
Citation: Kim, H.-J.; Jung, S.-H.;

Gulyamov, S.; Lee, H.-G.; Boyjigitov,

O.; Lee, Y.-M. HPLC-MS/MS Analysis

for Sphingosine 1-Phosphate after the

Dephosphorylation by Hydrogen

Fluoride. Separations 2024, 11, 34.

https://doi.org/10.3390/

separations11010034

Academic Editors: Constantinos K.

Zacharis and Andreas Tsakalof

Received: 17 December 2023

Revised: 15 January 2024

Accepted: 16 January 2024

Published: 18 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

HPLC-MS/MS Analysis for Sphingosine 1-Phosphate after the
Dephosphorylation by Hydrogen Fluoride
Hee-Jung Kim †, Seo-Hyeon Jung †, Shokhid Gulyamov , Hyun-Gy Lee, Oybek Boyjigitov and Yong-Moon Lee *

College of Pharmacy, Chungbuk National University, Cheongju 28160, Republic of Korea;
rlagmlwnd94@naver.com (H.-J.K.); sherry987@naver.com (S.-H.J.); shohid9395@gmail.com (S.G.);
hglee38@gmail.com (H.-G.L.); oybek.boyjigitov.97@mail.ru (O.B.)
* Correspondence: ymleefn@cbnu.ac.kr; Tel.: +82-1071817139; Fax: +82-43-268-2732
† These authors contributed equally to this work.

Abstract: Sphingosine 1-phosphate (S1P) is a signaling lipid molecule involved in various cellular
processes. It is important to develop a quantitative method for S1P to determine endogenous levels
and to investigate its functions. As S1P is a tiny lipid component of most biological samples, highly
sensitive analysis by LC-MS/MS is required. The main challenge in S1P analysis by chromatography
is peak-broadening due to the presence of a polar phosphate and the fact that S1P is indeed a
zwitterion itself. In this study, we used hydrogen fluoride (HF) to efficiently remove a phosphate
and then analyzed the surrogate, sphingosine, as a sharp peak by LC-ESI-MS/MS. We optimized the
dephosphorylation reaction in terms of temperature and reaction time. Multiple reaction monitoring
(MRM) for a dephosphorylated form of S1P and C17-S1P as an internal standard at m/z transition
300.4 > 282.4 (quantification ion), 300.4 > 262.4 (qualification ion), 286.3 > 268.2 (internal standard)
was conducted. This method was validated by essential parameters such as specificity, linearity,
range, LOQ, LOD, accuracy, precision, and repeatability. To confirm this new method, we quantified
S1P levels in various serum products (100.0~284.4 nM). In the sample pretreatment conditions for
extracting S1P, the concern about potential sphingosine contamination in serum was negligible.
The dephosphorylation efficiency by this method was about two-fold higher than that of alkaline
phosphatase (APase). To apply the method in vivo, we analyzed S1P in plasma and kidney tissues
obtained from a chronic kidney disease (CKD) mouse model. S1P levels were increased only in
CKD kidney tissue but not in plasma. In conclusion, by applying the dephosphorylation step with
HF, we established a new, sensitive LC-MS/MS quantitative method for S1P that can be applied to
biological samples.

Keywords: mass spectrometry; sphingosine 1-phosphate; dephosphorylation; hydrogen fluoride;
multiple reaction monitoring; serum; chronic kidney disease

1. Introduction

One of the sphingolipid metabolites, sphingosine-1-phosphate (S1P), is endogenously
synthesized by two sphingosine kinases (SphK1 and SphK2). Sphk1 is predominantly
localized in the cytosol and cell membrane, whereas Sphk2 is mainly present in the nucleus,
mitochondria, and endoplasmic reticulum [1].

S1P act intracellularly as a second messenger, regulating calcium release, cell death,
and cell proliferation. It can also be translocated extracellularly by transporter and then act
as a ligand of S1P receptors (S1PRs). S1PRs, with five subtypes (S1P1-5), are high-affinity
G protein-coupled receptors, coupling to G proteins to activate a downstream cascade [2].

S1P is a minor lipid component in most biological samples. To determine the endoge-
nous S1P level and investigate its functions, it is essential to develop a reliable, highly
sensitive method for S1P. Recently, liquid chromatography-tandem mass chromatography
(LC-MS/MS) with electrospray ionization (ESI) has been widely used for S1P analysis
because of its high specificity and sensitivity [3–5].
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The main challenges to the development of an S1P quantitative method are peak-
broadening due to the presence of a polar phosphate head group, and zwitterion formation
in S1P [6]. The negatively charged phosphate in S1P can also interact with the column
metal ion, resulting in severe peak-tailing and decreased detectability. To improve this
peak-broadening problem, modified methods using a highly acidic mobile phase [7,8] or
specific metal-free column have been applied [9]. However, these conventional methods
cannot completely solve the problem and require a specially designed column. An alter-
native breakthrough was the elimination of the phosphate group in S1P, which releases
stable sphingosine free from the peak-broadening problem. The use of specific enzyme
alkaline phosphatase (APase) of bovine intestine origin for S1P dephosphorylation was
successful [10]. However, this APase in animal origin is limited for use by critical prob-
lems on the activity changes, expensive and has an infection issue of bovine spongiform
encephalopathy (BSE).

The hydrogen fluoride (HF), both in organic and aqueous solution, can selectively
cleave phosphorus-oxygen chemical bond. The first report of dephosphorylation reaction
on nucleotides and alkyl phosphates by HF was published [11,12]. Similarly, LC-MS/MS
analysis after dephosphorylation of phosphoryl peptides showed the efficiency of HF in
eliminating a phosphate group [13]. In this regard, we investigated the utility of HF on the
dephosphorylation of the sphingolipid S1P.

In this study, we established a new method by using HF to easily remove a phosphate
from S1P and overcame the peak-broadening problem by analyzing the surrogate sphingo-
sine by LC-MS/MS. In addition, this method was successfully used to analyze S1P levels
in serum and kidney tissues in an animal model of chronic kidney disease (CKD) induced
by adenosine.

2. Materials and Methods
2.1. Materials and Reagents

D-erythro-sphingosine-1-phosphate (S1P) and C17-sphingosine-1-phosphate (C17-S1P)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Both were dissolved
in methanol for stock solution. Hydrogen fluoride in pyridine (~70% HF) was purchased
from Sigma Aldrich (Catalog No. 184225; St. Louis, MO, USA). Serum was purchased from
Cytiva (Marlborough, MA, USA). All organic solvents were purchased from Honeywell
Burdick & Jackson (Charlotte, NC, USA). Male Wistar rats were provided by Samtako Bio
Korea (Osan, Republic of Korea). Animals were maintained under a controlled temperature
at 21–22 ◦C, and optimized humidity conditions with 12/12-h cycles. They were provided
with standard chow and access to water. All animal experiments in this study were per-
formed in accordance with the institutional animal care and use committees of Chungbuk
National University.

2.2. CKD Animal Model

Rats were divided into 2 groups after 1 week of acclimatization. For CKD group (n = 6),
600 mg/kg body weight adenine in 0.5% CMC was applied by oral gavage for 10 days. On
the other hand, 0.5% CMC (2 mL/200 g body weight) was applied to the control group
(n = 6). On the 11th day, the rats were sacrificed. Blood samples were collected immediately
and transferred to Eppendorf tubes containing anticoagulant. The tubes were centrifuged
at 3000 rpm for 3 min and the supernatant was transferred to new tubes. Kidney tissues
were obtained by surgery and rinsed with PBS. All kidney tissues were stored at −80 ◦C
until further analysis.

Plasma samples collected from control and CKD group rats were analyzed for cre-
atinine, tryptophan, and kynurenine, which are widely accepted biomarkers for CKD
diagnosis. The change in plasma creatinine levels was determined by the Jaffé method
using LabAssayTM. Creatinine Kit (Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan). An aliquot of 50 µL of plasma proteins were deproteinized with 300 µL of de-
proteinization reagent. 100 µL of the supernatant was transferred to a 96-well plate and
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mixed with 50 µL of picric acid reagent and 50 µL of 0.75 M sodium hydroxide solution.
The mixture was kept at an ambient temperature for 20 min before measurement using
a microplate reader at a wavelength of 520 nm. For plasma tryptophan and kynurenine,
33 µL of 2M perchloric acid was added to 100 µL of rat plasma. Samples were vortexed
vigorously for 1 min and centrifuged at 14,000 rpm for 30 min at 4 ◦C. The supernatant
was transferred to an HPLC vial and 20 µL of the supernatant was injected into the HPLC
system. The Agilent Technologies 1100 series LC system with DAD detector was used to
detect tryptophan and kynurenine. Compounds were eluted with 92% acetonitrile (ACN)
containing 5mM sodium acetate (pH = 7.15) at a flow rate of 1.0 mL/min in a Waters C18
column (250 × 4.6 mm I.D., 5 µm particle size) at 25 ◦C. Tryptophan and kynurenine were
detected at 365 and 267 nm, respectively.

2.3. S1P Extraction

Kidney samples were homogenized by ultra-sonication in RIPA lysis buffer (10 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate,
0.1% SDS, 140 mM NaCl) containing protease inhibitors. After complete homogenization,
the tubes were centrifuged at 14,000 rpm, 4 ◦C for 10 min. The supernatant was collected for
protein assay and S1P extraction. Protein assay was performed according to the instructions
of the Thermo protein assay kit (Pierce, IL, USA). Plasma samples were thawed at 37 ◦C.
An aliquot of 100 µL of each sample was placed in an Eppendorf tube, and then 250 µL of
methanol containing 0.6 µL of concentrated HCl and 30 pmol of C17-S1P as an internal
standard was added. The tube was ultrasonicated in an ice-cold water bath for 5 min.
After sonication, 250 µL CHCl3, 250 µL 1 M NaCl and 25 µL 3 N NaOH were added. The
tube was vortexed vigorously for 10 min and centrifuged at 14,000 rpm for 5 min. The
alkaline aqueous phase containing S1P was transferred to a new tube. The remaining lower
layer was re-extracted with 125 µL methanol, 125 µL 1 M NaCl, and 13 µL 3 N NaOH.
The combined aqueous fraction of the s1p extract was then mixed with 600 µL CHCl3
and 50 µL 6 N HCl. The tube was vortexed and centrifuged again. The CHCl3 phase was
transferred to a new tube and dried with a vacuum concentrator. The entire extraction
scheme is described in Figure 1.

Separations 2024, 11, x FOR PEER REVIEW 4 of 12 
 

 

 

Figure 1. Extraction scheme. 

2.4. S1P Dephosphorylation 
The dried residue was reconstituted with 80 µL methanol. The tube was vortexed 

and then sonicated in a water bath for 10 min. Hydrogen fluoride (~70% HF in pyridine) 
100 µL was added to each sample and sealed with parafilm in an ice bath. The tube was 
vortexed and incubated at 25 °C. After 1 h, HF was evaporated under a nitrogen stream. 
The reaction was quenched by adding 300 µL of 10 N NaOH. This was followed by 300 
µL of dichloromethane (DCM) for the organic fraction and the tube was vortexed vigor-
ously. The tube became cloudy due to precipitation of sodium fluoride. The tube was cen-
trifuged at 14,000 rpm for 5 min, and the dephosphorylated S1P in the DCM layer was 
extracted twice. The combined DCM fraction was washed with alkaline water and evapo-
rated through vacuum concentrators. Methanol was added to the dried residue prior to 
mass spectrometry injection. 

2.5. LC-MS/MS Analysis 
To determine S1P levels, liquid chromatography-tandem mass spectrometry (LC-

MS/MS) was performed on an AB Sciex QTRAP 3200 mass spectrometer coupled to a 
Shiseido Nanospace SI-2 HPLC system. Electrospray ionization (ESI) with a positive ion 
mode was used as the ionization source. According to the manual tuning of direct infu-
sion, the transition from precursor to product ions was found at optimized collision ener-
gies. The optimized ESI parameters are listed in Table 1. The analytes were separated on 
an Inertsil ODS-3 column (100 × 3.0 mm, 3 µm) maintained at 40 °C. The mobile phase 
consisted of (A) 0.1% formic acid in water containing 10 mM ammonium acetate, (B) 0.1% 
formic acid in acetonitrile:2-propanol (4:3, v/v). A gradient elution condition at a flow rate 
of 0.3 mL/min was as follows: 0–1 min, 30% B; 1–3 min, 95% B; 3–7 min, 100% B; 7–9 min, 
hold 100% B; 9–10 min. 30% B, 10–14 min, hold 30% B for re-equilibration. The injection 
volume was 20 µL. 

  

Figure 1. Extraction scheme.



Separations 2024, 11, 34 4 of 12

2.4. S1P Dephosphorylation

The dried residue was reconstituted with 80 µL methanol. The tube was vortexed
and then sonicated in a water bath for 10 min. Hydrogen fluoride (~70% HF in pyridine)
100 µL was added to each sample and sealed with parafilm in an ice bath. The tube was
vortexed and incubated at 25 ◦C. After 1 h, HF was evaporated under a nitrogen stream.
The reaction was quenched by adding 300 µL of 10 N NaOH. This was followed by 300 µL
of dichloromethane (DCM) for the organic fraction and the tube was vortexed vigorously.
The tube became cloudy due to precipitation of sodium fluoride. The tube was centrifuged
at 14,000 rpm for 5 min, and the dephosphorylated S1P in the DCM layer was extracted
twice. The combined DCM fraction was washed with alkaline water and evaporated
through vacuum concentrators. Methanol was added to the dried residue prior to mass
spectrometry injection.

2.5. LC-MS/MS Analysis

To determine S1P levels, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was performed on an AB Sciex QTRAP 3200 mass spectrometer coupled
to a Shiseido Nanospace SI-2 HPLC system. Electrospray ionization (ESI) with a positive
ion mode was used as the ionization source. According to the manual tuning of direct
infusion, the transition from precursor to product ions was found at optimized collision
energies. The optimized ESI parameters are listed in Table 1. The analytes were separated
on an Inertsil ODS-3 column (100 × 3.0 mm, 3 µm) maintained at 40 ◦C. The mobile phase
consisted of (A) 0.1% formic acid in water containing 10 mM ammonium acetate, (B) 0.1%
formic acid in acetonitrile:2-propanol (4:3, v/v). A gradient elution condition at a flow rate
of 0.3 mL/min was as follows: 0–1 min, 30% B; 1–3 min, 95% B; 3–7 min, 100% B; 7–9 min,
hold 100% B; 9–10 min. 30% B, 10–14 min, hold 30% B for re-equilibration. The injection
volume was 20 µL.

Table 1. (A). HPLC separation condition. (B). MS/MS detection condition.

(A) Liquid Chromatography Conditions

Column Inertsil ODS-3 100 × 3.0 mm, 3 µm
Column Temp 40 ◦C

Mobile phase A 0.1% Formic acid and 10 mM CH3COONH4 in water

Mobile phase B 0.1% Formic acid + 10 mM CH3COONH4 in
Acetonitrile: 2-PrPanol (4:3, v/v)

Injection volume 20 µL
flow rate 0.3 mL/min

Gradient condition

time (min) A (vol %) B (vol %)

0.0~1.0 70 30
1.0~3.0 70→5 30→95
3.0~7.0 5→0 95→100
7.0~9.0 0 100

9.0~10.0 0→70 100→30
10.0~14.0 70 30

14.01 Controller stop

(B) Mass Spectrometer Condition

Ionization mode ESI (+) MRM
Ion Source Gas 1 40

Temperature 300
Ion Source Gas 2 50
Ion Spray Voltage 5500

Curtain Gas (CUR) 20
Collision Gas (CAD) 5

Component
MRM condition

m/z DP (V) CE (eV) CXP (eV)

S1P
300.4 > 282.4 (quantifier) 40 15 5
300.4 > 264.4 (qualifier) 40 28 4

C17 S1P 286.3 > 268.2 80 20 5
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2.6. Method Validation

The method was validated for specificity, linearity, precision, accuracy, reproducibility,
limit of quantitation (LOQ), limit of detection (LOD) in line with the ICH Q2(R1) guidelines.
A standard solution diluted with stock solution by methanol was used to determine
specificity, linearity, LOQ, LOD. Specificity was evaluated by the presence of interference
at the same retention time of the analyte. The correlation coefficient (R2) value of the
calibration curve with a standard solution for 3 different days was used to determine
linearity. The signal-to-noise ratio (S/N ratio) was calculated to confirm LOQ and LOD.
For LOQ, an S/N ratio of 10 was accepted and for LOD, an S/N ratio of 3. 2% BSA solution
spiked with S1P and C17-S1P was used as the precision, accuracy, and reproducibility
samples. Precision and accuracy were evaluated by relative standard deviation (RSD, %)
and recovery (%) at 3 different concentrations with 3 individuals. A low concentration
spiked sample was injected 6 times and the RSD % was calculated for reproducibility.

3. Results
3.1. S1P Extraction

A two-step extraction procedure was used to determine S1P levels in biological sam-
ples. The extraction procedure was modified according to the previous report [14]. In a
mixture of aqueous alkaline solution, methanol, and chloroform, S1P with polarity exists
in the upper aqueous layer after centrifugation, while sphingosine and other major lipid
components move to the organic solvent layer. After transfer of the aqueous phase, an
acidic aqueous solution was added to decrease the polarity of the phosphate group of
S1P. Under acidic conditions, S1P was followed in the lower chloroform phase and then
injected into LC-MS/MS. Because the mass transitions of HF-derived dephosphorylated
S1P are the same as those of sphingosine, it is important to separate S1P and sphingosine
in the first extraction step. Without separation, S1P levels could be overestimated due to
the sphingosine background. To confirm sphingosine contamination, fetal bovine serum
(FBS), kidney tissue extracts with, and without, HF treatment were prepared. The S1P
peak area of each group was compared in the same injection batch (n = 3). The results are
summarized in Table 2. It was confirmed that the background was very low compared to
the S1P peak area contained in the biological sample.

Table 2. Contaminated sphingosine levels during the S1P analysis in biological samples.

Sample
(n = 3)

Peak Area
Relative Amount (%)

Without HF With HF

FBS 657 27,774 2.4
Kidney tissue 341 7257 4.5

3.2. Optimization for S1P Dephosphorylation

The reaction condition of hydrogen fluoride (HF) dephosphorylation was optimized
by considering the reaction temperature and time. The HF was treated with S1P standard
solution dissolved in methanol, and then tubes were kept overnight at 4 ◦C, 25 ◦C, 40 ◦C to
determine the optimal temperature. After being kept overnight, the HF was evaporated,
and the remaining solution was prepared for mass spectrometry as described above. As
shown in Figure 2A, reaction at 25 ◦C was optimal to eliminate the phosphate group at S1P.
The optimal reaction time for dephosphorylation was examined by varying the reaction
time of the S1P standard solution with HF at 25 ◦C. The dephosphorylation yield increased
and then became stable after 60 min, as shown in Figure 2B. Thus, a 60 min incubation time
was sufficient for the reaction with S1P and hydrogen fluoride.
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at 25 ◦C.

3.3. S1P Analysis by LC-MS/MS

To confirm the MRM transition, S1P and C17-S1P (IS) standard solutions were injected
directly into the mass spectrometer after dephosphorylation. Both compounds predomi-
nantly generated [M + H]+ form at m/z 300.4 (S1P) and m/z 286.3 (C17-S1P) as precursor
ions in the positive ion mode. The precursor ions then produced fragment ions in the
collision energy product ion scan mode. The product ion mass spectra obtained by selecting
these precursor ions are shown in Figure 3. For S1P, m/z 282.4 was the abundant product
ion corresponding to [M + H-H2O]+, the minor fragment ion m/z 264.4 corresponding
to [M + H-2H2O]+. C17-S1P, which was used as an internal standard in our study, had
the same pattern, thus m/z 268.2 was obtained for the major product ion. This result
showed that HF selectively eliminated the phosphate group from S1P, since the fragmenta-
tion pattern was consistent with that of sphingosine. Therefore, MRM transitions of m/z
300.4 → 282.4 were selected for S1P quantification, m/z 300.4 → 264.4 for S1P qualification,
and m/z 286.3 → 268.2 for C17-S1P (IS).

For high ionization yield, 10 mM ammonium acetate and 0.1% formic acid were added.
The addition of formic acid also has the advantage of peak separation. For high resolution,
isopropanol was used in combination with acetonitrile. With optimized gradient conditions,
the retention time of S1P in our chromatography system was 5.99 min (Figure 4A) and
C17-S1P was 5.74 min (Figure 4B).
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3.4. Method Validation

The peak of the analyte and internal standard were well separated and had no inter-
ference, as shown in Figure 4. A calibration curve was drawn by peak ratio using C17-S1P
as an internal standard and had good linearity with standard samples, as described in the
material and methods. The calibration equation was y = 0.0074x + 0.0516 (n = 3) and the
correlation coefficient (R2) value was 0.9996 (n = 3) in a range of 10~1000 nM (pmol/mL).
Linearity data are shown in Table 3. The limit of quantification was 10 nM (signal-to-noise
ratio > 10), and the limit of detection (signal-to-noise ratio > 3) was 5 nM. The relative stan-
dard deviation (RSD) in three different concentrations for precision ranged from 0.0~2.7%.
For accuracy, the recovery rate was 98.5~106.0% at 30, 250, 800 nM (pmol/mL) spiking
samples with three individuals. The RSD at 30 nM spiking sample with six replicates for
reproducibility was 4.7%. Detailed results are summarized in Table 4.

Table 3. Standard curve for S1P analysis.

No. Slope Intercept R2

1 0.0075 0.0760 0.9996
2 0.0074 0.0161 0.9997
3 0.0073 0.0626 0.9987

Average 0.0074 0.0516 0.9996
S.D. 0.0001 0.0314 0.0006
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Table 4. Precision, Accuracy and Reproducibility.

Nominal
Concentration

(pmol/mL)

Mean
(pmol/mL)

S.D.
(pmol/mL)

Precision
(RSD, %)

Accuracy
(Recovery, %)

Precision & Accuracy
(n = 3)

30 29.8 0.5 0.0 99.5
250 246.2 2.7 2.7 98.5
800 848.1 46.7 0.1 106.0

Reproducibility
(n = 6) 30 31.4 1.5 4.7 104.5

3.5. S1P Levels in CKD Animal Model

To apply our method to biological samples, we first determined S1P in commercial
serum, fetal bovine serum (FBS), fetal calf serum (FCS), and horse serum. The S1P level
in FBS was determined to be 100.0 ± 5.3 pmol/mL, FCS 106.5 ± 4.5 pmol/mL, and horse
serum 284.4 ± 11.3 pmol/mL (mean ± SD) (Figure 5).
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Second, we analyzed endogenous S1P in the CKD rat model (Figure 6). To confirm
that the CKD rat model treated with adenine for 10 days successfully induced CKD, we
examined several biomarkers representing renal functions (Table 5). Plasma creatinine was
increased from 0.3 dm/mL to 1.4 dm/mL in the CKD group, expressing the deterioration of
glomerular filtration. The kynurenine level was doubled in the plasma of CKD rats, while
tryptophan was reduced by 1.7-fold. The body mass of CKD rats remained unchanged,
while control group rats gained about 50 g during the experiment. Conversely, the kidneys
of CKD rats were enlarged and weighed almost 2.8 times more than those of the controls.
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Table 5. Changes in typical CKD biomarkers.

CKD Biomarkers Control Group
(n = 6)

CKD Group
(n = 6)

Creatinine
(mg/dL) 0.31 ± 0.03 1.38 ± 0.55

Kynurenine
(µg/mL) 0.60 ± 0.18 1.01 ± 0.55

Tryptophan
(µg/mL) 12.25 ± 1.42 7.39 ± 1.01

As shown in Figure 6, the plasma S1P level of the control group was
540.3 ± 53.1 pmol/mL, and that of the CKD group was 615.0 ± 159.2 pmol/mL. Figure 6A
showed slightly increased but not significant (p value > 0.05) levels. As shown in Figure 6B,
a significant increase in the S1P level in kidney tissue was observed in the CKD group
(p value < 0.05). The S1P concentrations in the control and CKD group showed 0.336 ± 0.05
and 0.477 ± 0.07 pmol/mg protein (mean ± SD), respectively. The reported plasma concen-
tration is about 100~700 pmol/mL and the tissue concentration are about 1~10 pmol/mL [15],
which correlate with the results of our study.

4. Discussion

In this study, we developed a new method for the quantification of S1P by LC-MS/MS.
The method described here has high sensitivity with the use of an HF dephosphorylation
process. The dephosphorylation mechanism in S1P involves the removal of the phosphate
group through a hydration reaction by the addition of HF and regeneration of the hy-
droxyl group in the sphingoid backbone. The specific affinity of the fluoride anion to
the oxygen–phosphorus bond is a very important factor in effecting this cleavage [13]. In
addition, the analysis can be performed on the general C18 column, which is the most
popular and widely used reverse-phase column, without any peak-tailing problem. Using
C17-S1P as the internal standard, we can obtain reproducible S1P quantification results.
When internal standard substances with very different structures are used in biological
sample analysis, errors in quantification may be severe, due to differences in ionization
rates. To minimize these concerns, C17-S1P, which is structurally similar to S1P, was used,
and the quantitative value of S1P among biological samples analyzed by this method was
found to be not significantly different to conventional method results. Therefore, C17-S1P
is often used as an internal standard in papers quantifying S1P with LC-MS/MS. There
was no problem with the quantification of S1P in plasma, cultured cells, and kidney tissue
analyzed within a limited biological sample. Method validation was performed on several
parameters and showed good specificity, linearity, precision, and accuracy. The LOD of this
method was 5 pmol/mL, with which it was possible to detect low levels of endogenous
S1P in tissues similar to other recently reported methods.

In this study, we compared the dephosphorylation reaction efficiency of HF and APase
with an S1P standard solution and a C17 sphingosine standard solution as the internal
standard (Figure 7). The dephosphorylation ability of HF exhibited clearly better efficiency
than APase. HF is easier to obtain in the laboratory and the cost is much lower than APase.

HF was an effective reagent for the analysis of S1P by dephosphorylation, but careful
handling was required. In addition, HF produces corrosive fumes that can easily penetrate
the skin and cause severe burns [16]. Researchers should use appropriate safety equipment
and always work in a fume hood. HF can dissolve glass containers; thus for transfer, the
use of tightly sealed plastic bottles or tubes is required [17].
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We analyzed serum S1P levels in three different sera. As shown in Figure 5, fetal
bovine serum and fetal calf serum have similar concentrations. However, horse serum has a
higher level of S1P. We thought this was due to the difference in erythrocyte levels between
different species. The reference interval of bovine erythrocytes is 4.9–7.5 × 106/µL [18]
and that of horse erythrocytes is 6.10–11.0 × 106/µL [19]. Since S1P is highly abundant in
mature erythrocytes with high activity of Sphk1, higher levels of erythrocyte species seem
to produce higher levels of S1P in serum [20,21].

The role of S1P in CKD has not been fully established, although the protective role
of S1P has been suggested in renal fibrosis, which is a clinical manifestation of CKD [22].
Several studies have reported upregulation of renal Sphk1 in various kidney disease
models [23,24]. In addition, S1P2 is highly expressed in renal ischemia and reperfusion
injury, which may lead to renal fibrosis [25,26]. According to our experimental results,
kidney tissues of CKD group showed increased S1P levels, while there was no significant
increase in plasma. During the progression of CKD, inflammatory cytokines, including
transforming growth factor-β (TGF-β), are secreted, which cause renal fibrosis. Since
TGF-β is known to stimulate Sphk1, we can correlate elevated S1P levels with CKD kidney
tissue [27]. Further research will be necessary to elucidate plasma S1P levels in CKD models,
as well as to determine the S1P function and therapeutic target in CKD.

5. Conclusions

In conclusion, we established a new S1P analysis method with HF dephosphorylation
by LC-MS/MS, which was highly sensitive and effective in quantifying an S1P level with
comparable sensitivity levels [15]. Since S1P is zwitterion, this method solved the problem
of S1P peak-broadening when analyzing directly by conventional methods. The pretreat-
ment method using HF was very simple, and a one-hour reaction at room temperature was
sufficient for quantitative dephosphorylation of S1P. With this new method, we compared
S1P level in the plasma and kidney tissue of a chronic kidney disease model. The method
can also be used in various biological samples and determine the therapeutic role of S1P in
various diseases, including CKD.
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