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Acid Sphingomyelinase Promotes Endothelial Stress
Response in Systemic Inflammation and Sepsis
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The pathophysiology of sepsis involves activation of acid sphingomyelinase (SMPD1) with subsequent yeneration of the bioactive
mediator ceramide. We herein evaluate the hypothesis that the enzyme exerts bioloyical effects in endothelial stress response.
Plasma-secreted sphingomyelinase activity, ceramide generation and lipid raft formation were measured in human microcircu-
latory endothelial cells (HMEC-1) stimulated with serum obtained from sepsis patients. Clustering of receptors relevant for signal
tfransduction was studied by immunostaining. The role of SMPD1 for macrodomain formation was tested by pharmacoloyical
inhibition. To confirm the involvement of the stress enzyme, direct inhibitors (amino bisphosphonates) and specific downrey-
ulation of the gyene was tested with respect to ADAMISI3 expression and cytotoxicity. Plasma activity and amount of SMPD1
were increased in sepfic patients dependent on clinical severity. Increased breakdown of sphingomyelin to ceramide in HMECs
was observed followiny stimulation with serum from sepsis patients in vifro. Hydrolysis of sphingomyelin, clustering of receptor
complexes, such as the CD95L/Fas-receptor, as well as formation of ceramide enriched macrodomains were abroyated using
functional inhibitors (desipramine and NB6). Strikingly, the stimulation of HMECs with serum obtained from sepsis patients or mixture
of proinflammatory cytokines resulted in cytotoxicity and ADAMTS13 downregulation which was abrogated using desipramine,
amino bisphosphonates and genetic inhibitors. SMPD1 is involved in the dysregulation of ceramide metabolism in endothelial cells
leading to macrodomain formation, cytotoxicity and downregulation of ADAMTS13 expression. Functional inhibitors, such as de-
sipramine, are capable of improving endothelial stress response during sepsis and might be considered as a pharmacoloyical
treatment strateyy to obtain a favorable outcome.
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INTRODUCTION

Sepsis is characterized by an
overwhelming host response and
development of remote organ failure (1).

a wide variety of causes, generalized promotion of endothelial dysfunction,
leukocyte trafficking and a prothrom-
botic state which potentially may lead to

thrombotic microangiopathy (TMA), re-

activation of the endothelium leads to a
shift to a proinflammatory phenotype.
Once an inflammatory response has been

Despite the development and clinical
testing of numerous novel therapeutic
compounds, sepsis/septic shock is still
accompanied by high mortality rates,
reaching up to 50% of patients in inten-

sive care units worldwide (2, 3). Through

instigated by endogenous mediators,
such as cytokines, or components of the
bacterial cell wall (4, 5), a large number
of host-derived mediators are capable
to further activate endothelial cells. The
proinflammatory phenotype results in
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mote organ dysfunction and death (6-8).
SMPD1 activation and rapid ceramide
generation have been demonstrated
in response to various stressors (9, 10)
including ligation of death receptors,
viral, bacterial and parasitic pathogens
and proinflammatory cytokines (11-14).
Subsequent to receptor-mediated acti-
vation, translocation of SMPD1 to the
cell membrane conduces the enzyme in
proximity to its substrate onto the anti-
cytosolic leaflet. Since the product, the
lipid mediator ceramide consisting of a
sphingosine base linked to a fatty acid of
different length, exhibits the tendency for
spontaneous self-association, the formation



of ceramide-enriched macrodomains
serves the reorganization and clustering
of receptor molecules, such as CD95 (15)
and Toll-like receptor 4 (16), all of which
are involved in cellular stress response.
It has been demonstrated recently that
oxidized phospholipids cause plasma
membrane nanoplatform disintegration
under stress conditions, an effect appar-
ently dependent on acid sphingomyeli-
nase mediated ceramide generation (17).
Furthermore, studies reveal that short
chain ceramides are capable of function-
ing as second messengers and modify
signal transduction pathways (18). An
altered biological function, including
sphingomyelin-breakdown and ceramide-
generation, may play an important
role in systemic inflammatory response
syndrome (SIRS) and sepsis. In sepsis,
both enhanced monocytic ceramide
content and threshold levels of SMPD1
activity help to predict outcome (19-21).
Further evidence suggests a beneficial
role of using functional inhibitors of acid
sphingomyelinase (FIASMA) in systemic
inflammation, which reduced inflamma-
tory response and improved outcome in
an endotoxemia mice model (20, 22). FI-
ASMA are a group of compounds includ-
ing Food and Drug Administration (FDA)
approved and heavily prescribed anti-
depressant drugs, such as desipramine,
which due to their weak basic properties
accumulate in the lysosomes and lead
to the degradation of acid sphingomyeli-
nase (23). Pharmacological inhibition by
desipramine was proven beneficial to the
outcome in Staphylococcus aureus infection
(24), however, the role and mechanisms of
SMPD1 activation during endothelial stress
response due to sepsis remain unclear.
Amino bisphosphonates are promising
candidates for direct inhibition (25).

In the present study, we used an in vitro
model of endothelial stress response
to evaluate whether serum from septic
patients is capable of modulating
ceramide-generation as well as whether
this phenomenon is sensitive to desipra-
mine, an FDA approved drug belonging
to the group of FIASMA (23). Further-
more, we studied ceramide-enriched

macrodomain formation and clustering
of receptor complexes. The significance
of SMPD1 on regulation of a typical
stress regulated transcript, ADAMTS13,
that is, A Disintegrin-like And Metallopro-
tease with ThromboSpondin-type-1-Motif 13
(26), was evaluated using pharmacologi-
cal inhibition as well as a genetic knock-
down model.

MATERIALS AND METHODS

SMPD1-Assay

Activity of plasma secreted sphingomy-
elinase was determined by hydrolysis of
Nitrobenzoxadiazolylamino (NBD)-labeled
sphingomyelin as exogenous substrate in
citrated plasma to yield a fluorescently
active ceramide derivate for densitometric
analysis, as reported previously (20, 27, 28).

SMPD1-immunoprecipitation and
Western blotting of the enzyme were pre-
cipitated from diluted plasma with poly-
clonal anti-SMPD1 antibodies against the
N-terminal epitope (H-181) conjugated
to Agarose-beads (sc-11352, Santa Cruz
Biotechnology Inc., N-17, sc-9816) (29).
After washing and electrophoretic sepa-
ration, proteins were transferred to poly-
vinylidene difluoride (PVDF) membranes.
After blocking (4% skimmed milk) and
incubation with primary antibody against
a C-terminus epitope (A-19, sc-9815),
membranes were washed, incubated with
HRP-conjugated secondary antibody and
luminescence was visualized.

Cell Culture Experiments

Human microcirculatory endothelial
cells (HMEC-1) were cultured under
standard conditions in Dulbecco’s
Modified Eagle Medium (DMEM) media,
5% CO,, 10% heat inactivates fetal calf
serum and 1% penicillin/streptomycin.
Stimulation of HMECs were performed
with 5% pooled serum of at least six
patients with sepsis, proinflammatory
cytokines (TNFa, IFNy and IL-1B
[10 ng/mL] each combined with
100 ng/mL of endotoxin, as described
previously) (30) or isolated human pla-
centa sphingomyelinase (Sigma Aldrich).
For SMPD1 inhibition strategy, HMECs
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were co-incubated with desipramine
(Sigma Aldrich), amino bisphosphonate
(Cayman Chemical), NB6 (31) or with
siRNA (5nM) targeting SMPD1 per-
formed using Lipofectamin-RNAiMAX
reagent according to the manufacturer’s
instructions (Life Technologies). siRNA_
SMPD1 sense 5'- GGUUA CAUCG
CAUAG UGCCd TdT-3’; antisense
5-GGCAC UAUGC GAUGU AACCd
TdG- 3

Intracellular SM-turnover
Semi-confluent HMECs were washed
and labeled with 1.5 mL NBD-SM/BSA
complex (4 nmol C6-NBD-Sphingomyelin
(Invitrogen) in MeOH) prepared with de-
fatted bovine serum albumin (32). Mono-
layers were washed, pre-incubated with
inhibitors as indicated and exposed to sera
from healthy individuals or patients.
After washing with phosphate buffered sa-
line solution (PBS), cellular lipids were ex-
tracted (33), the organic phase evaporated
in vacuo, dissolved in MeOH, separated
by thin layer chromatography and quanti-
tated as described previously (20).

Quantitation of Ceramide

Following lipid extraction with MeOH
containing Cg-ceramide as internal stan-
dard, total phosphate content was de-
termined according to Ames and Dubin
cer/ mOlPh'
For quantification of ceramide isoforms,

(34) and data are given as mol

polar phospholipids were removed by
adsorption chromatography. After evap-
oration and hydrolysis of diacylglycerol,
ceramides were labeled with 7-(Diethyl-
amino)-coumarin-3-carbonylazide. Cera-
mides were separated in LiChrospher-100
RP-18 HPLC-column with stepwise
gradient elution and detected at Ex/Em
385/475 nm in a Shimadzu RF-535 mon-
itor. Identification was performed using
corresponding standards (35).

Real-time Polymerase Chain
Reaction (PCR)

Stimulated HMECs were homogenized
in 600 uL lysis buffer (RLT lysis puffer,
supplemented with 1% B-mercaptoethanol).
RNA was isolated using RNeasy Mini
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Kit according to the manufacturer’s in-
structions (Qiagen). RNA concentration
and integrity were analyzed using Nan-
odrop spectrophotometer and QIAxcel
microcapillar electrophoresis apparatus
and was followed by reverse transcription
of 1.0 pg RNA using standard conditions
(Thermo Scientific) (36). The expression
profile of selected mRNA was measured
using the Rotor-Gene Q 2plex system. The
following primer sequences were used:
GAPDH forw. 5 CTCTG CTCCT CCTGT
TCGAC 3’; rev. 5 CAATA CGACC
AAATC CGTTG AC 3'; ADAMTS13 forw.
5 CCCAA CCTGA CCAGT GTCTA

CA 3'; rev. 5 CTTCC CAGCC ACGAC
ATAGC 3

Confocal Microscopy

A total number of 5 x 10° cells in a
2-cm poly-L-lysine-coated confocal plate
were treated and fixed. After blocking,
primary antibodies were incubated
and visualized with labeled secondary
antibody. Images were acquired using
a Zeiss LSM 510meta. For quantitative
analysis of ceramide-generation we deter-
mined intensity profiles of ceramide-
immuno-reactive epitopes using the
Zeiss LSM image examiner software.
The assay conditions were validated by
the detection of both SMPD1 (uncon-
jugated anti-human SMPD1 polyclonal
primary antibody, H-181, sc-11352 (29)),
and ceramide (unconjugated anti-
ceramide monoclonal primary antibody,
MID 15B4, Alexis Corp.) (37) immune
reactivity after stimulation of endothe-
lial cells with CD95/TNFSF6 (human,
recombinant, R&D Systems) (5 ng/mL,
20 min (15)) using an identical experi-
mental setup, resulting in an increase of
SMPDI1 signals (densitometric analysis:
median 15.8 AU [15.1/23.7] versus 13.3
AU [12.3/14.3] in resting cells; p < 0.05)
as well as ceramide signals (4.1 [3.5/5.4]

versus 1.9 [1.6/2.6] in resting cells; p < 0.01).

Patient Characteristics

After ethical approval and written
informed consent by patients or health-
care proxies, healthy individuals and
three groups of ICU-patients were

Table 1. Characteristics of patients with systemic inflasnmatory response syndrome after
major surgery, that is, cardiac surgery, due to multiple organ failure and due o severe sepsis.

SIRS w/o OD SIRS with OD Sepsis
Aye (years) 62.5+3.0 68.4 + 8.1 56.7 £ 18.1
Number of Patients 23 22 12
Male (%) 83 68 58
APACHE Il (pts) 11.2+42 25.7 +8.9 22.6+8.3
SOFA (pts) 56+20 10.0+2.7 123+ 3.0
LOS on ICU (days) 20+£1.9 154+ 17.8 19.8 +14.7
LOS in Hospital (days) 155+ 6.2 21.7+17.0 24.9 +20.5
Outcome-90 d (n/%) 23/100% 18/82% 5/42%

APACHE = Acute Physiologyy and Chronic Health Evaluation; ICU = Intensive care unit;

LOS = length of stay; OD = organ dysfunction.

investigated: (1) twenty-three patients
were enrolled prospectively who un-
derwent elective cardiac surgery with

low risk to develop post-operative organ
dysfunction. Twelve of these patients un-
derwent off-pump surgery, eleven patients
underwent on-pump surgery; both groups
met two SIRS criteria in the absence of
organ dysfunction. (2) Twenty-two patients
following non-elective on-pump cardiac
surgery with increased risk of developing
organ dysfunction, were enrolled after onset
of organ dysfunction. (3) The third group
reflected twelve patients meeting ACCP/
SCCM Consensus Conference criteria for
severe sepsis/septic shock (38). Demographic
and clinical data of patients enrolled in the
study are summarized in Table 1.

Lactate Dehydrogenase
Measurements

Lactate dehydrogenase (LDH) assay
were performed by a commercially
available kit (Roche) according to the
manufacturer’s instructions.

Statistical Analysis

A Kruskal-Wallis-test was performed
for comparisons of variance between
patient groups. A Mann-Whitney-U test
(MWU-test) or t test was performed be-
tween control and treated states and/or
between patients and healthy controls. A
p value of < 0.05 was considered statisti-
cally significant. With respect to analysis
of expression profile values log2 fold
variations at least + 1 were considered to
be of biological significance.
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RESULTS

Activity and Amount of Plasma
Secreted Sphingomyelinase Are
Increased Dependent on Severity of
the Inflammatory Response

As shown in Figure 1A, an in-
crease of pSMPD1 activity (median
172.7 pmol/(mL*h); interquartile range
(IQR) 108.8 pmol/(mL*h), n = 23) was
observed in uncomplicated major sur-
gery controls following invasive or
non-invasive cardiac surgery fulfill-
ing SIRS-criteria. A more pronounced
rise was observed in patients fulfilling
SIRS criteria complicated by organ dys-
function on day 1 (291.7 pmol/(mL*h);
75.2 pmol/(mL*h), n = 14). Highest val-
ues were found in patients with severe
sepsis/septic shock (379.2 pmol/(mL*h);
194.3 pmol/(mL*h), n = 12). The median
value of all patients groups exceeded the
median value of age matched, healthy
controls (118.4 pmol/(mL*h); 56.5 pmol/
(mL*h), n = 12). The increase in SMPD1
activity in inflammatory host response
of different origin was found increased
in patients with systemic inflammation
(SIRS without organ dysfunction (OD)),
with further increasing values in those
with OD or severe sepsis/septic shock
compared with intensive care unit (ICU)
controls (Kruskal-Wallis-test, p < 0.001).
Next, we determined whether there was
an increase in enzymatic activity or pro-
tein amount in plasma. Immunoprecip-
itation revealed nearly absent pSMPD1
immune complexes in healthy individuals,
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Figure 1. Activity of pSMPD1 during the course of inflamsnmatory response. (A) Activity was
determined by densitometric quantification of generated ceramide from a fluorescent
dye-labeled sphingomyelin substrate in serum from patients with various degrees of inflam-
matory response with postoperative SIRS after cardiac surgery without organ dysfunction
(SIRS without OD), with SIRS with organ dysfunction (SIRS with OD) and severe sepsis/septic
shock (severe sepsis/septic shock). Boxes indicate interquartile ranye, divided by the me-
dian (central horizontal line). The median of an aye-matched healthy control cohort is in-
dicated by a dotfted horizontal line. Levels of significance between patients groups are in-
dicated by asterisks (*** P < 0.001; Kruskal-Wallis-test) and between the patients groups with
OD versus SIRS without OD by a rhombus (### P < 0.001; MWU-test). (B) Plasma appearance
of SMPD1 detfermined by immuno-precipitation and immunological visualization. Results
shown are representative of those obtained in three independent experiments.

whereas a stepwise appearance and se-
verity dependent increase of protein was
observed corresponding to the

observed activity pattern (Figure 1B).

Instantaneous Endothelial Ceramide
Generation During Sepsis and its
Abrogation by Desipramine

To investigate a functional role of
SMPD1 in stress response, we meta-
bolically labeled human endothelial
cells with a fluorescent sphingomyelin
derivative according to the method of
Pagano (39) and exposed them to freshly
prepared serum obtained from patients
with sepsis. Densitometric analysis of

chromatographically separated reaction
products revealed elevated amounts of
sphingomyelin breakdown upon stimu-
lation with serum obtained from septic
patients as compared with healthy con-
trols (median 18.2; IQR 8.8 versus 12.6;
IOR 6.3 pmol, Figure 2A). Increasing
concentrations of desipramine abrogated
generation of both ceramide and Glc-
Cer. In a separate set of experiments,
similar results were obtained following
preincubation with NB6 (Figure 2B).
The stimulation with serum from septic
patients resulted in a sharp and rapid
increase (15 min) of ceramide gener-
ation (>3 pmol/ 10° cells), whereupon
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generated ceramide was instantaneously
metabolized to a glycosylated derivative
(Figure 2D). A similar effect was ob-
served following 30 min of stimulation
and minor intensity following 60 and
120 min which reflects a time-dependent
decrease of sphingomyelin bound to
endothelial membranes. As shown in a
representative illustration (Figure 2E),
preincubation of endothelial monolayers
with increasing concentrations of desipra-
mine (upper panel) or NB6 (lower panel)
reduced the generation of both, ceramide
and its derivative in endothelial cells.
Furthermore, we detected variations
in the endogenous sphingomyelin
pool in an in vitro setting ceramide
generation following the stimulation
with TNF-a (10 ng/mL™") and endotoxin
(100 ng/mL™). Basal ceramide levels
were ranging around 0.288 mol . /mol,,.
Figure 2C demonstrates that ceramide
generation was highly upregulated in re-
sponse to either TNF-a or endotoxin for
240 min (0.524 and 0.371 mol_,,/mol,,,
respectively). No significant increase was
observed following 15 or 60 min of incuba-
tion (data not shown). Pre-administration
of the inhibitor desipramine or NB6
(60 min, 20 umol each) completely
prevented ceramide-generation.
Pharmacological inhibition abrogates
early formation of ceramide-enriched mac-
rodomains upon treatment with serum
from patients with sepsis. Here, we investi-
gated the direct effect of serum from septic
patients with respect to the formation of
ceramide enriched macrodomains in endo-
thelial monolayers using confocal scanning
microscopy. Immune staining revealed a
brusque formation of ceramide enriched
macrodomains following to the exposure
to septic serum (Figure 3A, upper panel).
Under resting conditions, we found that
serum from healthy individuals failed to
trigger formation of ceramide-enriched
lipid rafts as indicated by weak, diffuse red
(Cyb) fluorescence in a random punctuate
staining pattern (control; lower panel).
Interestingly, following exposure to serum
from septic patients we observed green
fluorescence patches (FITC) indicating
an increase in SMPD1 immunoreactivity
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Figure 2. Inhibition of ceramide generation by (A) desipramine and (B) NB6. Semi-confluent HMECs were metabolically labeled with
C¢NBD-sphingomyelin and stimulated with serum (5%) obtained from healthy individuals (n = 12) or patients with severe sepsis for

20 min (n = 12). Monolayers were pretreated with desipramine or NB6é for 30 min (10, 20, 40 umolar). Boxes indicate the interquartile
ranyge, divided by the median (central horizontal line) as analyzed in twelve independent experiments per group. Significant differences
in comparison to monolayers without desipramine or NB6 pretreatment were calculated by Friedmann-Wilcoxon test with adjustment
according to Bonferoni-Holm results are indicated by asterisks (*p < 0.05, **p < 0.02). (C) Ceramide generation in proinflasnmatory stim-
ulated endothelial cells. Semi-confluent HMECs were pretreated with desipramine or NB6 for 60 min (20 umol each), and stimulated

with TNF-a. (10 ng/mL) or endotoxin (100 ng/mL) for 240 min in the presence of 5% human serum from healthy individuals. Subsequent to
lipid extraction, purification and labeling, ceramides were separated by HPLC. Shown is the total amount of ceramides, since the boxes
indicate the interquartile range, divided by the median (central horizontal line) as analyzed in six independent experiments. Significant
differences to basal values are indicated by an asterisk (*p < 0.05). (D) Time course of sphingomyelin breakdown in stimulated endothe-
lial cells. Semi-confluent HMECs were metabolically labeled with C,-NBD-sphingomyelin and stimulated with serum (56%) obtained from
patients with severe sepsis. Fluorescent sphingolipids such as ceramide as well as GlcCer were separated by TLC quantitated by den-
sitometry. Representative results from three independent experiments are shown. (E) Representative sphingolipid pattern of stimulated
endothelial cells used for densitometric analyses. Endothelial monolayers were pretreated with desipramine (upper lines) and NB6 (lower
lines) for 30 min (10, 20, 40 umolar). Fluorescent sphingolipids such as ceramide (r, 0.8) as well as GlcCer (1, 0.6) were separated by TLC
and quantitated by densitometry. Representative results from 24 independent experiments (12 each per group and inhibitor, providing
data for A and B) are shown. M, Marker.
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in endothelial membranes which was
detected in a more diffuse pattern under
resting conditions (left panel). To examine
whether SMPD1 is colocalizing with cera-
mide enriched macrodomains, we merged
the fluorescence staining. As shown in the
right panel of Figure 3A, following the ex-
posure to serum from patients with sepsis,
SMPD1 aggregates in the ceramide en-
riched macrodomains, as demonstrated by
patches of yellow fluorescence compared
with unstimulated cells. Figures 3B/C
summarize the effects of serum from pa-
tients and healthy individuals with and
without pre-administration of functional
inhibitors on membrane SMPD1 immu-
noreactivity and ceramide enriched mac-
rodomain formation by counting resulting
fluorescence intensity in endothelial mem-
branes. Under resting conditions (healthy
controls), median SMPD1 immunoreactiv-
ity (Figure 3B) amounted to 13.3 AU [first
quartile: 12.3/third quartile: 14.3] which
was elevated following stimulation with
serum from patients with sepsis (19.1 AU
[14.7/24.7]; p < 0.02). Pre-administration
with desipramine was unable to diminish
SMPD1 immunoreactivity following stim-
ulation, median values ranged between
19.2 AU [15.9/21.9] for desipramine and
18.8 AU [16.8/21.2] for NB6 (40 uM each)
without reaching significance. As shown
in Figure 3C, in cells incubated with serum
from healthy controls, fluorescence inten-
sity for membrane associated ceramide
amounted to values of 1.9 AU [1.6/2.6]
which were doubled after stimulation
with serum obtained from septic patients
(4.1 AU [3.0/5.7]; p < 0.02). However,

NB6 attenuated the extent of ceramide
generation significantly (3.0 AU [2.4/3.7];
p < 0.05), while upon treatment with de-
sipramine nearly basal levels of ceramide
were reached (2.5 AU [1.9/2.9]; p < 0.02).

Ceramide Promotes Receptor Clustering
and GM1 Formation Upon Stimulation
with Serum from Septic Patients

Next, we analyzed the presence and
clustering of the CD95 receptor protein,
known as the binding protein for Fas-
ligand. We found CD95 levels significantly
increased in response to stimulation with
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Figure 3. (A) Ceramide enriched macrodomain formation and its association with SMPD1
in stimulated endothelial cells. Semi-confluent HMECs were stimulated for 20 min with
serum (6%) from healthy individuals (lower panel) or from patients with sepsis (upper
panel). Subseqguent to fixation and blockade of unspecific binding, immuno reactivity
was tested with polyclonal anti-SMPD1 antibody and monoclonal anti-ceramide anti-
body usiny identical experimental settinygs in all conditions. Representative images from
at least six independent experiments are shown. (B) Inhibition of SMPD1 membrane im-
muno reactivity and (C) ceramide enriched macrodomain formation by desipramine
and NB6. Semi-confluent HMECs were pretreated for 30min with SMPD1 functional inhib-
itors desipramine or NB6, stimulated for 20 min with serum (5%) from healthy individuals

or from patients with sepsis. Subsequent to fixation and blockade of unspecific binding,
immuno reactivity was proved with (B) polyclonal anti-SMPD1 antibody and (C) monoclo-
nal anti-ceramide antibody using identical experimental settings in all conditions. At

200 x magynification, fluorescence intensity was analyzed densitometrically using Carl
Zeiss Imaye Examiner software. The boxes indicate the interquartile ranye, divided by

the median (central horizontal line) as analyzed in af least 12 independent experiments.
Significant differences between the patient groups w and w/o inhibitors compared with
these cells freated with serum from healthy controls were calculated using t-test for paired
samples (**p < 0.02), the effectiveness of inhibition (desipramine or NB6) is indicated by
rhomibus symbol (# p < 0.05, ## p < 0.02, compared with vehicle treated sepsis control).

serum from patients with sepsis (Figure 4A,
left panel). To examine whether CD95
might be capable to directly interfere

with ceramide-enriched macrodomains,
double staining revealed clustering
of CD95 protein in ceramide-enriched
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Figure 4. (A) Receptor clustering in ceramide-enriched macrodomains in stimulated endothelial cells. (B) GM1-membrane sorting and
ceramide-enriched macrodomain formation in stimulated endothelial cells. Semi-confluent HMECs were stimulated for 20 min with serum
(5%) from healthy individuals (lower panel) or from patients with sepsis (Upper panel). Subsequent to fixation and blockade of unspecific
binding, immunoreactivity was assessed with polyclonal anti-CD95, GM1 antibody and monoclonal anfi-ceramide anfibody using identi-
cal experimental settings in all conditions. Representative images from at least six independent experiments are shown.
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macrodomains of endothelial membranes
following stimulation (right panel).

The ganglioside GM1 is a common com-
ponent of membrane raft microdomains
which is demonstrated to contain antiapop-
totic and antiinflammatory properties (40).
We found in resting cells a strong signal
diffusely distributed in the cytoplasm
(Figure 4B, lower panel). Subsequent to
incubation with serum obtained from
patients with sepsis, this signal for GM1
translocated to the cell membrane, sug-
gesting an indirect contribution to the for-
mation of raft clusters, since staining with
ceramide-reactive antibodies displayed
intense formation of large ceramide
enriched lipid rafts (Figure 4B, upper
panel). We also observed that both lipid
mediators (ceramide, GM1), although
they were simultaneously upregulated
upon stimulation, were within the mem-
brane spatially separated as shown by
double immune staining (right panel).

Pharmacological and Genetic
Inhibition of SMPD1 Abrogates
ADAMTS 13 Downregulation Following
the Stimulation with Serum of Patients
with Sepsis as well as with Mixture of
Cytokines

Furthermore, we were interested in
whether the rapid generation of cera-
mide by SMPD1 upon stimulation is
directly related to expression changes
of the newly discovered marker of en-
dothelial stress response, ADAMTS13.
Treatment of HMECs with serum ob-
tained from patients with sepsis signifi-
cantly downregulated the expression of
ADAMTS13 transcripts. To clarify our
result, we targeted SMPD1 with specific
siRNA and a random control siRNA. Ge-
netic knock-down of SMPD1 blocked the
downregulation of ADAMTS13 following
the stimulation with serum from septic
patients, whereas random siRNA re-
vealed similar results as compared with
positive control (Figure 5A).

Similar results were obtained fol-
lowing stimulation with a mixture of
proinflammatory cytokines, where the
ADAMTS13 downregulation was com-
pletely abolished by co-incubation with
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Figure 5. Defrimental role of SMPD1 in sepsis-induced endothelial stress response
Semi-confluent HMECs (1 x 10%) were incubated for 24 h with serum (5%) obtained from
healthy individuals, from patients with sepsis (n = 6) or proinflammartory cytokines.
Co-incubation with (A) SMPD1 specific siRNA (5 nmol/L, preincubation for 48 h) or (B)
SMPD1 direct inhibitor amino bisphosphonate (0.1 umol/L) prevented ADAMTS13 down-
regulation as normalized to reference franscript GAPDH. Stimulation of HMECs with (C)
isolated human acid sphingomyelinase resulted in significant LDH release into the super-
natant, whereas (D) amino bisphophonates abrogated LDH release following cytokine
stimulation. The boxes indicate the interquartile ranye, divided by the median (central
horizontal line) as analyzed in at least four independent experiments.

specific inhibition of SMPD1 activity,

a geminal amino bisphosphonate (Fig-
ure 5B). The specificity of the proposed
mechanism is also shown by release of
LDH into the supernatant, either by ex-
posure to isolated enzyme (Figure 5C)
or the breakdown of autocrine destruc-
tion triggered by cytokine and secreted
SMPDL1 following exposure to amino
bisphosphonate (Figure 5D).

Desipramine Abrogates ADAMTS13
Downregulation and Reveals
Cytoprotective Effects in HMECs
During Sepsis

Cytoprotection was achieved by
incubation of HMECs with desipramine,

a functional inhibitor of SMPD1, following
exposure to serum obtained from septic
patients (Figure 6A) or stimulation with
proinflammatory cytokines (Figure 6B).
Treatment with desipramine was also
able to diminish the amount of LDH in
the supernatants in presence of serum
obtained from septic patients (Figure 6C).
Strikingly, the functional inhibitor also
normalized LDH release from cytokine
stimulated cells (Figure 6D).

DISCUSSION

Many functions of the endothelium
have been described in sepsis, for ex-
ample, the regulation of hemostasis,
inflammation and the development of
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Figure 6. Desipramine improves endothelial stress response during sepsis. Semi-confluent
HMECs (1 x 10% were incubated for 24 h with serum (5%) obtained from healthy individu-
als, from patients with sepsis (n = 6) or proinflammatory cytokines (CM). (A, B) Co-incubation
with desipramine (20 pmolL, preincubation for 24 h) abrogyated ADAMTS13 expression as
normalized to reference franscript GAPDH. Desipramine treatment of HMECs diminished
LDH release into the supernatant followiny the stimulation with serum obtained from
sepsis patients (C) or proinflammmatory cytokines (D). The boxes indicate the interquartile
range, divided by the median (central horizontal line) as analyzed in at least four
independent experiments. OD optical density.

organ dysfunction (6, 41). In this context,
the endothelium undergoes structural and
functional alterations which may result
in remote organ failure that is central to
the pathophysiological derangements
of multiple organ dysfunction syndrome
(5, 42). Despite numerous reports de-
scribing an increased activity of SMPD1
in several clinical conditions (43, 44),
there is a lack of information regarding
the action of SMPD1 in particular on
endothelial cells mediated by a plethora
of proinflammatory serum constituents.
Therefore, we used a human in vitro set-
ting (HMEC-1) to study various patho-
physiological processes as these cells
display most of the morphological and
functional characteristics of endothelial
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cells (45). It is well known that properties
of endothelial cells are dependent on
persistent environmental signals trig-
gered by origin, nurture as well as the
status of confluence (46, 47), whereas the
latter critically influences the cellular re-
sponse with respect to stress induced sig-
naling cascades (46). For prevention of a
potential bias, we used microvascular en-
dothelial cells in an almost semiconfluent
condition as a fundamental prerequisite
of our study design.

This is the first report describing the
kinetics and dynamics of a severity-
dependent gradual increase comprising
both the amount of protein and the
biological activity affecting endothelial
ceramide generation as well as lipid raft
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formation in critical care (Figures 1A, B).
The lipid mediator ceramide, generated
by the pace-making activity of SMPDI1,
controls cellular functions ranging

from proliferation and differentiation

to growth arrest and apoptosis (48, 49).
The isoform investigated in the present
study (SMPD1) is the only one known

to be responsible for rapid and transient
induction of ceramide generation (50).
Beyond the increase of the major reac-
tion product ceramide, we also observed
glycosylated ceramide (51) as a second-
ary reaction product of sphingolipid
signaling in endothelial cells stimulated
with serum obtained from septic patients
(Figures 2C, D). Cellular ceramide con-
tent has been measured by derivatization
procedures of ceramide followed by
chromatographic separation (35). Com-
pared with serum, treatment with both
TNF-o and endotoxin induced a delayed
but robust elevation in total endogenous
ceramide as early as 2 h and remained
elevated for the next 2 h of treatment
(Figure 2C). Previous studies demon-
strated that the use of desipramine was
capable of decreasing inflammatory re-
sponse and increasing the outcome in an
endotoxemia mice model (20, 22). Hence,
we pharmacologically inhibited SMPD1
with weak basic compounds such as
desipramine and NB6 which were iden-
tified as functional inhibitors of SMPD1
(FIASMA) with high potency (23) and
were capable of abrogating ceramide
generation (Figures 2A, B, C). This group
of compounds gained our attention due
to the fact that FIASMAs include FDA
approved and heavily prescribed drugs
in daily clinical routine which might en-
able a novel pharmacological treatment
strategy in systemic inflammation and
sepsis.

Data obtained in this study and
presented from other groups suggested
that TNF-a may amplify the injury of
endothelial cells. We propose that the
injury-amplifying effects are mediated
by ceramide generation and the for-
mation of lipid rafts with subsequent
clustering of receptors relevant for ini-
tiation of apoptosis (15). The formation



of the ceramide-enriched macrodomains
seems to be mediated by the tendency

of ceramide molecules to associate with
each other (52). We demonstrated that
the stimulation of HMECs with serum
obtained from sepsis patients resulted in
the formation of ceramide enriched mac-
rodomains (Figures 3, 4). These domains
serve the reorganization of other cellular
“signalosomes” and, in particular, the
clustering of receptor molecules. SMPD1
mediated clustering was shown in both
in vivo and in vitro experimentation for
CD95 (15), amplifying signal intensity
which is required for initiation of apop-
tosis. Previously, it was shown in an in
vitro model for tissue fixed macrophages
that exposure of cultured THP-1 cells to
endotoxin resulted in PKCE mediated ac-
tivation of SMPD1, ceramide generation
as well as assembly of TLR4 receptors
within lipid rafts which was attenuated
by functional inhibition with imipramine
(16, 53). A clearly protective role of in-
hibition of macrodomain formation was
recently shown in irradiation-induced
mortality (54). Otherwise, non-lysosomal
sphingomyelinase can protect against
cytotoxic agents (55).

In accordance with results obtained
from model membrane bilayers, we
found the gangliosides GM1 enriched in
lipid rafts (56), supporting the hypoth-
esis that lipid rafts may act as protein/
lipid platforms sorting specific mem-
brane components and clustering them
stably together. These results are consis-
tent with previous studies, suggesting
that translocation and intra-membranous
accumulation play a critical role in stress
induced signaling in endothelial cells,
for example, for maintenance of vascular
barrier integrity and cell-cell commu-
nication (57). In membranes, an associ-
ation of ceramide/GM]1 reorganization
with endothelial dysfunction may rep-
resent a novel mechanism contributing
to altered signal transduction, increased
endothelial permeability and edema
formation.

Rapid and transient ceramide gener-
ation is triggered by either an endoly-
sosomal or an extracellularly secreted

isoform of the protein, but the latter one
might also act in an autocrine manner
following proinflammatory stimulation
(58). The tricyclic antidepressant desipra-
mine modulates ceramide generation and
lipid raft formation by limited proteolysis
of the lysosomal SMPD1 (Figures 3, 4). Be-
sides, it is known that this group of drugs
might inhibit other enzymes essentially
involved in ceramide metabolism such
as ceramidases (59), thus a delayed inac-
tivation of ceramide might also trigger
a preconditioning effect as shown in
myocardial ischemia (60). To further clar-
ify our results we pharmacologically as
well as genetically inhibited SMPD1 and
measured a newly established marker of
endothelial stress response during sepsis,
ADAMTS13 (26). This protease is respon-
sible for hydrolyzing unprocessed ul-
tralarge von-Willebrand factor (ulVWF)
multimers to restrict their function and
thereby abrogating a prothrombotic
state. ADAMTS13 was found to be defi-
cient in patients with sepsis correlating
to the intense of inflammatory response
(8). Targeting SMPD1 with specific
siRNA demonstrate a novel molecular
mechanism involved in downregulating
the expression of ADAMTS13 in endo-
thelial cells during sepsis which was
demonstrated in a clinical (Figure 5A, ex-
posure to serum) as well as rather exper-
imental setting (Figure 5B, exposure to
cytokines). Independent from molecular
measures, treatment with desipramine
abolished the release of LDH as a global
marker of cellular damage (Figures 6C, D).
In addition, we provide a pharmacolog-
ical treatment strategy with desipramine
resulting in an abrogation of the effects.
Differing on that, amino bisphos-
phonates are known as effective and
direct inhibitors of secreted SMPD1 due
to complexation of essential Zn*"-ions
trapped by the protein (25). The down-
regulation of ADAMTS13 in our experi-
mental setting was normalized following
inhibition of secreted SMPD1 (Figure 5B).
Also the abrogation of LDH release
clearly supports the concept that during
sepsis and inflammatory response,
SMPDI1 release is a critical effector of
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cellular damage control (Figure 5D)
including autocrine signaling. In our
study, the inhibition of both effector
proteins, the endolysosomal as well as
the secreted one, results in protection
of the endothelial cells either from the
detrimental constituents in serum ob-
tained from septic patients and an
artificial mixture of proinflammatory
cytokines.

CONCLUSION

In summary, these data provide first
evidence that both isoforms of SMPD1
affect regulation of endothelial ceramide
generation during systemic inflammation.
Results from experiments using the set of
pharmacological and genetic inhibitors
support the concept that activation of
SMPDL1 in critically ill patients is respon-
sible for endothelial stress response and
might contribute to remote organ failure,
which can be improved using functional
inhibitors, such as desipramine. The am-
plifying function of ceramide generation
and macrodomain formation results in en-
dothelial stress response and ADAMTS13
downregulation. This concept and the
availability of FDA-approved functional
inhibitors might offer an additional ap-
proach to affect and to limit development
of organ dysfunction, for example, in
patients with sepsis at risk of multiple
organ failure.
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