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Analyses of sphingosine-1-phosphate in the context of transfusion:
how much is in stored blood products and in patient blood?
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Marie-Louise Wruck,5 Edzard Schwedhelm,7 Günter Daum,8 Stefan Kluge,5 Sven Peine,3 and

Martin Sebastian Winkler5,9

BACKGROUND: Sphingosine-1-phosphate (S1P) is a
bloodborne lipid that regulates vascular tone and
endothelial permeability. S1P concentrations are
reduced in critically ill patients. As hematopoietic cells
produce S1P, this study intends to investigate S1P
concentrations in blood products during storage and in
patient plasma after blood transfusion.
STUDY DESIGN AND METHODS: S1P
concentrations were measured in 83 red blood cell
(RBC) units and 73 platelet concentrates (PCs) before
and after storage. In addition, 26 critically ill patients who
received one or two RBC units were recruited to
measure S1P plasma levels before and three times
within 24 hours after transfusion.
RESULTS: The highest S1P concentrations were found
in fresh PCs. S1P concentrations in PCs are reduced by
60% when stored at room temperature for 4 days,
whereas in RBCs S1P concentrations remained stable
when stored at 4�C within 35 days. S1P concentrations
in PCs and RBCc were 2.5 to 6 times higher compared
to patient plasma. Plasma S1P levels in critically ill
patients, however, transiently decreased after transfusion
of RBCs and recover to pretransfusion values within the
following 24 hours.
CONCLUSION: S1P concentrations in blood products
are significantly higher compared to human plasma S1P
levels, even though plasma S1P levels decreased after
RBC transfusion in critically ill patients and reached
pretransfusion values within 24 hours.

E
ndothelial dysfunction, which leads to increased

vascular permeability, edema, and insufficient tissue

oxygenation is critical for patients treated in intensive

care units (ICUs). Sphingosine-1-phosphate (S1P) is

a signaling lipid that regulates many physiologic as well as

pathophysiologic processes, including vascular permeability

and inflammatory responses. In healthy human beings, S1P

is present at high concentrations in blood.1,2 Interestingly,

ABBREVIATIONS: ICUs = intensive care units; PCs = platelet

concentrates; QCs = quality controls; S1P = sphingosine-

1-phosphate.
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several recent observational trials in critically ill patients

found dramatically reduced levels of S1P in patients; for

example, in sepsis and septic shock, low serum S1P concen-

trations were associated with disease severity.3,4 In circula-

tion, S1P is mainly derived from endothelial cells, red blood

cells (RBCs), and platelets.5 Specifically, activation of platelets

induces thromboxane-dependent S1P release, maintaining

endothelial function.6–8

Transfusion of allogeneic blood products such as RBCs
or platelet concentrates (PCs) might be one possibility to
elevate plasma S1P levels when levels are low. However,
storage of allogeneic blood products causes alteration of
their intra- and extracellular characteristics, which may foil
this intention—commonly referred to as storage lesion.9,10

While the clinical decision of transfusion intends to
improve oxygen delivery or to prevent bleeding complica-
tions, the effect of cotransfused bioactive molecules on the
patient’s outcome is poorly understood.11

Because erythrocytes and platelets are major sources for
S1P in blood, the aim of the present study was to analyze
whether S1P levels in blood products are affected by storage
(ex vivo) and whether the transfusion of RBCs increases sys-
temic S1P plasma levels in critically ill patients (in vivo).

MATERIALS AND METHODS

In vivo analyses: study group

The study was conducted at the University Medical Center
Hamburg-Eppendorf from July 2015 until January 2016. Patients
were recruited when they were scheduled for RBC or platelet
transfusion by their treating physician; transfusion criteria were
based on the current transfusion guidelines of the Federal Cham-
ber of Physicians (Bundesärztekammer, QLL BÄK 2014). Exclu-
sion criteria were age less than 18 years, cardiogenic shock,
moribund status, or if patients had received any RBC/platelet
transfusion less than 12 hours before. All patients or their legal
representatives gave written consent. In total, 26 patients admit-
ted to the ICU were included. The study protocol was approved
by the Ethical Review Committee of the local medical chamber of
Hamburg (Ärztekammer Hamburg, reference number PV5014).

Blood samples and clinical evaluation

Patient blood samples (ethylenediaminetetraacetic acid
plasma) were taken directly before as well as 30 minutes,
180 minutes, and 24 hours after RBC transfusion. After cen-
trifugation for 10 minutes, patient plasma was frozen at
−80�C until S1P measurement. Additionally, a sample of
each transfused RBC unit was obtained before transfusion
for further processing. Before (Day 0) and 24 hours after
(Day 1) transfusion, complete blood counts and laboratory
data, including lipoproteins, albumin, and lactate, were deter-
mined at the Department of Clinical Chemistry, University
Hospital Hamburg-Eppendorf. The Sequential Organ Failure
Assessment (SOFA) score was calculated at Day 0 and Day 1.

Ex vivo analyses in RBC and platelet preservation

Samples of RBCs and PCs were provided from the Institute of
Transfusion Medicine, University Medical Center Hamburg-
Eppendorf. Quality data, hemoglobin, hematocrit, and number
of platelets for each analyzed blood product were provided
by our blood bank. We collected samples of RBCs and PCs
immediately after production (“fresh”) and after expiration
(“decay”), respectively. Fresh samples of PCs were obtained
by apheresis (Trima Accel, Terumo BCT, Version 5.1.9./
Amicus, Baxter). Samples of PCs after expiration were aphere-
sis as well as pooled products. All RBC and PC samples were
snap-frozen in liquid nitrogen to disrupt cell membranes and
to lysate RBCs and platelets for later analysis of S1P content in
corpuscular blood components.12 Furthermore, we obtained
cell supernatants of each RBC sample by centrifugation. All
samples were stored at −80�C for further analysis.

Determination of S1P concentrations in
ethylenediaminetetraacetic acid plasma, the
supernatant and cell lysates of RBCs and PCs

S1P concentration in the supernatant of RBCs and the snap-
frozen cell lysates and patient plasma was measured by liquid
chromatography–tandem mass spectrometry as previously
described.2 All samples of in vivo and ex vivo analyses were
analyzed at the same measuring cycle. Specifically, all samples
for direct comparison were run in one batch. In brief, 20 μL of
sample volume were incubated with 20 μL of the internal
standard (1 μM [16,17,18-2H7]-S1P (S1P-d7, Avanti Polar
Lipids). After protein precipitation with acetonitrile/water, 80/20
(vol/vol), the extracts were subjected to reverse-phase chromatog-
raphy on a column (2.1 × 50 mm; Zorbax SB-C8, Agilent Tech-
nologies). S1P was eluted with a binary gradient for 6 minutes
(methanol/acetonitrile/0.1% formic acid: 2.5/2.5/95 to 30/30/40,
vol/vol/vol) and measured by tandemmass spectrometry (Varian
L1200 MS/MS, Agilent Technologies), monitoring the m/z 380 to
264 transition of S1P and the m/z 387 to 271 transition of S1P-d7.
Based on the area under the curve ratio of the S1P and S1P-d7
peaks, calibration curves (four levels of S1P: 0, 0.1, 0.3, 1, 3 μM)
were generated to calculate the absolute S1P concentration in
samples. Two levels of quality controls (QCs) were included on
each microtiter plate: For QC-low fetal calf serum was spiked with
0.3 μM S1P, and for QC-high with 1.0 μM S1P, respectively. For
both QC levels, coefficients of variation were below 10%, which
was within the acceptable limits for precision.

Statistical analyses

Statistical analyses were performed using computer software
(SPSS version 20; IBM Corporation and Prism version 7; Gra-
phPad Software). For comparison of differences between the
groups, a one-way analysis of variance or, in case of not normally
distributed data, the nonparametric Mann–Whitney U-test was
used. For analysis of differences between groups in repeated
measurements, the variance analysis for repeated measurements
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(analysis of variance) followed by post hoc test was used.
P values of less than 0.05 were considered statistically significant.

RESULTS

We collected 83 RBC units: 44 directly after production, and

39 after expiration (35 days) and 73 PC units: 53 directly after

production and 20 after expiration (4 days). First, we mea-

sured S1P in the supernatant of RBCs; there, we could not

detect any relevant amount of S1P. Thus, we assumed that

after lysing cells by snap-freezing with liquid nitrogen the

detected S1P levels reflected the intracellular content of RBCs
or platelets. To normalize S1P content, we referred S1P to
hemoglobin (S1P μg/1 g hemoglobin) and to number of plate-
lets (S1P μg/ 109 platelets). There was no difference in S1P
levels between fresh RBCs with median levels of 4.5 μg/g
hemoglobin and expired RBCs 5.4 μg/g hemoglobin (Fig. 1A).
The median S1P concentration in fresh PC was 1.2 μg/109

platelets; after expiration, the median S1P concentration in PC
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Fig. 1. S1P concentration in RBC and platelet concentrates. S1P concentration in micrograms per gram hemoglobin (A) and in

micrograms per 109 platelets (B) in fresh RBCs and PCs, collected directly after production are compared with respective S1P

concentration of RBCs after expiration of 35 days (A) and PCs after expiration of 4 days (B), respectively. S1P concentration is presented

as median with interquartile range. Levels were compared using a nonparametric t test. ***p < 0.01.

TABLE 1. Sphingosine-1-phosphate levels in transfused RBC concentrates and patient plasma S1P levels before,
30 minutes, 180 minutes, and 24 hours after transfusion

RBCs transfused Pretransfusion
30 min after
transfusion

180 min after
transfusion 24 h after transfusion

S1P, μg/L 274.7 (217.2-409.8)* 108.2 (89.0-143.2) 97.1 (80.0-129.8)† 102.5 (82.0-121.1) 108.7 (83.7-137.9)
Hb, g/dL 20.1 (19.4-20.8) 7.00 (6.68-7.73) 8.3 (7.8-9.1) ND 8.0 (7.7-8.8)
SOFA score NA 3 (IQR, 2-6) ND ND 3 (IQR, 2-5)
Storage, d (range) 23 (15-29) NA NA NA NA

Hb = hemoglobin; IQR = interquartile range; NA = not applicable; S1P = Sphingosine-1-phosphate; SOFA = sequential organ-failure assessment
score.
All values are presented as median with interquartile range.
* S1P concentration in lysed RBCs.
† Significantly lower compared to pretransfusion levels using paired t test.
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was significantly reduced by 45% to median levels of
0.64 μg/109 platelets (p < 0.01; Fig. 1B).

The second aim of this study was to measure the influ-
ence of transfused RBCs on plasma S1P levels in critically ill
patients. Twenty-six ICU patients were included in this study,
16 male and 10 female patients with a median age of 64 years
(interquartile range, 55-74; Table 1). These patients received
up to two RBC units with an average volume of 345 mL. S1P
again was determined in all transfused RBCs after rewarming
and before transfusion. We could not show any significant
amount of S1P in the supernatant of RBCs and to better com-
pare plasma S1P with the transfused amount of S1P by RBCs
we indicate S1P levels in micrograms per liter. Median S1P
concentrations in transfused RBCs (274.1 μg/L) were signifi-
cantly higher compared to median patient plasma S1P levels
of 104.13 μg/L (Table 1). After RBC transfusion, we observed a
transient, significant decline in patient plasma S1P levels and
levels recovered to pretransfusion levels within 24 hours
(Fig. 2B and Table 1). In contrast, hemoglobin, as a marker for
successful elevation of RBCs, increased after transfusion and
remained high (Table 1). The SOFA score as a marker for dis-
ease severity was not affected by RBC transfusions (Table 1).

DISCUSSION

S1P is a ligand for G-protein–coupled receptors that play cru-
cial roles in endothelial integrity, inflammation, and

coagulation.3 Observational studies in critically ill ICU patients
have shown that sepsis is associated with low blood S1P
levels.1 Patients with septic shock suffer from symptoms due
to endothelial barrier disruption such as severe generalized
edema and volume depletion. Interestingly, intravenous sup-
plementation of S1P to mice and dogs after experimental
induction of sepsis was able to dampen edema formation.13,14

Despite the strong possibility that increasing S1P levels may
reduce septic shock symptoms in human beings, clinical trials
to reconstitute S1P in critically ill patients are still missing.

Therefore, we conducted this study to analyze the S1P
content of blood products from production until expiration
and to determine plasma S1P levels of critically ill patients
after transfusion of RBCc. We found 2.3 to 4.5 times higher
S1P concentrations in RBCs and even higher S1P concentra-
tions in PCs compared to plasma S1P levels of ICU patients.
We further investigated whether S1P concentrations of RBCs
or PCs are altered by storage and how plasma-S1P concen-
trations in patients are affected by transfusion of RBCc.

Storage

While S1P concentrations in RBCs remained unchanged dur-
ing storage for a period of 35 days, we observed lower S1P
concentrations in prewarmed RBCs immediately before trans-
fusion. In contrast, a significant loss in S1P by 4-day storage
was found in PCs. In part, this observation is in accordance
with previously published data for RBCs showing a change of
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Fig. 2. S1P concentration in RBC concentrates before transfusion compared with patient plasma S1P concentrations. (A) S1P plasma

levels of patients before receiving blood and in rewarmed RBCs in micrograms per liter. (B) Relative kinetics of plasma S1P

concentration in patients before and after transfusion of RBCs. Plasma S1P levels were measured before, 30 minutes, 180 minutes, and

24 hours after transfusion of one or two RBC units. Levels were compared using a paired nonparametric t test between each separate

group. *p < 0.05; ***p < 0.01.
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−19% in S1P content during storage for up to 7 days.15 Our
observed difference of the effect of storage between RBCs and
PCs may be attributed to different preparation techniques and
storage conditions of RBCs and PCs. Preparation of PCs, either
by apheresis or from whole blood, leads to platelet activation.
This activation persists during storage and results in platelet
storage lesion.16 Black et al.17 showed increased markers for
platelet storage lesion at Day 5 of storage. Such ongoing cell
metabolism is possible, as platelets are stored at room tem-
perature, while RBCs are stored at 4�C until use. Therefore,
we suppose that immediately after preparation, activated
platelets produce high amounts of S1P. Once anabolic platelet
metabolism decreases, S1P production ceases and S1P
degradation prevails, causing a time-dependent decrease in
S1P concentrations. This is supported by the observation that
platelets but not RBCs possess S1P lyase activity.18

However, further studies are needed to examine the
effects of storage on S1P metabolism in RBCs and PCs to
fully understand the differences between the two.

Transfusion

Based on the variable S1P content of PCs, we decided to
use RBCs to investigate the effect of a blood product on
patients’ plasma S1P concentrations.

We measured plasma S1P at three time points after RBC
transfusion: 30 minutes, 180 minutes, and 24 hours. Median
plasma S1P concentrations in ICU patients before RBCc trans-
fusion were 108 μg/L (0.29 μM) with an interquartile range of
89-143 μg/L (0.24-0.39 μM, Table 1). Although comparison
between cohorts is difficult, our results are within the expected
range: In a recently published work, plasma-S1P concentration
in non-ICU anemic patients was 0.2 to 1.0 μM.15

Our rationale to increase systemic S1P levels by trans-
fusion in a critical and vulnerable patient group is based on
animal studies using transgenic mice with reduced sphingo-
sine kinase expression. These animals exhibit low plasma
S1P levels that can be restored by transfusion of wild-type
RBCs.19 To our surprise, patients who received one or two
RBCs units, initially showed a significant decline of plasma
S1P levels. S1P levels then increased to pretransfusion levels
within 24 hours. The transient drop of S1P in plasma could
be possibly due to S1P uptake of transfused RBCs, which
have a relatively low S1P level compared to frozen RBCs
(Figs. 1 and 2). Thus, a new equilibrium between free circu-
lating plasma S1P and S1P stored in RBCs could have led to
the initial decrease of plasma S1P. In addition, the transient
drop of S1P might also be explained by the possibility that
critically ill patients exhibit an aberrant S1P metabolism. At
present, it is unclear why RBC transfusions fail to increase
plasma S1P. Notably, bloodborne S1P is bound to various
carriers that may affect receptor binding and internalization
differently.20,21 Given the importance of S1P receptor 1 in
the maintenance of endothelial barrier function, S1P sup-
plementation of critically ill patients with dramatically low
plasma S1P levels is likely beneficial. Alternatives to RBC

transfusions is delivery of S1P in context with specific
protein carriers, but more research is required to identify
the most promising product. Further, other ways to raise
patient blood S1P levels may be considered, for instance,
the use of an S1P lyase inhibitor. This approach has been
successfully used in mice to elevate plasma S1P.22

CONCLUSION

Blood products are a rich source of S1P. However, their use
may not be a viable approach to elevate patients’ plasma S1P.
While the S1P content of PCs is highly storage dependent, RBC
transfusions cause a transient decrease of plasma S1P, followed
by a recovery to pretransfusion levels within 24 hours.
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