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Abstract
The reverse cholesterol transport mediated by high-
density lipoprotein (HDL) is an important mechanism 
for maintaining body cholesterol, and hence, the cru-
cial anti-atherogenic action of the lipoprotein. Recent 
studies, however, have shown that HDL exerts a vari-
ety of anti-inflammatory and anti-atherogenic actions 
independently of cholesterol metabolism. The present 
review provides an overview of the roles of sphingosine 
1-phosphate (S1P)/S1P receptor and apolipoprotein A-I/
scavenger receptor class B type Ⅰ systems in the anti-
atherogenic HDL actions. In addition, the physiological 
significance of the existence of S1P in the HDL particles 
is discussed. 
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INTRODUCTION
Plasma lipoprotein levels have been recognized as a crucial 
biomarker for the initiation and development of  athero-
sclerosis[1-3]. Thus, high levels of  low-density lipoprotein 
(LDL) and low levels of  high-density lipoprotein (HDL) 
are thought to increase the risk of  cardiovascular diseases, 
including atherosclerosis. LDL provides cholesterol to 
cells through LDL receptors, and HDL removes excess 
cholesterol from the cells, through ATP-binding cassette 
transporter A1 (ABCA1), in peripheral tissues, including 
arterial walls, and excretes it as bile acid through liver scav-
enger receptor class B type Ⅰ (SR-BI). The so-called re-
verse cholesterol transport is thought to be one of  the im-
portant anti-atherogenic actions of  HDL[1,4] (Figure 1A). 
HDL particles are highly heterogeneous[5-7]. The lipid-
free apolipoprotein (apo)A-I, which is newly synthesized 
in liver or formed by a recycling pathway through reverse 
cholesterol transport, is an acceptor for cholesterol and 
phospholipids through ABCA1, and stimulates their efflux 
from peripheral tissues, which results in the formation of  
nascent HDL particles or pre-β discoidal particles. As a 
consequence of  the remodeling with enzymes relevant to 
the lipoprotein metabolism, such as lecithin:cholesterol 
acyltransferase (LCAT) and cholesteryl ester transfer 
protein, the pre-β discoidal particle grows and becomes 
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more heterogeneous mature spherical HDL with a dif-
ferent size and composition. The mature spherical HDL 
particle is composed of  enzymes, such as paraoxonase, 
platelet-activating factor acetylhydrolase (PAF-AH or Lp-
PLA2), and LCAT, apolipoproteins (apoA-I and apoA-
Ⅱ), and lipid molecules, such as triglyceride, cholesterol, 
and phospholipids[5,8,9]. In addition, HDL has been shown 
to carry bioactive lipid molecules, including sphingosine 
1-phosphate (S1P)[10,11] and related lysosphingolipids[12,13]. 
Protein components and phospholipids are present in the 
outer regions of  the particle and triglyceride and choles-
terol ester are present in the inner region. HDL-associated 
apoA-I also interacts with SR-BI in the liver for cholester-
ol extraction from HDL. Thus, apoA-I plays an important 
role in both transporter systems, i.e. ABCA1 and SR-BI. 
Reverse cholesterol transport through ABCA1 and SR-BI 
has been widely recognized to be a crucial mechanism of  
the anti-atherogenic actions of  HDL[4,14]. In addition, the 
cholesterol metabolism-independent HDL actions have 
also been suggested to be important for the protection of  
cardiovascular system[8,9,15-20] (Figure 1B).

Two lines of  independent research have revealed the 
crucial role of  HDL-associated components in the anti-
atherogenic actions of  HDL. One line of  research has 
focused on apoA-I. As mentioned above, SR-BI is a 
crucial transporter in liver for the efflux of  cholesterol 
ester from spherical HDL. Recent studies have shown 
that SR-BI is also expressed in endothelial cells (ECs) and 
mediates HDL-associated apoA-I-induced stimulation of  
endothelial nitric oxide synthase (eNOS), inhibition of  
monocyte adhesion to ECs, vasorelaxation, and re-endo-
thelialization following perivascular electric injury[18,21-23]. 
Another target of  apoA-I might be F1-ATPase. Martinez 
et al[24] have reported that the mitochondrial-related F1-
ATPase is a cell surface receptor for HDL, especially 
lipid-free apoA-I, and is involved in HDL endocytosis in 
hepatocytes through extracellular ADP production. They 
recently have reported that apoA-I stimulates the hydro-
lysis of  ATP to ADP through cell surface F1-ATPase, 
which results in anti-apoptosis and proliferation in human 
umbilical vein ECs (HUVECs). These apoA-I actions are 
blocked by the anti-βF1-ATPase antibody independently 
of  the scavenger receptor SR-BI and ABCA1 transporter. 
They have proposed that the anti-apoptotic and prolifera-
tive effects of  apoA-I are mediated through F1-ATPase-
catalysed ADP production and subsequent P2Y13 receptor 
stimulation, thus contributing to the atheroprotective 
functions[25]. The potential role of  ABCA1 as a target of  
lipid-free apoA-I to couple intracellular signaling pathways 
has also been suggested. Cholesterol efflux initiated by 
apoA-I binding to a specific site of  ABCA1 is associated 
with the activation of  Rho-related small GTPases (Cdc42, 
Rac1, and Rho) and mitogen-activated protein kinases 
[MAPKs; c-jun NH2-terminal kinase, p38MAPK, and ex-
tracellular signal-regulated kinase (ERK)] in fibroblasts[26]. 
Haidar et al[27] have reported that apoA-I activates cAMP 
accumulation through the ABCA1 transporter in ABCA1-
transfected CHO cells. Moreover, Tang et al[28] have shown 

that apoA-I activates Janus kinase 2 and STAT3, thereby 
inhibiting the production of  inflammatory cytokines, in-
cluding interleukin (IL)-1β, IL-6, and tumor necrosis fac-
tor (TNF)-α, in macrophages.

Another line of  research has focused on HDL-associ-
ated lysolipid molecules, especially S1P. A variety of  HDL 
actions have been demonstrated to be mediated by the 
lipoprotein-associated S1P in cells involved in cardiovas-
cular systems, including ECs, smooth muscle cells (SMCs), 
cardiomyocytes, and macrophages, as described later. S1P 
is synthesized by sphingosine kinase in the cells and ex-
ported to the extracellular space; however, the mechanism 
of  S1P export remains unknown. It should be determined 
whether there is any difference in biological activity be-
tween the HDL-associated S1P and other S1P that is 
associated with albumin or LDL. Moreover, the physi-
ological meaning of  S1P association with HDL should 
be explored. The present review includes a discussion of  
these unresolved questions. 

ACCUMULATION OF S1P IN HDL 
FRACTIONS 
Early studies by Assmann’s group have shown that HDL 
regulates cellular activities, including phospholipase C and 
DNA synthesis in fibroblasts[12] and fibrinogen binding 
and aggregation in platelets[29]. They also have found that 
HDL inhibits apoptosis of  ECs through phosphoinosit-
ide 3-kinase (PI3K) and Akt activation[13]. Based on the 
fractionation analysis of  the active components of  HDL 
by HPLC, they have proposed that sphingosylphosphor-
ylcholine (SPC) and lysosulfatide (LSF) mediate the HDL-
induced actions[12,13]. It should be noted, however, that 
the existence of  SPC and LSF at a high level to explain 
the HDL actions has been questioned[30]. DeKroon et al[31] 
have failed to detect LSF in HDL particles. Moreover, 
Liliom et al[32] have reported that the plasma SPC level is 
about 50 nmol/L, which is about 1/100 of  the level re-
ported by Nofer et al[12]. Sachinidis et al[33] have reported 
that lipid molecules closely related to SPC and S1P medi-
ate LDL- and HDL-induced Ca2+ mobilization and ERK 
activation in vascular SMCs (VSMCs), on the basis of  or-
ganic solvent purification and subsequent HPLC analysis. 

We established a quantitative S1P measurement based 
on the high affinity and specificity of  S1P receptors to 
S1P[10]. Using this method, we examined the distribution 
of  S1P in plasma. Even though the plasma was vigorously 
dialyzed against PBS, the S1P content was unchanged[10], 
which suggests that S1P is tightly bound to plasma com-
ponents. Fractionation by density gradient centrifugation 
and measurement of  S1P in each fraction has shown that 
S1P is concentrated in the lipoprotein fraction with a rank 
order of  HDL > LDL > very low density lipoprotein 
(VLDL), and to a lesser extent, in the lipoprotein-deficient 
albumin fraction when expressed as pmol/mg protein[10]. 
Thus, lipoproteins, especially HDL, seem to serve as car-
riers of  plasma S1P, and hence, HDL-S1P has been pro-
posed to mediate a variety of  HDL-induced actions, as 
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described in detail in the next chapter. When HDL-S1P is 
plotted against HDL-cholesterol, there is a good correla-
tion between them[34]. This result indicates that a person 
with a high HDL-cholesterol level has a high HDL-S1P 
level, which further supports the role of  S1P as a mediator 
of  HDL-induced anti-atherogenic actions. The existence 
of  S1P in HDL particles has been confirmed by several 
groups[7,35]. According to the study[7], S1P is preferentially 
enriched in small HDL3 vs large HDL2. It should be 
noted, however, that 1 mol HDL contains 15-50 mmol 
S1P, whereas it contains 3-4 mol apoA-I. This implies that 
95%-98% of  HDL is free of  S1P, whereas each HDL par-
ticle contains about 3-4 molecules of  apoA-I on average. 

Platelets maintain high levels of  S1P content due to 
the very low activity of  the S1P-degrading enzyme, S1P 
lyase[36,37], therefore, it was initially thought to be a source 
of  plasma S1P. However, Pappu et al[38] have shown that 
transcriptional factor NF-E2-deficent mice have normal 
plasma S1P concentrations despite having virtually no cir-
culating platelets. They also have found that transferring 
wild-type erythrocytes to sphingosine-kinase-deficient 
mice, which have no detectable S1P in plasma, restored 
the normal plasma S1P level, and they have proposed that 
erythrocytes are a major S1P source in the blood[38]. The 
role of  erythrocytes in the regulation of  plasma S1P has 
been supported by Hänel et al[39]. Nonetheless, platelets 

might be important for the supply of  high levels of  S1P 
at clot loci[40]. Venkataraman et al[41] have recently shown 
that elimination of  hematopoietic cells by chemically in-
duced anemia and lethal whole-body irradiation, followed 
by reconstitution of  bone marrow from sphingosine-
kinase-deficient mice, fails to reduce plasma S1P, although 
erythrocytes decrease to more than two-thirds of  the nor-
mal levels, and they have proposed that the vascular endo-
thelium is also involved in the regulation of  plasma S1P 
level. ABC transporters might be involved in the export 
of  S1P[42]. Kobayashi et al[43] have shown that S1P release 
from platelets and erythrocytes[44] is inhibited by gliben-
clamide, a non-specific inhibitor of  the ABC transporter. 
Mitra et al[45] have shown that ABCC1 is involved in S1P 
export from mast cells in response to albumin-conjugated 
antigen. Takabe et al[46] also have shown that ABCC1 and 
ABCG2 are involved in estradiol-induced S1P export from 
breast cancer cells. A transporter-like protein, Spns2, has 
recently been demonstrated to be an S1P transporter that 
is involved in myocardial precursor migration and heart 
development of  zebrafish[47]. It remains undetermined, 
however, how S1P is accumulated in plasma lipoprotein 
fractions. As described above, ABCA1 is known to trans-
port cholesterol and phospholipids to lipid-poor apoA-I 
or apoE and thereby mediate HDL formation[48-50]. In the 
central nervous system, S1P seems to bind to HDL-like 
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Figure 1  Reverse cholesterol transport and roles of high-density lipoprotein-associated molecules in cholesterol metabolism-independent cellular activities. A: 
Scheme of simplified reverse cholesterol transport, in which lipid-free apolipoprotein (apo)A-I accelerates the efflux of excess cholesterol from the peripheral tissue through 
ATP-binding cassette transporter A1 (ABCA1), thereby forming pre-b-high-density lipoprotein (HDL). As a consequence of remodeling with enzymes relevant to the lipo-
protein metabolism, such as lecithin:cholesterol acyltransferase and cholesteryl ester transfer protein, the pre-b discoidal HDL grows and becomes heterogeneous mature 
spherical HDL, with a different size and composition. Finally, mature HDL supplies cholesterol to the liver through scavenger receptor class B type Ⅰ (SR-BI), which results 
in the formation of bile acid; B: Heterogeneous products formed during the remodeling of HDL can be classified for convenience into three groups, i.e. lipid-free apoA-I, 
pre-β-HDL, and mature spherical HDL. These molecules stimulate endothelial cells (ECs) and hepatocytes through several cell-surface receptors (or transporters), includ-
ing ABCA1, F1-ATPase, SR-BI, and sphingosine 1-phosphate (S1P) receptors. MAPK: Mitogen-activated protein kinase.

Sato K et al . Sphingosine 1-phosphate and HDL



particles[51], and there, astroglial cells are major sources of  
lipoproteins through ABCA1. Knockdown and knockout 
of  the ABCA1 transporter of  astroglial cells markedly at-
tenuates S1P release from the cells, in association with the 
reduction of  lipoprotein formation, which suggests that 
lipoprotein formation through ABCA1 is coupled with 
S1P release in astroglial cells[52]. The role of  ABCA1, how-
ever, has not been proved in S1P accumulation in plasma 
lipoproteins. 

ROLE OF HDL-ASSOCIATED S1P IN 
ANTI-ATHEROGENIC ACTIONS 
The physiological and pathological actions of  S1P and 
HDL-S1P in the cardiovascular system have been exten-
sively discussed in recent reviews[17-20,53-57], therefore, the 
HDL actions that have been demonstrated to be mediated 
by S1P in the cardiovascular system are briefly summa-
rized here. 

In vitro HDL-S1P actions
ECs: Using anti-sense oligonucleotides and an RNAi 
strategy, we have demonstrated that S1P mediates HDL-
induced cell survival through S1P1/Gi/ERK pathways 
and migration through the S1P1 and S1P3/Gi/PI3K/
p38MAPK pathway in HUVECs[11,30]. HDL-associated 
S1P, through the Gi/Ras/ERK pathway, has been shown 
to induce angiogenesis in human coronary artery ECs[58]. 
HDL-like lipoproteins are also present in the follicular 
fluid of  the ovary and induce angiogenesis through S1P in 
association with the activation of  ERK, protein kinase C, 
and Akt in ECs[59]. Calcium/calmodulin-dependent pro-
tein kinase kinase (CaMKK) and serine-threonine kinase 
LKB1-mediated AMP-activated protein kinase (AMPK) 
activation seems to be involved in the HDL- and S1P-
induced activation of  PI3K, Akt, and eNOS in ECs[60,61]. 
Nofer et al[35] have reported that HDL, possibly through 
its associated lysosphingolipids, activated PI3K and Akt, 
stimulates eNOS and NO synthesis, and inhibits apopto-
sis[13] and TNF-α-induced E-selectin expression[62] in ECs. 
The role of  S1P3 receptors in the HDL-induced eNOS ac-
tivation has been proposed on the basis of  the inhibition 
of  S1P actions by S1P3 deficiency[35]. The receptor sub-
types involved, however, are controversial. Argraves et al[63]  
have reported that the S1P1 receptor mediates HDL-
induced Akt activation and subsequent stimulation of  EC 
barrier integrity. The role of  the S1P1 receptor in the activa-
tion of  eNOS through the PI3K/Akt pathways has been 
reported in HUVECs[63-66], bovine aortic ECs[67], and lung 
microvascular ECs[68]. Stimulation of  bovine aortic ECs[69] 
and HUVECs[70] with statins, such as pitavastatin and 
simvastatin, has resulted in the enhancement of  HDL-
induced eNOS activation. The enhancement appears to be 
in part due to the increase in S1P1 receptor expression[69]. 
Moreover, Hedrick’s group also have provided evidence 
that S1P1 receptors mediate eNOS-dependent inhibition 
of  adhesion of  monocytes to the endothelium in in vivo 
and ex vivo mouse models[71,72]. In contrast, Norata et al[73] 

have reported that HDL induces transforming growth 
factor (TGF)-β2 expression and Smad activation through 
PI3K/Akt, and increases expression of  long pentraxin 3 
(PTX3), an acute phase protein, through Gi/PI3K[74] in 
ECs. The siRNA experiments have suggested that HDL-
induced PTX3 expression is mediated by S1P1 and S1P3 
receptors. 

SMCs: Sachinidis et al[33] have reported that lipid mol-
ecules closely related to SPC and S1P mediate LDL- and 
HDL-induced Ca2+ mobilization and ERK activation 
in VSMCs. Chrisman et al[75,76] have shown that HDL-
associated S1P induces the desensitization of  guanylyl 
cyclase B, a receptor for C-type natriuretic peptide (CNP), 
through Gi-proteins and thereby inhibits CNP-induced 
cGMP accumulation and proliferation in VSMCs. HDL 
markedly inhibits platelet-derived growth factor (PDGF)-
induced migration of  VSMCs through S1P2 receptors[77,78]. 
Monocyte chemoattractant protein-1 (MCP-1) has been 
shown to be involved in monocyte recruitment to the site 
of  vascular inflammation, and to be elevated in athero-
sclerotic lesions. Treatment of  VSMCs or isolated aortas 
with HDL inhibits thrombin-induced MCP-1 mRNA and 
protein expression, which is associated with suppression 
of  NADPH oxidase, reactive oxygen species (ROS) pro-
duction, and Rac1 activation. The HDL-induced actions 
are abolished by the S1P receptor antagonist, VPC23019, 
and mimicked by S1P and SPC. Moreover, HDL, S1P and 
SPC fail to inhibit MCP-1 production and ROS genera-
tion in aortas from S1P3-deficient mice[79]. These results 
suggest that HDL-associated S1P and SPC mediate the 
lipoprotein-induced inhibition of  ROS and MCP-1 pro-
duction through S1P3 receptors in VSMCs. González-Díez 
et al[80] have shown that HDL-S1P induces cyclooxygen-
ase (COX)-2 expression and prostaglandin I2 production 
through S1P2 and S1P3 receptors in human VSMCs, and 
thereby protects the cardiovascular system. They also have 
shown that simvastatin potentiates the HDL- and S1P-
induced COX-2 expression by enhancing expression of  
S1P3 receptors[80]. 

Cardiomyocytes: In cardiomyocytes, S1P1-4 receptors seem 
to be expressed[81]. HDL and S1P have been reported to 
protect cardiomyocytes against apoptosis in vitro[82,83]. Frias 
et al[84] have recently shown that HDL-S1P activates ERK 
and STAT3 through S1P2 receptors in rat ventricular 
cardiomyocytes, which might be involved in protection 
from apoptosis[85]. Tao et al[86] have shown that HDL pro-
tects mouse cardiomyocytes from apoptosis via S1P1 and 
S1P3, through mechanisms that involve the activation of  
ERK, PI3K, and Akt in a hypoxia/re-oxygenation model  
in vitro.

Monocytes and macrophages: Human monocytes and 
macrophages express S1P1, S1P2 and S1P4, and during 
differentiation of  monocytes into macrophages, S1P3 is 
induced[87]. Although S1P actions have been extensively in-
vestigated in monocytes and macrophages[88], the roles of  
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HDL-S1P have not been well characterized in cells. In hu-
man peripheral blood monocytes and monocyte-derived 
macrophages, HDL inhibits expression of  chemokines, 
including macrophage inflammatory protein (MIP)-1α, 
MIP-1β, and IL-8, induced by lipopolysaccharide (LPS), a 
Toll-like receptor (TLR) 4 agonist; however, S1P attenu-
ates TLR2- rather than TLR4-mediated nuclear factor 
(NF)-κB activation and chemokine production through 
S1P1 and S1P2 receptors[89]. This suggests that compo-
nents other than S1P seem to mediate the HDL-induced 
actions.

In vivo HDL-S1P actions
Nofer et al[35] have shown that deficiency of  S1P3 recep-
tors abolishes HDL-induced vasodilation. They also have 
shown that intra-arterial administration of  HDL and S1P 
lowers mean arterial blood pressure in rats. S1P has been 
shown to improve ischemia/reperfusion-induced injury  
in vivo[90]. Theilmeier et al[83] have shown that HDL and S1P 
dramatically attenuate infarction size in an in vivo mouse 
model of  myocardial ischemia/reperfusion, which is asso-
ciated with inhibition of  inflammatory neutrophil recruit-
ment and cardiomyocyte apoptosis in the infarcted area. 
They also have observed that the HDL- and S1P-induced 
actions are abolished by pharmacological NOS inhibition, 
and are completely absent in S1P3-deficient mice. Thus, 
HDL and its constituent, S1P, protect the heart against 
ischemia/perfusion injury in vivo via the S1P3-mediated 
and NO-dependent pathway in ECs and cardiomyocytes. 
The same group has previously reported that HDL ad-
ministration increases myocardial perfusion in a manner 
dependent on eNOS activation, which reflects a vasodila-
tory effect on the coronary circulation in vivo. However, 
the vasodilatory effect of  HDL is unchanged in S1P3-
deficient mice, which implicates an unknown system other 
than S1P3 receptors in the HDL-induced eNOS/vasore-
laxation effect in vivo[91]. 

Physiological meaning of THE 
EXISTENCE OF S1P IN HDL 
In this chapter, the physiological meaning and advantages 
of  the existence of  S1P in the HDL particle are discussed 
(Figure 2).

ApoA-I/SR-BI is an independent-signaling system for 
HDL rather than simply an anchor for HDL-S1P 
Recent studies have shown that SR-BI is also expressed 
in ECs and mediates HDL-associated apoA-I-induced 
stimulation of  AMPK, Akt, and eNOS activation, which 
results in inhibition of  adhesion molecule expression and 
monocyte adhesion to ECs[18,21,22]. The roles of  SR-BI 
in HDL-induced vasorelaxation in isolated aorta[92] and 
the repair of  endothelium after injury in vivo[93] have been 
confirmed using SR-BI-deficient mice. In support of  the 
role of  SR-BI as a receptor that links to intracellular sig-
naling pathways, knockdown or knockout of  the adapter 
protein of  SR-BI, termed PDZK1[94], which contains four 

PSD-95/Dlg/ZO-1 (PDZ) domains, has been shown 
to attenuate the HDL-induced activation of  eNOS and 
subsequent inhibition of  NF-κB activation and adhesion 
of  monocytes to HUVECs[66], and carotid artery re-endo-
thelialization following perivascular electric injury in vivo[95]. 
Thus, although the roles of  SR-BI have been suggested by 
experiments using in vitro receptor knockdown and in vivo 
receptor knockout strategy, there is still controversy on 
the role of  SR-BI as a receptor coupling to intracellular 
signaling pathways. Nofer et al[35] have proposed that SR-
BI plays a role, through apoA-I, as an anchor for HDL-
associated S1P and other lysolipids to interact with S1P 
receptors to stimulate intracellular signaling pathways. 
Their proposal is based on the finding that reconstituted 
apoA-I with cholesterol and phospholipids is ineffec-
tive to stimulate eNOS and MAPKs, whereas antibodies 
against apoA-I and SR-BI effectively attenuate HDL-
induced enzyme activation[92]. Tölle et al[79] recently have 
reported that aortas from either S1P3 receptor-deficient 
mice or SR-BI-deficient mice have shown attenuation of  
the inhibitory actions of  not only HDL, but also S1P on 
MCP-1 production, even though S1P3 receptor expression 
remains unchanged by SR-BI deficiency. This result raises 
the possibility that the S1P3 receptor signal transduction 
system is also damaged by SR-BI deficiency. Thus, we 
must interpret the results of  SR-BI deficiency with cau-
tion; the reduction of  the activities in the cells or tissues 
from SR-BI-deficient mice does not always eliminate the 
possible involvement of  the S1P receptors in the HDL-
induced actions.

However, Assanasen et al[96] have found that the recon-
stituted apoA-I with phospholipids, but without choles-
terol or with a reduced level of  cholesterol, can stimulate 
SR-BI, which results in activation of  eNOS and MAPKs. 
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Physiological meaning of S1P existence in the HDL particle

   1  Effective exhibition of anti-atherogenic actions
   2  Masking of pro-atherogenic S1P actions
   3  Protection from oxidation
   4  Allowance of a stable reservoir of S1P in blood
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Figure 2  Physiological meaning of sphingosine 1-phosphate in the high-
density lipoprotein particle. The possible advantages of sphingosine 1-phos-
phate (S1P) in the high-density lipoprotein (HDL) particle are summarized. In this 
model, the pro-atherogenic S1P is postulated to be released from platelets at the 
clot locus. It is not known whether plasma albumin-associated S1P, which might 
be released from erythrocytes under physiological conditions, is anti- or pro-
atherogenic. See the text for details. ApoA-I: Apolipoprotein A-I.
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They have speculated that cholesterol efflux from the 
intracellular space is necessary for SR-BI activation by 
apoA-I. The ability of  rHDL or reconstituted apoA-I 
with phospholipids but without cholesterol to stimulate 
eNOS activation has been confirmed by our research 
group[66]. We have also shown that HDL-induced eNOS 
activation and subsequent inhibition of  NF-κB-mediated 
adhesion molecule expression are attenuated by SR-BI 
or S1P receptor siRNA, and completely blocked by the 
combination of  siRNAs against SR-BI and S1P receptors 
in HUVECs. Moreover, the rHDL preparation, in which 
no S1P exists, stimulates eNOS activation in a manner 
that is sensitive to SR-BI siRNA but not to S1P receptor 
siRNA, and S1P stimulates the enzyme activity in an op-
posite manner[66]. The enhancement of  SR-BI expression 
by simvastatin results in enhancement of  HDL- and rH-
DL-induced, but not S1P-induced, eNOS activation and 
subsequent inhibition of  adhesion molecule expression[70], 
which supports the role of  SR-BI in HDL-induced anti-
inflammatory actions. rHDL preparation has also been 
shown to repair damaged endothelium[97] and to enhance 
ischemia-induced angiogenesis through stimulation of  
endothelial progenitor cells (EPCs)[98] in vivo. Moreover, 
rHDL increases circulating EPCs in patients with type 2 
diabetes[99]. Feng et al[100] recently have reported that the 
transfer of  apoA-I and subsequent increase in the level of  
circulating HDL attenuates artery-transplantation-induced 
neointima formation, in association with stimulation of  
EPC incorporation into the endothelium and acceleration 
of  its regeneration. They also have demonstrated that at-
tenuation of  allograft vasculopathy requires expression 
of  SR-BI in bone-marrow-derived EPCs, using SR-BI-
deficient mice. These results suggest that SR-BI and S1P 
receptors are independently involved in the mature HDL-
induced stimulation of  intracellular signaling pathways in 
ECs. 

HDL-associated apoA-I masks pro-inflammatory actions 
of S1P
S1P has been shown to exert diverse actions, which are 
beneficial and in some cases detrimental, to the cardio-
vascular system, depending on the expression profile 
of  S1P receptor subtypes[18-20]. For example, in vascular 
ECs, S1P stimulates migration and proliferation or anti-
apoptotic action in ECs, which might be important for 
maintaining intact ECs and repairing injured ECs. S1P 
also activates AMPK, Akt, and eNOS[60,61,68] and inhibits 
cytokine-induced adhesion molecule expression[71,101]. In 
rat neonatal cardiomyocytes, S1P rescues cardiomyocytes 
from hypoxic cell death[82]. S1P administration improves 
ischemia/reperfusion-induced injury[83,90]. S1P has also 
been shown to inhibit, through S1P2 receptors, SMC 
migration[78], which is suggested to be involved in the for-
mation of  neointima formation. In contrast to these ben-
eficial effects, S1P alone has also been reported to induce 
the expression of  adhesion molecules[101-104], which might 
cause the stimulation of  leukocyte interaction with ECs, 
and leukocyte penetration into the subendothelial space 

or the arterial intima. Thus, adhesion of  leukocytes to 
ECs is thought to be a crucial early step of  atherogenesis. 
S1P has also been reported to stimulate the expression 
of  tissue factor, an essential factor for blood coagulation 
through the activation of  transcriptional factors NF-κB 
and early growth response-1 (Egr-1) in HUVECs[105], and 
endothelial exocytosis of  Weibel-Palade bodies that con-
tain several factors, including P-selectin, von Willebrand 
factor, and tissue plasminogen activator in human aortic 
ECs[106]. 

Thus, S1P has the potential to exert pro- and anti-
atherogenic actions. What factors determine S1P as either 
a pro- or anti-atherogenic signal? As described above, 
although S1P stimulates adhesion of  monocytes to ECs, 
the lysolipid simultaneously inhibits TNF-α-induced 
adhesion of  monocytes to ECs. The stimulatory and 
inhibitory actions might be mediated by different S1P 
receptor subtypes; the stimulatory action involves NF-κB 
activation predominantly through the S1P3 receptor, and 
the inhibitory action involves PI3K/eNOS activation pre-
dominantly through the S1P1 receptor[71,101]. Apart from 
the question of  whether S1P-induced actions are pro- or 
anti-atherogenic, S1P receptor subtypes mediate, in some 
cases, opposite actions in the cardiovascular system[18]. For 
example, S1P1 and S1P3 receptors stimulate proliferation 
and migration of  SMCs, whereas S1P2 receptor inhibits 
these cellular activities. As for angiogenesis, the S1P1 re-
ceptor stimulates, whereas the S1P2 receptor inhibits, the 
EC migration and Rac activity[53]. As shown previously[101], 
pro-atherogenic or detrimental actions usually require a 
higher concentration of  S1P than that required for anti-
atherogenic or beneficial actions. Thus, pro-atherogenic 
adhesion molecule expression and vasoconstriction might 
occur at the platelet clot site, where a very high concentra-
tion of  S1P might be present, under pathological condi-
tions[40]. It remains unknown, however, whether lipopro-
tein-deficient plasma or albumin-associated S1P, which 
might be released from erythrocytes and bound to plasma 
albumin at a level as high as 50 mg/mL, is anti- or pro-
atherogenic. In addition to the difference in the potency 
of  S1P between beneficial and detrimental effects, HDL-
associated apoA-I might play an important role in abol-
ishing the detrimental actions of  S1P. For example, pro-
atherogenic adhesion molecule expression elicited by S1P 
disappears in the presence of  physiological concentrations 
of  HDL in a manner sensitive to SR-BI[66]. This result im-
plies that, as far as S1P is associated with HDL, S1P never 
exerts pro-atherogenic actions. Thus, whether S1P is a 
pro- or anti-atherogenic signal seems to be determined by 
the pattern of  S1P receptor subtypes expressed, the S1P 
concentration, the S1P sources (plasma or local cells), or 
the S1P binding proteins (HDL or albumin).

Anti-oxidative property of HDL
LDL contains S1P to the extent of  20%-40% of  the S1P 
content in HDL when expressed as pmol/mg protein[10,11]. 
In agreement with this, LDL, similar to HDL, inhibits 
serum-starvation-induced EC death in association with 
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ERK activation, and stimulates EC migration in associa-
tion with p38MAPK activation[11,30,107]. However, LDL 
never inhibits monocyte adhesion and expression of  
adhesion molecules, such as vascular cell adhesion mol-
ecule-1 and intercellular adhesion molecule-1, in ECs, 
whereas HDL and S1P clearly inhibit these activities[66]. 
As reported above, HDL and S1P inhibit PDGF-induced 
migration of  VSMCs through S1P2 receptors. However, 
LDL and mildly oxidized-LDL (ox-LDL) stimulate rather 
than inhibit migration at even high concentrations, in 
which a sufficient amount of  S1P exists to inhibit the 
migration response to PDGF[78]. The lack of  LDL effects 
might be partly related to its susceptibility to oxidation.

The oxidative modification of  LDL is a crucial step 
for the initiation and development of  atherosclerosis[8,108]. 
In contrast, HDL is protective against oxidation and 
inhibits LDL oxidation, which is most likely due to the 
presence of  anti-oxidants, anti-oxidative apoA-I, and anti-
oxidative enzymes, such as paraoxonase, which hydrolyze 
ROS[5,9,109]. HDL also inhibits ox-LDL-induced inflamma-
tory responses[9]. Spontaneous oxidation or mild oxidation 
with Fe2+ of  LDL facilitates the production of  lysophos-
phatidic acid (LPA)[78,110], which has been shown to be 
present in ox-LDL in atherosclerotic lesions[110]. Severe 
oxidation with Cu2+ causes the breakdown of  S1P in as-
sociation with LPA production in LDL[11,78]. LPA has been 
shown to stimulate expression of  adhesion molecules 
in ECs[111] and migration of  VSMCs[78]. Phospholipid 
oxidation products, such as 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphorylcholine and 1-palmitoyl-2-(5,6 

epoxyisoprostanoyl)-sn-glycero-3-phosphocholine, are also 
accumulated in ox-LDL at the site of  atherosclerotic le-
sions and activate ECs, thereby enhancing monocyte/EC 
interactions[112] and stimulating migration of  VSMCs[78]. 
HDL, through the S1P component, inhibits oxidized 
phospholipid-induced inflammatory cytokine production 
in ECs[113]. Thus, the lack of  the inhibitory LDL and ox-
LDL effects on adhesion molecule expression, despite the 
presence of  S1P, could be accounted for by the accumula-
tion of  LPA and/or oxidized phospholipids, which act 
oppositely to S1P. Supporting this notion, when LDL-
associated LPA is degraded by monoglyceride lipase, or 
LPA1 receptors on coronary artery SMCs are antagonized 
by Ki16425, an LPA1 receptor antagonist, even LDL is 
able to inhibit the PDGF-induced migration through S1P2 
receptors[78]. These results suggest that at least LPA in the 
LDL particle masks the inhibitory S1P action on VSMCs, 
and that a balance of  LPA and S1P contents in the lipo-
protein is important to determine whether the lipoprotein 
is a positive or negative regulator of  VSMC migration. It 
remains unknown, however, how LPA is synthesized dur-
ing oxidation of  LDL. 

HDL allows a stable reservoir of S1P in blood 
Although the plasma concentration of  S1P is 200-900 
nmol/L, the potency of  S1P to trigger S1P receptors is 
around 10-100 nmol/L in in vitro assays. If  plasma S1P is 
fully active, all the S1P receptors are saturated with S1P 

and fully activated. The addition of  plasma that contains 
a low level of  S1P (low-S1P plasma), which is prepared 
by extensive treatment of  plasma with charcoal, causes a 
marked rightward shift of  the concentration-dependent 
phosphatidylinositol phosphate response to S1P. For 
example, the addition of  10% low-S1P plasma to the as-
say medium increases the EC50 by about 10 times. Based 
on the inhibitory activity of  the low-S1P plasma, we an-
ticipated that, under physiological conditions, i.e. in the 
presence of  100% plasma, the active S1P content would 
be only 7.3 nmol/L, whereas the total S1P would be  
357 nmol/L[10]. Thus, only 2% of  plasma S1P is specu-
lated to be active. As reported above, we found that S1P is 
bound to high-molecular-weight molecules, such as lipo-
proteins and albumin, in plasma with a rank order of  HDL 
> LDL > VLDL > albumin when expressed as pmol/mg 
proteins[10]. However, because the total albumin content is 
very high, plasma S1P is roughly distributed equally (50%) 
between both lipoproteins and lipoprotein-deficient albu-
min fractions when expressed as pmol/mL plasma.

At first, we speculated that HDL is the major plasma 
component to inhibit the activity of  S1P because the 
HDL traps S1P most effectively among plasma compo-
nents. However, HDL-S1P is as potent as albumin-S1P 
(in the presence of  0.1% bovine serum albumin unless 
otherwise specified) to stimulate ERK[11], the migration 
response[30], and NOS[66,101] when plotted as total S1P 
content in the assay system, which suggests that HDL-
S1P is biologically fully active. Therefore, we tentatively 
speculate that a high concentration of  plasma albumin 
(approximately 50 mg/mL or 5%) is a major cause of  
the interference with S1P to interact with its receptor 
under physiological conditions. In contrast, when long-
term functions such as cell survival are concerned, HDL-
S1P is 10-30 times more potent than albumin-S1P[11]. The 
difference in the potency of  HDL-S1P and albumin-S1P 
between the short-term response, such as ERK (5 min) 
and NOS (10 min) activation, and the long-term response, 
such as survival (24 h), can be explained, at least in part, 
by the difference in the fourfold longer half-life of  HDL-
associated S1P than that of  albumin-S1P[11]. This suggests 
that binding to HDL protects S1P from degradation by 
ectoenzymes, such as lipid phosphate phosphohydrolases. 
The anti-oxidative nature of  HDL might also protect S1P 
from oxidative degradation. Thus, HDL might allow a 
stable reservoir of  S1P in the blood and modulate S1P ac-
tions, especially long-term anti-atherogenic actions of  the 
lipid mediator. 

CONCLUSION
HDL has long been known to exert anti-atherogenic ac-
tions through reverse cholesterol transport. However, a 
number of  studies have emerged that have indicated that 
HDL also exerts a variety of  actions independently of  
cholesterol metabolism. Two major systems have been 
proposed: S1P/S1P receptors and apoA-I/SR-BI. In the 
present review, in addition to roles of  these systems in the 
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HDL-induced anti-atherogenic actions, the merit of  S1P 
in the HDL particle has been discussed. Although the an-
choring role of  SR-BI to help HDL-S1P interact with S1P 
receptors cannot be eliminated, SR-BI might actively me-
diate the HDL-apoA-I signal through PDZK1 to intracel-
lular signaling pathways. The coexistence of  apoA-I might 
mask the pro-atherogenic actions of  S1P by stimulation 
of  SR-BI. The anti-oxidative property of  HDL is also im-
portant for inhibition of  production of  pro-atherogenic 
substances, such as LPA and oxidized phospholipids. Fi-
nally, HDL might interfere with S1P degradation, thereby 
allowing S1P to exhibit long-term anti-atherogenic actions.
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