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1. ABSTRACT

Sphingosine-1-phosphate (S1P) is a bioactive 
sphingolipid metabolite generated by phosphorylation 
of sphingosine catalyzed by sphingosine kinase. S1P 
acts mainly through its high affinity G-protein-coupled 
receptors and participates in the regulation of multiple 
systems, including cardiovascular system. It has been 
shown that S1P signaling is involved in the regulation 
of cardiac chronotropy and inotropy and contributes to 
cardioprotection as well as cardiac remodeling; S1P 
signaling regulates vascular function, such as vascular 
tone and endothelial barrier, and possesses an anti-
atherosclerotic effect; S1P signaling is also implicated in 
the regulation of blood pressure. Therefore, manipulation 
of S1P signaling may offer novel therapeutic approaches 
to cardiovascular diseases. As several S1P receptor 
modulators and sphingosine kinase inhibitors have been 
approved or under clinical trials for the treatment of other 
diseases, it may expedite the test and implementation of 
these S1P-based drugs in cardiovascular diseases.

2. INTRODUCTION

Sphingosin-1-phosphate (S1P) was originally 
considered merely an intermediate product during the 
degradation of sphingosine and now has been recognized 
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as a very important signaling molecule since the discovery 
that S1P has bioactive activity (1-3). S1P signaling has 
been shown to be critically involved in diverse cellular 
behaviors such as cell adhesion, migration, proliferation 
and differentiation, participate in the development and 
homeostasis of many organs and tissues, regulate the 
functions of multiple systems such as immune system, 
central nervous system and cardiovascular system, 
and contribute to the pathogenesis of a broad range of 
diseases including atherosclerosis, respiratory distress, 
diabetes, cancer and inflammatory disorders (4). S1P 
signaling pathway is emerging as a novel drug target 
for the treatment of different diseases. A  S1P agonist, 
fingolimod (FTY720), has been approved to treat multiple 
sclerosis as it produces potent anti-inflammatory effects. 
Interestingly, FTY720 shows cardiovascular side effects, 
further supporting the involvement of S1P signaling in 
the regulation of cardiovascular system. This review 
will summarize the role of S1P in the physiological 
and pathological processes in cardiovascular system, 
focusing on the most recent advances.

2.1. Biosynthesis of S1P
S1P is formed by phosphorylation of sphingosine 

catalyzed by sphingosine kinase (SPHK). Once formed, S1P 
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can be either dephosphorylated back to sphingosine by two 
specific S1P phosphatases (SPP1 and SPP2) or irreversibly 
degraded to hexadecenal and phosphoethanolamine by 
S1P lyase (Figure 1) (5, 6). The immediate substrate for 
S1P generation, sphingosine, is formed from the hydrolysis 
of ceramide by ceramidase. Ceramide is the central building 
block of all sphingolipids and its de novo synthesis starts 
with the condensation of amino acid L-serine and palmitoyl-
CoA in the endoplasmic reticulum (ER) through a series of 
reducing, acylating, and oxidizing reactions (7). Ceramide 
may also be converted by sphingomyelin synthase into 
sphingomyelin, which serves as an inert storage pool for 
ceramide. Although increased de novo synthesis may be a 
potential source for sphingolipid signaling, rapid generation 
of ceramide from sphingomyelin by sphingomyelinases 
has been proposed as the major mechanism for ceramide-
mediated signaling (8).

It should be noted that the levels of the various 
sphingolipids exhibit great differences. Concentrations 

of ceramide, sphingosine and S1P differ approximately 
by an order of magnitude, with ceramide presenting 
the highest and S1P the lowest level. A small change in 
ceramide can therefore drastically influences the levels of 
sphingosine and S1P (9). Therefore, the S1P generation 
is regulated not only by S1P biosynthetic and degradative 
enzymes but also by the availability of the substrate for 
SPHK (10).

2.2. S1P receptors
There are five high-affinity G-protein-coupled 

receptors for S1P, named S1P1–5  (11, 12). Although 
there are proposed intracellular roles for S1P, most of 
the effects of S1P are mediated by the activation of its 
receptors on cell membrane via an autocrine or paracrine 
manner (6, 11, 13, 14). Cellular and temporal expression 
of the S1P receptors (S1PRs) determines their specific 
roles in various organ systems. S1P1-3 are ubiquitously 
expressed, whereas the expression of S1P4 and S1P5 
are highly restricted to distinct cell types (12). S1P4 has 
been reported to be primarily expressed in lymphoid 
tissues and that S1P5 shows restricted tissue distribution 
to brain and spleen. Binding of S1P to each of these 
receptors provokes distinctive signaling pathways and 
cellular responses that are, in some cases, antagonistic. 
Differential signaling of S1P mediated by different 
S1P receptors is due to distinct, though sometimes 
overlapping, coupling to diverse G proteins (Table  1). 
S1P1 couples exclusively to Gi/o; S1P2 can couple to 
Gi/o, Gs, Gq and G12/13, it couples most efficiently to 
G12/13; S1P3 can couple with Gq, Gi/o and G12/13, and 
most efficiently to the Gq protein; S1P4 and S1P5 both 
couple to Gs, Gq and G12/13. The expression patterns of 
S1P receptors along with their coupled G proteins dictate 
the activation of different intracellular signaling pathways 
upon the activation of these receptors, which result in 
remarkably diverse cellular responses (11, 12, 15).

2.3. S1P as an extracellular and intracellular 
signaling molecule

The effects of S1P are mostly mediated by 
its cell surface receptors. However, there is evidence, 
though limited, showing that S1P may also act as an 
intracellular messenger. Production of S1P is catalyzed by 
sphingosine kinase (SPHK). Two distinct SPHK isoforms, 
SPHK1 and SPHK2, have been identified (16, 17). 
It has been shown that agonist-induced activation of 
SPHK1 leads to S1P receptor-mediated signaling (18). 
Although a cytosolic protein, SPHK1 has been shown to 
undergo translocation to the plasma membrane following 
phosphorylation by ERK, which is thought to position 
SPHK1 into close proximity with its sphingosine substrate. 
When formed at the plasma membrane, S1P can then 
be easily exported from the cell and act in an autocrine 
or paracrine fashion (15). In this regard, several ATP-
binding cassette transporters and Spinster 2 transporter 
have been implicated in S1P release (reviewed in 
REFERENCES (5, 19-21).

Figure 1. Pathway for the biosynthesis of S1P.

Table 1. S1P receptors and their coupled 
G proteins

Receptor Other name1 Coupled G protein

S1P1 EDG1 Gi/o

S1P2 EDG5 G12/13, Gi/o, Gs, Gq

S1P3 EDG3 Gq, Gi/o, G12/13

S1P4 EDG6 Gs, Gq, G12/13

S1P5 EDG8 Gs, Gq, G12/13 

1: EDG, endothelial differentiation gene 
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In contrast to SPHK1, SPHK2 is present in 
several intracellular compartments such as ER, nucleus 
and mitochondria. Although it remains unknown the 
direct mechanisms by which SPHK2 is regulated, S1P 
produced by SPHK2 acts on intracellular targets (18, 22). 
S1P produced by SPHK2 located in the ER is associated 
with inhibition of cell growth and pro-apoptosis, which 
is S1P receptor-independent (22). This is opposite to 
that of SPHK1, which promotes cell growth and inhibits 
apoptosis via S1P receptors. SPHK2 in the nucleus 
regulates gene transcription, at least in part by producing 
S1P, which acts as an endogenous inhibitor of histone 
deacetylases (18, 22).

3. S1P SIGNALING IN HEART

S1P1-3  receptors are all present in 
cardiomyocytes with S1P1 as the predominant subtype 
of S1P receptor and that the mRNA of S1P2  and 
S1P3  receptors present at much lower levels (16, 17). 
In addition, SPHK1 and SPHK2 are both expressed 
in heart (16, 17). S1P signaling has been shown to 
participate in the regulation of cardiac chronotropy and 
inotropy, and contribute to cardioprotection as well as 
cardiac remodeling.

3.1. S1P in cardiac physiology
For more than a decade, S1P has been shown 

to regulate cardiac electrophysiological and contractile 
activity (23, 24). In contrast to the observation in canine 
isolated heart preparation, in which S1P evokes a sinus 
tachycardia (25), in vivo administration of S1P and its 
agonists decreases heart rate and reduces ventricular 
contraction in rodent and human (23, 24, 26, 27). In 
isolated rabbit sinoatrial node cells S1P directly reduces 
the pacemaker activity (28). Similarly, in dissected 
rat atrioventricular nodes S1P agonist FTY720 is 
shown to inhibit atrioventricular node conduction (29). 
The chronotropic effect of S1P is mediated by S1P3 
receptor and the inotropic effect by S1P1 receptor, as 
the bradycardia induced by S1P agonist is abolished 
in S1P3-/-  mice and that selective activation of S1P3 
reduces heart rate, whereas S1P1-specific agonist 
inhibits isoproterenol-induced positive inotropy (24, 26). 
The mechanism by which S1P3 mediates bradycardic 
effect is due to the activation of cardiac G protein-
gated potassium channel IKACh (30, 31). The S1P1-
mediated negative inotropic response is associated 
with inhibition of cAMP in cardiomyocytes (26), which 
reduces cAMP-mediated increases in L-type calcium 
channel current. In addition, Gi-mediated activation of 
IKACh may partially contribute to the negative inotropy 
following S1P activation of S1P1 (32), since the resulting 
outward K+  current increases the rate of repolarization 
and shortens  the action potential duration, causing a 
concurrent decrease in Ca2+ current (33).

It should be noted that S1P receptor-mediated 
effects on heart rate exhibit species-specific differences. 

Although S1P3, not S1P1, mediates a bradycardic effect 
in rodent (24, 26, 34), selective activation of S1P1 can also 
induces a rapid and transient bradycardia in humans (35). 
S1P1 agonist-induced bradycardic response in 
human myocytes can be explained by the activation of 
G-protein-coupled inwardly rectifying potassium (GIRK) 
channels  (35). Apparently, S1P signaling is involved 
in the regulation of cardiac physiology, which mainly 
involves S1P1 and S1P3 receptors. S1P2 KO mice 
do not show changes in cardiac function and blood 
pressure (36), indicating that S1P2 may play a minor 
role in cardiac function. These findings are helpful to 
understand the cardiac side effects of clinically approved 
S1P agonists. Details about the exact physiological role 
of S1P signaling pathway in normal cardiac function 
requires further investigation.

3.2. S1P in cardioprotection
It has been shown that S1P protects the 

cardiomycytes from hypoxic injury in cell culture. Pre-
incubation of the cells with S1P prevents the hypoxia-
induced cell death in neonatal rat cardiomyocytes (37). 
Moreover, inhibition of SPHK activity produces cell death 
and that exogenous S1P rescues the cell death induced 
by SPHK inhibition, suggesting a cardioprotective role 
of S1P (37, 38). S1P-ellicited cardioprotective action 
is later found mediated by S1P1 receptor (38-40). 
Recently, it has been found that High-Density Lipoprotein 
(HDL), a major carrier of  S1P  in the serum  (41), 
protects mouse cardiomyocytes against injury induced 
by hypoxia-reoxygenation. This protective effect by 
HDL is dependent on both  S1P1 and  S1P3 subtype 
receptors  (42). S1P agonist FTY720 also protects the 
cultured cardiomyocytes from hypoxic damage (43, 44). 
In addition to exogenous S1P or agonist, endogenous 
S1P also renders protective effect in cardiomyocytes. For 
example, production and accumulation of S1P is required 
in insulin-induced protection of rat cardiomyocytes 
against apoptosis induced by hypoxia-reoxygenaion (45).

In isolated and perfused heart, pretreatment 
with S1P significantly enhances the recovery of cardiac 
function after ischemia (46, 47). Similarly, S1P agonist 
FTY720 reduces the arrhythmic events associated with 
ischemia/reperfusion injury (48). Interestingly, in ex vivo 
rat heart antagonists of S1P1 and S1P3 receptors abolish 
the protective effect of ischemic preconditioning against 
ischemia/reperfusion injury, suggesting that S1P is an 
important endogenous cardioprotective factor released 
by ischemic preconditioning (49). This viewpoint is further 
supported by the observation that plasma levels of long-
chain sphingoid base are dramatically increased following 
transient cardiac ischemia in humans(44, 50, 51) and 
that the protective effect of ischemic preconditioning 
and postconditoning against ischemia/reperfusion is 
abolished in SPHK1-null mice (52, 53). Further, inhibition 
of S1P lyase, an enzyme to degrade S1P, increases S1P 
levels and protects against ischemia/reperfusion injury 
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in ex vivo heart (54), additionally supporting the cardiac 
protective role of S1P.

In addition to the findings that SHPK1 is 
cardioprotective, recent studies have revealed that 
SPHK2 also protects against ischemia/reperfusion 
injury in heart (55, 56). SPHK2 knockout sensitizes 
mouse myocardium to ischemia/reoxygenation injury 
and diminishes the responsiveness to ischemic 
preconditioning (55). Unlike SPHK1-generated S1P, 
which acts in paracrine and autocrine manners via its 
receptors, SPHK2-produced S1P acts intracellularly as 
a second messenger. A  deficiency in SPHK2 is shown 
to reduce mitochondrial S1P content, leading to a 
mismatch of the respiratory chain responsible for a defect 
in mitochondrial respiration as well as dysregulation of 
permeability transition pore (PTP). It is suggested that 
mitochondrial S1P produced by SPHK2 is the required 
downstream of SPHK1-activated signaling pathways for 
PTP-dependent preconditioning protection (56).

As pretreatment of the heart or cardiomyocytes 
with S1P has been shown to prevent cardiac injury, 
administration of the S1P or S1P agonists after ischemia 
during reperfusion can also effectively improves 
functional recovery in isolated and perfused rat heart, 
demonstrating the feasibility of pharmacologic S1P 
receptor modulation for treatment during reperfusion 
after myocardial ischemia (57, 58). While S1P has been 
shown to be cardioprotective, one study raises a concern 
that S1P and S1P1 agonist at a larger dose exacerbate 
reperfusion arrhythmias, although S1P improves 
recovery of left ventricular function and reduces infarct 
size in isolated and perfused rat heart (59). Given that 
selective agonists of S1P receptors are in clinical trial for 
various indications, the findings from this study suggest 
that extreme caution is warranted, especially in patients 
at risk for episodes of myocardial ischemia.

In vivo studies using S1P agonist FTY720 
show different results in cardioprotection. In contrast 
to its cardioprotective effect in the in vitro and ex vivo 
experiments, an in vivo study using a myocardial 
ischemic rat model shows that FTY720 does not reduce 
infarct size when given before or after reperfusion, 
although it attenuates granulocyte infiltration and tumor 
necrosis factor (TNF)-α protein expression in reperfused 
myocardium. FTY720 even increases mortality due to 
induction of fatal ventricular tachyarrhythmias when 
administered once before reperfusion, but protects 
against reperfusion arrhythmias when given 24  h prior 
to ischemia  without reducing infarct size (60). The 
discrepancy between the cardiac effects of FTY720 from 
the in vivo and ex vivo experiments is probably due to 
the systemic vs. local effect of the compound. One of 
the possible reasons may be the immuno-modulating 
property of FTY720 that reduces T-cell population in 
the blood (60). Induction of T-cell lymphopenia might be 

unfavourable, because there are particular subsets of 
T-cells that may favorably modulate the immune response 
in ischemia–reperfusion (60). It has been shown that 
depletion of regulatory T cells augments postischemic 
activation of resident and invading inflammatory cells, 
which results in production of deleterious cytokines and 
reduction of protective cytokines in ischemia-reperfusion 
injuries (60-62). Thus, interaction between systemic 
and local effects needs to be taken into account when 
assessing the effect of S1P agonist.

Failing to show cardioprotection by FTY720 in 
the above study does not exclude the protective role of 
S1P in myocardial ischemic injury in vivo. In a rat model 
of myocardial infarction the plasma levels of S1P are 
significantly decreased, but the plasma levels of ceramide 
significantly increased after myocardial infarction  (63). 
Moreover, there is a dramatic reduction in S1P level and 
increase in the ceramide level in the uninfarcted area 
of the left ventricle after myocardial infarction (64). It is 
believed that the alteration of S1P/ceramide ratio may 
be responsible for apoptosis of the cardiomyocytes from 
the uninfarcted area of the myocardium (63, 64). Indeed, 
overexpression of SPHK1 to rescue the decreased 
production of S1P in the heart reduces the infarct size 
and preserves the cardiac function (65). Furthermore, 
inhibition of S1P lyase to increase the plasma level of S1P 
also reduces the infarct size and enhances the recovery 
of cardiac function in vivo (66), which is consistent with 
the results from the study using ex vivo heart (54). 
Inhibition of S1P lyase to increase the plasma level of 
S1P is accompanied by increased number of bone 
marrow-derived stem cells in the circulation, indicating 
that S1P-induced mobilization of bone marrow-derived 
stem cells may also contribute to the protective effect 
of S1P (66). Contrary to the previous study showing no 
cardioprotective effect of FTY720 in vivo, a more recent 
study, however, demonstrated that post-conditioning with 
FTY720 reduces infarct volume and improves short-term 
and long-term hemodynamic outcome (67). The possible 
explanations for these contradictory results compared 
with the previous study are differences in surgical 
procedures (i.e. open- vs. closed-chest model), species 
(rat vs. mouse) and dose of FTY720  (0.5. mg kg-1  vs. 
1 mg kg-1) (67).

Using S1P2-null and/or S1P3-null mice (S1P1-
null mice are embryonic lethal), it is shown that mice 
lacking either S1P2 or S1P3 receptor and subjected to 
1-h coronary occlusion followed by 2  h of reperfusion 
develop infarcts equivalent to those of wild-type mice, 
whereas in S1P2 & 3 receptor double-knockout mice, 
infarct size following ischemia/reperfusion is increased 
by >50%, suggesting that S1P2 and S1P3 receptors 
plays a significant role in protecting cardiomyocytes 
from ischemia/reperfusion damage in vivo (68). In 
addition, in a mouse model of ischemia/reperfusion, 
post-conditioning with S1P significantly reduces the 
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infarct size and improves cardiac function, which 
is shown to be S1P3 receptor-dependent, as the 
protective effect of S1P is absent in S1P3 knockout 
mice (69). Moreover, reconstituted (synthetic) HDL 
(rHDL) that is artificially added with S1P significantly 
potentiates the cardioprotective effect of rHDL and that 
the protective effect of rHDL appears to target directly 
the cardiomyocyte (70). S1P signaling is also shown to 
mediate the cardioprotective effect of adiponectin, as an 
antagonist of S1P1/3 abolishes the protective effect of 
adiponectin against the ischemia/reperfusion injury in 
mouse heart in vivo (71). Consistent with the reports that 
deletion of SPHK1 gene abolishes the cardioprotection 
of preconditioning, enhancing SPHK1 activity in SPHK1-
transgenic mice protects the heart against ischemia/
reperfusion (72). Collectively, results from studies using 
cultured cells, isolated and perfused heart, and in vivo 
models have demonstrated that S1P is a cardioprotective 
mediator in ischemia/reperfusion injury.

3.3. S1P in cardiac remodeling
Cardiac remodeling is the change of heart 

structure to adapt to hemodynamic load (wall tension 
of myocardium) or in response to stress by various 
stimuli (73-75). The goal of cardiac remodeling is to 
reduce the increased wall tension and preserve or 
augment the heart pump function. Exercise, pregnancy, 
and postnatal growth are examples of physiologic 
remodeling, which causes alterations in the dimensions 
and function of the heart in response to physiologic 
stimuli. Cardiac remodeling may occur under pathologic 
conditions such as pressure overload, volume overload, 
following myocardial infarction, and inflammatory or 
idiopathic heart diseases. Pathological hypertrophic 
remodeling, which is initially to compensate and reduce 
ventricular wall stress and temporally preserve cardiac 
pump function, eventually progresses into maladaptive 
alterations and increases the risk of heart failure and 
malignant arrhythmia. The cardiac remodeling usually 
involves an increase in myocardial mass. As S1P 
stimulates cell proliferation and fibrosis (4), it is then 
not surprised that S1P has been implicated in cardiac 
remodeling.

Cardiac hypertrophy is a common type of cardiac 
remodeling that occurs when the heart has experienced 
persistently elevated workload or after myocardial 
infarction. In rat neonatal cardiomyocytes, incubation of 
S1P stimulates the cellular hypertrophy as shown by an 
increase in cell size, which is blocked by inhibiting S1P1 
receptor (76). In vivo studies also show the involvement of 
S1P in cardiac hypertrophy. Patients with Fabry disease 
that exhibits left-ventricular hypertrophy have increased 
levels of plasma S1P and that there is a positive correlation 
between plasma S1P level and left-ventricular mass 
index (77). These observations in patients with Fabry 
disease lead a hypothesis that S1P plays a potential role 
in cardiac remodeling in these patients, and thereafter, 

an animal experiment that shows infusion of S1P induces 
cardiac hypertrophy without a hypertension in normal 
mice (77). However, in mice with established cardiac 
hypertrophy induced by aortic constriction, S1P agonist 
FTY720 reduces the ventricular mass, ameliorated 
fibrosis, and improves cardiac performance  (78). It 
seems that S1P produces beneficial effects in disease 
models of cardiac hypertrophy, although induces cardiac 
hypertrophy in normal condition. S1P1 receptor has 
also been shown to mediate an improvement of cardiac 
function after myocardial infarction with increased end-
diastolic diameter in rats (79). This study shows that 
left ventricle ejection fraction is dramatically decreased 
and end-diastolic diameter increased eight weeks after 
experimental myocardial infarction. However, at the eighth 
week after myocardial infarction, overexpression of S1P1 
receptor in the heart by adenovirus infection significantly 
increases the wall thickness and mass of left ventricle, 
and decreases the left ventricular systolic and diastolic 
internal diameters, which is accompanied by increase of 
left ventricular systolic pressure and decrease of end-
diastolic pressure compared with controls 12  weeks 
after the overexpression of S1P1 receptor by adenovirus 
infection. These results indicate that S1PR1 gene 
therapy induces a compensatory hypertrophic response 
able to counteract left ventricular dilation after myocardial 
infarction.

Cardiac remodeling is often accompanied 
by changes in the extracellular matrix (ECM), ECM 
remodeling and fibrosis (73-75, 80). Cardiac fibroblasts 
make up >50% of the total heart cells and provide a 
pivotal contribution to cardiac remodeling (80-82). It has 
been shown that cardiac fibroblasts express S1P1-3 
receptors and that the levels of these receptors in 
cultured cardiac fibroblasts are significantly altered after 
stimulation by the factors associated with remodeling 
such as transforming growth factor (TGF)-β1, TNF-α, 
and platelet-derived growth factor  (83). Furthermore, 
in cultured cardiac fibroblasts, TGF-β stimulates 
S1P production via SPHK1 and that S1P increases 
collagen expression via S1P2 receptor; TGF-β-
stimulated collagen production is blocked by the 
inhibition of SPHK1 or S1P2, demonstrating that S1P 
is a critical mediator in TGF-β-induced fibrogenic effect 
in cardiac fibroblasts (84). The role of S1P in TGF-
β-induced fibrogenic effect in cardiac fibroblasts is 
further supported by a study showing that apelin, an 
adipocyte-derived cardioprotective factor, prevents 
TGF-β-stimulated activation of cardiac fibroblasts and 
collagen accumulation through inhibiting SPHK1  (85). 
Another study demonstrates that relaxin, a peptide 
hormone that stimulates the turnover of ECM, increases 
S1P formation, whereas inhibition of SPHK prevents 
the effects of relaxin on ECM remodeling and cell 
differentiation in cultured mouse cardiac muscle cells 
and rat cardiomyoblasts, suggesting that S1P signaling 
may participate in the ECM remodeling (86). S1P is also 
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shown to stimulate cardiac fibroblast proliferation and 
migration via S1P3 receptor in vitro (87). Consistently, 
in vivo activation of S1P signaling by overexpression 
of SPHK1 in SPHK1-transgenic mice produces 
myocardial degeneration and fibrosis, which is inhibited 
by deletion of S1P3 gene in SPHK1-transgenic mice, 
suggesting that S1P may cause cardiac fibrosis via 
S1P3 receptor (72). Overall, although S1P signaling is 
cardioprotective against ischemia/reperfusion injury, it 
may promote cardiac remodeling in the chronic course. 
Major cardiac effects of S1P are summarized in Table 2.

4. S1P SIGNALING IN VASCULATURE

Regulation of vascular function by S1P signaling 
has been well recognized (88-91). S1P receptors are 
present in vasculature with different expression patterns 
in different cells. S1P1 and S1P3 are predominant S1P 
receptors expressed in endothelial cells, whereas S1P1, 
S1P2 and S1P3 receptors are present in vascular smooth 
muscle cells, and that S1P4 and S1P5 receptors are not 
detectable in the vascular system (89, 92). S1P induces 
different effects on vasculature, depending on the relative 
levels of dominant receptor subtypes in endothelial or 
smooth muscle cells and the accessibility of S1P to the 
receptors.

4.1. S1P in vascular tone
S1P1 or S1P3 receptor on the endothelium 

mediates a vasodilator effect through eNOS activation 

and NO production, whereas S1P2 or S1P3 receptor 
on the vascular smooth muscle cells mediates a 
vasoconstrictor effect (88-91). S1P-induced effects on 
vascular tone differ in different vascular beds. Using 
a wire myograph system, a preparation allows S1P 
to simultaneously access both endothelial cells and 
vascular smooth muscle cells, studies show that S1P 
constricts mesenteric, renal, cerebral, basilar and 
placental arteries. In large conduit arteries, such as 
aortas, S1P dilates the preconstricted vessels. Even 
within the same organ, S1P shows different effects in 
different segments of the vessels. In renal glomerular 
arterioles, S1P evokes concentration-dependent 
vasoconstriction in afferent arterioles, whereas it has no 
effect in efferent arterioles in an in vitro blood-perfused 
juxtamedullary nephron preparation (93). The different 
effects of S1P in different vascular beds are likely caused 
by the tissue-specific actions of different S1P receptors. 
For example, activation of S1P3 but not S1P2 produces 
constriction in cerebral arteries, whereas activation 
of S1P2 but not S1P3 induces vasoconstriction in the 
pulmonary vasculature. In addition to its effects in 
vessels, S1P signaling in penile cavernous tissue has 
recently been associated with erectile dysfunction in 
a rat model (94). Erectile dysfunction may be linked 
to a decrease of S1P1 and an increase of S1P2-3 in 
cavernous tissue that lead to a downregulation of NO 
pathway and upregulation of the RhoA/Rho kinase 
pathway.

S1P has also been shown to be a mediator of 
some vascular stimuli. For example, vascular endothelial 
growth factor, H2O2 and statins have all been shown 
to regulate vascular tone via activation of S1P/S1P1 
signaling (90); anandamide induces vessel relaxation 
via a mechanism requiring SPHK1 and S1P/S1P3 (91); 
and hypoxic pulmonary vasoconstriction is dependent on 
SPHK1 and S1P/S1P2/4 signaling (95). Therefore, S1P 
is suggested as an important regulator of vascular tone 
(Figure 2).

Table 2. Summary of major cardiac effects of S1P
Cardiac physiology Cardioprotection Cardiac remodeling

Negative inotropy 
(S1P1 mediated)

S1P1, 2 & 3 are 
involved

Hypertrophy (S1P1)

Negative chronotropy 
(S1P1 in human; 
S1P3 in rodent)

Both SPHK1 and 
SPHK2 are required

Fibrosis (S1P2, 3)

Figure 2. Role of S1P signaling in vascular tone. S1P1 & 3 receptors on endothelial cells mediate a vasodilator effect, whereas S1P2 & 3 on vascular 
smooth muscle cells (VSMCs) mediate a vasoconstrictor effect.
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4.2. S1P in endothelial permeability and 
vascular tone

S1P produces vasorelaxation via actions in 
endothelial cells and vasoconstriction in smooth muscle 
cells. What determines its overall effect on vascular 
tone? A novel mechanism for regulation of arterial 
vascular tone by control of endothelial permeability has 
been recently proposed (88). S1P signaling may regulate 
the endothelial permeability to control the access of 
circulating vasoconstrictors, including S1P, to vascular 
smooth muscle cells, which provides new insight into 
how S1P regulates vascular tone (88). Plasma contains 
a relatively high level of S1P compared with solid tissues 
and that there is a significant S1P concentration gradient 
between plasma and interstitial fluid (96). Therefore, 
control of the access of plasma S1P to vascular smooth 
muscle cells may play a more significant role than the 
local production of S1P in vascular smooth muscle cells 
in the regulation of vascular tone.

S1P is known to enhance endothelial barrier 
function at a low level via S1P1 and weaken endothelial 
barrier at a high level via S1P3 (Figure. 3). It has been 
suggested that S1P dynamically regulates barrier function 
as a means of controlling vascular tone at a dynamic 
range (88). Under physiological conditions, the levels of 
S1P in circulation maintain a relatively tight endothelial 
barrier, which prevents the access of circulating 
vasoconstrictors to the underlying vascular smooth 
muscle cells. Under pathophysiological conditions, such 
as inflammation, an increases of S1P level in plasma and/
or endothelia or the changes of S1P receptor expressions 
could lead to an enhanced vascular permeability 
through S1P3-mediated signaling that overrides S1P1-
mediated signaling, allowing the access of circulating 
vasoconstrictors to the underlying vascular smooth 
muscle cells. Thus, the vasodilator and vasoconstrictor 
effects of S1P signaling may be switched by its actions on 
endothelial permeability under different conditions (88).

4.3. S1P in atherosclerosis
It is well known that high-density lipoprotein 

(HDL) exerts anti-atherosclerotic effects. Recently, it has 
been recognized that the atheroprotective effect of HDL is 

mediated by S1P bound to HDL (97), as HDL that does not 
contain S1P has no protective effect and that deficiency 
of S1P receptors abolishes the beneficial effect of HDL. 
About 55% and 35% of S1P in plasma binds to HDL and 
albumin, respectively. HDL-bound S1P but not albumin-
bond S1P shows protective effects, whereas albumin 
may serve as a reservoir and a molecular trap for S1P, 
preventing the over-stimulation of S1P receptors. S1P 
binding to and released from different proteins may be 
regulated differently. For example, HDL-associated S1P 
exhibits a half-life that is four-fold longer than albumin-
bound S1P (97). Nevertheless, studies using HDL have 
revealed an important role of S1P in atherosclerosis.

The S1P levels in blood have been linked to 
coronary artery disease (CAD). Higher levels of S1P in 
serum have been reported in subjects with CAD and that 
S1P levels are closely correlated with severity of CAD. 
However, plasma levels of HDL-bound S1P are reversely 
correlated to CAD, whereas the levels of non-HDL-bound 
S1P increase proportionally with the severity of CAD. 
In general, the partitioning of S1P into HDL and non-
HDL pool may be associated with CAD and that HDL-
associated S1P has been shown to be beneficial. The 
atheroprotective role of S1P is also supported by studies 
that manipulate S1P levels by targeting S1P metabolic 
enzymes. SPHK1 inhibitor that significantly reduced 
plasma S1P levels increases atherosclerotic lesions 
in LDL receptor KO mice (98), whereas deficiency of 
S1P lyase, an enzyme that degrades S1P, decreases 
atherosclerotic lesion in LDL receptor KO Mice (99).

In addition to the above evidence that 
endogenous S1P may be involved in atherosclerosis, 
treatments using S1P agonists have also shown that 
S1P is protective against atherosclerosis. S1P agonists 
FTY720 and KRP-203 dramatically attenuate the 
development of atherosclerosis in ApoE KO mice and 
LDL receptor KO mice (97). FTY720 has also been 
shown to improve the coronary dysfunction and restore 
the reduced coronary flow reserve in diabetic rats (100).

Although S1P is generally atheroprotective, 
however, different S1P receptors induce different effects 

Figure 3. Role of S1P signaling in endothelial barrier. A low level of S1P produces a tight endothelial barrier via S1P1 receptor on endothelial cells (EC), 
but a high level of S1P induces a loose barrier via S1P3 receptor on ECs.
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on atherosclerosis. It has been shown that S1P1 or S1P3 
on endothelial cells mediates an anti-atherosclerotic 
effect via stimulation of endothelial nitric oxide synthase 
(eNOS) and inhibition of the expression of adhesion 
molecule and monocyte chemoattractant peptide-1, 
whereas S1P2 mediates a pro-atherosclerotic effect, 
as deletion of S1P2 in ApoE-KO mice results in less 
atherosclerotic lesion  (101). The pro-atherogenic effect 
by S1P2 is attributed to the actions of S1P2 expressed on 
macrophages. S1P2 on smooth muscle cells, however, 
mediates contrary effects, which inhibit migration and 
suppress growth in arterial smooth muscle cells (97). 
Similarly, S1P3 on vessel shows anti-atherogenic effect, 
whereas S1P3 on macrophages shows pro-atherogenic 
effects (97). Both S1P2 and S1P3 may play opposing roles 
in the atherosclerosis depending on the site of expression. 
S1P1 KO is embryonic lethal, which limits the use of 
S1P1 KO model for studying its role in atherogenesis. 
However, studies using selective S1P1 agonist suggest 
that S1P1 signaling mediates the atheroprotective effects 
of S1P in vivo (97). Figure 4 briefly illustrates the role of 
S1P signaling in atherosclerosis.

5. S1P SIGNALING IN BLOOD PRESSURE

5.1. S1P regulation of vascular tone and blood 
pressure

The significant role of S1P signaling pathway 
in vascular tone may contribute to the regulation of 
blood pressure. Indeed, analysis of gene interaction 
network in human population suggests that sphingolipid 
metabolic network are highly involved in the regulation 
of blood pressure (102) and that genetics of ceramide/
S1P rheostat may be involved in hypertension (103), 
supporting the potential role of S1P signaling in the 
regulation of blood pressure. It has been shown that 
administration of S1P and its agonist produces a transit 
reduction of blood pressure initially and a mild increase 
in blood pressure after a long-term use in both animal 
and human studies (104). The initial decrease in blood 
pressure is likely due to S1P1/S1P3-dependent activation 
of eNOS, whereas later increase in blood pressure is 
probably related to down-regulation of S1P1 receptors 
on endothelial cells, which reduces S1P1-dependent 

eNOS activation and shifts the balance of S1P effects to 
favor S1P2- and/or S1P3-mediated signaling in vascular 
smooth muscle cells, leading to vasoconstriction (104). 
A transient decrease in heart rate may also contribute to 
the transient reduction of blood pressure (104). Although 
the effects of exogenous S1P or its agonist on blood 
pressure are mild and clinically insignificant, studies have 
revealed a significant role of endogenous S1P pathway in 
blood pressure regulation.

A recent study has demonstrated that S1P-
S1P1-eNOS signaling  plays a critical role in the 
regulation of blood pressure and in the development of 
hypertension, probably via actions in vasculature (105). 
Nogo-B is a membrane protein of the endoplasmic 
reticulum that negatively controls endothelial S1P 
levels via inhibiting serine palmitoyltransferase, a rate-
limiting enzyme of the de novo sphingolipid biosynthetic 
pathway. Mice lacking Nogo-B either systemically or 
specifically in endothelial cells are hypotensive and 
resistant to angiotensin II-induced hypertension, which is 
accompanied by upregulated eNOS activation and NO 
production. Antagonist of S1P1, but not S1P2 or S1P3 
reverses the enhanced vasodilation in Nogo-B-null mice. 
Moreover, the selective S1P1 agonist normalizes blood 
pressure in angiotensin II-induced hypertension. These 
results suggest that S1P-S1P1-mediated signaling 
in endothelia plays a critical role in the regulation of 
blood pressure in both physiological and hypertensive 
conditions and that it may participate in the pathogenesis 
of hypertension.

The above study demonstrates a protective 
role of S1P signaling against angiotensin II-induced 
hypertension. However, other study has shown a 
controversial result, in which genetic deletion of SPHK1 
attenuates the transmembrane Ca2+ influx in vascular 
smooth muscle cells and significantly inhibits both 
the acute hypertensive response to angiotensin II in 
anaesthetized mice and the sustained hypertensive 
response to continuous infusion of angiotensin II in 
conscious mice, indicating that S1P produced by 
SPHK1 may have a pro-hypertensive role (106). More 
puzzling, another study also using SPHK1 knock mice 

Figure 4. Role of S1P signaling in atherosclerosis. S1P mainly induces an atheroprotective effect via S1P1 receptor on endothelial and hematopoietic 
cells and S1P2 & 3 on VSMCs, although S1P2&3 receptors on macrophages have been shown to mediate a pro-atherosclerotic effect.
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and angiotensin II-induced hypertension does not 
observe any difference in blood pressure between wild 
type and SPHK1 knock mice (107). These discrepancies 
are probably due to the different experiment conditions 
or the distinct roles of different enzymes manipulating 
S1P production, adding more complexity to the role of 
S1P signaling in the control of blood pressure. As S1P 
signaling induces both vasodilation and vasoconstriction, 
it is possible that S1P produces opposite effects under 
certain circumstances. Although there is no doubt that 
S1P signaling may play a critical role in the regulation 
of blood pressure, reports on this topic are currently 
very limited, comparing to the numerous studies in 
vasculature. Apparently, more investigations are required 
to clarify the role of S1P signaling in the control of blood 
pressure and in the pathogenesis of hypertension.

5.2. S1P regulation of renal sodium excretion 
and blood pressure

S1P1, S1P2 and S1P3 receptors are present 
in the kidneys (108). SPHKs are also detected in 
the kidneys (13, 109, 110). Acute infusion of S1P 
intravenously or into renal artery transiently reduces 
renal blood flow without altering blood pressure and 
endogenous creatinine clearance (111-113). Despite 
a reduction in renal blood flow S1P causes dramatic 
increase in urine flow and sodium excretion, indicating 
a tubular effect of S1P on sodium excretion (112, 113). 
Our lab has recently determined the effect of S1P on 
urinary Na+ excretion in anesthetized rats (114). Our 
results show that S1P1-3 receptors are most abundantly 

expressed in the renal medulla and predominantly located 
in collecting ducts. Infusion of S1P agonist FTY720 into 
the renal medulla produces a substantial increase in 
urinary Na+ excretion and a small increase in medullary 
blood flow, also suggesting that S1P-induced natriuretic 
effect is mainly through its tubular action. Although S1P 
has been shown to stimulate the production of nitric 
oxide, our results indicate that S1P-induced natriuresis 
is NO-independent. Our results also show that the 
tubular effect of S1P agonist may be through inhibition of 
epithelial sodium channel (ENaC) activity, as S1P agonist 
in combination with different Na+ transport inhibitors 
produces additive natriuretic effect except amiloride, an 
inhibitor of ENaC. It is suggested that S1P targets ENaC 
to inhibit Na+ reabsorption.

Our recent results have further demonstrated 
that the natriuretic effect of S1P is through the activation 
of S1P1, as the antagonist of S1P1 abolishes the effect 
of S1P agonist, while the antagonist of S1P2 or S1P3 has 
no effect. Additionally, S1P1 antagonist alone significantly 
reduces the urinary Na+ excretion, suggesting that 
endogenous S1P plays an important role in the regulation 
of Na+ excretion, whereas S1P2 or S1P3 antagonist 
alone has no effect on urinary Na+ excretion. Our findings 
that S1P produces natriuretic effect by inhibiting ENaC 
activity via S1P1 receptor are consistent with the facts 
that natriuretic effect of S1P is blocked by pertussis toxin, 
a Gi protein inhibitor, and that activation of Gi signaling 
reduces cAMP levels (115, 116). It is well known that 
cAMP stimulates ENaC activity (117). S1P1-mediated 

Figure  5. Role of S1P signaling in blood pressure. S1P1&3-mediated vasodilation reduces blood pressure (BP), whereas S1P2&3-mediated 
vasoconstriction increases BP. Strong natriuretic effect of S1P via S1P1 on renal tubules may contribute to the long-term control of blood pressure.
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activation of Gi protein (11, 12) would inhibit ENaC 
activity via reducing cAMP levels. Given the essential 
role of the kidneys in the control of blood pressure via 
regulating sodium balance, it is very possible that renal 
S1P pathway importantly participates in the regulation 
of blood pressure, especially the salt-sensitivity of 
blood pressure, and may be potentially involved in the 
mechanism of hypertension. This notion is supported by 
the finding that S1P1 is a candidate gene for salt sensitive 
hypertension in the spontaneous hypertensive stroke 
prone rats (SHRSPs), as renal S1P1 is significantly 
reduced from salt-loaded SHRSPs (118). Detailed role 
of S1P1-mediated natriuretic effect in the regulation of 
blood pressure requires further investigations.

Taken together, studies have shown strong 
effects of S1P on vascular functions and renal sodium 
excretion, and changes of blood pressure in mice with 
deletion of genes that are related to S1P signaling, though 
controversial. These reports suggest a significant role of 
S1P signaling in the control of blood pressure (Figure 5), 
and maybe, in the mechanisms of hypertension. Currently, 
our knowledge about the role of S1P signaling in the control 
of blood pressure is still very limited. More investigations 
on this important topic are required in the future.

6. CONCLUSION

Evidently, S1P signaling is critically involved 
in cardiovascular function and pathogenesis of various 
cardiovascular diseases. Manipulation of S1P signaling 
may offer novel therapeutic approaches to cardiovascular 
diseases. This review focuses on the direct effects of S1P 
on cardiovascular system. The actions of S1P signaling 
appear complicated and target a large variety of organ 
systems. Therefore, interactions among the effects of 
S1P in different systems may exist. For example, S1P 
signaling has been shown to play an important role in 
immune system. The regulatory role of S1P in immune 
and inflammation may also affect cardiovascular 
functions. As evidence has indicated that there are 
differences between the local and systemic effects of 
S1P on cardiovascular system, the overall effects of 
pharmacological interferences with S1P signaling on 
specific cardiovascular diseases remain to be clarified. 
Nevertheless, applications of S1P-based drugs for 
cardiovascular diseases should be attractive, especially 
as FDA has approved FTY720 for the treatment of 
relapsing multiple sclerosis and that several other S1P 
receptor modulators and SPHK inhibitors are under 
clinical trials for the treatment of different diseases. The 
approved clinical use of these S1P-based drugs may 
expedite the test and implementation of these drugs in 
cardiovascular diseases. On the other hand, due to the 
significant role of S1P signaling in cardiovascular system, 
the potential cardiovascular problems of S1P-based 
therapy need to be considered for the use of such drugs 
to treat diseases of other systems.
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