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Abstract. Plasma high-density lipoprotein (HDL) is a potent anti-atherogenic factor, a critical role of which is thought to
be reverse cholesterol transport through the lipoprotein-associated apolipoprotein A-I (apoA-I). HDL also carries a potent
bioactive lipid mediator, sphingosine 1-phophate (S1P), which exerts diverse physiological and pathophysiological actions
in a variety of biological systems, including the cardiovascular system. In addition, HDL-associated apoA-I is known to
stimulate intracellular signaling pathways unrelated to transporter activity. Mounting evidence indicates that multiple anti-
atherogenic or anti-inflammatory actions of HDL independent of cholesterol metabolism are mediated by the lipoprotein-
associated S1P through S1P receptors and by apoA-I through scavenger receptor class B type I.
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A BALANCE in the concentrations between low-den-
sity lipoprotein (LDL) and high-density lipoprotein
(HDL) in plasma is a critical biomarker for the initia-
tion and development of atherosclerosis [1, 2]. High
levels of LDL and low levels of HDL are thought to
increase the risk of cardiovascular diseases, includ-
ing atherosclerosis. Plasma lipoproteins are critical
for lipid transport and the control of cholesterol me-
tabolism. LDL provides cholesterol to cells through
LDL receptors and scavenger receptors. On the other
hand, HDL removes excess cholesterol from the cells
in peripheral tissues, including artery walls, and trans-
ports it to the liver and excretes it as bile acids through
scavenger receptor class B type I (SR-BI) [3]. The
so-called reverse cholesterol transport is thought to
be an important anti-atherogenic actions of HDL [3].
Recent studies, however, have suggested that HDL ex-
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erts a variety of anti-atherogenic or anti-inflammatory
actions independent of changes in cholesterol me-
tabolism. For example, HDL inhibits LDL oxidation,
smooth muscle cell migration, platelet aggregation,
and endothelial dysfunction [4-8]. HDL is composed
of metabolic enzymes, such as pronases; apolipopro-
teins, such as apoA-I and apoE; and lipid components,
such as cholesterol, phospholipids, and triglycerides.
In addition, recent studies have demonstrated that
HDL carries sphingosine 1-phosphate (S1P) [9,10]
and related lysosphingolipids [11,12]. In addition,
HDL-associated apoA-I is known to stimulate intra-
cellular signaling pathways unrelated to transporter
activity. In the present review, we focus on the role
of HDL-associated S1P and apoA-I in the lipoprotein
regulation of cardiovascular cell activities not directly
related to cholesterol metabolism.

Production of S1P and its receptor systems

Synthetic pathways, receptor systems, and signal-
ing pathways of SI1P are summarized in Fig.1. S1P is
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synthesized by sphingosine kinase (SphK) in the cells.
Two types of SphK have been identified: SphK1 in
cytoplasm and SphK2 in nuclear fractions. Although
the differential role of SphK subtypes is not com-
pletely understood, SphK1 is involved in proliferation
and anti-apoptosis, and SphK2 appears to exert oppo-
site actions such as the inhibition of proliferation [13,
14]. SphKs thus usually exist in intracellular com-
partments; however, recent studies have indicated that
SphK is released into extracellular space and synthe-
sizes S1P in the presence of its substrate sphingosine
and ATP [15]. Since platelets and erythrocytes express
very low activity of S1P lyase, the S1P-degrading en-
zyme, these cell types maintain high levels of S1P
content [16]. SI1P is present at 200 to 900 nM in plas-
ma [5, 17, 18]. Erythrocytes are now thought to be a
major source of plasma S1P [19]. In a recent study,
however, vascular endothelium was also proposed as
a source of plasma S1P [20]. Platelets may supply
S1P at high levels at the locus of clot formation [16].
Autotaxin, a tumor cell motility-stimulating factor, has
been shown to have lysophospholipase D activity that
produces lysophosphatidic acid (LPA) from lysophos-
phatidylcholine (LPC) [21]. Autotaxin potentially
generates S1P from SPC, although the role of the en-
zyme in S1P production remains to be established.
Five subtypes of S1P receptors, SI1P, 5, which are
coupled to heterotrimeric G proteins, have been iden-
tified so far (Fig. 1) [13, 14, 22-24]. S1P, is coupled
to G;; S1P, and S1P; are coupled to G;, G5, and G;
and S1P, and S1P; are coupled to G, and G,,,5. S1P,,
S1P;, and S1P, have the potential to be coupled to G,
[22-24]. The heterotrimeric G proteins mediate the
regulation of diverse intracellular signaling pathways.
For example, G; is linked to adenylyl cyclase, mitogen-
activated protein kinases (MAPKSs), and phosphatidyl
inositol 3-kinase (PI3K), leading to changes in motil-
ity, cell survival, inflammatory response, and morpho-
genesis. G, is linked to phospholipase C and Ca*" sig-
naling, leading to changes in the constriction of smooth
muscle cells (SMCs), and G,,; is linked to Rho sig-
naling, leading to changes in motility and morphogen-
esis. S1P,; receptors are ubiquitously expressed, S1P,
is primarily in lymphoid and hematopoietic tissues,
and S1P; is in the brain and spleen [13, 14, 22-25].
S1P,; receptors are usually expressed in cardiovas-
cular system. Biological roles of S1P receptors have
been characterized using S1P receptor-null mice [26].
The essential role of S1P, in vascular development has

been evidenced by the finding that S1P,-null embryos
die at E12.5 to E14.5 due to defects in vascular matu-
ration despite normal vasculogensis and angiogenesis
[27]. Although S1P,-null mice do not have any obvi-
ous abnormalities in appearance, S1P, deficiency in-
duces hearing loss [28] and pathological angiogenesis
in the retina [29] due to vascular dysfunction in adult
mice. S1P;-null mice also showed no obvious pheno-
typic abnormalities [23]; however, a variety of effects
on the cardiovascular system have been reported. The
roles of lysophospholipid receptors, including S1P re-
ceptors and LPA receptors, in addition to lysophos-
pholipid-producing enzymes, including SphKs and
autotaxin, obtained using genetic null mice have been
summarized in an excellent recent review [26].

S1P, 5 receptors all have been shown to be ex-
pressed in endothelial cells (ECs) [30]. However, in
human aortic ECs and human umbilical vein endothe-
lial cells (HUVECSs), both widely used as model hu-
man ECs, S1P, receptor expression was not detected
[31-33]. In vascular smooth muscle cells (VSMCs),
the differential expression of S1P receptor subtypes
has been reported: adult medial VSMCs express S1P,
and S1P; [33, 34], whereas pup intimal VSMCs ex-
press S1P, in addition to S1P, and S1P, [34]. In cardi-
omyocytes, S1P, , receptors seem to be expressed [35].
Human monocytes and macrophages express S1P,,
S1P,, and S1P,. During the differentiation of mono-
cytes into macrophages, S1P; is induced [36].

S1P actions in the cardiovascular system

S1P has been shown to exert diverse physiological
and pathophysiological actions in the cardiovascular
system, depending on the expression profile of S1P re-
ceptor subtypes.

Proliferation and migration of SMCs

S1P stimulates DNA synthesis and proliferation
and inhibits the migration of adult-medial VSMCs
[33,34,37]. The proliferation and migration of
VSMCs are thought to occur under pathological con-
ditions of atherosclerosis and restenosis following an-
gioplasty. As described above, adult-medial VSMCs
express S1P, and S1P; receptors, whereas pup-intimal
VSMCs express S1P, in addition to S1P, and S1P, re-
ceptors [33, 34]. With respect to the migratory ac-
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Five subtypes of S1P receptors, S1P, 5 receptors, have been identified. The respective S1P receptor is coupled to more than one
heterotrimeric G protein. In addition, each S1P receptor has the potential to be coupled with G-proteins other than those listed
in the figure; for example, S1P, receptors may be coupled to G5, while S1P,, S1P,, and S1P, receptors may be coupled to Gs.
The heterotrimeric G proteins mediate the regulation of diverse intracellular signaling pathways, thereby modulating a variety
of cellular activities. Sph, sphingosine; SphK, sphingosine kinase; PLC, phospholipase C; A cyclase, adenylyl cyclase; PI3K,

phosphatidylinositol 3-kinase. See text for more details.

tivity of cells, S1P, is characterized as an inhibitory
G-protein-coupled receptor, while other S1P receptor
subtypes are stimulatory receptors [38]. Takuwa and
his colleagues demonstrated that S1P, negatively reg-
ulates Rac activity through G,,,; and Rho signaling
pathways, thereby inhibiting cell migration and mem-
brane ruffling in S1P,-trasfected Chinese hamster ova-
ry (CHO) cells [38-40]. Consistent with the results of
the CHO cells, S1P inhibited PDGF-induced Rac ac-
tivation and cell migration via S1P, through the Gy,,5/
Rho pathway in adult-medial VSMCs [41-44].

The transfection of S1P, receptors into adult-medial
VSMCs enhanced their proliferative response to S1P
via G; in association with the induction of S6 kinase
activation and the expression of cyclin D1. S1P, re-

ceptor expression converted the migration response to
S1P from inhibition to stimulation [34]. Lockman et
al. showed that S1P regulates proliferation by the ex-
tracellular signal-regulated kinase (ERK)-dependent
activation of Ets-like protein-1 (Elk-1) and differen-
tiation by the RhoA-dependent activation of myocar-
din-related transcriptional factor-A (MRTF-A) [45].
In response to acute balloon injury of rat carotid ar-
tery, S1P, and S1P, receptors were increased, where-
as S1P, receptors were decreased [46]. The adminis-
tration of the S1P,/S1P; antagonist decreased injury-
induced neointimal hyperplasia. The S1P-induced
proliferation of SMCs was inhibited by the S1P,/S1P;
antagonist, which was associated with the expression
of SMC differentiation marker genes, SMa-action and
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smooth muscle myosin heavy chain (SMMHC), in
vitro. Conversely, S1P-induced proliferation was en-
hanced by the S1P, antagonist, which was associated
with the attenuation of the expression of the differenti-
ation marker genes. The authors concluded that S1P,
and S1P; receptors promote, whereas S1P, receptors
antagonize, SMC proliferation and phenotypic modu-
lation [46]. The inhibitory role of S1P, receptors for
SMC proliferation and migration was further support-
ed by the recent finding that large neointima lesion
formation is induced in S1P,-null, but not in wild-
type, arteries by ligation of the left carotid artery [47].

SMC contraction

S1P has been reported to constrict renal and mes-
enteric microvessels [25]. S1P also induced vasocon-
striction of cerebral arteries dependent on the Rho sig-
naling pathway [48, 49], whereas in the aorta, S1P did
not induce significant vasoconstriction and RhoA ac-
tivation [49]. The lower expression of S1P, and S1P;
receptors in the aorta, compared with those in cere-
bral arteries, may attribute to the lack of vasoconstric-
tion of aorta [49]. In cerebral arteries, S1P, receptors
may be responsible for vasoconstriction, as evidenced
by the finding that the anti-sense gene against S1P; re-
ceptors, but not S1P, receptors, significantly inhibited
S1P-induced contraction [50]. The role of S1P; recep-
tors in the S1P-induced contraction has recently been
confirmed in cerebral arteries isolated from S1P,-
null mice [51]. The in vivo administration of S1P de-
creased myocardial perfusion, possibly reflecting the
constriction of coronary arteries. The decrease in the
myocardial perfusion was blocked in S1P;-deficient
mice, suggesting the role of S1P; receptors in vaso-
constriction [52]. Ohmori et al., however, reported
that S1P induces the contraction of coronary artery
SMCs via S1P, based on the finding of the inhibition
of S1P action by the S1P,-receptor antagonist JTE-
013 [53]. The vasoconstriction of vascular arteries
in response to S1P may be mediated by Ca*" and Rho
signaling pathways in SMCs, while S1P-induced vas-
orelaxation is likely mediated by endothelial NO syn-
thesis and subsequent cGMP production in SMCs [25].

Angiogenesis, proliferation, and migration of ECs

S1P has been shown to stimulate angiogenesis,
which is composed of several EC functions, includ-

ing migration, proliferation, and morphogenesis. Lee
et al. [31] showed that S1P activates angiogenesis
through Rho- and Rac-coupled adherens junction as-
sembly. S1P, and S1P, receptors mediate Rac-induced
cortical action formation and Rho-induced stress fiber
formation, respectively, in association with the local-
ization of VE-cadherin and catenin at cell-cell junc-
tions. Both S1P, and S1P; receptors are responsible
for EC morphogenesis into capillary-like networks
through both G,/Ras/ERK-mediated endothelial sur-
vival and Rho- and Rac-mediated adherence junction
assembly. They also showed that S1P synergistically
potentiated FGF-2- and VEGF-induced angiogenesis
in vivo [31]. The EC survival or anti-apoptotic action
of S1P, mainly via S1P, receptors and partly S1P; re-
ceptors, is associated with eNOS activation and subse-
quent NO synthesis, which are regulated by G;/phos-
pholipase C/Ca®" signaling [54]. The G;-dependent
S1P-induced stimulation of proliferation and tube for-
mation was also accompanied by the stimulation of
migration [32, 55]. Migration response to S1P seems
to be mediated via both S1P, and S1P, receptors [32,
55, 56] through mechanisms involving Rho [56, 57]
and PI3K/Akt/Rac [41, 58, 59]. S1P-mediated migra-
tion requires p38MAPK [32, 56], whereas the prolif-
eration response to S1P is dependent on the Ras/ERK
pathway [31, 32]. The role of Rac was confirmed by
inhibition by a dominant-negative Rac of S1P-induced
migration of HUVECs [41]. The forced expres-
sion of S1P, receptors in HUVECs caused the Rho-
dependent inhibition of Rac and migration activities
[41]. The S1P,-mediated and Rho-dependent inhibi-
tion of migration was confirmed in other cell types,
such as cancer cells [60-62] and VSMCs [44]. Inoki
et al. showed that, in mouse vascular ECs endog-
enously expressing S1P, and S1P; receptors but not
S1P, receptors, S1P, receptors exert inhibitory effects
on Rac, migration, and angiogenesis [63]. Skoura et
al. showed that endothelial S1P, receptors are strong-
ly induced during hypoxic stress in the retina and their
stimulation may cause cyclooxygenase-2 (COX-2) in-
duction, eNOS suppression, and pathological angio-
genesis [29]. The pathological angiogenesis may be a
secondary response to increased inflammatory COX-2
induction and eNOS suppression, both of which are
mediated by the S1P,/Rho signaling pathway because
both enzymes have been shown to mediate positive
and negative retinal angiogenesis, respectively [29].
Angiogenesis is an important therapeutic target



HDL ACTIONS VIA S1P RECEPTORS AND SR-BI 321

against tumors. The small interfering RNA for S1P,
receptors (S1P,-siRNA) specifically silenced the cog-
nate transcript in ECs and inhibited EC migration in
vitro and the growth of neovessels in subcutaneous
implants of Matrigel in vivo. Moreover, the local in-
jection of S1P,-siRNA into established tumors inhib-
ited vascular stabilization and angiogenesis, which re-
sulted in dramatic suppression of tumor growth in vivo
[64]. The anti-S1P antibody has been reported to ef-
fectively reduce the growth, invasion, and angiogene-
sis of tumors [65].

Barrier integrity of ECs

S1P enhances the barrier integrity of several types
of ECs, including bovine and human pulmonary artery
ECs and lung microvascular ECs, as shown by an in-
crease in transmonolayer electrical resistance (TER)
[66]. S1P also reverses barrier dysfunction elicited
by thrombin. S1P-mediated barrier enhancement was
dependent upon G; protein-coupled S1P, receptors
and, to a lesser extent, upon S1P; receptors. The S1P-
induced promotion of barrier integrity requires Rac
activation and p21-associated kinase-dependent en-
dothelial cortical actin assembly with the recruitment
of cofilin [66]. S1P also induces platelet-endotheli-
al cell adhesion molecule (PECAM)-1 tyrosine phos-
phorylation through G; and subsequent Src and Fyn in
HUVECs [67]. The PECAM-1 phosphorylation may
enable the recruitment of SHP-2 and tyrosine-phos-
phorylated B-catenin, facilitate the dephosphoryla-
tion of B-catenin, allow the reconstitution of adherens
junctions, and finally stimulate barrier integrity [68,
69]. The role of S1P; receptors in barrier integrity is
controversial: a recent study showed that the silencing
of S1P, receptors abolished the permeability response
to lipopolysaccharide (LPS) and other edemagenic
agents [70]. Although Rho kinase is required for bar-
rier integrity, as evidenced by its inhibition by the Rho
kinase inhibitor, the strong Rho activation without
Rac activation leads to barrier disruption, which ex-
plains the barrier disruption of the cells treated with
thrombin and the higher concentrations of S1P at more
than 5uM [71]. S1P; receptor stimulation, through
Gyy13, causes Rho activation [25, 31, 72]. The over-
expression of S1P, receptors in HUVECs resulted in
the Rho/Rho kinase/phosphatase and tensin homolog
(PTEN)-dependent disruption of adherens junctions,
the stimulation of stress fibers, and an increase in par-

acellular permeability [73]. The activation of PTEN
may cause the inhibition of PI3K/Akt-mediated Rac
activation, which plays a pivotal role in the regula-
tion of barrier integrity. The treatment of HUVECs
with S1P, antagonist JTEO13 potentiated the S1P;-
dependent formation of cortical actin and the stimula-
tion of adherens junction assembly, thereby improving
barrier integrity [73]. Thus, S1P, and S1P; receptors
seem to counteract the SI1P,-mediated promotion of
endothelial barrier integrity.

The disruption of barrier integrity occurs during
the inflammatory disease state, such as acute lung in-
jury and acute respiratory distress syndrome, resulting
in the increase in vascular permeability and the exu-
dation of fluid and protein across ECs. The adminis-
tration of S1P and its analogue FTY720 through vas-
culature reduced endotoxin LPS-induced lung injury
assessed by microvascular permeability and inflamma-
tion in vivo [71, 74]. On the other hand, S1P adminis-
tration via the airway, but not via the vasculature, in-
duced lung leakage [75]. S1P; receptors are expressed
on both type I and type II alveolar epithelial cells but
not on vascular endothelium. Wild-type but not S1P;-
null mice showed a disruption of pulmonary epithelial
tight junctions in response to S1P in association with
the loss of ZO-1 and claudin-18. S1P synergized with
pro-inflammatory tumor necrosis factor (TNF)-a., re-
sulting in the enhancement of pulmonary edema and
mortality. These results suggest that S1P, synergisti-
cally with TNF-q, reduced epithelial integrity, possibly
through the S1P;-mediated Rho signaling pathway,
thereby resulting in pulmonary leakage [75].

Endothelial adhesion and inflammatory actions

S1P at a uM concentration range stimulates the ex-
pression of pro-atherogenic adhesion molecules, in-
cluding intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1),
mainly via S1P, receptors through the G; and G5/
nuclear factor (NF)-kxB pathway in ECs [76-79]. A
previous study also suggested that TNF-a-induced
adhesion molecule expression is mediated by SphK-
stimulated S1P and subsequent NF-kB activation [80].
Moreover, SIP triggers the endothelial exocytosis of
Weibel-Palade bodies through the phospholipase C
signaling pathway in human aortic ECs, although S1P
simultaneously regulates endothelial exocytosis by
NO synthesis through eNOS activation, which inhib-
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its the exocytosis [81]. Thus, S1P plays a dual role in
regulating endothelial exocytosis. Weibel-Palade bod-
ies contain several factors, including P-selectin, von
Willebrand factor, and tissue plasminogen activator,
which regulate leukocyte trafficking and blood coagu-
lation. An increase in the expression of the adhesion
molecules stimulates leukocyte interaction with ECs
and cell penetration into subendothelial space or the in-
tima of arterial walls. Thus, the adhesion of leukocytes
on ECs is thought to be a critical early step in athero-
genesis [82, 83]. Takeda et al. showed that S1P syner-
gistically enhanced the thrombin-induced expression of
tissue factor, an essential factor for blood coagulation,
through the activation of transcriptional factors NF-xB
and early growth response-1 (Egr-1) in HUVECs [84].
These results imply that S1P exerts detrimental or pro-
atherogenic actions on ECs. Supporting the detrimen-
tal role of plasma S1P, Deutschman et al. reported that
serum S1P levels of patients with obstructive coronary
artery disease were higher than those of healthy con-
trol subjects. They proposed that the serum S1P lev-
el is a strong predictor of both the occurrence and se-
verity of coronary stenosis [85]. It should be noted,
however, that the authors measured the S1P content in
serum rather than plasma. Non-specific S1P release
from platelets must have occurred during the collec-
tion of serum in this study [16, 17].

Cardioprotective and anti-atherogenic SIP actions

As mentioned above, numerous studies have also
reported that S1P exerts beneficial or anti-atherogen-
ic actions on vascular ECs. For example, S1P stimu-
lates migration and proliferation or anti-apoptotic ac-
tion in ECs, which may be important for maintaining
intact ECs and repairing injured ECs. S1P also acti-
vates eNOS [58, 86] and inhibits cytokine-induced ad-
hesion molecule expression [78, 87]. NO synthesis in
ECs is critical for the inhibition of adhesion molecule
expression [78] and is also involved in vasorelaxation
by S1P [25]. The recent studies suggest the involve-
ment of AMP-activated kinase (AMPK) [88] and Akt
[58, 86] in S1P-induced eNOS activation.

In rat neonatal cardiomyocytes, S1P induced hy-
perplasia possibly via S1P, receptors through the
mechanisms involving PI3K, Akt, MAPKs (ERK,
p38MAPK, and Jun-N-terminal kinase (JNK)), and
p70S6 kinase [35]. However, S1P also rescues cardi-

ac myocytes from hypoxic cell death in the same cells
[89]. In isolated hearts, the administration of gangli-
oside GM-1, which activates SphK, reduced creatine
kinase release and diminished infarct size in an ¢PKC-
dependent manner [90]. An SphK inhibitor abolished
the GM-1-induced protective effect, suggesting that
SphK activation mediates ischemic preconditioning
in the isolated heart [91]. S1P administration also im-
proved ischemia/reperfusion-induced injury; however,
the S1P effect was independent of ePKC [90]. As dis-
cussed below, the extracellular S1P action may be me-
diated via S1P, receptors [92].

Thus, S1P has the potential to exert both pro-
atherogenic and anti-atherogenic actions. As de-
scribed above, although S1P stimulated the adhesion
of monocytes to ECs, the lysolipid simultaneously in-
hibited the TNF-a-induced adhesion of monocytes to
ECs. Both stimulatory and inhibitory actions may be
mediated by S1P receptors; the stimulatory action in-
volves NF-xB activation predominantly through the
S1P; receptor, and the inhibitory action involves PI3K/
eNOS predominantly through the S1P, receptor [78,
87]. Thus, when the cells are exposed to exogenous
S1P, the level of adhesion molecule expression may
be determined by the balance of the stimulatory sig-
nal through NF-«B activation and the inhibitory sig-
nal through eNOS activation. What factors determine
S1P as either a pro- or anti-atherogenic signal? A
careful examination of the previous literature reveals
that the pro-atherogenic or detrimental actions usual-
ly require a uM order of S1P, whereas the anti-athero-
genic or beneficial actions of S1P are observed at the
nM order. For example, the expression of VCAM-1
and ICAM-1 in ECs requires more than 1 uM of S1P
[76, 78, 80], whereas eNOS activation and subsequent
inhibitory action on the adhesion molecule expression
of S1P were observed at 1-100 nM [78, 79, 87, 93].
Similarly, vasoconstriction of vascular arteries through
the Ca®" and Rho signaling pathways in VSMCs usu-
ally requires a uM order of S1P, while vasorelaxation
through NO synthesis in ECs and subsequent cGMP
production in SMCs needs the nM order of S1P [25].
Pro-atherogenic adhesion molecule expression and
vasoconstriction may occur at the platelet clot site,
where a very high S1P concentration may be present
under the pathological conditions (H. 2). Another im-
portant factor that regulates plasma S1P actions may
be plasma components, especially lipoproteins, as dis-
cussed below.
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Lipoproteins as carriers of S1P

The affinity of S1P to the specific receptors is esti-
mated to be around 10 to 100 nM [5, 16, 23], which is
much less than its plasma concentration, implying that
receptors might be saturated with lipid mediators and
fully activated even under basal conditions. However,
the S1P dose response curve of inositol phosphate pro-
duction in S1P; receptor-expressing CHO cells was
shifted about one order to the right in the presence of
about 10% of charcoal-treated serum or plasma [9],
suggesting that the S1P affinity to the receptors may
be much higher under physiological conditions in the
presence of plasma components than its affinity esti-
mated by receptor-binding experiments. Even though
the plasma was vigorously dialyzed against phos-
phate-buffered saline, its S1P content was unchanged
[9], suggesting that S1P is tightly bound to plasma
components and thereby reduces the apparent affin-
ity of S1P binding to the S1P receptors. S1P measure-
ment in the fractions of the density-gradient separation
of plasma revealed that S1P is accumulated in lipopro-
tein fractions with a rank order of HDL>LDL>VLDL
and the lowest content was associated with the albu-
min fraction when expressed as pmol/mg proteins [9,
94]. S1P bound to lipoproteins may be protected from
its enzymatic degradation and uptake into the cells.
Thus, lipoproteins, especially HDL, seem to serve as
carriers of plasma S1P [5, 95]. A recent study showed
that S1P is preferentially enriched in small HDL3 ver-
sus large HDL2 [96]. When the HDL-S1P was plot-
ted against HDL-cholesterol, there was a good corre-
lation between them [94]. This result indicates that a
person with a high HDL-cholesterol level has a high
HDL-S1P level and that S1P may mediate some HDL-
induced anti-atherogenic actions.

How S1P is accumulated in plasma lipoprotein
fractions remains unclear. ATP-binding cassette
(ABC) transporters may be involved in the export of
S1P. Kobayashi et al. showed that SIP release from
platelets was inhibited by glybenclamide, a non-spe-
cific inhibitor of the ABC transporter [97]. Mitra et
al. showed that ABCC1 is involved in S1P export
from mast cells in response to an albumin-conjugat-
ed antigen [98]. The ABCAI transporter is known to
transport cholesterol and phospholipids to lipid-poor
apoA-I or apoE, thereby mediating the HDL formation
[99-101]. In the central nervous system as well, S1P
seems to bind to HDL-like particles [102]. Astroglial

cells are major sources of lipoproteins through
ABCAL1 in the central nervous system. The knock
down and knock out of the ABCAI1 transporter of as-
troglial cells showed a remarkable attenuation of S1P
release from the cells in association with the reduc-
tion of lipoprotein formation, suggesting that lipopro-
tein formation through ABCAT1 is coupled with S1P
release in astroglial cells [103]. The role of ABCAI,
however, has not been proved in the S1P accumulation
in plasma lipoproteins.

HDL actions in the cardiovascular system

HDL has long been known to exert anti-atherogenic
action through reverse cholesterol transport. However,
a number of studies have shown that HDL also exerts
a variety of cellular actions independently of choles-
terol metabolism. Two major systems, i.e., SIP/S1P
receptors and apoA-I/ scavenger receptor class B type
I (SR-BI), have been proposed.

Role of S1P receptors

Assmann’s group found that HDL regulates multi-
ple signaling pathways, including phosphatidylinosi-
tol- and phosphatidylcholine-phospholipase C in fi-
broblasts [11, 104] and platelets [105], resulting in
the stimulation of DNA synthesis and the inhibition
of thrombin-induced fibrinogen binding and aggrega-
tion, respectively. They also found that HDL inhibits
caspases 9 and 3 and apoptosis of ECs through PI3K
and Akt activation [12]. Based on the fractionation
analysis of the active components of HDL by high-
performance liquid chromatography (HPLC), they
proposed that sphingosylphosphorylcholine (SPC)
and lysosulfatide (LSF) mediate the HDL-induced
actions [11, 12]. Sachinidis et al. reported that lip-
id molecules closely related to SPC and S1P mediate
LDL- and HDL-induced Ca*" mobilization and ERK
activation in VSMCs based on organic solvent purifi-
cation and subsequent HPLC analysis [106]. As de-
scribed above, we established a quantitative S1P mea-
surement based on the high affinity and specificity
of SIP receptors to SIP [18]. Using this analytical
method, we reported that S1P is concentrated in the li-
poprotein fraction, especially HDL [9]. The finding
that S1P is concentrated in HDL raises the possibil-
ity that cholesterol metabolism-independent actions of
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HDL may be mediated by lipoprotein-associated S1P
[5, 96]. Assmann’s group confirmed the existence of
S1P in HDL particles, but they proposed that SPC and
LSF, in addition to S1P, are responsible for the HDL-
induced actions [107]. The roles of SPC and LSF will
be discussed later.

When HUVECs were starved for 24 h without se-
rum, about 50% of the cells died due to apoptosis.
The supplement of either HDL or S1P in the culture
medium protected the cells from cell death [10]. Our
results suggested that HDL- and S1P-induced cell sur-
vival was mediated by the G/ERK pathways. On the
other hand, migration response to HDL and S1P was
mediated by the G/PI3K/p38MAPK pathway. Rho
signaling may also be involved in the migration re-
sponse [10, 57]. In ECs, S1P, and S1P, are major S1P
receptors. The roles of S1P in HDL-induced cell sur-
vival and migration were established by fractionation
analysis of the active component by HPTLC and spe-
cific inhibition by anti-sense oligonucleotides and siR-
NAs against S1P receptors [57]. We have suggested
that S1P, receptors are critical for cell survival and
that both S1P, and S1P; receptors are important for
cell migration [57]. HDL has been shown to activate
Ras in a PTX-suppressive manner in CHO cells [108].
HDL-associated S1P has been suggested to mediate,
through the G;/Ras/ERK pathway, lipoprotein-induced
angiogenesis in human coronary artery ECs [109].
Nofer et al. reported that HDL, possibly through its
associated SPC and LSF, activated PI3K and Akt, re-
sulting in the inhibition of TNF-q-induced E-selectin
expression [110] and the stimulation of eNOS and sub-
sequent NO synthesis in ECs [107]. They proposed
the role of S1P; receptors in the HDL-induced eNOS
activation based on the inhibition of the S1P actions by
S1P;, deficiency [107]. On the other hand, we showed
that S1P, and, to a lesser extent, S1P; mediate HDL-
induced eNOS activation and the subsequent inhibi-
tion of the expression of adhesion molecules, such as
VCAM-1 and ICAM-1 [79]. The predominant role of
the S1P, receptor in the activation of eNOS and PI3K/
Akt pathways has been reported in HUVECs [54,111],
bovine aortic ECs [86], and lung microvascular ECs
[58]. Moreover, Hedrick’s group reported that S1P, re-
ceptors mediate the inhibition of the adhesion of mono-
cytes to ECs [87, 93]. A recent study also showed that
HDL stimulates EC barrier integrity in association
with Akt activation through S1P, receptors [112].

Catapano and his colleagues reported that HDL in-

duces transforming growth factor (TGF)-B2 expres-
sion and Smad activation through PI3K/Akt [113]
and increases the expression of the long pentraxin 3
(PTX3), an acute phase protein, through G,/PI3K [114]
in ECs. They observed an increased expression of
PTX3 mRNA in the aorta of apoA-I-transgenic mice,
which keep high levels of HDL compared to apoA-I-
deficient mice, which keep low levels of HDL [114].
The siRNA experiments revealed that HDL-induced
PTX3 expression was mediated by S1P, and S1P; re-
ceptors but not SR-BI. Moreover, the HDL action was
mimicked by S1P and SPC but not by reconstituted
HDL (rHDL), in which apoA-I was reconstituted with
phosphatidylcholine, further supporting the role of
S1P receptors but not that of SR-BI [114].

HDL-like proteins are also present in the follicular
fluid of the ovary and induce angiogenesis in associa-
tion with the activation of ERK, PKC, and Akt in ECs
[115]. The HDL-like proteins present in cerebrospi-
nal fluid cause the migration of astroglial cells [102].
In both cases, the HDL-induced actions are mediated
through the lipoprotein-associated S1P. In VSMCs,
HDL markedly inhibited PDGF-induced migration.
The siRNA strategy revealed that the inhibitory mi-
gration response to HDL was mediated by S1P, re-
ceptors [43].

HDL actions mediated by its associated S1P were
also reported in isolated tissues and in vivo. Nofer et
al. [107] showed that HDL stimulates NO release in
human ECs in vitro and induces the vasodilation of
isolated aortas in a manner dependent on intracellu-
lar Ca®" and Akt-mediated eNOS activation. These ef-
fects of HDL were mimicked by S1P and other lyso-
phospholipids, including SPC and LSF. A deficiency
of S1P; receptors abolished HDL-induced vasodila-
tion and Akt activation. They also showed that intra-
artery administration of HDL and these lysophospho-
lipids lowered the mean arterial blood pressure in rats.
Although Nofer et al. insisted in their previous papers
[11,12] that HDL contains enough SPC and LSF to ex-
plain the HDL-induced actions, the roles of SPC and
LSF, except for S1P, were not confirmed in HDL ac-
tions [57]. The concentration of S1P (100-300 pmol/
mg proteins) in HDL particles has been established [9,
10, 96, 107]; however, the concentrations of SPC and
LSF in HDL particles have not. Large differences in
SPC and LSF concentrations appear in the previous
reports [11, 12, 107].

Theilmeier et al. recently showed that HDL and
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S1P dramatically attenuated infraction size in the in
vivo mouse model of myocardial ischemia/reperfu-
sion, which was associated with the inhibition of in-
flammatory neutrophil recruitment and cardiomyocyte
apoptosis in the infracted area [92]. They also ob-
served that the HDL- and S1P-induced actions were
abolished by pharmacological NOS inhibition and
were completely absent in S1P;-deficient mice. HDL
and S1P potently suppressed leukocyte adhesion to ac-
tivated endothelium under flow and protected rat neo-
natal cardiomyocytes against apoptosis in vitro. Thus,
HDL and its constituent, S1P, acutely protect the heart
against ischemia/perfusion injury in vivo via the S1P;-
mediated and NO-dependent pathway [92]. Monocyte
chemoattractant protein-1 (MCP-1) involved in mono-
cyte recruitment to vascular inflammation and is ele-
vated in atherosclerotic lesions. Treatment of VSMCs
or isolated aortas with HDL inhibited thrombin-in-
duced MCP-1 mRNA and protein expression, associ-
ated with the suppression of NAD(P)H oxidase, ROS
production, and Racl activation [116]. The HDL-
induced actions were abolished by an S1P receptor
antagonist, VPC23019, and mimicked by S1P and
SPC. Moreover, HDL, S1P, and SPC failed to inhibit
MCP-1 production and ROS generation in aortas from
S1P;-deficient mice [116]. These results suggest that
HDL-associated S1P and SPC mediate the lipoprotein-
induced inhibition of ROS and MCP-1 production.

Role of SR-BI

SR-BI is known to be an important transporter for
excretion of the excess cholesterol as bile acids from
liver [3]. Yuhanna et al. have shown that HDL, but
not LDL, stimulates eNOS in ECs. The HDL-induced
activation of eNOS was also observed in caveolae
membranes isolated from ECs, in which antibodies to
apoA-I or SR-BI completely attenuated the HDL ac-
tivation of the enzyme. HDL also enhanced endothe-
lium- and NO-dependent relaxation in aortas from
wild-type mice but not in aortas from SR-BI-null mice
[117]. These results suggest that HDL activates eNOS
through apoA-I binding to SR-BI. Recent studies sug-
gest that apoA-I interaction with SR-BI stimulates
eNOS through Src, PI3K, and Akt activation [118].
Although it remains poorly understood how apoA-I
interaction with SR-BI leads to the Src-mediated PI3K
and Akt activation, the involvement of the scaffold
protein PDZK1, which contains four PSD-95/Dlg/

Z0-1 (PDZ) domains, has been proposed as a trans-
ducer [79, 119, 120] (Fig.2).

It is well known that premenopausal women have a
lower risk of developing cardiovascular disease than
similarly aged men and postmenopausal women. The
NO production in ECs has been shown to exert nu-
merous protective effects in the vascular system, in-
cluding vasodilation, anti-adhesion, and anti-inflam-
matory effects. Gong ef al. tested the hypothesis that
HDL binds to its receptor SR-BI and delivers estro-
gen to eNOS, thereby stimulating enzyme activity
[121]. They showed that HDL isolated from women
stimulated eNOS in an SR-BI- and estrogen recep-
tor-dependent manner in human microvascular ECs,
whereas HDL isolated from men had minimal activ-
ity. Reconstitution experiments revealed that male
HDL reconstituted with estrogen (HDL-estrogen), but
not LDL-estrogen or bovine serum albumin (BSA)-
estrogen, effectively stimulated eNOS to the same ex-
tent as female HDL. Furthermore, female but not male
HDL promoted the relaxation of the isolated femo-
ral artery from control mice but not SR-BI-null mice.
These results suggest that the interaction of HDL with
SR-BI through apoA-I is not sufficient to stimulate
eNOS but may be responsible for delivering estro-
gen to its receptor. Even though Yuhanna’s report did
not mention whether HDL was prepared from males
or females, the involvement of estrogen receptors was
negative [117]. Thus, the antibody to estrogen recep-
tor-a,, which is colocalized and functionally linked
to eNOS in caveolae, was ineffective for the inhibi-
tion of the enzyme activity. Furthermore, the results
of Nofer et al. [107] were totally different from those
of Gong et al. [121]. Nofer et al. showed that female
and male HDLs were equally potent for inducing va-
sodilation in isolated aortic rings. Possible explana-
tions for the discrepancies among the results might be
the different sources of arteries used (femoral arteries
in Gong’s report vs. aortas in Nofer’s and Yuhanna’s
reports) and/or the different precontraction agents
(5-hydrosytryptamin in Gong’s report vs. phenyleph-
rine in Nofer’s and Yuhanna’s reports). Interestingly,
aortas from SR-Bl-deficient mice showed an attenu-
ation of the inhibitory actions of S1P as well as HDL
on MCP-1 production, even though the S1P; receptor
expression remains unchanged by SR-BI deficiency
[116]. This result raises the possibility that the S1P;
receptor signal transduction system is also damaged
by SR-BI deficiency. Thus, the attenuation of the HDL
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Fig. 2. Roles of SIP receptors and SR-BI in S1P- and HDL-induced pro- or anti-atherogenic actions in ECs
S1P may have at least two pools in plasma, i.e., HDL and the locus where S1P may be released from activated platelets. S1P,
regardless of the pool, triggers the respective S1P receptor subtype and activates, through several heterotrimeric G-proteins,
a variety of intracellular signaling pathways leading to pro- or anti-atherogenic actions. In the locus where platelet clots are
formed, the S1P concentration reaches extremely high levels, which may explain the stimulation of pro-atherogenic pathways.
In addition to S1P, apolipoproteins, such as apoA-I, are bound to HDL and stimulate intracellular signaling pathways through
SR-BI/PDZK1, usually leading to anti-atherogenic actions and thus inhibiting cytokine- and S1P-induced NF-kB-mediated
adhesion molecule expression. Solid line represents the pathways leading to anti-atherogenic actions; broken line, to pro-

atherogenic pathways. See text for more details.

actions in the cells or tissues from SR-BI-deficient
mice dose not rule out the possible involvement of the
S1P receptor system in lipoprotein actions.

Both SIP receptors and SR-BI may be responsible for
HDL-induced actions

As described above, either the S1P receptor or SR-
BI is responsible for the HDL-induced activation of
eNOS and MAPKs and subsequent cellular responses.
Nofer et al. [107] proposed that SR-BI plays a role,
through apoA-I, as an anchor for lipoprotein-associ-
ated S1P and other lysolipids to interact with S1P re-
ceptors to stimulate intracellular signaling pathways.
Their proposal is based on the finding that reconsti-
tuted apoA-I with cholesterol and phospholipids was
ineffective for the stimulation of eNOS and MAPKSs,
whereas antibodies against apoA-I and SR-BI effec-
tively attenuated the HDL-induced enzyme activation
[117]. However, Assanasen et al. found that reconsti-
tuted apoA-I with phospholipids but with a reduced
level or an absence of cholesterol can stimulate SR-
BI, resulting in the activation of eNOS and MAPKs.
They speculated that cholesterol efflux from the intra-
cellular space was necessary for SR-BI activation by

apoA-I [119].

The ability of tHDL or reconstituted apoA-I with
phospholipids but without cholesterol to stimulate
eNOS activation was confirmed by us [79]. We have
also shown that HDL-induced eNOS activation and
the subsequent inhibition of NF-kB-mediated adhesion
molecule expression were attenuated by either SR-BI
siRNA or S1P receptor siRNA and were completely
blocked by the combination of siRNAs against SR-
BI and S1P receptors in HUVECs. Moreover, tHDL
stimulated eNOS activation in a manner sensitive to
SR-BI-siRNA but not to S1P receptor-siRNA, and
S1P stimulated enzyme activity in an opposite manner
[79]. These results suggest that both SR-BI and S1P
receptors are involved in the HDL-induced stimula-
tion of intracellular signaling pathways in ECs at least
in vitro (Fig. 2). As described above, Theilmeier et al.
showed that HDL protected the heart from ischemia/
reperfusion injury via S1P; receptors through eNOS
activation [92]. However, the same group previously
reported that HDL administration increased myocar-
dial perfusion in a manner dependent on eNOS activa-
tion, reflecting a vasodilatory effect on coronary circu-
lation in vivo. The vasodilatory effect of HDL was not
affected in S1P;-deficient mice, whereas the vasocon-



HDL ACTIONS VIA S1P RECEPTORS AND SR-BI 327

striction effect of S1P was attenuated by the S1P; de-
ficiency. These results indicate that SR-BI-mediated,
but not S1P;-mediated, eNOS activation may be in-
volved in the HDL vasorelaxation effect [52]. Thus,
both SR-BI and S1P receptors may be important in
HDL-induced eNOS activation in the coronary artery
in vivo.

Recent studies have shown that rHDL effective-
ly promotes the endothelial progenitor cell (EPC)-
mediated repair of damaged endothelium [122] and
enhances ischemia-induced angiogenesis [123] in vivo
through the stimulation of differentiation of EPCs.
rHDL also increased circulating EPCs in patients with
type 2 diabetes [124]. HDL prevents the apoptosis of
EPCs by activating eNOS and inhibiting caspase 3 in
vitro [125]. The transplantation of EPCs treated with
S1P or its derivative FTY720 into mice with ischemic
hind limbs promoted neovascularization. The stimu-
lation of EPCs by S1P was mediated through the ac-
tivation of the CXCR4-dependent signaling pathway
via S1P; receptors [126]. Thus, both apoA-I, possibly
through SR-BI, and S1P through S1P; have the ability
to stimulate EPCs and promote neovascularization.

Role of other targets?

Norata et al. reported that HDL induces COX-2 ex-
pression and prostacyclin release through p38MAPK
[127]. Drew et al. reported that HDL and apoA-I in-
crease eNOS activity by multiple phosphorylations
through AMPK and Akt in ECs [128]. Viswambharan
et al. showed that rHDL inhibited the endothelial ex-
pression of tissue factor, a potent coagulation factor,
through the inhibition of RhoA and the stimulation of
PI3K but not Akt/eNOS [129]. Although the active com-
ponents or the responsible receptors have not been char-
acterized in these studies, S1P receptors and/or SR-BI
may mediate these actions since the intracellular signal-
ing pathways are usually regulated by these receptors.

The observations described below, however, suggest
that there are targets other than S1P receptors and SR-
BI for HDL which elicit cholesterol metabolism-inde-
pendent actions. TNF-a and interleukin (IL)-1p are
induced in monocytes by direct contact with stimulat-
ed T lymphocytes. Hyka et al. showed that adult hu-
man serum and HDL display inhibitory activity toward
the contact-mediated activation of monocytes by stim-
ulated T cells [130]. Delipidated HDL and purified
apoA-I also mimicked the HDL actions. Functional

assays and flow cytometry analyses showed that HDL-
associated apoA-I inhibited the contact-mediated acti-
vation of monocytes by binding to stimulated T cells.
TNF-o and IL-1f have been shown to be essential
components in the pathogenesis of immunoinflamma-
tory diseases, implying a new anti-inflammatory activ-
ity of HDL-associated apoA-I. The primary target or
receptor for apoA-I, however, has not yet been iden-
tified [130]. Cholesterol efflux is initiated by apoA-I
binding to a specific site of ABCA1, followed by the
activation of the transport of cholesterol. Nofer et
al. have reported that apoA-I activates Rho signaling
pathways (Cdc42, Racl, and Rho) and MAPKs (JNK,
p38 MAPK, and ERK) in ABCA1-transfected human
dermal fibroblasts [131]. Experiments with dominant
negative mutant and specific activators have revealed
that the Cdc42/INK pathway is responsible for choles-
terol efflux, which suggests that the activation of early
intracellular signaling pathways links with ABCAT1-
mediated cholesterol efflux activity. However, the
finding that apoA-I activates the Rho signaling and
MAPK pathways in addition to Cdc42/INK pathways
suggests that ABCAL activation by apoA-I has the po-
tential to regulate a variety of cellular activities oth-
er than cholesterol efflux [131]. Similarly, Haidar et
al. reported that apoA-I activates cAMP accumulation
through the ABCA1 transporter in ABCA1-transfected
CHO cells [132]. In these reports [131, 132], howev-
er, whether HDL really activates these early signaling
pathways through lipoprotein-associated apoA-I was
not examined.

Role of lipoproteins as a regulator of SIP actions

As described above, HDL inhibits pro-atherogenic
cytokine-induced actions through at least dual mecha-
nisms involving not only S1P receptors but also SR-
BI. The ability of HDL to stimulate the SR-BI sys-
tem through apoA-I may regulate the ability of plasma
S1P to exert pro-atherogenic actions at concentrations
present under basal conditions. Indeed, pro-atherogen-
ic adhesion molecule expression elicited by S1P disap-
peared in the presence of physiological concentrations
of HDL in a manner sensitive to SR-BI [79]. Thus,
where physiological concentrations of HDL exist, S1P
may not exert pro-atherogenic actions.

Whether S1P is present in HDL or LDL may be an-
other factor regulating S1P actions. HDL inhibited the
platelet-derived growth factor (PDGF)-induced mi-
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gration of VSMCs through the lipoprotein-associated
S1P/S1P, receptors [43]. Although LDL contains S1P
to the extent of 20~40% of the S1P content in HDL
when expressed as pmol/mg proteins [9, 10], PDGF-
induced migration was not inhibited by even a high
dose of LDL in which sufficient S1P existed to inhibit
the migration response to PDGF. On the other hand,
LDL, but not HDL, alone stimulates the migration
of VSMCs. Thus, whether S1P is present in HDL or
LDL seems to determine the apparent migratory activ-
ity of SIP in VSMCs. This peculiar observation is ex-
plained by the presence of higher levels of LPA in the
LDL particle than in the HDL particle. Indeed, when
the LDL-associated LPA were degraded by mono-
glyceride lipase or LPA, receptors on coronary artery
smooth muscle cells (CASMCs) were antagonized by
Ki16425, the lipoprotein was able to inhibit PDGF-
induced migration through S1P, receptors [43]. These
results suggest that a balance of LPA and S1P con-
tents in lipoprotein is important to determine whether
the lipoprotein is a positive or negative regulator of
VSMC migration.

Concluding remarks

In the present review, we summarized HDL-induced
actions independent of cholesterol metabolism. A va-
riety of anti-atherogenic or anti-inflammatory actions
of HDL are mediated through S1P/S1P receptors and/
or apoA-I/SR-BI in cells involved in the cardiovas-
cular system, including ECs, SMCs, and cardiomyo-
cytes. Heterotrimeric G proteins are coupled to several
types of SIP receptors to mediate the HDL-associated
S1P-induced actions. Similarly, PDZK1 may be cou-
pled to SR-BI to mediate the apoA-I actions. In addi-
tion to SR-BI, a transporter, such as ABCA1, has also
the potential to mediate the HDL-induced stimulation
of intracellular signaling pathways. Although high
concentrations of S1P sometimes exert pro-atherogen-
ic or pro-inflammatory actions, these detrimental ac-
tions are blocked by HDL through apoA-I/SR-BI. The
HDL-cholesterol content is well correlated with that
of HDL-apoA-I. However, how the HDL-S1P con-
tent is regulated is poorly understood. The finding that
HDL-associated S1P mediates a variety of the benefi-
cial lipoprotein-induced effects suggests that the con-
tent of S1P in the HDL particle may be another fac-
tor which determines the ability of HDL to protect the
cardiovascular system.
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