Xu CB et al / Acta Pharmacol Sin 2004 Jul; 25 (7): 849-854 - 849 -

©2004, Acta Pharmacologica Sinica
Chinese Pharmacological Society
Shanghai Institute of Materia Medica
Chinese Academy of Sciences
http://www.ChinaPhar.com

Review

Sphingosine signaling and atherogenesis'

Cang-bao XU?, Jacob HANSEN-SCHWARTZ?, Lars EDVINSSON?

?Division of Experimental Vascular Research, Institute of Medicine, Lund University, Sveden;
3Department of Clinical Experimental Research, Glostrup University Hospital, Glostrup, Denmark

KEY WORDS sphingosine 1-phosphate; sphingosine kinase; sphingosine-1-phosphate receptors; endothelium;

myocardium; smooth muscle; arteriosclerosis

ABSTRACT

Sphingosine-1-phosphate (S1P) has diverse biological functions acting inside cells as a second messenger to
regulate cell proliferation and survival, and extracellularly, as a ligand for a group of G protein-coupled receptors
(GPCRs) named the endothelial differentiation gene (EDG) family. Five closely related GPCRs of EDG family
(EDG1, EDG3, EDGS5, EDG6, and EDG8) have recently been identified as high-affinity S1P receptors. These
receptors are coupled via Gi, Gq, G,,,3, and Rho. The signaling pathways are linked to vascular cell migration,
proliferation, apoptosis, intracellular Ca?* mobilization, and expression of adhesion molecules. The formation of an
atherosclerotic lesion occurs through activation of cellular events that include monocyte adhesion to the endothe-
lium and vascular smooth muscle cell (VSMC) migration and proliferation. Thus, S1P signaling may play an
important role in the pathogenesis of atherosclerotic vascular disease. This review highlights S1P signalling in
vascular cells and itsinvolvement in the formation of atherosclerotic lesions.

INTRODUCTION

Sphingosine-1-phosphate (S1P), converted from
sphingosine by sphingosine kinase (SphK) (Fig 1), isa
key cell signalling molecule that acts both extracellu-
larly and intracellularly with specific effects on cells of
the vessel wall. Serum contains S1P that is mainly re-
leased from activated platelets’”, while other blood cells
such as erythrocytes, neutrophils, and mononuclear cells
release constitutively a small percentage of circulating
S1P3. Circulating S1Pismainly present in lipoproteins
withtherank order high-density lipoprotein (HDL)>low-
density lipoprotein (LDL)=very low-density lipoprotein
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(VLDL)E. Thus, lipoproteins appear to be carriers of
S1P. LDL that accumulates in atherosclerotic lesions
contains S1P and it is possibly produced locally in the
atherosclerotic lesions by vascular smooth muscle cells
(VSMC) activated by growth factors, which suggests
an important role of S1P in atherogenesis.

However, during LDL oxidation, the content of
S1Pisreduced™. LDL, particularly oxidized LDL (Ox-
LDL), is closely correlated and HDL is inversely
correlated, with the risk of atherosclerosis. What isthe
relationship between S1P and atherosclerosis? Isit an
atherogenic factor or an anti-atherogenic factor? The
concentration of S1P in plasma or in serum is much
higher than the half-maximal concentration of the sph-
ingolipid needed to stimulate its receptors. Even though
the protein content of the lipoprotein fraction contrib-
utes to only 4 % of the total protein content of plasma
or serum, more than 60 % of S1P is distributed in this
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Fig 1. Sphingolipids metabolism.

fraction!”. Thus, the interaction of S1P with lipopro-
teins seems to reduce the freedom of S1P and hereby
decrease the apparent active concentration of S1P. S1P
is shown as an atherogenic factor that results in en-
hanced VSMC proliferation’® and migration!®. Tumour
necrosis factor-a. (TNF-a.) activates SphK and increases
intracellular S1IPthat induces the expression of vascular
cell adhesion molecules (VCAM) in endothelia celld”.
In addition, Ox-LDL inducesVSMC proliferation viaac-
tivation of SphK and generation of intracellular S1P¥®.
However, S1P is postulated to be an anti-atherogenic
factor based on the finding that HDL -associated S1Pis
amajor component of the HDL-induced cytoprotective
action in human endothelial cells®. Further investiga-
tions are needed to determine whether S1Pis athrogenic
or anti-atherogenic.

S1P has diverse biological functions. Inside the
cells it is a second messenger that regulates calcium
mobilization, cell proliferation, and survival®®, while
extracellular SIPisaligand for anovel G-protein coupled
receptor (GPCR) family of the endothelial differentia-
tion genes (EDG). EDG dicit signa transduction viaGi,
Gq, G12, G13 proteins, and Pho-dependent routes™*2,
To date 5 members, EDG1/S1P1, EDG5/S1P2, EDG3/
S1P3, EDG6/S1P4, and EDG8/S1P5 receptors have
been identified™. These receptors are highly specific
and only bind S1P and dihydro-S1P. S1P1 and S1P5
receptors are coupled to mainly Gi-proteins; the S1P2
receptor can be coupled to all G-proteins; S1P3 is

coupled to Gi, Gq, and G12/13; S1P4 activates Gi and
G12 in response to S1P. The effector pathways that
are regulated by S1P receptorsinclude extracellular sig-
nal-regulated kinase (ERK), p38 mitogen-activated pro-
tein kinase (MAPK), C-Jun N-terminal kinase (JNK),
phospholipase C and D, adenylyl cyclase, inositol 1,4,
5-triphosphate (1P3), phosphoinositide 3 (PI3)-kinase
and focal adhesion kinase (FAK)!*** (Fig 2). Many
externa stimuli, particularly growth factors, cytokines,
and Ox-LDL activate SphK, the enzyme that forms S1P
from sphingosine®®'7, Platelet derived growth factor
(PDGF) and serum induce rapid activation of SphK and
transient production of S1P in Swiss 3T3 fibroblasts™?.
PDGF, TNF-a, and Ox-LDL enhance SphK activity
and increase S1P generation*®*”), S1P formed intracel-
lularly after PDGF activation of VSMC is apparently
not released into the culture medium, but exposed on
the cell surface, where it activates the S1P1 receptor in
an autocrine or paracrine manner and mediates VSMC
migration when stimulated by PDGF. Interestingly, the
mitogenic effect of Ox-LDL on VSMC is dependent on
the cellular formation of S1P®. It is not clear if this
action in addition involves the activation of the S1P1
receptor.

SPHINGOSINE KINASEAND VSMC PROL | FERA.-
TION

The two sphingosine kinase (SphK) isotypes type
1 and 2, the most important enzymes regulating S1P
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Fig 2. Intracellular signal transduction pathways of S1P
receptorsin vascular cells. S1P isaligand for a G-protein
coupled receptor (GPCR) family of the endothelial differ-
entiation genes (EDG) that elicit signaling transduction
via Gi, Gq, G12, G13 proteins, and Pho-dependent routes.
Intracellular pathways of S1P receptorsinclude extracellu-
lar signal-regulated kinase (ERK), phospholipase C (PLC),
inositol 1,4,5-triphosphate (1P3), phosphoinositide 3 (Pl 3)-
kinase and focal adhesion kinase (FAK). Theseintracellu-
lar transduction pathways of EDG promote cell prolifera-
tion, survival, vascular adhesion molecules (VCAM) expres-
sion, vascular smooth muscle cells (VSM C) contraction and
migration.

levelsin eukaryotic cells, have recently been cloned™.
Although highly similar in amino acid sequence and
possessing five conserved domains, SphK type 1 is
smaller than type 2 and expressed mainly in the cytosol,
while SphK type 2 additionally has several transmem-
brane regions and a proline-rich SH-3-binding domain!*#,
This suggests different cellular functions and regula-
tion mechanisms of the two isotypes. SphK contains
Ca?*/calmodulin-binding consensus sequences and sev-
eral protein kinase phosphorylation sites, eight of them
for protein kinase C (PKC)™. Interestingly, SphK is
stimulated with the PK C activator phorbol 12-myristate
13-acetate (PMA)™. In human platelets, S1Pis accu-
mulated in and specifically released by thrombin through
the activation of PKC!. We revealed that SphK, PKC
and Gi-protein activities were required for the mitoge-
nic effect of basic fibroblast growth factor (bFGF) in
vascular VSMC as based on the blocking effects of D-
erythro-N,N-dimethylsphingosine (DM S), staurosporine

and pertussis toxin'®. In agreement with our findings,
Kimuraet al® demonstrated that S1P could induce DNA
synthesis, cell growth, and cell migration in human aor-
tic endothelial cellsand that these responsesto S1P were
mimicked by dihydrosphingosine-1-phosphate, a S1P
receptor agonist, and inhibited by pertussistoxin. These
results suggest Gi-protein coupled receptor mediates
vascular cell proliferation induced by S1P. Putatively,
growth factors, cytokines and thrombin may activate
SphK and induce release of S1P viaactivation of PKC,
and subsequently S1P may bind to S1P, receptor/Gi-
protein ultimately resulting in further activation of PKC
and the MAPK signaling pathways. On other hand,
S1P may play an intracellular role responsible for cell
proliferation, because DMS, an inhibitor of SphK, could
decrease the intracellular S1P production induced by
PDGF and block PDGF-induced cell proliferation!®.
Furthermore, S1P not only stimulates, but also inhibits
VSMC migration that depends on the expression pat-
tern of individual S1P receptors®!. Activation of ty-
rosine kinase receptor PDGF-$ by PDGF stimulates
SphK that results in generation of S1P. Furthermore,
S1P binds to the S1P; receptor that activates a small
GTPase Rac that leads to cell migration??. The activa-
tion of S1P, receptor by S1P promotes angiogenesis
and cell migration required for PDGF-directed motility
of SMC. This suggests a cross talk between growth
factor receptor (PDGF-) and S1P1 receptor.

SphK is expressed in many cell types including
human vascular endothelial cells and VSMCE#, We
has recently revealed that the growth factor bFGF can
in part be signaling via SphK since DM S blocked the
conversion of sphingosine to S1P, inhibited SMC prolif-
eration induced by bFGF and by the exogenous addition of
S1PS. Further studies have revealed that treatment of
human endothelial cellswith reconstituted HDL and DM S
suppressed the expression of adhesion molecules and
apoptosis viainhibition of the SphK activity induced by
TNF-a.[7. These dataimply arole of S1Pin the athero-
sclerotic process. The signal transduction pathways
of S1P and its receptorsin vascular cells are very com-
plex and still under investigation.

S1P AND VASCULAR CELL CONTRACTION

S1P induced constriction of cerebral VSMC hasa
similar time course to activation of Rho-kinase, but this
does not occur in aortic VSMC?!, VSMC from cere-
bral arteries stimulated by low concentration of S1P
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show an increase in intracellular Ca?* via an | P,-depen-
dent pathway, but only asmall increase in intracellular
Ca®" was observed after stimulation at higher concen-
trations of S1P. Subtype-specific S1P receptor anti-
bodies reveals that the expression of S1P3 and S1P2
receptors is 4-fold higher in cerebral VSMC as com-
pared with VSMC from aorta, while S1P1 receptor ex-
pression issimilar in both!*?. Sphingosine, the precur-
sor of S1P, induces vasoconstriction in coronary arter-
iesthat seemsto be mediated by the release of cyclooxy-
genase-sensitive vasoconstrictor prostanoids from the
endothelium™®!, In microvessels, SphK modulates vas-
cular tone through activation of RhoA/Rho kinase®.
S1P also acts as an arteriolar vasodilator in pre-con-
stricted mesenteric arteries in an endothelium-depen-
dent manner. This action occurs via nitric oxide (NO)
and Pl ;-kinase-modul ated signaling pathways?”.

BALANCE OF S1P AND CERAMIDE IN VAS-
CULARCELL APOPTOSIS

Ceramide (N-acylsphingosine), one of the precur-
sors of S1P, is an important apoptotic factorl®®, while
S1P promotes cell proliferation and survival®. The
bal ance between ceramide and S1P has been suggested
to determine whether cells survive or die. SphK type 1
induces G12/13-mediated stress fiber formation and
promotes growth and survival®. Stress and cytokines
increase ceramide synthesis while elevated levels of
ceramide resultsin cell apoptosis. The anti-atheroscle-
rotic effect of HDL has been suggested to affect the
balance between ceramide and S1IP”. Many stimuli,
particularly growth factors, activate SphK to generate
S1P which in turn may suppress ceramide mediated-
cell apoptosis. During vascular repair and thrombosis
formation after injury to an artery, thrombin activates
platelets to release S1P that may promote vascular cell
proliferation and platelet aggregation. This may benefit
the repairing process but can also contribute to the patho-
genesis of atherosclerosis.

SPHK AND VASCULAR ADHESION MOLE-
CULES

The expression of adhesion molecules on the en-
dothelium is an early key event in the formation of the
atherosclerotic lesion. Cytokines and growth factors
released from platelets, macrophages, T-lymphocytes
and vascular cells and Ox-LDL can activate SphK on
vascular cells to result in the generation of S1P. The

upregulation of adhesion moleculesin endothelium and
VSMC proliferation induced by activation of the SphK
may promote the formation of atherosclerotic lesions.
Growth factors, cytokines, and Ox-LDL may stimulate
the expression of the S1P receptors on VSMC in ath-
erosclerotic lesions via an inflammatory transcription
pathway. SphK isactivated by Ox-LDL®, akey athero-
genic factor, in vascular cells. On the other hand, the
anti-atherosclerotic effect of HDL occurs viaits ability
to inhibit of SphK activity beyond the well-known re-
verse transport of cholesterol and its anti-oxidative
property. Studies have demonstrated that TNF-o-in-
duced SphK activity and the expression of adhesion
moleculesin endothelial cellsisinhibited by HDL,

Inaddition, HDL stimulates endothelial cell migra-
tion and survival through sphingosine 1-phosphate and
its receptors®Y.

CONCLUSION

Dysfunction and damage to the endothelium is
believed to initiate the process of atherosclerosis'®?.
Monocyte adhesion to endothelium, smooth muscle cell
migration and proliferation in response to endothelial
dysfunction and damage are key steps in the develop-
ment of atherosclerotic lesions™2%, A recent study in
308 consecutive patients undergoing coronary angiogra-
phy reveal that serum S1P is a strong predictor of both
the occurrence and severity of coronary stenosis®.
Thus, S1P released from platel ets and damaged vascu-
lar cellsisimplicated in the formation of atherosclerosis,
restenosisand vascular replication after injury. However,
oxidation of LDL may reduce its S1P content, which
implies an anti-atherogenic effect of S1IP. One hypoth-
esisisthat intracellular S1P (as an atherogenic mediator)
and extracellular S1P (as an anti-atherogenic mediator)
function in opposite ways in terms of atherogenesis.
Since S1P acts as an second messenger that regulates
calcium mobilization, cell proliferation and survival, it
likely has intracellular receptors influencing calcium
signaling, cell proliferation and survival, but this has
not been approved yet. Further studies should address
to demonstrate the distribution of S1P receptors, deter-
mine whether S1P has intracellular receptors and illus-
trate which subtypes of S1P receptors are involved in
atherosclerosis. Different subtypes of S1P receptors
may function via different intracellular signal transduc-
tion pathways and the distribution of S1P receptors may
thus provide new clues for the role of S1P in
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atherosclerosis.
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