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Abstract Here, we have extended shotgun lipidomics for
the characterization and quantitation of sphingosine-1-phos-
phate (S1P) and dihydrosphingosine-1-phosphate (DHS1P)
in crude lipid extracts in the presence of ammonium hy-
droxide by using precursor ion scanning of m/z 79.0
(corresponding to [PO3]

2) in the negative-ion mode. It is
demonstrated that a broad linear dynamic range for the
quantitation of both S1P and DHS1P and a detection limit
at low amol/ml concentration are achieved using this ap-
proach. The developed method for the quantitation of
sphingoid base-1-phosphates is generally simpler and more
efficient than other previously published methods. Multiple
factors influencing the quantitation of sphingoid base-1-
phosphates, including ion suppression, extraction efficiency,
and potential overlapping with other molecular species, were
examined extensively and/or are discussed. Mass levels of
S1P and DHS1P in multiple biological samples, including
human plasma, mouse plasma, and mouse brain tissues (e.g.,
cortex, cerebellum, spinal cord, and brain stem), were de-
termined by the developed methodology. Accordingly, this
technique, as a new addition to shotgun lipidomics technol-
ogy, will be extremely useful for understanding the pathways
of sphingolipid metabolism and for exploring the important
roles of sphingoid base-1-phosphates in a wide range of physi-
ological and pathological studies.—Jiang, X., and X. Han.
Characterization and direct quantitation of sphingoid base-1-
phosphates from lipid extracts: a shotgun lipidomics ap-
proach. J. Lipid Res. 2006. 47: 1865–1873.
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Sphingoid base-1-phosphates mainly include two types
of compounds: sphingosine-1-phosphate (S1P)anddihydro-
sphingosine-1-phosphate [or sphinganine-1-phosphate
(DHS1P)]. S1P is normally present in low abundance
(z0.1 mol% of total cellular lipids under normal physi-

ological conditions), and its intracellular levels are under
strict regulation by the enzymes that control S1P biosyn-
thesis and degradation (1–7). S1P is thought to be pro-
duced exclusively by the phosphorylation of sphingosine
as catalyzed by sphingosine kinase, whereas its degradation
occurs either through hydrolytic cleavage to produce
palmitaldehyde and phosphoethanolamine or by dephos-
phorylation to sphingosine (1–7). DHS1P undergoes a sim-
ilar path of biosynthesis and metabolism to that of S1P (4).

S1P is an essential bioactive sphingolipid metabolite
that has recently become the focus of intense interest. S1P
functions are mediated by its binding to a family of five G
protein-coupled receptors (i.e., S1P1–S1P5). S1P receptors
are widely expressed and are thought to regulate impor-
tant physiological actions (e.g., neuron survival, immunity,
smooth muscle contraction, vascular development, con-
trol of vascular tone, cardiac function, cardiac develop-
ment, and vascular permeability) (3, 5, 7, 8). In addition,
S1P may participate in various pathological conditions
(e.g., autoimmunity, transplant rejection, cancer, angio-
genesis, female infertility, and myocardial infarction) (4,
5, 9). S1P also serves as a second messenger that is im-
portant for the regulation of calcium homeostasis, cell
growth, and suppression of apoptosis (1, 3–12). DHS1P
has been found to bind to S1P receptors as S1P, but its
binding ability is less potent than that of S1P (13). More-
over, DHS1P stimulates the expression of matrix metallo-
proteinase 1, which is associated with several pathological
processes, including tumor growth and metastasis (14).
However, the role(s) of DHS1P in biological processes is
not well defined.

To investigate and define the important biological
functions and role(s) of S1P and DHS1P, it is essential to
have a simple, sensitive, and reliable methodology for the
simultaneous quantification of the mass contents of these
low-abundant sphingoid base-1-phosphates in biological
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samples. Multiple methodologies have recently been de-
veloped and used for the quantification of S1P and DHS1P
present in biological samples. These methods include a
radioreceptor binding assay (15), enzymatic measurement
(16, 17), quantification after chemical modification (18),
and determination by HPLC (19–24), MS (25), or liquid
chromatography tandem mass spectrometry (LC-MS/MS)
(26–31).

The radioreceptor binding assay involves competitive
replacement of [3H]S1P with S1P from the S1P1 receptor
(15). In the enzymatic method, S1P is hydrolyzed to
sphingosine by alkaline phosphatase, followed by recom-
binant sphingosine kinase-catalyzed phosphorylation
with [g-32P]ATP to form [32P]S1P (16, 17). The chemical
modification method involves acetylation of S1P with
[3H]acetic anhydride to its N-[3H]acetylated derivative
(18). Liquid scintillation spectroscopy is used to quantify
the radiolabeled S1P mass content in each of these three
methods. The drawbacks of these methods include the use
of radioactive reagents, the labor-intensiveness of the
procedures, and the lack of structural information.

In the HPLC approach, S1P/DHS1P are either directly
converted to fluorescent o -phthaladehyde derivatives (19–
21, 24) or dephosphorylated with alkaline phosphatase
followed by conversion to either fluorescent o -phthalade-
hyde (22) or o -naphthalene-2,3-dicarboxyaldehyde deriva-
tives (23). The fluorescent derivatives are then separated
by HPLC and detected by a spectrofluorometer. In addi-
tion to laborious chemical modification, theHPLCmethod
does not adequately provide structural details regarding
S1P and DHS1P molecular species. S1P has also been
derivatized to its N-phenylthiocarbamate and detected
by fast-atom bombardment MS (25). This method does
not allow reliable quantification of sphingoid base-1-
phosphates present in biological samples, because DHS1P
is used as an internal standard and most of the biological
samples contain various amounts of DHS1P. Unmodified
S1P has been quantified successfully by LC-MS/MS using a
multiple-reaction monitoring technique in the positive-
ion mode (26–30). However, the broad peak on LC-MS/
MS analysis (26) and sample carryover (30, 31) are appar-
ent disadvantages of this method. To overcome these
drawbacks, S1P and DHS1P have been converted to their
bisacetylated derivatives and subsequently analyzed by
negative-ion LC-MS/MS (31).

Recently, we developed an approach to globally analyze
individual lipid molecular species of a biological sam-
ple directly from a lipid extract, now known as shotgun
lipidomics (32–35). Shotgun lipidomics is a multistep pro-
cess using multiplexed extractions, intrasource separation
(36), and multidimensional mass spectrometry and array
analysis (35). Here, we have developed a simple, rapid,
and sensitive technique for the quantitation of S1P and
DHS1P directly from chloroform extracts of biological
samples by electrospray ionization (ESI)-MS/MS (precur-
sor ion scan) in the negative-ion mode, thereby extending
shotgun lipidomics to the identification and quantifica-
tion of sphingoid base-1-phosphate molecular species. In
this study, multiple factors that might affect the quantifi-

cation of S1P and DHS1P, including limitation of detec-
tion, linear dynamic range, ion suppression, extraction
efficiency, and potential overlapping with other molecular
species, were examined extensively and are discussed.
Mass levels of S1P and DHS1P in multiple biological sam-
ples, including mouse plasma and brain tissues (e.g.,
cortex, cerebellum, spinal cord, and brain stem), were
determined by the developed methodology. We anticipate
that this technique, as a new addition to shotgun lipid-
omics technology, will be very useful for understanding
the interrelationships between sphingolipid metabolism
and the important roles of sphingoid base-1-phosphates
in biological processes in a variety of physiological and
pathological contexts.

MATERIALS AND METHODS

Materials

Synthetic S1P, C17 S1P (a 17 carbon analog of S1P), and
DHS1P were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). The purity of all sphingoid base-1-phosphates was examined
by ESI-MS before use. All solvents used for sample preparation
and for mass spectrometric analysis were obtained from Burdick
and Jackson (Muskegon, MI). Concentrated ammonium hydrox-
ide (28–30%) was purchased from Fisher Scientific (Pittsburgh,
PA). The S1P, C17 S1P, and DHS1P stock solutions were made
in chloroform-methanol (1:1, v/v) and stored under nitrogen
at 2208C.

Preparation of lipid extracts from biological samples

Human plasma was collected from healthy individuals at 65 6

5 years of age. Male mice (C57BL/6; 4 months of age) were
purchased from the Jackson Laboratory (Bar Harbor, ME). Mice
were euthanized by asphyxiation with carbon dioxide. Blood
plasma from each mouse was separately harvested immediately.
Brain tissues were dissected, quickly dried, and immediately
freeze-clamped at the temperature of liquid nitrogen. Wafers
were pulverized into a fine powder with a stainless-steel mortar
and pestle. Protein assays on the fine powders were performed
using a bicinchoninic acid protein assay kit (Pierce, Rockford,
IL) with BSA as the standard. The lipid content was normalized to
the protein content and quantified directly.

Fine powders of each individual brain tissue sample (z10 mg)
were weighed into a disposable glass culture test tube, and C17
S1P (50 pmol/mg protein; used as an internal standard for the
quantitation of sphingoid base-1-phosphates) was added. The
tissues were homogenized and extracted three times with 2 ml of
2:1 chloroform-methanol containing 5% acetic acid. The com-
bined crude extracts were dried under a nitrogen stream. Each
individual residue was then resuspended in 4 ml of chloroform-
methanol (1:1) and reextracted against 1.8 ml of 5% acetic acid
aqueous solution, and the chloroform extract was dried under
a nitrogen stream. Each individual residue was resuspended in
1 ml of chloroform and filtered with a 0.2 mm polytetrafluoro-
ethylene syringe filter into a 10 ml glass centrifuge tube. This
procedure was repeated at least four times to maximize the
transfer of lipids. The chloroform solution was subsequently
dried under a nitrogen stream, and each individual residue
was reconstituted with a volume of 1 ml/mg protein (based on
the original protein content of the samples) in 1:1 chloroform-
methanol. The lipid extracts were finally flushed with nitrogen,
capped, and stored at 2208C for ESI-MS analysis (typically ana-

1866 Journal of Lipid Research Volume 47, 2006

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


lyzed within 1 week). Each lipid solution was further dilutedz10-
fold with chloroform-methanol (1:1, v/v) immediately before
direct infusion and lipid analysis by ESI-MS. A small volume of
concentrated ammonium hydroxide (2%, v/v) was added to the
diluted lipid solutions immediately before further lipid analyses
in the negative-ion mode.

To extract lipids from plasma samples, an aliquot (0.1 ml)
from each individual or animal plasma sample was transferred to
a clean glass tube, and C17 S1P internal standard (1 nmol/ml)
was added. The plasma lipids were extracted according to the
procedure for lipid extraction of brain tissues except for omitting
the extraction step with 2 ml of 2:1 chloroform-methanol
containing 5% acetic acid three times. In addition, a lipid extract
from mouse brain cortex was also prepared similarly except that
5% acetic acid was replaced by 10 mM LiCl in the aqueous phase.
Each mixture of S1P, DHS1P, and C17 S1P was extracted twice
using the Bligh and Dyer method in the presence of 5% acetic
acid in the aqueous phase before analysis.

ESI-MS/MS analysis of sphingoid base-1-phosphates

A triple-quadrupole mass spectrometer (ThermoElectron TSQ
Quantum Ultra, San Jose, CA) equipped with an electrospray ion
source and operating under an Xcalibur software system was used
as described previously (33, 37). The spray voltage was main-
tained at 3 kV in the negative-ion mode. An offset voltage on the
ion transfer capillary was set to 217 V. The heater temperature
along the ion transfer capillary was maintained at 2508C. The
sheath gas (nitrogen) pressure was 2 p.s.i. The diluted lipid ex-
tract solution was infused directly into the ESI source at a flow
rate of 4 ml/min with a syringe pump. Typically, a 1 min period of
signal averaging from 0.2 s per scanning in the profile mode
was used for each MS spectrum. For MS/MS, the collision gas
(argon) pressure was set at 1.0 mTorr, and a collision energy of
24 eV in the product ion mode and precursor ion mode was used
for all sphingoid base-1-phosphates. Ratiometric comparison
of peak intensities from precursor ion scanning of m/z 79.0
(corresponding to [PO3]

2) was used for the identification and
quantification of sphingoid base-1-phosphates. Typically, a 2 min
period of signal averaging from 0.2 s per scanning in the profile
mode was used for each MS/MS spectrum.

RESULTS AND DISCUSSION

ESI-MS analysis of sphingoid base-1-phosphate molecular
species in both negative- and positive-ion modes

Sphingoid base-1-phosphate molecular species are
unique, carrying a monoesterified phosphate moiety and
a primary amine in each individual molecular species.
Therefore, they are weakly zwitterionic and their electri-
cal properties can vary from anionic under alkaline con-
ditions to cationic under acidic conditions. According
to the theory of intrasource separation, these types of
compounds canbe ionized inboth thepositive- andnegative-
ion modes of an ESI ion source under suitable experimen-
tal conditions.

ESI-MS analyses of an equimolar mixture of S1P, DHS1P,
and C17 S1P (varied from 1 pmol/ml each to 1 amol/ml
each) in the negative-ion mode in the presence of 2%
concentrated ammonium hydroxide in chloroform-meth-
anol (1:1, v/v) demonstrate three essentially equally abun-
dant peaks of deprotonated sphingoid base-1-phosphates
(left panel of Fig. 1). These results indicate that a detec-

tion sensitivity of 1 amol/ml for the analysis of sphingoid
base-1-phosphatemolecular species in thenegative-ionmode
under experimental conditions could be readily achieved
(spectrum a4 in Fig. 1). Moreover, the ionization response
factors for these species under experimental conditions
are essentially identical.

Similarly, positive-ion ESI-MS analyses of this identi-
cal mixture of sphingoid base-1-phosphates in the pres-
ence of 0.1% formic acid in chloroform-methanol (1:1, v/v)
show three essentially equally intense peaks of protonated
sphingoid base-1-phosphates (spectra not shown).However,
the detection limitation (z1 fmol/ml) of these molecular
species in the positive-ion mode under experimental con-
ditions is much higher than that obtained in the negative-
ionmode. The identities of thesemolecular ions in both the
negative- and positive-ion modes were confirmed by prod-
uct ion analyses as shown below.

Characterization of sphingoid base-1-phosphates by
ESI-MS/MS in both negative- and positive-ion modes

Product ion ESI-MS analysis of the C17 S1P ion at m/z
364.2 [as shown in the mass spectrum of the equimolar
mixture of sphingoid base-1-phosphates (Fig. 1)] in the
negative-ion mode shows a very abundant characteristic
product ion at m/z 79.0 (Fig. 2A), corresponding to
[PO3]

2, as described previously (38). In addition, a low-
abundant fragment ion at m/z 97.0, corresponding to
[H2PO4]

2, is also present in the product ion mass spec-
trum (Fig. 2A). Product ion ESI-MS analyses of both S1P
and DHS1P show identical fragmentation patterns to that
of C17 S1P (Fig. 2).

Because the fragment ion at m/z 79.0 is present in the
collision-induced dissociation of all examined sphingoid
base-1-phosphates and is present as the most abundant
fragment ion, precursor ion scanning of m/z 79.0 in the
negative-ion mode was performed to analyze equimolar
mixtures of sphingoid base-1-phosphate molecular spe-
cies at different concentrations. The analyses demonstrate
three molecular ion peaks of essentially equal intensity
corresponding to the analyzed sphingoid base-1-phosphates
(right panel of Fig. 1). Although ESI-MS analysis shows
a somewhat noisy mass spectrum at a concentration of
1 amol/ml for each sphingoid base-1-phosphate molecular
species (spectrum a4 in Fig. 1), precursor ion analysis
under optimal collision-induced dissociation conditions
demonstrates that the detection limit for the analysis
of sphingoid base-1-phosphate molecular species under
the experimental conditions used is much lower than
1 amol/ml (spectrum b4 of Fig. 1). The optimal fragmen-
tation conditions were determined to be 24 eV for the
collision energy and 1 mTorr for the collision gas pressure
(i.e., argon).

Collision-induced dissociations of the protonated C17
S1P and S1P yield abundant product ions at m/z 250.2 and
264.2, respectively (Fig. 3A, B), representing neutral loss
of H3PO4 and water from their corresponding molecular
ions (Scheme 1). The resultant allylic cation is stabilized
by an adjacent enamine (Scheme 1). Product ion ESI-MS
analysis of DHS1P in the positive-ion mode shows two
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abundant product ions at m/z 284.2 and 266.2 (Fig. 3C).
The ion at m/z 284.2 likely results from the neutral loss of
H3PO4, which may further lose a water molecule to give
rise to the ion at m/z 266.2 (Scheme 1). Alternatively, the
ion at m/z 266.2 is produced directly by the loss of H3PO4

and water (Scheme 1). As anticipated, MS/MS analysis by
neutral loss of 116.0 u (corresponding to a loss of H3PO4

and water) from an equimolar mixture of sphingoid base-
1-phosphates shows two peaks of essentially equal intensity
of the protonated C17 S1P and S1P. However, the ion peak
intensity of the protonated DHS1P is much lower com-
pared with those of protonated C17 S1P and S1P (spectra
not shown) as a result of the presence of different frag-
mentation pathways. These results indicate that neutral
loss of 116.0 u in the positive-ion mode is not quite suitable
for the quantitation of sphingoid base-1-phosphate mo-
lecular species.

Quantitation of sphingoid base-1-phosphate molecular
species by precursor ion scanning of m/z 79.0 in the
negative-ion mode

MS/MS analyses of equimolar mixtures of C17 S1P, S1P,
and DHS1P through precursor ion scanning of m/z 79.0
show quantitative ion peak intensities in a broad range of
concentrations (right panel of Fig. 1). Further examina-

tion of a variety of different ratios of S1P or DHS1P to C17
S1P at different concentrations was also performed. As
anticipated, a quantitative relationship of the ion peak
intensity ratio versus the molar ratio of C17 S1P to S1P is
present, indicating that the presence of one methylene
difference between C17 S1P and S1P does not apparently
affect the quantitation of S1P (using C17 S1P as an inter-
nal standard) through precursor ion scanning of m/z 79.0
in the negative-ion mode.

Notably, a statistically lower ion peak intensity of DHS1P
relative to those of C17 S1P and S1P [after correction for
the effect of M+2 13C S1P isotopomer on the peak intensity
of DHS1P, as described previously (39)] is observed con-
sistently. For example, Fig. 4 shows the relationships be-
tween the molar ratios and peak intensity ratios of S1P or
DHS1P to C17 S1P at a fixed concentration of 0.1 pmol/ml.
S1P and DHS1P to C17 S1P show linear correlation co-
efficients (g2) of 0.9992 and 0.9977 and intercepts close
to zero (i.e., 0.03 and 20.054), respectively. However, a
lower slope of 0.920 for DHS1P versus C17 S1P was ob-
served compared with that for S1P versus C17 S1P (i.e.,
1.001). This is likely attributable to the presence of dif-
ferential fragmentation pathway(s) of DHS1P compared
with C17 S1P and S1P. For example, a minor fragment ion
atm/z 256.2 is present in the product ion mass spectrum of

Fig. 1. Negative-ion electrospray ionization mass spectrometry (ESI-MS) and ESI-tandem mass spectrom-
etry (MS/MS) analyses of equimolar mixtures of sphingoid base-1-phosphates. Equimolar mixtures of
sphingosine-1-phosphate (S1P), C17 S1P (a 17 carbon analog of S1P), and dihydrosphingosine-1-phosphate
(DHS1P) were prepared and extracted in the presence of 5% acetic acid. Negative-ion ESI-MS analyses (left)
and MS/MS analyses in the precursor ion mode by monitoring m/z 79.0 (right) were performed in the
presence of 2% concentrated ammonium hydroxide, as described in Materials and Methods, at con-
centrations of 1 pmol/ml each (spectra a1 and b1), 10 fmol/ml each (spectra a2 and b2), 0.1 fmol/ml each
(spectra a3 and b3), and 1 amol/ml each (spectra a4 and b4). A 2 min period of signal averaging 0.2 s per
scanning in the profile mode was used for each MS/MS spectrum. Unlabeled ion peaks are instrument
artifacts. Themass resolution setting for these analyses is full width at half-maximum height (FHMW) 0.6 Th.
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DHS1P but not in those of C17 S1P and S1P (Fig. 2).
Therefore, a correction factor of 0.92 must be applied for
the quantitation of DHS1P when C17 S1P is used as an
internal standard.

Next, multiple factors that might influence the quanti-
tation of sphingoid base-1-phosphates were examined. We
first examined the extraction efficiency of the sphingoid
base-1-phosphates, because these compounds are not gen-
erally soluble in most organic solvents as a result of their
high hydrophilicity, thereby complicating their quanti-
tation. After examining several of the previously used
extraction methods with an organic phase of chloroform-
methanol against neutral, basic, and acidic aqueous
phases, it was found that extraction under acidic condi-
tions with 5% (v/v) acetic acid gave the best extraction
efficiency of the examined sphingoid base-1-phosphates,

whereas they were almost completely lost under neutral
and basic conditions. However, it should be pointed out
that to avoid the effects of residual acetic acid on the ef-
ficient ionization of sphingoid base-1-phosphates in the
negative-ion mode, an excessive amount of ammonium
hydroxide [i.e., 2% (v/v) concentrated ammonium hy-
droxide] in 1:1 (v/v) chloroform-methanol was used in
the ESI-MS analysis of sphingoid base-1-phosphates. In
addition, we also examined the recovery of sphingoid base-
1-phosphates by the described extraction method as fol-
lows. Known amounts of S1P and DHS1P were extracted in
the presence of 5% acetic acid in the aqueous phase, and
a known amount of C17 S1P was added to each extract as
a standard to quantitate the amount of S1P and DHS1P
present in the extract. Recoveries of 58, 77, and 98% were

Fig. 3. Product ion characterization of C17 S1P (A), S1P (B), and
DHS1P (C) in the positive-ion mode. Positive-ion ESI-MS analy-
ses of an equimolar mixture of sphingoid base-1-phosphates
(1 pmol/ml each) in the presence of 0.1% formic acid demonstrate
three equally intense, protonated molecular ions. Product ion
analysis during collision-induced dissociation of each individual
protonated sphingoid base-1-phosphate molecular species was per-
formed by selecting an ion of interest in the first quadrupole and
analyzing the fragments in the third quadrupole while collision
activation was performed in the second quadrupole. A collision gas
pressure of 1.0 mTorr and a collision energy of 24 eV were used in
the analyses.

Fig. 2. Product ion characterization of C17 S1P (A), S1P (B), and
DHS1P (C) in the negative-ion mode. Negative-ion ESI-MS analyses
of sphingoid base-1-phosphates were performed as described in
the legend of Fig. 1. Product ion analysis during collision-induced
dissociation of each individual deprotonated sphingoid base-1-
phosphate molecular species was performed by selecting an ion of
interest in the first quadrupole and analyzing the fragments in the
third quadrupole while collisional activation was performed in the
second quadrupole. A collision gas pressure of 1.0 mTorr and a
collision energy of 24 eV were used in the analysis.
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determined from 25, 50, or 100 pmol of total sphingoid
base-1-phosphates in each sample, respectively. It should
be noted that performing additional extractions from a
given sample could always maximize the extraction recov-
ery. Moreover, an incomplete extraction will not affect the
quantitation using the developed method owing to the

presence of an internal standard (i.e., C17 S1P), provided
that the mass contents of sphingoid base-1-phosphates in
an extract are in excess of the instrument detection limit.

The effects of the presence of other abundant lipids on
sphingoid base-1-phosphate (i.e., so-called ion suppres-
sion) were also examined. We added 0.1 mol% of C17 S1P
to a total lipid extract of mouse brain cortex, which was
extracted under neutral conditions in the presence of
10 mM LiCl and in which only minimal amounts of en-
dogenous sphingoid base-1-phosphates were present (see
below). After adding various amounts of S1P and DHS1P
to this lipid extract containing 0.1% C17 S1P, the lipid
solution was diluted to a mass level of 0.1 pmol C17 S1P/ml
(i.e., total lipid mass content at 100 pmol/ml) and MS and
MS/MS analyses were performed. Figure 5 shows the typi-
cal results from such an experiment. Spectrum A repre-
sents a mass spectrum in the region of interest without the
addition of sphingoid base-1-phosphates, and the inset of
spectrum A shows its precursor ion spectrum by monitor-
ing at m/z 79.0. The spectrum in the inset is displayed after
normalizing the precursor ion spectrum to spectrum B,
which was acquired by precursor ion scanning of m/z 79.0
in the presence of 0.1, 0.01, and 0.01 pmol/ml C17 S1P,
S1P, and DHS1P, respectively (Fig. 5). Analyses of differ-
ent ratios of S1P and DHS1P to C17 S1P, which was fixed at
0.1 mol% of total mouse cortex lipids, demonstrate es-
sentially identical linear relationships between the molar
ratios and the peak intensity ratios of S1P or DHS1P to C17
S1P and those obtained from the absence of other abun-
dant lipids, as shown in Fig. 4. These results indicate that
the presence of other abundant lipids does not interfere
with the accurate quantitation of sphingoid base-1-
phosphates (i.e., shotgun lipidomics of these compounds
can be performed successfully).

Finally, because no chromatographic separation is per-
formed in shotgun lipidomics and the [PO3]

2 fragment
ion is not specific to sphingoid base-1-phosphates, it is im-

Scheme 1. Proposed fragmentation pathways of protonated sphingosine-1-phosphate (S1P) and dihydro-
sphingosine-1-phosphate (DHS1P) in the positive-ion mode.

Fig. 4. Correlation of the molar ratios with the ion peak intensity
ratios of S1P or DHS1P to C17 S1P. Mixtures composed of different
molar ratios of S1P (open squares) or DHS1P (open circles) to C17
S1P (the concentration of C17 S1P was fixed at 0.1 pmol/ml) were
prepared separately. Negative-ion MS/MS analyses through precur-
sor ion scanning of m/z 79.0 in the presence of 2% concentrated
ammonium hydroxide were performed through scanning the first
quadrupole in the mass range of interest and monitoring the third
quadruple for the ion at m/z 79.0 while collisional activation was
performed in the second quadrupole. The collision gas pressure
was 1.0 mTorr, and a collision energy of 24 eV was used in the
analyses. The data points represent means 6 SEM of the peak
intensity ratios from four separate mixture preparations of each
molar ratio of S1P or DHS1P to C17 S1P.
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portant to determine potential interferences from other
components in biological samples using precursor ion
scanning of m/z 79.0 (i.e., [PO3]

2) in the negative-ion
mode. In theory, any components containing a phosphate
groupmight produce [PO3]

2 during collision-induced dis-

sociation and interfere with quantitation. In practice,
although precursor ion scanning of m/z 79.0 in the
negative-ion mode of a mixture containing C17 S1P,
myristoryl lysophosphatidic acid (m/z 381.2, a common
internal standard for the analysis of lysophosphatidic acid),
and dimyristoryl phosphatidic acid (m/z 591.4, a common
internal standard for the quantitation of phosphatidic
acid) displays all of the species in the sample (spectrum
not shown), no overlaps from these species and other
recognizable lipid molecular species containing a phos-
phate group and possessing an identical m/z to C17 S1P,
S1P, and DHS1P in mammalian samples are present.

Fig. 5. Effects of the presence of other abundant lipids on the
quantitation of sphingoid base-1-phosphates through precursor
ion scanning of m/z 79.0 from a lipid extract in the negative-ion
mode. Lipids of mouse brain cortex were extracted by a modified
procedure of Bligh and Dyer in the presence of 10 mM LiCl. A
fixed amount of C17 S1P (0.1 mol% of total lipids) and various
molar ratios of S1P and DHS1P at equimolar concentrations to C17
S1P were added to the mouse cortex lipid extract. The lipid
solution was diluted to a concentration of 100 pmol/ml total lipids
(i.e., 0.1 pmol/ml C17 S1P) with 1:1 chloroform-methanol contain-
ing 2% concentrated ammonium hydroxide before direct infusion
to the ESI ion source. The endogenous mass contents of sphingoid
base-1-phosphates are negligible compared with the amounts of
exogenously added sphingoid base-1-phosphates, as discussed in
the text. ESI-MS analysis of brain cortical lipids without the addi-
tion of exogenous sphingoid base-1-phosphates was performed in
the negative-ion mode (spectrum A). The precursor ion ESI-MS
spectrum of sphingoid base-1-phosphates in the brain cortical lipid
extract through precursor ion scanning of m/z 79.0 is shown in the
inset of spectrum A, as displayed after normalization of the ion
current to the ion peak of C17 S1P in spectrum B. ESI-MS analyses
of sphingoid base-1-phosphates through precursor ion scanning of
m/z 79.0 demonstrate a linear correlation between the molar ratios
of S1P or DHS1P to C17 S1P (i.e., 0.01, 0.05, 0.1, 0.5, and 1 pmol/ml
vs. 0.1 pmol/ml) and their peak intensity ratios (0.1, 0.5, 1, 5, and
10 in spectra B, C, D, E, and F, respectively). The mass resolution
setting for these analyses is FHMW 0.6 Th. A 2 min period of signal
averaging 0.2 s per scanning in the profile mode was used for each
MS/MS spectrum.

Fig. 6. MS/MS spectra of sphingoid base-1-phosphates in lipid
extracts of mouse plasma (A), spinal cord (B), and cerebellum (C)
through precursor ion scanning of m/z 79.0. Total lipids of mouse
plasma, spinal cord, and cerebellum were extracted using a modi-
fied procedure of Bligh and Dyer in the presence of 5% acetic
acid in the aqueous phase, as described in Materials and Methods.
MS/MS spectra of sphingoid base-1-phosphates in lipid extracts of
mouse plasma, spinal cord, and cerebellum were acquired through
scanning the first quadrupole in the mass range of interest and
monitoring the third quadruple for the ion at m/z 79.0 while
collision activation was performed in the second quadrupole. The
collision gas pressure was set at 1.0 mTorr, and a collision energy
of 24 eV was used in the analyses. A 2 min period of signal aver-
aging 0.2 s per scanning in the profile mode was used for each
MS/MS spectrum.
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However, we cannot exclude the possibility that no other
species could interfere with the quantitation of sphingoid
base-1-phosphates from other sample sources (e.g., plants,
bacteria, etc.) by shotgun lipidomics.

Quantitation of S1P and DHS1P in lipid extracts of
various biological samples

The developed shotgun lipidomics approach was used
to directly quantitate S1P and DHS1P mass contents in
lipid extracts of human plasma, mouse plasma, and mouse
spinal cord and brain tissues (including cortex, cerebel-
lum, and brain stem). The averaged mass contents of S1P
and DHS1P in lipid extracts from human plasma of seven
healthy individuals (65 6 5 years of age) are 703 6 41 and
327 6 34 pmol/ml, respectively. These results are in good
agreement with those from other studies using different
methods (31). Figure 6 shows a series of typical precursor
ion ESI-MS/MS spectra of sphingoid base-1-phosphates in
lipid extracts of mouse plasma, spinal cord, and cerebel-
lum. Quantitative results of S1P and DHS1P in the lipid
extracts of mouse samples are summarized in Table 1.

To the best of our knowledge, the results described
here reporting the presence of both S1P and DHS1P in
mouse tissues represent the first documentation of S1P and
DHS1P in these tissues. Moreover, considerable amounts
of S1P and DHS1P (Table 1) were found in mouse plasma,
and these results may reflect the release of sphingoid base-
1-phosphates from platelets, an important reservoir of S1P,
during the coagulation of blood (40). The distribution of
S1P and DHS1P contents (in decreasing order) of spinal
cord . brain stem . cerebellum . cortex is quite intrigu-
ing. It has been reported that S1P receptors are expressed
predominantly in brain white matter, rat cerebellum and
cerebellar granule cells, and astrocytes (41–44). Therefore,
the distribution of S1P and DHS1P closely parallels the
expression levels of S1P receptors, indicating an interrela-
tionship between sphingoid base-1-phosphate ligands and
their receptors.

In summary, we have extended and applied shotgun
lipidomics to the characterization and quantitation of S1P

and DHS1P in crude lipid extracts in the presence of a low
amount of ammonium hydroxide using precursor ion
scanning of m/z 79.0 in the negative-ion mode. A broad
linear dynamic range for the quantitation of both S1P and
DHS1P and a detection limit at a low amol/ml concen-
tration have been demonstrated using this approach. This
method for the quantitation of sphingoid base-1-phos-
phates is generally simpler and more efficient than other
previously published methods. The major advantages of
this approach include the ability to 1) avoid the use of
radioisotopes, chromatographic separation, and chemical
derivatization; 2) obtain structural information of sphin-
goid base-1-phosphates; and 3) detect S1P and DHS1P
simultaneously. A potential limitation of this method is
the possible interference of phosphate-containing lipid
molecular species possessing an identical m/z to SIP and/
or DHS1P. However, such interferences attributable to
overlapping phosphate-containing lipid molecular species
in mammalian samples are considered negligible. Accord-
ingly, we anticipate that this methodology will be very
useful for a wide range of physiological and pathophysi-
ological studies.
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