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Abstract
Activation of sphingosine kinase/sphingosine 1-phosphate (SK/S1P) –mediated signaling has
emerged as a critical cardioprotective pathway in response to acute ischemia/reperfusion injury.
S1P is released in both ischemic pre- and post-conditioning. Application of exogenous S1P to
cultured cardiac myocytes subjected to hypoxia or treatment of isolated hearts either before
ischemia or at the onset of reperfusion exerts prosurvival effects. Synthetic congeners of S1P such
as FTY720 mimic these responses. Gene targeted mice null for the SK1 isoform whose hearts are
subjected to ischemia/reperfusion injury exhibit increased infarct size and respond poorly either to
ischemic pre- or postconditioning. Measurements of cardiac SK activity and S1P parallel these
observations. Experiments in SK2 knockout mice have revealed that this isoform is necessary for
survival in the heart. High density lipoprotein (HDL) is a major carrier of S1P, and studies of
hearts in which selected S1P receptors have been inhibited implicate the S1P cargo of HDL in
cardioprotection. Inhibition of S1P lyase, an endogenous enzyme that degrades S1P, also leads to
cardioprotection. These observations have considerable relevance for future therapeutic
approaches to acute and chronic myocardial injury.

1. Introduction
Sphingosine 1-phosphate (S1P) is a lipid signaling molecule formed when either one of two
isoforms of the enzyme sphingosine kinase (SK) catalyzes the addition of a phosphate group
to sphingosine, most of which is derived from the ubiquitous membrane lipid
sphingomyelin. Among other functions, signals generated by this pathway are critical for
cell motility, cytoskeletal organization, vasculogenesis, cell growth, lymphoid trafficking
and immune function. Activation or inhibition of this pathway can determine cell fate by
altering the ceremide/S1P “rheostat”, i.e., the balance between ceramide, which is pro-
apoptotic, and S1P, which stimulates prosurvival signaling [1].

With regard to the cardiovascular system, little was known until recently about the
functional importance of the SK/S1P pathway in cardiac myocytes or in the heart. Moreover,
there were no data regarding responses under conditions of oxidative stress such as acute or
chronic ischemia or ischemia/reperfusion injury. However, during the last decade, it has
become abundantly clear that SK and S1P are crucial mediators of cardioprotection.
Moreover, it has become increasingly recognized that these molecules or their synthetic
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analogues have therapeutic potential as modulators of cardiac responses to both acute and
chronic myocardial injury. In addition, a major carrier of S1P in the serum is high-density
lipoprotein (HDL), which is known to be cardioprotective, and the role of S1P in the
remodelling process after severe cardiac injury is only now being recognized.

2. Sphingosine Kinase(s)
The synthesis of S1P is catalyzed by sphingosine kinase which is responsible for linking a
phosphate group to sphingosine. There are two isoforms of SK designated as SK1 and SK2.
Each of these isoforms harbors several splice variants [2]. Mouse and human SK1 exhibit
substantial homology and SK2 is highly homologous to SK1 except for ~240 additional
amino acids located at the N terminus and in the center of the enzyme, thereby accounting
for its larger molecular mass [3, 4]. The genes encoding these isoforms are localized on
different chromosomes [5]. Genetic deletion of both isoforms results in fetal death from
severe bleeding and inadequate vasculogenesis [6]. In contrast, mice null for either the SK1
or the SK2 isoform exhibit normal development and are otherwise unremarkable in the basal
state [7, 8]. These individual deletions have provided highly informative experimental
models that allow investigators to probe the function of each of these isoforms.

The regulation of SK activity is complex and responds to stimulation by G-protein coupled
receptor agonists (muscarinic agonists, S1P itself, histamine, lysophosphatidic acid,
angiotensin II), agonists at receptor tyrosine kinases (PDGF, EGF, VEGF, TGF-α, TGF-β),
immunoglobulin receptor crosslinking, interleukins, estrogen, and activators of PKCε [5, 9].
Both TNFα and phorbol ester, which stimulates PKC, phosphorylate and thus activate SK1
at serine225 mediated by ERK1/2 [10]. The TNF-α response requires binding by TNF
receptor-associated factor -2 (TRAF2) [11]. Other interacting proteins that stimulate SK
include delta-catenin/neutral plakophilin-related armadillo repeat protein [12], aminocyclase
1 [13], and eukaryotic elongation factor 1A [14]. Reported inhibitory interacting proteins are
SKIP (SK1-inteacting protein) [15, 16], PECAM-1 (platelet endothelial adhesion
molecule-1) [17], and FHL2/SLIM3, a Lim-only factor [18]. A recent study reported that
FHL-2 suppressed VEGF-induced PI-3 kinase/Akt activation via interactions with SK-1
[19]. An interacting factor that is a putative adaptor molecule is RPK118 [20]. Additional
regulators include phospholipase D and possibly calcium [21, 22]. In vitro evidence also has
identified cellular export of SK, which may account for substantial enzyme activity in both
mouse and human blood [23, 24].

Highly pertinent to acute ischemia/reperfusion injury is the observation that reactive oxygen
species (ROS) generated by the action of monoamine oxidase A on serotonin contained in
platelets is responsible for the degradation of SK1 [25]. Conversely, in glioma cells hypoxia
increases SK1 mRNA, protein levels, and activity that is dependent on hypoxia inducing
factor 2α (HIF-2α) [26]. Thus, the balance of hypoxia and ROS levels (and other factors as
yet unidentified) could serve to regulate SK1 activity during oxidative stress in the heart (see
below).

Based on numerous in vitro studies, it is generally accepted that SK1 promotes cell survival.
An early report involving the heart showed that in cultured rat cardiac fibroblasts the
monoganglioside GM-1, which activates SK via PKC, protected against apoptosis induced
by the PKC inhibitor staurosporine and by C2-ceramide [9]. It was also reported that GM1
induced the synthesis of S1P, an effect that was partially blocked by the SK inhibitor N,N-
dimethylsphingosine [9]. The latter has recently been shown to be predominantly an
inhibitor of SK1 [27]. Knockdown of SK1 by small interfering RNA caused cell cycle arrest
in MCF-7 cancer cells and induced apoptosis [28]. Endogenous SK1 also is an important
regulator of intracellular ceramide levels. Downregulation of SK1 results in enhanced
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ceramide synthesis via the de novo pathway and its accumulation in mitochondria, which
may be key in initiating mitochondrial events leading to cell death [28]. Underlying the anti-
apoptotic effects of SK1 is its function, noted above, as the terminal step in the intracellular
synthesis of S1P. There is considerable evidence that intracellular S1P can be exported to
activate prosurvival signaling pathways in an autocrine and/or paracrine manner, and this
phenomenon, termed “inside-out signaling” [5], has been described in cardiac myocytes
[29].

In contrast, based largely on in vitro evidence, SK2 has been shown to have opposing
actions to SK1 [30]. In vitro, SK2 inhibits cell growth and enhances apoptosis, in part by
regulating ceramide levels [30]. We have reported that both the synthetic sphingosine
analogue FTY720 and the putative SK inhibitor dimethylsphingosine inhibit primarily the
SK1 form, but can activate the SK2 form at low substrate concentrations in rat heart [27].
However, the latter effect has not been verified for the purified enzyme and might be an
indirect effect of the cytosolic preparation used in the reported experiments. SK2 is also
necessary to phosphorylate and thus activate FTY720, which is being used worldwide to
prevent relapses of multiple sclerosis [31]. Contrary to the view that SK2 is pro-apoptotic,
recent experimental data obtained in isolated murine hearts from SK2 null mice subjected to
ex vivo ischemia/reperfusion injury have documented that the presence of SK2 is necessary
for successful ischemic pre- and post-conditioning [32, 33]. These observations have been
confirmed by Gomez et al. in an in vivo mouse model [34]. In fact, recent evidence indicates
that in the heart both SK2 and S1P are associated with mitochondria and may regulate the
assembly of complex IV and respiration via mitochondrial prohibitin- 2 [35]. Mitochondrial
dysregulation in the absence of SK2 results in increased susceptibility to permeability
transition and hence to an inability to respond favorably to preconditioning [34].

Other direct intracellular effects of S1P generated by SK2 have also been reported. Hait et
al. found that SK2 was associated with histone H3 and produced S1P that regulates
intracellular histone acetylation [36]. It was noted that S1P specifically binds to and inhibits
the enzyme activity of the histone deacetylases HDAC1 and HDAC2 thereby preventing the
removal of acetyl groups from lysine residues within histone tails. SK2 is associated with
these HDACS in repressor complexes and is selectively enriched in the promoters encoding
the cyclin-dependent kinase inhibitor p21 and the transcription regulator c-fos, where it
enhances local histone acetylation and transcription. Thus, HDACs are direct intracellular
targets of S1P via SK2, thereby providing a link between intracellular SK2, nuclear S1P and
epigenetic regulation of gene expression.

Despite the fact that SK1 and SK2 catalyze the same reaction, they appear to influence
different biologic processes, as described above. One reason for this is location that causes
differential site-specific targeting of SK. This results in highly localized release of S1P
within the cell. In the absence of stimulation, SK1 is a predominantly cytosolic enzyme, but
upon activation it is transported to membranes such as endoplasmic reticulum and plasma
membrane [37, 38]. Phosphorylation at Ser225 is essential for translocation of the enzyme to
the plasma membrane [39], including lipid rafts [40]. Recently, Jarman et al. reported an
essential role for the calciuimmyristoyl switch protein, calcium and integrin-binding protein
1 (CIB1), in the process of SK1 translocation (41). CIB1 interacts withSK1 in a calciuim-
dependent manner at a previously identified calmodulin binding site of SK1 (41).
Translocation of SK1 to the cell surface promotes S1P secretion but does not affect the
downstream metabolism of S1P [37]. SK1 localization also determines substrate utilization.
Thus, SK1 can divert dihydrosphingosine from the ceramide biosynthetic pathway, except
when it is translocated to the plasma membrane [37]. In contrast to SK1, SK2 is localized
predominantly to the cytoplasm and the nucleus. As described above, SK2 generates nuclear
S1P that influences gene transcription [36]. Also, as described above, it now appears to play
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an important role in cardiac mitochondria [34, 35]. Agonist regulation of SK2 is less well
studied. Thus, the localization and function of intracellular S1P and its cellular export is
determined largely by which SK isoform is responsible for its synthesis.

3. Sphingosine 1-Phosphate
As indicated above, sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid that
regulates many important cellular processes [29, 42–46]. Most cells are able to synthesize
and export S1P. In plasma and serum S1P concentrations range between ~200 – ~900 nM
[47–49], but these likely vary under pathophysiologic conditions [see below]. Sources of
S1P in plasma include erythrocytes [46], platelets [50], and endothelial cells [51]. Pertinent
to cardioprotection is the observation that a major carrier of S1P in blood is high density
lipoprotein (HDL) [47, 48]. S1P is subject to hydrolysis by lipid phosphatases and by a lyase
enzyme [44]. Chronic inhibition of the latter can lead to persistently increased S1P levels
and to lymphocyte sequestration and disruption of S1P gradients [52].

In the heart, the presence of S1P receptors was first reported by Bünemann et al. [53] in
1995. It is now accepted that many S1P actions are mediated through subtypes of S1P G
protein-coupled receptors, which comprise S1P1–5 [54–56]. Recent evidence supports the
notion that S1P binding to S1P1, 2 or 3 receptors in the heart activates downstream signaling
pathways that promote myocyte survival. S1P1 interacts with Gαi, whereas S1P2 and S1P3
couple with Gαq and Gα13, as well as Gαi, in a ligand-dependent manner [57]. Subsequent
studies have shown that the S1P1 receptor exhibits the most prominent expression pattern in
cardiomyocytes [58, 59]. The S1P1 receptor has been linked to proliferative/survival and
migratory signaling in many different cell types [60–62]. The S1P2 and 3 receptors are also
important for regulation of vascular tone [63, 64]. Signaling responses to S1P during
oxidative stress are described below.

Diverse mechanisms for S1P1 receptor downregulation and trafficking have been described.
These include translocation to perinuclear vesicles [65], plasmalemmal caveolae [66], N-
glycosylation [67], and ubiquitination [68]. These studies have been performed in cell lines
requiring transfection of the S1P1 receptor. In adult mouse cardiomyocytes we have recently
found that S1P-mediated activation of ERK 1/2 is desensitized after 1 hour but responses are
normal 24 hours later, suggesting receptor recycling [45]. The immune modulator and S1P
analogue FTY720 induced internalization and degradation of S1P1 receptors [50, 76]. The
timing and extent of S1P receptor internalization are highly dependent on FTY720
concentration [50].

In experimental settings acute effects of S1P include variable blood pressure and heart rate
responses [69], calcium dysregulation and myocyte hypertrophy [70, 71], coronary artery
vasoconstriction via the S1P2 receptor [72], and bradycardia via the S1P3 receptor [73].
Other reported effects of the synthetic S1P1 agonist SEW 2871 potentially pertinent to
cardioprotection include a negative inotropic response in isolated adult mouse ventricular
myocytes [74], and exacerbation of reperfusion arrhythmias in an isolated rat heart
preparation [75]. Of note is that S1P1 agonist also prevented allograft rejection in a rat heart
transplantation model [76] and promoted in vivo angiogenesis in ischemic hindlimbs of
mice [77]. Among other important functions of S1P in the cardiovascular system are
regulation of cytoskeletal dynamics [78] and early heart development in conjunction with
SK [79]. Thus, the S1P1 receptor has been reported to mediate S1P action during cardiac
development [80]. Another function of S1P is regulation of stem cell development [81].
Recently it was found that S1P promotes the differential of human umbilical cord
mesenchymal stem cells into cardiomyocytes [82].
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Serum S1P may also be a predictive marker for the presence and severity of obstructive
coronary artery disease in humans [49]. In patients with stable coronary artery disease,
Sattler et al. observed that plasma S1P levels normalized for HDL, a major circulating
carrier of S1P, were higher than controls [83]. These levels were even higher in patients with
acute myocardial infarction [83]. In contrast to these findings, Knapp et al. reported a
reduction in the plasma concentration of S1P in a small cohort of patients with acute
myocardial infarction compared with controls [84]. These observations are consistent with
reduced S1P levels we observed in isolated murine hearts undergoing acute ischemia/
reperfusion injury [85]. In another study it was reported that the S1P, dihydro-S1P and
c24:1-ceramide levels in HDL correlate inversely with the presence of ischemic heart
disease [86]. These findings would seem to be at odds with the results of Sattler et al. [83],
but may reflect differences in methodology and patient selection.

4. The Sphingosine Kinase/S1P Pathway in Cardioprotection
4.1 Studies of S1P in cardiomyocyte cell culture

The cardioprotective effect of S1P was first reported in 2001. In neonatal rat cardiac
myocytes we found that exogenously applied S1P enhanced cardiac myocyte survival during
hypoxia (87). Subsequent studies employed cultured adult mouse cardiac myocytes for
hypoxia experiments that serve as a model for in vivo responses resulting from coronary
artery occlusion. This system permitted measurements of S1P effects on myocyte viability
during stress and activation of cell signaling from plasma membrane to mitochondria. There
were three major findings that advanced understanding of S1P prosurvival effects during
hypoxia [88]. First, using a selective S1P1 receptor antibody and VPC23019, a
commercially available S1P analog which is predominantly an S1P1 receptor competitive
antagonist (pKi = 7.86) that also inhibits but has less affinity for S1P3 receptors (pKi = 5.93)
[89], it was found that S1P1 receptors are abundantly expressed by adult mouse cardiac
myocytes. These findings were confirmed by quantitative real-time PCR assays. Second,
exogenously applied S1P enhanced survival during prolonged in vitro hypoxia through
mechanisms that required S1P1 receptor function and Gi-dependent activation of the
prosurvival kinase Akt (protein kinase B). Finally, Akt-mediated phosphorylation of
myocyte substrates that interact with mitochondria, such as GSK-3 and BAD, contributed to
cardioprotection. In these studies the selective S1P1 receptor agonist SEW2871 and the S1P
analogue FTY720 were as effective as S1P in preserving myocyte viability during hypoxia
[88].

In contrast, Means et al. was unable to demonstrate prosurvival signaling mediated by the
S1P1 receptor [90]. The divergent observations surrounding the cardioprotective effects of
S1P1 agonism may result from methodologic differences. The data strongly suggest that the
S1P1 receptor, which is the most abundant S1P receptor subtype in cardiac myocytes, is at
least partially responsible for S1P-mediated prosurvival signaling and for maintaining
myocyte viability during hypoxia [88], and during hypoxia/reoxygenation [45].

In another report, it was shown that combined deletion of S1P2 and S1P3 receptors
augmented infarct size in mice subjected to ischemia/reperfusion injury [91]. In these hearts
activation of Akt was markedly attenuated compared with wildtype mice, but the absence of
either receptor subtype alone affected neither infarct size nor Akt activation after ischemia/
reperfusion injury. S1P augmented Akt activity in control murine myocytes, but was
ineffectual in the double knockout cells. Thus, these observations suggest that the less
abundant cardiac myocyte S1P receptors (S1P 2 and 3) may also be necessary for cell survival
during ischemia/reperfusion injury. Because targeting of the S1P1 receptor gene is lethal to
the embryo [92], studies in a conditional cardiac –specific S1P1 receptor gene knockout [93,
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94] will be necessary to further delineate the role of the various receptor subtypes in the
heart.

In SK1 null ventricular myocytes subjected to in vitro hypoxia, cell death and cytochrome c
release were greater than in wild-type controls [29]. Exogenous S1P enhanced survival of
both wild-type and SK1 null cells. Monoganglioside GM-1 treatment, which activates PKC
and subsequently SK to produce S1P, induced cytoprotection in wild-type cardiac myocytes
but not in SK1 null cells. These observations indicate that GM-1 activates SK1, presumably
via PKCε-mediated phosphorylation (see below). Interestingly, the beneficial effects of
GM-1 on wild-type cardiac myocytes were abolished by pretreatment with either an S1P1
receptor antagonist or pertussis toxin, which ADP-ribosylates and thereby inactivates Gi,
suggesting that endogenous S1P was transported to the extracellular space for activation of
its cognate G-protein coupled receptors [29]. A potential mechanism for extrusion of S1P is
via ABC transporters, which have been demonstrated in a variety of cell types [24, 95], as
well as in murine and human hearts [96, 97]. Recently, a specific S1P transporter, SPNS2,
which also transports the phosphorylated form of FTY720, has also been described [98].

4.2 Studies on Sphingosine Kinase
As noted above, the monoganglioside GM-1 enhanced the survival of cardiac fibroblasts
subjected either to PKC inhibition or C2-ceramide treatment [9]. GM-1 also increased S1P
levels, an effect abrogated by the SK inhibitor N,N-dimethylsphingosine [9]. Using isolated
adult mouse hearts (Langendorff technique), exogenous S1P and GM-1 separately induced
substantial resistance to ischemia-reperfusion injury in wild-type mouse hearts as
determined by hemodynamic and infarct size measurements [99]. Lecour et al. reported
similar results in isolated rat hearts [100]. The importance of the prosurvival kinase PKCε
was emphasized by experiments in which GM-1proved to be ineffective in PKCε null
hearts. In addition, GM-1, but not exogenous S1P, stimulated translocation of activated
PKCε to myocyte particulate fractions. Nevertheless, exogenously administered S1P was
effective both in isolated PKCε null hearts subjected to ischemia/reperfusion injury [99] and
in isolated cardiac myocytes from these hearts subjected to hypoxia [29]. Thus, S1P acting
at cell surface receptors or activation of intracellular SK confers cardioprotection during
acute ischemia/reperfusion injury. These experiments also provided evidence for the
postulate that PKC is a critical modulator of SK activity and endogenous S1P production in
cardiac tissue.

A subsequent series of experiments directly tested the hypothesis that SK activation
mediates ischemic preconditioning (IPC) in isolated mouse hearts [101]. It was determined
that IPC sufficient to reduce infarct size in wild-type hearts increased SK localization and
activity in tissue membrane fractions. Interestingly, IPC triggered SK translocation to tissue
membrane fractions in PKCε null hearts but did not enhance enzymatic activity or decrease
infarction size after ischemia/reperfusion [101]. As noted above, N,N-dimethylsphingosine
(DMS), the endogenous sphingolipid generated by N-methylation of sphingosine, inhibited
tissue SK activity. As predicted,10 µM DMS pretreatment abolished IPC-induced
cardioprotection in wild-type hearts [101]. The specificity of DMS as an inhibitor of SK
activity is further supported by experiments in isolated transfected cells in which SK1
activity was increased by 10-fold and substantially reduced by DMS treatment [102].

Subsequent experiments identified unpredicted effects of low DMS concentrations on SK
[103]. In contrast to moderate dose DMS (10 µM), low dose DMS (0.3 to 1.0 µM) enhanced
cytosolic SK activity. Low dose DMS also stimulated translocation of activated PKCε to
tissue particulate fractions and reduced cardiac ischemia-reperfusion injury. Importantly,
low dose DMS effects were abolished in PKCµ null hearts, and SK1 was found to co-
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immunoprecipitate with activated PKCµ phosphorylated at serine729. In addition, low dose
DMS increased activated Akt phosphorylated at serine473.

Another example of the concentration dependence of molecules usually considered to be
inhibitory in the SK/S1P pathway is sphingosine, the immediate precursor of S1P. Although
there is abundant evidence that sphingosine is toxic to cells, including cardiac myocytes
[104, 105], Vessey et al. recently reported that at lower, more physiologic (submicromolar)
concentrations [106], sphingosine was cardioprotective in isolated Langendorff perfused rat
hearts subjected to ischemia/reperfusion injury. Unlike S1P, sphingosine-induced
cardioprotection appears to be mediated by cyclic nucleotide (protein kinases A and G)
dependent pathways [106]. At the higher concentrations usually employed (e.g., 5 µM),
sphingosine proved to be cardiotoxic.

We then developed a new solvent-extraction-based radioassay for SK that exhibits equal or
greater sensitivity than thin-layer chromatography and HPLC methods, but is much more
rapid [107]. Thus, it became feasible to perform numerous time point assays that are
necessary when nonsaturating substrate concentrations and interfering enzymes are present
in microsomal and mitochondrial fractions. In studies employing this assay it was found that
fractionation of cytosolic SK activity by gel filtration chromatography yielded two peaks of
activity [107]. The early peak eluted as a 96 kDa protein and reacted with an SK2 antibody
but not an SK1 antibody. This is larger than the molecular weight of SK2 based on
sequence, and suggests association with an accessory protein. The second peak appeared to
be heterogeneous with a molecular weight centered on 46 kDa. This is consistent with the
known existence and size of multiple forms of SK1 [2]. This fraction reacted with an SK1
antibody but not an SK2 antibody. Thus these clearly separated enzymes were identified as
SK2 and SK1, respectively.

When tested with the classic SK inhibitor N,N-dimethylsphingosine (DMS) the activity of
SK2 was unaffected by concentrations as high as 20 µM. Consistent with this observation,
DMS was only a partial inhibitor of total cytosolic SK activity [27]. The sphingosine
analogue FTY&20 is established as a substrate for SK2 but has a low Vmax and therefore
should competitively inhibit SK2 [108]. However, Vessey et al. reported that SK2 was not
inhibited by FTY720 [27]. As noted earlier, SK1 was efficiently inhibited by both DMS and
FTY720 [27]. Consistent with these observations, FTY720 has subsequently been shown to
be a substrate for purified SK1 and a competitive inhibitor of sphingosine [102, 109].
Further, when the cytosolic fraction from an SK1 knockout mouse was tested, residual
activity due to SK2 was not inhibited by DMS or FTY720. These observations confirmed
the specificity of SK1inhibition, and indicated that the lack of inhibition of SK2 was not an
artifact of purification. SK2 from rat liver and spleen was also not inhibited by DMS. In
contrast, L-sphingosine was an effective inhibitor of both forms [27]. Taken together, along
with data obtained in SK1 null hearts (see below), these observations indicate that DMS
inhibits only the SK1 form in the heart. Thus, prior experiments in other cells and tissues in
which DMS was used as inhibitor of SK may require reinterpretation.

In addition to signal transduction assays for studies of S1P receptor subtype function
described above, the time course of SK activity in adult rat hearts subjected to ischemia/
reperfusion injury and ischemic preconditioning has been reported [85, Figure 1]. Cytosolic
SK activity declined by 61% during ischemia and did not recover upon reperfusion,
paralleling effects on left ventricular developed pressure (LVDP). Ischemic preconditioning
reduced the decrease in enzyme activity during ischemia by half, and upon reperfusion
activity returned to normal. LVDP recovered to 79% of control values and infarct size was
reduced. The low baseline specific activity of SK declined by 67% after 45 minutes of
ischemia and remained at that level during reperfusion. Ischemic preconditioning restored
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SK activity almost to normal during reperfusion. Parallel effects were observed in
mitochondria from the same hearts [85].

In these experiments [85], total S1P in cardiac tissue was quantified by LC/MS/MS (liquid
chromatography followed by tandem mass spectrometry [46]. In non-preconditioned hearts,
S1P content declined from baseline following both ischemia and reperfusion. Preconditioned
hearts had higher S1P levels after ischemia/reperfusion relative to control hearts [Figure 2].
Treatment of non-preconditioned hearts at reperfusion (pharmacologic postconditioning)
with 100 nM S1P improved recovery of LVDP. Thus, maintenance of SK activity resulting
in higher S1P levels is critical for recovery from ischemia/reperfusion injury.

In mice subjected to permanent left anterior descending coronary artery occlusion, Yeh et al.
reported that total SK activity in the remote myocardium steadily declined over weeks [110].
In these studies cardioprotection as evidenced by reduced apoptosis and improved
echocardiographic ejection fraction over the first two weeks after infarction was
demonstrated for the selective S1P1 receptor agonist SEW2871, which was fed to the mice
by oral gavage [110]. These data suggest a potential role for using an oral S1P receptor
agonist as S1P “replacement therapy “ for the post-myocardial infarction heart.

Despite strong corroborating evidence that DMS modulates resistance to injury by effects on
SK, this agent alters PKC activity [103] and may confound interpretation of experimental
data. Accordingly, SK1 knockout mice were employed in a series of subsequent studies
[111]. SK2 expression increased in hearts after SK1 gene disruption, resulting in total SK
activity half that of wild-type. Although SK1 null hearts exhibited normal hemodynamic
performance under baseline conditions, contractile abnormalities and infarction were more
severe after ischemia/reperfusion than in wild-type hearts. As predicted, targeted disruption
of the SK1 gene abolished IPC-induced cardioprotection [111]. However, exogenous S1P
retained the ability to induce cardioprotection in these SK1 null hearts. Despite an increase
in SK2 expression in the SK1 null hearts, infusion of DMS did not affect infarct size,
confirming prior in vitro experiments, and suggesting that the absence of SK1 rather than the
increased presence of SK2 was critical to the loss of cardioprotection in myocardium null
for SK1 [111].

In another study, it was reported that prior adenoviral gene transfer of SK1 protected against
hemodynamic deterioration, and reduced creatine kinase release and arrhythmias during
acute ischemia/reperfusion injury in isolated rat hearts [112]. When gene transfer was
performed at the time of acute left anterior descending coronary artery ligation, studies two
weeks later revealed improved left ventricular function in the treated mice, reduced infarct
size, more neovascularization, and reduced collagen content.

It has been known for some time that the widely used anesthetic agent isoflurane protects
against organ damage. Thus, Kim et al. noted that an important mechanism of protection
induced by isoflurane is activation of the SK/S1P pathway [113]. Using an ischemia/
reperfusion model of renal injury these investigators reported that isoflurane anesthesia
reduced the degree of renal failure and necrosis. Mice deficient in SK1 were not protected,
and in wild-type mice, protection was abrogated by DMS and the S1P1 antagonist
VPC2309. The authors also demonstrated that isoflurane increased SK1 mRNA in HK-2
cells.

Like ischemic preconditioning, ischemic postconditioning is cardioprotective [114], and this
observation has recently been extended to patients undergoing percutaneous coronary
interventions [115]. To ascertain whether the SK/S1P pathway is a determinant of successful
postconditioning, isolated wildtype and SK1 null mouse hearts were subjected to ischemia/
reperfusion injury [116]. At the onset of reperfusion hearts selected for treatment underwent
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three brief cycles of postconditioning (5 sec of ischemia followed by 5 sec of reperfusion).
Results were similar to the preconditioning studies cited above: hemodynamics were
improved and infarct size was reduced compared to untreated hearts. Phospho-Akt and
phospho-ERK were enhanced. In the post-conditioned hearts SK activity at the end of
reperfusion was higher compared to hearts that did not receive post-conditioning [Figure 3].
None of these findings were present in SK1 null hearts. Thus SK1 is also critical for
successful ischemic postconditioning. In this connection it has recently been found that a
ramped ischemic postconditioning protocol combined with low dose sphingosine + S1P
given at the time of reperfusion can rescue isolated hearts from as much as 90 min of
ischemia [117].

5. S1P Lyase
S1P lyase (SPL) catalyzes the irreversible degradation of S1P. By reducing available S1P
pools, SPL promotes apoptosis under stress conditions, whereas SPL downregulation
promotes cells survival. In a series of experiments we demonstrated that SPL was activated
by ischemia in murine hearts and that hearts of heterozygous SPL knockout mice exhibited
reduced SPL activity, elevated S1P levels, smaller infarct size and increased functional
recovery after ischemia/reperfusion injury compared with littermate controls [118]. A small
molecule called tetrahydroxybutylimidazole (THI) is an FDA-approved food additive that
inhibits SPL. We then tested the ability of THI to modulate ischemia/reperfusion injury in
isolated hearts. When given overnight in the drinking water at a dose of 25 mg/l in drinking
water, THI raised serum S1P levels by 30–40% and reduced SPL activity, reduced infarct
size and enhanced hemodynamic recovery after ischemia/reperfusion in ex vivo hearts
[118]. Thus, inhibition of SPL raises S1P modestly in the serum to a level produced by
ischemic preconditioning [85]. This level is sufficient to induce cardioprotection, and
represents a new target in the metabolism of S1P that can be utilized to guard the heart
against ischemic injury.

6. FTY720
FTY720 is derived from myriocin, a component in the Chinese herb Iscaria sinclarii, which
has been used as a treatment for asthma (119). FTY720 is a structural homologue of
sphingosine, which is the natural sphingolipid present at high nanomolar concentrations in
serum (47–49). After endogenous phosphorylation by SK2, FTY720 serves as a potent
agonist of S1P1 receptors, and binds less avidly to S1P3 receptors (120, 121). Studies have
shown that FTY720 sequesters T and B lymphocytes from the blood into secondary
lymphoid organs resulting in profound immunosuppression (122, 123).

As noted above, FTY720 is an FDA approved drug for the oral treatment of patients with
multiple sclerosis (31). Prior experimental studies of FTY720 in the heart have been
confined to isolated cells and acute preparations. We previously showed that FTY720
enhanced survival in isolated adult murine cardiac myocytes subjected to severe prolonged
hypoxia (88). Egom et al. reported that FTY720 prevented ischemia/reperfusion-induced
cardiac arrhythmias in an ex vivo rat heart model via activation of p21-activated kinase
(Pak1)/AKT signaling (124). The same group subsequently noted that FTY720 protected
neonatal rat ventricular cardiomyocytes against CoCl2-induced hypoxic injury and triggered
NO release through a pertussis toxin-sensitive PI3K/AKT/eNOS pathway (125). Acting
through Pak 1, FTY720 also prevented pressure overload-induced cardiac hypertrophy
[126]. In another study if ischemia/reperfusion injury in isolated adult rat hearts, treatment
with FTY720 at the time of reperfusion improved recovery of left ventricular developed
pressure and reduced left ventricular end-diastolic pressure without affecting infarct size
(127). A subsequent in vivo study from the same group using adult rats subjected to left
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anterior descending coronary occlusion for 45 min followed by 24 hr of reperfusion showed
that either pretreatment with FTY720 or pretreatment combined with treatment at the time of
reperfusion did not reduce infarct size, had variable effects on ventricular arrhythmias, and
reduced granulocyte infiltration and TNFα levels in the border zone of the infarct but not in
the serum (128).

In contrast, we have found that chronic oral treatment with FTY720 in adult wildtype
C57BL/6J mice subjected to I/R injury enhanced recovery of left ventricular developed
pressure and reduced infarct size via persistent stimulation of prosurvival signals [129]. One
of the mechanisms by which prolonged in vivo treatment using FTY720 achieves these
effects is that S1P1 receptors activated by this agent retain signaling activity for hours in
despite quantitative internalization [130]. We have also demonstrated in adult murine
cardiac myocytes that exogenous FTY720 induces reversible S1P1-receptor -mediated ERK
phosphorylation, indicative of receptor recycling [45]. It is well-recognized that
phosphorylation of AKT and ERK is common to both the SAFE and RISK survival
pathways described in the heart [131–133].

In contrast to these beneficial responses in animals, it has been recognized that oral
administration of FTY720 to humans induces an initial bradycardia. Thus, Kovarik et al.
gave FTY720 to 16 normal subjects and recorded a 28% decrease in heart rate for up to 6.5
hours [134]. In mice, Sanna et al. used a non-selective S1P agonist which produced
profound bradycardia except in S1P3 −/− animals [73]. As FTY720 actives both S1P1 and
S1P3 receptors, it is reasonable to attribute the bradycardia seen in humans to S1P3 receptor
agonism. In this connection the US Food and Drug Administration recently issued a Safety
Communication that revised recommendations for cardiovascular monitoring in patients
receiving FTY720 for treatment of multiple sclerosis [135]. The revised recommendations
were prompted by the death of a patient who was monitored the requisite 6 hours after the
first dose but died the next day, within 24 hours of receiving the drug. The cause of death
was not identified. The patient had extensive brainstem MS lesions and was taking a beta
blocker, which also depresses heart rate. Re-evaluation of clinical trial data revealed a
biphasic heart rate lowering effect, with a second decrease 12–20 hours after the initial dose.
Extended overnight monitoring has now been recommended for patients with a heart rate of
< 45 bpm in the first 6 hours after the initial dose or in those who had their lowest heart rate
at 6 hours post-dose. Extended monitoring is also recommended for those patients with
certain pre-existing conditions, such as QT interval prolongation and in patients receiving
drugs that slow the heart rate or depress atrioventricular conduction. FDA advises against
the use of this drug in patients with heart conditions or stroke within the previous 6 months,
or in those taking anti-arrhythmic drugs. i.e., FTY720 is contraindicated in such patients.
These precautionary recommendations were issued despite the lack of clear evidence that
the drug played any role in the patient’s death, and in the absence of any data indicating the
cardiovascular death rates are higher in patients taking FTY720 than those patients with MS
not taking the drug [136].

7. Cardiac fibroblasts and sphingosine kinase
Cardiac fibroblasts are critical for the maintenance of extracellular matrix deposition and
turnover in the normal heart and are key mediators of inflammatory and fibrotic myocardial
remodeling in the injured and failing heart. As noted above, SK activation is a well-
recognized determinant of cell fate in cardiac myocytes and other cells, but SK responses
have not previously been studied in cardiac fibroblasts except for the earlier study by
Cavallini et al. cited above [9]. Initially it was found that total SK activity is over 10-fold
higher in cardiac fibroblasts than in adult mouse cardiac myocytes [136]. In cardiac
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fibroblasts isolated from SK1 knockout mice, total SK activity was greatly reduced
indicating that SK1 is the major isoform expressed in these cells.

To determine whether SK regulates cell proliferation and the proinflammatory protein
inducible nitric oxide synthase (iNOS), cultured cardiac fibroblasts were incubated with the
cytokine interleukin-1β (IL-1β) in the presence or absence of hypoxia. Hypoxia did not alter
fibroblast SK activity, while IL-1β enhanced enzyme activity. In wildtype cardiac
fibroblasts, hypoxia induced proliferation, but in SK1 null fibroblasts this response was
blunted even in the presence of serum. In contrast, iNOS expression and NO production
were enhanced in SK1 null fibroblasts during hypoxia. In wildtype fibroblasts, IL-1β was
only a weak inducer of iNOS and of NO accumulation and hypoxia alone had no significant
effect on iNOS activation. However, IL-1β in combination with hypoxia stimulated both
iNOS and NO production, and this stimulation was enhanced in SK-1 null fibroblasts. Thus,
activation of endogenous SK1 serves a dual regulatory function: it is required for optimal
cardiac fibroblast proliferation but is a negative modulator of proinflammatory responses
during hypoxia [136].

Following myocardial infarction, fibroblasts transform into myofibroblasts and produce
extracellular matrix leading to cardiac fibrosis. A recent report indicated that TGF-β-
stimulated collagen production in cardiac fibroblasts involves “inside-out” signaling
whereby S1P produced intracellularly by SK1 is released and acts in an autocrine/paracrine
fashion to activate the S1P2 receptor which results in increased collagen production [137].
Conversely, when SK1 is inhibited, e.g., by the adipose-derived factor, apelin, cardiac
fibroblast activation and collagen production are prevented in vitro [138]. In vivo studies
using a mouse aortic banding model revealed that apelin inhibited cardiac remodelling by
prevention of myocyte hypertrophy, cardiac fibrosis, and left ventricular dysfunction [138].

8. S1P, High Density Lipoprotein (HDL) and Cardioprotection
As noted above, a major carrier of S1P in serum is HDL [47, 48]. HDL is well-recognized
for its role in preventing atherogenesis. One mechanism of this effect is the ability of S1P
carried by HDL to preserve endothelium and inhibit proinflammatory responses in
endothelial and vascular smooth muscle cells [139–141]. When the synthetic sphingosine
analogue FTY720 is phosphorylated by SK2, it acts as an agonist at S1P1 and 3 receptors, and
has been shown to reduce atherosclerosis in both low-density lipoprotein receptor-deficient
mice [142] and in apolipoprotein E-deficient mice [143]. These responses would be
expected to confer chronic cardioprotection and might also constitute part of a therapeutic
prevention strategy. In this connection, statins have been reported to induce S1P1 receptors
and enhance endothelial NO production in response to HDL [144].

In acute studies HDL is cardioprotective [145]. It has been proposed that at least part of this
cardioprotection can be attributed to the S1P content of HDL [145]. A postulated
mechanism is S1P-mediated suppression of inflammation that includes inhibition of
adhesion molecule expression and impaired recruitment of polymorphonuclear cells to the
infarcted area [146]. We have recently shown that HDL directly mediates survival in
isolated adult murine cardiomyocytes subjected to hypoxia/reoxygenation [147]. This
survival effect was abrogated by the S1P1 and 3 receptor antagonist VPC 23019 and by the
S1P3 receptor antagonist CAY10444, ADP-ribosylation of Gi by pertussis toxin, by the
MEK inhibitor PD-98059, and by the PI-3 kinase inhibitor wortmannin. Both ERK1/2 and
Akt (protein kinase B) were activated by S1P-associated HDL, the former via the S1P1
receptor and the latter via the S1P3 receptor [147]. In contrast, HDL induced
phosphorylation of GSK-3β, which is known to inhibit the activity of this molecule and is a
cardioprotective intervention. Thus, HDL, via its cargo of S1P, directly protects
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cardiomyocytes against oxidative injury in the absence of vascular effects. In this study
prosurvival signaling was dependent on both S1P1 and S1P3 subtype receptors. In neonatal
rat ventricular myocytes, both native and reconstituted HDL were protective against
doxorubicin-induced apoptosis due to the S1P component of HDL [148]. In this study,
protection was mediated by the S1P2 receptor, ERK1/2 and STAT3.

Both genetic alterations in S1P receptors and responses to HDL have provided additional
insight into the role of SK/S1P pathways in cardioprotection. In these studies the focus has
been on the role of the S1P3 receptor. Nofer et al. showed that HDL induced NO release in
human endothelial cells and caused NO-dependent vasorelaxation via the S1P3 receptor
[63]. These effects could be suppressed in mice lacking this receptor. Based on these
observations, S1P3 appears to be a major regulator of arterial vasodilation as compared with
the S1P2 receptor whose stimulation results in vasoconstriction [64].

Thus, HDL would be expected to improve myocardial perfusion and protect the heart
against ischemia/reperfusion injury in vivo via the S1P3 receptor. This indeed may be so, but
the evidence is somewhat conflicting. Using a radionuclide technique, Levkau et al. reported
that human HDL stimulated murine myocardial perfusion in vivo, but this effect was
abolished in S1P3 receptor null mice [149]. Moreover, in this study it was reported that S1P
inhibited myocardial perfusion through the S1P3 receptor [149]. However, in a subsequent
report Theilmeier et al. demonstrated that HDL and its constituent S1P acutely protected the
murine heart against ischemia/reperfusion injury via an S1P3-mediated and NO-dependent
pathway [150]. As noted above, Means et al. noted that deletion of neither the S1P2 nor the
S1P3 receptor alone affected infarct size or Akt activation [91]. However, in double
knockout mice, infarct size following ischemia/reperfusion was increased by 50% and Akt
activation was markedly attenuated. As described earlier, other work has emphasized the
role of the S1P1 receptor in preserving myocyte viability [88]. Although these studies are
not in agreement as to how or which S1P receptor subtypes preserve myocardial viability,
regulate the coronary circulation, and influence atherosclerosis, they all point to the
importance of S1P in cardioprotection and to a critical role for HDL in transporting S1P,
both acutely and chronically, to sites within the coronary vasculature. An additional
mechanism facilitating such vasoprotection has recently been elucidated when it was
reported that an HDL-associated molecule, apolipoprotein M, is a carrier of S1P [151].
Human apoM HDL+ induced S1P1 receptor internalization, downstream MAPK and Akt
activation, endothelial cell migration and formation of endothelial adherens junctions,
whereas apoM− HDL did not [151].

9. FTY720 and Atherosclerosis
Previous studies in genetically altered mice have suggested that FTY720 could reduce the
atherosclerosis burden in the setting of hyperlipidemia. Keul et al. gave Apoe−/− mice
FTY720 at a concentration of 1.25mg/kg/day in water for 4 weeks and then fed these mice a
“Western” diet for 20 weeks [152]. In that study atherosclerotic lesion volume, macrophage
and collagen content, and monocyte chemoattractant protein were markedly reduced. In
another report, Nofer et al. administered FTY720 by the intra-peritoneal route to Ldlr−/−
mice at a concentration of 0.4mg/kg 3 times a week, resulting in a steady state concentration
of 68ng/ml of FTY720 in the plasma, of which 44% was in HDL [153]. In that study mice
were fed a high fat diet for 16 weeks. Lesion size and necrotic core formation were reduced,
and there were fewer CD3+ T cells in the aortic root. There was also a decrease in the
number of T lymphocytes. More recently, Blom et al. reported that FTY720 stimulates 27-
hydroxycholesterol production and confers athero-protective effects in human primary
macrophages [154]. As such, FTY720 protects macrophages from free cholesterol - induced
toxicity. This protection results from inhibition of cholesterol transport to the endoplasmic
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reticulum, and directs the cholesterol to ApoA1 via ABCA1 whose synthesis is stimulated
by 27-hydroxycholesterol via the liver X receptor. This is a non-S1P receptor mediated
effect and indicates that FTY720 has properties beyond S1P receptor agonism.

Not all studies have reported an anti-atherogenic effect of FTY720. Thus, Klingenberg et al.
fed Apoe−/− mice a normal chow diet and 3mg/kg body weight oral FTY720, for 12 weeks
[155]. These mice developed a 2.4-fold increase in serum cholesterol. Interestingly, this
dose of FTY720 also increased plasma S1P by 14%. There were no changes in
atherosclerotic lesions in either early or established atherosclerosis. As indicated above,
phosphorylated FTY720 is an agonist for S1P3 receptors, albeit at a much higher EC50 value
than at S1P1 receptors [121]. In this connection, Keul et al. recently reported that the S1P3
receptor mediates the chemotactic effect of S1P in macrophages in vitro and in vivo and
plays a causal role in atherosclerosis by promoting inflammatory monocyte/macrophage
recruitment and altering smooth muscle cell behavior [156]. In a recently completed study
using severely atherosclerotic ApoeR61h/h/SRB1−/−mice [158], we found placing FTY720
in the drinking water significantly extended the longevity of these animals [129]. After 4
weeks 10/29 control mice died, while only 1/22 mice treated with FTY720 died (P < 0.02).

In summary, during the past few years a plethora of new information identifying the
importance of sphingolipid signaling pathways in the cardiovascular system has
accumulated. The potential for the development of new therapeutic agents based on this
understanding is high, but much work, especially in larger animal models, needs to be
performed.
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Highlights

The S1P/sphingosine kinase pathway is a key participant in endogenous
cardioprotection.

Both isoforms of sphingosine kinase (SK1 and SK2) are necessary for optimal
cardioprotection.

Ischemic pre-conditioning preserves both sphingosine kinase activity and S1P levels.

The immunomodulator FTY720 mimics S1P effects in the heart.
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Figure 1.
Schematic representation of the time course of total sphingosine kinase activity in the
presence and absence of ischemic preconditioning modified from reference 80. Buffer
perfused mouse hearts were equilibrated for 20 min on a Langendorff rig and then subjected
to 50 min of ischemia followed by 40 min of reperfusion. SK activities are expressed as
pmols of S1P formed per min per g wet weight of heart. SK activity at 75 min and 120 min
was significantly different (P<0.05) when preconditioned and non-preconditioned samples
were compared by analysis of variance followed by post-hoc testing using the Student
Neuman Keuls method (n=5 for each data point).The error bars are the standard deviation.
Some hearts received two cycles of ischemic preconditioning in which flow was stopped for
2 min and then resumed after 30 seconds. As can be seen, the preconditioned hearts
displayed a smaller decline in enzyme activity which returned to normal by the end of
reperfusion, while the non-preconditioned hearts exhibited a much steeper decline in
enzyme activity which remained depressed throughout the reperfusion period. Equil =
equilibrium; Isch = no flow ischemia; Reperf = reperfusion.
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Figure 2.
S1P was measured by liquid chromatography and mass spectrometry as detailed in reference
80. Ischemia/reperfusion and ischemic preconditioning were performed as described in the
legend to figure 1. As can be seen the S1P level at the end of reperfusion was significantly
higher in the hearts that received ischemic preconditioning. This is presumably the result of
the higher sphingosine kinase activity at the end of reperfusion as shown in Figure 1. N= 5/
group. * = P < 0.01. I/R = ischemia/reperfusion. IPC = ischemic preconditioning.
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Figure 3.
Schematic representation of the time course of total sphingosine kinase activity in the
presence and absence of ischemic post-conditioning based on data in reference 108. Buffer
perfused mouse hearts were equilibrated for 20 min on a Langendorff rig and then subjected
to 50 min of ischemia followed by 40 min of reperfusion. Some hearts received four cycles
of ischemic post-conditioning in which flow was stopped for 5 seconds and then resumed
after 5 seconds. As can be seen, the hearts destined to be post-conditioned displayed an
identical decline in enzyme activity to the control hearts. In the post-conditioned hearts,
enzyme activity returned toward normal by the end of reperfusion, while the hearts that were
not post-conditioned exhibited a persistent reduction in enzyme activity. Equil =
equilibrium; Isch = no flow ischemia; Reperf = reperfusion.
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