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BACKGROUND AND PURPOSE
Neovascularization occurring in atherosclerotic lesions may promote plaque expansion, intraplaque haemorrhage and rupture.
Oxidized LDL (oxLDL) are atherogenic, but their angiogenic effect is controversial; both angiogenic and anti-angiogenic
effects have been reported. The angiogenic mechanism of oxLDL is partly understood, but the role of the angiogenic
sphingolipid, sphingosine 1-phosphate (S1P), in this process is not known. Thus, we investigated whether S1P is involved in
the oxLDL-induced angiogenesis and whether an anti-S1P monoclonal antibody can prevent this effect.

EXPERIMENTAL APPROACH
Angiogenesis was assessed by capillary tube formation by human microvascular endothelial cells (HMEC-1) cultured on
Matrigel and in vivo by the Matrigel plug assay in C57BL/6 mice.

KEY RESULTS
Human oxLDL exhibited a biphasic angiogenic effect on HMEC-1; low concentrations were angiogenic, higher concentrations
were cytotoxic. The angiogenic response to oxLDL was blocked by the sphingosine kinase (SPHK) inhibitor,
dimethylsphingosine, by SPHK1-siRNA and by an anti-S1P monoclonal antibody. Moreover, inhibition of oxLDL uptake and
subsequent redox signalling by anti-CD36 and anti-LOX-1 receptor antibodies and by N-acetylcysteine, respectively, blocked
SPHK1 activation and tube formation. In vivo, in the Matrigel plug assay, low concentrations of human oxLDL or murine
oxVLDL also triggered angiogenesis, which was prevented by i.p. injection of the anti-S1P antibody.

CONCLUSION AND IMPLICATIONS
These data highlight the role of S1P in angiogenesis induced by oxLDL both in HMEC-1 cultured on Matrigel and in vivo in
the Matrigel plug model in mice, and demonstrate that the anti-S1P antibody effectively blocks the angiogenic effect of
oxLDL.

Abbreviations
oxLDL, oxidized low-density lipoproteins; S1P, sphingosine 1-phosphate; HMEC-1, human microvascular endothelial
cells; SPHK, sphingosine kinase; SPHK1, sphingosine kinase 1; ROS, reactive oxygen species
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Introduction

Angiogenesis is a physiological process required for embry-
onic vascular development, which is also involved in wound
healing and the pathophysiological progress of diseases such
as diabetic retinopathy, cancer and atherosclerosis (Carmeliet
and Jain, 2011). In the normal arterial wall, the vasa vasorum
constitute a microvascular network in the adventitia. While
no capillaries are found in the intima and the media of
normal arteries, neovascularization is seen in the intima of
human atherosclerotic lesions (Kolodgie et al., 2003; Moreno
et al., 2006). These neocapillaries are thought to favour the
progression of the plaque and to promote plaque instability
and intraplaque haemorrhage and finally to increase the risk
of athero-thrombotic events (Khurana et al., 2005; Moreno
et al., 2006; Michel et al., 2011). Hypoxia, ischaemia and oxi-
dative stress, which are common events in atherosclerotic
lesions, play a key role in angiogenesis by activating hypoxia-
inducible transcription factors that induce the expression of
angiogenic factors (Ushio-Fukai and Alexander, 2004). Many
factors, including VEGF, PDGF, TGFβ, ephrin, angiopoietin
and lipid mediators, including sphingosine 1-phosphate
(S1P), lysophosphatidic acid and PGs, stimulate endothelial
cell migration, proliferation and angiogenesis (Spiegel and
Milstien, 2003; Shibuya, 2008; Carmeliet and Jain, 2011).

Sphingolipid mediators, such as ceramide and S1P, are
bioactive second messengers with opposing biological prop-
erties. For instance, ceramide is pro-apoptotic, while S1P is
involved in survival and cell proliferation (Hannun and
Obeid, 2008).

Ceramide, generated by de novo biosynthesis or by sphin-
gomyelin hydrolysis by sphingomyelinases, is degraded by
ceramidases into sphingosine, which is phosphorylated into
S1P by sphingosine kinases 1 and 2 (SPHK1, SPHK2; Hannun
and Obeid, 2008). S1P is involved in embryonic develop-
ment, and participates in physiological and pathological vas-
cular biology by regulating endothelial integrity, migration
and proliferation, angiogenesis, vascular tone and leukocyte
recruitment (Hla, 2003; Spiegel and Milstien, 2003; Daum
et al., 2009; Pitson, 2011). S1P, which acts as an extracellular
auto/paracrine mediator, through GPCRs S1P1-S1P5 (Hla,
2003) and as an intracellular mediator (Spiegel and Milstien,
2003), is considered a promising therapeutic target in various

diseases, such as cancer, cardiovascular diseases and patho-
logical angiogenesis, inflammatory and immune diseases
(Pyne and Pyne, 2011).

Oxidized low-density lipoproteins (oxLDL) are thought to
play a role in atherogenesis (Witztum and Steinberg, 1991;
Tsimikas and Miller, 2011). Moderate oxLDL concentrations
trigger cell migration, proliferation and inflammatory signal-
ling, whereas higher concentrations are toxic and apoptotic
(Witztum and Steinberg, 1991; Salvayre et al., 2002). OxLDL
and oxidized phospholipids have been shown to be angio-
genic (Bochkov et al., 2006; Dandapat et al., 2007; Yu et al.,
2011), but also anti-angiogenic by inhibiting endothelial cell
growth and endothelial progenitor cell differentiation
(Murugesan et al., 1993; Chen et al., 2000). The angiogenic
effect of a low oxLDL concentration is mediated by the LOX-1
receptor, oxidative stress, p38MAPK (Dandapat et al., 2007)
and by the PI3 kinase/Akt pathway (Yu et al., 2011). We
previously reported that activation of SPHK1 by oxLDL and
the resulting generation of S1P is involved in the mitogenic
response of smooth muscle cells to oxLDL (Augé et al., 1999).
This led us to investigate whether the SPHK1/S1P pathway
plays a role in oxLDL-induced angiogenesis. We found that
S1P is required for oxLDL-induced capillary tube formation
by human microvascular endothelial cell-1 (HMEC-1) and in
vivo oxLDL-induced angiogenesis in the murine Matrigel plug
model and these events were effectively prevented, in vitro
and in vivo, by the anti-S1P mAb.

Methods

Lipoprotein preparation and lipid oxidation
content determination
LDL were prepared from human pooled sera and mildly
oxidized by UV-C irradiation, as reported (Escargueil-Blanc
et al., 2001). OxLDL contained 63–97 nmol lipid
hydroperoxide·mg−1 apoB, 5.6–8.3 nmol TBARS·mg−1 apoB
and 8–11 nmol 4-HNE·mg−1 apoB. Murine VLDL were pre-
pared by ultracentrifugation from plasma of hypercholestero-
mic apoE-/- mice (Plump et al., 1992) and were oxidized as
human LDL.
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Cell culture
HMEC-1 (Dr. Candal, CDC, Atlanta; Ades et al., 1992) were
grown in MCDB-131 containing fetal calf serum (FCS, 10%),
glutamine (40 μmol·L−1) and antibiotics (100 U·mL−1 penicil-
lin, 100 mg·L−1 streptomycin). Cells were starved for 24 h in
serum-poor medium (0.1% FCS), before the experiments.

Capillary tube formation
Capillary tube formation was performed by the Matrigel
assay, used by Dandapat et al. (2007), under the following
conditions. HMEC-1 were seeded (30 000 cells per well) on
24-well plates coated with Matrigel and grown in MCDB-131
supplemented with 0.1% FCS (negative control) and when
indicated with native or oxLDL and inhibitors (at the indi-
cated concentration, as mg apoB·L−1), in a 5% CO2 humidified
incubator, at 37°C. Culture in 2.5% FCS was used as positive
control. After 18 h, the cells were labelled with calcein-AM
(1 μmol·L−1) for 30 min, observed by fluorescence microscopy
(exc.496/em.516) and microphotographies were captured (10
different pictures per well). Then, all cells were counted per
picture, and the percentage of linked cells was determined.
The statistical analysis was done on the results of 6 to 8
separate experiments, as indicated in the legends to the
figures.

Cell migration
The cell migration assay was performed using a Boyden
chamber (8 μm pore size, Costar transwells permeable
support, Corning Incorporated Life Science, Tewksbury, MA,
USA). HMEC-1 (2 × 105 cells per well) in 0.1% FCS-containing
MCDB-131 medium, were seeded in the upper chamber of
Transwell inserts (8 μm pore size polycarbonate membrane)
and the agents were placed in the lower chamber. After 12 h
incubation, cells were stained with 0.1% crystal violet, and
HMEC-1 having moved through the pores to the lower side of
the membrane were observed by microscopy. Ten pictures
were captured for each condition and migrating cells were
counted. Alternatively, crystal violet staining was dissolved in
acetic acid and the absorbance was measured by spectropho-
tometry (OD 570 nm). The results (counting and absorbance)
are expressed as % of the unstimulated control (100%).

SPHK1 activity and S1P determination
SPHK1 activity was measured according to Olivera and Spiegel
(1993), under the conditions used by Augé et al. (1999).

S1P was determined in HMEC-1 using the S1P ELISA kit,
following the manufacturer’s instructions (Echelon Biosci-
ence, Salt Lake City, UT, USA).

Protein concentration was measured using the Bradford
reagent (BioRad, Life Science, Marnes La Coquette, France).

siRNA transfection
HMEC-1 were transfected with human SPHK1 (L-004172)
ON-TARGETplus SMARTpool siRNA (Dharmacon, Waltham,
MA, USA), and esiRNAEGFP (EHUEGFP, Sigma-Aldrich
France, L’Isle d’Abeau Chesnes, France) as control
(100 nmol L−1 final concentration for each), using OptiMEM
(Life Technologies SAS, Saint Aubin, France) and HiPerFect
reagent according to the manufacturer’s recommendations
(Quiagen SAS, Courtaboeuf, France).

Quantitative RT-PCR analysis
Total RNA extracted from harvested cells was used for real-
time quantitative PCR analysis to evaluate the expression of
VEGF mRNAs in basal conditions and upon treatment of
HMEC-1 with oxLDL or thapsigargin, as described previously
(Oskolkova et al., 2008).

Evaluation of the cytotoxicity – MTT assay,
Syto13/PI live-dead assay
The overall cytotoxicity was evaluated by the MTT assay and
by the Syto13/PI live-dead assay performed under the previ-
ously reported conditions (Sanson et al., 2008).

Intracellular reactive oxygen species
(ROS) evaluation
Intracellular ROS were determined using the fluorescent
probe carboxy-DCFDA acetoxymethyl-ester (AM). At the end
of the incubation with the agents, the cells were washed,
lysed and the fluorescence was measured (ex.495/em.525 nm;
Negre-Salvayre et al., 2002).

In vivo Matrigel plug angiogenesis assays
The Matrigel plug angiogenesis assay in mice was used to
investigate the pro-angiogenic effect of oxLDLs in vivo and the
effect of inhibitors (Passaniti et al., 1992). C57BL/6 mice (a
total number of 45 animals were used in this study) were
injected s.c. into the two flanks with 400 μL Matrigel contain-
ing native LDL or oxLDLs, under anaesthesia induced by
isoflurane inhalation (CAM 1.15% vol.). When indicated,
mice were injected i.p. with the anti-S1P mAb or isotype-
matched control mAbs (50 mg·kg−1 body weight, every 3
days). After 2 weeks, the animals were injected in the vein tail
with 100 μL FITC-Dextran (MW = 2,000,000, 25 g·L−1 in PBS),
10 min before the mice were killed (by an i.p. injection of
150 mg·kg−1 ketamin and 10 mg·kg−1 xylazine and cervical
dislocation). The Matrigel plugs were removed, photographed
and observed by use of fluorescence microscopy (exc.496/
em.516 respectively). Angiogenesis was evaluated by image
analysis (Adobe Photoshop System Software, Dublin, Ireland).

Alternatively, angiogenesis was evaluated by the haemo-
globin content in the plug. Briefly, the Matrigel plug was
digested with Dispase (BD Biosciences, Le-Pont-de-Claix,
France) and the haemoglobin content was determined using
the Drabkin reagent kit according to the manufacturer’s pro-
tocol (Sigma-Aldrich France). The absorbance was measured
in a microplate reader (Tecan France, Lyon, France) at
540 nm, and normalized to the plug weight.

Experimental animal protocols were approved by the Uni-
versity and INSERM Institutional Committee for animal
experiments (Protocol n° 13-1048-1017). All studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010).

Immunohistochemistry and
immunofluorescence
Fixed frozen cryo-sections (7 μm thick) of Matrigel plugs were
incubated with a rat anti-mouse CD31 monoclonal antibody
and a fluorescent anti-rat IgG antibody DyLight-549 Conju-
gated, and counterstained with DAPI. Images were captured
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by Explora-Nova-Morpho-Expert software (Explora Nova, La
Rochelle, France). Immunostaining was quantified with
Explora-Nova-Macro-Writer software.

Statistical analyses
The results are presented as means ± SEM of n experiments.
Estimates of statistical significance were performed by t-test
or ANOVA (SigmaStat 3.5, Systat Software). When test for
normality and equal variance (Kolmogorov–Smirnov) passed,
differences between mean values were evaluated by Student’s
unpaired t-test (two groups) or by one-way ANOVA (several
experimental groups) followed by multiple comparisons by
the Holm–Sidak test. Values of P < 0.05 were considered
significant.

Chemicals
Matrigel was from BD Biosciences. Corning Transwell Poly-
carbonate Membrane 24-wells, calcein-AM and fluorescein
isothiocyanate-dextran (average MW 2,000,000), polyethyl-
ene glycol (PEG)-conjugated catalase, Vas-2870 and diphe-
nylene iodonium (DPEI), L-nitro-arginine methyl ester
(NO biosynthesis inhibitor), allopurinol (xanthine oxidase
inhibitor), the cytochrome P-450 inhibitor ketoconazole,
myxothiazol, dimethylsphingosine (DMS), S1P, SU1498, pro-
pidium iodide, MTT, Crystal violet, Drabkin’s Reagent were
from Sigma-Aldrich. The rat anti-mouse CD31 mAb and
Dispase (5,000 Caseinolytic units) were from BD Pharmingen
(San Jose, CA, USA). The fluorescent anti-rat IgG Ab
DyLight549-Conjugated was from Tebu-Bio SAS (Le Perray en
Yvelines, France). [33P]-ATP was from Perkin-Elmer (Villebon
sur Yvette, France). Syto-13, DCFDA-acetoxymethylester and
DAF were from Invitrogen, mitoPy1 was from Tocris BioSci-
ence (R&D France, Lille, France). The anti-CD36-blocking
antibody and the isotype control were from Abcam (Burl-
ingame, CA, USA) and the anti-LOX-1 antibody and the
isotype control were from R&D Systems. Anti-S1P mAb
(Sphingomab, LT1002) and the isotype-matched non-specific
IgG1 mAb (LT1017) were from Lpath (San Diego, CA, USA).

Results

Low oxLDL concentration elicits capillary
tube formation and migration of HMEC-1:
inhibition by the anti-S1P mAb
HMEC-1 cell lines were used in the angiogenesis experiments
because of their microvascular origin, immortalization and
stability over time, in contrast to primary endothelial cells (e.g.
HUVEC), which come from multiple donors and exhibit
limited lifespans and, sometimes, exhibit phenotypic changes
within the time of the culture. Figure 1A demonstrates that, as
reported for HCAEC (Dandapat et al., 2007), HMEC-1 cells
exhibited a biphasic effect in response to oxLDL. At low
concentrations (10–50 mg apoB·L−1), oxLDL exhibited a pro-
angiogenic effect, that came back to baseline at a concentra-
tion around 100 mg apoB·L−1, and was even toxic at higher
oxLDL concentrations (Supporting information Figure S1;
Salvayre et al., 2002). Differences in the optimal pro-
angiogenic concentration reported in the literature result from
differences in LDL oxidation levels since we used mildly oxi-

dized LDL, whereas Dandapat et al. (2007) utilized highly
oxidized LDL. Moreover, the dual concentration-dependent
effect of oxLDL may explain the apparently contradictory
effect (angiogenic vs. anti-angiogenic) of oxLDL (Murugesan
et al., 1993; Chen et al., 2000; Yu et al., 2011).

Several signalling pathways, such as ROS, p38MAPK,
ERK1/2 and VEGF, mediate the angiogenic effect of oxLDL
(Dandapat et al., 2007), but the role of S1P, a bioactive and
potentially angiogenic sphingolipid mediator (Spiegel and
Milstien, 2003), has never been investigated in oxLDL-
induced angiogenesis. Accordingly, we tested whether or not
the angiogenic effect of oxLDL on HMEC-1 tube formation
was dependent on S1P, by employing a highly specific anti-
S1P monoclonal antibody, Sphingomab (Figure 1B). HMEC-1
tube formation elicited by oxLDL was strongly inhibited by
the anti-S1P mAb (Sphingomab), whereas the non-specific
isotype-matched IgG1 mAb had no effect (Figure 1B). Under
these conditions, the anti-S1P mAb was not toxic and did not
potentiate the toxicity of angiogenic oxLDL concentrations
(Supporting information Figure S2).

As endothelial cell migration is required for angiogenesis,
we investigated whether oxLDL also induced HMEC-1 migra-
tion through a S1P-dependent pathway. As expected, in the
Boyden’s chamber assay, oxLDL (20 mg apoB·L−1) stimulated
HMEC-1 migration, which was inhibited by the anti-S1P mAb
(Figure 2).

It may be noted that the addition of exogenous S1P elicited
capillary tube formation by HMEC-1 (Figure 3A), which was
completely inhibited by the anti-S1P mAb (Figure 3B and C).

Altogether, these data suggest that extracellular S1P is
required for the angiogenic effect of oxLDL, which can be
effectively inhibited by the anti-S1P mAb.

SPHK1/S1P is required for capillary tube
formation elicited by oxLDL
In our system, LDL-associated S1P cannot explain the angio-
genic effect of oxLDL since native LDL are not angiogenic,
under the conditions used, and since oxLDL contain a lower
level of S1P than native LDL (Kimura et al., 2001). Thus, we
investigated whether oxLDL triggered cellular S1P generation
through SPHK1 activation (Spiegel and Milstien, 2003). In
HMEC-1 activated by oxLDL, SPHK1 was activated in a time-
and dose-dependent manner and S1P was concomitantly pro-
duced (Figure 4A–C). When SPHK was inhibited by the SPHK
inhibitor, DMS, or was down-regulated by specific SPHK1-
siRNA, the HMEC-1 tube formation by oxLDL was completely
blocked (Figure 4D–G), suggesting that SPHK1 is required for
oxLDL-induced angiogenesis.

As HMEC-1 express CD36 (Ades et al., 1992) and LOX-1
receptors (Dandapat et al., 2007), which may participate in
the uptake of oxLDL by endothelial cells (Adachi and
Tsujimoto, 2006), and promote ROS formation and angiogen-
esis (Dandapat et al., 2007; Silverstein and Febbraio, 2009),
we investigated whether these receptors play a role in oxLDL-
induced SPHK1-mediated angiogenesis. The angiogenic con-
centration of oxLDL induced a rise of DCFDA fluorescence
reflecting an increase in intracellular ROS (Figure 5A). Anti-
CD36 and anti-LOX-1 blocking antibodies (but not non-
specific control antibodies – ‘IgG irr’) inhibited the uptake of
oxLDL by 37% and 30%, respectively, and reduced ROS gen-
eration (Figure 5B). It is noteworthy that anti-CD36 and
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anti-LOX-1 antibodies inhibited SPHK1 activation and tube
formation elicited by oxLDL (Figure 5C–E). This suggests a
role for CD36 and LOX-1 in the uptake of oxLDL and in
subsequent ROS generation, in agreement with previous
reports (Dandapat et al., 2007; Li et al., 2010).

To identify the nature and the source of cellular ROS
generated by HMEC-1 treated with an angiogenic concentra-
tion of oxLDL, we utilized two H2O2-sensitive fluorescent
probes (DCFDA and MitoPy1), and DAF, a NO-sensitive
probe, as a role for NO has been reported in S1P-induced
angiogenesis (Rikitake et al., 2002) and pharmacological
inhibitors. As reported in the Supporting Information
Table S2, ROS were detected by DCFDA and MitoPY1, but not
by DAF, thus indicating that H2O2 is the predominant ROS
generated. This was confirmed by the inhibitory effect of
PEG-catalase, which degrades specifically H2O2 (Supporting

Information Table S2). ROS generation by oxLDL was signifi-
cantly inhibited by Vas-2870 and by DPEI, two NAD(P)H
oxidase inhibitors, indicating a role for this enzyme, in agree-
ment with Dandapat et al. (2007; Supporting Information
Table S2). In addition, the inhibitory effect of myxothiazol
suggests that mitochondria participate in the oxLDL-induced
ROS generation (Supporting Information Table S2). This is
consistent with the recently recognized crosstalk between
mitochondria and NADPH oxidase that leads to a mutual
reinforcement of ROS production (Daiber, 2010; Dikalov,
2011; Jiang et al., 2011).

As H2O2 may trigger SPHK1 activation (Cinq-Frais et al.,
2013), which is inhibited by N-acetylcysteine (NAC; You et al.,
2007; Ader et al., 2008), we tested the effect of NAC, which
neutralized ROS and inhibited both SPHK1 activation and
HMEC-1 tube formation induced by oxLDL (Figure 5B–E).
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Figure 1
Capillary tube formation by HMEC-1 is stimulated by low concentration of oxLDL and inhibited by anti-S1P monoclonal antibody. (A)
Quantification of capillary tubes formed by HMEC-1 grown on Matrigel with 0.1% FCS (negative control) or 2.5% FCS (positive control) or oxLDL
or native LDL at the indicated concentrations (mg apoB·L−1). After an 18 h incubation, the cells were stained with calcein (1 μmol·L−1, 30 min) and
photographed (Nikon Coolpix 995 camera) under a fluorescence microscope. Tube formation was expressed as linked cells per 100 cells. Results
are means ± SEM of 6 to 8 experiments. Statistical analysis by ANOVA and Holm–Sidak (by comparison to the negative control, FCS 0.1%). *P < 0.05;
ns, not significant. (B) Effect of the anti-S1P monoclonal antibody (anti-S1P mAb) Sphingomab™ (aS1P, 10 mg·L−1) or control isotype-matched
IgG1 mAb (IgG1, 10 mg·L−1) on capillary tube formation induced by oxLDL (20 mg apoB·L−1). Results are means ± SEM of six experiments;
*P < 0.05; ns, not significant. In (A and B), right panels, representative pictures of the experiments.
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Altogether, these data support the hypothesis that the uptake
of oxLDL mediated through CD36 and LOX-1 receptors is
coupled to the generation of ROS that activate the SPHK1/S1P
pathway and HMEC-1 tube formation.

OxLDL are angiogenic in the mouse Matrigel
plug assay: inhibition by anti-S1P mAb
The angiogenic effect of oxLDL in vivo, and the role of S1P
were evaluated in the mouse Matrigel plug assay (Passaniti
et al., 1992). Matrigel plugs, containing oxLDL or native LDL,
or vehicle were s.c. injected into mouse flanks. After 2 weeks,
capillary neoformation in the plugs was analysed. Red blood-
coloured neo-capillaries were quantified by two morphomet-
ric methods (Supporting Information Figures S3 and S4), by
determining the haemoglobin content in the plug. Capillar-
ies were also visualized on plug sections by fluorescence
microscopy and by immunostaining of the endothelial cells
with anti-CD31 antibody (Figures 6 and 7). Negative control
plugs appeared pale and gray transparent and contained only
few blood-coloured capillaries, whereas oxLDL-containing
Matrigel plugs were more intensely red-coloured (Figure 6
and Supporting Information Figures S3–S5) and contained
more haemoglobin (Figure 7).

Human oxLDL induced a dose-dependent angiogenic
response (0–100 mg apoB·L−1), whereas native LDL (50 mg
apoB·L−1) were only slightly angiogenic (Figure 6). Finally,
murine oxidized VLDL were angiogenic like human oxLDL
(Supporting Information Figure S5), thus suggesting that the
in vivo angiogenic effect of human oxLDL results from the
oxidation process and not from an immune response of
C57BL/6 mice against human oxLDL antigens.

The anti-S1P mAb blocked angiogenesis elicited by
human oxLDL or murine oxVLDL (both used at 50 mg·L−1) in
the Matrigel plug assay, while the non-specific isotype-

matched IgGκ1 had no effect (Figure 7 and Supporting Infor-
mation Figure S5). Similar results were observed when
quantifying the haemoglobin content, which reflects the
blood vessel formation in the Matrigel plugs (Figure 7B).
These data suggest that oxLDL-induced angiogenesis in the
Matrigel plug model requires extracellular S1P, and is effec-
tively blocked by anti-S1P mAb.

Discussion

The data reported indicate for the first time that oxLDL-
induced angiogenesis requires SPHK1/S1P signalling both in
vitro in a HMEC-1 tube formation model, and in vivo in the
murine Matrigel plug model, and is effectively prevented by
SPHK1 inhibitors and by an anti-S1P mAb Sphingomab that
neutralizes extracellular S1P.

Since sphingolipid mediators are generated upon stimula-
tion of vascular cells by oxLDL (Augé et al., 2000) and since
S1P is a known to be angiogenic (Lee et al., 1999), we hypoth-
esized that S1P may contribute to oxLDL-induced angiogen-
esis. The crucial role of extracellular S1P is supported by the
inhibition of oxLDL-induced HMEC-1 migration and tube
formation by the anti-S1P mAb, which reduces specifically the
bioavailability of extracellular S1P (Sabbadini, 2011). Interest-
ingly, at low oxLDL concentrations, the anti-S1P mAb did not
increase the oxLDL toxicity. Moreover, when administered to
C57BL/6 mice implanted with oxLDL-containing Matrigel
plugs, this antibody also prevented the angiogenic effect of
oxLDL in vivo. This is consistent with the efficacy of Sphin-
gomab, and its humanized form sonepcizumab™, to block
VEGF-induced angiogenesis in the murine Matrigel plug,
retinal neovascularization and tumour angiogenesis in animal
models in which S1P exerts cell-protective, tumorigenic and
angiogenic effects (Visentin et al., 2006; Sabbadini, 2011).
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Extracellular S1P can be secreted by endothelial cells
or/and provided by blood (platelets and HDL) (Spiegel and
Milstien, 2003). In our experiments, HMEC-1 were starved in
serum-poor medium containing only low levels of S1P that
could account for the basal tube formation, but not for the
angiogenic effect of oxLDL. Similarly, S1P contained in LDL
cannot explain the oxLDL-induced angiogenesis since native
LDL are not angiogenic and since oxidation reduces the level
of LDL-associated S1P (Kimura et al., 2001). Thus, it is more
likely that S1P is biosynthesized and secreted by HMEC-1
since (i) oxLDL trigger a time- and dose-dependent activation
of SPHK1 associated with the concomitant generation of S1P;
and (ii) the inhibition of SPHK1 by DMS or by SPHK1-specific

siRNA blocked the oxLDL-induced HMEC-1 tube formation.
According to the classical ‘inside-out’ signalling, S1P gener-
ated by cells can be exported by S1P transporters, such as
SPNS2 and ABC transporter family (Takabe et al., 2008; Nishi
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control). (A) Time-course of SPHK1 activation by oxLDL (20 mg
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by oxLDL. Cells were pre-incubated with the SPHK inhibitor DMS
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et al., 2014). Finally, in our HMEC-1 model, the SPHK1/S1P
pathway activated by oxLDL is apparently the main source of
extracellular S1P, which mediates oxLDL-induced angiogen-
esis as it was blocked by anti-S1P mAb.

Another issue is the relationship between ROS and SPHK1
activation. In HMEC-1, the uptake of oxLDL is associated
with the generation of ROS through LOX-1 and CD36 recep-
tors. Our findings are consistent with previous studies
showing that oxLDL trigger ROS generation through a LOX-1

receptor-dependent activation of NADPH oxidase (Dandapat
et al., 2007) and that the interaction of oxidized lipids or
oxLDL with CD36 elicits a cellular oxidative stress (Sukhanov
et al., 2006; Li et al., 2010). The detection of ROS by DCFDA
and MitoPY1, and their inhibition by PEG-catalase strongly
suggest that H2O2 is the predominant ROS. The inhibitory
effect of Vas-2870, a NADPH oxidase inhibitor, and myxo-
thiazol, an inhibitor of the mitochondrial respiratory chain,
probably results from the recently reported crosstalk between
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mitochondria and NADPH oxidases, which can lead to a
mutual reinforcement of ROS production (Daiber, 2010;
Dikalov, 2011; Jiang et al., 2011). Intracellular ROS were gen-
erated in HMEC-1 during 5 to 6 h upon addition of low
angiogenic oxLDL concentrations, as previously observed
with higher oxLDL concentrations (Robbesyn et al., 2005).

In HMEC-1, the antioxidant NAC prevented both the
oxLDL-induced increase in ROS and SPHK1 activation, thus
suggesting that ROS (and more precisely H2O2) mediate
SPHK1 activation, in agreement with the ROS-induced acti-
vation of SPHK1 by hyperglycaemia (You et al., 2007),

hypoxia (Ader et al., 2008) and exogenously added H2O2

(Cinq-Frais et al., 2013). Moreover, NAC and trolox (a hydro-
philic analogue of tocopherol) also inhibited angiogenesis
triggered by oxLDL, thus supporting the hypothesis that the
binding of oxLDL with CD36 or the LOX-1 receptor elicits
ROS (H2O2) generation, which mediates SPHK1 activation,
S1P generation and the angiogenic response.

In our HMEC-1 model, the angiogenic effect is apparently
independent of VEGF since oxLDL did not induce either
VEGF mRNA production (Supporting Information
Figure S6A) or increase the level of VEGF (determined by the
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Human VEGF ELISA Kit of Signosis; data not shown). This
discrepancy with the data of Dandapat et al. (2007) may
result from differences in the endothelial cell type (HMEC-1
vs. HCAEC) and LDL oxidation (mild UV-induced LDL oxi-
dation vs. copper-induced LDL oxidation).

As a crosstalk between the VEGF and S1P signalling path-
ways has been reported (Tanimoto et al., 2002; Spiegel and
Milstien, 2003), we investigated whether the VEGF receptor,
VEGFR-2 was implicated in oxLDL-induced angiogenesis.
Interestingly, the VEGFR-2 inhibitor SU-1498 blocked, in part,
the angiogenic effect of oxLDL (Supporting Information
Figure S6B) and of exogenously added S1P, thus suggesting
that VEGFR-2 is involved in the angiogenic effect of S1P,
possibly via a transactivation of VEGFR-2 by S1P (Tanimoto
et al., 2002) or via the formation of a complex comprising the
S1P receptor and VEGFR-2, and, perhaps, other growth factor
receptors (Bergelin et al., 2010; Pyne and Pyne, 2010). This
suggests that oxLDL may activate various angiogenic inter-
connected signalling pathways, for example, the SPHK1/S1P
and VEGFR-2 pathways, even in the absence of secretion of
VEGF. Of course, the possibility that VEGF may play a role in
vivo, in the mouse Matrigel plug model, is not excluded. This
does not conflict with the inhibitory effect of anti-S1P mAb,
since the angiogenic signalling of VEGFR-2 is partly mediated
by S1P (Spiegel and Milstien, 2003) and VEGF-supported
angiogenesis is largely blocked by systemic administration of
the anti-S1P mAb (Visentin et al., 2006) . Of note, we did not
detect any increase in TGFβ nor PDGF mRNAs, under the
experimental conditions of oxLDL-induced HMEC-1 angio-
genesis, indicating that these growth factors do not contribute
to the angiogenesis induced by oxLDL in this model system.

In atherosclerotic plaques, the level of LDL oxidation is
probably not uniform and the local oxLDL concentration
varies during the evolution of the plaque. Indeed, LDL oxi-
dation is a progressive process depending on lipid composi-
tion, residence time, rate of metabolic clearance of
lipoproteins and intensity and duration of oxidative stress
(Stocker and Keaney, 2004; Levitan et al., 2010). Our results
and those of Dandapat et al. (2007) suggest that low concen-
trations of oxLDL may trigger angiogenesis or reinforce the
effect of other angiogenic factors. Interestingly, under our
experimental conditions, SPHK1 inhibitors and anti-S1P mAb
effectively blocked the oxLDL-induced angiogenic effect,
without increasing their toxicity, possibly because the oxLDL
concentration was largely below the toxic threshold dose.

As oxLDL and neocapillaries could participate in athero-
sclerotic plaque progression and plaque instability (Kolodgie
et al., 2003; Moulton et al., 2003; Michel et al., 2011) and
blood levels of S1P are correlated with the extent of plaque
formation in CAD patients (Deutschman et al., 2003), it may
be speculated that drugs targeting the SPHK/S1P system
(administered during angioplasty or by eluting stents) could
be an additional approach in the treatment of CAD and
restenosis after stenting. This is consistent with the efficacy of
the SPHK inhibitor DMS to delay intimal hyperplasia
(McDonald et al., 2010) and may help to counter the angio-
genic effect of oxLDL in advanced atherosclerotic plaques.
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Figure S1 Toxicity of increasing concentration of oxLDL in
HMEC-1 grown on Matrigel. HMEC-1, grown on Matrigel,
were incubated for 24 h with increasing concentration of
oxLDL or native LDL (natLDL). The cytotoxicity was evalu-
ated (A) by the MTT assay, expressed as % of the untreated (0)
control and (B, C) by the live/dead assay. Cells were stained
by two fluorescent intercalating compounds, the permeant
green-coloured syto13 and the non-permeant red-coloured
propidium iodide (PI; under conditions where the red fluo-
rescence prevails over the green fluorescence when the two
fluorescent probes enter the nucleus, i.e. cell membrane per-
meabilized). Living and dying cells were counted on the basis
of staining and morphological features. In A, B, mean ± SEM
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of 6 to 10 separate experiments. Comparison with the
untreated control by one-way ANOVA and Holm–Sidak *P <
0.05; ns, not significant. (D) Higher magnification showing
the structure of the nucleus. Left panel: living cells exhibit a
loose green-coloured chromatin (PI does not enter the
normal cell). Middle panel: primary apoptosis is characterized
by condensed pyknotic or fragmented nucleus stained green/
yellow by Syto13 (at this stage, apoptotic cells are not perme-
able to PI). During post-apoptotic necrosis, the nucleus
exhibits similar apoptotic morphology but is stained red by PI
(due to plasma membrane permeabilization in a late step of
apoptosis). Right panel: primary necrosis is characterized by
an early permeabilization of the plasma membrane allowing
PI to enter the cell and stain red the loose chromatin of the
nucleus.
Figure S2 Anti-S1P mAb is not toxic to HMEC-1 treated with
low concentration of oxLDL. HMEC-1 were grown in 12 mul-
tiwell plates in MCDB-131 medium containing 10% FCS,
then starved in serum poor (0.1% FCS) medium for 24 h
before addition of oxLDL at the indicated concentrations (20
or 50 mg apoB·L−1) and anti-S1P mAb (aS1P, 10 mg·L−1). In A,
evaluation by the MTT assay of the whole toxicity of oxLDL
(20 and 50 mg·L−1) and aS1P. In B, C, live/dead assays using
syto-13 (green) and PI (red) DNA probes, as in A, on HMEC-1
incubated with oxLDL and aS1P. In B, counting of living and
dying cells. C, pictures representative of HMEC-1 viability in
the presence of oxLDL (at the indicated concentrations) and
aS1P. Mean ± SEM of eight separate experiments, *P < 0.05; ns,
not significant.
Figure S3 Human oxLDL stimulate angiogenesis in vivo in
the Matrigel plug model. (A, B) Angiogenesis in Matrigel
plugs. C57/BL6 mice were injected subcutaneously with
0.4 mL Matrigel containing on one flank PBS and on the
other flank human oxLDLs. Plugs were removed after 2 weeks
and photographied. Representative macrophotographies of
plugs containing PBS (control) or oxLDLs (50 mg apoB·L−1).
Angiogenesis was quantified by image analysis of the red
blood colour using Adobe photoshop software (upper right
panel in A and B) or by manual drawing followed by image
analysis (lower right panels in A and B).
Figure S4 Comparison of the two methods of quantification
of angiogenesis on macrophotographies. A and B, Quantifica-

tion of angiogenesis in Matrigel plugs obtained by image
analysis of blood-coloured vessels using Adobe Photoshop
software (A) and by manual drawing followed by image analy-
sis (B). In C, comparison of the data by the two methods.
Figure S5 Effect of anti-S1P mAb on mouse oxVLDL (moV)-
induced angiogenesis in the murine Matrigel plug assay. Mice
were injected with Matrigel containing 0 or 50 mg apoB·L−1

murine oxVLDL (moV50). Mice were intraperitoneously
injected every 3 days with (or without) the anti-S1P mAb
(50 mg·kg−1 body weight) for 2 weeks before removing the
plugs and quantification of angiogenesis. Each point repre-
sents the angiogenesis score in one plug. Mean ± SEM are
indicated by the doted line. Comparison of groups was per-
formed by one-way ANOVA followed Holm–Sidak test (SigmaS-
tat sofware) *P < 0.05; ns, not statistically significant.
Figure S6 Effect of oxLDL on VEGF expression (A) and effect
of the VEGFR2 inhibitor SU1295 on angiogenesis elicited by
oxLDL. (A) Effect of oxLDL on VEGF expression in HMEC-1.
Cells were incubated in the presence of oxLDL (20 mg
apoB·L−1) or thapsigargin (5 μmol·L−1) at the indicated time.
VEGF mRNA level was evaluated by qPCR (normalized to TBP
mRNA). (B and C) Effect of the VEGFR2 inhibitor SU1498 on
angiogenesis induced by oxLDL (20 mg apoB·L−1) or by S1P (5
μmol·L−1). In A and B, mean ± SEM of six separate experi-
ments, *P < 0.05; ns, not significant. In C, representative
microphotographs of cells stained as in Figure 1.
Figure S7 Time course of inhibition of tube formation by
trolox added after oxLDL. HMEC-1 were incubated with or
without hoxLDL (20 mg apoB·L−1, added at time 0) and trolox
(10 μmol·L−1), was added at the indicated time (either at time
0, or 1, 3, 5 or 9 h after oxLDL. Then, tube formation was
evaluated at time 18 h (as in Figures 1, 3 and 4). Note that,
under the used conditions, trolox added up to 7 h, inhibited
tube formation, thus suggesting that ROS generated up to 7 h
are required for tube formation. Mean ± SEM of six separate
experiments. One-way ANOVA followed by Holm–Sidak post
hoc test. *P < 0.05,
Table S1 Evaluation of ROS induced by oxLDL (20 mg
apoB·L−1) using various ROS-specific probes (expressed as
percent of the unstimulated control).
Table S2 Effects of inhibitors on ROS generation elicited by
oxLDLs.
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