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The role of sphingosine-1-phosphate (SI1P) in regulation of cellular functions and cell protection is re-
viewed. S1P, along with other sphingolipid metabolites, is believed to act as an intracellular second messenger
and as an extracellular mediator molecule. S1P chemistry, production and metabolism are described. Cellular
receptors for S1P and their tissue specificity are described. Platelets and erythrocytes have a crucial significance
in blood transport of S1P. Hypoxic conditions induce an increase in S1P, which initiates a set of cytoprotective
events via its cellular receptors. S1P involvement in regulation of cell migration, myogenesis, control of skeletal
muscle function is described. It is shown that S1P balance disturbances may mediate pathological state. SI1P
system implication in regulation of the most important cellular functions allows considering it as a prospective
remedial target.
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Chemistry, production and metabolism
lular membranes where they play a role in
membrane structure components. However,

in the process of membrane lipid metabolism,

sphingolipids are released and can be involved in
regulation of the most important sides of cellular
response. From a practical perspective it is impor-
tant to consider sphingolipids as cytoprotectants
and biomarkers which may be useful as therapeu-
tic targets and diagnostic tools. This topic has re-
cently received greater interest and was intensively
reviewed during the last decade [1—10]. However,
there is a need for an integral understanding of

Chemistry. SIP is a signaling sphingolipid (li-
pid mediator) (Fig. 1). Sphingolipids are characteri-
zed by the presence of an aliphatic amino alcohol
sphingosine.

Production. Sphingosine originates from the
hydrolysis of ceramides by ceramidase (Fig. 2).
Ceramides in turn, composed of sphingosine and
a fatty acid, represent a lipid component of sphin-
gomyelin, which is one of the major lipids of the
cell membrane outward leaflet (about 85% of all
cellular sphingolipids). Ceramide is believed to

S phingolipids are largely presented in cel-

the novel experimental data that has resulted from
increased attention to sphingolipids. This review
focuses on sphingosine-1-phosphate (S1P) involve-
ment in regulation of cellular functions and cel-

be involved in the regulation of cell proliferation,
differentiation, and apoptosis. Sphingomyelin is
hydrolyzed by sphingomyelinases (SMases) [11].
There are three main SMase types including the

lular protection. lysosomal and secreted acidic SMases (L- and S-

Abbreviations: CK, creatine kinase; dhS1P, dihydrosphingosine-1-phosphate; EDG, endothelial differentiation gene;
ERK, extracellular signal-regulated kinase; HDL, high density lipoprotein; iNOS, inducible NO synthase; JNK,
c-Jun N-terminal kinase; LDL, low density lipoprotein; LPA, lysophosphatidic acid; NO, nitric oxide; PAF, platelet-
activating factor; PKC, protein kinase C; p38 MAP, mitogen-activated protein kinase; pVHL, Von Hippel—Lindau
tumor suppressor; S1P, sphingosine-1-phosphate; SIP(1-5)R, SIP receptors; siRNA, small interfering RNA; SMase,
sphingomyelinase; SphK, sphingosine kinase; STAT, signal transducer and activator of transcription; TGF-p, trans-
forming growth factor-f; THP-1 monocytes (human acute monocytic leukemia cell line); TNF, tumor necrosis factor.
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Fig. 1. Structure of Sphingosine-1-phosphate

ASMases) and the membrane neutral SMase (N-
SMase) [11]. Sphingolipid metabolites including
S1P act as intracellular second messengers and as
extracellular mediator molecules [12]. SIP enzy-
matic assay showed that S1P concentrations varied
from 0.5 to 6 pmol/g wet weight in rat tissues [13].
The highest S1P concentration was detected in the
brain whereas the lowest one was in the heart and
testes. Sphingosine level appeared to be signifi-
cantly higher in most cells and tissues as compared
to S1P [13].

Metabolism. Three cell enzymes tightly regu-
late the S1P intracellular pool — sphingosine ki-
nase (SphK), S1P lyase, and S1P phosphatase [14].
SphK phosphorylates sphingosine and sphingosine

phosphatase catalyzes a removal of phosphate resi-
due [15]. S1P lyase, a key enzyme of sphingolip-
id metabolism, is thought to be the only known
enzyme that catalyzes irreversible degradation
of sphingoid base-1-phosphates to phosphoetha-
nolamine and the corresponding fatty aldehydes
[16, 17]. However, Ikeda et al [16] presented evi-
dence of an alternative S1P-degrading enzyme in
S1P lyase-null F9 cells which were able to degrade
dihydrosphingosine. Both phosphoethanolamine
and aldehyde are involved in glycerophospholipid
synthesis. In most tissues SIP lyase expression is
closely related to dihydroS1P lyase activity, howe-
ver, high dihydroS1P lyase activity in the liver
and heart are not correlated with enzyme protein
levels [18]. In mice, SIP lyase is localized to the
endoplasmic reticulum and its pyridoxal 5’-phos-
phate binding domain (active site) faces the cy-
tosol, whereas S1P phosphatase has an opposite
orientation in the endoplasmic reticulum [18]. The
highest SphK1 expression in humans was found
in adult lung and spleen, followed by peripheral
blood leukocytes, thymus, and kidney, respectively.
The enzyme expression was detected in the brain
and heart [19]. Database searches revealed that
endothelial cells, retinal pigment epithelium and
senescent fibroblasts also expressed SphK1 [19].

Sphingomyelin
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Fig. 2. Production and catabolism of sphingosine- I-phosphate
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There was strong staining for SphK1 in the white
matter of the cerebrum and cerebellum, the red
nucleus and cerebral peduncle in the midbrain, the
uriniferous tubules in the kidney, and the vascular
endothelial cells of various organs, and in mega-
karyocytes and platelets [20].

Lipid mediator S1P is short-lived in cells and
its synthesis by SphKs may be sufficient to pro-
vide the necessary intracellular concentration of
S1P [21]. SphK1 appeared to be a major isoform
in many mouse tissues, particularly in the brain,
heart, and colon; however, the authors found addi-
tional SphK activity in the spleen, small intestine,
and lung that was not related to SphK1 and SphK?2
[21]. Both enzymes may substitute for each other
[22]. SphK1(-/-) mice appeared to be less resistant
to LPS-induced lung damage as compared to wild
type animals, but could be protected from damage
by delivering the wild type SphK1 with adenovi-
ral vector [23]. From distinctions in SphK1 and
SphK?2 expression during lung injury, the differ-
ing functions of enzymes in the LPS-induced lung
damage mechanism were expected [23]. Deletion
of the SphKI1 gene resulted in a significant de-
crease in cardiomyocyte viability during 4 hours
of hypoxia+glucose deprivation [24]. However, the
comparison of neutrophil functions of SphK1 or
SphK?2 knockout mice failed to reveal any distinc-
tions in superoxide production, B-glucuronidase
release, or neutrophils’ capacity to kill bacteria
[25]. SphK1-deficient mice had normal acute and
chronic inflammatory responses [26]. Nonethe-
less, in vivo SphK2 (not SphK1) knockout mice
demonstrated faster aggravation of bacterial lung
infection as compared to wild-type counterparts
[25]. Therefore, the deficiency in one SphK iso-
form in mice may be sufficiently compensated by
the second SphK isoform. However, the deletion
of SphK1 and SphK2 resulted in embryonic death
due to severe bleeding [27]. SphKs is considered
as a regulator of the «sphingolipid rheostat» which
produces pro-survival SIP and decreases pro-apop-
totic sphingosine [28]. Liu et al. [29] assumed that
SphK1 and SphK2 have opposite functions: SphK1
stimulates growth and survival whereas SphK2 en-
hances apoptosis and inhibits cellular proliferation.
SphK2 amino acid analysis revealed a 9-amino
acid motif presented in BH3-only proteins, a sub-
group of Bcl-2 family pro-apoptotic proteins. This
Bcl-2 homology domain-3 (BH3) may be responsi-
ble for SphK2’s apoptotic effect [29]. SphK2 cata-
Iytic activity level may also be involved in apoptosis
promotion via ceramide biosynthesis [30]. Time of
survival of glioblastoma multiforme patients with
low expression of SphK1 in tumors was prolonged
as compared to patients who had high levels of
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enzyme expression [31]. In glioblastoma cell lines
RNA interference to knockdown SphKs resulted
in suppression of cell proliferation and increased
apoptosis that were indicative of SphKs contribu-
tion to glioblastoma cells growth regulation [31].
Activation of SphKs by TNF-a was reported in
human umbilical vein endothelial cells [32]. This
mechanism was considered to be protective against
the apoptotic TNF effect. Knowledge of lysophos-
pholipid metabolism, tissue, and cell-specific re-
ceptor sets, and produced effects may provide a
basis for synthesis of stimulators and inhibitors
specified for specific function [33].

Receptors

S1P mediates such responses of the cell as
growth, survival, and migration [15]. G-protein-
coupled receptors of the endothelial differentiation
gene (EDG) family are considered to be cell sur-
face membrane-localized receptors for S1P [3, 34].
There are five subtypes of EDG receptors for S1P
which are named SIPI1, 2, 3, 4, and 5. Original-
ly these were EDG-1, 5, 3, 6, and 8, respective-
ly [14, 35]. SIP receptors are ubiquitous and are
particularly present in the cardiovascular system
[36]. Some of these receptors are involved in the
development of the cardiovascular system [3, 14].
In murine ischemic hind limbs, exogenously ad-
ministered SIP stimulated post-ischemic angio-
genesis [37]. All SIP receptors are palmitoylated
and SIP(I)R has three palmitoylated Cys residues
in the cytoplasmic tail [38]. A palmitoylation/de-
palmitoylation cycle is needed for normal S1P(1)
R internalization: non-palmitoylated SIP(1)R mu-
tant cells demonstrated retarded S1P(1)R internali-
zation. S1P(1-3)R are believed to play a protective
role for vascular integrity and against acute myo-
cardial ischemia [39]. Different S1P receptors may
provide the various effects: SIP(1)R subtype on
endothelial cells stimulates whereas SIP(2)R sub-
type inhibits tumor angiogenesis [40]. Therefore,
varying expression of SI1P receptors in different tis-
sues specifies SIP effects.

Blood transport and blood distribution

The half-life of plasma SIP was reported to
be approximately 15 min, indicating a high level
of S1P production [41]. After transportation out
of the cell, SIP may act in autocrine, paracrine,
or distant manner, reaching its receptors through
blood and lymphatic vessels [14]. Via its recep-
tors, S1P regulates functions of both major types
of vascular cells — endothelial and smooth muscle
cells [15, 42]. Using HPLC, Ito et al [43] com-
pared platelet and erythrocyte contribution to the
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whole blood S1P balance and found that eryth-
rocyte contribution was higher (589 pmol per ml
blood) than that of platelets (341 pmol/ml), while
S1P concentration in plasma was 153 pmol/ml.
When calculated per cell, one platelet appeared to
contain approximately nine-fold higher SIP than
did one erythrocyte. Erythocytes, when compared
to platelets, had weak SIP kinase activity and
lacked both SIP lyase and S1P phosphohydrolase
activities degrading S1P [43]. Interestingly, non-
activated mouse platelets were devoid of S1P, but
contained dhS1P in parallel with a high concentra-
tion of ceramide [44]. Platelet activation in vivo re-
sulted in an immediate and continuous increase in
dhSIP in plasma, whereas SIP was unchanged. In
contrast, human platelets contained dhS1P along
with S1P [44]. Rat platelet stimulation by thrombin
or Ca?" led to SIP release from platelets [45]. This
is indicative of two independent plasma membrane
systems regulating S1P release which may exist in
platelets. The first system is thrombin-stimulated
and ATP-dependent, while the second system is
Ca?"-stimulated and ATP-independent [45]. Hu-
man platelets possess their own possibilities for S1P
generation [12, 46]. Platelets may 1) rapidly incor-
porate sphingosine from plasma and convert it into
S1P and 2) generate SIP from degradation products
of the platelet surface sphingomyelin, conceivably
owing to the action of membrane-bound neutral
ceramidase [12]. In vitro study demonstrated that
the great portion of plasma SI1P appeared to be
connected with HDL and albumin fraction [46].
Ectophosphatase activity noticeably degraded SIP
in the presence of vascular endothelial cells or in
the whole blood whereas SI1P was stable in plasma
[46]. Erythrocytes are suggested to be the main
source of plasma S1P [47, 48]. In human study,
a strong positive correlation between S1P plasma
concentration and erythrocyte-related rather than
platelet-related parameters was found [49]. Alka-
line ceramidase activity expressed in erythrocytes
is responsible for sphingosine (precursor of S1P)
generation in these cells [48]. SIP export from the
erythrocyte is realized by means of an ATP-de-
pendent transporter and SIP transport increases
depending on S1P concentration [50].

HDL and serum albumin function as endoge-
nous triggers for S1P release from erythrocytes and
in bound form SI1P may stimulate Ca?" flux via
S1P(1)R subtype [47]. Plasma S1P is thought to
be very important in the maintenance of vascu-
lar integrity and the regulation of vascular leak
in inflammation [51]. Mice with a genetic lack of
plasma SIP demonstrated an increased vascular
leak and impaired survival after anaphylaxis, ad-
ministration of PAF or histamine, and exposure to
related inflammatory challenges [51].

Hematopoietic cells release S1P into circu-
lation (wild-type bone marrow transplantation to
Sphk1(-/-)Sphk2(+/-) mice resulted in S1P plasma
value restoration); however there was no significant
alteration of S1P level in mice with thrombocytope-
nia, anemia, or leukopenia [41]. Vascular endothe-
lial cells were also found to contribute to plasma
S1P level [41]. Plasma S1P concentrations were
significantly higher in men (413.1 £ 52.0 nmol/L;
mean = SD) than in women (352.4 £ 39.7 nmol/L)
[49]. Therefore, plasma level of SIP depends on
S1P release mainly from platelets, erythrocytes,
and vascular endothelium. The main SIP blood
portion is distributed among plasma lipids and se-
rum albumin. Ectophosphatase may contribute to
S1P degradation in circulation.

Hypoxic conditions and cytoprotection

Accumulating data indicate that SIP and its
receptors play an important role in regulation of
the cardiovascular system: cardiomyocyte, vascu-
lar smooth muscle, and endothelial cell function
strongly depends on expression of S1P receptors
and enzymes involved in sphigolipid metabolism
[52]. Hypoxic conditions (both ischemic precon-
ditioning and ischemic postconditioning) stimu-
late the heart to produce S1P, which acts as an
effective cardioprotectant [53]. The comparison
of cardiomyocytes in ischemic conditions (4 h of
hypoxia+glucose deprivation) in wild type and
SphK1-null mice demonstrated that wild-type
cells’ viability was significantly higher [24]. Ex-
genous SIP considerably prevented cell death in
both myocyte cultures. The activation of SphK1
by monoganglioside, GM-1, resulted in increased
survival in wild-type cardiac myocytes. An appli-
cation of S1P(1)R-selective antagonist VPC23019
or pertussis toxin before ischemic stress suppressed
GM-1 effect. That is, S1P produced by myocytes
must be exported from the cell where it can act as
a paracrine or autocrine regulator via its receptors
[24]. Infarct size in SphK1-null mice appeared to
be increased and the hearts of these mice demon-
strated a poor response to ischemic precondition-
ing or postconditioning stimulus [54]. VPC23019
blocked cardioprotection in ex vivo rat hearts and
in isolated cardiomyocytes [55].

Cardioprotection. Since SIP was reported to
be an important metabolite for survival of many
tissues, it has been discussed as a cardioprotec-
tive agent [36]. Karliner et al [56] reported that
S1P and LPA enhanced survival during hypoxia
in neonatal rat cardiac myocytes. Lecour et al
[57] found that the mechanism of TNF precon-
ditioning-like resistance against infarction and
contractile dysfunction depended on sphingolipid
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signaling: N-oleoylethanolamine, the sphingolipid
signaling pathway inhibitor, reduced ischemic and
TNF-a preconditioning effects.

Cardiomyocyte protection — receptors (phenome-
non). S1P and other metabolites of sphingomyelin
are thought to be relevant modulators of cardiovas-
cular function and their action depends on specific
cellular receptors [58]. Cardiac receptors for S1P
and other sphingolipids have been discovered and
classified [59]. S1P(1) receptors are important in
S1P induced survival increase under hypoxic stress
in mouse cardiac myocytes and this SI1P effect may
be removed by phosphoinositide 3-kinase suppres-
sion [60]. Tsukada et al [6]1] demonstrated that
SIP(1)R has a crucial significance in ischemia-
reperfusion events: S1P (1 and 10 mM) decreased
infarct size and creatine kinase release while S1P
or SIP(1)R-selective agonist SEW2871 was able
to improve left ventricular developed pressure.
However, SEW2871 at a concentration of 1 mM
exacerbated reperfusion arrhythmias. Hoffmann
et al [62] reported that new SI1P receptor agonist
FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-
propanediol hydrochloride) pre- and post-condi-
tioning improved a heart function recovery after
infarction in rats due to a decrease in reperfusion
arrhythmias. However, this drug administration
failed to reduce infarct size and, moreover, when
injected before reperfusion FTY720 increased rat
mortality caused by fatal ventricular tachyarrhyth-
mias [62]. Ischemia-reperfusion of hearts (1 h of
coronary occlusion and 2 h of reperfusion) in mice
lacking either SIP(2)R or SIP(3)R failed to change
infarct size as compared to wild-type mice, but
it was increased by >50% in SIP(2, 3) receptor
double-knockout mice [63]. Ischemia-reperfusion-
mediated activation of ERK, JNK, and p38 MAP
kinases was similar in both SI1P(2, 3)R double-
knockout and wild-type mice. However, double-
knockout mice demonstrated a diminished Act ac-
tivation that was not observed, if deletion affected
only one SIP receptor. SIP(3)R may be involved
in regulation of heart rate [64]. These data suggest
that SIP(2)R, S1P(3)R and receptor-mediated Act
activation are involved in cardiomyocytes protec-
tion from ischemia-reperfusion injury [63].

Signaling. Jin et al [65] examined the
hypothesis that an epsilon-isoform of protein ki-
nase C (PKC epsilon) is involved in S1P-mediated
cardioprotection. If hearts isolated from PKC
epsilon knockout mice and wild-type mice were
pretreated with a 2-min infusion of 10 nM SI1P
before ischemia-reperfusion, they demonstrated
an improved recovery of left ventricular developed
pressure and creatine kinase release [65]. However,
pretreatment with 10 nM of the monoganglioside
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GM-1, which increases SI1P endogenous produc-
tion, improved these variables only in wild-type
hearts. These data indicated that an extracellu-
lar SI1P cardioprotection mechanism omits PKC
epsilon-dependent signaling pathways, whereas
GM-1 acts via this mechanism. S1P and LPA an-
tihypoxic protective action in relation to neonatal
rat cardiac myocytes was shown through signaling
mechanisms involving protein kinase C and mito-
chondrial K(ATP) channels [56]. SIP was able to
activate, by means of S1P(1)R-mediated pathway, a
mitogen-activated protein kinase (ERK) linked to
antiapoptotic responses in the heart [66]. In fact,
S1P pretreatment reduced hypoxia-reoxygenation
induced death of isolated mouse cardiomyocytes,
and an inhibition of various parts of the ERK
pathway led to abrogation of this cell survival ef-
fect of SIP [66]. SIP-induced PKC epsilon trans-
location into mitochondria was indicative of this
enzyme’s involvement in a protective mechanism
that included a reduction of the mitochondrial
membrane depolarization and an increase in Ca?*
level in mitochondria [67]. Thus, SIP decreased
the isolated mitochondria swelling induced by oxy-
gen and glucose deprivation [67]. Agudo-Lypez et
al [68] revealed dose-dependent effect of ceramide
on mitochondrial permeability transition pore
(mPTP). Low ceramide concentration treatment
of mitochondria isolated from ischemia-exposed
SH-SYS5Y neuroblastoma cells resulted in reactive
oxygen species (ROS)-induced controlled opening
of the mPTP that could reduce mitochondrial Ca?*
overload and explain the sphingolipid protective
mechanism. S1P-mediated Ca?* overload in rat
cardiomyocytes could be reduced by EDG-1 pro-
tein expression inhibition with EDG-1 antisense
cDNA transfection [69]. S1P is implicated in the
maintenance of increased peripheral resistance in
heart failure via p38 MAPK-mediated deactiva-
tion of myosin light chain phosphatase [70]. This
effect resulted in myogenic vasoconstriction and
exacerbated heart failure. The absence of genes
encoding sphingosine-kinases or SIP(2)R abro-
gated an elevated myogenic vasoconstriction after
myocardium infarction [70]. A rat study in isolated
perfused hearts with a novel S1P(3)R antagonist
(TY-52156) demonstrated that vasoconstriction in-
duced by S1P was realized through S1P(3) recep-
tor activation [71]. Subsequent events included an
increase in Ca?"(i) and Rho activation in vascular
smooth muscle cells.

S1P with TGF-B was equally shown to be im-
plicated in hypoxia-inducible factor-1 « mRNA ex-
pression increase in macrophages under normoxia
that may assist their transformation to a tumor-
supporting phenotype [72]. Interestingly, the effect
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of acute or chronic hypoxia on the expression of
genes involved in the production of S1P and on post
S1P receptor signal transduction pathways were re-
vealed in human pulmonary smooth muscle cells
[73]. Both models of hypoxia failed to change the
expression of SIP(1)R, S1P(3)R or LPA(1)R genes,
whereas acute hypoxic exposure elevated mRINA
transcript concentrations of SphK1/2 and LPPI.
Chronic hypoxia raised SphK1 mRNA transcript
alone. Moreover, in acute hypoxia, the ability of
S1P to activate p38 MAPK was increased, where-
as in chronic hypoxia the effect of SIP was more
coupled with ERK-1/2 phosphorylation [73]. S1P-
dependent murine heart ischemic preconditioning
events induce an activation of SphK which is trans-
located from cytosol to cellular membranes where-
as this effect was absent in PKC epsilon-knockout
mice [74]. N,N-dimethylsphingosine, an inhibitor
of the PKC epsilon, eliminated the ischemic pre-
conditioning protective effect and precondition-
ing-induced increase in SphK activity [74].

HDL. S1P is thought to be an important HDL
component, defining HDL cardioprotective action
[36]. HDL is a major carrier of S1P in plasma and
animal data demonstrate that the lack of selected
S1P receptors results in decreased HDL cardio-
protective action [6, 36, 54]. HDL and its con-
stituent, S1P, effectively protected mouse myocar-
dium against ischemia-reperfusion damage in vivo.
The diminution of infarct size was approximately
20% with HDL and 40% with S1P [75]. Authors
suggest the underlying protective mechanism to
include a suppression of inflammatory leukocyte
recruitment and of apoptosis of cardiomyocytes in
the area of infarction that was NO- and S1P(3)
R-mediated. The protective effect was lacking if
NO synthase was inhibited or S1P(3)R(-/-) mice
were used [75, 76]. The viability of mouse car-
diomyocytes in culture after hypoxia-reoxygena-
tion was significantly increased in cells treated
with autologous mouse HDL and this protective
effect was absent if cardiomyocytes were treated
with VPC 23019, the S1P(1)R and S1P(3)R an-
tagonist [77]. HDL prosurvival action could also
be inhibited by the selective SIP(3)R antagonist
CAY10444, the G(i) antagonist pertussis toxin, the
MEK (MAPK/ERK) kinase inhibitor PD-98059,
and wortmannin (the phosphoinositide 3-kinase
inhibitor). Therefore, HDL-mediated protection
of cardiomyocytes against oxidative damage was
needed to activate the signal pathways dependent
on S1P(1)R and S1P(3)R subtypes [77].

SphK. When the post-conditioning protec-
tive effect was compared on wild and SphK1 null
mouse isolated hearts, it appeared that SphKl1
null hearts had no difference in infarct size from

10

controls whereas wild-type hearts demonstrated
a significant infarct size reduction from 40% in
control to 29% in wild-type [78]. Preconditioning
(two cycles of 2 min of global ischemia and 2 min
of reperfusion) followed by ischemia-reperfusion
(50 min global ischemia and 40 min reperfu-
sion) failed to protect SphK1 null mouse hearts:
the mutants demonstrated a worsening of cardiac
functional variables and increase in infarct size
as compared to wild-type animals, indicating the
critical importance of the SphK1-SI1P pathway in
heart ischemic preconditioning [79]. In addition,
ischemia-reperfusion initiated apoptosis in hearts
appeared to be markedly elevated in SphK1 mouse
mutant [79]. Kacimi et al., based on data from
Sphl null mouse cardiac fibroblasts hypothesized
that SphK 1 has dual regulatory function: 1) con-
trol of cell proliferation (hypoxia-induced fibro-
blast proliferation was limited in SphK 1 null cells)
and 2) negative modulation of hypoxia-induced
pro-inflammatory responses [80].

Other sphingolipids. Other sphingolipids are
also involved in cardiac status regulation. Sphin-
gosine appeared to be a cardioprotectant and a
physiological concentration 0.4 microM of sphin-
gosine was as effective as 5 microM SI1P [53].
When used in pre- or post-conditioning ex vivo
rat heart models, both compounds provided more
than 75% recovery of left ventricular developed
pressure during reperfusion and a reduction in size
of infarct from 45% to less than 8% after 40-min
ischemia. Combined application of both com-
pounds provided an enhancement of the protec-
tive effect against ischemia for up to 90 min and
a combination of S1P, sphingosine, and a ramped
ischemic postconditioning regimen gave an addi-
tional heart protective effect [81]. Bielawska et al
[82] were the first to demonstrate in vitro and in
vivo that ceramide signaling can be involved in is-
chemia/reperfusion-induced cardiomyocytes apo-
ptosis. Using a left coronary artery occlusion mod-
el in rat hearts they found ceramide to accumulate
during ischemia progress (155 and 330% baseline
level after 30 and 210 min of ischemia, respec-
tively). However, reperfusion was needed for the
promotion of cardiomyocytes apoptosis [82]. S1P
increase under hypoxia correlated with a decrease
in cellular ceramide that might be explained by
sphingomyelinase inhibition. Exogenous ceramide
and ceramidase inhibition diminished hypoxia-
induced cell growth [83]. In parallel to S1P, sphin-
gosylphosphocholine (SPC) was identified as the
plasma and serum factor responsible for activating
the inwardly rectifying K* channel, and it has been
suggested that both compounds may play a physio-
logical role in heart regulation [58]. The molecu-
lar cardioprotective mechanisms used by SIP and
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sphingosine are different [53]. SIP uses a G-pro-
tein coupled receptor pathway while sphingosine
acts via a cyclic nucleotide-dependent protein ki-
nase pathway [81]. Ethanolamine, which is a SI1P
and anandamide (N-arachidonoylethanolamine,
an endogenous cannabinoid neurotransmitter)
biodegradation product, also appeared to possess
cardioprotective properties in an isolated heart is-
chemia/reperfusion mouse model (30 min ischae-
mia/2 h reperfusion) [84]. The protective effect oc-
curred via activation of the STAT-3 signal pathway:
infarct size was decreased by ethanolamine pre-
treatment in the wild-type mouse heart, whereas
cardiomyocyte specific STAT-3 knockout mice
demonstrated a loss of a protective effect [84].
Mitochondrial monoamine oxidase (isoform A)
is important in mitochondrial ROS production,
ROS-initiated cardiomyocyte apoptosis, and pos-
tischemic cardiac injury [85]. In H9c2 cardiomyo-
blasts, it was demonstrated that apoptosis may be
linked to SphKI1 inhibition by ROS that was as-
sociated with an accumulation of the proapoptotic
agent ceramide [86]. Pharmacological or siRNA-
induced SphKI1 suppression, as well as ceramide
or H)O, delivery, enhanced H9¢2 cell apoptosis,
whereas increased SphK1 expression protected
cardiomyoblasts from apoptosis induced by sero-
tonin or H,0,. When wild-type-mice and mono-
amine oxidase-A-deficient mice were compared in
cardiac ischemia-reperfusion effects, SphK1 inhi-
bition, ceramide accumulation, and concomitantly
infarct size and cardiomyocyte apoptosis appeared
to be significantly less in monoamine oxidase-A-
deficient mice [86]. SIP may be also implicated in
adiponectin-induced cyclooxygenase-2 expression
in rat neonatal cardiac myocytes, and inhibition
of SphK1 reduced cyclooxygenase-2 expression
[87]. Antiplatelet therapy in infarct patients may
decrease plasma S1P level due to its release by ac-
tivated platelets which may diminish myocardium
protection [88].

Ischemia/Reperfusion
Glucose deprivation

Collectively, reviewed data has shown evi-
dence for an importance of S1P, its receptors, and
SphK 1 in supporting cardiomyocytes longevity
(Fig. 3). S1P receptors and SphK 1 may be pro-
spective targets in therapy of cardiac pathologies.

Other examples of cell protection: endothe-
lial and smooth muscle cells. SIP can induce the
accumulation of transcriptionally active vascu-
lar hypoxia-inducible factor-1 (HIF-1) o subunit
in vascular endothelial and smooth muscle cells
by means of von Hippel-Lindau tumour suppres-
sor protein (pVHL)-independent stabilization of
HIF-1 a protein [89]. S1P is also involved in en-
dothelial cell barrier regulation [90]. S1P can pro-
duce microvessel permeability suppression medi-
ated by SIP(I)R [91, 92]. In human endothelial
cells S1P induces platelet/endothelial cell adhesion
molecule-1 (PECAM-1) tyrosine phosphorylation
through G(i) and Src family kinases that is in-
volved in platelet adhesion to the endothelium [93].
Endothelial cells pretreatment with S1P (1 microM,
30 min) attenuated H,O,-induced apoptosis due
to decreased phosphorylation of p38 MAP kinase
[94]. SI1P delivered intravenously was able to sig-
nificantly reduce both alveolar and vascular barrier
dysfunction (lung edema and accumulation of ex-
travascular lung water) induced in mice or dogs by
intrabronchial endotoxin administration combined
with high tidal volume mechanical ventilation
[95, 96]. Moreover, as a systemic tissue barrier reg-
ulator, S1P reduced LPS-mediated Evans blue dye
albumin extravasation and myeloperoxidase con-
tent in renal tissues [96]. Intratracheal administra-
tion of LPS, resulted in an increase in SIP lyase
activity followed by a decrease in lung S1P levels,
while elevation of lung S1P by application of S1P
lyase inhibitor 2-acetyl-4(5)-[1(R),2(S),3(R).4-
tetrahydroxybutyl]-imidazole provided lung tissue
protection that was mediated by attenuation of p38
MAPK and I-xB, IL-6 secretion, and endothe-
lial barrier disruption via Racl activation [97].

Decrease of
AN mitochondria swelling

Increase of cardiomyocytes
survival (antiapoptotic effect)

Decrease of infarct size

Fig. 3. Sphingosine-1-phosphate and cardiomyocytes survival
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S1P significantly prevented necrotic and apoptotic
death of SH-SYS5Y human neuroblastoma cells un-
der oxygen and glucose deprivation [67]. Hypoxia
up-regulated SphK1 in human endothelial cells
EA.hy 926, stimulating the migratory response
of the cells. An increased migration ability of en-
dothelial cells may be associated with angiogen-
esis in tumor growth [98]. Vascular smooth muscle
cells exposed to acute hypoxic stress (<16 h; 2 and
5% 0O,) demonstrated significant stimulation of
growth compared to normoxia (21% O,) [83]. SIP
synthesis was significantly increased in hypoxia
and a pretreatment of cells with D-erythro-N,N-
dimethylsphingosine, an inhibitor of sphingosine
kinase, resulted in significant suppression of hy-
poxia’s effect on cell growth.

Ionizing radiation activates acidic SMase
producing ceramide, which promotes cellular apo-
ptosis induced by radiation; however, SIP dem-
onstrates radioprotective properties [99—101]. The
inhibiton of S1P lyase, which irreversibly degrades
S1P, prolonged survival of mice after exposure to a
dose of lethal ionizing radiation [102].

S1P family receptors were found on the sur-
face of human coronary artery smooth muscle cells
(CASMC), and S1P appeared to be a strong induc-
tor of CASMC contraction, which was inhibited
by JTE-013, an antagonist of SIP(2)R [103]. Ex-
periments with SIP(2)R(-/-) knockout mice sug-
gest that SIP(2)R had an important role in vas-
cular function and normal hemodynamics [104].

migration

marrow

Suppression of

Activation of
endothelial cell

Egress/Mobilization of
lymphocytes from thymus,
lymph nodes and bone

myoblast proliferation

Thus, data on S1P-induced protection of various
cell types may be important for the development of
new approaches in the therapy of tissue and vascu-
lar barrier dysfunctions.

SIP regulation of cell migration. Numerous
studies have demonstrated that S1P is tighly in-
volved in the regulation of cell migration and this
S1P effect is one of the most important (Fig. 4).
S1P action on endothelial cells and angiogenesis is
mediated by PAF: S1P significantly increased PAF
synthesis by bovine aortic endothelial cells and p38
MAPK activation by SIP was an important step
in PAF synthesis activation [105]. S1P- and LPA-
induced endothelial cell migration is mediated by
balanced response of G(i) and Rho signaling path-
ways which leads to cytoskeleton remodeling for
cell migration [106].

S1P is thought to play a crucial role as a
chemoattractant for bone marrow hematopoi-
etic stem/progenitor cells [107]. SIP(1)R plays a
key role in the control of lymphocyte egress and
migration [108, 109]. SIP(1)R subtype and S1P
gradient determine lymphocyte egress dynamics
from the bone marrow [110]. T cells of knockin
mice (Slplr(S5A/S5A)) with C-terminal serine-
rich S1P(1)R motif mutation demonstrated delayed
S1P(I)R internalization and disturbed desensiti-
zation after stimulation by agonist [111]. Agonist-
induced lymphopenia in mutant mice was signifi-
cantly delayed as compared to wild-type animals.
S1P(1)R expression on the lymphocyte membrane

Angiogenesis

Inflammatory and allergic
responses, lymphocyte
differentiation

Activation of
myogenesis

Fig. 4. Sphingosine-1-phosphate involvement in the control of cellular functions
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was involved in the maintenance of lymphocyte
circulation and was crucial for egress of these cells
from the thymus and lymph nodes [112, 113]. In-
ternalization of SIP(1)R induced by treatment with
its agonists or by SI1P-lyase suppression stopped
Ilymphocyte egress and resulted in a decrease of
Ilymphocyte concentration in blood and lymph
nodes [114]. PKC inhibition by staurosporine,
calphostin C, and GF109203X resulted in S1P(1)
R down-regulation on the cellular membrane
surface of rat hepatoma HTC(4) cells, whereas
its activation by phorbol 12-myristate 13-acetate
partially abolished SIP(1)R down-regulation in-
duced by FTY720 (PKC inhibitor) [113]. Hence,
PKC-mediated down-regulation of SIP(I)R on the
cell surface may be responsible for lymphopenia
[113]. However, Sinha et al [115] brought evidence
against S1P having a functional chemotactic role
in the egress of B lymphocytes from lymph nodes.
S1P delivery in endothelial cells led to E-selectin
mRNA and protein expression and an increase in
THP-1 monocytes number adhered to endothelial
cells indicating an existence of an S1P-dependent
mechanism of E-selectin expression regulation
[116]. Hence, S1P may have an important role in
the regulation of leukocyte trafficking and other
cell migration.

S1P and skeletal muscles

Regulation of myogenesis. SIP receptors have
been detected in skeletal muscle [117]. A SIP
signaling pathway via SIP(2)R and activation of
ERKI1/ERK2 and p38 MAPK appeared to be
important for the suppression of cell prolifera-
tion and stimulation of myogenic differentiation
[118]. Up-regulation of gap junctional protein con-
nexin-43 evoked by SIP may be involved in in-
tercellular communication during the early phases
of myoblast differentiation and down-regulation
of connexin-43 blocked myogenesis [119]. Migra-
tory capability of myoblasts is a property of great
importance necessary for myogenesis. In compli-
ance with data on S1P’s significance in myogenesis
regulation, enhanced SphK1 expression in conflu-
ent and differentiating C2C12 myoblasts, as well
as an arrest of S1P(2)-mediated myoblast growth
were revealed [120] (Fig. 4). However, examina-
tion with suramin (a specific inhibitor of S1P(3)R)
showed S1P(3)R to be the major receptor subtype
for S1P’s effect on intramembrane charge move-
ments and L-type Ca?" current. In skeletal muscle
and myocardium sphingomyelin metabolites can
interact with intracellular targets and alter intra-
cellular Ca?* release (via ryanodine receptors) and
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conductance of various ion channels in the plasma
membrane [121, 122].

Skeletal muscle function control. Sphingolipids
have been shown to be involved in the control of
skeletal muscle function [123]. As in myocardium
sphingosine may modulate calcium channels in
skeletal muscle where it inhibits calcium release
via the ryanodine receptor of the sarcoplasmic
reticulum. Ceramide and sphingosine production
are controlled by neutral SMase, which is locat-
ed in the junctional transverse tubule membrane.
Sphingosine-regulated events were suggested to be
involved in malignant hyperthermia and muscle
fatigue during muscle contraction [123].

There is evidence that exercise affects S1P
and other sphingolipids metabolism in both skele-
tal muscles and blood [124—126]. Helge et al [124]
compared sphingolipid content in vastus lateralis
biopsies of trained and untrained humans at rest
and after prolonged exercise. Exercise-induced
muscle ceramide metabolism changes were found
in both groups of subjects and it was proposed that
the sphingolipid metabolites may be involved in
muscle adaptation to exercise [124]. Untrained
subjects demonstrated an increase in S1P and
sphinganine-1-phosphate blood levels and a de-
crease in erythrocyte ceramide content after a
single bout of exercise, whereas endurance trained
subjects showed stable levels of sphingolipids in
blood [126]. However, the basal plasma level of
S1P in endurance trained subjects was higher com-
pared to the untrained group, while sphingolipids
(sphingosine, SI1P, sphinganine-1-phosphate and
ceramide) concentrations appeared to be reduced
in erythrocytes. Plasma SIP increase during ex-
ercise may be one of the mechanisms providing
favorable effects of physical training on the cardio-
vascular system [126]. Myocardial ceramide con-
tent and metabolism appear to depend on exercise
duration, as 30-min of treadmill running led to
decreased ceramide content in rat hearts, but pro-
longing exercise duration to 90 min normalized
this variable, and running until exhaustion caused
increased ceramide levels [127]. Changes in the
activity of key enzymes in ceramide metabolism
(serine palmitoyltransferase, sphingomyelinases,
ceramidases) and sphingolipid intermediates con-
tent (ceramide, sphingosine, sphinganine, S1P) in-
duced by running in skeletal muscles of rats also
depended on duration of exercise [125]. There-
fore, exercise affects metabolism of S1P and other
sphingolipids in skeletal muscles indicating sphin-
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golipid involvement in the regulation of skeletal
muscle functions.

S1P status disturbance effects

An alteration of the ability of tissue to metabo-
lize sphingomielin normally may lead to patholo-
gies [128]. For example, Niemann Pick disease
is caused by sphingomyelin accumulation in the
central nervous system due to a deficit of SMases
[129], and an accumulation of sphingomyelin has
been considered to be a risk factor for coronary
heart disease [130]. Lipid mediators, including
S1P, under certain conditions can play a role as
athero- and thrombogenic molecules that may
exacerbate cardiovascular diseases [131]. Cellular
receptors are a pathway for beneficial or harmful
effects of these mediators and a response may de-
pend on receptor subtypes and the signaling path-
ways it activates in a defined cell [131]. SIP might
produce Ca?' overload in cardiomyocytes [69].
Blocking of SIP(1)R expression with an antisense
approach caused a decrease in S1P-mediated Ca?*
deregulation, leading to speculation that SI1P re-
lease by platelets during aggregation and thrombo-
sis, may be involved in acute myocardial ischemia
due to SI1P’s negative inotropic and cardiotoxic
effects [69]. Because of its negative inotropic ef-
fects, SIP may induce bradycardia in mammalian
hearts by means of altering in conductance of cell
membrane ion channels resulting in action poten-
tial duration shortening in the atrium. S1P-treated
mouse cardiomyocytes demonstrated a 25% reduc-
tion of shortening [132]. This action potential du-
ration decrease is thought to depend on decreased
Ca?" influx resulting in intracellular Ca?* decline
and myocyte contractility decrease [132].

SphK1 overexpression in vivo has been associ-
ated with the degeneration and fibrosis of cardio-
myocytes, in part owing to the SIP(3)R signaling
activation by SIP [39]. SphK1 overexpression (a
20-fold increase in enzymatic activity) in trans-
genic mice resulted in progressive heart degen-
eration and fibrosis development associated with
embryonic genes up-regulation, elevation in RhoA
and Racl activity, Smad3 phosphorilation stimula-
tion, and an increase in oxidative stress markers.
Fibrosis could be inhibited by treatment of juvenile
transgenic mice with pitavastatin (an inhibitor of
the Rho family G proteins) or SIP(3)R deletion
which both associated with suppression of SphK1-
dependent Smad-3 phosphorylation. N-2-mer-
captopropyonylglycine, an antioxidant, also sup-
pressed fibrosis development [133]. S1P is thought
to be involved in cardiac fibrosis due to excessive
extracellular matrix production by myofibroblasts,
which arise from injury-affected fibroblasts and
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suppression of cardiac function [134]. S1P increase
led to an increased expression of myofibroblast
marker, a-smooth muscle actin, and collagen.
These events were mediated by SIP(2)R. Rho ki-
nase signaling and an increase in SphKI1 expres-
sion and activity depended on TGF-B. SphK1 or
S1P(2)R siRNA and an anti-S1P monoclonal an-
tibody inhibited collagen production by cardiac
fibroblasts [134]. Presumably, injury-initiated col-
lagen production by cardiac fibroblasts depends on
TGF-p-invoked «inside-out» S1P signaling which
includes increased intracellular SIP synthesis by
SphK1 followed by extracellular SIP release and
S1P(2)R activation [134].

S1P(2)R-mediated SIP involvement in mouse
liver regeneration and fibrosis after injury by
CCl, administration has also been demonstrated
[135, 136]. SIP(2)R(-/-) and wild-type mice re-
sponded to acute hepatic injury with similar ne-
crosis, inflammation, and regeneration of hepato-
cytes, but hepatic myofibroblasts accumulation was
diminished in S1P(2)R(-/-) mice [135]. The pro-
gression of CCI,-induced liver fibrosis (an increase
in serum hyaluronic acid concentration) in rats was
associated with a decrease in plasma SI1P concen-
tration [137]. Furthermore, decreased plasma S1P
levels in chronic hepatitis C patients may be linked
with liver fibrosis [137]. Hence, S1P and SIP(2)R
may be considered as important components in the
hepatic healing response to acute injury.

S1P may also be involved in atherosclerotic
lesion formation through monocyte/macrophage
chemotaxis regulation: thioglycollate-induced
peritonitis was accompanied by a fast increase in
S1P and macrophage accumulation in the perito-
neal cavity, whereas FTY720 (an SI1P analogue)
reduced macrophage recruitment in mice [138]. In
S1P(3)R-deficient mice, peritoneal macrophages
demonstrated a loss of chemotaxis for SIP unlike
those wild-type mice. SIP(3)R may contribute to
monocyte/macrophage and smooth muscle cell
accumulation in atherosclerotic lesions [138]. SI1P
may be also involved in an inflammatory process
by means of cyclooxygenase-2 induction through
Galphal2 and S1P(1, 3, 5)R [139]. Adiponectin
(adipose-derived plasma protein) regulated cy-
clooxygenase-2 induction happens partly through
S1P cellular receptors [140]. During chronic im-
mobilization in rats, an increase in S1P was sug-
gested, along with NO production via iNOS ex-
pression, NR1 expression and the activation of
astrocytes, to be a cause of neurodegenerative
changes [141]. Thus, disorders in sphingolipid me-
tabolism and in particular the SI1P-S1P receptors
system and SphK may result in different negative
consequences connected with cell and tissue dis-
turbances.
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S1P system as a prospective remedial target

Evidence is accumulating to consider S1P
and other phospholipids to be potential therapeutic
targets [142, 143]. SIP G-protein-coupled recep-
tors are also attractive targets for pharmacological
treatment as numerous cellular functions are regu-
lated via these receptors [144]. SIP(1)R regulates
angiogenesis, vascular development, and immune
cell trafficking whereas SIP(2)R plays a critical role
in inner ear physiology, heart and vascular devel-
opment, vascular remodelling, and vascular tone,
permeability, and angiogenesis in vertebrates [144].
SIP(2)R preferentially acts through the G(12/13)
pathway which is involved in the regulation of such
intracellular signaling pathways as Rho GTPase,
the phosphatase PTEN, and VE-cadherin-based
adherens junctions [144].

In a murine model, S1P therapy appeared to
completely prevent oocyte loss induced by radia-
tion that leads to premature ovarian function fail-
ure and infertility [145]. The introduction of SI1P
in clinical medicine as an additional blood bio-
chemical variable was at first considered to be an
important and promising task connected with vas-
cular therapy [35, 146]. Treatment directed toward
the elevation of blood HDL contained S1P may be
considered as a prospective strategy in high-risk
cardiologic patients [147]. S1P injected in diabetic
mice db/db accelerated experimental cutaneous
wound healing as compared to diabetic control due
to acceleration of the neo-vascularization process
[148]. SIP injected locally into wild-type mice or
its endogenous overproduction in SphKI-trans-
genic mice promoted angiogenesis and blood flow
recovery in ischemic hind limbs after femoral ar-
teriectomy [149]. Thus, S1P and its receptors may
be considered as promising targets for ischemia
treatment. S1P’s ability to promote differentiation
and migration of keratinocytes assumed its role in
wounds healing processes [150].

The use of SI1P receptors agonists may also
prove to be useful. Fingolimod (FTY720) is the
first S1P receptor modulator, appeared to be highly
effective in clinical trials aimed to treating multiple
sclerosis possibly due to its capability to decrease
S1P-driven egress of lymphocytes — including au-
toaggressive TH17 cells from lymph nodes [151,
152]. When prophylactically administrated to ani-
mals with experimental autoimmune encephalitis
(a model for multiple sclerosis), FTY720 com-
pletely averted the disease progress. Additionally,
therapeutic FTY720 administration caused sig-
nificant mitigation of the clinical manifestation of
encephalitis [153]. Besides S1P receptor-mediated
action, the FTY720 may act independently of
these receptors: in RBL-2H3 mast cells FTY720
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inhibited cytosolic phospholipase A2, which is
a key enzyme in eicosanoids production [154].
Modifications of FTY720 modulate its functions
[155, 156]. Phosphorylation of FTY720 is crucial
to its efficacy: hydroxyl group elimination resulted
in both acceleration of phosphorylation and greater
efficiency in lymphopenia induction [155]. Howe-
ver, repeated administration of S1P(1)R agonists
eliminated endothelial barrier-protective effects
of SIP and can exacerbate vascular leak, fibrosis,
and mortality after bleomycin-induced lung injury
[157]. Hoffman et al [158] compared the effects of
S1P, the selective S1IP(1)R agonist SEW2871 and
the S1P(1/3)R agonist FTY720, on isolated rat
cardiomyocytes, isolated Langendorff-perfused rat
hearts and human myocardial muscle strip prepa-
rations that underwent ischemia-reperfusion. Both
agonists activate Akt that was associated with the
epidermal growth factor receptor transactivation.
In cardiomyocytes, SEW2871 administration be-
fore/after ischemia provided a protective effect
against cell death. FTY720 demonstrated a pro-
tective effect in rat hearts in terms of attenuation
of the rise in left ventricular end-diastolic pressure
and improvement of the recovery of left ventricular
developed pressure without limiting infarct size,
whereas selective SEW2871 failed to aid functional
recovery and, left ventricular end-diastolic pres-
sure appeared higher [159]. The cardioprotective
effect of FTY720 was also demonstrated in ex vivo
rat hearts: FTY720 precluded ischemia-reperfu-
sion associated arrhythmias and this protective
effect was likely realized through Pakl signaling
[159]. On human umbilical vein endothelial cells
(HUVEGs), palmitoyl-L-carnitine, accumulating
in ischemic heart, demonstrated a S1P-like effect
of increasing the Ca’" concentration in cells that
responded to this compound as to an agonist of
SIP [160].

Taking into consideration S1P’s involvement
in the regulation of leukocytes traffic and its con-
centration increase under inflammatory conditions
(asthma, autoimmunity), S1P’s role in immunity
should be accepted [108, 143, 161, 162]. Lym-
phocyte homing can be altered by SIP receptor
agonist — KRP-203 [163]. In a rat autoimmune
myocarditis model, this agent appeared to be ca-
pable of effectively decreasing the inflammation
area, heart weight/body weight ratio, left ventricu-
lar function, macrophages, and CD4 T cells in the
myocardium and inflammatory cytokine expres-
sion. In peripheral blood, KRP-203 reduced CD4
and CDS8 T cells, whereas B cells and granulocytes
remained unchangeable [163]. FTY720, being
structurally similar S1P analogue but functioning
as an S1P antagonist which inhibits lymphocyte
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egress, may be valuable for immunosuppression to
prevent allograft rejection or to treat T-lympho-
cyte-dependent inflammatory skin diseases (lupus
erythematosus, psoriasis, and atopic dermatitis)
[150]. When phosphorylated, FTY720 caused a
prolonged internalization of S1P(1)R which led to
lymphocyte migration impairment [161]. Interest-
ingly, non-phosphorylated FTY720 induced apop-
tosis in the human microglia cell line HMO6, and
human fibroblasts, whereas phosphorylated forms
of FTY720 and SEW2871 lacked this peculiarity
[164, 165]. Antiapoptotic action of phosphorylated
FTY720 occurs via SIP(3)R subtype, an increase
in Bcl-2 phosphorylation and changes in the mi-
tochondrial membrane potential [164]. Phospho-
rylated FTY720 appears to be a strong inductor
of S1P(1)R ubiquitinylation and proteosomal deg-
radation [166]. Internalization and degradation of
the receptor might be prevented by S1P(1)R an-
tagonist VPC 44116. Oo et al. [166] assumed that
S1P(1)R ubiquitinylation and proteasomal degra-
dation depending on FTY720 targeting of SIP(1)R
may determine the immunosuppressive and anti-
angiogenic properties of this compound.

In a rat model of acute lung injury induced
by acute necrotizing pancreatitis, FTY720 ap-
peared to be able to significantly decrease pulmo-
nary inflammation and injury [167]. SEW2871, a
S1P(1)-selective agonist, administration improves
mouse renal injury induced by ischemia-reperfu-
sion by means of lymphocyte egress suppression
and the inhibition of pro-inflammatory factors
[168]. FTY720 suppressed hepatocellular carci-
noma recurrence after rat liver transplantation in
rats [169] and also showed a neuroprotective ef-
fect after transient middle cerebral artery occlu-
sion [170]. Efforts aimed at producing new SIP
system modulators may lead to the discovery of
new prospective compounds [171, 172]. Therefore,
an up-to-date understanding of the mechanism of
sphingolipid action will enable the identification
of cellular receptors for S1P and enzymes involved
in S1P metabolism as possible targets for medical
treatment.
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S1P as a potential biomarker

S1P’s introduction to laboratory medicine
has been discussed [146]. It was reported that
S1P-content of HDL may serve as a potential
cardiovascular risk marker [147]. Plasma S1P and
sphinganine-1-phosphate concentrations in infarct
patients appeared to be reduced approximately by
50% compared to controls immediately after hos-
pital admission and five days later, whereas other
variables (free sphingosine, free sphinganine, and
ceramide) were unchanged [88]. S1P was revealed
as a significant predictor of coronary artery dis-
ease, even more predictive than such usual risk
factors as age, gender, family history of coronary
artery disease, diabetes mellitus, lipid profile, hy-
pertension, etc. [173].

In addition to the early methods of SIP quan-
titative measurement new and more sensitive meth-
ods for SIP routine analysis have been proposed
[13, 174]. Such new methods include matrix-assist-
ed laser desorption/ionization time-of-flight mass
spectrometry using a phosphate-capture molecule,
as well as immobilized metal affinity chromatog-
raphy (for selective extraction of S1P and dihydro-
S1P) followed by elution, derivatization and detec-
tion by high-performance liquid chromatography
were described [175, 176]. However, new studies
are needed to estimate the significance of S1P as a
valuable specific biomarker and to provide simpler
and cheaper methods of S1P analysis.

In summary, the literature on S1P and some
other lysophospholipids is indicative of an impor-
tant role of these lipid metabolites in the regulation
of cellular function and in cell growth stimulation
under hypoxic condition. The protective mecha-
nism of the cell includes modulation of sphingo-
myelin metabolism that results in a reduction of
total intracellular ceramide level with a concomi-
tant increase in S1P formation. Pharmacologi-
cal SIP receptor agonists have distinct effects on
ischaemia-reperfusion injury. SIP agonists’ effi-
cacy, demonstrated in animal experiments, makes
them potential candidates for pharmaceutical post-
conditioning therapy after cardiac ischemia. This
pharmacological approach with modulators of S1P
receptors may also be useful in a variety of patho-
logical conditions.
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B o00630pe mpoBeneH aHaim3 poand CHUHTO-
mumaa couHTro3nH-1-pocdara (C1D) B pery-
JIIUUU KJETOYHBIX (DYHKIMU U 3alIUTE KJIETOK.
C1® napsamy ¢ IpyTUMH CHUHTOIUTTUIHBIMUA Me-
TabOJUTAMM pacCMaTPUBAIOT KaK BHYTPUKJIETOU-
HBI1 BTOPOM MECCEeHIXEp M KaK BHEKJIETOUHYIO
MeIMaTOPHYI0 MoJieKyny. OnrcaHbl POAYKIUS U
Metabomm3mM Cl®, KIeTOUHBIE pelenTOpbl M WX
TKaHeBasi crneuu@uuHocTb. IlokazaHo 3HaueHue
TPOMOOILIMTOB U 3PUTPOLIMTOB KPOBU B TPAHCIIOP-
Te C1®. YcTaHOBIIEHO TaKXe, YTO TUIIOKCUS WH-
nyunpyet yBenmueHne C1d, KOTOPHI Yepe3 CBOn
KJIETOUHbIE PELENTOPbl MHULIMUPYET LETMb LIUTO-
MPOTEKTUBHBIX COOBbITUH. TIpuBeaeHbI MpPUMEpPDI
LIATOMPOTEKIIMM, OTHOCSIIIMECS K KapAUOMUOLIU-
TaM, KJIeTKaM BHI0TENUST U IaAKuX Mblii. Pac-
cMoTtpeHo ydyactre C1®D B peryisimum MUTpalun
KJIETOK, MUOT€He3e, KOHTpoJIe (PYHKIIMIA CKeeT-
HbIX MbIlIL. [IpeacTaBiaeHbl JaHHbBIE O TOM, UTO
HapyueHnst crtatyca ClI® MoxXeT omocpeaoBaTh
MaToJIOTMYECKHUE COCTOSIHUS, UTO yKa3blBaeT Ha
BO3MOXHOCTb HWCIMOJb30BaHUsT cucteMbl Cl® B
KauecTBe peabHOW M 3(hGHEKTUBHOU MUILIEHU
JUIs1 (hapMaKoJIOrMuecKoro BO3eiCTBUSI.

KnioueBrie cioBa:  cpUHIoO3UH-1-
docdar, peuenTopsl, pacnpeaeieHue, MeTado-
JIU3M, peryiasuus (pyHKIWI KIJIETOK, KJIeTOUuHast
3aluTa.
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