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Summary 
Sphingosine-1-phosphate (S1P) is a bioactive lipid generated in 
the intracellular membranes from the metabolism of sphingo-
myelin. Once secreted/exported by cells of haematopoietic ori-
gin and vascular cells S1P interacts with plasma proteins and ac-
cumulates in high-density lipoprotein (HDL). Growing evidence 
indicates that HDL-associated S1P is responsible for the benefi-
cial effects of these lipoproteins on vasorelaxation, cell survival, 
cell adhesiveness, angiogenesis and synthesis of two powerful 
endogenous anti-atherogenic and anti-thrombotic molecules 
such as nitric oxide (NO) and prostacyclin (PGI2). It is likely that 
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vascular effects of HDL-S1P are regulated by the local ex-
pression of S1P receptors. Five G protein-coupled receptors 
(S1P1 to S1P5), with differential expression patterns and dissimi-
lar coupling mechanism to G protein subunits, have been ident-
ified in the vasculature. This review is focused on the central role 
of S1P as a bioactive component that confers vasculoprotective 
properties to HDL by eliciting a wide range of biological re-
sponses on endothelial and smooth muscle cells largely depend-
ent on the up-regulation of NO and prostacyclin. 
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Introduction 
Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid 
present in plasma that is stored in and released from circulating 
cells and that can be locally produced by vascular cells (1–3). 

S1P is generated intracellularly from sphingomyelin, a euka-
ryotic specific phospholipid essential for the formation of mem-
brane rafts and caveolae (1). S1P is flipped or transported to the 
extracellular environment, process that involves specific ABC-
type transporters (4), and binds to albumin and plasma lipopro-
teins in particular to high-density lipoproteins (HDL) (5). 

The cardioprotective effects of HDL have been extensively 
demonstrated through experimental and epidemiological studies 
(6–9). They potentially rely on the ability of HDL to promote 
cholesterol efflux but also on its anti-oxidant, anti-inflammatory 
and anti-thrombotic actions (10–12). S1P is the most active lipid 
component of HDL and plays a key role in vascular biology as an 
extracellular mediator of a wide spectrum of biological re-
sponses (13). S1P is responsible, at least in part, for many of the 

cardiovascular effects of HDL including the ability to modulate 
vascular tone (14), promote angiogenesis (15, 16), inhibit/re-
verse atherosclerosis (17) and protect against ischaemia/reperfu-
sion injury (18). S1P has emerged as a pleiotropic lipid mediator 
that seems to play a critical role in pathophysiological conditions 
such as atherosclerosis, hypertension and diabetes (19). There-
fore, it is likely that regulation of S1P biological activity could be 
a therapeutic target to control vascular disorders (20). In this 
context, a synthetic S1P analogue (FTY720) efficiently pre-
vented atherosclerosis development (17, 21). Moreover, HMG-
CoA reductase inhibitors (statins), lipid-lowering drugs whose 
beneficial effect on cardiovascular morbidity and mortality have 
been widely demonstrated and that have direct vascular effects 
(22), are able to modulate the expression S1P receptors in vascu-
lar cells and potentiate the response to HDL-associated sphin-
golipids (23, 24). This review is focussed on the role of S1P and 
its receptors in the vascular effects elicited by HDL, in particular 
those related to the modulation of nitric oxide (NO) and pros-
tacyclin production.  
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Plasma S1P levels and sources of S1P 
In mammals S1P is found mainly in the blood and lymph. Pla-
telets have been traditionally considered the main source of 
blood S1P because they store considerable amounts of S1P (1). 

However, S1P levels are normal in platelet-deficient animals and 
platelet depletion did not decrease plasma S1P levels (3, 25). Re-
cent studies have revealed erythrocytes as the main blood cell in-
corporating, storing and releasing S1P (2); in fact, strong posi-
tive correlations between plasma S1P concentration and red 
blood cell-related parameters have been found (26). Vascular en-

dothelium has also emerged as a major contributor of plasma 
S1P (3). S1P is synthesised intracellularly by phosphorylation of 
sphingosine by sphingosine kinase (1) and exported to the extra-
cellular environment by transporters of the ABC family (4). Li-
poproteins and albumin act as S1P acceptors. Plasma S1P is 
mainly found in a lipoprotein-bound form (∼60%) HDL being 
the major carrier (∼85%) (Fig. 1) (5). By binding to lipoproteins 
S1P is protected from degradation and hence extend its half-life; 
however, the association to lipoproteins could also reduce S1P 
bioactivity. Indeed, human serum S1P concentrations (300 nM to 
1 μM) largely exceed the Kd values of S1P receptors and the 
bioactive S1P fraction in plasma has been estimated in approxi-
mately 10 nM (27). The interaction of S1P with lipoproteins 
would avoid the full activation of S1P receptors contributing to 
temper acute reactions and to maintain tonic, more sustained 
long-term responses. Therefore, plasma S1P is dynamically con-
trolled by various factors including release from cells, distribu-
tion among plasma proteins and degradation by ectophospha-
tase. 

S1P receptors in vascular cells 
S1P was initially considered to be a second messenger. However, 
the discovery of G protein-coupled receptors (GPCR) for S1P 
significantly improved the understanding of the cellular actions 
of S1P and emphasised its role as an extracellular lipid mediator. 
In the vasculature, S1P induces dramatic responses in endothe-
lial and vascular smooth muscle cells (VSMC) acting as ligand 
for high-affinity cell surface receptors. Five subtypes of GPCR 
termed S1P1– S1P5 (formerly Endothelial differentiation genes, 
EDGs) have been identified so far: S1P1 (EDG-1), S1P2 
(EDG-5), S1P3 (EDG-3), S1P4 (EDG-6) and S1P5 (EDG-8) (28). 
These receptors bind S1P with a Kd of 8–20 nM and exhibit a 
low affinity for other related lipids such as lysophosphatidic acid 
(LPA) or sphingosylphosphorylcholine (SPC). They are widely 
expressed but exhibit differential expression patterns depending 
on the cell type thereby specifying cellular responses. In the vas-
culature, the precise distribution of S1P receptors has not been 
clearly established, although S1P1, S1P2 and S1P3 seem to be the 
preponderant receptors expressed in vascular cells (Table 1) 
(29–34). This expression pattern seems to conform to that re-
ported for other species, although contrasting results have been 
published depending on the vascular beds analysed (34).  

The molecular details on the binding and the mechanism of 
S1P receptor activation are not well understood. S1P receptors 
exhibit dissimilar coupling mechanism to G-protein subunits. 
S1P1 is coupled to Gi/o proteins, preferentially Giα1 and Giα3, 
S1P2 is associated to Gi/o,G12/13 and Gq, S1P3 activates either Gi/o, 
Gq or G12/13 proteins, while S1P4 and S1P5 signal through Gi/o or 
G12/13 and Gi/o or G12 subunits, respectively (13, 28). The com-
plexity of S1P coupling to G proteins drives the regulation of 
multiple downstream signalling pathways, eliciting an intricate 
pattern of cellular responses depending on the relative ex-
pression levels of each S1P receptor (Table 2). Despite this ap-
parent redundancy in intracellular signalling pathways linked to 
S1P receptors, Sensken et al. (35) have recently shown that cer-
tain S1P receptor agonists are able to selectively activate particu-
lar signalling pathway coupled to these receptors.  

Figure 1: Plasma sphingosine-1-phosphate (S1P) source and 
transport by lipoproteins. S1P is released into plasma from activated 
platelets, erythrocytes and endothelial cells, although their relative con-
tribution is unknown. Lipoproteins and albumin act as acceptors of S1P 
being HDL the main carrier of plasma S1P.  

Cell type S1P receptor relative expression Reference 

Endothelial  
cells 

S1P1 and S1P3; S1P2 ND 
S1P1 > S1P3 > S1P2 
S1P1; S1P3 ND 

29 
30 
31 

VSMC S1P2>S1P3>S1P1 
S1P3; S1P2 in aorta but not coronary; S1P1 ND 
S1P2 > S1P3; S1P1, S1P4 and S1P5 ND 
S1P2 > S1P1 > S1P3 > S1P5; S1P4 ND 
S1P2 > S1P3 > S1P1 > S1P5; S1P4 ND 

30 
31 
32 
33 
24 

Monocyte/ 
macrophage 

S1P3>S1P4>S1P1>S1P2>S1P5 91 

ND, not detected; S1P, sphingosine-1-phosphate; VSMC, vascular smooth muscle cells. 

 

 

 

 

 

Table 1: S1P receptors in human vascular cells and monocytes/
macrophages. 
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Vascular effects of HDL mediated by S1P  
Reverse cholesterol transport is the most widely accepted mech-
anism for the protection exerted by HDL. Additionally, HDL ac-
tivates S1P receptors and triggers a number of effects on vascu-
lar cells among them up-regulation of NO and prostacyclin, two 
molecules that mediate a wide spectrum of vasoprotective func-
tions. In fact, prostacyclin acts synergistically with NO to induce 
VSMC relaxation, inhibit platelet activation and prevent VSMC 
migration and proliferation (Fig. 2). Therefore, it is likely that the 
widely demonstrated effects of HDL on vascular reactivity, and 

its anti-atherogenic and anti-thrombotic actions could be par-
tially attributed to the modulation of these molecules by S1P 
contained in HDL. 

S1P in HDL-induced synthesis of vasorelaxant/ 
antithrombotic molecules 
Among the atheroprotective properties of HDL, improvement of 
endothelial function stands out as one of the most significant. 
Clinical studies have demonstrated a direct association between 
HDL levels and endothelium-dependent flow-mediated dilation 
(FMD); as such, in hypercholesterolemic individuals endothelial 

Cell type Cellular process Effect Reference 

Endothelial cells Nitric oxide (NO) synthesis 
Cell adhesion molecules  
Apoptosis 
Migration 
Proliferation 
Cytoskeletal rearrangement 
Vessel formation 
Endothelial barrier integrity 
EPC number and bioactivity 

↑ 
↓↑ 
↓ 
↑ 
↑ 
↑ 
↑ 
↑ 
↑ 

14, 39, 67–69 
53–55, 57, 58 
62–65 
67–69, 71, 72 
15, 16, 67–69, 73 
67–69 
15, 16, 73 
74–77 
82 

VSMC Migration/Proliferation 
Vasodilation/Vasoconstriction 
Prostacyclin synthesis 
MCP-1 synthesis 

↓↑ 
↓↑ 
↑ 
↓ 

30, 32, 83–86 
39, 41, 50, 51 
24, 33 
21, 89 

Monocytes/macrophages Phagocytic activity  
Inflammatory response (TLR2 signalling) 
Anti-inflammatory phenotype 
Endothelial interaction 
Pro-inflammatory cytokines 

↑ 
↓ 
↑ 
↓ 
↓ 

91 
93 
94 
59–61  
17 

EPC: Endothelial progenitor cell; MCP-1: monocyte chemoattractant protein-1; TLR2, Toll-like receptor 2; VSMC, vascular smooth 
muscle cells. 

 

 

 

 

 

Table 2: Effects elicited by S1P or its syn-
thetic analogue FTY720 on vascular cells 
and monocytes/macrophages. 

Figure 2: Essential role of nitric oxide (NO) and prostacyclin (PGI2) in vascular responses mediated by high-density lipoprotein 
(HDL)-associated sphingosine-1-phosphate (S1P). CAMs, cell adhesion molecules; MCP-1, monocyte chemoattractant protein-1; NFκB, nu-
clear factor-κB. 
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function is restored by acute administration of reconstituted 
HDL (11). One of the vasoprotective effects of HDL rely on the 
stimulation of endothelial NO release. HDL binds to scavenger 
receptor-BI (SR-BI) and through a phosphatidylinositol-3 ki-
nase (PI3K)/Akt-dependent mechanism induces the phosphory-
lation of eNOS increasing its catalytic activity (36, 37). Fur-
thermore, HDL extends the half-life of eNOS contributing to en-
hance NO production (38). The nature of the lipoprotein compo-
nent responsible for HDL-vasodilatory properties remained un-
defined until Nofer et al. (14) uncovered that lysophospholipids 
carried by HDL, such as S1P, SPC and lysosulfatide (LSF) fully 
emulated the stimulatory effect of HDL on Akt activation, eNOS 
phosphorylation, NO production and NO-dependent vasorelax-
ation. These authors showed that the S1P3 receptor is critical for 
these HDL-induced effects, which were absent in aortas or en-
dothelial cells from S1P3-deficient mice (14). Accordingly, 
FTY720 (a structural S1P analogue) elicited an endothelium-de-
pendent vasodilatory response in phenylephrine pre-contracted 
aortic rings from wild-type animals but not from either S1P3– or 
eNOS-deficient mice (39). Although S1P3 receptor seems to 
play a key role in HDL-dependent eNOS regulation the contribu-
tion of other S1P receptors should not be excluded. In fact, sta-
tins up-regulate the endothelial expression of S1P1 (the major re-
ceptor in endothelial cells) thereby enhancing NO production in 
response to HDL (23). Based on these observations, a cooper-
ative mechanism has been suggested by which HDL binding to 
SR-B1 brings S1P into proximity of S1P1 and S1P3 receptors 
providing a suitable context for a proper signal transduction. This 

occurs mainly in caveolae, membrane microdomains that are 
specifically enriched in sphingolipids and contain a wide array 
of receptors including SR-BI and S1P receptors (Fig. 3) (36, 40). 
The intracellular sphingolipid pathway, and more specifically 
shingosine kinase activity, seems also to contribute to the vasore-
laxant response and eNOS induction elicited by S1P in pre-con-
tracted rat aorta (41). However, accumulating evidence suggest 
that endothelial dependent vasorelaxation is mainly regulated by 
S1P receptor-mediated mechanisms. 

Besides NO, HDL regulates vascular reactivity through the 
synthesis of prostacyclin (PGI2), the major eicosanoid syn-
thesised in the mammalian vasculature (42–44). The rate-limit-
ing enzyme in the biosynthesis of PGI2 is prostaglandin endoper-
oxide H synthase (cyclooxygenase, COX) which catalyses the 
conversion of arachidonic acid to PGH2, the first committed step 
in the biosynthesis of a wide range of eicosanoids. We and others 
have shown that HDL increases PGI2 synthesis in both VSMC 
and endothelial cells through a mechanism depending on the up-
regulation at transcriptional level of the inducible COX isoform 
(COX-2) (42–45), and that COX-2 inhibitors prevent the induc-
tion of PGI2 production caused by HDL in vascular cells (46). In 
the light of growing evidence, not the least the clinical failure of 
chronic coxibs use, it begins to be clear that COX-2-derived 
prostanoids are key protective molecules for the cardiovascular 
system (47). Indeed, steady laminar shear stress selectively and 
sustainedly up-regulates COX-2 expression and PGI2 synthesis 
in vascular endothelium while turbulent shear stress (typical of 
vascular areas prone to develop atherosclerosis) does not (48). 

Figure 3: Sphingosine-1-phosphate recep-
tors mediate the activation of endothe-
lial nitric oxide synthase (eNOS) and the 
up-regulation of cyclooxygenase-2 
(COX-2) induced by HDL. HDL increases 
Akt-dependent phosphorylation of eNOS 
through a cooperative mechanism that involves 
binding to scavenger receptor B-I (SR-BI) and 
the S1P receptor S1P3. Activated eNOS leads 
to an increase in NO biosynthesis through a 
catalytic process that requires the release of 
eNOS from membrane-bound eNOS/caveo-
lin-1 complexes and the association with cal-
cium-activated calmodulin (CaM) and heat-
shock protein 90 (Hsp90). S1P receptors are 
also involved in the up-regulation of COX-2 
and the increase in prostacyclin (PGI2) release 
induced by HDL in vascular cells. HDL (and 
free S1P) activates S1P receptors and down-
stream signalling pathways (p38 mitogen-acti-
vated protein kinase (p38) and extracellular 
signal regulated kinase-1/2 [ERK]) leading to 
activation of cAMP response element binding 
protein (CREB) that up-regulates COX-2 ex-
pression. AA, arachidonic acid. 
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The ability of HDL to induce COX-2/PGI2 is abolished by HDL 
delipidation and it is affected by the lipid composition of the diet 
suggesting the involvement of a lipid component of HDL (46). 
Indeed, subsequent research revealed that free S1P mimics the 
induction of COX-2 expression/PGI2 production caused by HDL 
in VSMC (24, 34). The effect was completely inhibited by per-
tussis toxin, an inhibitor of G(i/o) proteins. Moreover, using spe-
cific S1P receptor antagonists it has been shown that S1P recep-
tors, in particular the two main subtypes expressed by VSMC 
(S1P2 and S1P3), participate in COX-2-mediated PGI2 release in-
duced by both free S1P (24, 34) and HDL (34). Signalling down-
stream S1P receptors involves mitogen-activated protein kinases 
(both ERK1/2 and p38 MAPK) that lead to cAMP response el-
ement binding protein (CREB) phosphorylation and up-regu-
lation of COX-2 expression (24). Interestingly, pre-treatment of 
human VSMC with simvastatin increases HDL-induced PGI2 re-
lease (49), effect that has been recently associated to the up-regu-
lation of S1P receptors and the consequent enhancement of 
COX-2 expression produced by HDL (Fig. 4) (24). Therefore, 
the up-regulation of S1P receptors by statins, reported in both en-
dothelial cells and VSMC (23, 24), could contribute to the pleit-
ropic effects of these drugs, linked in this case to the vasoprotec-
tive effect of HDL.  

Nevertheless contrasting results have been published con-
cerning the vasomotor activity of free S1P. Indeed, while vasodi-
latory effects have been reported in pre-contracted arteries ex 
vivo, S1P has shown to induce vasoconstriction in native, non-
contracted arteries (50, 51). The differential expression pattern 
of S1P receptors exhibited by endothelial cells and VSMC as 
well as the dissimilar concentration of S1P used in the different 
studies might help to explain these confusing results. Indeed, en-
dothelial cells express mainly S1P1 whose activation increases 
intracellular calcium that triggers induction of NO synthesis and 
vasorelaxation (19). By contrast, the activation of S1P2, the main 
S1P receptor present in VSMC, also causes a rise in intracellular 
calcium levels but activates phospholipase C-beta (PLC-β) and 
Rho kinase mediating cell contraction (19). 

S1P in the modulation of endothelial cell adhesiveness 
by HDL 
Monocyte recruitment and adhesion to vascular endothelium is a 
key event in the pathogenesis of atherosclerosis. Dysfunctional 
endothelium expresses cell adhesion molecules (CAMs) in re-
sponse to atherosclerotic risk factors and inflammatory medi-
ators, thereby promoting mononuclear cell trafficking across the 
endothelial monolayer (Fig. 2). Cockerill et al. (52) early re-
ported that HDL inhibit cytokine-induced expression of CAMs, 
including vascular cell adhesion molecule-1 (VCAM-1), inter-
cellular adhesion molecule-1 (ICAM-1) and E-selectin. This ef-
fect was associated with the up-regulation of COX-2 and the 
concomitant increases of prostacyclin synthesis (52). More re-
cently, it has been shown that HDL-associated sphingolipids 
(SPC or LSF) attenuate the expression of CAMs induced by tu-
mour necrosis factor (TNF)α via Akt-nuclear factor-kappaB 
(NFκB) signalling pathways (53). S1P contained in HDL is 
required for this effect that involves both SR-BI and S1P recep-
tors (especially S1P1) and the activation of eNOS (54). The in-
volvement of eNOS/NO is in agreement with the widely re-

ported ability of NO to modulate the expression of endothelial 
CAMs both in vitro and in vivo. 

Concerning the effect of free S1P on CAM expression oppo-
site effects have been reported (55–61). It should be taken into 
account, however, that in most studies showing stimulatory ef-
fects of S1P on VCAM-1 and ICAM-1 expression high S1P con-
centrations were used; thus, the physiological relevance of these 
studies is dubious. Endogenous S1P synthesised by the sphingo-
sine kinase pathway also mediates the induction of endothelial 
CAM expression stimulated by TNFα or globular adiponectin 
through a NFκB-dependent mechanism (56, 57). Accordingly, 
the inhibition of cytokine-mediated CAM induction by HDL has 
been related to a disturbation of the sphingosine kinase pathway 
and a consequent reduction of intracellular S1P synthesis (56). 
This dual and apparently paradoxical effect of S1P could be ex-
plained by the ability of S1P receptors to mediate stimulatory or 
inhibitory signalling for expression of CAMs. Stimulation 
seems to occur mainly through S1P3 and involves NFκB acti-
vation, while inhibition is mediated by S1P1, the main receptor 
expressed by endothelial cells, and involves PI3K/Akt/eNOS 
pathway (54, 58). Interestingly, functional analyses in vitro and 
in vivo have consistently shown a suppressive action of S1P on 
monocyte-endothelial interactions, effect mediated by S1P re-
ceptors (59–61) (in particular by S1P1) and associated to the in-
hibition of RhoA activity (60) and to the rearrangement of inte-
grins α5β1 and αvβ3 (61). 

Figure 4: Simvastatin induces the expression of sphingosine-
1-phosphate (S1P) receptors and increases cellular response to 
high-density lipoproteins (HDL). A) Relative mRNA levels of S1P 
receptors in human vascular smooth muscle cells (VSMC) in the absence 
(black bars) or presence of simvastatin (white bars). P<0.005:* vs. con-
trols. B) Pre-treatment of VSMC with simvastatin (sim) potentiates the 
induction of COX-2 mRNA levels produced by either HDL or S1P. 
[P<0.005:* vs. controls; # vs. cells treated with HDL or S1P]. A.U. arbit-
rary units. (modified from ref. 24). 
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S1P in the modulation of endothelial cell survival/ 
apoptosis by HDL 
The endothelium is a selective permeability barrier to blood mol-
ecules and plays a critical role modulating VSMC function and 
maintaining vascular haemostasis. However, the exposure to risk 
factors or harmful agents can induce endothelial cell apoptosis 
disrupting endothelial monolayer integrity and contributing to 
cardiovascular diseases. HDL prevents apoptosis and preserves 
endothelial cell survival. Indeed, HDL suppresses the mitochon-
drial pathway of apoptosis inhibiting caspase-9 and –3 activities, 
reactive oxygen species (ROS) generation, dissipation of mito-
chondrial potential and cytochrome c release (62). Moreover, 
HDL activates Akt and causes phosphorylation of the Akt target 
BAD, which favours BAD dissociation from BCL-XL that is then 
free to inhibit mitochondria-mediated apoptosis (62). Interest-
ingly, these effects are mimicked by HDL lysosphingolipids such 
as SPC, LSF and S1P (62, 63). The role of S1P in the cytoprotec-
tion elicited by HDL is further supported by the fact that S1P de-
sensitisation or HDL-charcoal treatment abolishes such effects 
(64). An increase in NO production, that requires the activation 
of the receptor S1P1, underlies the anti-apoptotic action of S1P 
(63). Furthermore, the powerful atheroprotective features of 
small dense HDL3 particles could be related not only with their 
exacerbated cellular cholesterol efflux potential, but also with 
the stronger anti-apoptotic and anti-oxidative properties con-
ferred by their enrichment in S1P (65). Conversely, oxidised low-
density lipoproteins (oxLDL) are cytotoxic due to harmful sub-
stances such as lysophosphatidylcholine but also to the ox-
idation-mediated decrease of S1P content (64). Finally, the abil-
ity of VLDL from certain apolipoprotein E mouse genotypes to 
antagonise the anti-caspase activity of HDL is counteracted by 
diets that enable VLDL with an anti-apoptotic activity related to 
its increased capacity to activate S1P3 (66).  

S1P in the pro-angiogenic effects of HDL 
HDL exhibits pro-angiogenic properties that could be associ-
ated, at least in part, to its S1P content. S1P itself behaves as an 
angiogenic mediator able to increase NO production, to stimu-
late endothelial cell migration and proliferation and to promote 
cytoskeletal rearrangement (67–69). Furthermore, angiogenic 
factors such as vascular endothelial growth factor (VEGF) up-
regulate S1P1 expression sensitizing vascular endothelium (70). 
The S1P fraction of HDL seems also to account for the induction 
of endothelial cell proliferation and the formation of new vessels 
induced by this lipoprotein (15, 16). In fact, activation of S1P re-
ceptors (S1P1 and S1P3) is required for HDL-induced cell mi-
gration via PI3K/Akt, p38 MAPK, Rho/Rho kinase and Ras-
Raf1-dependent signalling pathways (71, 72). Accordingly, 
combined suppression of these receptors with specific anti-sense 
oligonucleotides dramatically reduced endothelial cell motility 
in response to HDL and S1P (71, 72). Moreover, recently Matsuo 
et al. (73) reported that reconstituted HDL (rHDL) particles con-
taining S1P induced endothelial cell proliferation and tube 
formation by the activation of S1P2 and S1P3 receptors and the 
Akt/ERK/eNOS pathways.  

S1P contained in HDL could also favour endothelial barrier 
integrity, a critical aspect in the final stages of angiogenesis to 
assure new vessel stabilisation. In fact, several studies revealed 

that S1P enhances endothelial integrity through a complex 
mechanism that involves the modulation of cytoskeleton, adher-
ent junction and focal adhesion (74). S1P increases trans-en-
dothelial electrical resistance (TEER), an index of endothelial 
integrity, and enhances endothelial barrier function (75, 76). Ac-
cordingly, Argraves et al. (77) demonstrated that the content of 
S1P is critical for the regulation of endothelial barrier by HDL 
via a S1P1/Akt pathway. These authors also observed that the en-
hanced migratory activity exhibited by endothelial cells in the 
presence of either free S1P or HDL correlates with TEER.  

Finally, an additional mechanism underlying HDL pro-an-
giogenic effects could be the improvement of endothelial pro-
genitor cell (EPC) number and bioactivity observed in clinical 
and experimental studies (78–80). This HDL effect is associated 
to the up-regulation of eNOS and the prevention of EPC apopto-
sis (78). In this regard, it has been reported that FTY720 in-
creases CXCR4 function in vitro and in vivo supporting homing 
and proliferation in haematopoietic progenitor cells (81). More-
over, both S1P and FTY720 improved blood flow recovery in is-
chaemic hind limbs in mice, effect that was dramatically reduced 
in S1P3 deficient mice (82). Therefore, it is tempting to speculate 
that S1P/S1P receptors could contribute to such beneficial ef-
fects of HDL. 

S1P in the modulation of VSMC migration and 
proliferation by HDL 
VSMC migration and proliferation are hallmarks of the patho-
genesis of atherosclerosis and restenosis post-angioplasty. LDL 
and HDL regulate these processes in an opposite manner. LDL 
induces VSMC migration while HDL is able to counteract the 
migratory activity induced by chemoattractant agents such as 
LPA or platelet-derived growth factor (PDGF) (83, 84). Both 
HDL (83, 84) and S1P (30, 32, 83, 84) have shown anti-migra-
tory effects on VSMC mediated by S1P receptors. In fact, S1P 
receptor desensitisation (incubating VSMC with an excess of 
S1P) reverses the inhibitory effects of HDL and S1P on PDGF-
induced VSMC spreading and migration (83). Moreover, these 
inhibitory actions of HDL and S1P were suppressed by knock-
down of the S1P2 receptor (84). Interestingly, LDL depletion of 
LPA allows LDL to inhibit VSMC migration, effect that was also 
related with S1P2 receptor activation (80). Thus, it seems that the 
ratio LPA/S1P determines the ability of lipoproteins to modulate 
VSMC migration in a positive or negative manner.  

As has been described for other S1P effects the action of free 
S1P on VSMC migratory and proliferative responses seems to be 
bimodal, and contrasting results showing either stimulatory (85, 
86) or inhibitory effects (30, 32) have been published. These op-
posite responses seem to be mediated by different S1P receptors. 
S1P1 acts as a typical chemotactic receptor and its over-ex-
pression potentiates VSMC migratory and proliferative re-
sponses (87). By contrast, S1P2 uniquely acts as a chemorepel-
lent receptor and inhibits VSMC migration (30, 32, 88). There-
fore, in normal quiescent human VSMC a low S1P1/S1P2 ratio 
results in inhibition of migration. 

HDL also inhibits the synthesis and secretion of monocyte 
chemoattractant protein-1 (MCP-1), a pro-inflammatory chemo-
kine that modulates VSMC migration and proliferation and 
monocyte infiltration. This HDL effect is mediated by inhibition 
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of NAD(P)H oxidase-dependent ROS generation and is mimick-
ed by the HDL-associated sphingolipids (S1P and SPC) and by 
the phosphorylated form of the S1P analogue FTY720 (89). Ac-
cordingly, FTY720 inhibits thrombin-induced release of MCP-1 
in isolated aortic segments from wild-type but not from S1P3

-/- 
mice (21). Furthermore, it has been shown that the ablation of 
either S1P3 or SR-BI receptors abolishes the modulation of 
MCP-1 production by either HDL or S1P suggesting the need of 
cooperative mechanisms between both receptors (89).  

Interestingly, HDL suppresses VSMC cell cycle progression 
by stimulating prostacyclin synthesis leading to inhibition of G1 
phase progression through an IP-dependent mechanism (90). 
Finally, in addition to the inhibitory effects of S1P and HDL di-
rectly acting on VSMC, the up-regulation of endothelial NO and 
prostacyclin, two molecules with well-recognised anti-migra-
tory and anti-proliferative effects on VSMC may further con-
tribute to prevent atherosclerosis and restenosis.  

S1P in the modulation of monocyte/macrophage 
function by HDL 
Mononuclear cells play a key role in the atherosclerotic process, 
and the effectiveness of the S1P analogue FTY720 reducing 
atherosclerosis in animal models has been mainly attributed to 
the ability of this drug to modulate the function of monocytes/
macrophages and suppress the machinery involved in the mi-
gration of these cells into the vascular wall (17, 21). Monocytes/
macrophages express S1P receptors (Table 1) (91), but scarce 
and somewhat contradictory information is available about di-
rect regulatory functions of S1P on these cells (Table 2). It has 
been reported that S1P alter macrophage gene expression pat-
tern, including up-regulation of CD32, and promoting macro-
phage phagocytic activity (91). Conversely, in animal models of 
inflammation S1P and FTY720 exerted protective properties 
(92). Anti-inflammatory effects of S1P carried by HDL on mac-
rophage biological activity, has also been recently reported by 
Dueñas et al. (93) that described a selective attenuation of the 
Toll-like receptor 2 (TLR2) signalling and the consequent block-
ade of NFκB cascade. In agreement with this, S1P modulated the 
response of macrophages favouring the switch from pro-inflam-
matory M1 to anti-inflammatory M2 phenotype as Hugues et al. 
recently shown (94). Finally, consistent with an anti-inflamma-
tory and atheroprotective role for S1P in a recent study perform-
ed in LDL receptor-deficient mice the amelioration of athero-
sclerotic lesions by FTY720 was associated to a decrease in plas-
ma levels of pro-inflammatory cytokines secreted by activated 

macrophages and to the inhibition of macrophage activation 
markers (17).  

Conclusions and perspectives 
The atheroprotective properties of HDL raise the interest of 
therapeutic strategies to enhance plasma HDL levels. Although 
the un-expected failure of ILLUMINATE phase III trial due to 
unwanted side effects (95) has not hampered the development of 
new drugs for increasing HDL levels, alternative approaches 
aimed to improve HDL-mediated vascular responses should be 
also considered. In this context, the ability of a simple lipid car-
ried by HDL to resume most of vascular effects of these lipopro-
teins as well as the atheroprotective properties exhibited by the 
S1P analogue FTY720 in animal models support the interest of 
S1P and S1P receptors as possible pharmacological targets to in-
crease vascular protection. Considering the variety of S1P ef-
fects and the existence of multiple receptor subtypes, it provides 
a range of potential therapeutic targets currently investigated. 
This task may be hampered, however, by the broad tissue/cell dis-
tribution of S1P receptors and by the potential functional antag-
onism among S1P receptors. Interestingly, despite this apparent 
complexity it has been shown that certain S1P receptor agonists 
are able to selectively activate particular signalling pathways 
coupled to S1P receptors. Deciphering the complex interplay be-
tween S1P signalling as well as the molecular mechanism of 
S1P-receptor activation will provide clues for the better under-
standing of the functional relationship among S1P receptors and 
for approaching a rational design of selective agonists of S1P re-
ceptors (or S1P receptor-mediated signalling pathways). There-
fore, despite the growing progress in the knowledge of vascular 
S1P receptor-mediated responses further research will be 
required to elucidate their roles under physiological and patho-
physiological conditions and to develop more selective mol-
ecules aimed to treat specific disorders.  
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