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Abstract

Background: Lysosphingolipids (LysoSLs) are deriva-
tives of sphingolipids which have lost the amide-linked
acyl chain. More recently, LysoSLs have been identi-
fied as storage compounds in several sphingolipidoses,
including Gaucher, Fabry and Niemann-Pick diseases. To
date, different methods have been developed to measure
each individual lysosphingolipid in plasma. This report
describes a rapid liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) assay for simulta-
neous quantification of several LysoSLs in plasma.

Methods: We analyzed the following compounds: hexo-
sylsphingosine  (HexSph),  globotriaosylsphingosine
(LysoGb3), lysosphingomyelin (LysoSM) and lysosphin-
gomyelin-509 (LysoSM-509). The sample preparation
requires only 100 uL of plasma and consists of an extrac-
tion with a mixture of MeOH/acetone/H,0 (45:45:10, v/v).
Results: The method validation showed high sensi-
tivity, an excellent accuracy and precision. Reference
ranges were determined in healthy adult and pediatric
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population. The results demonstrate that the LC-MS/
MS method can quantify different LysoSLs and can be
used to identify patients with Fabry (LysoGb3), Gaucher
and Krabbe (HexSph) diseases, prosaposine deficiency
(LysoGb3 and HexSph), and Niemann-Pick disease types
A/B and C (LysoSM and LysoSM-509).

Conclusions: This LC-MS/MS method allows a rapid and
simultaneous quantification of LysoSLs and is useful as a
biochemical diagnostic tool for sphingolipidoses.

Keywords: Fabry; Gaucher; glucosylsphingosine; Krabbe;
LC-MS/MS; LysoGh3; lysosphingolipids; lysosphingomy-
elin; Niemann-Pick; psychosine.

Introduction

Sphingolipidoses are a group of inherited lysosomal storage
disorders (LSD) caused by defects in the lysosomal degrada-
tion of sphingolipids (Figure 1) [1, 2]. This group of inherited
metabolic diseases comprises (1) primary sphingolipidoses
caused by a defect in a gene encoding lysosomal enzyme
[Niemann-Pick disease type A/B disease (NPA/B), Fabry
disease (FD), Krabbe disease (KD), Gaucher disease (GD),
Tay-Sachs disease, metachromatic leukodystrophy, GM1
and GM2 gangliosidosis]; (2) primary sphingolipidoses
due to defect in activator proteins involved in degradation
pathways of sphingolipids (Saposins defects); (3) secondary
sphingolipidoses where there is an impairment of trafficking
and fusion in the endocytic system [Niemann-Pick disease
type C (NPC)]. Many sphingolipidoses share common symp-
toms and signs and clinicians are facing difficulties in diag-
nostic process. Biochemical investigation of the nature of a
possible storage product will provide an important clue, and
direct enzyme and/or molecular analysis facilitate the final
diagnosis. A leading method of analysis, liquid chromatog-
raphy coupled with tandem mass spectrometry (LC-MS/
MS), is a highly selective and sensitive tool for biomarker
measurement. The main advantage of this technique is the
possibility to identify various molecular species of different
classes in crude biological samples. LC-MS/MS detection of
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Figure 1: Sphingolipid degradation pathway and related sphingolipidoses.
The names of individual inherited diseases are indicated in the blue boxes. Degrading enzymes are given as acronyms in Italic, activator proteins
required for the respective degradation step in vivo in blue. Lysosphingolipids (LysoSLs) are indicated in the red boxes. The precise structure of

LysoSM-509 has not yet been elucidated. ABG, glucocerebroidase; ASA,

arylsulphatase A; ASM, acid sphingomyelinase; CER, ceramidase; Gal,

galactose; GALC, galactocerebrosidase; GalCer, galactosylceramide; GalNAc, N-acetylgalactosamine; Gb2, Galabiosylceramide; Gb3, globotria-
osylceramide; Gb4, globotetraosylceramide; GLA, o-galactosidase A; GLB, B-galactosidase; Glc, glucose; GlcCer, glucosylceramide; GM1, GM1
ganglioside; GM2, GM2 ganglioside; GM2-AP, GM2-activator protein; GM3, GM3 ganglioside; HEXA, B-hexosaminidase A; HEXB, B-hexosaminidase
B; LacCer, lactosylceramide; MLD, metachromatic leukodystrophy; NA, neuraminidase; NeuAc, N-acetilneuraminic acid; sap, saposin.

oxysterols is a great example of the potential of this tech-
nique for NPC diagnosis [3].

Recently, investigations of the metabolism and bio-
logical functions of sphingolipid biomolecules have
increased. As a result, more accurate methods of analyz-
ing sphingolipids by LC-MS/MS have been developed. It
has been shown that glycosphingolipids are elevated in
sphingolipidoses; however, these primary storage mol-
ecules had low sensitivity and specificity, making them
unsuitable as biomarkers [4]. In contrast, lysosphin-
golipids (LysoSLs), the N-deacetylated lyso-forms of gly-
cosphingolipids, have been reported to increase markedly
in patients with sphingolipidoses, indicating that they
have the potential to be useful biomarkers for both diag-
nosis and monitoring of treatment effects [5]. Specific

forms of LysoSLs have been reported in different sphin-
golipidoses (Figure 1). Increased levels of plasma and
urine globotriaosylsphingosine (LysoGb3) are seen in
males with FD [6, 7] and in heterozygote females [8]. Two
hexosylsphingosines (HexSph), galactosylsphingosine
(GalSph) and glucosylsphingosine (GlcSph), respectively,
were increased in patients with KD [9, 10] and GD [4]. The
deacetylated form of sphingomyelin, lysosphingomyelin
(LysoSM) is elevated in NPA/B and NPC [11, 12]. Recently,
a novel biomarker, lyso-sphingomyelin-509 (LysoSM-509),
has been established for the primary diagnosis of NPC
[13]. These molecules are involved in numerous cellular
biochemical processes [14] and are assumed to be directly
involved in the pathophysiological mechanisms of neuro-
degeneration [2].
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This paper describes an efficient and fast LC-MS/
MS method for simultaneous quantification of several
LysoSLs: HexSph (GalSph+GlcSph), LysoGb3 and LysoSM,
including the new biomarker LysoSM-509. The first aim
was to determine reference ranges for LysoSLs in healthy
pediatric and adult subjects to guarantee diagnostic effi-
ciency and better monitoring of treated patients. Fur-
thermore, the diagnostic potential of HexSph, LysoGb3,
LysoSM and LysoSM-509 was confirmed determining
levels in patients with LSD and those suspected of having
LSD. In addition, we designed a qualitative LC-MS/MS
method to separate GlcSph from the isobaric molecule
GalSph as a confirmatory test in presence of a high peak
of HexSph with the first assay.

Materials and methods
Chemicals and reagents

LC-MS-grade solvents (acetonitrile and methanol) and 1-B-D-
galactosylsphingosine from bovine brain (GalSph) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Acetone, chloroform and
formic acid (FA, purity >99%) were supplied by Carlo Erba Reagents
S.r] (Milan, Italy). GlcSph was obtained from bovine buttermilk,
internal standard GlcSph from plant sources (GlcSph-P), LysoSM
and LysoGh3 were purchased from Matreya (Pleasant Gap, PA, USA),
and ultrapure water was generated using a Milli-Q system (Millipore,
Bedford, MA, USA).

Samples

All plasma samples were collected from EDTA-anticoagulated
blood samples after 10 min centrifugation (2000 g) and stored at
—80 °C until examination. Subject characteristics are summarized
in Table 1. To establish normal values for each biomarker, con-
trol samples were taken from 194 anonymous healthy adult blood
donors and pediatric patients from University Hospital of Padua,
Italy. After informed consent was obtained, 81 EDTA-plasma sam-
ples were collected from patients with GD, KD, FD or NPC referred
to the Inherited Metabolic Disease Unit, University Hospital of
Padua. One hundred sixteen additional samples from patients sus-
pected of having clinical LSD were also included. In all patients,

Table 1: Demographic characteristics of affected patients and controls.
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the diagnosis was confirmed by demonstration of marked enzyme
deficiency and/or by mutation analysis. Ethical approval was
obtained from the Ethics Committee of Padua Hospital.

Calibration standards and quality controls (QCs)
preparation

Stock standard solutions were prepared by dissolving powders in a
solvent mixture of chloroform/methanol (2/1, v/v) at different final
concentrations: 0.5 mg/mL GlcSph and GlcSph-P, 1 mg/mL LysoSM,
0.1 mg/mL LysoGbh3. GlcSph was used as the HexSph standard for
calibration curve and quality controls. A working solution in chlo-
roform/methanol (2/1, v/v) at a concentration of 10 pumol/L was
prepared for each standard. All stock and working solutions of stand-
ards were stored at —20 °C. The precipitation solution with internal
standard (GlcSph-P) was prepared by diluting the working solution
with methanol/acetone/H,0 (45:45:10, v/v) at a concentration of
10 nmol/L and stored at 80 °C.

An eight-level calibration curve was prepared spiking the pure
standards with pooled human plasma (ranges: 0-200 nmol/L for
LysoGb3, LysoSM and 0-1000 nmol/L for HexSph). To evaluate the
precision and accuracy of the assay, quality controls (QCs) at three
concentrations were prepared from pooled plasma (QC1 endogenous,
QC2 endogenous+10 nmol/L of each standard and QC3 endogenous
+150 nmol/L of LysoGb3, 80 nmol/L of LysoSM and 600 nmol/L of
GlcSph. One hundred microliters of calibration curve and QCs were
aliquoted into 1.5-mL eppendorf tubes and stored at —80 °C.

Sample preparation

Five hundred microliters of working solution was added to 100 uL
of plasma/calibrator/QC. Samples were mixed for about 30 s, placed
in an ultrasonic bath for 1 min and centrifuged at 16,200 g for 10 min.
The clear supernatant was transferred into a new tube and dried
under a stream of nitrogen. Residues were reconstituted in 100 pL of
acetonitrile: H,0 (1/1, v/v) containing 0.1% formic acid (FA) and cen-
trifuged again at 16,200 g for 10 min.

LC-MS/MS

LysoGb3, HexSph and LysoSM measurements were performed by
reverse-phase liquid chromatography using a Waters Acquity UPLC
and a BEH C18 column, 2.1x50 mm with 1.7-um particle size (Waters,
USA). Mass spectrometry detection was carried out with a Xevo TQ

Controls NPC KD GD FD

Adults Children
Number of subjects, n 108 86 11 3 8 16
Gender (M/F), n (53/55) (47/39) (7/4) /1) 3/5) (4/12)
Age, years 36 (20-72) 4.5(0-18) 31(0-41) 1(0-2) 12 (5-20) 32 (4-69)

Ages are expressed as mean (range). FD, Fabry disease; GD, Gaucher disease; KD, Krabbe disease; NPC, Niemann Pick disease type C.
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MS detector (Waters, USA) set in positive mode using an electrospray
ionization (ESI) source. For each investigated compound the [M-H]+
species were selected as precursor ions. The MS/MS parameters were
optimized for each single standard compound by infusing these solu-
tions (0.1 umol/L) into mobile phase flow via a T-union and manually
adjusting the cone voltage and collision energy. All LC and MS/MS
parameters are presented in Table 2. Argon was used as the collision
gas.

Method validation

The accuracy of the method was assessed by recovery studies of
QCs. Accuracy was denoted by percent relative error (%RE), cal-
culated by subtracting the nominal level from the mean amount
divided by the theoretical amount and then multiplied by 100:
[(mean-nominal)/(nominal)x100]. Within-run and between-run
precision was determined by preparing and analyzing each QCs 10
times per run for 10 consecutive working days. The linearity of the
eight-point calibration curve was evaluated. The limit of detection
(LOD) for each biomarker was determined using signal-to-noise
ratio of 3. Peaks with signal-to-noise ratio >10 were accepted and
integrated (lower limit of quantification, LLOQ). Post-column infu-
sion studies evaluated ion suppression: processed plasma samples
from healthy blood donors (n=5) and cholestatic patients (n=2)
were injected, while a solution of LysoGb3, LysoSM and GlcSph
(50 nmol/L) in 50:50 (v/v) mobile phase A/B was infused into a
mass spectrometer at 20 uL/min. Ion suppression was observed by
monitoring the ion counts for each m/z transition throughout the
4-min run time. Carryover was also evaluated by injections of blank
samples after the highest point of calibration. Since the short-term
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stability of LysoSLs in plasma has been reported in literature [7, 12],
we assessed the long-term stability in a plasma sample from a
healthy donor. The stability of analytes in pooled plasma after
freeze/thaw cycles and in reconstituted solutions left in the HPLC
autosampler (10 °C) for 24 h was also assessed.

GlcSph and GalSph separation

Patients plasma samples were prepared as described above except
acetonitrile/water (95:5, v/v) containing 0.1% ammonium hydroxide
and 2 mM of ammonium acetate was used to reconstitute residues.
A BEH amide column (Waters, USA), 2.1x150 mm 1.7 um, was used
to achieve GalSph and GlcSph separation. Mobile phases consist of
water (mobile phase A) and acetonitrile:water (95:5, v/v) (mobile
phase B) both containing 0.1% ammonium hydroxide and 2 mM of
ammonium acetate. The chromatographic method was designed
as follow: after 1 min of 100% of B the step gradient increased lin-
early to 85% of B in 7.5 min, followed by 100% B during 2 min. The
flow rate was 0.5 mL/min and the column temperature 40 °C. Mass
spectrometry detection was carried out with a Xevo TQ MS detector
(Waters, USA) set in positive mode using an ESI source. Transition
monitored for both analytes was 462.4>282.3 [cone voltage (CV) 28,
CE 20].

Data analysis

The peak areas of analytes were measured with TargetLynx 4.1 soft-
ware (Waters, USA) for all samples and normalized to the area of IS.

Table 2: LC and MS/MS parameters used for plasma analysis of lysosphingolipids.

HPLC parameters MS/MS parameters
Column Acquity UPLC BEH C18 Mass spectrometer Waters Xevo TQ MS
1.7 um 2.1x50 mm
Column temperature 45 °C lonization mode ESI+
Weak wash solvent H,0:ACN (90:10) Capillary voltage 3.50 kV
Strong wash solvent ACN:H,0 (90:10) Cone voltage 20V
Mobile phase A (A) H,0 0.1% Formic acid
Mobile phase B (B) ACN 0.1% Formic acid Source temperature 150 °C
Gradient Time %A Desolvation temperature 650 °C
Initial-0.50 min 80 Cone gas flow 50L/h
0.50-1.25 min  80—50 Dwelltime 0.042 (s)
1.25-2.50 min 50—35 Desolvation gas flow 1000 L/h
2.50-3 min 5 Desolvation temperature 650 °C
3-4 min 80 Compound Parent Daughter Cone voltage Collision Retention time
(m/z2) (m/2) (CV),V energy (CE),V (RT), min
Flow rate 0.4 mL/min GlcSph-P IS 460.4 280.3 24 22 1.98
Injection volume 5uL HexSph 462.4 282.4 28 20 2.11
(GlcSph/GalSph)
Injection mode Partial loop with needle LysoSM 465.4 184.1 28 22 1.96
overfill
Run time 4 min LysoGb3 786.5 282.4 42 40 1.91
Autosampler temperature 10 °C LysoSM-509 509 184.1 30 22 2.66

ACN, acetonitrile; CE, collision energy; CV, cone voltage; RT, retention time.
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The calibration curve was quadratic with 1/x weighing function, and
the origin was excluded. Statistical analysis was performed using
GraphPad Prism software (GraphPad Software Inc., San Diego, CA,
USA). LysoSL control values were expressed as median and 2.5th-
97.5th percentiles of the distributions; LysoSLs values for LSD-
affected patients were expressed as median and minimum/maximum
because of the small number of samples for each disease. Pearson
coefficients were used to evaluate the relationship between vari-
ables (age and sex) and the strength of their relationships; two-tailed
Student’s t-test was used to analyze differences between groups. A
p-value <0.05 was considered statistically significant.

Results

Chromatographic analysis of LysoSLs

We performed preliminary experiments to test which
column chemistry allowed better chromatographic sepa-
ration. The reverse phase column BEH C18 showed the
best compromise among sensitivity, speed and robust-
ness. Figure 2 shows the chromatographic separation of
LysoSLs performed on the C18 column over a run time of
4 min including the re-equilibration step. LysoGb3 and
LysoSM have a retention time (RT) of 1.91 and 1.96 min,
respectively. GlcSph and its isomer GalSph elute in a single
peak named as HexSph (RT=2.11 min). The GlcSph from
plant (GlcSph-P) was used as internal standard to correct
for variability due to sample processing and to compen-
sate for matrix effects. Compared to GlcSph, the GlcSph-P
possesses two double-bonds on the sphingosine chain
and a different molecular weight. The chromatographic
separation of GlcSph-P (Figure 1D) produce a peak split-
ting already described, these two isomers were probably
due to a different positions of the second double-bond on
the sphingosine moiety [7]. The second peak (RT=1.98)
was integrated and used to normalized the analyte’s area.

Linearity, LOD and LLOQ

Linearity was evaluated in plasma calibrators of LysoGb3,
LysoSM and HexSph at eight different concentrations of
spiked analyte and showed detectable and reproducible
signals with a linear response (n=5; R>>0.999 for each
analyte). The endogenous level of each LysoSL was calcu-
lated from the y-intercept concentrations for multiple cali-
bration curves (n=3). A blank sample was injected after
the highest calibration standard, and no carryover was
observed. The LOD and LLOQ were 0.1 and 0.2 nmol/L,
respectively, for LysoSM, and 0.02 and 0.06 nmol/L for
LysoGh3/HexSph.
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Precision and accuracy

Precision and accuracy for each analyte were determined
from 10 replicates within 1 day (intra-assay) or 10 differ-
ent days (inter-assay). The CV% was <15% for all analytes
(Table 3). All CVs were <15%.

Matrix effects

No ion suppression or enhancement was observed at the
time of elution of either LysoSLs (data not shown). Ion
counts were stable between 1.5 and 3 min for each m/z
count. This effect was reproducible after injection of dif-
ferent patient samples including those from cholestatic
patients.

Sample stability

Long-term stability of LysoGb3, LysoSM and HexSph in
matrix was evaluated at —20 °C and —80 °C. All analyses
were stable for 1 year in those conditions (see Supplemen-
tal Data, Figure 1). Reconstituted solutions left for 24 h in
the HPLC autosampler were also stable (data not shown).
All CVs were <15%.

LysoSLs in healthy controls and patients
with LSD

Plasma levels of LysoGh3, LysoSM and HexSph were ana-
lyzed in 194 healthy controls to define reference values
(see Table 1). The median value and 2.5-97.5th percentiles
were 0.29 nmol/L (0.09-0.46 nmol/L) for LysoGb3, 10.26
nmol/L (4.46-19.12 nmol/L) for LysoSM and 2.09 nmol/L
(1.15-3.25 nmol/L) for HexSph, respectively. There was a
mild positive correlation of LysoSM and LysoGh3 with age:
LysoSM vs. age (Pearson 0.2635, p=0.0002); LysoGh3 vs.
age (Pearson 0.2060, p=0.004). A significant difference in
relation to sex was found for LysoSM (p=0.0428), but not
LysoGh3 and HexSph (see Supplemental Data, Figure 2).

The LC-MS/MS method was also used to analyze 81
plasma samples from patients with FD (n=16), GD (n=10),
KD (n=3) and NPC (n=11) (Figure 3). LysoGb3, LysoSM and
HexSph levels were determined in all groups of affected
patients and compared to healthy controls (see Supple-
mental Data, Table 1). A marked increase in LysoGb3 in
FD (Figure 3A) and HexSph in GD and KD (Figure 3C) was
found as expected (p<0.0001). No overlap with normal
range values was observed for each biomarker.
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Figure 2: Chromatographic separation of lysosphingolipids in a QC level 2 on the C18 column.

Chromatograms are shown for LysoGb3 with retention time of 1.91 min (A), LysoSM with retention time of 1.96 min (B), HexSph with reten-

tion time of 2.11 min (C) and GlcSph-P Internal Standards with retention time of 1.98 min (D).

Table 3: Analytical performance of the LC-MS/MS method: intra- and inter-day precision (percent coefficient of variation) at three concentra-

tion levels and accuracy (percent relative error).

QC1 Qc2 Qc3
MeantSD, Precision, MeantSD, Precision,  Accuracy, MeantSD,  Precision,  Accuracy,
nmol/L V% nmol/L V% RE% nmol/L V% RE%
Intra-assay, (n=10)
LysoGb3 0.361+0.04 10.2 9.36+0.38 4.1 90.1 131.0314.38 3.3 87.1
LysoSM 12.49+0.48 3.8 24.28+0.89 3.7 105.6 78.67£2.99 3.8 82.7
HexSph 3.17+0.11 3.3 11.98+0.70 5.8 88.1 552.63+11.20 2.0 91.6
Inter-assay, (n=10)
LysoGb3 0.35+0.04 10.3 10.26+0.36 3.5 99.1 148.0418.99 6.1 98.5
LysoSM 13.79+1.52 11.0 24.07+1.30 5.4 102.8 90.65+10.91 12.0 96.1
HexSph 3.1440.23 7.3 11.6610.50 4.3 85.3 572.56134 5.9 94.9

CV%, percentage coefficient of variation; RE%, percentage relative error; SD, standard deviation.
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Figure 3: Box-and-whisker plot of LysoGb3 (A, B) HexSph (C) and LysoSM (D) concentrations in healthy controls and patients with Fabry,

Gaucher, Krabbe and Niemann-Pick type C diseases.

Box 25-75th percentile, line: median, box whiskers: min and max. Horizontal dashed lines represents 2.5th and 97.5 of the healthy population.
Significant difference between healthy controls and affected patient groups were represented by asterix: *p<0.05, **p<0.01, ***p<0.001.
FD, Fabry disease; GD, Gaucher disease; KD, Krabbe disease; NPC, Niemann Pick disease type C.

For LysoGb3, plasma concentrations in male FD
patients were higher than those in female FD patients
(Figure 3B). Median plasma LysoGh3 was also elevated
by 2.5-fold in GD patients vs. controls (p<0.0001), even
though the levels of LysoGb3 were not as high as in FD
patients. In contrast, LysoGb3 levels were always in the
normal range in NPC and KD patients (Figure 3A).

Marked HexSph elevations were observed in plasma
from GD and KD patients by 40- and 25-fold, respectively,
vs. control. HexSph concentrations were significantly
increased in NPC and FD patients by 1.45 and 1.5 times,
respectively, compared with controls (Figure 3C).

Median LysoSM levels in NPC patients, for whom
LysoSM was recently proposed as additional biomarker
[12], were significantly higher (by 3.4-fold) compared to
controls. A significant but less pronounced increase was

observed in GD (p<0.0001) and FD patients (p=0.0062)
where levels were progressively reduced compared to
NPC. In KD patients, levels were lower compared to con-
trols (p=0.0038).

A ROC analysis was performed to assess the ability of
plasma LysoGh3, LysoSM and HexSph (GalSph+GlcSph) to
separate Fabry, NPC, GD and KD patients from healthy con-
trols (Figure 4). Proposed cut off, specificity and sensitiv-
ity (95% confidence interval) were reported in Table 4 for
LysoGb3 in FD, LysoSM in NPC and HexSph in GD and KD.

LysoSM-509 in Niemann-Pick type C disease

The LC-MS/MS method was used to evaluate the new
biomarker LysoSM-509. The MRM transition monitored
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Figure 4: ROC analysis of plasma LysoSLs in Fabry disease (A), Gaucher disease (B), Krabbe disease (C) and NPC disease (D).
LysoGb3 (green), HexSph (blue) and LysoSM (orange) for the positive patients compared to the healthy control group.

AUC, area under the curve; 95% Cl, 95% confidence interval.

Table 4: Cut offs, diagnostic specificity and sensitivity with 95% confidence interval for LysoGb3 in FD, LysoSM in NPC and HexSph in GD

and KD.

LysoSLs Cuf off, nM Sensitivity (95% Cl) Specificity (95% Cl)
FD LysoGb3 0.5 1.000 (0.824-1.000) 0.995 (0.9722-0.9999)
GD HexSph 3.77 1.000 (0.8942-1.000) 0.995 (0.9723-0.9999)
KD 3.77 1.000 (0.2924-1.000) 0.995 (0.9723-0.9999)
NPC LysoSM 16.8 1.000 (0.7354-1.000) 0.9848 (0.9564-0.9969)

was 509>184.1 (CV 30; CE 22) and the retention time
2.66 min. The structure of LysoSM 509 is unknown and
a reference standard is not available [13]. For quantifica-
tion, the LysoSM-509 area was interpolated in the cali-
bration curve of LysoSM and value expressed as multiple
of the median (MOM). Levels were quantified in healthy

controls (n=27), NPC (n=11), GD (n=5), KD (n=3) and FD
patients (n=8) (Figure 5). All NPC patients showed sig-
nificantly increased levels of LysoSM-509 vs. controls
(97.3 MOM, p<0.0001), and a non-significant difference
was observed in other LSD groups (FD, GD and KD) com-

pared to controls.
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Figure 5: LysoSM-509 plasma levels expressed as MOM in healthy
controls, Fabry, Gaucher, Krabbe and Niemann-Pick type C disease
patients (Log10 scale).

Box 25-75th percentile, line: median, box whiskers: minimum and
maximum. ***p-value<0.001; FD, Fabry disease; GD, Gaucher
disease; KD, Krabbe disease; NPC, Niemann Pick disease type C.

Second tier test for HexSph species
identification

To confirm which species of HexSph was increased in
samples of GD and KD disease patients, we adopted a
second tier test to distinguish GalSph from GlcSph. The
chromatographic separation was achieved using the BEH
amide columns initially evaluated for method develop-
ment. This column contains an amide stationary phase
that interacts with the polar sugar moiety of HexSph
allowing a separation in two distinct peaks: GlcSph was
found to elute before GalSph (see Supplemental Data,
Figure 3). Using this method, we qualitatively confirmed
that the HexSph species increased in GD patients is
GlcSph and in KD patients is GalSph.
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Selective screening for sphingolipidosis

LysoSLs levels were also quantified in 116 patients with
clinical suspicion of a sphingolipidoses (FD, GD, KD,
NPA/B and NPC); six patients showed increased levels of
LysoSLs (Table 5). We identified two patients affected by
GD, two by NPA/B disease and two by Prosaposine defi-
ciency (PSAPD) [15]. All diagnosis were confirmed with
subsequent analyses.

Discussion

Sphingolipidoses are a heterogeneous group of LSDs with
a wide spectrum of clinical presentations. In addition,
clinical symptoms are common in many sphingolipidoses,
with a delay in the diagnosis that is costly because of the
need for further tests.

Recent literature have demonstrated that LysoSLs
may be useful biomarkers for the identification of
several sphingolipidoses [4, 6]. So far, different LC-MS/
MS methods have been reported for analysis of these
compounds (in plasma, urine or dried blood spot [DBS])
[7, 10, 12, 14]. However, until now these methods allow
only the determination of a single LysoSL (or analogs)
for diagnosis of a single specific disease. A recent animal
study demonstrated that a LysoSLs profile would be
more useful than the analysis of a single LysoSL [16].
In addition, the availability of a single test for multiple
undiagnosed lysosomal diseases would maximize the
cost-effectiveness of the test and laboratory workflow
efficiency. Sample preparation is another important
aspect in method efficiency. The strategies adopted in
the literature were, in many cases, time-consuming (e.g.
classical liquid-liquid extraction known as the Bligh and
Dyer method) or expensive (e.g. solid phase extraction).
The challenging separation of GalSph from its isomer

Table 5: Selective screening by LysoSLs: patients with high levels with successively confirmed diagnosis.

LysoGb3, LysoSM, LysoSM-509, HexSph, Second tier Diagnosis
nmol/L nmol/L MOM nmol/L GlcSph/GalSph
P1 (F, 43 years) 1.5 33 6.9 481 GlcSph GD
P2 (M, 0 year) 4.2 25 8.4 972 GlcSph GD
P3 (F, 0 year) 8.8 15.1 53.3 GlcSph PSAPD
P4 (F, 0 year) 5.1 22.5 45.5 61.1 GlcSph PSAPD
P5 (M, 1 year) 0.2 4061 551.9 3.4 nd NPA
P6 (M, 46 years) 0.27 857 292.7 1.3 nd NPB
Healthy controls (2.5-97.5 ile) 0.09-0.46 4.5-19.1 0.5-3.7 1.15-3.25

PSAPD, prosaposin deficiency diseases; GD, Gaucher disease; NPA/B, Niemann Pick type A/B.



412 —— Polo et al.: Simultaneous measurement of lysosphingolipids by LC-MS/MS

GlcSph was not always mentioned/assessed in plasma
and only two reported methods focus on this separation
[10, 12].

Our study report a rapid and accurate LC-MS/MS
method for the simultaneous analysis of several plasma
LysoSLs including GlcSph, GalSph, LysoGb3, LysoSM and
LysoSM-509. The assay is based on plasma protein pre-
cipitation that, in comparison to previous methods, it is
less time-consuming, inexpensive and does not affect the
MS/MS sensitivity. This sample preparation can be easily
implemented in 96-well plate, improving assay efficiency
and throughput. The LC separation was performed on a
reverse phase C18 column that has already been used for
analysis of LysoGb3 and GlcSph [4, 8, 17]. The chroma-
tographic run was faster compared to previous methods
taking only 4 min per sample, and allowed us to analyze
approximately 15 samples per hour with a significant
extended column lifetime (>2000 injections). The C18
chemistry of our column does not allow the separation
of GalSph (marker of KD) from its isomer GlcSph (GD),
which are detected as a single peak identified as HexSph.
To overcome this problem we introduced a second quali-
tative method for complete separation of these isobaric
molecules in a 10-min chromatographic run using a
normal phase amide column [10, 12]. This assay was used
as a second tier test in presence of high levels of HexSph,
to confirm the diagnosis of KD or GD.

For the clinical purpose of these biomarkers, we
validated the assay to establish overall precision, accu-
racy, stability and potential limits. Also, using the struc-
tural analog of GlcSph as an internal standard, the assay
showed excellent linearity, inter- and intra-assay preci-
sion, and good accuracy [17]. The sensitivity was also
satisfactory; for LysoGb3 this was comparable to use of a
top-end instrument, Xevo TQ-S. We also participated in the
external QC program “Special Assays in Serum” managed
by ERNDIM (www.erndimga.nl) where LysoGb3 has been
included in the panel since 2015 with good performance
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(data not shown). Long-term stability studies showed that
all analytes were stable at —-80° and —20° at least for 1 year.
The method was also clinically validated dosing
LysoSLs in healthy controls and patients with FD, GD,
KD and NPC diseases. Reference ranges were determined
in healthy controls with a extended age range. Interest-
ingly, for LysoSM and LysoGb3 we observed a positive cor-
relation with age that has not been previously reported.
This finding needs to be considered when LysoGb3 and
LysoSM levels are determined in older people (>65 years),
with a risk of results being above the 97.5th percentile.
All samples from LSD patients showed abnormal levels
of LysoSLs as previously reported in literature, confirm-
ing the strength of this biomarker and the ability of the
method to distinguish LSD patients from controls.

Here we confirm that LysoGb3 is a hallmark of FD for
detection of both male and heterozygote female patients.
Increased concentrations of LysoSM and LysoSM-509 were
detected in NPA/B patients. In agreement with a previous
study [18], high plasma HexSph was detected in GD and KD
patients, with higher concentrations in GD. As mentioned
above, in these samples we used a second tier test to char-
acterize the two isomers, GalSph and GlcSph, markers
of KD and GD, respectively. In patients with GD we also
detected increased levels of LysoGb3, at concentrations
between controls and female FD patients (that means lower
levels in comparison with FD male patients). This accumu-
lation, that was not observed in mouse models [16], might
reflect secondary accumulation of LysoGh3 due to impair-
ment of the common catabolic pathway of globotetra-
osylceramide (Gb4) where both B-glucocerebrosidase (GD)
and alfa-galactosidase (FD) are involved [1]. Conversely, in
KD patients, we report significantly lower LysoSM levels,
without a direct link in the sphingolipids degradation
pathway between the two substrates.

We are using our method in the differential diagno-
sis of sphingolipidoses since 2015. More than 100 samples
from patients with suspected LSD have been analyzed and

Table 6: Expected LysoSLs abnormalities in disorders of Fabry, Gaucher, Krabbe, Niemann Pick type A/B or type C and prosaposin defi-
ciency diseases (PSAPD), as determined by LC-MS/MS method and second-tier test.

LysoGb3 LysoSM LysoSM-509 HexSph Second tier GlcSph/GalSph
FD M~ (MFemale) N- N N-
GD N- N- N- MNP GlcSph
KD N NN N A GalSph
NPA/B N MM MM N-
NPC N N- ™M N-
PSAPD ™ N-1™ N-1™ ™M GlcSph

FD, Fabry disease; GD, Gaucher disease; KD, Krabbe disease; NPA/B, Niemann Pick disease type A/B; NPC, Niemann Pick disease type C;
PSAPD, prosaposin deficiency disease. N, normal values; M, slightly increased; ™M, increased; ™MD, strongly increased.
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six patients affected by sphingolipidoses were identified.
Based on the results of the study the expected LysoSLs
abnormalities in the different sphingolipidoses are
reported in Table 6. We also demonstrated new diagnostic
uses of these markers for the detection of rarer sphingolip-
ids defects. Indeed, for saposins defects and secondary
sphingolipidoses like NPC disease, the diagnostic process
is much more complex and involves special biochemical
assays (filipin staining, oxysterols and saposins determi-
nations) and molecular studies. LysoSLs could be suitable
for diagnosis of individual saposin defects, in particular
GalSph in SaposinA deficiency, LysoGb3 in SaposinB defi-
ciency and GlcSph in SaposinC deficiency [4]. Until now,
no biochemical test on plasma was available for prosa-
posin deficiency disease (PSAPD), a rare neonatal con-
dition presenting with acute generalized neurovisceral
dystrophy. We have already demonstrated that the plasma
profile of LysoSLs is a rapid and powerful biochemical test
for diagnosis of prosaposine deficiency with high sensitiv-
ity and specificity [15].

NPC can also present challenges to diagnosis due to
its wide variability in terms of clinical severity and the age
at onset. Laboratory testing options have been limited;
promising biomarkers like oxysterols have some short-
comings: they are sensitive to autoxidation, and not very
specific because they are increased in neonatal cholesta-
sis [3], in NPA/B and in other cholesterol defects [19-21].
The Lyso forms of sphingosine, LysoSM and LysoSM-509,
markers of NPA/B, were also increased in NPC, confirm-
ing their diagnostic potential for the diagnosis of NPC.
For LysoSM-509, we confirm previously published data
showing higher plasma levels in NPA/B vs. NPC patients
[13]. Furthermore, we observed that LysoSM levels were
100-fold increased in NPA/B but not in NPC (3.3-fold).
This finding demonstrates that the quantification of both
analytes allows discrimination between NPA/B (caused
by acid sphingomyelinase deficiency) and NPC (caused by
proteins defect).

Our assay may potentially be used for the diagnosis
of several LSDs where the large spectrum of presentation
make the diagnosis difficult. The simultaneous screening
approach for multiple diseases offers the chance to iden-
tify patients who might otherwise be easily missed. Fur-
thermore, the panel of LysoSLs can be expanded to detect
other analytes, markers of more rare sphingolipidoses, as
well as LysoGM1 and LysoGM2 for GM1 gangliosidosis and
GM2 gangliosidosis. This accumulation was explored in
1992 by Kobayashi et al. who demonstrated that patients
with GM1 and GM2 gangliosidosis had elevated brain
levels of the corresponding LysoSL [22]. LysoSLs measure-
ment in plasma may become a valuable guide for clinical
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management. Monitoring of LysoSLs might possibly assist
in decision-making about treatment initiation and the
long-term follow-up for patients on enzyme replacement
therapy [23].

Conclusions

We present a fast, precise, robust and sensitive LC-MS/
MS method for detection of LysoSLs in human plasma.
The comparative analysis of LysoGb3, GlcSph, GalSph,
LysoSM and LysoSM-509 in patients affected by primary
sphingolipidoses revealed different specific abnormali-
ties referring to the related parent glucosphingolipid sub-
strate. LysoSLs have also demonstrated high sensitivity
and specificity for detecting PSAPD and secondary sphin-
golipidoses like NPC. Our data support recent evidence on
the primary role of LysoSLs in the diagnosis of sphingolip-
idoses, and their inclusion in the diagnostic biochemical
panel may improve sensitivity and specificity for border-
line cases. Furthermore, these biomarkers may eventually
be used in the future for treatment monitoring.
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