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Circulating cord blood HDL-S1P complex preserves the integrity of the fetoplacental vasculature
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Perinatal and long-term oﬀspring morbidities are strongly dependent on the preservation of placental vascular
homeostasis during pregnancy. In adults, the HDL-apoM-S1P complex protects the endothelium and maintains
vascular integrity. However, the metabolism and biology of cord blood-derived HDLs (referred to as neonatal
HDL, nHDL) strikingly diﬀer from those in adults. Here, we investigate the role of neonatal HDLs in the regulation of placental vascular function. We show that nHDL is a major carrier of sphingosine-1-phosphate (S1P),
which is anchored to the particle through apoM (rs = 0.90, p < 0.0001) in the fetal circulation. Furthermore,
this complex interacts with S1P receptors on the feto-placental endothelium and activates speciﬁcally extracellular signal-regulated protein kinases 1 and 2 (ERK) and phospholipase C (PLC) downstream signaling,
promotes endothelial cell proliferation and calcium ﬂux. Notably, the nHDL-S1P complex triggers actin ﬁlaments
reorganization, leading to an enhancement of placental endothelial barrier function. Additionally, nHDL induces
vasorelaxation of isolated placental chorionic arteries. Taken together, these results suggest that circulating
nHDL exerts vasoprotective eﬀects on the feto-placental endothelial barrier mainly via S1P signaling.

1. Introduction
Sphingosine-1-phosphate (S1P) mediates, as a bioactive phospholipid, a variety of cellular processes and it is highly abundant in the
plasma (~1 μM). Its major cellular sources are erythrocytes and the
vascular endothelium, which critically contribute to maintain the S1P
pool in the plasma [1]. Once released extracellularly, S1P mainly binds
to high density lipoprotein (HDL) through interaction with apolipoprotein M (ApoM) and to a lesser extent to serum albumin [2]. S1P
signals through speciﬁc G protein-coupled receptors (GPCRs), which
are ubiquitously expressed and coupled to a variety of G proteins [3].

Nonetheless, S1P evokes distinct physiologic functions depending on
the relative expression of S1P receptors (S1PRs) as well as G proteins.
Findings from a growing number of studies indicate that S1P is a
mediator of many of the cardiovascular-protective eﬀects of HDL, such
as anti-oxidative and anti-inﬂammatory activities, including the ability
to enhance endothelial barrier function and to induce vasodilatation
through the induction of nitric oxide and prostacyclin synthesis [4–6].
The positive eﬀect of this complex and its regulatory function have been
demonstrated both in vitro and in vivo. Indeed, the functionality of
HDL-S1P complex is highly diminished in cardiovascular diseases and
diabetes [7–9]. The complex bioactivity on diﬀerent vascular beds was

Abbreviations: S1P, sphingosine 1-phosphate; nHDL, neonatal high-density lipoprotein; ApoM, apolipoprotein M; ApoA-I, apolipoprotein A1; ApoE, apolipoprotein
E; GPCRs, G protein-coupled receptors; S1PRs, sphingosine 1-phosphate receptors; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; ERK, extracellular
signal-regulated protein kinases 1 and 2; PLC, phospholipase C; HPLC, high-performance liquid chromatography; SGPL1, sphingosine 1-phosphate lyase1; SR-BI,
scavenger receptor class B type I; HPAEC, human placental arterial endothelial cells
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while HDL cholesterol was measured by colorimetric method (Greiner
Diagnostic, Bahlingen, Germany). Due to the small amounts of plasma
obtained from the umbilical cord, individual neonatal HDL isolations
were pooled (mixed females and males) for the experiments.

broadly studied in animal models. However, little research has been
conducted to understand how S1P regulates vascular function at the
human feto-placental unit [10]. The placenta plays a crucial role during
pregnancy, being the interface between mother and fetus. It anchors the
conceptus, provides an interface for exchange of nutrients, lipids and
gases, and possesses endocrine functions, but also acts as an immune
barrier between the mother and the semi-allogeneic fetus [11]. The
placental tissue is in a constant state of growth throughout gestation
with a highly regulated development and adaption of its vasculature.
Any alteration applied to placental vascular homeostasis may have an
eﬀect on subsequent placental function and hence fetal growth and
development [12]. While apolipoprotein A1 (ApoA-I) is the major
structural component in adult HDL, the nHDL are speciﬁcally rich in
apolipoprotein E (ApoE), highlighting the peculiar biology of the particle [13]. Despite most of the apolipoprotein and lipids were found
reduced in the neonatal particles, we previously demonstrated that
ApoM is similarly present on neonatal and adult HDL proteome [14].
This could be seen as an indicator of the high relevance of S1P signaling
not only in adults but also in fetal physiology. Based on these ﬁndings
we hypothesize that nHDL is a carrier of S1P and that this complex
could play a pivotal role in fetal development in late pregnancy by
regulating placental vascular homeostasis. To the best of our knowledge
this is the ﬁrst study which investigates the role of nHDL-S1P complex
in its own physiological environment, namely the endothelium of
human placental vessels, which is in direct contact with neonatal blood.
Here we aimed at uncovering the S1P biology in the fetal circulation by
identifying the protective properties mediated by the nHDL-S1P complex and its underlying molecular mechanisms.

2.4. ApoM ELISA
Quantiﬁcation of ApoM was performed as previously described
[17]. Brieﬂy, Costar high binding 96 well plates (Corning, New York,
NY, USA) were coated with capture antibody against human ApoM
(M03, 50 μl/well Abnova, Taipei, Taiwan) diluted to 5 μg/ml in TBS
and incubated overnight. The plates were blocked by adding 200 μl of
blocking solution containing 2% BSA in TBS for 2 h. 90 μl of DTT solution (50 mmol/l DTT in a 0.2 mol/l sodium phosphate buﬀer) were
added to 10 μl of sample at 30 °C for 15 min to unfold apoM. Thereafter,
100 μl of iodoacetamide solution (0.6 mol/l iodoacetamide in a
0.02 mol/l sodium phosphate buﬀer) were added to each well for 1 h,
protected from light, to prevent reformation of disulﬁde bridges. Subsequently, the samples (diluted around 50 times in dilution buﬀer
containing TBS with 1% Triton X-100 and 1% BSA) were transferred to
the ELISA plate for overnight incubation. The plate was washed three
times with TBS followed by at least 3 h incubation with 75 μl of detection antibody against human apoM (1:1000; ab91656; Abcam,
Cambridge, UK) diluted in TBS containing 1% BSA and 2% Triton-X
100. The plate was washed three times with TBS and 0.1% Triton-X 100
and incubated for 2 h with 75 μl of HRP-conjugated anti-rabbit IgG
antibody (diluted 1:2000 in TBS buﬀer containing 1% BSA and 0.1%
Triton-X 100), followed by development with SIGMAFAST™ OPD
system (Merck, Darmstadt, Germany). Absorbance was read at 492 nm
by using an ELISA reader (SPECTROstar Nano, Bmg Labtech Ortenberg,
Germany). The obtained ApoM concentrations were calculated from the
standard curve included in each assay run.

2. Materials and methods
2.1. Study population

2.5. S1P quantiﬁcation

Women without pregnancy complications (N = 20) were recruited
at the time of delivery and gave written informed consent. The study
design was approved by the ethical committee of the Medical University
of Graz (29-319 ex 16/17). All women in the study were selected based
on a negative oral glucose tolerance test at 24–28 weeks of gestation
and absence of medical complications during pregnancy. Clinical
characteristics of the subjects are summarized in Online Resource 1.

S1P content in plasma (75 μl) and in neonatal HDL fractions
(150 μl), was measured by HPLC as described elsewhere [18]. In brief,
the S1P extraction was performed with chloroform-methanol in a twostep procedure followed by derivatization with 2,3-naphthalenedicarboxaldehyde. Subsequently, derivatized samples were analysed with
an Agilent 1290 HPLC (Agilent, Santa Clara, CA, USA) using a Synergi
4u Fusion-RP 80A column (30 × 2.0 mm; Phenomenex) with a ﬂow of
0.5 ml/min. The used solvent phases were as follows: mobile phase
composed of 85% acetonitrile with 15% methanol (HPLC grade; Rathburn Chemicals Ltd., Walkerburn, UK), and aqueous phase composed of
20 mmol/l H2KPO4 (pH 4.8) and 15% methanol (HPLC grade; Merk,
Darmstadt, Germany). The separation was achieved by using a gradient
of the mobile phase: 0–6 min, 47.5%; 6–9 min, 47.5–87.5%; 9–10 min,
87.5%; 10–12 min, 87.5–47.5%; and 12–15 min, 47.5%.

2.2. Blood sampling and plasma preparation
Umbilical cord blood was taken 10 min after delivery at the latest.
The neonatal cord blood plasma was collected from 10 males and 10
female newborns as mixed blood from umbilical arteries and vein.
EDTA-plasma was isolated by centrifugation for 15 min at 2000g at 4 °C
and stored at −80 °C until further analyses.
2.3. Isolation and characterization of HDL

2.6. S1P depletion
Neonatal HDLs were isolated by an adapted ultracentrifugation
method [15,16]. Brieﬂy, EDTA-plasma was centrifuged in an Optima
XE-90 ultracentrifuge using the TI/70.1 rotor (Beckman Coulter, CA,
USA). After adjusting plasma density to 1.24 g/ml with potassium
bromide, 1.7 ml plasma was transferred to a Quick-Seal Bell-top tube
(Beckmann Coulter, CA, USA), covered with a potassium bromide solution (density 1.006 g/ml) and centrifuged at 100,000 rpm for 3 h. To
visualize the HDL fraction within the tubes, DiI-dye (1–1′dioctadecyl-33-3′-tetramethyl indocarbocyanine perchlorate) was added in one reference tube as an indicator. Isolated HDL was stored in salt at 4 °C,
covered with argon gas to avoid oxidation. Prior to further analyses
HDL was desalted with PD-10 columns with sephadex (GE Healthcare,
Vienna, Austria). Characteristics and purity of isolated HDLs were
conﬁrmed by lipid diagnostics. Protein concentration was determined
by BCA protein assay kit (Pierce, Thermo Scientiﬁc, Rockford, IL, USA),

S1P depletion on neonatal HDL was achieved by incubating 1 nmol
S1P-HDL with 5 μg of active human sphingosine-1-phosphate lyase1
SGPL1 (SRP0191, Merck, Darmstadt, Germany) dissolved in PBS for
60 min at 37 °C. The above mentioned HPLC-based method was used to
determine S1P content on HDL.
2.7. Human placental arterial endothelial cells (HPAEC) isolation and
treatment
Primary HPAEC were isolated from 12 healthy term placentae using
a standard protocol [19]. HPAEC were characterized by immunocytochemistry and internalization of acetylated low-density-lipoprotein (Biomedical Technologies, Stoughton MA). Isolated cells were
cultured on 1% gelatin-coated T75 ﬂask using Endothelial Basal
2
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2.10. Proliferation assay

Medium (EBM) (Lonza, Basel, Switzerland) supplemented with the
EGMTM-MV BulletKit (Lonza Basel, Switzerland). The purity of isolated
cell populations was assessed by indirect immuno-ﬂuorescence staining
with the following markers: Von Willebrand Factor (vWF; A0082,
Agilent, Santa Clara, CA, USA); CD31 (mon60021, Sanbio BV, Uden,
Netherlands); CD90 (DIA100, Dianova, Hamburg, Germany); Actin
smooth muscle (M0851, Agilent, Santa Clara, CA, USA); Vimentin
(M0725, Agilent, Santa Clara, CA, USA); MsX Fibroblasts (CBL271,
Merck, Darmstadt, Germany); Desmin (M0760, Agilent, Santa Clara,
CA, USA). In all the experiments HPAEC were treated with the following compounds unless speciﬁed otherwise: (i) nHDL (200 μg/ml)
dissolved
in
PBS
(neonatal
HDL
particles
contained
~0.507 ± 0.154 nmol of S1P per mg of total HDL protein, as measured
by HPLC. Thus, HPAEC were exposed to (ii) ~100 nmol/l S1P); (ii) S1P
complexed with human serum albumin named as S1P-HSA (360,492,
Huzzah® S1P, Avanti Polar Lipids, Alabaster, USA) (used in a concentration of 1 μmol/l [20] as a positive control); (iii) selective inhibitor of S1PR1 - W146 (1 μmol/l) (857,390, Avanti Polar Lipids,
Alabaster, USA) dissolved in PBS containing Na2CO3 and 20% (2-hydroxypropyl)-beta-cyclodextrin according to the product data sheet,
and (iv) S1PR1/3 inhibitor VPC23019 (1 μmol/l) (4195, Tocris
Bioscience, Bristol, UK), dissolved in DMSO. When cells were treated
with W146 or with VPC23019, Na2CO3, (2-hydroxypropyl)-beta-cyclodextrin and DMSO respectively, were added as vehicle in the control
settings.

HPAEC were seeded into a 96-well plate in 100 μl of complete
medium and cultured overnight. Thereafter, the medium was replaced
with 1% FCS medium and the cells were pre-incubated with W146
(1 μmol/l) and VPC23019 (1 μmol/l) for 30 min then treated with
1 μmol/l S1P-HSA and 400 μg/ml of total neonatal HDL protein for
24 h. The cells were labelled with 10 μl/well of BrdU solution for 3 h.
Afterwards cells were ﬁxed (200 μl/well of FixDenat), incubated with
100 ml/well of Anti-BrdU-POD working solution for 90 min and washed
3 times and subsequently the substrate solution (TMB) was added according to the manufacturer's instructions (colorimetric Cell
Proliferation ELISA, BrdU- Roche, Basel, Switzerland). Absorbance was
read at 492 nm with the ELISA plate reader SPECTROstar Nano.
2.11. Calcium mobilization assay
To measure changes in intracellular Ca2+ levels HPAEC were seeded
in 96 black/clear bottoms well assay plates (Corning, New York, NY,
USA). After reaching conﬂuency or prior to Ca2+ measurements the
cells were pre-incubated with W146 and or VPC23019 for 1 h, then the
calcium dye (FLIPR® Calcium 6, Molecular devices, CA, USA) was
added for 2 h at 37 °C 5% CO2. After incubation, the assay plate
(containing the cells) as well as the compound plate (with vehicle, S1PHSA and nHDL) were transferred directly to the FlexStation® to be assayed. Thrombin (3u/ml) was used in each experiment as positive
control. The ﬂuorescence intensity was recorded with excitation wavelengths of 485 nm and an emission wavelength of 525 nm. Data were
analysed using SoftMax® Pro software.

2.8. Immunoblotting
Lysates of total cell (10 μg of proteins) were separated by 4–20%
gradient gel for 60 min at 120 V, 400 mA and transferred by electrophoresis to 0.2 μm nitrocellulose membranes (Trans-Blot Turbo Mini
Nitrocellulose Transfer Membrane, BioRad, Hercules, CA, USA) using
the Trans-Blot Turbo Transfer System (BioRad, Hercules, CA, USA).
Membranes were blocked at RT in blocking buﬀer (5% non-fat dry milk
in 1× TBE buﬀer) for 1 h, and then incubated with primary antibody
overnight at 4 °C. Proteins were detected by using speciﬁc primary
antibodies against: S1PR1 (1:10000; ab125074, Abcam, Cambridge,
UK);S1PR3 (1:1000; ab126622, Abcam, Cambridge, UK), Hsp90
(1:2000; 610,418; BD Bioscience; East Rutherford, New Jersey,
NJUSA); p-ERK (1:2000; 9106; Cell Signaling, Danvers, MA, USA); ERK
(1:2000; 9107; Cell Signaling, Danvers, MA, USA); p-PLC(1:500; 2481;
Cell Signaling, Danvers, MA, USA); PLC (1:500; 14,247; Cell Signaling,
Danvers, MA, USA); p-eNOS ((1:500; 9571; Cell Signaling, Danvers,
MA, USA); eNOS ((1:500; D9A5L; Cell Signaling, Danvers, MA, USA).
Signals were visualized using the ECL development method
(SuperSignal West Pico or Femto Chemiluminescent Substrate; Pierce,
Thermo Scientiﬁc, Rockford, USA) and quantiﬁed densitometrically
using EvolutionCapt (Vilber Lourmart, Collégien, France) software.

2.12. Electrical cell-substrate impedance sensing (ECIS Z system)
To determine the eﬀects of neonatal HDL on the barrier function,
impedance measurements were performed using an ECIS Z System
(Applied Biophysics, Troy, USA). HPAEC were plated on gelatinecoated gold electrodes of 8W10E+ arrays and serum-starved. The impedance was recorded in real time at 1 min intervals at 4 kHz. After
reaching stable impedance, they were treated with nHDL, S1P-HSA and
S1P inhibitors W146 or VPC23019. Serum-free EBM was used as a
control. Analysis of the data was performed using ECIS software
(Applied Biophysics, Troy, USA).
2.13. Immunoﬂuorescence staining
HPAEC were seeded in gelatin-coated chamber slides. After 24 h,
the cells were serum starved for 3 h, then pre-incubated with W146 or
VPC23019 inhibitors for 30 min and followed by treatment with
1 μmol/L S1P-HSA or 200 μg/ml nHDL protein for 1 h. After washing,
cells were ﬁxed with 3.7% formaldehyde in PBS for 10 min at room
temperature. After washing three times with PBS, the cells were permeabilized with 0.1% Triton X-100 in PBS for 25 min at room temperature. The slides were washed three times with PBS and then
blocked with Ultra Vision Protein Block (TA125PBQ, ThermoFisher
Scientiﬁc, Waltham, MA, USA) for 25 min at room temperature. After
blocking, the primary antibody for VE-cadherin (monoclonal mouse
anti human, sc-9989 Santa Cruz, CA, USA) was applied for 1 h at room
temperature. Following secondary antibodies were used: DyLight633
(goat anti mouse 5 μg/ml, ThermoFisher Scientiﬁc, Waltham, MA,
USA), Alexa Fluor® 488 Phalloidin (A12379, Life Technologies,
Invitrogen, Carlsbad, CA, USA) and FITC (goat anti mouse 10 μg/ml, BD
Pharmingen). Slides were counterstained with DAPI (4′,6 diamidino-2phenylindole, Invitrogen, 2.5 μg/ml), mounted with ProLong Gold antifade reagent (P36930, Life Technologies, Invitrogen, Carlsbad, USA)
and analysed by ﬂuorescent microscopy using a Zeiss LSM 510 Meta
microscope, objective Plan-Apochromat 639/1.4 Oil DIC, lasers 405,
488 and 633 nm and LSM Image Browser software.

2.9. RNA isolation and quantitative real-time PCR
Isolation of total cellular RNA was performed using RNeasy Mini kit
(QIAGEN, Hilden, Germany). Quality and concentration of obtained
RNA was determined by measuring 260/280 ratio using the Scandrop
250 (Analytik Jena AG, Germany). cDNA was generated using iScript
cDNA Synthesis Kit (BioRad, Hercules, CA, USA,). For quantitative realtime PCR (RTQ-PCR) the AB7900–2 Syllabus thermal cycler (Life
technologiesTM, Vienna, Austria) was used. The cycling conditions
were: 2 min at 50 °C, initial denaturation at 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s and an annealing temperature of 60 °C was
chosen. Gene speciﬁc primers for S1PR1 (HS00173499_m1, Applied
Biosystems, USA) and S1PR3 (HS00245464_s1, Applied Biosystems,
USA) were synthesized by Taqman. Total term placental tissue was used
as positive control. The results were normalized to the house-keeping
gene cyclophilin A (PPIA) (Hs04194521_s1, ThermoFisher Scientiﬁc,
Waltham, MA, USA).
3
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2.14. Wire myography

3.2. nHDL elicits ERK and PLC pathways activation via S1PRs

Term placentas obtained within 30 min after delivery exclusively
from normal pregnancies were used for experiments. A calibrated
eyepiece micrometer was used to obtain chorionic plate arterial rings of
approximately 2 mm in length and ~50 μm in diameter. Arterial rings
were maintained in Krebs-Henseleit buﬀer (Sigma Aldrich, Schnelldorf,
Germany) modiﬁed and prepared in deionized water (6.9 g/l NaCl,
0.35 g/l KCl, 0.16 g/l KH2PO4, 0.141 g/l MgSO4, 2.1 g/l NaHCO3, 2 g/l
D-glucose, 0.97 g/l EDTA•2H2O and 2.77 g/l CaCl2, penicillin/streptomycin 1% (w/v), pH 7.4) and constantly bubbled with 2.5% O2/20%
CO2 at 37 °C as previously described [21]. Two pin-supports settled in
each myography chamber allowed isometric tension recording (PowerLab, ADInstruments) and were utilized to mount carefully the arterial
rings on the myography system 620 M (Danish MyoTechnology,
Aarhus, Denmark). Optimal passive tension (luminal diameter) was
determined by the classical normalization procedure for each arterial
ring [22,23] followed by 30 min stabilization. Functional and mechanical reactivation of the tissue were accomplished by applying
modiﬁed Krebs-Henseleit buﬀer containing 60 mM KCl (Potassium
physiological salt solution: KPSS; 9.2 g/l KCl, 0.289 g/l MgSO4•7H2O,
0.161 g/l KH2PO4, 0.277 g/l CaCl2, 2.1 g/l NaHCO3, 0.01 g/l EDTANa2•2H2O, 0.991 g/l D-glucose). An agonist-mediated contraction curve
was generated by applying cumulative doses of the thromboxane A2
analogue U46619 (10-9-10-6 M) (D81741, Merck, Darmstadt, Germany) to achieve the 50% of the maximum contraction obtained by
KPSS, followed by several washes to the baseline with modiﬁed KrebsHenseleit buﬀer. Arterial rings were pre-incubated with S1P receptor
inhibitors W146 or VPC23019 for 40 min. A single-dose of U46619
(EC80; D81741, Merck, Darmstadt, Germany) was used to reach 80% of
the maximal KPSS contraction. According to the experimental target,
arterial rings were either treated with a single dose of native (200 μg/
ml) or S1P-depleted (100 μg/ml) neonatal HDL dissolved in PBS. Relaxation percentages obtained were related to the EC80-induced tone.

The diversity of S1P-mediated eﬀects reﬂects diﬀerences in the G
proteins coupling to the receptor as well as endogenous S1P receptor
expression in diﬀerent tissues. In line with results of previous studies
our HPAEC express both S1PR1 and S1PR3 [24,25] with S1PR1 being
more abundant at both protein (Fig. 2A) and RNA level (Fig. 2B).
Previous studies have shown that S1P signaling in endothelial cells
triggers PI3K/Akt, Erk1/2 and PLC activation which have been implicated in cell proliferation, survival, and motility [26]. To evaluate
the impact of nHDL on these signaling pathways we compared the eﬀect
of nHDL with that of the positive control S1P-HSA. Interestingly, the
Akt signaling was not triggered (data not shown) in response to nHDL
stimulation, whereas activation of ERK and PLC pathways was observed. The extent of nHDL-stimulated phosphorylation of ERK and PLC
was comparable to that caused by S1P-HSA and was markedly reduced
by S1PR1/S1PR3 inhibitors, strongly arguing for the role of S1PR in
nHDL signaling in HPAEC (Fig. 2C-D). Pharmacological inhibition of
ERK and PLC phosphorylation after nHDL treatment was equally eﬃcient with both S1PR antagonists.
3.3. nHDL associated S1P stimulates HPAEC proliferation and calcium ﬂux
Lysosphingolipids carried on HDL mediate the mitogenic activity of
the particle by stimulating DNA synthesis in endothelial cells [20,27].
Moreover, several studies demonstrated that S1P is able to regulate
calcium ﬂux through its receptors [28,29]. Since activation of S1PRs by
nHDL leads to G protein-dependent signaling by ERK and PLC, we next
examined the impact of nHDL on cell proliferation and intracellular
calcium mobilization in HPAEC. Notably, nHDL enhanced HPAEC
proliferation (Fig. 3A). Induction of cell proliferation by both nHDL and
the positive control S1P-HSA could be signiﬁcantly attenuated by S1PR
antagonists (Fig. 3A). Furthermore, nHDL induced calcium mobilization
and this eﬀect could be diminished by S1PR antagonists (Fig. 3B-C).
These results suggest a S1P dependent nHDL-mediated intracellular
calcium release and mitogenic eﬀect on the human placental endothelium.

2.15. Statistical analysis
GraphPad Prism software (version 7.0, GraphPad Prism software,
San Diego, USA) was used for the statistical analysis. One- or two-way
ANOVA with Tukey's post hoc test were used for all statistical analyses
except where Student's t-test was applied. Spearman correlation was
performed for correlation analysis. Data are expressed as
mean ± SEM. Diﬀerences were considered statistically signiﬁcant
when p < 0.05.

3.4. The protective eﬀect of nHDL on feto-placental endothelial barrier is
largely mediated by S1P
The endothelial barrier integrity is mainly dependent on cell-cell
adhesion and cell-matrix tethering. Under physiological conditions,
actin forms circumferential bundles which provide structural stability
and anchoring for junctional complexes. This complex network confers
membrane shape and architecture to maintain a functional endothelial
barrier [30]. S1P ligation with its receptors induces cell-type-speciﬁc
adhesive responses such as assembly of adherent junctions, formation of
actin stress ﬁbres and cortical rings [31,32].
To evaluate whether nHDL aﬀects cytoskeletal rearrangement and
adherent junction assembly of HPAEC, cells were treated with nHDL in
the absence or presence of W146 or VPC23019 and stained for F-actin
and VE-cadherin. When the cells were exposed to nHDL the actin ﬁbres
rearranged and formed a prominent actin ring (Fig. 4C) compared to
the vehicle control (Fig. 4A). Moreover, the blocking eﬀect of S1PR
antagonists prevented actin organization (Fig. 4D-E). Furthermore,
nHDL treatment increased the expression of VE-cadherin at the cell-cell
contact regions (Fig. 4B, C) which was diﬀerent when compared to
control conditions (Fig. 4A).
Since ring-like actin structures determine barrier function in EC, we
examined whether nHDL promotes placental endothelial barrier enhancement via S1P signaling. nHDL, markedly augmented trans-endothelial resistance (Fig. 4F, upper panel) and Δimpedance (Fig. 4F,
lower panel), which was abolished in the presence of S1PR antagonists.
These data conﬁrmed the hypothesis that nHDL enhances feto-placental
barrier function via S1P.

3. Results
3.1. nHDL is a carrier of ApoM-S1P complex in the feto-placental
circulation
S1P plasma concentration in the cord averaged between
1.068 ± 0.212 μM in the male and 1.08 ± 0.235 μM in the female
oﬀspring (Fig. 1A). Additionally, we found signiﬁcantly higher plasma
levels of S1P in mothers of female oﬀspring, suggesting a sex-depended
regulation of S1P production in pregnancy (Online Resource 2). Considering ApoM being an established anchor for S1P we assumed that
nHDL acts also as a carrier of S1P. Particle-associated ApoM content
was 0.771 ± 0.107 and 0.845 ± 0.164 nmol/mg of HDL protein in
male and female HDL isolations respectively (Fig. 1B). Furthermore, the
levels of S1P on nHDL-containing fraction were comparable in male and
female oﬀspring (0.441 ± 0.111 vs 0.474 ± 0.153 nmol/mg of HDL
protein) (Fig. 1C). Notably, we found a strong correlation between S1P
and ApoM levels on neonatal particles (rs = 0.95, p < 0.0001 in
males; rs = 0.90, p < 0.0008 in females) (Fig. 1D-E). These data
highlight the role of ApoM as main chaperone for S1P binding on nHDL
in the umbilical cord blood circulation.
4
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Fig. 1. Sphingosine 1-phosphate (S1P) and apolipoprotein M (ApoM) levels correlate in isolated highdensity lipoprotein (HDL). A) S1P level in cord
plasma from 10 male and 10 female oﬀspring measured by HPLC. Cord blood-derived HDL referred as
nHDL-M (male) and nHDL-F (female) were isolated
and puriﬁed by ultracentrifugation. B) ApoM was
measured by ELISA and C) S1P by HPLC. A correlation between HDL associated ApoM and S1P levels on
isolated HDL from male D) and female E) oﬀspring
was performed. Correlation analysis was determined
according to Spearman correlation coeﬃcient (rS).

act as key players in promoting vascular health and recent studies
suggest that the bioactive sphingolipid S1P associated with the particles
is speciﬁcally accountable for HDL-mediated protective eﬀects [40]. We
have previously shown that nHDL is unique in respect to its protein
composition, size and function [14]. In addition, we have demonstrated
that a pathological intrauterine environment during pregnancy impact
the functionality of the neonatal HDL-particle [41]. The present study is
the ﬁrst to show that neonatal HDL particles represent a powerful
mechanism of vascular protection during pregnancy. Particularly, two
major ﬁndings of this study clearly highlight the importance of cord
blood circulating HDLs and their capability to regulate vascular function at the fetal side of the human placenta: (1) nHDL serves as carrier
of the apoM-S1P complex and (2) nHDL exerts vasculoprotective actions and sustains barrier integrity of the vasculature mainly through
S1P signaling.
S1P content on HDL is conﬁned to the apoM-containing particles in
adult plasma and it strongly correlates with its apoM levels [18]. It has
been estimated that S1P concentration ranges between 0.5 and 1.2 μM,
in human plasma [42,43]. The majority of plasma S1P (~60%) is bound
to HDL, whereas ~30% is bound to albumin and a minor fraction to
other lipoproteins [44,45].
Notably, we showed that apoM is also associated with nHDL and
acts as an S1P chaperon within the feto-placental circulation. A sexual
dimorphism of S1P concentration has been suggested in the plasma of
adults within the age of 19–55 due to diﬀerent estrogen levels [46].
However, umbilical cord estrogen concentrations do not signiﬁcantly
diﬀer between males and females [47]. Indeed, we could not detect any
diﬀerence in S1P levels on nHDL from male and female oﬀspring.
However, we found higher S1P plasmatic concentration in mothers of
female newborn, suggesting that the placenta might regulate S1P
availability in the maternal circulation in a sex-dependent manner.
Previous investigations also suggested a fetal sex-based diﬀerence in
maternal hormones, angiogenic factors and immune mediators [48],
most likely due to a diﬀerential programming of the placenta according
to the fetal sex as shown in several pathways' enrichment analysis

3.5. Neonatal HDL induces placental arteries vasorelaxation
It has been reported that HDL acts as potent activator of endothelial
nitric oxide synthase (eNOS) and regulator of vascular tone of conduit
vessels [33,34]. In vitro studies have shown that HDL-associated S1P is
crucial for HDL-mediated eNOS activation as the deletion of S1P receptors reduces 60% of eNOS phosphorylation [6]. To determine S1P
involvement in the stimulation of nHDL-induced eNOS pathway, we
incubated HPAECs with nHDL in the presence of S1PRs inhibitors. The
levels of phospho-eNOS was signiﬁcantly increased upon nHDL incubation (Fig. 5A). Moreover, blockage of S1PRs with W146 and
VPC23019 signiﬁcantly decreased the levels of phospho-eNOS, corroborating the pivotal role of S1P signaling in nHDL-mediated eNOS activation at the feto-placental endothelium. To investigate the eﬀect of
nHDL on vascular tone of placental arteries, we next examined the
capacity of nHDL to relax U46619 pre-contracted arterial chorionic
rings. nHDL markedly relaxed pre-contracted rings (≥50%)
(p < 0.001). However, the vasodilatory eﬀect of nHDL was not signiﬁcantly reduced by pre-treatment of rings with the S1PR antagonists
W146 (Fig. 5B) and VPC23019 (Fig. 5C). Interestingly, S1P depletion,
which removed approximately 50% of nHDL S1P content, completely
abolished the vasorelaxant capacity of nHDL, resulting in nHDL-induced vasoconstriction (Online Resource 3).

4. Discussion
The human placenta protects and support fetal growth while inﬂuencing maternal physiology according to the fetal demand.
Speciﬁcally, the feto-placental barrier integrity is of critical importance
to the fetal growth and well-being [35]. Placental endothelial dysfunction is a major hallmark of pregnancy-related disorders such as
gestational diabetes mellitus (GDM) [36], preeclampsia and/or intrauterine growth restriction (IUGR) and one of the central features of
inﬂammation which may aﬀect the mother as well as the fetus health
later in life [37–39]. In adults, plasma HDL particles are considered to
5
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Fig. 2. nHDL activates S1PR1-mediated intracellular signaling pathways. (A) Primary arterial placental endothelial cells (HPAEC) were isolated from 12 individual
term placentae and tested by Western blot analysis for S1PR1 and S1PR3 expression. (B) mRNA levels of S1PR1 and S1PR3 in HPAEC. HPAEC (n = 6) were serum
starved and pre-treated for 30 min with W146 (1 μmol/L) or VPC23019 (1 μmol/l) respectively, before stimulation with nHDL (200 μg/ml; ~100 nmol/l S1P
according to HPLC analysis), S1P-HSA (1 μmol/l) for 15 min. Activation of ERK (C) and PLC (D) were examined by Western blot using phospho-speciﬁc antibodies (pERK, p-PLC) and antibodies speciﬁc for the corresponding non-phosphorylated proteins (t-ERK, t-PLC). Results in C) and D) are presented as a ratio of phosphorylated
and non-phosphorylated ERK and PLC, respectively. Data are shown as mean ± SEM. ***p < 0.001 by one-way ANOVA with Tukey's post hoc test.

compared to S1PR3 [53], which is also expressed in vascular smooth
muscle cells (VSMC) of diﬀerent vascular beds [54,55]. We also found
that S1PR1 is the predominantly expressed receptor type on feto-placental vasculature even though both receptors are present.
It is well established that S1P binding to its receptors leads to an
activation of downstream eﬀectors such as Akt, ERK/MAPK and PLC

studies [49,50]. In endothelial cells, S1P exerts a plethora of eﬀects
which regulates vascular maturation and morphogenesis. In particular,
it stimulates endothelial proliferation, migration, and angiogenesis,
protects against apoptosis and controls vascular permeability [51,52].
Many of these cellular functions have been shown to be dependent on
S1PR1 and S1PR3. S1PR1 is highly abundant on the endothelium
6
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Fig. 3. nHDL promotes cell proliferation
and calcium mobilization. A) HPAEC
(n = 6) were treated with nHDL (400 μg/
ml), S1P-HSA (1 μmol/l) in presence of
W146 and VPC23019 for 24 h. Proliferation
of HPAEC was quantiﬁed by BrdU incorporation. One representative time course
of intracellular calcium ﬂux in HPAEC pretreated with W146 (B; left) or VPC23019 (C;
left) upon nHDL (200 μg/ml) or S1P-HSA
(1 μmol/l) treatments are shown. Plates
with treated cells were loaded into
FlexStation and ﬂuorescence intensity was
recorded. ΔF (B right; C right) was calculated to determine changes in ﬂuorescence
intensity. Data represent mean ± SEM.
***p < 0.001, two-way ANOVA with
Tukey's post hoc test.

and PLC pathways activation, nHDL promotes HPAEC proliferation and
intracellular calcium mobilization in a S1PRs dependent manner. Our
results nicely corroborate the general concept that an elevation in intracellular calcium levels after exogenous S1P stimulation is an important mechanism of nitric oxide (NO) production (7) and cell junction
assembly (22) in order to maintain structural and functional integrity of
the endothelium.
Vascular integrity and barrier permeability rely on the control of a
complex interplay of tethering forces at cell–cell and cell–matrix level
as well as intracellular contractile forces mediated by actin and myosin
[30]. Wilkerson and colleagues elegantly showed that both HDL and
albumin (containing an equal concentration of S1P) rapidly enhance
the tightness of the barrier in human umbilical vein endothelial cells
(HUVEC). Importantly, the HDL-S1P complex sustains cellular

[56]. When investigating downstream signaling targets of S1PRs, we
observed that nHDL activates ERK and PLC pathways in primary human
placental arterial endothelial cells (HPAEC). On the contrary to what
was already shown in human endothelial cell lines [57,58], we could
not detect any activation of Akt upon nHDL stimulation in primary
endothelial cells. This suggests that the capability of the particle to
elicit diﬀerent signaling pathways is highly speciﬁc and dependent not
only on the particle composition itself but also on the type of vascular
bed. Importantly, it seems that S1PR1 is the main player in S1P signaling axis due to the observation that the selective S1PR1 antagonist
W146 or the S1PR1/3 antagonist VPC23019 caused a similar eﬀect on
the placental endothelium. In addition, relative S1PR1 mRNA levels
were almost 3-fold higher than S1PR3 mRNA levels in HPAEC, which
argues for the previous statement. Consistent with the observed ERK
7
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Fig. 4. nHDL induces actin reorganization and increases the endothelial barrier function in vitro. HPAEC were serum starved then incubated with vehicle control (A),
S1P-HSA 1 μmol/l (B), nHDL 200 μg/ml (C) or preincubated with VPC23019 (D) or W146 (E) before nHDL stimulation. Cells were ﬁxed, permeabilized and stained
for F-actin (green), VE-cadherin (red) and nuclei (blue) and visualized with confocal laser scan microscopy. Scale bar 20 μm. F) Trans-endothelial electrical resistance
of conﬂuent monolayer of HPAEC exposed to S1P-HSA (1 μmol/l) and nHDL (200 μg/ml) in the absence or presence of VPC23019 or W146, was assessed over
indicated time period (upper panel). One out of six representative experiments are shown. Δ impedance shows diﬀerences in resistance measured before and up to 4 h
after treatment (lower panel). All data are presented as mean ± SEM. ***p < 0.001. Two-way ANOVA and Tukey's post-hoc test was used to test for signiﬁcance.

S1PR2 and S1PR3 activation leads to increased barrier permeability
[61]. In our study, the evidence that S1PR1 inhibition blunted the
sustained barrier eﬀects induced by nHDL, suggests that nHDL-S1PR1
axis regulates this observed sustained placental endothelial barrier activity. However, we cannot rule out the possibility that in pathological
conditions S1PR3 may play a role in endothelial barrier dysfunction.
The increase trans-endothelial electrical resistance (TEER) by S1P occurs in association with rapid and dynamic actin rearrangements on

impedance longer than albumin does [59]. Our studies show that nHDL
reduces permeability as reﬂected by increased barrier impedance of
HPAEC. Despite S1P bound to albumin has a higher initial maximal
response, likely due to its higher concentration (1 μM with albumin vs
100 nM with nHDL), we observed that nHDL-induced enhancement of
barrier integrity is stable over time compared with the response
mediated by albumin. Activation of S1PR1 signaling has been associated with endothelial barrier-promoting function [60], whereas
8
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Fig. 5. nHDL promotes eNOS activation in HPAECs
and placental arterial rings relaxation. HPAEC
(n = 6) were serum starved and pre-treated for
30 min with W146 (1 μmol/l) or VPC23019 (1 μmol/
l) respectively, before stimulation with nHDL
(200 μg/mL; ~100 nmol/L S1P according to HPLC
analysis), for 15 min. Activation of eNOS was examined by Western blot using a phospho-speciﬁc
antibody (Ser1177-phospho-eNOS) and antibody for
the corresponding non-phosphorylated proteins (teNOS). Results in (A) are presented as a ratio of
phosphorylated and non-phosphorylated eNOS. Data
are shown as mean ± SEM. *** p < 0.001 by unpaired Student's t-test. U46619-precontracted chorionic arterial rings were preincubated with (B) W146
(1 μmol/l) or (C) VPC23019 1 μmol/l followed by
exposure to nHDL (200 μg/ml). Cumulative results
are shown as mean ± SEM of at least 3 rings per
condition from at least 3 placentae. *** p < 0.001
one-way ANOVA with Tukey's post hoc test.

eﬃcient vasorelaxation of precontracted placental chorionic arteries
after nHDL stimulation. However, we couldn't prove the engagement of
S1P signaling in this eﬀect as pharmacological inhibition of S1PRs
failed to signiﬁcantly reduce the nHDL-induced vessel vasodilation.
Interestingly, enzymatic S1P displacement abolished nHDL ability to
induce vasorelaxation although the S1P depletion from the particle did
not aﬀect size of the hydrodynamic radius of nHDL (data not shown),
suggesting that S1P plays a role in nHDL-induced regulation of vascular
tone in placenta. However, further investigations are needed to eﬀectively evaluate mechanism of S1P action. Taken together these data
suggest that although the nHDL-S1P complex can activate eNOS signaling, the mechanism underlying the neonatal particle-induced vasodilatory eﬀect may be more complex. Therefore, it requires diﬀerential
analysis. The strength of our study is that we provide a novel insight
into the human physiology of pregnancy, focused on placental vascular
homeostasis, by investigating the biological function of neonatal HDLS1P particles. However, given the limited access to the biological material obtained, results need further examination in larger cohorts.
Moreover, it must be noted that conclusions drawn from this study
apply only to the end of pregnancy. In conclusion, our studies deﬁne
nHDL as major carrier of S1P in the feto-placental circulation and
provide evidence that the delivery of S1P to its receptor can regulate
placental vascular homeostasis by preserving stability and integrity of
the endothelial barrier Fig. 6. These observations underline the crucial
role of circulating S1P in placenta biology and fetal development,
suggesting that an impairment of S1P signaling may predispose to
placental vascular dysfunction and to a higher risk to develop long-term
morbidities for the oﬀspring.

endothelial cells [62,63]. Christoﬀersen et al. reported that upon stimulation with apoM-containing HDL and albumin-S1P, HUVEC show
rearrangements of the F-actin network and adherens junctions' formation [18]. In line with these previous ﬁndings we observed that nHDL
and S1P-HSA treatments on HPAEC stimulate cortical actin ring arrangement and improved adherens junction integrity as deﬁned by VEcadherin association with the cytoskeleton. These eﬀects were abolished by pre-treatment with the S1PRs antagonists W146 and
VPC23019, indicating that S1P drives these eﬀects of nHDL on fetoplacental barrier function.
Maintenance of vascular homeostasis is strongly dependent on the
integrity of the endothelial barrier as well as on the regulation of the
vascular tone. This concept is particularly relevant in the context of
pregnancy, where the local vascular tone and fetal cardiac output
regulates the vascular resistance of the human placenta. Moreover, the
placental vasculature is mainly regulated by circulating, locally-produced hormones and vasoactive compounds such as prostaglandins,
endothelium-derived hyperpolarizing factor (EDHF) and NO since unlike most other vascular beds, the feto-placental circulation is not innervated [64]. Given that the binding of S1P to its receptors on endothelial cells can activate eNOS signaling cascade, we hypothesized
that the ability of nHDL to activate eNOS in HPAECs could be S1P
dependent. Indeed, we observed that nHDL-induced eNOS activation
relies on S1P-mediated signaling. It has been shown that S1P as well as
HDL via SR-BI can modulate vascular tone in intact vessels [34,65,66].
In addition, Nofer and co-workers have been demonstrated that the
vasodilatory eﬀect of HDL in mice aortic rings is partly mediated by
bioactive lysophospholipids of HDLs via S1PR3 [6]. Our results show an
9
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Fig. 6. Model of nHDL-S1P complex-mediated regulation of
vascular function at the feto-placental barrier. nHDL activates
1) ERK an PLC signaling pathways, heightens 2) endothelial
barrier function and promotes 3) eNOS activation by delivering S1P to the S1PR1 expressed on the placental endothelium. Additionally, nHDL can induce 4) placental rings
vasorelaxation. The mechanisms underlying the nHDL-induced vasodilatory eﬀect have yet to be determined. The
ﬁgure has been created with BioRender.com.
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