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ORIGINAL ARTICLE 0006

Sphingosine-1-Phosphate, a Marker of
Endothelial Injury and Disease Severity
in Preeclampsia

Camilla Edvinsson, Federica Piani(®, Frank Matthes'®, Lotte Vanherle(®, Lena Erlandsson®, Anja Meissner(=;
Stefan R. Hansson

BACKGROUND: Preeclampsia is a hypertensive pregnancy disorder marked by endothelial damage. Healthy endothelium is
covered by a protective glycocalyx layer, which, when degraded, releases detectable products into the blood. Sphingosine-1-
phosphate (S1P) is a cardiovascular biomarker involved in glycocalyx preservation, linked to placentation and preeclampsia
development. The study aimed to test the hypothesis that plasma S1P is altered alongside glycocalyx degradation products
in severe preeclampsia compared with controls.

METHODS: We included 121 females: 41 with severe preeclampsia requiring treatment in the intensive care unit, 40 with
preeclampsia but no need of intensive care unit treatment, and 40 with normotensive pregnancies. Plasma levels of S1P
and glycocalyx degradation products—hyaluronic acid, SDC-1 (syndecan-1), and HSPG2 (heparan sulfate proteoglycan-2)—
were analyzed from blood samples taken within 27 hours postpartum.

RESULTS: Postpartum plasma S1P was significantly lower in the intensive care unit cohort compared with both preeclampsia
controls and normotensive controls (FA<0.001). Hyaluronic acid and SDC-1 levels were elevated in the intensive care unit
group versus normotensive controls (F=0.009 and P=0.023), while HSPG2 was lower (F<0.001). Plasma S1P correlated
with hyaluronic acid and blood pressure.

CONCLUSION: Intensive care patients with severe preeclampsia have lower plasma S1P levels and higher concentrations
of glycocalyx degradation products, indicating more pronounced endothelial damage. These findings suggest that S1P is
associated with preeclampsia severity and may serve as a biomarker to assess vascular damage in this patient population.
Further studies are needed to explore the potential role of S1P in long-term cardiovascular risk assessment for patients with
preeclampsia. (Hypertension. 2025;82:914-925. DOI: 10.1161/HYPERTENSIONAHA.124.24118.) * Supplement
Material.
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by endothelial damage, which leads to hyperten-
sion and heterogenous multiorgan complications.’?
Preeclampsia affects 2% to 5% of all pregnancies, with
high mortality and morbidity, especially in low-income
countries® Several pathophysiological pathways and
preeclampsia biomarkers have been identified, mostly

Preeclampsia is a pregnancy disorder characterized

focusing on the preeclampsia-associated antiangiogenic
imbalance.®® Based on etiology, preeclampsia is gener-
ally divided into 2 subtypes.® Early-onset preeclampsia
(EPE) with delivery before gestation week 34 is char-
acterized by defective placentation, intrauterine growth
restriction, and more severe manifestations.” Late-onset
preeclampsia (LPE) is dictated by maternal constitutional
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Sphingosine-1-Phosphate in Severe Preeclampsia

NOVELTY AND RELEVANCE

What Is New?

Lower plasma sphingosine-1-phosphate (S1P) levels
in severe preeclampsia requiring intensive care.
Correlation of S1P with endothelial glycocalyx degra-
dation markers.

Evidence linking S1P levels to preeclampsia severity
and vascular damage.

What Is Relevant?

S1P as a potential biomarker for endothelial injury and
preeclampsia severity.

Association of reduced S1P with higher Sequential
Organ Failure Assessment severity scores in intensive
care unit patients.

Importance of glycocalyx integrity in vascular health
during hypertensive pregnancy disorders.

Clinical/Pathophysiological Implications?
S1P as a unique biomarker for preeclampsia sever-
ity that may offer potential to differentiate mild and
severe preeclampsia forms.

Dynamic changes in S1P levels could enable real-time
monitoring of endothelial stress to support early iden-
tification of females at risk for severe preeclampsia.
The role of S1P in endothelial health may open path-
ways for new diagnostics and therapies.

Nonstandard Abbreviations and Acronyms

ASAT aspartate aminotransferase

EPE early-onset preeclampsia

GFR glomerular filtration rate

HA hyaluronic acid

HDL high-density lipoprotein

Hpx hemopexin

HSPG2  heparan sulfate proteoglycan-2
ICU intensive care unit

LPE late-onset preeclampsia

S1P sphingosine-1-phosphate

SDC-1 syndecan-1

sFit-1 soluble fms-like tyrosine kinase-1
SOFA Sequential Organ Failure Assessment
™ thrombomodulin

VEGF vascular endothelial growth factor

factors and senescence of a normally formed placenta
leading to dysfunction later in pregnancy. Syncytiotropho-
blast stress is the common denominator between the 2
forms of preeclampsia.g The lack of mechanistic insights
into preeclampsia pathophysiology currently leaves
symptomatic treatment as the only available therapeutic
option and makes delivery the only curative intervention.
Identifying signaling pathways relevant to preeclampsia
pathophysiology may lead to the implementation of new
predictive markers and potential new therapeutic options.

Recently, the bioactive phospholipid sphingosine-
1-phosphate (S1P) emerged as a potential marker and
therapeutic target for hypertensive disease®'® as it is

Hypertension. 2025;82:914-926. DOI: 10.1161/HYPERTENSIONAHA.124.24118

involved in several processes important to hyperten-
sion pathophysiology, including regulation of vascular
tone and heart rate, lymphocyte trafficking, chemotaxis,
and inflammation.'""? S1P-dependent cardiovascular
effects are mainly mediated by signaling through S1PRs
(S1P receptors; STPR1-3). Importantly, STP is critically
involved in placental development by promoting tropho-
blast invasion and migration.' Alterations in S1P have
been associated with insufficient trophoblast differenti-
ation''% and hence a dysfunctional placenta, which may
predispose to preeclampsia development. Nonetheless,
conflicting results regarding plasma and placental S1P
levels in preeclampsia are still a topic of discussion.'6""®
Interestingly, S1P stabilizes and preserves the endothe-
lial glycocalyx,'®22 a protective glycolipid layer covering
the vascular endothelium. Disruption of the endothelial
barrier and shedding of the glycocalyx are characteristic
for several pathological conditions, including preeclamp-
sia.?® Previous studies have reported increased maternal
blood levels of glycocalyx degradation products, such
as SDC-1 (syndecan-1), hyaluronic acid (HA), throm-
bomodulin, soluble vascular adhesion molecule-1, and
heparan sulphate proteoglycans (HSPG) in preeclamp-
sia maternal blood.?*?° Increased levels of degrada-
tion products also correlate with lower microvascular
perfusion.?®

This study hypothesizes that plasma S1P levels are
altered in patients with severe preeclampsia requiring
intensive care, indicating its potential as a biomarker
for assessing preeclampsia severity. To further evalu-
ate the potential of plasma S1P as a biomarker for
preeclampsia-associated endothelial injury, this study
analyzed plasma and placenta tissue S1P concentrations
and plasma glycocalyx degradation products together
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with clinical biomarkers in a cohort consisting of severe
preeclampsia cases in need of intensive care after deliv-
ery, preeclampsia controls and normotensive controls.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Ethical Permission

The study was approved by the Regional Ethical Review Board
in Lund, Sweden, for studies in human subjects (Diarienummer
2019-0468, 2016/49 and for Swedish critical care bio-
bank Swecrit 2015/267).

Study Population

In this retrospective cohort study, a total of 121 participants
were included. Of these, there were 41 cases with severe pre-
eclampsia (EPE and LPE) with end-organ failure and need of
postpartum intensive care (intensive care unit [ICU] cohort)
taken from the Swecrit study, which during 2015 to 2018 col-
lected samples from all intensive care patients in the Region
of Skane, Sweden (Blood Samples From Critically Ill Patients
and Healthy Controls; https://www.clinicaltrials.gov; unique
identifier: NCT04974775). As controls (preeclampsia and nor-
motensive controls), we used matched samples from the bio-
bank at the Department of Obstetrics and Gynecology, Lund
University, Sweden. There were 40 cases with preeclampsia
(severe and nonsevere EPE and LPE but with no need for ICU
admission) managed at the delivery ward (preeclampsia con-
trols) and 40 normotensive pregnancies (controls; Figure 1).
No other selection criteria were applied to avoid selection bias.
The study cohort included participants of diverse ethnic back-
grounds. The ICU group consisted of 7.3% individuals of Middle
Eastern descent, 4.9% Asian, 4.9% African, and the remain-
der of Northern European descent. The preeclampsia control
and normotensive control groups each included 2.5% individu-
als of Middle Eastern descent, with the rest being of Northern
European descent. The cohorts have previously been published

Sphingosine-1-Phosphate in Severe Preeclampsia

in 2 separate studies, evaluating biomarkers for oxidative stress
in severe preeclampsia®® and for the development of a predic-
tion model for severe preeclampsia with intensive care need.®'

Preeclampsia was defined according to the International
Society for the Study of Hypertension in Pregnancy as de novo
hypertension manifesting after 20 weeks of gestation accom-
panied by proteinuria or evidence of maternal end-organ dys-
function.®? Severe preeclampsia was defined as blood pressure
>160 mm Hg systolic or 110 mm Hg diastolic.” EPE was con-
sidered as severe preeclampsia with delivery before 34 weeks
of gestation. The hemolysis, elevated liver enzymes, and low
platelets syndrome, a serious manifestation of preeclampsia,
was also defined as a severe form of preeclampsia.®

Blood Pressure Measurement

Brachial systolic and diastolic blood pressure measurements
were obtained in the supine position using an appropriately
sized automated cuff around the right arm (Welch Allyn Connex
Spot Monitor).

Sample Collection

All blood samples were obtained by venipuncture or via arterial
cannula (ICU cohort only) and collected in EDTA plasma tubes.
Samples were centrifugated at 2000g to 2200g for 10 min-
utes, to separate the plasma, and thereafter stored at —80 °C
until further analysis. Time from sampling to freezing was <2
hours.

All postpartum plasma samples were taken within 27 hours
after delivery. For the ICU cohort, plasma samples were taken
within 2 hours of admission to intensive care to be stored
in the regional hospital biobank for future analysis. The ICU
cohort only had postpartum plasma samples. For the 2 con-
trol groups (preeclampsia and normotensive controls), plasma
samples were taken before delivery and postpartum. Whole tis-
sue placenta biopsies were taken at the time of delivery for
preeclampsia and normotensive controls. Tissue was rinsed in
saline solution to remove blood clots, portioned, snap-frozen
on dry-ice, and stored at —80°C until further use. Regarding
the ICU patients, the Swecrit study was only focused on blood
sampling, and, therefore, there were no available placenta
biopsies for these patients. All samples for preeclampsia and

121
pregnancies
41 40 40
PE-ICU PE-controls NT-controls . .
Figure 1. Flowchart of included
pregnancies.
EPE indicates early-onset preeclampsia;
Ell;‘E L2P7E Elg’E L3P}E ICU, intensive care unit; LPE, late-onset
preeclampsia; NT, normotensive; and PE,
preeclampsia.
Sampling: postpartum postpartum/ postpartum/
plasma prepartum prepartum
plasma plasma
placental tissue placental tissue
916  May 2025 Hypertension. 2025;82:914-925. DOI: 10.1161/HYPERTENSIONAHA.124.24118
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normotensive controls were stored in the local biobank at the
Department of Obstetrics and Gynecology, Lund University,
Sweden. All preeclampsia cases had routine laboratory param-
eters such as ASAT (aspartate aminotransferase), creatinine,
and uric acid documented in their medical records during their
hospital stay (Table S1). As part of a previous study, plasma
concentrations of Hpx (hemopexin) and sFlt-1 (soluble fms-
like tyrosine kinase-1) were determined in the ICU cohort
as markers for oxidative stress and angiogenic imbalance in
severe preeclampsia.®®®' Additionally, Sequential Organ Failure
Assessment (SOFA) severity score (0-24)% at admission to
ICU and plasma albumin levels were determined in the ICU
cohort (Table S1). An initial SOFA score of >11 is associated
with >90% mortality.*

To ensure the stability and integrity of the analytes, all
samples were processed and stored following strict proto-
cols. Immediately upon collection, plasma and tissue samples
were stored at —80 °C, thus minimizing the risks of degrada-
tion during processing. All samples of all groups underwent
the same numbers of freeze and thaw cycles at the time of
the individual experiments. Univariate linear modeling was
performed to assure that sample age does not affect the
analyte levels (P=0.674 for S1P, P=0.345 for HA, P=0.877
for SDC-1, and P=0.493 for HSPG2 [heparan sulphate
proteoglycan-2]).

S1P Quantitation

Plasma sample preparation was performed as previously
described.®® Briefly, 10 pL of plasma was mixed with 90 pL
ice-cold methanol containing 22 nmol/L S1P-D7 (Avanti Polar
Lipids/Merck, Darmstadt, Germany) as internal standard in 1.5
mL tubes and put on ice. The tubes were vortexed vigorously
for 10 s, which was repeated after 15 minutes on ice. After a
total of 30-minute incubation on ice, the samples were centri-
fuged at 20 000g for 10 minutes at 4 °C. The supernatant was
transferred to an autosampler vial and stored at —80 °C until
analysis with mass spectrometry.

S1P extraction from the placental tissue was adapted from
a previously described protocol.* Briefly, placental tissue sam-
ples were weighed (mg), mixed with 1 mL PBS, and homoge-
nized using an Ultra-Turrax homogenizer. Homogenate volumes
equivalent to 20 mg tissue were added to a glass extraction vial
and filled up to 1 mL with PBS. Fifty picomoles per liter internal
standard S1P-D7 (5 pmol/L; Avanti Polar Lipids/Merck) was
added, and the suspension was mixed with 1 mL methanol,
200 pL 6 mol/L hydrochloric acid, and 2 mL chloroform. After
3 minutes of vigorous vortexing, the samples were centrifu-
gated at 1900g for 3 minutes. The lower organic phase was
transferred with a glass Pasteur pipette to a clean glass tube.
Previous steps, including the addition of chloroform and centrif-
ugation, were repeated with the remaining aqueous phase, and
the 2 organic phases were then combined before chloroform
was evaporated under nitrogen stream in a fume hood. Dried
lipids were dissolved in 100 to 200 yL methanol and trans-
ferred to an autosampler vial. A 6-point standard curve was
generated from extracts of 5 to 80 pmol S1P in fatty acid—free
BSA/PBS applying the same extraction procedure.

The samples were analyzed by liquid chromatography—cou-
pled tandem mass spectrometry on a 6495 QQQ instrument
(Agilent Technologies, Sweden) as previously described.®

Hypertension. 2025;82:914-926. DOI: 10.1161/HYPERTENSIONAHA.124.24118
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ELISA

Plasma levels of HA, SDC-1, and HSPG2 were analyzed
using commercial ELISA kits (Hyaluronan Quantikine ELISA
[Bio-Techne, R&D Systems], Human Syndecan-1 [Thermo
Fisher Scientific], and Human HSPG2 ELISA [Aviva Systems
Biology]) according to manufacturers’ protocols. Standards and
samples were run in duplicates. The optical density of each well
was determined using a GloMax Discover Microplate Reader
(Promega) at 450 and 540 nm to correct for optical imperfec-
tions in the plate. The concentration of the glycocalyx degrada-
tion products was calculated from the absorbance values using
the standard curve and adjusting for the dilution to a final con-
centration in nanograms per milliliter.

Statistics

Based on the sample size and the observed variability in STP
levels and glycocalyx degradation products in our cohort, we
estimated the study’s ability to detect minimal relevant differ-
ences. For plasma S1P and levels of circulating markers of
endothelial dysfunction, we considered effect sizes of previous
studies on blood pressure and vascular function assessment to
estimate a detectable difference.®3” A minimum of 32 samples
per group were calculated to be required using human refer-
ence values for plasma S1P concentrations (7574 nmol/L)
and assuming a 12% change in plasma S1P in patients with
preeclampsia.

Statistical analyses were performed in R (version 4.2.2; R
Foundation for Statistical Computing, Vienna, Austria), SPSS
(version 30; IBM, Armonk, NY), and Prism (version 10.2.0.335;
GraphPad Software, La Jolla, CA).

Data are expressed as mean (95% Cl), median (inter-
quartile range), correlation coefficient, or percentage. Data
distribution was assessed by the Shapiro-Wilk normality test.
Differences between groups were assessed using the Kruskal-
Wallis test or 1-way ANOVA for overall P values followed by
Mann-Whitney unpaired test or t test dependent on data dis-
tribution. When comparing categorical data, the Fisher exact
test was used. Regression analyses were performed to evalu-
ate the effect of confounding factors and changes throughout
pregnancy (eg, gestational age, amount of bleeding at delivery,
and kidney function). A P value of <0.05 was considered sig-
nificant. Correlation analyses were performed by calculation of
Spearman correlation coefficients and exact P value computa-
tion before Bonferroni correction for multiple comparisons.

RESULTS
Characteristics of the Patient Cohort

Patient characteristics showed a significantly older
age in the ICU cohort compared with controls (pre-
eclampsia controls and normotensive controls), while
all patients with preeclampsia (ICU cohort and pre-
eclampsia controls) had a significantly higher body
mass index compared with normotensive controls
(Table). The ICU cohort had significantly higher maxi-
mal systolic and diastolic blood pressure, was delivered
earlier, and showed lower fetal birthweights. There was
a trend toward a greater proportion of male fetuses
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Table. Clinical Characteristics of the Study Groups

Clinical characteristics ICU cohort (h=41) | PE controls (n=40) | Controls (n=40) P value
Age,y 33 (31-35)* 29 (28-31) 29 (28-31) 0.008
Parity, n 0 (0-1) 0 (0-1) 0 (0-0) 0.030
BMI, kg/m? 27 (25-29) 27 (25-29)t 24 (23-26) 0.030
Gestation days at delivery 250 (225-267)* 273 (256-278)t 282 (269-288) <0.001
Highest systolic BP# mm Hg 171 (164-178)* 160 (155-165)t 128 (121-126) <0.001
Highest diastolic BP,§ mm Hg 107 (103-112)* 101 (98-103)t 76 (74-70) <0.001
Birthweight, g 2155 (1551-3048)* | 3131 (2346-3709) 3395 (3163-3775) <0.0001
Fetal sex, n (%)

Male 24 (58.5) 20 (50.0) 15 (37.5) 0.110

Female 15 (36.6) 18 (45.0) 25 (62.5)

Female and male 2 (4.9) 2 (5.0) 0
EPE/LPE, n 14/27 9/31 0

Values are shown as mean (95% ClI) for normal distributed data and median (quartiles) for not normal distributed data. Exact
Pvalues are given for the Kruskal-Wallis test. BMI indicates body mass index; BP, blood pressure; EPE, early-onset preeclamp-
sia; ICU, intensive care unit; LPE, late-onset preeclampsia; and PE, preeclampsia.

“Significant differences between the ICU cohort and PE controls after Mann-Whitney U test or unpaired t test.

tSignificant differences between PE controls and controls after Mann-Whitney U test or unpaired t test.

+Highest systolic blood pressure recorded during hospitalization or in maternity care (1-30 d before delivery).

§Highest diastolic blood pressure recorded during hospitalization or in maternity care (1-30 d before delivery).

in the more severe cases, but this difference did not
reach statistical significance. Among the preeclampsia
controls, 9 patients (22.5%) were classified as EPE,
while in the ICU cohort, 14 patients were classified as
EPE (349%). The routine laboratory markers ASAT and
uric acid were significantly higher in the ICU cohort
compared with preeclampsia controls (Table S1). Hpx
was significantly lower in the ICU cohort compared
with preeclampsia and normotensive controls (Table
S1).3°% The postpartum median levels of sFlt-1 in the
ICU cohort were 9502 (6201-16130) pg/mL,*® and
plasma albumin levels showed a mean value of 23.9
(22.4-25.3) g/L, thus well below normal levels (35-50
g/L).%8 The mean SOFA score for the ICU cohort was
3.3(2.5-4.1), which is generally associated with <10%
mortality.3

Plasma S1P Levels Are Lower in Patients With
Preeclampsia Needing Intensive Care

Plasma S1P concentrations in the ICU cohort, pre-
eclampsia controls, and normotensive controls were
determined in postpartum plasma samples and revealed
significantly lower S1P plasma levels in the ICU cohort
(458 [399-595] nmol/L) compared with preeclampsia
controls (678 [659-785] nmol/L) and normotensive
controls (712 [672-901] nmol/L; Figure 2A). This dif-
ference remained significant after adjustment for ges-
tational age and amount of bleeding at delivery (Table
S2). Moreover, the observed difference between the pre-
eclampsia controls and the ICU cohort remained statis-
tically significant after adjusting for kidney function (ie,
creatinine levels; £<0.001). There was no significant

918 May 2025

difference between preeclampsia controls and normo-
tensive controls (Figure 2A; Table S2). Subgroup analy-
sis of the patients with preeclampsia including the ICU
cohort showed no significant difference regarding S1P
plasma concentration in EPE compared with LPE (Fig-
ure 2B). This remained nonsignificant after adjustment
for gestational age (Table S3).

Additionally, STP concentrations in the prepartum
plasma were lower in preeclampsia controls (787 [722—
851] nmol/L) compared with normotensive controls
(880 [828-934] nmol/L; Figure 2C). The difference
was no longer significant after adjusting for gestational
age (P=0.105). Subgroup analysis for the preeclampsia
controls showed a significant difference in plasma S1P
levels between LPE and EPE, with lower prepartum S1P
in EPE. This difference remained significant after adjust-
ment for gestational age (Table S3). Comparing prepar-
tum and postpartum S1P plasma levels in preeclampsia
controls revealed lower postpartum S1P levels (665
[658-780] versus 790 [635-940] nmol/L; Figure S1).
This difference was significant in patients with LPE but
not in those with EPE (Figure 2D).

Placental S1P Concentrations Are Higher in
Patients With EPE

In addition to circulating S1P levels, placental tissue
S1P concentrations were determined for 35 preeclamp-
sia controls and 35 normotensive controls. There was
no significant difference between preeclampsia con-
trols (0.60 [0.48-1.1] pmol/mg) and the normotensive
group (0.65 [0.49-0.79] pmol/mg; Figure 3A). How-
ever, when comparing EPE and LPE cases, significantly

Hypertension. 2025;82:914-925. DOI: 10.1161/HYPERTENSIONAHA.124.24118
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Figure 2. Plasma concentration of sphingosine-1-phosphate
(S1P).

A, S1P concentration in postpartum plasma for all groups (intensive
care unit [ICU] cohort, n=41; preeclampsia [PE] controls, n=40;
controls, n=40). B, S1P concentration in postpartum plasma in all
patients with PE (ICU cohort and PE controls) divided in early-onset
PE (EPE; n=14 and n=9) and late-onset PE (LPE; n=27 and n=31).
C, S1P concentration in prepartum plasma for PE controls (n=39)
and controls (n=35). D, Comparison of prepartum and postpartum
plasma concentrations of S1P in PE controls divided in EPE (n=9)
and LPE (n=30 for prepartum plasma and n=31 for postpartum
plasma). *£<0.05, **<0.01, ****<0.0001.

higher placental S1P concentrations were observed
in the EPE group (Figure 3B). The difference did not
hold significance after adjustment for gestational age
(P=0.376).

Glycocalyx Degradation Products Are Increased
in Plasma of Patients With Preeclampsia

Plasma levels of glycocalyx degradation products were
determined in postpartum plasma from all groups. Post-
partum plasma HA concentrations were significantly
higher in the ICU cohort (442 [132-788] ng/mL) and in
the preeclampsia controls (191 [91-454] ng/mL) com-
pared with normotensive controls (102 [77-159] ng/
mL; Figure 4A). After adjustment for gestational age and
amount of bleeding at delivery, the difference between
the ICU cohort and normotensive controls remained sig-
nificant, whereas the difference between preeclampsia
and normotensive controls was no longer significant
(Table S4). Similarly, adjustment for creatinine levels in
preeclampsia controls and the ICU cohort diminished the
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Figure 3. Placental concentration of sphingosine-1-
phosphate (S1P).

A, Comparison of placental concentrations of S1P in preeclampsia
(PE) controls (n=85) compared with controls (n=35). B, Comparison
of placental concentrations of S1P in PE controls divided in early-
onset PE (EPE; n=7) and late-onset PE (LPE; n=28). ***<0.001.

statistical difference in HA concentration between these
groups (P=0.184). Subgroup analysis of the HA plasma
concentration in EPE compared with LPE showed no
significant difference (Table S3). As for HA, plasma
SDC-1 levels were the highest in the ICU cohort (75
[42-125] ng/mL) compared with preeclampsia controls
(45 [27-66] ng/mL) and normotensive controls (41
[25-69] ng/mL; Figure 4B). The difference between the
ICU cohort and normotensive controls remained signifi-
cant after adjustment for gestational age and the amount
of bleeding at delivery, while the difference between pre-
eclampsia controls and the ICU cohort was not detected
after adjustment for gestational age at delivery (Table
S4). Similar results were obtained after adjustment for
creatinine levels in preeclampsia controls and the ICU
cohort (P=0.111). Here, subgroup analysis of patients
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Figure 4. Postpartum plasma concentrations of glycocalyx
degradation products.

A, Comparison of postpartum plasma concentrations of hyaluronic
acid (HA) in all groups (intensive care unit [ICU] cohort, n=41;
preeclampsia [PE] controls, n=40; controls, n~=40). B, Comparison
of postpartum plasma concentrations of SDC-1 (syndecan-1) in
all groups (ICU cohort, n=41; PE controls, n=40; controls, n=40).
C, Comparison of postpartum plasma concentrations of HSPG2
(heparan sulphate proteoglycan-2) in all groups (ICU cohort,
n=41; PE controls, n=40; controls, n=40). *P<0.05, **P<0.01,
¥+ P<0.0001.

with preeclampsia including the ICU cohort showed no
statistically significant difference (Table S3).

In contrast, HSPG2 plasma concentration was
lower in the ICU cohort (1.76 [0-3.2] ng/mL) com-
pared with preeclampsia controls (563.6 [40.2-70]
ng/mL; P<0.001) and normotensive controls (41.7
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[32.6-50.8] ng/mL; A<0.001; Figure 4C). There was
no significant difference between preeclampsia con-
trols and normotensive controls. Like for HA and SDC-

1, no differences were observed between EPE and
LPE (Table S3).

S1P Levels Correlate With Markers for
Endothelial Injury and Preeclampsia Severity

To understand the potential relationships between S1P,
endothelial injury, and clinical preeclampsia markers at
admission to ICU, correlation analyses were performed.
The correlation matrix depicted in Figure DA shows
the associations between all variables, with significant
associations highlighted after correction for multiple
comparisons. Hpx, a protective heme scavenger rapidly
consumed during preeclampsia and verified as a marker
for preeclampsia severity*® revealed a positive correla-
tion with plasma S1P (Figure 5B) and plasma HSPG2.
Hpx inversely correlated with systolic and diastolic blood
pressure, as well as plasma HA (Figure BA). An inverse
relationship for plasma S1P was observed for diastolic
blood pressure (Figure 5C) and plasma HA (Figure 5D),
while plasma HSPG2 was positively correlated with
plasma S1P (Figure 5E). Plasma S1P did not signifi-
cantly correlate with ASAT or sFlt-1 after correction for
multiple comparisons (Table S6). However, sFlt-1 pre-
sented with a positive correlation with SDC-1.

SOFA score was documented in each patient in the
ICU cohort at admission to ICU (Table S1). The maximum
assigned SOFA score was 7. Both plasma Hpx and S1P
were the lowest in patients with higher SOFA scores
(Table Sb).

DISCUSSION

Plasma S1P level alterations have previously been linked
to cardiometabolic disease, vascular deregulation, and
inflammation.®'? Specifically, increments in plasma S1P
associate with systolic blood pressure elevation and
several markers of cardiometabolic disease and inflam-
mation.? Interestingly, our findings show an inverse rela-
tionship between plasma S1P and blood pressure in
severe preeclampsia. Lower postpartum S1P plasma
levels in severe preeclampsia may result from albumin
leakage mediated through tubular and glomerular dam-
age; however, only a small proportion of circulating S1P
is bound to albumin in plasma.* In conditions like severe
sepsis, lower plasma S1P levels were linked to decreases
in HDL (high-density lipoprotein)-bound S1P*' Similar
mechanisms may apply in severe preeclampsia given the
dysregulated HDL profile in this condition.**=** The cur-
rent study did not test S1P binding partner profiles in
preeclampsia, but considering the importance of chap-
erones for S1P signaling, this is warranted for future
studies. The observed association between plasma S1P
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Figure 5. Correlations between plasma biomarkers.

A, Correlation matrix showing the associations between all variables, with significant associations highlighted after correction for multiple
comparisons. B, Correlation between postpartum plasma concentration of sphingosine -1-phosphate (S1P) and Hpx (hemopexin; all groups,

n=121). C, Correlation between postpartum plasma concentration of S1P and the diastolic blood pressure (BP,

all groups, n=121). D,

dia’

Correlation between postpartum plasma concentration of S1P and postpartum plasma concentration of hyaluronic acid (HA; all groups,
n=121). E, Correlations between postpartum plasma concentration of S1P and postpartum plasma concentration of HSPG2 (heparan
sulphate proteoglycan-2; all groups, n=121). ASAT indicates aspartate aminotransferase; BMI, body mass index; Diast BP, diastolic blood
pressure; PIGF, placental growth factor; SDC-1, syndecan-1; sFlt-1, soluble fms-like tyrosine kinase; and Syst BP, systolic blood pressure.

levels and SOFA scores at ICU admission highlights the
potential of S1P as a severity marker,*'4% a notion sup-
ported by detected S1P relationships with ASAT and
uric acid, previously identified as predictors of severe
disease®' Positive associations between plasma S1P
and Hpx also emphasize the relationship with oxidative
stress, as Hpx consumption has been reported in severe
preeclampsia®®®® Collectively, these findings suggest
that reduced S1P levels may reflect endothelial injury
severity in preeclampsia and provide insights into mecha-
nisms underpinning vascular dysfunction.

Endothelial glycocalyx degradation, reflected by
increased HA and SDC-1 in the ICU cohort, supports
the concept of severe endothelial injury in preeclamp-
sia.*¢4” The association of SDC-1 with sFlt-1 aligns with
evidence of sFlt-1-mediated glycocalyx collapse*® and
impaired endothelial barrier function.*® The low plasma
levels of HSPG2 in the ICU cohort further indicate
advanced endothelial damage, as HSPG2 is essential for
vascular integrity and its reduction may disrupt maternal
hemodynamics.?® Elevated HA and SDC-1 likely rep-
resent compensatory or pathological responses to gly-
cocalyx damage, with HA fragments known to activate
signaling pathways that compromise barrier function.5'%2
These alterations suggest a complex interplay between
endothelial dysfunction and glycocalyx degradation.
Lowering of HSPG2 as a critical component of the

Hypertension. 2025;82:914-926. DOI: 10.1161/HYPERTENSIONAHA.124.24118

extracellular matrix and glycocalyx®® may be indicative of
a disruption in the structural integrity of the endothelial
barrier,>*%® while the elevation of HA and SDC-1 levels
may reflect an adaptive or pathological response to injury
as HA acts as a signaling molecule promoting repair but
may also contribute to increased vascular permeability.®®
The increase in SDC-1 may be indicative of heightened
endothelial injury and instability.5”

S1P is well established in promoting endothelial
stability, glycocalyx regeneration, and barrier integrity
through STPR1 activation.'®2258-6" Several landmark
studies have provided first insight into how plasma S1P
may affect endothelial barrier integrity by showing that
S1P interacts with STPR1 on the luminal surface of
endothelial cells, providing a consistent stimulus that
preserves the integrity of the endothelial barrier, while
the leakage of S1P from plasma across the endothe-
lial barrier activates S1PR1, prompting endothelial
cells to reinforce and tighten the barrier.52 Moreover,
endogenous S1P production by endothelial cells has
been demonstrated to enhance barrier integrity through
activation of the STPR1 receptor.®® Given the interplay
between S1P and the glycocalyx, lower S1P levels
alongside increased HA and SDC-1 in severe pre-
eclampsia may critically impact endothelial homeosta-
sis. Further studies should explore the mechanistic links
between plasma S1P levels, glycocalyx degradation,
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and their implications for endothelial dysfunction in pre-
eclampsia, particularly in relation to cardiovascular risk.

Endothelial dysfunction in preeclampsia involves
not only structural damage to the glycocalyx but also
impaired signaling pathways that regulate vascular tone.
A key aspect of this dysfunction is the reduction in NO
bioavailability and elevated endothelin-16* production,®®©®
influenced by the antiangiogenic factor sFlt-1, which
antagonizes VEGF (vascular endothelial growth factor)
signaling.?” In a healthy endothelium, VEGF promotes NO
synthesis, supporting vasodilation and vascular stability.%®
However, elevated sFIt-1 levels in preeclampsia reduce
NO production and augment endothelin-1 generation,®
contributing to vasoconstriction and heightened vascular
resistance by hindering NO to promote cGMP-mediated
relaxation in vascular smooth muscle cells.”® Assessing
NO surrogates in patients with preeclampsia may help
delineate the role of NO signaling disruption in disease
progression and may offer a more comprehensive under-
standing of endothelial health in this high-risk cohort.
Future studies including NO surrogates or cGMP are
warranted to further explore these mechanisms along-
side glycocalyx integrity markers.

S1P has further been linked to healthy trophoblast
development and normal placentation,’* although the
effect of placental S1P concentrations on preeclampsia
development is still a matter of debate. Contrasting find-
ings suggest that elevated placenta S1P levels inhibit
the differentiation of cytotrophoblast and thereby pro-
mote preeclampsia,'* while on the other hand, lower pla-
cental S1P levels, sphingosine kinase 1 deficiency, and
accompanying S1PR2 reduction have been associated
with preeclampsia development.'® Higher sphingolipid
biosynthesis in chorionic arteries in preeclampsia has
been reported to be mitigated by an impaired production
and a simultaneous increase of S1P degradation by S1P
lyase.”" Our findings underscore the distinct pathophysi-
ological mechanisms in EPE versus LPE. While placental
S1P concentrations were higher in EPE compared with
LPE, this difference did not persist after adjustment for
gestational age. Given the divergent origins of EPE and
LPE, further studies are needed to elucidate the role of
sphingolipid signaling and S1PR dynamics in placental
development and preeclampsia progression.

Summary and Conclusions

Patients with severe preeclampsia admitted to the ICU
after delivery exhibited diminished plasma S1P levels
and augmented levels of glycocalyx degradation mark-
ers, HA and SDC-1, suggestive of increased endothelial
injury and glycocalyx shedding. Significant correlations
were observed between postpartum plasma S1P and
HA, Hpx, HSPG2, and diastolic blood pressure. Addi-
tionally, lower plasma S1P levels were associated with
higher SOFA severity scores at ICU admission. These
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findings indicate that plasma S1P may serve as a marker
for the severity of preeclampsia, reflecting vascular dys-
function and the potential impact of glycocalyx integrity
loss on endothelial health. Although several biomarkers
exist for endothelial injury and glycocalyx degradation,®”
our study proposes that S1P has unique potential in this
context for several reasons. Unlike many markers that
indirectly indicate endothelial damage, S1P plays a direct
role in maintaining endothelial barrier integrity.” Given its
role in endothelial stabilization, S1P levels may provide
a more accurate reflection of the dynamic changes in
barrier integrity that are specific to preeclampsia. More-
over, S1P exerts its influence on both the vascular and
immune systems, affecting inflammatory pathways that
contribute to the progression of preeclampsia.™ Its dual
action may, therefore, provide insights into both vascular
integrity and inflammatory states, potentially offering a
more comprehensive biomarker profile. Due to its role
as a signaling molecule, S1P levels may change more
dynamically in response to endothelial stress, offering
the potential to detect acute shifts in disease status or
response to therapeutic interventions. This could make
S1P useful in monitoring preeclampsia severity in real
time and help identifying females at risk of developing
severe preeclampsia earlier in the disease process, par-
ticularly in distinguishing between mild and severe forms.

Study Limitations

Although this study uses well-characterized patient
cohorts with a larger number of patients compared with
previous studies, the sample size for severe cases is rela-
tively low. The prevalence of EPE compared with LPE
limits the strengths of subgroup analyses. Moreover,
this study was conducted as a post hoc analysis, and as
such, pre hoc power calculations specific to the current
analyses were not included in the initial study design. We
estimated the study’s ability to detect minimal relevant
differences based on our sample size and the variability
observed in S1P levels and glycocalyx degradation prod-
ucts. While our estimations provide context for interpret-
ing the findings, we acknowledge that the study may be
underpowered for detecting smaller differences.

The study cohort is demographically representative
to Sweden in terms of ethnic diversity, as the majority
of participants across all groups were of Northern Euro-
pean descent and minority groups include individuals
from Middle Eastern, Asian, and African descent. In a
global setting, however, the results may not be general-
izable. Although Sweden’s universal health care system
ensures broad and equitable access to care, minimizing
disparities in access to care, the readiness of differ-
ent ethnic groups to participate in clinical studies can
vary due to cultural, social, and historical factors, includ-
ing trust in the health care system and prior research
experiences. Future research should incorporate more
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diverse populations and analyze how social determinants
of health and structural barriers influence the results.
Integrating analyses of social determinants of health and
genetic ancestry could provide a more comprehensive
understanding of how S1P is influenced in diverse popu-
lations and its broader applicability as a biomarker.

The use of low-molecular-weight heparin has been
shown to stabilize glycocalyx and reduce shedding in
patients with COVID-19,® but only 2 patients in the ICU
cohort were treated with low-molecular-weight hepa-
rin before delivery. In our study, plasma creatinine was
measured only in patients with preeclampsia (both ICU
and preeclampsia control groups), revealing a significant
difference between these groups (P=0.006). Although
all preeclampsia control patients and the majority of
ICU cohort patients had proteinuria, it remains unclear
whether albumin-bound S1P leakage due to proteinuria
would correlate with creatinine levels or glomerular fil-
tration rate (GFR). This uncertainty arises because S1P
is primarily metabolized through enzymatic degradation
and hepatic uptake rather than renal clearance. While
proteinuria might theoretically impact S1P leakage, it
is uncertain whether individuals with lower GFR would
exhibit greater S1P excretion than those with higher
renal function. Nonetheless, we adjusted for creatinine
levels, which did not change the observed results. Fur-
thermore, urinary albumin could serve as an informative
marker of filtration barrier integrity and glycocalyx injury,
given its relevance to endothelial permeability. Thus,
an inverse correlation may exist between urinary albu-
min levels and plasma S1F, with higher urinary albumin
potentially reflecting greater glycocalyx degradation and
hence reduced S1P stabilization effects on the endo-
thelial barrier. Future studies could incorporate this rela-
tionship by prospectively collecting urinary albumin data
alongside plasma S1P levels to test this hypothesis more
directly.

Perspectives

This study highlights the potential of S1P as a biomarker
for vascular health in severe preeclampsia, offering
insights into its relationship with endothelial glycocalyx
degradation and disease severity. By uncovering distinct
plasma profiles of S1P and glycocalyx components in
patients with preeclampsia in need of intensive care, our
findings open avenues for advancing diagnostic tools
and therapeutic strategies. Future research could explore
the role of S1P in predicting long-term cardiovascular
outcomes and guiding interventions to mitigate vascu-
lar damage in populations with high-risk preeclampsia
including different ethnic groups.

ARTICLE INFORMATION
Received October 09, 2024; accepted January 6, 2025.

Hypertension. 2025;82:914-926. DOI: 10.1161/HYPERTENSIONAHA.124.24118

Sphingosine-1-Phosphate in Severe Preeclampsia

Affiliations

Division of Obstetrics and Gynecology, Institute of Clinical Sciences Lund (C.E,
FP, LE, SRH.), Division of Anesthesia and Intensive Care, Institute of Clinical
Sciences Lund (C.E), Department of Experimental Medical Science (FM, LV,
AM.)), and Wallenberg Center for Molecular Medicine (FM, L.V, AM.), Lund Uni-
versity, Sweden. Department of Anesthesia and Intensive Care, Helsingborg Hos-
pital, Sweden (C.E.). Department of Medical and Surgical Sciences, University
of Bologna, ltaly (FP). Physiology, Institute of Theoretical Medicine, University
of Augsburg, Germany (EM., AM.). Department of Obstetrics and Gynecology,
Skane University Hospital, Lund/Malmg, Sweden (S.RH.).

Acknowledgments
Graphical abstract was created in BioRender.com.

Author Contributions

Conceptualization: C. Edvinsson, A. Meissner, L. Erlandsson, F. Piani, and SR.
Hansson. Methodology: F. Matthes, L. Erlandsson, and S.R. Hansson. Formal
analysis: C. Edvinsson and A. Meissner. Investigation: C. Edvinsson, F. Matthes, A.
Meissner, and L. Vanherle. Resources: A. Meissner, C. Edvinsson, L. Erlandsson,
and S.R. Hansson. Data curation: C. Edvinsson, L. Vanherle, F. Matthes, and A.
Meissner. Writing—original draft preparation: C. Edvinsson. Writing—review and
editing: C. Edvinsson, A. Meissner, L. Erlandsson, F. Piani, L. Vanherle, F. Matthes,
and SRR. Hansson. Visualization: C. Edvinsson and A. Meissner. Supervision: SR.
Hansson and A. Meissner. Project administration: C. Edvinsson and S.R. Hansson.
All authors have read and agreed to the published version of the manuscript.

Sources of Funding

This project was supported by the Gorthon Foundation, Helsingborg Hospi-
tal (2021-2733; C. Edvinsson), Avtal om Léakarutbildning och Forskning (ALF;
S.R. Hansson), the Swedish Research Council (S.R. Hansson), the Heart and
Lung Foundation (S.R. Hansson), the Knut and Alice Wallenberg Foundation (F
2015/2112; A Meissner), Lund University (A. Meissner), and University of Augs-
burg (A. Meissner and F. Matthes).

Disclosures
None.

Supplemental Material
Tables S1-S6
Figure S1

REFERENCES

1. Erez O, Romero R, Jung E, Chaemsaithong P, Bosco M, Suksai M,
Gallo DM, Gotsch F, et al. Preeclampsia and eclampsia: the conceptual evo-
lution of a syndrome. Am J Obstet Gynecol. 2022;226:S786-S803. doi:
10.1016/}.2j0g.2021.12.001

2. Roberts JM. Endothelial dysfunction in preeclampsia. Semin Reprod Endo-
crinol. 1998;16:5—15. doi: 10.1065/5-2007-1016248

3. Rana S, Lemoine E, Granger JP, Karumanchi SA. Preeclampsia: pathophysi-
ology, challenges, and perspectives. Circ Res. 2019;124:1094-1112. doi:
10.1161/CIRCRESAHA.118.313276

4. Stefan V, Droge L-A. The diagnostic value of angiogenic and anti-
angiogenic factors in differential diagnosis of preeclampsia. Ameri-
can Journal of Obstetrics & Gynecology. 2020;26:51048-S1058. doi:
10.1016/}.2jog.2020.09.046

5. Roberts JM. Preeclampsia epidemiology(ies) and pathophysiology(ies).
Best Pract Res Clin Obstet Gynaecol 2024;94:102480. doi:
10.1016/j.bpobgyn.2024.102480

6. Tranquilli AL. Early and late-onset pre-eclampsia. Pregnancy Hypertens.
2014;4:241. doi: 10.1016/].preghy.2014.04.007

7. Tranquilli AL, Brown MA, Zeeman GG, Dekker G, Sibai BM. The definition
of severe and early-onset preeclampsia. Statements from the International
Society for the Study of Hypertension in Pregnancy (ISSHP). Pregnancy
Hypertens. 2013;3:44-47. doi: 10.1016/j.preghy.2012.11.001

8. Redman CWG, Staff AC, Roberts JM. Syncytiotrophoblast stress in pre-
eclampsia: the convergence point for multiple pathways. Am J Obstet Gyne-
col. 2022;226:5907-S927. doi: 10.1016/j.aj0g.2020.09.047

9. Jujic A, Matthes F, Vanherle L, Petzka H, Orho-Melander M, Nilsson PM,
Magnusson M, Meissner A. Plasma S1P (sphingosine-1-phosphate) links to
hypertension and biomarkers of inflammation and cardiovascular disease:
findings from a translational investigation. Hypertension. 2021,78:195-209.
doi: 10.1161/HYPERTENSIONAHA.120.17379

May 20256 923

(—)
=
{-T)
-_—
==
—
==
=
=
()
—-—
m




w)
=]
<
=
o
13
o
@
o
=
=]
2
=
=
g
=
)
=
&.
=]
5
=N
»
=]
=
aQ
>3
<
o
=]
()
~<
hd
[
S
[\
[9)

Edvinsson et al

10.

20.

21.

22.

23.

24,

26.

26.

27.

28.

29.

924

Meissner A, Miro F, Jiménez-Altayé F, Jurado A, Vila E, Planas AM.
Sphingosine-1-phosphate signalling-a key player in the pathogenesis of
Angiotensin ll-induced hypertension. Cardiovasc Res. 2017;113:123-133.
doi: 10.1093/cvr/cvw256

. Wang N, Li J-Y, Zeng B, Chen G-L. Sphingosine-1-phosphate sig-

naling in cardiovascular diseases. Biomolecules. 2023;13:818. doi:

10.3390/biom 13050818

. Don-Doncow N, Zhang Y, Matuskova H, Meissner A. The emerging alliance

of sphingosine-1-phosphate signalling and immune cells: from basic mech-
anisms to implications in hypertension. Br J Pharmacol. 2019;176:1989-
2001. doi: 10.1111/bph.14381

. Fakhr Y, Brindley DN, Hemmings DG. Physiological and pathological func-

tions of sphingolipids in pregnancy. Cell Signal. 2021;85:110041. doi:
10.1016/j.cellsig.2021.110041

. Johnstone ED, Chan G, Sibley CP, Davidge ST, Lowen B, Guilbert LJ.

Sphingosine-1-phosphate inhibition of placental trophoblast differentiation
through a G(i)-coupled receptor response. J Lipid Res. 2005;46:1833—
1839. doi: 10.1194/jIrM500095-JLR200

. LiaoJ,Zheng Y,HuM, XuP,LinL,LiuX,WuY,Huang B, Ye X,Li S, etal.Impaired

sphingosine-1-phosphate synthesis induces preeclampsia by deactivating
trophoblastic YAP (Yes-associated protein) through S1PR2 (sphingosine-
1-phosphate receptor-2)-induced actin  polymerizations. Hypertension.
2022;79:399-412. doi: 10.1161/HYPERTENSIONAHA.121.18363

. Melland-Smith M, Ermini L, Chauvin S, Craig-Barnes H, Tagliaferro A,

Todros T, Post M, Caniggia |. Disruption of sphingolipid metabolism augments
ceramide-induced autophagy in preeclampsia. Autophagy. 2015;11:663—
669. doi: 10.1080/15548627.2015.1034414

. Charkiewicz K, Goscik J, Blachnio-Zabielska A, Raba G, Sakowicz A,

Kalinka J, Chabowski A, Laudanski P. Sphingolipids as a new factor in the
pathomechanism of preeclampsia - mass spectrometry analysis. PLoS One.
2017;12:e0177601. doi: 10.1371/journal.pone.0177601

. Dobierzewska A, Soman S, lllanes SE, Morris AJ. Plasma cross-

gestational sphingolipidomic analyses reveal potential first trimes-
ter biomarkers of preeclampsia. PLoS One. 2017;12:e0175118. doi:
10.1371/journal.pone.01756118

. Diebel LN, Liberati DM, Hla T, Swendeman S. Plasma components to pro-

tect the endothelial barrier after shock: a role for sphingosine 1-phosphate.
Surgery. 2022;171:825-832. doi: 10.1016/j.surg.2021.08.068

Mensah SA, Cheng MJ, Homayoni H, Plouffe BD, Coury AJ, Ebong EE.
Regeneration of glycocalyx by heparan sulfate and sphingosine 1-phosphate
restores inter-endothelial communication. PLoS One. 2017;12:e0186116.
doi: 10.1371/journal.pone.0186116

Zhang L, Zeng M, Fan J, Tarbell JM, Curry FE, Fu BM. Sphingosine-1-
phosphate maintains normal vascular permeability by preserving endothelial
surface glycocalyx in intact microvessels. Microcirculation. 2016;23:301—
310. doi: 10.1111/micc.12278

Zeng Y, Adamson RH, Curry FE, Tarbell JM. Sphingosine-1-phosphate
protects endothelial glycocalyx by inhibiting syndecan-1 shed-
ding. Am J Physiol Heart Circ Physiol. 2014;306:H363-H372. doi:
10.1152/ajpheart00687.2013

Pillinger NL, Kam P. Endothelial glycocalyx: basic science and clini-
cal implications. Anaesth Intensive Care. 2017;45:295-307. doi:
10.1177/0310057X1704500305

Carlberg N, Cluver C, Hesse C, Thorn SE, Gandley R, Damén T, Bergman L.
Circulating concentrations of glycocalyx degradation products in preeclamp-
sia. Front Physiol. 2022;13:1022770. doi: 10.3389/fphys.2022.1022770
Ziganshina MM, Muminova KT, Khasbiullina NR, Khodzhaeva ZS,
Yarotskaya EL, Sukhikh GT. Characterization of vascular patterns associated
with endothelial glycocalyx damage in early- and late-onset preeclampsia.
Biomedicines. 2022;10:2790. doi: 10.3390/biomedicines10112790
Nishio A, Kamidani R, Okada H, Suzuki K, Suzuki K, Miyake T, Okamoto H,
Doi T, Suzuki A, Yoshida S, et al. Serum syndecan-1 concentration in hemo-
lysis, elevated liver enzymes, and low platelets syndrome: a case report. Front
Med (Lausanne). 2023;10:1111139. doi: 10.3389/fmed.2023.1111139
Kornacki J, Wirstlein B, Wender-Ozegowska E. Markers of endothelial
injury and dysfunction in early- and late-onset preeclampsia. Life (Basel).
2020;10:239. doi: 10.3390/1ife 10100239

Weissgerber TL, Garcia-Valencia O, Milic NM, Codsi E, Cubro H, Nath MC,
White WM, Nath KA, Garovic VD. Early onset preeclampsia is associated
with glycocalyx degradation and reduced microvascular perfusion. J Am
Heart Assoc. 2019;8:e010647. doi: 10.1161/JAHA.118.010647

Kuessel L, Husslein H, Montanari E, Kundi M, Himmler G, Binder J, Schiefer J,
Zeisler H. Dynamics of soluble syndecan-1 in maternal serum during and
after pregnancies complicated by preeclampsia: a nested case control study.
Clin Chem Lab Med. 2019;68:560-58. doi: 10.1515/cclm-2019-0686

May 2025

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Sphingosine-1-Phosphate in Severe Preeclampsia

Edvinsson C, Hansson E, Nielsen N, Erlandsson L, Hansson SR.
Intensive care patients with preeclampsia - clinical risk factors and
biomarkers for oxidative stress and angiogenic imbalance as discrimi-
nators for severe disease. Pregnancy Hypertens. 2022;30:88-94. doi:
10.1016/j.preghy.2022.08.005

Edvinsson C, Bjérnsson O, Erlandsson L, Hansson SR. Predicting inten-
sive care need in women with preeclampsia using machine learn-
ing - a pilot study. Hypertens Pregnancy. 2024;43:2312165. doi:
10.1080/106419556.2024.2312165

Brown MA, Magee LA, Kenny LC. Hypertensive disorders of preg-
nancy ISSHP classification, diagnosis, and management recommen-
dations for international practice. Hypertension. 2018;72:24-43. doi:
10.1016/jpreghy.2018.05.004

Lambden S, Laterre PF, Levy MM, Francois B. The SOFA score-development,
utility and challenges of accurate assessment in clinical trials. Crit Care.
2019;23:374. doi: 10.1186/s13054-019-2663-7

Ferreira FL, Bota DP, Bross A, Mélot C, Vincent JL. Serial evaluation
of the SOFA score to predict outcome in critically ill patients. JAMA
2001,286:1754-1758. doi: 10.1001/jama.286.14.1754

Chipeaux C, de Person M, Burguet N, Billette de Villemeur T, Rose C,
Belmatoug N, Héron S, Le Van Kim C, Franco M, Moussa F. Optimization
of ultra-high pressure liquid chromatography - tandem mass spectrometry
determination in plasma and red blood cells of four sphingolipids and their
evaluation as biomarker candidates of Gaucher's disease. J Chromatogr A
2017;15625:116-125. doi: 10.1016/j.chroma.2017.10.038

Bode C, Graler MH. Quantification of sphingosine-1-phosphate and related
sphingolipids by liquid chromatography coupled to tandem mass spectrometry.
Methods Mol Biol. 2012;874:33—44. doi: 10.1007/978-1-61779-800-9_3
Meissner A, Liefke J, Matthes F, Morsing E, Ley D, Hedstrém E. Plasma bio-
markers of inflammation associate with blood pressure and arterial stiffness
in adolescents after very preterm birth. Cardiovasc Res. 2024;120:1992-
1995. doi: 10.1093/cvr/cvae192

Weaving G, Batstone GF, Jones RG. Age and sex variation in serum albu-
min concentration: an observational study. Ann Clin Biochem. 2016;53(pt
1):106-111. doi: 10.1177/0004563215593561

Gram M, Anderson UD, Johansson ME, Edstrom-Hagerwall A, Larsson |,
Jalmby M, Hansson SR, Akerstrom B. The human endogenous protection
system against cell-free hemoglobin and heme is overwhelmed in pre-
eclampsia and provides potential biomarkers and clinical indicators. PLoS
One. 2015;10:0138111. doi: 10.1371/journal.pone.0138111
Christoffersen  C, Obinata H, Kumaraswamy SB, Galvani S,
Ahnstrom J, Sewvana M, Egerer-Sieber C, Muller YA, Hla T, Nielsen LB,
et al. Endothelium-protective sphingosine-1-phosphate provided by HDL-
associated apolipoprotein M. Proc Natl Acad Sci U S A 2011;108:9613—
9618. doi: 10.1073/pnas.1103187108

Winkler MS, Martz KB, Nierhaus A, Daum G, Schwedhelm E, Kluge S,
Graler MH. Loss of sphingosine 1-phosphate (S1P) in septic shock is pre-
dominantly caused by decreased levels of high-density lipoproteins (HDL).
J Intensive Care. 2019;7:23. doi: 10.1186/540560-019-0376-2

Hosier H, Lipkind HS, Rasheed H,DeWan AT,Rogne T. Dyslipidemiaand risk of
preeclampsia: a multiancestry Mendelian randomization study. Hypertension.
2023;80:1067-1076. doi: 10.1161/HYPERTENSIONAHA.122.20426
Patanapirunhakit P, Karlsson H, Mulder M, Ljunggren S, Graham D,
Freeman D. Sphingolipids in HDL - potential markers for adaptation to
pregnancy? Biochim Biophys Acta Mol Cell Biol Lipids. 2021;1866:158955.
doi: 10.1016/].bbalip.2021.168955

Belo L, Caslake M, Gaffney D, Santos-Silva A, Pereira-Leite L,
Quintanilha A, Rebelo I. Changes in LDL size and HDL concentration in
normal and preeclamptic pregnancies. Atherosclerosis. 2002;162:425-432.
doi: 10.1016/s0021-9150(01)00734-1

Piotti A, Novelli D, Meessen JMTA, Ferlicca D, Coppolecchia S,
Marino A, Salati G, Savioli M, Grasselli G, Bellani G, et al; ALBIOS Investiga-
tors. Endothelial damage in septic shock patients as evidenced by circulating
syndecan-1, sphingosine-1-phosphate and soluble VE-cadherin: a substudy
of ALBIOS. Crit Care. 2021;25:113. doi: 10.1186/513054-021-03545-1
Rayes B, Ardissino M, Slob EAW, Patel KHK, Girling J, Ng FS. Association of
hypertensive disorders of pregnancy with future cardiovascular disease. JAMA
Netw Open. 2023,;6:230034. doi: 10.1001/jamanetworkopen.2023.0034
Mugerli, S, Zupanci¢ D, Romih R, Lu¢ovnik M. Transmission electron micros-
copy demonstration of reduced endothelial glycocalyx in severe preeclamp-
sia. Placenta. 2022;126:64—-69. doi: 10.1016/j.placenta.2022.06.010
Schulz A, Drost CC, Hesse B, Beul K, Boeckel GR, Lukasz A, Pavenstadt H,
Brand M, Di Marco GS. The endothelial glycocalyx as a target of excess
soluble fms-like tyrosine kinase-1. Int J Mol Sci. 2023;24:5380. doi:
10.3390/ijms24065380

Hypertension. 2025;82:914-925. DOI: 10.1161/HYPERTENSIONAHA.124.24118



§70T ‘S AeIN uo £q S10°sjewnoleye//:dyy woiy papeoumo(

Edvinsson et al

49,

50.

51.

52.

53.

54,

b5.

56.

57.

58.

59.

60.

61.

Hypertension. 2025;82:914-926. DOI: 10.1161/HYPERTENSIONAHA.124.24118

Palmer KR, Tong S, Kaitu'u-Lino TJ. Placental-specific sFLT-1: role in
pre-eclamptic pathophysiology and its translational possibilities for clini-
cal prediction and diagnosis. Mol Hum Reprod. 2017;23:69-78. doi:
10.1093/molehr/gaw077

Ramani VC, Pruett PS, Thompson CA, Delucas LD, Sanderson RD. Hep-
aran sulfate chains of syndecan-1 regulate ectodomain shedding. J Biol
Chem. 2012;287:9952-9961. doi: 10.1074/jbc.M111.330803

Singleton PA, Dudek SM, Ma SF, Garcia JGN. Transactivation of sphingosine
1-phosphate receptors is essential for vascular barrier regulation. Novel role
for hyaluronan and CD44 receptor family. J Biol Chem. 2006;281:34381—
34393, doi: 10.1074/jbc.M603680200

Sun X, Singleton PA, Letsiou E, Zhao J, Belvitch P, Sammani S, Chiang ET,
Moreno-Vinasco L, Wade MS, Zhou T, et al. Sphingosine-1-phosphate
receptor-3 is a novel biomarker in acute lung injury. Am J Respir Cell Mol
Biol. 2012;47:628-636. doi: 10.1165/rcmb.2012-00480C

Abassi  Z, Armaly Z, Heyman SN. Glycocalyx degradation in
ischemia-reperfusion injury. Am J Pathol 2020;190:7562-767. doi:
10.1016/j.ajpath.2019.08.019

Zhao X, Zhang T, Yan Y, Liu F, Li C, Fan J, Pan Y, Li X, Wang Y. Notch
signaling regulates vessel structure and function via Hspg2. Gene.
2022;826:146439. doi: 10.1016/}.gene.2022.146439

Apostolidis SA, Stifano G, Tabib T, Rice LM, Morse CM, Kahaleh B,
Lafyatis R. Single cell RNA sequencing identifies HSPG2 and APLNR as
markers of endothelial cell injury in systemic sclerosis skin. Front Immunol.
2018;9:2191. doi: 10.3389/fimmu.2018.02191

Avenoso A, Bruschetta G, D'Ascola A, Scuruchi M, Mandraffino G, Gullace R,
Saitta A, Campo S, Campo GM. Hyaluronan fragments produced during tis-
sue injury: a signal amplifying the inflammatory response. Arch Biochem
Biophys. 2019;663:228-238. doi: 10.1016/}.abb.2019.01.015

Becker BF, Jacob M, Leipert S, Salmon AHJ, Chappell D. Degradation of the
endothelial glycocalyx in clinical settings: searching for the sheddases. BrJ
Clin Pharmacol. 2015;80:389-402. doi: 10.1111/bcp.12629

Garcia JG, Liu F Verin AD, Birukova A, Dechert MA, Gerthoffer WT,
Bamberg JR, English D. Sphingosine 1-phosphate promotes endothelial
cell barrier integrity by Edg-dependent cytoskeletal rearrangement. J Clin
Invest. 2001;108:689-701. doi: 10.1172/JCI12450

Singleton PA, Dudek SM, Chiang ET, Garcia JGN. Regulation of sphingosine
1-phosphate-induced endothelial cytoskeletal rearrangement and barrier
enhancement by S1P1 receptor, PI3 kinase, Tiam1/Rac1, and alpha-
actinin. FASEB J. 2005;19:1646-1656. doi: 10.1096/1}.056-3928com
Burg N, Swendeman S, Worgall S, Hla T, Salmon JE. Sphingosine
1-phosphate receptor 1 signaling maintains endothelial cell barrier func-
tion and protects against immune complex-induced vascular injury. Arthritis
Rheumatol. 2018;70:1879—1889. doi: 10.1002/art.40558

Gaengel K, Niaudet C, Hagikura K, Lavifia B, Muhl L, Hofmann JJ, Ebarasi L,
Nystrom S, Rymo S, Chen LL, et al. The sphingosine-1-phosphate recep-
tor STPR1 restricts sprouting angiogenesis by regulating the interplay
between VE-cadherin and VEGFR2. Dev Cell 2012;23:587-599. doi:
10.1016/j.devcel.2012.08.005

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Sphingosine-1-Phosphate in Severe Preeclampsia

Camerer E, Regard JB, Cornelissen |, Srinivasan Y, Duong DN, Palmer D,
Pham TH, Wong JS, Pappu R, Coughlin SR. Sphingosine-1-phosphate
in the plasma compartment regulates basal and inflammation-induced
vascular leak in mice. J Clin Invest 2009;119:1871-1879. doi:
10.1172/jci38575

Jeya Paul J, Weigel C, Miiller T, Heller R, Spiegel S, Graler MH. Inflam-
matory conditions disrupt constitutive endothelial cell barrier stabilization
by alleviating autonomous secretion of sphingosine 1-phosphate. Cells.
2020;9:928. doi: 10.3390/cells9040928

Aggarwal PK, Chandel N, Jain V, Jha V. The relationship between circulating
endothelin-1, soluble fms-like tyrosine kinase-1 and soluble endoglin in pre-
eclampsia. J Hum Hypertens. 2012;26:236-241. doi: 10.1038/jhh.2011.29
Baker PN, Davidge ST, Roberts JM. Plasma from women with pre-
eclampsia increases endothelial cell nitric oxide production. Hypertension.
1995;26:244-248. doi: 10.1161/01.hyp.26.2.244

Zawiejska A, Wender-Ozegowska E, Iciek R, Brazert J. Concentrations of
endothelial nitric oxide synthase, angiotensin-converting enzyme, vascular
endothelial growth factor and placental growth factor in maternal blood and
maternal metabolic status in pregnancy complicated by hypertensive disor-
ders. J Hum Hypertens. 2014;28:670-676. doi: 10.1038/jhh.2014.42
Spradley FT, Tan AY, Joo WS, Daniels G, Kussie P, Karumanchi SA
Granger JP. Placental growth factor administration abolishes placen-
tal ischemia-induced hypertension. Hypertension. 2016,67:740-747. doi:
10.1161/HYPERTENSIONAHA.115.06783

Augustin HG, Koh GY. A systems view of the vascular endothelium in health
and disease. Cell. 2024;187:4833-4858. doi: 10.1016/j.cell.2024.07.012
Lee KJ, Kim MK, Park YH, Seol HJ, Lim JE, Lee JN, Oh MJ. Vascu-
lar endothelial growth factor induces endothelin-1 production via matrix
metalloproteinase-2 rather than endothelin-converting enzyme-1. Hyper-
tens Pregnancy. 2007;26:189-199. doi: 10.1080/1064 1950701204604
Burke SD, Zsengellér ZK, Khankin EV, Lo AS, Rajakumar A, DuPont JJ,
McCurley A, Moss ME, Zhang D, Clark CD, et al. Soluble fms-like tyrosine
kinase 1 promotes angiotensin Il sensitivity in preeclampsia. J Clin Invest.
2016;126:2561-2574. doi: 10.1172/JCI83918

Del Gaudio |, Sasset L, Lorenzo AD, Wadsack C. Sphingolipid signa-
ture of human feto-placental vasculature in preeclampsia. Int J Mol Sci.
2020;21:1019. doi: 10.3390/ijms21031019

Staff AC. The two-stage placental model of preeclampsia: an update. J
Reprod Immunol. 2019;134-135:1-10. doi: 10.1016/}r.2019.07.004
Weigel C, Bellaci J, Spiegel S. Sphingosine-1-phosphate and its recep-
tors in vascular endothelial and lymphatic barrier function. J Biol Chem.
2023;299:104775. doi: 10.1016/}jbc.2023.104775

Ziegler AC, Graler MH. Barrier maintenance by S1P during inflam-
mation and  sepsis.  Tissue Barriers. 2021;9:1940069. doi:
10.1080/21688370.2021.1940069

Potje SR, Costa TJ, Fraga-Silva TFC, Martins RB, Benatti MN, Almado CEL,
de Sé KSG, Bonato VLD, Arruda E, Louzada-Junior P, et al. Heparin pre-
vents in vitro glycocalyx shedding induced by plasma from COVID-19
patients. Life Sci. 2021;276:119376. doi: 10.1016/]lfs.2021.119376

May 20256 925

(—)
=
{-T)
-_—
==
—
==
=
=
()
—
m




	Sphingosine-1-phosphate, a marker of endothelial injury and disease severity in preeclampsia
	Camilla Edvinsson, Federica Piani, Frank Matthes, Lotte Vanherle, Lena Erlandsson, Anja Meissner, Stefan Rocco Hansson
	Nutzungsbedingungen / Terms of use:
	CC BY-NC-ND 4.0  


