Pretreatment of mice with
D609 prevented PAF-induced edema in vivo (Fig. 5c).

Steroid treatment reduces pulmonary edema in many models, such
as PAF-treated rats30, by an unknown mechanism. Because steroids
may lower ceramide synthesis31, we investigated the effect of the 
glucocorticoid dexamethasone on PAF-induced ceramide and edema
formation in mice in vivo. In this model, pretreatment of mice with
dexamethasone prevented the increase in pulmonary ceramide and
attenuated edema formation (Fig. 5d).

Finally, we examined whether D609 is also effective in PAF-
dependent models of acute lung injury, such as endotoxin- or acid-
induced pulmonary edema3,5,6. Pulmonary edema developed in the
control animals, whereas D609-pretreated mice or rats were partly
resistant to the edema-promoting effects of endotoxin (Fig. 6a) and
acid instillation (Fig. 6b), respectively. In addition, D609 largely
restored arterial oxygenation in the acid-instillation model (Fig. 6c),
but had no effect on mean blood pressure (Fig. 6d).

DISCUSSION
The present study shows that PAF-induced pulmonary edema is
partly mediated by ASM and ceramide. This conclusion is supported
by the following findings: (i) PAF treatment increased extracellular
ASM activity, leading to higher pulmonary ceramide levels; (ii) ASM
deficiency attenuated lung edema in mice treated with PAF; (iii) 
PAF-induced edema formation was reduced in the presence of
ceramide-specific antibodies; (iv) application of C2-ceramide caused
edema formation; and (v) inhibition of ceramide formation by D609
or imipramine attenuated both ceramide production and edema for-
mation. None of the approaches that interfered with the synthesis or
action of ceramide completely prevented PAF-induced edema, how-
ever. Complete inhibition was only achieved by combining ASM defi-
ciency (Fig. 1a) or D609 (Fig. 5b) with ASA, a finding that is
consistent with the hypothesis that PAF-induced edema is mediated
by two separate pathways5,14. Taken together, these findings indicate
that PAF triggers pulmonary edema by simultaneous activation of
cyclooyxgenase and ASM, followed by subsequent production of
prostaglandin E2 and ceramide.

Our findings suggest, but do not prove, that ceramide may be gen-
erated in the outer leaflet of the cell membrane by extracellularly
active ASM. This conclusion is supported not only by the increased
extracellular ASM protein level and activity observed after PAF treat-
ment, but also by the protection against edema formation provided
by ceramide-specific antisera (in all likelihood, the IgM-type anti-
bodies are unable to penetrate the plasma membrane). The hypothe-
sis that ceramide might be formed in the outer leaflet of the plasma
membrane is also consistent with the localization of cellular sphin-
gomyelin32, the substrate of ASM, predominantly in the outer leaflet.
Two extracellular forms of ASM have been described. Grassmé et al.
showed that ASM is translocated onto the surface of sphingolipid-
rich rafts upon CD95 triggering18. Tabas et al. recently discovered a
secreted form of ASM, S-Smase, which is encoded by the Smpd1 gene
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Figure 3 Ceramide causes pulmonary edema. Lungs perfused with 50 µM
C2-ceramide (�; n = 5) experienced significantly (P < 0.05) greater weight
gain than did those perfused with 50 µM C2-dihydroceramide (�; n = 3) or
untreated control lungs (data not shown).
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Figure 4 Ceramide-specific antisera selectively reduce PAF-induced edema
formation. (a) PAF-induced edema formation in mice in vivo. Controls, 
n = 11; PAF, n = 12; ceramide-specific MAS0020 polyclonal antiserum (A)
and PAF, n = 10; ceramide-specific MID15B4 monoclonal antibodies (B)
and PAF, n = 5; lipid A–specific antibody (control) and PAF, n = 8. 
*, P < 0.01 compared with PAF alone. EB, Evans blue. (b–d) Weight gain
(b), vascular conductance (c) and pulmonary conductance (d) in isolated,
perfused rat lungs. Conductance was normalized to the time when PAF was
added. Controls (�), n = 9; PAF (�), n = 42; 5 µg/ml antiserum A and PAF
(�), n = 3; 50 µg/ml antiserum A and PAF (�), n = 3; 50 µg/ml control
antiserum and PAF (�), n = 3. *, P < 0.05 compared with PAF alone.
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A R T I C L E S

and, under certain conditions, can function at neutral pH16.
Endothelial cells, which are thought to regulate vascular permeability,
are a particularly rich source of active S-SMase16. Taken together, the
increased activity of ASM in the serum of endotoxin-treated17 and
PAF-treated mice (this study) indicates an important role for extra-
cellularly active ASM in ceramide formation.

It is generally accepted that increased vascular permeability results
from alterations in endothelial cells33. These cells are the probable tar-
gets for the two different ceramide-specific antisera, as they were
given intravascularly. Therefore, and in line with previous observa-
tions in lipopolysaccharide (LPS)-induced lung injury34, we believe
that ceramide is formed in and acts on vascular endothelial cells. The
importance of ceramide in PAF-induced edema formation was shown
using pharmacological interventions and specific antibodies. D609
interferes with activation of ASM26 and sphingomyelin synthase27,
while imipramine reduces ASM stability and triggers the degradation
of ASM protein29. Although neither agent is absolutely specific, they
are structurally unrelated and their common effect was the downreg-
ulation of ceramide production (Fig. 5a), suggesting ceramide release
by ASM as a common target.

Both the ceramide measurements and the specificity of the antis-
era suggest that PAF-induced edema is mediated by long-chain
ceramide species. Because of their insolubility, however, we were
unable to examine long-chain ceramides. The potential of ceramide
to induce pulmonary edema was shown by perfusion of rat lungs
with C2-ceramide, although it is not clear to what extent 
C2-ceramide mimics long-chain ceramides35,36. Perfusion with ASM
(up to 2 U/ml) through the pulmonary artery did not result in edema
formation (data not shown). These negative findings could be
explained by a number of mechanisms, such as: the high perfusate
flow rate of 25–30 ml/min, which shortens the duration of contact
between ASM and the endothelium; elimination of the perfused
ASM before it reaches its potential target cells; failure of genetically
engineered ASM to bind to endothelial cells in situ; or the possibility
that ASM acts intracellularly. Although little is known about the sig-
naling mechanisms that transmit signals initiated by ceramide35,36,

our experiments suggest that ceramide causes edema by increasing
vascular permeability rather than by increasing hydrostatic pressure.
First, the lungs were always perfused at a constant pressure, largely
excluding the possibility that the edema resulted from hydrostatic
pressure. Second, treatment with ceramide-specific antisera 
(Fig. 4c,d) or imipramine (not shown) attenuated PAF-induced
edema but had no effect on PAF-induced vasoconstriction. These
observations also show that these treatments did not interfere
directly with PAF or the PAF receptor.

Several in vivo findings suggest that ceramide has clinical relevance
as a mediator of pulmonary edema and acute lung injury. Similar to
PAF, endotoxin treatment increases circulating ASM concentrations17

and pulmonary ceramide levels34, and pretreatment of mice with
D609 attenuated PAF- and endotoxin-induced edema formation
(Figs. 5 and 6). Of note, D609 prevents endotoxin-induced expression
of adhesion molecules in the pulmonary vasculature, infiltration of
leukocytes, and death37, events to which PAF might contribute.
Tumor necrosis factor has been thought to promote the production of
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Figure 5 Attenuation of PAF-induced ceramide and edema formation. 
(a) Pulmonary ceramide content in isolated, perfused rat lungs. Controls, 
n = 6; PAF, n = 11; D609/PAF, n = 3; imipramine/PAF, n = 3. (b) PAF-
induced weight gain in isolated, perfused rat lungs. Controls, n = 9; PAF, 
n = 42; D609/PAF, n = 4; imipramine/PAF, n = 5; D609/ASA/PAF, n = 3;
fumonisin B1/PAF, n = 3. (c) Effect of D609 on PAF-induced edema
formation in mice in vivo. Controls, n = 28; PAF, n = 27; D609/PAF, n = 6.
EB, Evans blue. (d) Effect of dexamethasone (DEX) on PAF-induced ceramide
(Cer; left three bars) and edema (right three bars) formation in mice in vivo.
Control, n = 11; PAF, n = 12; dexamethasone/PAF, n = 6. *, P < 0.05
compared with PAF alone; ‡, P < 0.05 compared with PAF and D609.
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Figure 6 D609 attenuates edema formation in models of ALI. (a) Effect of
D609 on endotoxin-induced edema formation. Controls, n = 21; endotoxin
(LPS), n = 15; D609/LPS, n = 5. EB, Evans blue. (b–d) Effect of D609 on
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*, P < 0.05 compared with LPS- or acid-treated animals.
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ceramide in response to endotoxin. However, the wide range of proin-
flammatory actions of PAF, together with the present findings, sug-
gest that some activities previously attributed to tumor necrosis
factor might also be mediated by PAF through its capacity to trigger
the production of ceramide. Acid instillation is another model of ALI
in which a central role for PAF is clearly established6. The protective
effect of D609 in this model therefore lends further support to the
proposition that the ASM pathway is of clinical relevance in ALI, at
least when PAF is involved. Finally, our finding that dexamethasone
prevented the PAF-induced increase in ceramide provides a new
explanation for the antiedematous effects of steroids.

Together, these findings suggest that inhibition of extracellular
ASM and ceramide biosynthesis or action may serve as a new thera-
peutic strategy to treat pulmonary edema and other sequelae of
inflammatory lung injuries.

METHODS
Materials. Female Wistar rats were obtained from Harlan Winkelman, female
BALB/c mice from Charles River, and ASM-deficient (Smpd1–/–) and wild-
type mice from R. Kolesnick (Memorial Sloan-Kettering Cancer Center). All
animal experiments were ethically approved by the local authorities
(Ministerium für Umwelt, Landwirtschaft und Forsten des Landes Schleswig-
Holstein). Antibodies to ceramide were obtained from Glycobiotech (MAS
0020 IgM-enriched polyclonal mouse serum) and Alexis Deutschland (MID
15B4 monoclonal IgM antibody).

Preparation of isolated, ventilated and perfused rat lungs. Rat lungs were pre-
pared as described13,38. Lungs were perfused through the pulmonary artery at
constant hydrostatic pressure (12 cm H2O), with Krebs-Henseleit buffer con-
taining 1% rat serum (except in ceramide perfusion experiments during which
binding to serum factors was minimized by using 0.1% albumin), 0.1% glu-
cose and 0.3% HEPES.

Experimental design of perfused lung studies. After 30 min of perfusion,
5 nmol PAF (final concentration, 50 nM) was injected as a bolus directly into the
tubing leading to the pulmonary artery. All other agents, including ceramide and
dihydroceramide (50 µM), were added to the buffer reservoir. Solutions of
imipramine (final concentration, 10 µM), D609 (300 µM) or fumonisin B1
(1 µM) were prepared in perfusate buffer and added 10 min before addition of
PAF. Antisera (5 or 50 µg/ml in RPMI 1640 medium) were added at the begin-
ning of the experiments. For ceramide quantitation, lungs were shock-frozen
and ground in liquid nitrogen 10 min after the addition of PAF.

Experimental design of in vivo studies. Edema was assessed by measuring
the pulmonary concentration of Evans blue. Evans blue (20 mg/kg) was
injected into the lateral tail vein either simultaneously with PAF (4 µg/kg)5

or 6 h after endotoxin (10 mg/kg intraperitoneally). Seven minutes after
injection of Evans blue, PAF- and the LPS-treated animals were killed by
intravenous administration of pentobarbital (200 mg/kg) and heparin 
(100 U/mouse). The acid instillation model was carried out as described39.
D609 (40 mg/kg intraperitoneally) and antibodies (5 mg/kg intravenously)
were administered 30 min before injection of PAF or endotoxin. Because of
its short half-life, animals received additional injections of D609 at 30, 60
and 120 min after challenge. After the animals were killed, their lungs were
perfused free of blood with ice-cold PBS before the lung tissue was used to
determine wet weight–to–dry weight ratio or Evans blue content40. In the
acid instillation model, Evans blue was quantified by measuring optical den-
sity at 620 nm. Evans blue content was always referred to the dry weight of
the lung tissue.

Measurement of ceramide levels. Lipids were extracted from freeze-dried lung
tissue41. The amount of ceramide in the lung tissue from the in vivo experi-
ments was determined by charring densitometry42; the ceramide content of
isolated rat lungs was determined by diacylglycerol kinase assay43. As a stan-
dard, Sigma ceramide (type III, mostly composed of N-stearoylsphingosine)
was run in parallel to the lung samples.

Measurement of ASM, NSM and ceramide synthase activity.
Sphingomyelinase activity was determined by a modified micellar in vitro
assay44 using 14C-labeled sphingomyelin as a substrate. Concentrated per-
fusate samples (200 µg protein) were assayed for ASM activity in the presence
of 100 µM ZnCl2, in a buffer containing 250 mM sodium acetate, 1 mM EDTA
(pH 5.0) and 0.1% Triton X-100. Zn2+ dependency was assayed by replacing
Zn2+ with 1 mM EDTA.

NSM activity was assayed in a buffer containing 20 mM HEPES (pH 7.4),
10 mM MgCl2, 2 mM EDTA, 5 mM dithiothreitol, 0.1 mM Na3VO, 0.1 mM
Na2MoO4, 30 mM p-nitrophenylphosphate, 10 mM β-glycerophosphate,
1 mM PMSF, 10 µM leupeptin, 10 µM pepstatin, 750 µM ATP and 0.2% NP-
40. To start the reaction, we added a mixture of 0.5 µM sphingomyelin and
0.04 µCi N-methyl-[14C]sphingomyelin and increased the temperature to 
37 °C. The reaction was stopped after 1 h, and 750 µl CHCl3:CH3OH (2:1,
vol/vol) was added to extract the phosphorylcholine. After adding 250 µl H2O,
scintillation counting of the aqueous phase was done to determine the amount
of radioactive phosphorylcholine produced by hydrolysis of [14C]sphin-
gomyelin.

Ceramide synthase (sphinganine N-acyltransferase) activity was assayed in
a reaction mixture (1.0 ml) containing 20 mM HEPES (pH 7.2), 2 mM MgCl2,
20 µl BSA, 20 µM sphinganine, 70 µM unlabeled palmitoyl-coenzyme A,
3.6 µM (0.4 µCi) [1-14C]palmitoyl-coenzyme A and 75 µg protein. After 1 h
(37 °C), lipids were extracted and separated by thin-layer chromatography in
CHCl3, methanol and 3.5N NH4OH (85:15:1, vol/vol/vol). Radiolabeled dihy-
droceramide was determined by two-dimensional laser scanning.

Statistics. Data were expressed as mean ± s.e.m., and were analyzed using
unpaired Student t-tests. In the case of repeated measurements (such as those
obtained during time courses), the maximum value of each curve was ana-
lyzed. The false discovery rate due to multiple comparisons was controlled by
the Benjamini-Hochberg method45. P < 0.05 was considered to indicate statis-
tical significance.

ACKNOWLEDGMENTS
This study was supported by Deutsche Forschungsgemeinschaft grants SFB 367/A9
to S.U., SFB 367/C9 to S.E., SFB 415/A11 to S.S. and DFG Gu 335/10-2/3 to E.G.
We thank S. Schnell (Borstel) and F. Seel (Borstel) for technical assistance.

COMPETING INTERESTS STATEMENT
The authors declare competing financial interests (see the Nature Medicine website
for details).

Received 15 September; accepted 1 December 2003
Published online at http://www.nature.com/naturemedicine/

1. Paris, F. et al. Endothelial apoptosis as the primary lesion initiating intestinal radi-
ation damage in mice. Science 293, 293–297 (2001).

2. Grassme, H. et al. CD95/CD95 ligand interactions on epithelial cells in host
defense to Pseudomonas aeruginosa. Science 290, 527–530 (2000).

3. Chang, S.W., Feddersen, C.O., Henson, P.M. & Voelkel, N.F. Platelet-activating fac-
tor mediates hemodynamic changes and lung injury in endotoxin-treated rats. 
J. Clin. Invest. 79, 1498–1509 (1987).

4. Miotla, J.M., Jeffery, P.K. & Hellewell, P.G. Platelet-activating factor plays a pivotal
role in the induction of experimental lung injury. Am. J. Respir. Cell Mol. Biol. 18,
197–204 (1998).

5. Falk, S. et al. Quinolines attenuate PAF-induced pulmonary pressor responses and
edema formation. Am. J. Respir. Crit. Care Med. 160, 1734–1742 (1999).

6. Nagase, T. et al. Platelet-activating factor mediates acid-induced lung injury in
gentically engineered mice. J. Clin. Invest. 104, 1071–1076 (1999).

7. Carter, M.B., Wilson, M.A., Wead, W.B. & Garrison, R.N. Platelet-activating factor
mediates pulmonary macromolecular leak following intestinal ischemia-reperfu-
sion. J. Surg. Res. 60, 403–408 (1996).

8. Tjoelker, W. et al. Anti-inflammatory properties of a platelet-activating factor acetyl
hydrolase. Nature 374, 549–553 (1995).

9. Schuster, D.P. et al. Recombinant platelet-activating factor acetylhydrolase to pre-
vent acute respiratory distress syndrome and mortality in severe sepsis: phase IIb,
multicenter, randomized, placebo-controlled, clinical trial. Crit. Care Med. 31,
1612–1619 (2003).

10. Dodam, J.R., Olson, N.C. & Friedman, M. Differential effects of tumor necrosis fac-
tor-α and platelet-activating factor on bovine pulmonary artery endothelial cells in
vitro. Exp. Lung Res. 20, 131–141 (1994).

11. Tschugguel, W., Zhegu, Z., Gajdzik, L., Maier, M. & Graf, J. High precision meas-
urement of electrical resistance across endothelial cell monolayers. Pflügers Arch.
430, 145–147 (1995).

NATURE MEDICINE VOLUME 10 | NUMBER 2 | FEBRUARY 2004 159

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
em

ed
ic

in
e



A R T I C L E S

12. Bessin, P. et al. Acute circulatory collapse caused by platelet-activating factor
(PAF-acether) in dogs. Eur. J. Pharmacol. 86, 403–413 (1983).

13. Uhlig, S. The isolated perfused lung. in Methods in Pulmonary Pharmacology (eds.
Uhlig, S. & Taylor, A.E.) 29–55 (Birkhäuser, Basel, 1998).

14. Göggel, R., Hoffman, S., Nüsing, R., Narumiya, S. & Uhlig, S. PAF-induced pul-
monary edema is partly mediated by PGE2, EP3-receptors and potassium channels.
Am. J. Respir. Crit. Care Med. 166, 657–662 (2002).

15. Balsinde, J., Balboa, M.A. & Dennis, E.A. Inflammatory activation of arachidonic
acid signaling in murine P388D1 macrophages via sphingomyelin synthesis. 
J. Biol. Chem. 272, 20373–20377 (1997).

16. Tabas, I. Secretory sphingomyelinase. Chem. Phys. Lipids 102, 123–130 (1999).
17. Wong, M.L. et al. Acute systemic inflammation up-regulates secretory sphin-

gomyelinase in vivo: a possible link between inflammatory cytokines and atheroge-
nesis. Proc. Natl. Acad. Sci. USA 97, 8681–8686 (2000).

18. Grassmé, H. et al. CD95 signaling via ceramide-rich membrane rafts. J. Biol.
Chem. 276, 20589–20596 (2001).

19. Cremesti, A. et al. Ceramide enables Fas to cap and kill. J. Biol. Chem. 276,
23954–23961 (2001).

20. Vielhaber, G. et al. Mouse anti-ceramide antiserum: a specific tool for the detection
of endogenous ceramide. Glycobiology 11, 451–457 (2001).

21. Vielhaber, G. et al. Localization of ceramide and glucosylceramide in human epi-
dermis by immunogold electron microscopy. J. Invest. Dermatol. 117, 1126–1136
(2001).

22. Cowart, L.A., Szulc, Z., Bielawska, A. & Hannun, Y.A. Structural determinants of
sphingolipid recognition by commercially available anti-ceramide antibodies. 
J. Lipid Res. 43, 2042–2048 (2002).

23. Uhlig, S., Wollin, L. & Wendel, A. Contributions of thromboxane and leukotrienes to
platelet-activating factor-induced impairment of lung function in the rat. J. Appl.
Physiol. 77, 262–269 (1994).

24. Brade, L., Holst, O. & Brade, H. An artificial glycoconjugate containing the bispho-
sphorylated glucosamine disaccharide backbone of lipid A binds lipid A mono-
clonal antibodies. Infect. Immun. 61, 4514–4517 (1993).

25. Wright, S.D. & Kolesnick, R.N. Does endotoxin stimulate cells by mimicking
ceramide? Immunol. Today 16, 297–302 (1995).

26. Schütze, S. et al. TNF activates NF-κB by phosphatidylcholine-specific phospholi-
pase C-induced “acidic” sphingomyelin breakdown. Cell 71, 765–776 (1992).

27. Luberto, C. & Hannun, Y.A. Sphingomyelin synthase, a potential regulator of intra-
cellular levels of ceramide and diacylglycerol during SV40 transformation. Does
sphingomyelin synthase account for the putative phosphatidylcholine-specific
phospholipase C? J. Biol. Chem. 273, 14550–14559 (1998).

28. Albouz, S., Le Saux, F., Wenger, D., Hauw, J.J. & Baumann, N. Modifications of
sphingomyelin and phosphatidylcholine metabolism by tricyclic antidepressants
and phenothiazines. Life Sci. 38, 357–363 (1986).

29. Hurwitz, R., Ferlinz, K. & Sandhoff, K. The tricyclic antidepressant desipramine

causes proteolytic degradation of lysosomal sphingomyelinase in human fibrob-
lasts. Biol. Chem. Hoppe Seyler. 375, 447–450 (1995).

30. Boschetto, P., Rogers, D.F., Fabbri, L.M. & Barnes, P.J. Corticosteroid inhibition of
airway microvascular leakage. Am. Rev. Respir. Dis. 143, 605–609 (1991).

31. Chae, H.J. et al. Dexamethasone suppresses tumor necrosis factor-α-induced apop-
tosis in osteoblasts: possible role for ceramide. Endocrinology 141, 2904–2913
(2000).

32. Koval, M. & Pagano, R.E. Intracellular transport and metabolism of sphingomyelin.
Biochim. Biophys. Acta 1082, 113–125 (1991).

33. Taylor, A.E., Khimenko, P.L., Moore, T.M. & Adkins, W.K. Fluid balance. in The
Lung: Scientific Foundations 2nd ed. (eds. Crystal, R.G., West, J.B., Weibel, E.R. &
Barnes, P.J.) 1549–1580 (Lipincott-Raven, Philadelphia, 1997).

34. Haimovitz-Friedman, A. et al. Lipopolysaccharide induces disseminated endothe-
lial apoptosis requiring ceramide generation. J. Exp. Med. 189, 1831–1841
(1997).

35. Hannun, Y.A. & Luberto, C. Ceramide in the eukaryotic stress response. Trends Cell
Biol. 10, 73–80 (2000).

36. Venkataraman, K. & Futerman, A.H. Ceramide as a second messenger: sticky solu-
tions to sticky problems. Trends Cell Biol. 10, 408–412 (2000).

37. Machleidt, T. et al. Function of the p55 tumor necrosis factor receptor “death
domain” mediated by phosphatidylcholine-specific phospholipase C. J. Exp. Med.
184, 725–733 (1996).

38. Uhlig, S. & Wollin, L. An improved setup for the isolated perfused rat lung. 
J. Pharm. Tox. Meth. 31, 85–94 (1994).

39. Imai, Y. et al. Injurious mechanical ventilation and end-organ epithelial cell apop-
tosis and organ dysfunction in an experimental model of acute respiratory distress
syndrome. JAMA 289, 2104–2112 (2003).

40. Evans, T.W., Chung, K.F., Rogers, D.F. & Barnes, P.J. Effect of platelet-activating
factor on airway vascular permeability: possible mechanisms. J. Appl. Physiol. 63,
479–484 (1987).

41. Bligh, E.G. & Dyer, W.J. A rapid method of total lipid extraction and purification.
Can. J. Biochem. Physiol. 37, 912 (1959).

42. Rustenbeck, I. & Lenzen, S. Quantitation of hexadecylphosphocholine by high-per-
formance thin-layer chromatography with densitometry. J. Chromatogr. 525,
85–91 (1990).

43. Hayter, H. & Hannun, Y.A. Analyzing the sphingomyelin cycle: protocols for meas-
uring sphingomyelinase, sphingomyelin and ceramide in Lipid Second Messengers
(eds. Laylock, S.G., Rubin, R.P. & Rasman, G.D.) 17–32 (CRC Press, Boca Raton,
1999).

44. Wiegmann, K., Schütze, S., Machleidt, T., Witte, D. & Krönke, M. Functional
dichotomy of neutral and acidic sphingomyelinases in tumor necrosis factor signal-
ing. Cell 78, 1005–1015 (1994).

45. Benjamini, Y. & Hochberg, Y. Controling the false rate: a practical and powerful
approach to multiple testing. J. R. Statist. Soc. 57, 289–300 (1995).

160 VOLUME 10 | NUMBER 2 | FEBRUARY 2004  NATURE MEDICINE

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
em

ed
ic

in
e


