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Emerging roles of sphingosylphosphorylcholine in modulating
cardiovascular functions and diseases
Di Ge1,2, Hong-wei Yue2, Hong-hong Liu2 and Jing Zhao2

Sphingosylphosphorylcholine (SPC) is a bioactive sphingolipid in blood plasma that is metabolized from the hydrolysis of the
membrane sphingolipid. SPC maintains low levels in the circulation under normal conditions, which makes studying its origin and
action difficult. In recent years, however, it has been revealed that SPC may act as a first messenger through G protein-coupled
receptors (S1P1-5, GPR12) or membrane lipid rafts, or as a second messenger mediating intracellular Ca2+ release in diverse human
organ systems. SPC is a constituent of lipoproteins, and the activation of platelets promotes the release of SPC into blood, both
implying a certain effect of SPC in modulating the pathological process of the heart and vessels. A line of evidence indeed confirms
that SPC exerts a pronounced influence on the cardiovascular system through modulation of the functions of myocytes, vein
endothelial cells, as well as vascular smooth muscle cells. In this review we summarize the current knowledge of the potential roles
of SPC in the development of cardiovascular diseases and discuss the possible underlying mechanisms.
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INTRODUCTION
Sphingosylphosphorylcholine (SPC) is a naturally occurring
bioactive sphingolipid that shares a similar structure and function
with ceramide, sphingosine-1-phosphate (S1P), and lysosphingo-
lipids. It is composed of a long-chain sphingosine and phosphor-
ylcholine. SPC is either metabolized from sphingomyelin or
produced by platelets under the effect of stimulation [1, 2]. Under
normal conditions, the level of SPC in the circulation is very low
(50 nM in plasma, 130 nM in serum) [3]. Certain amounts of SPC
exist as a component of lipoproteins, such as high-density
lipoprotein (HDL) and low-density lipoprotein (LDL) [4]. Similar
to other bioactive sphingolipids, SPC is engaged in numerous
cellular processes, such as cell differentiation [5, 6], proliferation
[7], and apoptosis [8].
Cardiovascular disease includes a class of diseases that involve

the heart, blood vessels, or both. It is the leading cause of death
worldwide. Clarifying the pathogenic mechanisms and searching
for effective drugs have great significance in relieving the burden
caused by diseases. Studies have uncovered potential roles of
bioactive sphingolipids in the development of cardiovascular
disease. For example, ceramide was found to be involved in the
induction of cardiac dysfunction after ischemia/reperfusion [9]. On
the other hand, the ceramide derivative S1P has been shown to
exert a potent cardioprotective action and an anti-atherosclerosis
effect [10]. The function of SPC in diverse human organ systems
and human diseases has acquired increasing attention in recent
years. Studies in the past decade have identified SPC as an
important factor involved in several major human diseases, such

as subarachnoid hemorrhage [11], atopic dermatitis [12],
Niemann-Pick disease [1], and malicious tumor [13]. HDL is a
well-known beneficial factor that can inhibit atherosclerosis. As a
component of HDL, SPC may also possess an anti-atherosclerosis
effect. The release of SPC in the circulation during coagulation by
platelet activation implies a certain effect of SPC in modulating the
pathological process of the vasculature and heart. In this review,
we summarize the role of SPC in the development of cardiovas-
cular diseases and discuss the possible underlying mechanisms.

MECHANISM OF ACTION OF SPC
SPC may work as an endogenous second messenger
Early findings suggested that SPC was principally an endogenous
second messenger mediating Ca2+ release through targeting
intracellular proteins. To date, however, little progress has been
made in the identification of the intracellular target proteins of
SPC. SPC is a popular Ca2+ inducer in a variety of cell types. In
addition to the classic inositol trisphosphate receptor signaling
pathway, SPC can affect the kinetic properties and function of the
ryanodine receptor (RyR) protein in skeletal muscle cells and
cardiac myocytes [14–16]. SPC binds directly to the cytoplasmic
side of the RyR protein in a location in or near the membrane
dielectric, but distinct from cytoplasmic Ca2+ binding sites, thus
modulating its gating kinetics. SPC was recognized as an inhibitor
of calmodulin (CaM), a Ca2+ binding protein that can modulate
various target proteins such as kinases or enzymes and thus
influence apoptosis, inflammation, muscle contraction, and many
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other crucial cellular processes [17]. The conformation of the SPC/
CaM complex and the modulating mechanism of lipids were
recently characterized by Erika Kovacs et al. [18, 19]. SPC can bind
with CaM and shield the domain associated with target proteins,
thus blocking downstream signal transduction. Since RyRs are also
target proteins of CaM, there exists a negative feedback regulation
of Ca2+CaM on this channel. SPC can promote the activation of
the channel through disruption of the inhibitory complex of Ca2
+CaM/RyRs, leading to Ca2+ release from the inner stores [20]. All
these studies present a novel insight into the lipid–protein
interaction. SPC can be employed as a powerful research tool to
understand the lipid–protein modulation model.

SPC works as a first messenger through G protein-coupled
receptors (GPCRs)
SPC occurs naturally in blood circulation (50 nM in plasma, 130 nM
in serum) [3], most of which exist in the circulation in the HDL-
associated form for the sake of stability [21]. The circulating SPC
profoundly regulates cardiovascular functions [4, 22]. This
suggests that SPC may be able to work as an extracellular agent
to modulate target cell function.
Multiple signal responses to SPC were blocked by pertussis

toxin (PTX), an inhibitor of the αi subunits of the G protein,
indicating the involvement of cell surface GPCRs [10, 23–28]. In
recent decades, several GPCRs have been reported to show high
affinity to SPC, including S1P1, 2, 3 and GPR12 [29]. Through those
receptors, SPC extensively participate in cell signal transduction
and cell function manipulation (Fig. 1). The endothelial differ-
entiation gene (EDG) receptor family consists of five known

members, EDG1–5, which are officially named S1P1–5. S1P1 and
S1P3 are ubiquitously expressed, while S1P5 is abundantly
expressed in the brain and may play a pivotal role in brain
myelination [29]. By coupling to different subtypes of G proteins,
they extensively participate in cell signal transduction and cell
function manipulation. S1P1 is linked to Gi proteins and is capable
of activating enzymes such as phospholipase C (PLC), kinases
including MAPK, ERK, or Akt, and the monomer G protein Rac [30].
S1P3 is linked to Gi, Gq, and G12/13 proteins and displays a
remarkable stimulating effect on PLC activity and Ca2+ increase.
Furthermore, the ERK, Rho, and Rac signaling pathways are also
activated by S1P3 [31]. S1P5 is coupled via Gq/11, Gi, and Gs to PLC
or MAPK activation and adenylate cyclase stimulation [32–34].
GPR12 was found to enhance the Ca2+ increase and stimulate the
G protein-gated inwardly rectifying K+ currents through coupling
to the Gi protein in response to SPC [35].
The identification of GPCRs as the mediating mechanism for

extracellular bioactive lipid function is a remarkable breakthrough
for lipid molecule research. However, this is not precisely the case
with SPC. Even though several GPCRs have been proposed, no
detailed mechanisms have been well characterized due to a lack of
tools that could selectively modify the activity of these receptors.

Possible role of the lipid raft in SPC function
Despite the extensive investigations of GPCRs for SPC, there are
signal transductions that are not sensitive to PTX, indicating other
mechanisms responsible for extracellular SPC function. Kobayashi
et al. proposed the possible role of membrane lipid rafts in the
SPC-induced contraction of vascular smooth muscle cells (VSMCs)
[36]. During their research, they found that the SPC-induced VSMC
contraction effect was not blocked by PTX but was correlated with
cholesterol level. Downregulating the membrane cholesterol of
rabbit and human VSMCs by pretreating them with β-cyclodextrin
greatly impaired the effect of SPC, which suggested a crucial role
of cholesterol in the SPC/Src/RhoA-ROCK/Ca2+ sensitization path-
way. Lipid rafts are membrane microdomains enriched with
cholesterol and sphingolipids. They were recently discovered to
be important membrane components for signal transmission [37,
38]. Depleting cholesterol also destroys this structure; thus, the
lipid raft may participate in the signal transduction of SPC.
Illuminating the specific mechanism requires more research.

SPC IN CARDIOVASCULAR DISEASE
SPC relieves myocardial infarction (MI)
MI is a heart disease with rather high fatality worldwide. It occurs as
a result of coronary artery stenosis and is caused by a lack of oxygen
within cardiac muscles. SPC, an important component of HDL, was
demonstrated to have a beneficial effect in a mouse model of
transient myocardial ischemia/reperfusion [39]. Both pre-ischemic
and post-ischemic intravenously injected SPC could reduce the
infarct size induced by ischemia (30min)/reperfusion (24 h) treat-
ment. Apoptosis and inflammation, two characteristic features of MI,
were inhibited by SPC both in vitro and in vivo. It appears that the
sphingolipid works as a first messenger by acting on a family of
GPCRs [25]. So far, multiple GPCRs have been characterized as the
receptors of S1P1–5 [29]. The cardioprotective effect of SPC was
completely absent in S1P3-deficient mice, implicating that S1P3 has
a pivotal role during this process. SPC may share the receptors with
S1P due to their similarities in chemical structure (Fig. 2). The specific
mechanisms by which SPC modulates apoptosis and inflammation
in myocytes have not been clarified yet.

The role of SPC in human atherosclerosis remains controversial
Atherosclerosis or arteriosclerotic vascular disease is a specific
form of arteriosclerosis in which an artery wall thickens due to the
invasion and accumulation of white blood cells. Thus, inflamma-
tion is a major characteristic of this disease. SPC exists in the

Fig. 1 Schematic diagram depicting SPC’s action as a first
messenger through GPCRs. GPCRs including S1P1, 2, 3, and GPR12
have been reported to show high affinity to SPC. Through coupling
to different subtypes of G proteins, they extensively participate in
cell signal transduction and cell function manipulation. S1P1 is
linked to Gi proteins and activates enzymes such as phospholipase
C (PLC) and kinases including MAPK, ERK Akt, and Rac. S1P3 is linked
to Gi, Gq, and G12/13 proteins and increases PLC activity and Ca2+

concentration. The ERK, Rho, and Rac signaling pathways are also
activated by S1P3. S1P2 is coupled via Gi, Gq/11, and Gs to PLC,
adenylate cyclase activity, and MAPK activation. Through coupling
to the Gi protein, GPR12 can enhance the Ca2+ and stimulate the G
protein-gated inwardly rectifying K+ currents
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circulation either in association with HDL or in a free state released
by platelets under injury. Multiple studies in vitro have shown its
pronounced influence on vessel pathology [40]. However, unlike
S1P, many studies drew conflicting conclusions about the role of
SPC in apoptosis and the inflammation of vessel cells [8, 41]. Thus,
whether SPC is beneficial or detrimental to atherosclerosis remains
undetermined.

FUNCTIONS OF SPC IN THE CARDIOVASCULAR SYSTEM
SPC in the heart
SPC lowered the heart rate. SPC decreased the heart rate in a
concentration-dependent manner in isolated guinea pig hearts
[42]. The normal function of the heart relies on the production and
expansion of action potentials. The abnormal expression and
function of the cell membrane ion channels are the fundamental
pathologies behind several heart diseases. Thus, SPC may influence
the heart rate through modulating ion channels in cardiomyocytes.

SPC controls the ion current in cardiomyocytes. SPC activates K+

channels in a species-dependent manner: SPC activated muscari-
nic receptor-activated inward rectifier K+ current I(K.ACh) in
guinea pig atrial myocytes with an EC50 of 1.5 nM, displaying
similar potency as S1P (EC50, 1.2 nM) [42]. However, the effect of
SPC on I(K.ACh) was species dependent [43]. Distinct from S1P,
SPC failed to elicit the K+ current in mouse and human atrial
myocytes. SPC may modulate the K+ current through GPCRs since

the channel activation was PTX sensitive. However, the specific
GPCRs mediating this process have not been identified.

SPC induces sarcoplasmic reticulum Ca2+ release by binding to
the cytoplasmic side of the RyR protein: SPC was capable of
causing an increase of cytoplasmic Ca2+ levels in bona fide cells
through diverse mechanisms. Ca2+ is a pivotal modulating factor
in cardiodynamics. In isolated cardiac sarcoplasmic reticulum
membranes, 50 μM SPC induced the release of 70–80% of the
accumulated Ca2+ [14]. Further investigation revealed that SPC
bound directly to the cytoplasmic side of the RyR protein in a
location in or near the membrane dielectric, but distinct from
cytoplasmic Ca2+ binding sites and thus modulated its gating
kinetics [15, 16]. Thus, the RyR protein was identified as an
intracellular receptor of SPC. This implies that bioactive lipids can
work not only as a first messenger but also as an intracellular
second messenger.

SPC and sphingosine inhibit Na+ and L-type Ca2+ currents: SPC
was also shown to have a pronounced inhibitory effect on inward
Na+ and L-type Ca2+ currents in rat ventricular myocytes. The
mechanisms of the blocking action were most consistent with an
effect of SPC on channel gating [44].

SPC inhibits the apoptosis and inflammation of cardiomyocytes.
The in vivo investigation confirmed that SPC could relieve the
apoptosis and inflammation of cardiomyocytes during ischemia/
reperfusion injury. Since reports about the modulation of SPC on
heart apoptosis and inflammation are limited, the specific
mechanism remains unclear. In normal neonatal rat cardiac
myocytes, SPC (0.1–10 μM) worked as a mitogen to promote
hypertrophic growth via the activation of a GPCR and the MAPK
signaling cascade [45]. Our lab recently found that SPC protected
cardiomyocytes against apoptosis in response to serum depriva-
tion by inducing mTORC1-dependent autophagy in vitro. Further
investigations showed that this SPC-induced autophagy was
mediated by a lipid raft/PTEN/Akt1 pathway [46]. The function
of SPC on cardiac myocytes under ischemic conditions has not
been further investigated.

SPC in vessels
SPC in blood vessel contraction. In pig coronary arteries, SPC
(1–50 μM) was reported to induce the contraction of the vessel
without [Ca2+]i elevation [47]. Thus, it was proposed that SPC may
cause the contraction effect through Ca2+ sensitization. As Ca2+

sensitization was the major factor leading to vasospasm and
hypertension, clarification of the specific mechanism by which SPC
modulates this process might provide significant and valuable
references for the therapy of vascular vasospasm disease.
Evidence for the involvement of a Rho/Rho-kinase pathway in
the SPC-induced Ca2+ sensitization of vascular smooth muscle
(VSM) contraction has been reported [47, 48]. In primary cultured
porcine coronary VSM and rat aortic VSMCs, the subcellular
localization and kinase activity of Src family protein tyrosine
kinases (SrcPTKs) were influenced by SPC [49]. A digitized
immunocytochemical analysis in VSMCs revealed that SPC
induced the translocation of Fyn, but not c-Src, from the cytosol
to cell membrane. A SrcPTKs inhibitor, PP1, and eicosapentaenoic
acid inhibited the translocation of Rho-kinase from the cytosol to
the cell membrane as well as the subsequent contraction induced
by SPC. Thus, the translocation and activation of SrcPTKs,
including Fyn, played an important role in the Ca2+ sensitization
of VSM contractions, which was mediated by a SPC-Rho-kinase
pathway.
Sphingolipids are widely accepted to exert their functions

through GPCRs. However, according to the studies of Kobayashi
[36], the contractive effect of SPC was not mediated through
GPCRs since it was not abolished by PTX. Thus, there existed

Fig. 2 Schematic of the structure of sphingomyelin, SPC and S1P,
and the potential interaction between them. SPC is originally
generated from sphingomyelin under the catalysis of sphingomye-
lin deacylase. Additionally, SPC can transform into S1P upon the
action of autotoxin. Due to similarities in chemical structure, SPC
and S1P share some cellular actions such as mediating mitogenic
and antiapoptotic responses or modulating Ca2+ signaling. How-
ever, these lipids may also have divergent functions. For example,
HL60 cells and human neutrophils respond only to SPC, not to S1P,
in the generation of superoxide anions. Novel functions of SPC in
regulating cardiomyocyte apoptosis, autophagy, and the differentia-
tion of cardiac stem cells have also been reported recently. Thus,
SPC and S1P are both structurally and functionally related but have
unique roles under physical or pathological conditions
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another mechanism mediating the signal transduction of SPC. This
was the strong linkage between cholesterol and the Ca2+

sensitization of VSM mediated by a novel SPC/SrcPTK/Rho-kinase
pathway in both humans and rabbits [36, 50]. The extent of Ca2+

sensitization correlated well with total cholesterol or LDL
cholesterol levels in serum. However, an inverse correlation with
the serum level of HDL cholesterol was observed. The depletion of
primary cultured VSM cholesterol by β-cyclodextrin resulted in the
inhibition of SPC-induced Ca2+ sensitization and vasocontraction.
All of this evidence confirmed the role of cholesterol in SPC signal
transduction. However, the specific mechanism has not been
clarified yet. β-Cyclodextrin resulted in a loss of membrane
caveolin-1, a marker of cholesterol-enriched lipid rafts. Lipid rafts
were reported to be involved in the signal transduction process.
Thus, it is reasonable to conclude that lipid rafts mediated the
effect of SPC.

SPC in vein endothelial cells (VECs). SPC regulates apoptosis and
inflammation in VECs: Inflammation and apoptosis are two major
characteristics during the progression of atherosclerosis. Thus,
investigating the modulating effect of SPC on the apoptosis and
inflammation of VECs can provide valuable data for clarifying its
role in atherosclerosis. HDL-associated SPC (10 μM) blocked the

mitochondrial pathway of apoptosis by activating the S1P/Akt
signal pathway in human umbilical vein endothelial cells (HUVEC)
under growth factor deprivation conditions [4]. Our lab has
revealed that SPC (10 μM) could protect HUVECs from serum
starvation-induced apoptosis by downregulating integrin β4/PC-
PLC and cytosolic p53 levels [51]. SPC could also regulate the
inflammation pathway in HUVECs. HDL-associated SPC had the
ability to suppress the TNF-α-induced expression of endothelial
cell E-selectin and the translocation of NF-κB into the cell nucleus
[41]. This process was mediated through the activation of the
PI3K/Akt pathway. From all of these data, we concluded that SPC
seems to be a beneficial factor in atherosclerosis.
However, several studies do not agree with this point. SPC was

reported to induce the cell death of HUVECs at concentrations
higher than 10 μM through a caspase-3-dependent pathway [8].
ROS release and subsequent ERK activation induced by SPC were
part of the underlying mechanism. SPC stimulates HUVECs,
resulting in Jak/STAT3-mediated, NF-κB-mediated, and AP-1-
mediated chemokine CCL2 production [23]. It was also observed
that SPC stimulated the expression of adhesion molecule ICAM-1
in HUVECs. This suggested that SPC is a pro-inflammatory factor in
HUVECs. Thus, we summarized the dual roles of SPC in the
regulation of apoptosis and inflammation in Table 1. Further
studies are needed to illustrate the specific function of SPC in
HUVEC apoptosis and inflammation.

SPC promotes the angiogenesis of VECs: Angiogenesis is a
complex process involving endothelial cell migration, proliferation,
and morphologic differentiation. SPC induces chemotactic migra-
tion and capillary-like tube formation and accelerates the wound
healing process in HUVECs [40, 52]. In vivo assay confirmed the
angiogenesis effect of SPC [53]. SPC activates its receptor, GPR4, to
induce a Gi-dependent transactivation (phosphorylation) of
VEGFR2. VEGFR2 is required for SPC-induced Akt activation. SPC
may induce ERK activation via a GPR4-independent pathway.
Thus, both ERK and Akt are involved in SPC-stimulated angiogenic
effects in endothelial cells. U-PA, an important regulator of
angiogenesis, and cell surface-associated plasminogen activator
are also involved in this process.

Table 1. Dual roles of SPC in apoptosis and inflammation in HUVECs

HUVEC

SPC (≤10 μM) SPC (>10 μM)

EDG/Akt activity ROS release, ERK activation

Integrin β4/PC-PLC and cytosolic p53-
level downregulation

Jak/STAT3, NF-κB, AP-1

PI3K/Akt activation

Apoptosis or inflammation inhibition Apoptosis or inflammation
promotion

Fig. 3 Roles of sphingosylphosphorylcholine (SPC) in blood vessels. In normal vessels, the endothelium is intact. SPC acts on endothelial cells
and has protective effects on blood vessels. When the endothelium is injured, vascular smooth muscle cells (VSMCs) are exposed to SPC,
which is harmful to blood vessels
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SPC promotes the relaxation of vessels through VECs: SPC
increased the intracellular Ca2+ concentration and nitric oxide
production in endothelial cells in situ on bovine aortic valves and
induced the endothelium-dependent relaxation of bovine cor-
onary arteries [54]. As discussed above, SPC could induce a
contractive response in VSMCs. Thus, the modulation of SPC
between VSMCs and VECs and vessel contraction and relaxation
attracted our attention. Our lab employed a HUVEC and VSMC co-
culture system to investigate the effect of HUVECs on VSMC
contraction. We found that HUVECs could inhibit the SPC-induced
VSMC contractive effect through the integrin β4/Fyn signaling
pathway [55].

SPC in VSMCs. SPC promotes migration and inflammation in
VSMCs: When the endothelium is intact, SPC acts on endothelial
cells. However, once the endothelium is injured, VSMCs are
exposed to SPC. SPC can exert a modulating effect on VSMCs
thereby influence the blood vessels (Fig. 3). SPC promoted the
migration of human aortic smooth muscle cells (SMCs) [56]. The
proliferation and migration of VSMCs play a key role in the
development of atherosclerosis. SPC also activated the MAPK
signaling pathway in VSMCs [57, 58]. In rat cerebral arteries, SPC
selectively activated p38MAPK in addition to ERK1/2 and JNK.
P38MAPK has been widely reported to participate in the
inflammatory process through the activation of NF-kB and the
release of inflammation factor MCP-1. In conclusion, the effect of
SPC on VSMCs promotes vascular pathology.

SPC promotes the differentiation of mesenchymal stem cells to
VSMCs: SPC is capable of inducing the differentiation of human
adipose tissue-derived mesenchymal stem cells (hADSCs) to
smooth muscle-like cell types [24]. SPC induces the expression
of several smooth muscle-specific genes, such as alpha-smooth-
muscle actin, h1-calponin and SM22α, through the Gi/o-ERK-
dependent autocrine secretion of TGF-β, which activates a Smad2-
SRF/myocardin-dependent pathway. SPC also induces the expres-
sion of smooth muscle-specific genes by activating Rho kinase,
which promotes the nuclear translocation of myocardin-related
transcription factor A [59]. The contractile and ion channel
properties of SMCs differentiated from hADSCs were character-
ized. The hADSC-SMCs expressed functional L-type voltage-gated
Ca2+ channels and displayed contractile activities in response to
KCl, carbachol, and L-type Ca2+ channel opener Bay K8644.
Furthermore, hADSC-SMCs expressed functional big conductance
Ca2+-activated K+ (BK(Ca)) channels. SPC could also promote the
cardiac and neuronal differentiation of mouse embryonic stem
cells at the morphologic and gene expression levels [60].

DISCUSSION
SPC maintains low levels in the circulation under normal
conditions, which makes studying its origin and synthesis difficult.
To date, the mechanism of the origin of SPC was clarified from
pathological tissues such as atopic dermatitis, where the level of
SPC was significantly elevated [5–8]. SPC could metabolize from
the hydroxylation of sphingomyelin by sphingomyelin deacylase.
However, though working as a key enzyme in the production
process of SPC, a clone of this gene has not been characterized
yet. The unclear origin and synthesis of SPC are obstacles to the
investigation of its function. Another obstacle to the investigation
of SPC is the measurement of this sphingolipid. The metabolism of
SPC is rather fast in the blood, which makes measuring its levels
difficult. Additionally, the traditional intravenous injection method
is not suitable for investigating its function in vivo. Fortunately, by
employing MS and HPLC, we succeeded in measuring the level of
SPC in serum. We found that the levels of SPC in tissues from
cardiac disease patients were elevated compared to the normal
sample (data not shown).

In conclusion, SPC exerts a pronounced influence on the
cardiovascular system through modulation of the functions of
myocytes, VECs and VMSCs. The effect of SPC in myocytes is
beneficial, while its role in atherosclerosis has not been clarified
yet. SPC could promote the function of the heart by regulating
the ion channel and inhibiting apoptosis and inflammation.
Reports about regulation in apoptosis and inflammation in VECs
are conflicting. SPC induces the migration and inflammatory
response in VMSCs. The migration of VMSCs from the middle
layer of the vasculature to the outside promotes the develop-
ment of angiogenesis. Furthermore, vascular inflammation is
a factor that accelerates the damage of the lesion. Thus,
when encountering injuries exposing VSMCs to blood, SPC
circulating in the blood may have access to VSMCs to
modulate them and accelerate the development of cardiovas-
cular disease.
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