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Sphingosine 1-Phosphate–Related Metabolism in the Blood Vessel
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Sphingosine 1-phosphate (Sph-1-P) is a bioactive lipid released from activated plate-
lets and plays an important role in vascular biology. In this study, we investigated
Sph-1-P–related metabolism in the blood vessel, mainly using radio-labeled Sph and
Sph-1-P. Sph was metabolically stable in the plasma, while it was converted into Sph-
1-P in the presence of activated platelets. When the mixture of Sph-1-P and plasma
was fractionated on a gel-filtration column, all Sph-1-P co-eluted with protein frac-
tions that coincide with lipoproteins and albumin by agarose gel electrophoresis.
When evaluated by polyacrylamide gel electrophoresis, 7.2 ± 3.8%, 53.3 ± 6.4%, and 39.5
± 7.9% of the radioactivity of Sph-1-P added to plasma was recovered in the low-den-
sity lipoprotein (LDL), high-density lipoprotein (HDL), and albumin fractions, respec-
tively. On the other hand, 5.2 ± 3.2%, 38.4 ± 5.5%, and 56.3 ± 5.7% of the radioactivity of
Sph-1-P converted from Sph in collagen-stimulated platelets and released into the
plasma was recovered in the LDL, HDL, and albumin fractions, respectively. When
Sph-1-P release from activated platelets was examined, a stronger response was
observed in the presence of albumin than lipoproteins, suggesting efficient Sph-1-P
extraction from platelets by albumin. Finally, Sph-1-P, which is stable in the plasma,
was markedly degraded by an ectophosphatase activity in the presence of vascular
endothelial cells or in whole blood. Although Sph-1-P is stable in the plasma, it is
likely that the level of this bioactive lipid is dynamically controlled by various factors
including release from platelets, distribution among plasma proteins, and degrada-
tion by ectophosphatase.

Key words: albumin, lipoproteins, plasma, platelets, sphingosine, sphingosine 1-phos-
phate.

Abbreviations: Sph-1-P, sphingosine 1-phosphate; EC, endothelial cell; SMC, smooth muscle cell; Sph, sphingo-
sine; TPA, 12-O-tetradecanoylphorbol 13-acetate; TRAP, thrombin receptor activating peptide; PRP, platelet-rich
plasma; PPP, platelet-poor plasma; HUVEC, human umbilical vein EC; TLC, thin-layer chromatography; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; LPP, lipid phosphate phosphatase.

Sphingosine 1-phosphate (Sph-1-P) is a bioactive lyso-
phospholipid that induces a variety of biological responses
in diverse cell types (1–5). Many, if not all, of these
responses are mediated mainly through a family of G
protein–coupled Sph-1-P receptors named S1P1, 2, 3, 4, and 5,
originally referred to as EDG-1, 5, 3, 6, and 8, respec-
tively (6). The area of vascular biology is no exception in
that Sph-1-P plays an important role as an intercellular
messenger. Platelets themselves, vascular endothelial
cells (ECs) and smooth muscle cells (SMCs) respond to
this platelet-derived bioactive lipid through cell surface
receptors, although Sph-1-P may act as an intracellular
messenger in some cases (1–5).

When exogenously added, Sph-1-P induces platelet
shape change and primary aggregation (which is reversi-
ble), possibly via intracellular Ca2+ mobilization resulting
from receptor stimulation (5, 7). Sph-1-P has been shown
to induce more dramatic responses in ECs and SMCs,
which is consistent with the presence of high affinity cell

established that Sph-1-P stimulates survival or prolifera-
tion through S1P1 (8, 9). Furthermore, Sph-1-P induces
migration, adherens junction assembly, capillary tube
formation, and the resultant angiogenesis via S1P1 and
S1P3 (9, 10). Sph-1-P also stimulates the production of
nitric oxide, which is an important mediator in the vascu-
lature and is dysregulated in cardiovascular disorders
(11, 12). Like ECs, SMCs express S1Ps and respond dra-
matically to Sph-1-P. However, the pattern of S1P expres-
sion is different from that in ECs; S1P1, abundantly
expressed on ECs, is only expressed in the fetal/intimal
phenotype of SMCs, while both S1P2 and S1P3 receptors
are expressed in adult as well as fetal/intimal phenotypes
(3, 13). The low ratio of S1P1 to S1P2 results in inhibition
of migration in normal quiescent SMCs (4, 14); S1P1 acts
as a typical chemotactic receptor while S1P2 uniquely
acts as a chemorepellant receptor (4, 15). The roles of
Sph-1-P in vasoconstriction have also been reported.
Using a well-established canine isolated heart model,
Sph-1-P was shown to decrease coronary blood flow and
ventricular contractions; the coronary vasoconstriction
effect of Sph-1-P should be related to its contractile effect
on coronary SMCs, and the observed negative inotropic
effect may be at least partly induced by transient myo-
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cardial ischemia (16). Consistent with this Sph-1-P–elic-
ited coronary vasoconstriction in vivo, Sph-1-P strongly
induces coronary artery SMC contraction, which can be
inhibited by a specific antagonist of S1P2 (17, 18).

The critical requirement of Sph-1-P in vascular system
development was shown in S1P1-deficient mice (19).
Homozygous S1P1–/– mice reportedly die during embry-
onic development at 12.5–14.5 days of gestation due to
hemorrhage (19). In the mutant embryos, vascular matu-
ration was incomplete; disruption of the vessels, edema,
and bleeding, due to an incomplete coverage of blood ves-
sels by SMCs, were observed (19). When S1P1 expression
was disrupted solely in ECs by using the Cre/loxP sys-
tem, the phenotype of the conditional mutant embryos
was found to mimic that obtained in embryos globally
deficient in S1P1, indicating that vessel coverage by
SMCs is directed by Sph-1-P interaction with S1P1 recep-
tors on ECs (20).

Now, there is no doubt that Sph-1-P plays important
roles in vascular biology, and that the availability of Sph-
1-P in the blood vessel is of clinical importance both in
diagnostic and therapeutical aspects. Blood platelets
store considerable amounts of Sph-1-P [possibly due to
the existence of highly active sphingosine (Sph) kinase
and a lack of Sph-1-P lyase], and release this bioactive
lipid extracellularly upon stimulation (5, 7). The fact that
Sph-1-P is a normal constituent of plasma and serum, the
concentration of the latter being much higher (21), can
be best explained by Sph-1-P release from activated
platelets. Although it is believed that the source of
plasma Sph-1-P is platelets, not much is known about
Sph-1-P–related metabolism in the blood vessel. In this
study, we investigated in detail Sph-1-P–related metabo-
lism in the blood vessel, mainly using radio-labeled Sph
and Sph-1-P.

MATERIALS AND METHODS

Materials—[32P]Sph-1-P was prepared by the [γ-
32P]ATP–dependent phosphorylation of Sph catalyzed by
Sph kinase obtained from human platelets (22).

The following materials were obtained from the indi-
cated suppliers: Sph-1-P (Biomol, Plymouth Meeting,
PA); Sph, ceramide, 12-O-tetradecanoylphorbol 13-ace-
tate (TPA), and bovine serum albumin (essentially fatty
acid–free) (Sigma, St. Louis, MO); collagen (Hormon-
Chemie, Munich, Germany); the thrombin receptor acti-
vating peptide NH2-Ser-Phe-Leu-Leu-Arg-Asn-COOH
(TRAP) (Bachem Ag, Bubendorf, Switzerland); thrombin
(Mochida Pharmaceutical Co., Tokyo, Japan); [3-3H]Sph
(20 Ci/mmol) and [3-3H]Sph-1-P (20 Ci/mmol) (American
Radiolabeled Chemicals, Inc., St. Louis, MO); [γ-32P]ATP
(3,000 Ci/mmol) and [14C]sphingomyelin (40–60 mCi/
mmol) (NENTM Life Science Products, Inc., Boston, MA).

Cell and Plasma Preparation—The blood of healthy
adult volunteers was drawn and anticoagulated with
3.8% sodium citrate (9 volumes of blood to 1 volume of
sodium citrate). To obtain platelet-rich plasma (PRP),
this whole blood sample was centrifuged at 160 × g for 10
min. When indicated, PRP was then centrifuged at 2,000
× g for 10 min to obtain platelet-poor plasma (PPP).
Washed platelets (without plasma components) (7) and
human umbilical vein ECs (HUVECs) (10) were prepared

as described previously. All cell and PPP reactions were
performed at 37°C.

Metabolism of Radiolabeled Sphingolipids—The PRP
or PPP samples were incubated with 12 nM [3H]Sph or
[3H]Sph-1-P. When indicated, PRP challenged with 5 µg/
ml collagen was incubated with 12 nM [3H]Sph, and then
PPP was obtained by centrifugation at 12,000 × g for 1
min. Whole blood samples were incubated at 37°C with
1 µM [32P]Sph-1-P. HUVECs were incubated with 1%
FCS containing 1 µM [32P]Sph-1-P, [3-3H]Sph-1-P, or [3-
3H]Sph. The indicated reactions were terminated by the
addition of ice-cold chloroform/methanol/concentrated
HCl (100:200:1), and the lower chloroform phases were
dried and analyzed for radiolabeled lipids by thin-layer
chromatography (TLC) autoradiography as previously
described (7). The TLC plates (silica gel 60 HPTLC
plates; Merck, Darmstadt, Germany) were developed in
butanol/acetic acid/water (3:1:1), and autoradiography
was performed with Konica Medical Film (Konica, Tokyo,
Japan) at –80°C. When 3H-labeled lipids were analyzed,
enhancer (EN3HANCE Spray, NENTM Life Science Prod-
ucts) treatment of the TLC plates was performed. Each
autoradiogram shown is typical of at least three experi-
ments. When indicated, the radioactivity of excised gel
fractions was counted by liquid scintillation counting.

Gel-Filtration Chromatography of [3H]Sph-1-P/PPP
Mixtures—[3H]Sph-1-P was incubated for 1 h with PPP
as described above, and the [3H]Sph-1-P/PPP mixture
was fractionated in a Sephadex G25M (Pharmacia LKB
Biotechnology AB, Uppsala, Sweden) gel-filtration col-
umn equilibrated and run in phosphate-buffered saline.
Fractions (0.5 ml) were collected and assayed for
[3H]Sph-1-P content and the protein concentration,
which were determined by liquid scintillation counting
and dye binding (23), respectively.

Agarose Gel Electrophoresis—The agarose film Titan
Gel Lipokit J3045 (Helena Laboratories, Saitama, Japan)
was used for agarose gel electrophoresis. The separation
of lipoproteins was performed as described in the product
insert. Briefly, 1 µl of plasma or serum sample was
applied on each lane and electrophoresed for 1 h at 90 V.
After electrophoresis, the positions of lipoproteins and
albumin were confirmed with a Titan Cholesterol Supply
Kit (Helena Laboratories) and ponceau, respectively.
Non-stained gel samples were fractionated and analyzed
for radiolabeled lipids by liquid scintillation counting.

Polyacrylamide Gel Electrophoresis—Lipoprint HDL
System (Quantimetrix, Redondo Beach, CA) was used for
high-resolution 8.5% polyacrylamide gel electrophoresis.
High-density lipoprotein (HDL) fractionation was per-
formed as described in the product insert. Briefly, 25 µl of
plasma or serum sample was mixed with 300 µl of liquid
loading gel, which contained Sudan Black B dye to stain
lipoproteins. The mixture was applied to the top of pre-
cast 3% polyacrylamide gel tubes. After photopolymeriza-
tion at room temperature for 30 min, samples were
electrophoresed for 1 h (3 mA/gel tube). The gel samples
were fractionated and analyzed for radiolabeled lipids by
liquid scintillation counting.

Measurement of Sph-1-P Release from Washed Plate-
lets in the Presence of Low-Density Lipoprotein (LDL),
HDL, or Albumin—LDL, HDL, and albumin were pre-
pared from pooled serum samples by affinity columns.
J. Biochem.
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Briefly, LDL was obtained by eluting the bound fraction
of a HiTrap Heparin HP column (Amersham Biosciences,
Tokyo, Japan). The heparin-unbound fraction was applied
to an immunoaffinity gel mixture of anti apo B-100 and
apo A-I antibodies coupled to Sepharose 4B (24) (Japan
Immunoresearch Laboratories Co., Ltd., Gunma, Japan);
HDL and albumin fractions were prepared as bound and
unbound fractions, respectively. LDL, HDL, and albumin
were concentrated in a MiniPlus concentrator (Millipore,
Billerica, MA), and their concentrations were measured
by commercial kits, i.e., Cholestest LDL (Daiichi Pure
Chemicals CO., Ltd, Tokyo, Japan), Determiner HDL-C
(Kyowa Medex Co., Ltd, Tokyo, Japan), and Clinimate
ALB (Daiichi Pure Chemicals CO., Ltd, Tokyo, Japan)
and Micro Albumin-HA (Wako Pure Chemicals Indus-
tries, Ltd, Osaka, Japan), respectively.

Washed platelets were adjusted to a cell density of 1 ×
108/ml and incubated with 10 mg/dl of LDL, 5.3 mg/dl of
HDL, or 500 mg/dl of albumin. These concentrations
were selected as about one tenth of their physiological
plasma concentrations. Sph-1-P release from these
washed platelets was evaluated by assaying [3H]Sph-1-P
release from platelets labeled with [3H]Sph as described
previously (7). The percentage Sph-1-P release into the
medium was calculated as 100 × ([3H]Sph-1-P in medium)/
(total [3H]Sph-1-P in medium plus cell pellets), and stim-
ulus-dependent Sph-1-P release as (percentage Sph-1-P
release into the medium upon stimulation) – (percentage
Sph-1-P release into the medium without stimulation).
The data were expressed as arbitrary units; Sph-1-P
release from platelets stimulated with TRAP for 15 min
in the presence of albumin was designated as 100.

RNA Isolation and RT-PCR—Total RNA was prepared
from HUVECs with a total RNA isolation system (Isogen,
Wako Pure Chemical Industries, Ltd., Osaka, Japan),
and the isolation of mRNA was performed with Oligo-
texTM-dT30<Super> (Takara Biomedicals, Tokyo, Japan)
according to the manufacturer’s instructions. The iso-
lated mRNA was reverse transcribed using a Super-
ScriptTM Preamplification System (Gibco BRL, Life Tech-
nologies, Inc., Rockville, MD, USA). Reverse transcribed
cDNA was amplified in a Perkin-Elmer 9600R thermal
cycler (The Perkin-Elmer Corp., Norwalk, CT) using Takara
TaqTM (rTaq DNA polymerase) (Takara Biomedicals).

Oligonucleotide primer pairs used for lipid phosphate
phosphatase (LPP)-1 (PAP-2a), LPP-3 (PAP-2b), and
LPP-2 (PAP-2c) were:5′-GTACGTGGCCCTCGATGT-3′

(sense) and 5′-TGGTGATTGCTCGGATAGTG-3′ (anti-
sense) for LPP-1 (GenBank AB000888); 5′-GCAAAACTA-
CAAGTACGACAAAGC-3′ (sense) and 5′-TGTCCACAG-
GTGAAAGGATTT-3′ (antisense) for LPP-3 (GenBank
AB000889); 5′-CTCGACGTGCTGTGCTTACT-3′ (sense)
and 5′-GTGCGGGTATCCATAGTGGT-3′ (antisense) for
LPP-2 (GenBank AF056083).

Amplification was conducted with 35 cycles of 1 min at
94°C, 1 min at 60°C, and 1 min at 72°C. Absence of con-
taminating DNA was confirmed by control reactions with
RNA that had not been reverse transcribed. PCR prod-

Fig. 1. Metabolism of [3H]Sph and
[3H]Sph-1-P in PPP or PRP. (A) PPP
was incubated with [3H]Sph for 0, 1, or
3 h. (B) PRP challenged with collagen
was incubated with [3H]Sph for 0, 1, or
3 h, and PPP was obtained by centrifu-
gation. (C) PPP was incubated with
[3H]Sph-1-P for 0, 1, or 3 h. The lipids
in these PPP samples were extracted
and analyzed by TLC autoradiography.
The locations of the standard lipids are
indicated. O, origin.

Fig. 2. The absence of free [3H]Sph-1-P in PPP. PPP was incu-
bated with [3H]Sph-1-P, and the mixture was fractionated in a gel-
filtration column. The fractions were collected and assayed for
[3H]Sph-1-P radioactivity (open circles) and protein concentration
(closed circles). The arrow indicates the location of free [3H]Sph-1-P
(in the absence of protein).
Vol. 138, No. 1, 2005
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ucts (5 µl) were resolved by electrophoresis on a 2% agar-
ose gel in TBE buffer (90 mM Tris-Borate, 2 mM EDTA,
pH 8.3) and stained with ethidium bromide. The PCR
products were cut from gels, solubilized, and sequenced
with Dye Terminator Cycle Sequencing FS Ready Reac-
tion Kits (The Perkin-Elmer Corp.), and analyzed using
an ABI PRISM 310 Genetic Analyzer (The Perkin-Elmer
Corp.) according to the supplied protocols (data not
shown).

Data Presentation and Statistics—The data (other than
those for TLC autoradiography) are presented as the
means ± SD or representative of at least 3 separate
experiments. When indicated, the statistical significance
of the difference between the two groups was determined
by means of Student’s t test. P < 0.05 was considered
significant.

RESULTS

Metabolism of Sph and Sph-1-P in the Plasma—We
first checked the metabolic fate of Sph, the substrate of
Sph kinase for the production of Sph-1-P, in the plasma.
[3H]Sph was metabolically stable in plasma and
remained unchanged for at least 3 h (Fig. 1A). However,
[3H]Sph was converted into [3H]Sph-1-P in PRP (Fig. 1B),
possibly due to [3H]Sph incorporation into platelets and
the subsequent conversion to [3H]Sph-1-P and its release

(5, 7). [3H]Sph-1-P added to plasma was metabolically
stable and remained unchanged for at least 3 h. These
results confirm the importance of platelets in the blood as
the converter of Sph to Sph-1-P.

Distribution of Sph-1-P in the Plasma—When a mix-
ture of [3H]Sph-1-P and PPP was fractionated in a gel-fil-
tration column, entire Sph-1-P co-eluted with the protein
fractions (Fig. 2). To examine further the distribution of
Sph-1-P in the protein fractions, the mixture of [3H]Sph-
1-P and PPP was fractionated by agarose gel electro-
phoresis. As expected from previous reports (25, 26),
[3H]Sph-1-P seemed to bind mainly to HDL and albumin
fractions (Fig. 3, left panels). When the distribution of
[3H]Sph-1-P, which was converted from [3H]Sph in and
released from collagen-stimulated platelets, was exam-
ined, a similar result was obtained except that the per-
centage of [3H]Sph-1-P bound to albumin was higher (Fig.
3, right panels).

Since the separation of HDL and albumin was not suf-
ficient by agarose gel electrophoresis, we next employed
polyacrylamide gel electrophoresis to fractionate the
plasma samples. By this method, which enabled complete
separation of HDL and albumin, it was found that 7.2 ±
3.8%, 53.3 ± 6.4%, and 39.5 ± 7.9% of the radioactivity of
[3H]Sph-1-P added to plasma was recovered in the LDL,
HDL, and albumin fractions, respectively (Fig. 4, left
panels). When the distribution of [3H]Sph-1-P, which was

Fig. 3. Distribution of [3H]Sph-1-P radi-
oactivities in the plasma as analyzed
by agarose gel electrophoresis. A: (Left
Panel) PPP was incubated with [3H]Sph-1-
P for 1 h (open columns). (Right Panel)
PRP challenged with collagen was incu-
bated with [3H]Sph for 1 h, and PPP was
obtained by centrifugation (solid columns).
The PPP samples were subjected to agar-
ose gel electrophoresis, and [3H]Sph-1-P
radioactivities in the fractionated samples
were measured by liquid scintillation
counting. B: The percent distribution of the
[3H]Sph-1-P radioactivity in each protein
fraction was calculated. CM, chylomicron;
VLDL, very low-density lipoprotein.
J. Biochem.

http://jb.oxfordjournals.org/


Sphingosine 1-Phosphate in the Blood 51

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

converted from [3H]Sph in and released from collagen-
stimulated platelets, was examined, however, 5.2 ± 3.2%,
38.4 ± 5.5%, and 56.3 ± 5.7% of the radioactivity was
recovered in the LDL, HDL, and albumin fractions,
respectively (Fig. 4, right panels).

Release of Sph-1-P from Activated Platelets—Previously,
we reported that platelet Sph-1-P can be released extra-
cellularly upon stimulation, which may be mediated by
protein kinase C activation (5, 7). Since the distribution
pattern of [3H]Sph-1-P converted from [3H]Sph in and

released from activated platelets was different from that
obtained in the mere mixture of plasma and [3H]Sph-1-P,
we next examined Sph-1-P release from platelets in the
presence of albumin and lipoproteins. As reported previ-
ously for BSA (25), the extracellular release of Sph-1-P
into the medium was much higher in the presence of
extracellular human albumin (Fig. 5). In the presence of
HDL or LDL, the release was significantly weaker (Fig.
5). We assume that albumin extracts Sph-1-P from plate-
lets more efficiently than lipoproteins.

Metabolism of Sph-1-P in the Presence of HUVECs or
in Whole Blood—As described above, Sph-1-P was meta-
bolically stable in the plasma (Fig. 1C). In an in vivo situ-
ation, however, plasma Sph-1-P can always interact with
endothelial cells and blood cells. Accordingly, we exam-
ined the metabolism of radiolabeled Sph-1-P in the pres-
ence of these cells. [32P]Sph-1-P underwent extensive
degradation when added extracellularly to HUVECs (Fig.
6, upper panels). The radioactivity of [32P]Sph-1-P must
disappear when [32P]Pi is removed from [32P]Sph-1-P by
an ectophosphatase; [32P]Pi was recovered in the extra-
cellular medium (data not shown). The radioactivity of
[3-3H]Sph-1-P, treated similarly, also decreased very rap-
idly, with [3H]Sph, [3H]ceramide, and [3H]sphingomyelin
emerging inside the cells (Fig. 6, middle panels). These
results can be best explained by the incorporation of non-
polar [3-3H]Sph, formed from polar [3-3H]Sph-1-P by an
ectophosphatase activity, into HUVECs and its conver-

Fig. 4. Distribution of [3H]Sph-1-P radioactivities
in the plasma as analyzed by polyacrylamide gel
electrophoresis. A: (Left Panel) PPP was incubated
with [3H]Sph-1-P for 1 h (open columns). (Right Panel)
PRP challenged with collagen was incubated with
[3H]Sph for 1 h, and PPP was obtained by centrifugation
(solid columns). The PPP samples were subjected to
polyacrylamide gel electrophoresis, and [3H]Sph-1-P
radioactivities in the fractionated samples were meas-
ured by liquid scintillation counting. A typical electro-
phoretogram is shown at the top. B: The percent distri-
bution of the [3H]Sph-1-P radioactivity in each protein
fraction was calculated. *The difference is statistically
significant.

Fig. 5. Sph-1-P release from platelets. [3H]Sph-1-P release from
washed platelets loaded with [3H]Sph and stimulated with 100 µg/
ml of TRAP for the indicated durations was examined in the pres-
ence of albumin (circles), HDL (triangles), or LDL (squares).
Vol. 138, No. 1, 2005
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sion to [3H]ceramide (and then to [3H]sphingomyelin);
Sph (but not Sph-1-P) is hydrophobic and easily passes
the lipid bilayer. In fact, [3-3H]Sph, added exogenously,
was rapidly incorporated into HUVECs and converted to

[3-3H]ceramide (and then to [3H]sphingomyelin) (Fig. 6,
lower panels). [3-3H]Sph was also converted to [3-3H]Sph-
1-P, but transiently (Fig. 6, lower panels). Furthermore,
the Sph-1-P degradation was strongly inhibited in the
presence of the phosphatase inhibitor vanadate (Fig. 7), con-
firming the involvement of an ectophosphatase activity.

We also checked the effect of thrombin and TPA on
Sph-1-P ectophosphatase activity. Dephosphorylation of
[32P]Sph-1-P (exogenously added) was not affected by
treating HUVECs with any of these stimuli (Fig. 8). In
fact, there have been no reports that ectophosphatase
activity toward Sph-1-P is affected by cell activation.

Several isoenzymes of mammalian LPPs have been
cloned, and they are believed to act at the outer leaflet of
the cell surface bilayer and can account for the ecto-lipid
phosphate phosphatase activities (including that for Sph-
1-P) previously described (27–29). Accordingly, we em-
ployed RT-PCR to check the expression of LPPs, which
may be responsible for Sph-1-P degradation. RNA from

Fig. 6. Metabolic fates of [32P]Sph-1-P, [3-3H]Sph-1-P, or [3-
3H]Sph added exogenously to HUVECs. HUVECs were cul-
tured in the presence of [32P]Sph-1-P (upper), [3-3H]Sph-1-P (mid-
dle), or [3-3H]Sph (lower) for the indicated durations. Lipids were
then extracted from the media (left) or cells (right), and analyzed for
the formation of [3H]sphingolipids by TLC autoradiography. Loca-
tions of standard lipids are indicated. Cer, ceramide; SM, sphingo-
myelin.

Fig. 7. Effects of vanadate on the metabolism of [3H]Sph-1-P
added to HUVECs. HUVECs were incubated with [3H]Sph-1-P in
the absence (left) or presence (right) of 1 mM vanadate for the indi-
cated durations. Lipids were then extracted from the media, and
analyzed for the metabolism of [3H]Sph-1-P by TLC autoradiogra-
phy. Locations of standard lipids are indicated.

Fig. 8. Effects of thrombin or TPA on the metabolism of
[32P]Sph-1-P added to HUVECs. HUVECs were incubated with
[32P]Sph-1-P for 20 min under simultaneous stimulation with 0.1 U/
ml of thrombin (Thr), 1 µM TPA, or without stimulation (–). Lipids
were then extracted from the media (left) or cells (right), and ana-
lyzed for the metabolism of [32P]Sph-1-P by TLC autoradiography.

Fig. 9. RT-PCR detection of the expression of the mRNAs for
LPP-1, 2, and 3 in HUVECs. Amplified products for LPP-1 (1), 3
(3), and 2 (2) were resolved in a 2% agarose gel. Lane m contained
the size standards [base pairs (bp)] as indicated. The specific ampli-
fied products for LPP-1, 3, and 2 are 825 bp, 899 bp, and 828 bp,
respectively.
J. Biochem.
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HUVECs was prepared and reverse transcribed, and
then specific transcripts were amplified by PCR. As dem-
onstrated in Fig. 9, HUVECs were found to express
mRNA transcripts for LPP-1, 2, and 3; the sequences of
these PCR products were confirmed (data not shown). Of
these LPPs, LPP-1 and -3 have been shown to utilize
Sph-1-P as a good substrate (27, 28).

Finally, Sph-1-P metabolism in whole blood was exam-
ined. As expected from the fact that blood cells express
LPPs, [3H]Sph-1-P underwent rapid degradation when
added to whole blood samples (Fig. 10).

DISCUSSION

Sph-1-P Metabolism in the Blood—Both Sph-1-P and
its precursor Sph are metabolically stable in plasma,
while platelets convert Sph to Sph-1-P, a finding consist-
ent with the idea that platelets are the main source for
Sph-1-P in the blood (5, 21). However, the possibility can-
not be ruled out that Sph-1-P is released from other cell
types or formed by unknown mechanism(s). In this con-
text, it was demonstrated that a small but significant
fraction of Sph kinase is secreted extracellularly from
HUVECs (30). This secretion has been reported to be con-
stitutive and independent of cell stimulation (30). It was
also shown that the secreted Sph kinase is enzymatically
active and produces Sph-1-P; extracellular Sph seems to
be a rate-limiting factor (30). However, Sph-1-P was not
formed in plasma incubated with Sph in the present
study, and hence the significance of this route of Sph-1-P
formation in the blood stream remains to be determined.
A limitation of our present study is that pathways for
Sph-1-P formation other than Sph kinase were not
detected. Hydrolysis of sphingosylphosphorylcholine to
Sph-1-P or deacylation of ceramide 1-phosphate to Sph-1-
P is also theoretically possible. However, the significance
of these pathways for Sph-1-P production in vivo remains
to be clarified.

Sph-1-P Carriers in the Plasma—Sph-1-P in the plasma,
which is metabolically stable, was first thought to be
bound to albumin (25). It was recently reported by
Okajima et al., however, that when expressed as the per
unit amount of protein, Sph-1-P is concentrated in lipo-

protein fractions with a rank order of HDL > LDL > very
low-density lipoprotein > lipoprotein-deficient plasma
(mainly albumin), among plasma and serum components
(26). Our present study analyzing the mixture of radio-
labeled Sph-1-P and plasma is consistent with previous
data based on separation by density gradient centrifuga-
tion of plasma samples, followed by the measurement of
Sph-1-P in each fraction by a radioreceptor assay (26).
Although the affinity of Sph-1-P for albumin is much
lower than for HDL, about 40% of Sph-1-P was bound to
albumin because its plasma levels are very high. The
interaction of Sph-1-P with lipoproteins was reported to
reduce its bioactivity and active concentration (26). The
authors speculated that this might be an important pro-
tection mechanism from full activation of S1P receptors;
Sph-1-P concentrations in plasma and serum are much
higher than the Sph-1-P Kd values for its receptors.
On the other hand, albumin does not affect Sph-1-P bio-
activities (25). Furthermore, it was also suggested that
Sph-1-P, by binding to lipoproteins, may be protected
from degradation by ectoenzymes such as LPPs or by
uptake into the cells; the half-life of HDL-associated
Sph-1-P is reportedly about four times longer than that
of Sph-1-P in the presence of 0.1% albumin (but not HDL)
when examined in HUVECs (8). Accordingly, it was
postulated that compared with free Sph-1-P (without
HDL), HDL-associated Sph-1-P may exert a much weaker
response in short-term reactions (such as intracellular
Ca2+ mobilization) but a sustained response in long-term
reactions (such as survival and proliferation) (8, 26). Sev-
eral lines of evidence have shown that the HDL-induced
cytoprotective actions are mediated by the activation of
S1P1 and S1P3 receptors by Sph-1-P, and it seems likely
that the anti-atherogenic characteristics of HDL can be
ascribed at least in part to Sph-1-P associated with it
(8, 31, 32). Accordingly, whether Sph-1-P is bound to
albumin or HDL is a very important matter; the concen-
trations of HDL and albumin may affect the bioactivity of
Sph-1-P in vivo.

Another important finding in this study is that Sph-1-
P released from activated platelets is bound more effi-
ciently to albumin than HDL, at least immediately after
its release. In support of this, Sph-1-P extraction from
activated platelets is enhanced in the presence of albu-
min, as suggested in a previous study (25). This is closely
related to the mechanism by which activated platelets
release Sph-1-P, which is mostly unknown except for the
importance of the involvement of protein kinase C (7, 25).
This must require the function of specific transporter(s)
since Sph-1-P possesses the polar nature of the head
group. Albumin may extract Sph-1-P stored in platelets
when the Sph-1-P location inside cells shifts upon protein
kinase C activation. Since Sph-1-P stored in platelets
becomes susceptible to depletion by albumin when plate-
let protein kinase C is activated, it may be possible to
consider that the route of Sph-1-P externalization is
enhanced by transbilayer movement across the plasma
membrane, as a result of modifications in the physical
properties of the membrane (accompanying protein
kinase C activation). It has been demonstrated that the
ABC transporters may transport phospholipids (33, 34).
ABCA7, which has been reported to be expressed prefer-
entially in platelets and suggested to play an important

Fig. 10. Metabolic fates of [32P]Sph-1-P added exogenously to
whole blood. Whole blood samples were incubated with [32P]Sph-
1-P for the indicated durations. The lipids were then extracted and
analyzed for the metabolism of [32P]Sph-1-P by TLC autoradiography.
Vol. 138, No. 1, 2005
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role there (35), might be responsible for Sph-1-P release,
but this remains to be determined. Since the Sph-1-P dis-
tribution pattern in vivo differs somewhat from the pat-
tern obtained for Sph-1-P extracted from platelets, there
must be an unknown mechanism that shifts Sph-1-P
from albumin to HDL. We checked for the conversion of
the albumin-bound Sph-1-P radioactivity (extracted from
platelets) to other fractions; however, we could not detect
any significant shift in Sph-1-P radioactivity, at least
within 3 hours (data not shown). It is important to
address this problem in the future.

Regulation of Plasma Sph-1-P Levels, Possibly by
LPPs—Sph-1-P is stable when incubated with plasma or
serum, indicating a negligible enzymatic activity for Sph-
1-P degradation there. However, when the fate of radioac-
tive Sph-1-P was analyzed in the presence of HUVECs or
in whole blood, this bioactive lipid was found to undergo
marked degradation. Instead, radioactive Sph, ceramide,
and sphingomyelin were formed in the cells. Probably,
non-polar Sph, formed from polar Sph-1-P by ectophos-
phatase activity, is incorporated into ECs and then con-
verted to ceramide (and then to sphingomyelin) intracel-
lularly; Sph (but not Sph-1-P) is hydrophobic and easily
passes through the lipid bilayer.

Recently, several isoenzymes of mammalian LPP, that
is, type 2 phosphatidic acid phosphatase, have been
cloned, and they are believed to act at the outer leaflet of
the cell surface bilayer, accounting for the ecto-lipid phos-
phate phosphatase activities (toward Sph-1-P, lysophos-
phatidic acid, or phosphatidic acid) previously described
(27–29). In fact, HUVECs were found to express mRNA
transcripts for LPP-1, 2, and 3. Sph-1-P degradation on
the surface of these vascular cells may be important
when the in vivo effects of Sph-1-P are evaluated. Based
on the previous results, Kds for S1P receptors are much
lower than the concentrations of Sph-1-P in the plasma;
the Kd of S1P for these receptors is within the range of 2
to 30 nM (1–4). Probably, due to Sph-1-P dephosphoryla-
tion at the cell surface, the concentrations of Sph-1-P
interacting with S1P receptors may be lower than the
plasma Sph-1-P levels. This is also consistent with a
recent in vitro transfection study showing that LPPs may
limit the bioactivity of Sph-1-P by regulating its concen-
tration (interacting with S1P receptors) (27–29, 36).

Concluding Remarks—The levels and distribution of
plasma Sph-1-P in vivo may be dynamically regulated by
various factors. Not only an enhancement of Sph-1-P
release, but also the regulation of Sph-1-P degradation on
the cell surface leads to an increase in the plasma Sph-1-
P level. Furthermore, the ratios of the plasma concentra-
tions of albumin and lipoproteins (especially HDL) seem
very important when the bioavailability of Sph-1-P is
concerned. In various atherosclerotic diseases where the
plasma levels of lipids and lipoproteins are altered and
endothelial functions are disturbed, modulation of the
effects of Sph-1-P should occur, and this may be of patho-
physiological importance.
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