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Abstract Lysophosphatidylthreonine (LysoPT) is a potent inducer of mast cell degranulation that was previously identi-

fied as an analog of a bioactive lysophospholipid, lysophoshatidylserine (LysoPS). However, it remains to be solved if Ly-

soPT is present in vivo. In the present study, we tried to detect LysoPT in biological samples using liquid chromatography/

tandem mass spectrometry (LC-MS/MS) and examined its tissue distribution. In several mouse tissues, we detected LysoPT

as a mixture of LysoPT with several different fatty acid chains, i.e., LysoPT species. C18:0-LysoPT was a major LysoPT

species in various tissues and plasma with the highest expression in the stomach. The fatty acid species and tissue distribu-

tions of LysoPS and LysoPT were similar, suggesting that the two lysophospholipids share a common synthetic pathway.

The present study indicates that LysoPT behaves as an endogenous lysophospholipid mediator.
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Introduction

Mast cells are involved in developing immediate allergic
reactions by releasing various inflammatory mediators such
as histamine and serotonin stored in their cytoplasmic gran-
ules in response to an antigen. Administration of lysophos-
phatidylserine (LysoPS), a kind of lysophospholipids, has
been shown to potentiate the antigen-induced histamine

release (degranulation) from rodent mast cells both in vivo
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and in vitro' . However, we poorly understand the role of
LysoPS in activating mast cells in pathophysiological con-
texts. We previously synthesized a series of LysoPS analogs
with modifications in either the glycerol backbone, acyl
chain, or ester bond of LysoPS. We showed that one of
them, lysophosphatidylthreonine (LysoPT), which has a
methyl group at the f-carbon of serine, was much more
potent in inducing mast cell degranulation than LysoPS 0,
LysoPT induced histamine release from mast cells in vitro
and in vivo at a concentration less than one-tenth of Lys-
oPS. Like LysoPS, LysoPT also induced hypothermia and
anaphylactic shock in mice. Injection of LysoPT into mice
caused transient decreases of body temperature at a concen-
tration 50-fold lower than that of LysoPS, raising the possi-
bility that LysoPT functions as a lipid mediator”.

Despite its potent pharmacological activities to induce
mast cell degranulation, hypothermia, and anaphylactic

shock, little is known about the presence of LysoPT in vivo.
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In addition, the synthetic pathway of LysoPT has been
unknown. Other glycero-lysophospholipids, such as lyso-
phosphatidic acid (LPA) and LysoPS, are known to be pro-
duced from their precursors, including phosphatidic acid
(PA), phosphatidylserine (PS), and lysophosphatidylcholine
(LPC) by several kinds of phospholipasesH). Interestingly,
phosphatidylthreonine (PT), which is a plausible precursor
of LysoPT, has been shown to be present in tissues from
various species, including rat brainlo), hippocampal neu-
rons”), and the endoplasmic reticulum of Toxoplasma gon-
dii'”. Various phospholipase A, and A, types are present,
indicating that LysoPT is present in vivo.

Our previous study developed a liquid chromatography/
tandem mass spectrometry (LC-MS/MS) method to analyze
lysophospholipidsm. However, due to the lower sensitivity,
we could not detect LysoPT in biological samples. In the
present study, we changed the mass spectrometry (MS)
instrument and optimized the method for LysoPT analysis.
The new method makes it possible to detect and quantify
LysoPT concentrations as low as 500 pM. In addition, the
method is helpful for examining the tissue distribution of
LysoPS in mice. The present method may help to under-
stand the pathophysiological roles of LysoPT and LysoPS

as lipid mediators.

Materials and Methods
Chemicals
LysoPS standards (C16:0-LysoPS, C18:0-LysoPS,

C18:1-LysoPS) and internal standard, C17:1-LysoPS, were
purchased from Avanti C16:0-LysoPT,
C18:0-LysoPT, and C18:1-LysoPT were chemically synthe-
sized previouslys) and used as LysoPT standards. Methanol
(CH;0H) and acetonitrile (CH;CN) of LC/MS grade were
obtained from Kanto Chemical (Tokyo, Japan). Ammonium
formate (HCOONH,) of LC/MS grade was obtained from
Wako Pure Chemical Industries. Ultra grade water was pre-
pared with Milli-Q Advantage A 10 Ultrapure Water Purifi-

cation System from Millipore.

Polar Lipids.

Animals

Male C57 BL/6 mice (8-12 weeks) were used. Mice
were purchased from Japan SLC and maintained according
to the Guidelines of Animal Experimentation of The Uni-
versity of Tokyo. The animal protocol was approved by the
Institutional Animal Care and Use Committee at the Uni-

versity of Tokyo.
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Sample preparation

For plasma preparation, blood was collected using a hep-
arinized capillary and centrifuged at 1,500 X g for 10 min at
4°C. The resulting supernatant was used as plasma. For
serum preparation, blood was collected using a non-coated
capillary and was incubated for 1 h at 37°C to induce blood
coagulation. Then it was kept at 4°C for 4 h to retract the
blood clots and was centrifuged at 1,500 Xg for 10min at
4°C. The resulting supernatant was used as a serum.

A 10 uL of plasma and serum samples were mixed with
100 4L of CH;OH containing 100 nM C17:1-LysoPS in a
1.5mL siliconized sample tube. It was sonicated in a water
bath-type sonicator to recover lipids in CH;OH. The
extracts were sequentially centrifuged at 21,500 X g, and the
resulting supernatant was passed through an acetyl cellu-
lose filter (pore size 0.22 um). A volume of 10 uL of sam-
ples was injected into LC-MS/MS.

For tissue samples, mice were rapidly perfused transcar-
dially with cold PBS through the left ventricle, and subse-
quently, tissues were collected. 5-10mg tissues were trans-
ferred to 2.0mL sample tubes, and 10-fold volume CH,OH
containing 100 nM C17:1-LysoPS and beads were added
for homogenization using an MS-100R beads cell disrupter.
The extracts were sequentially centrifuged at 1,500Xg and
21,500Xg, and the resulting supernatant was passed
through a filter. A volume of 10 uL of the sample was
injected into LC-MS/MS.

Liquid chromatography system and conditions

This study used the A NANO SPACE SI-2 LC system
(Osaka-soda, Tokyo, Japan). The system consists of dual
pumps, an autosampler, a column oven, and an online
degasser. The chromatographic separation was performed
on CAPCELL PAK C18 ACR (250mmX1.5mm i.d., 3 um
particle size) (Osaka-soda, Tokyo, Japan) analytical column
coupled with a CAPCELL PAK C18 ACR (10mmX2.0 mm
i.d., 3 um particle size) guard column maintained at 40°C.
The flow rate was 150 uL minfl, and the mobile phases
were formed using 5 mM HCOONH, (H,0/CH;CN=100/0,
v/v) as eluent A and 5mM HCOONH, (H,0/CH,;CN=5/95,
v/v) as eluent B whereby the solutions were adjusted to pH
4.0 using HCOOH, respectively. The liquid chromatogra-
phy (LC) analysis started with 50% B for 0.2 min, followed
by a linear gradient from 50 to 100% B in 12.0 min and
maintenance of 100% B for 5 min. Subsequently, the

mobile phase was immediately returned to the initial condi-
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tions and maintained for 3 min until the end of the run. A
divert valve was used to divert the LC effluent to the waste

during the first 5 min and the last 2 min.

Mass spectrometry system and conditions

The MS system was a Thermo Fischer Scientific TSQ
Quantiva triple quadrupole mass spectrometer with a
heated electrospray ionization (HESI) source. The operat-
ing condition was optimized for C18:1-LysoPS, dissolved
with CH,OH (1 uM) by continuously infusing at a 5 uL
min . The HESI spray voltage was 2,500V, the heated ion
transfer tube temperature was 329°C, the sheath gas pres-
sure was 38 psi, the auxiliary gas pressure was 12 psi, and
the heated vaporizer temperature was 279°C. Both the
sheath gas and the auxiliary gas were nitrogen gas. The col-
lision gas was argon at a pressure of 2.0 mTorr. HESI was
performed in a negative ion mode. The optimized HESI of
seven LysoPS species (C16:0, C18:0, C18:1, C18:2, C20:4,
C22:6, and C17:1 (used as internal standard)) and of three
LysoPT species (C16:0, C18:0, and C18:1) produced abun-
dant [M—H] ions at m/z 496.3, 524.3, 522.3, 520.3, 544.3,
568.3, 508.3, 510.3, 538.3 and 536.3, respectively. Samples
were analyzed by the selected reaction monitoring (SRM)
mode, employing the transition of the [M—H] precursor
ions to their product ions. For the MS/MS analysis, the col-
lision energies for collision-induced dissociation of LysoPS
and LysoPT were 19¢V. In SRM mode, the transitions of
the precursor ion into the production were monitored: m/z
496.3 — 409.3 for C16:0-LysoPS, m/z 524.3 — 437.3 for
C18:0-LysoPS, m/z 522.3 — 435.3 for C18:1-LysoPS, m/z
520.3 — 433.3 for C18:2-LysoPS, m/z 544.3 — 457.3 for
C20:4-LysoPS, m/z 568.3 — 481.3 for C22:6-LysoPS, m/z
508.3 — 421.2 for C17:1-LysoPS, m/z 510.3 — 409.3 for
C16:0-LysoPT, m/z 538.3 — 437.3 for C18:0-LysoPT and
m/z 536.3 — 435.3 for C18:1-LysoPT. The LC-MS/MS sys-
tem was controlled by the Xcalibur software (Thermo
Fisher Scientific) and data were collected with the same

software.

Method validation

A mixture of LysoPS species (C16:0, C18:0, and C18:1,
each 1 uM) and LysoPT species (C16:0, C18:0, and C18:1,
each 1 M) was prepared as a CH;0H solution. It was
diluted with CH;0OH to prepare six standard solutions with
final concentrations of 100 nM, 50 nM, 10 nM, 5nM, 1
nM, and 500 pM, respectively, each containing 100 nM
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C17:1-LysoPS as internal standard. 10 uL of each standard
solution was injected into LC-MS/MS. The ratio between
analytes and the internal standard peak area was calculated
for quantification.

We determined the precision of the present method by
analyzing six samples containing the same concentration of
LysoPS and LysoPT on the same day (intra-day analysis).
This procedure was repeated for three days (inter-day anal-
ysis). The coefficient of variation within one sample run
(intra-day) and between sample runs (inter-day) was deter-
mined for various concentrations of LysoPS and LysoPT.
To determine the recovery, a mixture of LysoPT species
(C16:0, C18:0, and C18:1) at 50 nM and 100 nM were pre-
pared and added to the mouse tissue homogenates (brain,
thymus, heart, lung, liver, spleen, kidney, stomach, small
intestine, muscle and skin, ten mg each) or plasma (10 uL).
Lipids were extracted by adding 90 uL CH;0H containing
internal standard (C17:1-LysoPS). The samples for MS
injection were prepared as described above. The extraction
recovery was calculated by the following formula:
[(detected concentration-endogenous concentration)/stan-
dard concentration]*<100 (%).

Results
LC-MS/MS analysis of LysoPT

Previously, we constructed a system to quantify various
lysophospholipids, including LysoPS, in biological samples
using LCc-Ms/MS'™. However, using this method, we could
not detect LysoPT, possibly because it was not sufficiently
sensitive. In the previous study, we used TSQ Quantum
Ultra mass spectrometer (Thermo Fischer Scientific) mass
system. Subsequently, we used a high-performance TSQ
Quantiva mass spectrometer (Thermo Fischer Scientific) for
the detection of LysoPT. For the Quantiva analyses, we first
performed product ion scanning using a chemically synthe-
sized C18:1-LysoPT5). The product ion scanning analyses
indicated that deprotonated precursor ions of C18:1-LysoPT
(m/z 536.3) lost the corresponding polar head group (i.e.
threonine) upon collisional activation, yielding a character-
istic fragment ion of C18:1-LPA (m/z 435.3). The fragmenta-
tion was useful for SRM detection of LysoPT in the LC-MS/
MS analyses. We could also detect and analyze LysoPS spe-
cies using Quantiva by the same strategy.

Typical SRM chromatograms of LysoPT and LysoPS stan-
dards were obtained by LC-MS/MS analyses (Fig. 1A and

1C). This method was applied to mouse large-intestine
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Fig. 1.

(A, C) SRM chromatograms of LysoPT (A) standard samples (C16:0, C18:1 and C18:0, each 50 pmol), LysoPS (C)

standard samples (C16:0, C18:1 and C18:0, each 50 pmol). (B, D) LysoPT species (C16:0, C18:2, C18:1, C18:0,
C20:4 and C22:6) (B) and LysoPS species (C16:0, C18:2, C18:1, C18:0, C20:4 and C22:6) (D) detected in the mouse

large intestine.

For the large-intestine sample, lipid extract corresponding to 10mg of large-intestine tissue was injected. The retention times for
each LysoPT and LysoPS species were similar between the standard samples and large-intestine sample.

homogenates (Fig. 1B and 1D). Peaks with m/z values and
retention time that correspond to C16:0-LysoPT, C18:0-Lys-
oPT, and C18:1-LysoPT standards were detected in the mouse
large-intestine homogenates. Thus, we concluded that LysoPT

species with C16:0, C18:0, and C18:1 were present in mice.
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Method validation
Linearity

The linearity of the calibration curves was evaluated by
determining the ion intensity of analytes in eight concentra-
tions (50 pM, 100 pM, 500 pM, 1 nM, 5 nM, 10 nM, 50
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Fig. 2. Standard curves of LysoPT and LysoPS.
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The curves were constructed by plotting the peak area ratio of the analytes at six concentrations (500 pM, 1 nM, 5 nM, 10
nM, 50 nM and 100 nM, n=6, each) against the concentrations of the internal standard (C17:1-LysoPS). The precisions of

the method are shown in Table 1.

nM, and 100 nM). The calibration curves of C16:0-LysoPT,
C18:0-LysoPT, and C18:1-LysoPT were linear from 500
pM (5 fmol) to 100 nM (1000 fmol) (Fig. 2). Similarly,
C16:0-LysoPS, C18:0-LysoPS, and C18:1-LysoPS were
detected with linearity from 500 pM (5 fmol) to 100 nM
(1000 fmol) (Fig. 2). The present method enables us to
detect both LysoPT and LysoPS at 20-fold lower concentra-
tions compared with the previous method. When we tested
50 pM (0.5 fmol), we could not detect C16:0-LysoPT,
C18:0-LysoPT, and C18:1-LysoPT (data not shown). At 100
pM (1 fmol), we could detect C16:0-LysoPT and C18:0-Ly-
soPT with signal to noise ratio over 30 but could not detect
C18:1-LysoPT (data not shown).
observed from 500 pM and 100 nM for the three LysoPT
species (Fig. 2). Thus, the lower limit of quantification
(LLOQ) and the lower limit of detection (LLOD) for
C16:0-LysoPT or C18:0-LysoPT is 100 pM and those for
C18:1-LysoPT is 500 pM.

The linearity was

Assay precision

The intra- and inter-day precision of the assay was inves-
tigated by determining the level of LysoPT and LysoPS in
the standard solutions containing 500 pM, 1 nM, 5 nM, 10
nM, 50 nM, and 100 nM LysoPT and LysoPS in addition to
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the internal standard (100 nM C17:1-LysoPS). Most intra-
and inter-day precision values were less than 10% (Table 1),
confirming the accuracy and robustness of the present assay
method (Table 1).

Recovery

We examined the recovery of the assay by spiking sam-
ples with a known amount of LysoPT and determined the
amount of recovered LysoPT by LC-MS/MS. The recover-
ies were in the ranges 91.0-119.7% for C16:0-LysoPT,
81.2-122.8% for C18:0-LysoPT, and 91.7-121.0% for
C18:1-LysoPT (Table 2).

LysoPT and LysoPS distribution in mouse tissues

We then determined the distribution of LysoPT and Lys-
oPS in mice using the established method. Several LysoPT
species (C16:0, C18:0, C18:1, C18:2, C20:4, and C22:6)
and LysoPS species (C16:0, C18:0, C18:1, C18:2, C20:3,
C20:4, C20:5, and C22:6) species were detected in the sam-
ples (brain, thymus, heart, lung, liver, spleen, kidney, stom-
ach, small intestine, large intestine, muscle, skin, plasma,
and serum) (Fig. 3A and Table 3). Both saturated and unsat-
urated LysoPT and LysoPS species were detected, indicat-
ing that both phospholipase A,s and phospholipase A,s are
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Table 1. Precision of assays of each LysoPT and LysoPS species
Intra-day precision (%)
concentration (nM) fmol LysoPT (16:0) | LysoPT (18:0)| LysoPT (18:1)| LysoPS (16:0) | LysoPS (18:0) | LysoPS (18:1)
0.5 5 7.1 1.8 10.3 9.9 7.1 4.0
1 10 6.4 53 1.9 7.8 5.9 9.9
5 50 2.1 6.1 0.8 9.4 2.5 6.2
10 100 5.7 6.9 3.1 5.0 5.6 9.3
50 500 3.2 5.3 0.7 2.9 6.5 1.3
100 1000 4.1 3.8 24 0.7 2.6 0.6
Inter-day precision (%)
concentration (nM) fmol LysoPT (16:0) | LysoPT (18:0) | LysoPT (18:1) | LysoPS (16:0) | LysoPS (18:0) | LysoPS (18:1)
0.5 5 9.2 1.9 1.7 4.5 3.7 6.0
1 10 4.0 2.8 4.0 3.2 1.6 8.0
5 50 0.8 1.4 42 22 1.3 5.1
10 100 1.7 2.1 44 3.5 1.7 3.1
50 500 3.0 1.5 1.5 0.9 33 3.6
100 1000 5.0 0.9 1.9 23 25 2.1
Data are SD among intra-day or inter-day (n=6).
Table 2. Extraction recovery of three LysoPT species from several tissues
Brain ~ Thymus Heart Lung Liver ~ Spleen Kidney Stomach Intestine Mascle  Skin  Plasma
LysoPT 50nM | 107.7 106.8 104.1 107.1 112.5 102.4 116.1 119.7 98.7 109.1 97.6 91.0
(16:0) 100nM | 101.0 98.9 107.7 109.8 110.9 104.8 113.6 106.4 98.4 111.5 105.0 103.2
LysoPT 50nM | 116.7 81.2 102.1 93.1 103.0 95.4 118.4 111.9 82.6 110.3 113.7 107.5
(18:0) 100nM | 113.6 86.1 95.5 84.2 102.8 92.9 109.4 1152 107.1 109.0 122.8 94.0
LysoPT 50nM | 111.0 103.0 105.0 108.1 114.3 97.9 111.4 121.0 101.0 113.1 109.6 92.8
(18:1) 100nM | 106.6 101.0 103.9 107.5 91.7 104.1 112.9 111.4 114.2 120.2 112.0 108.9

Data are mean (n=3).

involved in the production of LysoPT and LysoPS. LysoPT
and LysoPS levels were high in digestive tissues (stomach,
large and small intestines) and kidneys. Patterns of LysoPT
species expression differed between tissues (Fig. 3B). Lys-
oPT appeared to be most highly expressed in the stomach,
followed by the large intestine. In these tissues, C18:0-Lys-
oPT was the main LysoPT species (Fig. 3A and B).

Like LysoPT, LysoPS was detected in all tissues tested
(Fig. 3B and C). Interestingly, the composition of LysoPS
and LysoPT species was similar in each organ. For exam-
ple, C18:0-LysoPS and C18:0-LysoPT were the most abun-
dant species in the stomach and kidney, followed by the
C16:0- and C18:1-species of LysoPS and LysoPT. In the
large intestine, C18:0-LysoPT and C18:0-LysoPS were the
most common molecular species. In contrast, the relative

concentrations of LysoPT and LysoPS varied among the tis-
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sues. For example, in the lung, spleen, kidney, small intes-
tine, large intestine, and skin, the ratio of LysoPS to Lys-
oPT was roughly 100:1, while in the heart, muscle, brain,
and liver/stomach, it was roughly 30:1, 60:1, 250:1 and
400:1, respectively.

LysoPT species, especially with unsaturated fatty acids
(arachidonic (C20:4) and docosahexaenoic (C22:6) acids),
were detected in the serum, while they were not detected in
the plasma (Fig. 3D), suggesting that they were produced
during the blood coagulation. LysoPS was detected in both
plasma and serum, with concentrations in serum approxi-
mately 50-fold higher than in plasma. The fact that LysoPT
was not detected in plasma is likely because LysoPT was
below the detection limit. Interestingly, the LysoPS species
in serum and plasma differed significantly (Fig. 3D). In
plasma, C18:0-LysoPS were the main LysoPS species,
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Fig. 3. Distribution of LysoPT and LysoPS in various mouse tissues.
(A) Concentrations of LysoPT (upper) and LysoPS (lower) species in tissues. (B and C) Concentrations of LysoPT (B)
and LysoPS (C) species in A were shown for each tissue. (D) Concentrations of LysoPT and LysoPS species in plasma
and serum. The values are the means+SD obtained from 3 mice. The values of the concentrations of each LysoPT and Ly-
soPS species are shown in Table 3 (n=3, values are means+SD).
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whereas in serum, C20:4- and C22:6-LysoPS were the main
LysoPS species. This suggests that the synthetic pathways
of LysoPS (and possibly those of LysoPT) differ between

serum and plasma.

Discussion

There has been no evidence for the in vivo presence of
LysoPT, since it was pharmacologically identified as a syn-
thetic LysoPS analogues’@. Our present results demonstrate
that LysoPT is present in several mouse tissues and the
blood. We changed the MS instrument and optimized the
method for LysoPT analysis, which was also successfully
applied to the detection of LysoPS. In TSQ Quantiva sys-
tem (Thermo Fischer scientific), the lens instructed in the
ion source in front of Q1 improved the removal efficiency
of neutral molecules. As a result, the background was low-
ered, and the signal-to-noise ratio was improved, enabling
the detection of LysoPT in biological samples. The LLOQ
was 100pm for both LysoPT and LysoPS (except for
C18:1-LysoPT LLOQ, which is 500pm), which is 5-20
times more sensitive than the method of Koistinen KM et

al‘m

and 20-100 times sensitive than our previous
method"”. The previous methods were not sensitive enough
to detect LysoPS or LysoPT in biological fluids such as
plasma and serum. The total LysoPS concentrations in
plasma and serum were 10-20nM and 700-800 nM,
respectively. The recent identification of four GPCRs spe-
cific to LysoPSlem has indicated that LysoPS is an emerg-
ing lysophospholipid mediator with multiple biological
roles like LPA and sphingosine 1-phosphate (S1P). Interest-
ingly, LPA also showed similar nM plasma concentration to
those of LysoPSlg), and the concentration is much lower
than the effective concentration (ECs;) values for LysoPS

16,17)
receptors

, providing further evidence that LysoPS
behaves as a local lysophospholipid mediator. Higher levels
of LysoPT and LysoPS were detected in serum than in
plasma, indicating that they are lipid mediators produced
upon platelet activation, as was indicated for LPA". The
present study also revealed that LysoPS and LysoPT have
similar tissue distribution patterns, although LysoPT levels
were much lower than LysoPS levels. Indeed, the amount
of LysoPT is about 1/400th to 1/30th of LysoPS, depending
on the tissues. It should be emphasized here that LysoPT
induces a similar degree of degranulation from rat perito-
neal mast cells at concentrations of several tenths of those

of LysoPSS). Thus, LysoPT appears to exert its function in
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vivo despite its much lower concentration. Recently, four
GPCRs were identified for LysoPS, i.e., LPS,/GPR34,
LPS,/P2Y10, LPS,;/A630033H20Rik, LPSy/
GPR174"'7. However, LysoPT species (C16:0, C18:0 and

C18:1) did not activate any of these receptorsé’m). Thus,

and

LysoPT is not a ligand for GPCR-type LysoPS receptors
and has a role in activating mast cell degranulation.

The present study also revealed that the molecular spe-
cies of LysoPT are similar to those of LysoPS. The only
structural difference between LysoPT and LysoPS is that
LysoPT has an additional methyl group attached to the ser-
ine residue of LysoPS. In addition, the tissue distribution
patterns of LysoPT and LysoPS were quite similar (Fig. 3).
Thus, we speculate that they share similar synthetic path-
ways. Interestingly, LysoPT species detected were found to
have a fatty acid at the sn-1 position as judged by the detec-
tion system for sn-1/sn-2 lysophospholipidsm. PT, the most
likely precursor of LysoPT, is widely distributed in various
specieslo_lz). These notions indicate that LysoPT is pro-
duced from PT by phospholipase A, like LysoPS from PS.
In a biological membrane, PS is mainly located in the inner
leaflet of the plasma membrane. Thus, PT may show a simi-
lar bilayer distribution pattern in biological membranes.
Further studies are required to understand the biological
significance of LysoPTs. However, the analytical method
described herein clearly shows that LysoPT is present both

in vivo and in vitro.
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