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a  b  s  t  r  a  c  t

Gaucher  disease  (GD)  is a  rare  genetic  disorder  that  arises  from  lipid  species,  especially  monohexosyl-
ceramide  (MHC),  accumulating  in different  organs.  GD  results  from  a �-glucocerebrosidase  deficiency,
causing  metabolic  or neurologic  complications.  This  study  comprehensively  profiled  lipids from  patients
and  healthy  controls  to discover  active  lipid  species  related  to  GD.  Most  studies  have  evaluated  lipids
from  one  type  of  biological  sample,  such  as plasma,  urine,  or spinal  fluid, which  are  the  main  sources  of
lipids  in  human  bodies.  The  purpose  of this  study,  however,  was to  collect  and  assess  both  plasma  and
urine  samples  from  a group  of individuals,  explore  the  lipids,  and  select  characteristic  species  that  show
significant  differences  between  controls  and  patients  from  the  two sources.  Also,  the  response  of lipids
to  enzyme  replacement  therapy  (ERT),  which  is  targeted  to reduce  excessive  lipid  accumulation  within
lysosomes,  was  investigated  by obtaining  plasma  and  urine from  patients  after  receiving  the  therapy.
Most  lipid  species  were found  in both  plasma  and  urine  but  their  concentrations  differed,  and  some
species  were  found  in either  plasma  or urine  only.  Out  of 125  plasma  and  105  urinary  lipids  that  were

identified  by  nLC–ESI–MS/MS,  20  plasma  and  10 urinary  lipids  were  selected  as  characteristic  species
for  having  average  concentrations  that were  significantly  increased  or  decreased  in patients  by greater
than  2-fold.  Moreover,  the  concentrations  of most  lipids  that  showed  greater  than  2-fold  of difference
in  patients  decreased  after  ERT  indicating  that  these  species  were  directly  or  indirectly  affected  by the
therapy.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gaucher disease (GD) is a rare genetic disorder that is inherited
ecessively and caused by the deficiency or absence of an enzyme
alled �-glucocerebrosidase. �-Glucocerebrosidase degrades glu-
osylceramide (GluCer), a type of monohexosylceramide (MHC),
nside lysosome [1]. GluCer accumulation in lysosomes eventually
ives rise to Gaucher cells in the spleen or liver, causing the affected

rgans to grow abnormally large. GD is differentiated into three
ypes clinically. Type I GD is the least serious as it causes no visible
hanges in appearance and no neurological complications. Types

∗ Corresponding author. Tel.: +82 2 2123 5634; fax: +82 2 364 7050.
∗∗ Co-Corresponding author.

E-mail addresses: jinsunglee@yuhs.ac (J.-S. Lee), mhmoon@yonsei.ac.kr
M.H. Moon).

ttp://dx.doi.org/10.1016/j.chroma.2015.01.004
021-9673/© 2015 Elsevier B.V. All rights reserved.
II and III involve neurodegenerative problems such as demen-
tia, epilepsy, autism, and Parkinson’s disease [2,3]. Type II is the
most serious form because it involves severe neurodegenerative
problems early in life, and patients tend to die before they reach
adolescence. Type III develops during adulthood, so it is not as
severe as type II. The incidence of GD is reported to be from approx-
imately 1/111,111 to 1/855 in the Ashkenazi Jewish population,
with most of these patients having type I GD. Types II and III are
often observed in the Middle East and Asia [4]. GD causes multiple
physical and neurological problems that may  result in premature
death or reduced quality of life. Because GD is of a very specific
nature, no complete cure has been developed, but enzyme replace-
ment therapy (ERT), which involves routinely administering the

deficient enzyme to a patient, is used to lower levels of the exces-
sive substrate and prevent further organ damage [5]. While GD
can be readily detected by a genetic test or protein biomarkers,
it is related to altered lipid metabolism, resulting in abnormal

dx.doi.org/10.1016/j.chroma.2015.01.004
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HC  accumulation, and is also reported to be associated with
hosphatidylcholine (PC) and sphingomyelin (SM) increases [6].
herefore, detailed lipid profiling of patient body fluids can provide

 new perspective on how these lipids are related. Moreover, mon-
toring lipidomic change during drug intervention will be useful.

The roles of lipids range from storing energy to serving a struc-
ural role and signal transduction across cell membranes [7,8]. As

any metabolic diseases, such as diabetes, obesity, and atheroscle-
osis, have been reported to be related to lipids [9,10], lipid
hemistry has captured increased attention in the medicinal and
ipidomics fields. Of the various classes of lipids, phospholipids
PLs) are the main components of biological membranes. PLs vary in
erms of the polar head group, length of the acyl chain, and degree
f unsaturation. Sphingolipids (SL) such as SM and ceramides (Cer),
ncluding MHC  and dihexosylceramides (DHC), are the second most
bundant lipid class. As lipids are directly or indirectly involved in
he development of diseases, studies have been performed to unveil
he relationship between lipids and diseases, such as prostate can-
er [11,12], breast cancer [13,14], ovarian cancer [15], colorectal
ancer [16], and coronary artery disease [17].

Analysis of lipids has rapidly evolved with the development
f analytical methods such as gas chromatography (GC), thin-
ayer chromatography (TLC), and liquid chromatography (LC). The
onventional GC and TLC methods require pre- or post-column
erivation for detection [18–20]. The development of sophisticated
S has played a critical role in identifying and characterizing lipids

rom various biological samples over the last few decades. ESI–MS
ith tandem MS  has dramatically affected omics studies analyz-

ng the structure of complicated but biologically active molecules.
hile ESI–MS/MS provides a rapid analysis of lipids through a

irect infusion, LC [21,22] before MS  expands the ability to separate
omplicated lipid mixtures with minimal ionization suppression
uring MS  analysis. In addition, comprehensive structural deter-
ination of lipid molecules by data-dependent MS/MS analysis

14,23–25] and the use of a capillary column at nanoflow rate scale
or LC-ESI-MS/MS offers increased sensitivity with a ∼1 fmol limit
f detection from plasma samples [26].

In this study, relative abundance of lipids from plasma and urine
amples from patients with GD were profiled both qualitatively and
uantitatively with nanoflow LC–ESI–MS/MS. This work focused
n distinguishing PLs, especially SLs (in particular MHC, DHC, and
M), from patients with GD that differed significantly from healthy
ontrols. The change in targeted lipid levels in plasma and urine
amples both from same GD patients was examined before and
fter each ERT treatment.

. Experimental

.1. Materials and reagents

Fourteen PL standards (16:0-lysophosphatidylcholine (LPC),
8:0-lyso phosphatidylethanolamine (LPE), 18:0/18:0-PC,
8:0/18:0-PE, 18:0-lysophosphatidic acid (LPA), 18:0-

ysophosphatidylglycerol (LPG), 18:0-lysophosphatidylserine
LPS), 16:0/16:0-PA, 18:0/18:0-PG, 15:0/15:0-PG, 16:0/18:1-
hosphatidylinositol (PI), 16:0/16:0-PS, d18:1/12:0-SM, and
18:1)4-cardiolipin (CL) were purchased from Avanti Polar Lipids,
nc. (Alabaster, AL, USA), and six Cer standards (d18:1/16:0-
alCer, d18:1/18:0-GluCer, d18:1/16:0-LacCer, d18:1/14:0-Cer,
18:1/22:0-Cer, and d18:1/24:0-THC) were from Matreya, LLC
Pleasant Gap, PA, USA). 15:0/15:0-PG was directly added to urine

nd plasma samples as an internal standard (IS). All lipid standards
ere diluted to 30 pmol/�L  in CH3OH:CH3CN (9:1, v/v). The
ixture was stored at 4 ◦C until use. All organic solvents for lipid

xtraction including CH3OH, CHCl3, and methyl-tert-butyl ether
. A 1381 (2015) 132–139 133

(MTBE) were purchased from Sigma–Aldrich (St. Louis, MO,  USA).
All solvents for the LC mobile phase (CH3CN, isopropanol, and
CH3OH) were of HPLC grade and purchased from Avantor Perfor-
mance Materials (Center Valley, PA, USA). NH4HCO2 and NH4OH
for ionization modifiers were purchased from Sigma–Aldrich.

Plasma and urine samples from 15 healthy controls and 3
patients with GD were collected under informed consent from Sev-
erance Hospital (Seoul, Korea) at Yonsei University on the day of the
clinical intervention before and 2 h after treatment and this study
was approved by Institutional Review Board. All patients with GD
in this study were diagnosed with type I disease.

2.2. Evaluation of lipid extraction methods

Because the efficiency of simultaneously extracting different
categories of lipids, such as PLs and SLs, varies among methods,
3 methods (Bligh and Dyer [27], Folch with CHCl3 [28], and the
modified Folch with MTBE/CH3OH [29]) were tested using lipid
standards added to human urine. Fifteen microliters of 30-pmol/�L
lipid standard mixture was added to 985 �L of urine from a healthy
control and dried by vacuum centrifugation overnight.

2.2.1. Bligh and Dyer
The dried lipids from the urine sample spiked with standard

lipids were dissolved in 300 �L of CH3OH and 250 �L of CHCl3.
After vortexing for an hour, 250 �L of CHCl3 and 450 �L of MS-
grade H2O were added, followed by vortexing for 10 min. The
solution was  then centrifuged at 1000 × g for 10 min, resulting
in a distinct separation between the organic and aqueous layers.
The lower organic layer was  carefully pipetted into a pre-weighed
Eppendorf tube, dried under vacuum centrifugation, dissolved in
CHCl3:CH3OH (1:1, v/v), and diluted to 2 pmol/�L  in CH3OH:CH3CN
(9:1, v/v) for nLC–ESI–MS/MS.

2.2.2. Folch with CHCl3
The dried lipid mixture was  dissolved in 300 �L of CH3OH and

vortexed briefly before adding 600 �L of CHCl3. After an hour of
vortexing, 180 �L of MS-grade H2O was  added to the mixture and
vortexed again for 10 min. The rest of the extraction steps were the
same as the Bligh and Dyer method.

2.2.3. Modified Folch with MTBE/CH3OH
The dried lipid mixture was  dissolved in 300 �L of CH3OH and

vortexed briefly before adding 1000 �L of MTBE. After an hour of
vortexing, 250 �L of MS-grade H2O was added and vortexed for
10 min  to induce phase separation. After centrifuging for 10 min
at 1000 × g, the upper organic layer was  pipetted to a new tube.
Three hundred microliters of CH3OH was  added to the lower layer
and sonicated for 2 min. After centrifuging at 1000 × g for 10 min,
the upper organic layer was  again collected and combined with the
previously collected organic layer. This mixture was dried under
vacuum centrifuge overnight. The final dried powder was diluted
for nLC-ESI-MS/MS analysis as described in Section 2.2.1.

2.3. Lipid extraction from human plasma and urine samples

Lipids were extracted from 50-�L aliquot of plasma and 2000 �L
of urine (15 controls and 3 patients with GD) according to the mod-
ified Folch with MTBE/CH3OH procedure. At the final de-solvation
step, weights of dried plasma and urinary lipids of each sample
were measured, dissolved, and diluted to 20 �g/�L  for plasma and
30 �g/�L  for urine by using CH3OH:CH3CN (9:1, v/v) as a dispers-

ing solvent. The reason for leveling each individual sample extract
to the same concentration rather than dissolving all samples in the
same volume of CH3OH:CH3CN was  to avoid any possibility of low
abundant lipid species from not being detected by MS  because they
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ere below limit of detection (this often happens when amount of
ipids present in individual sample varies, especially for urine). For
he adjustment of total lipid concentration, the peak area of each
pecies was multiplied by volume factor (volume of CH3OH:CH3CN
dded).

.4. Lipid profiling by nLC–ESI–MS/MS

An LTQ Velos ion trap mass spectrometer from Thermo Finni-
an (San Jose, CA, USA) with a model 1200 capillary pump system
ncluding an autosampler from Agilent Technologies (Palo Alto, CA,
SA) was used to analyze lipids from plasma and urinary lipids. An
nalytical column made from a silica capillary tube (75 �m I.D. with
60 �m O.D.) was prepared in the laboratory. One end of the cap-

llary column was pulled with a flame to make a sharp needle for a
irect emitter to ESI. The column was packed with C18 resin beads,
atcher ODS-P (3 �m and 100 Å) purchased from Isu Industry Corp.

Seoul, Korea), under He (1000 psi) to a column length of 6 cm.  The
nalytical column was connected to the capillary tubing from the LC
ump with a PEEK microcross from IDEX (Oak Harbor, WA,  USA).
he other 2 ports of the microcross were connected to a Pt wire
or the ESI voltage source and a vent capillary (20 �m I.D.) for split
ow. The end of the vent capillary was attached to the on/off switch
alve for the split and injection modes. nLC separation was car-
ied out with gradient elution using 2 mobile phases: H2O:CH3CN
9:1, v/v) with 5 mM NH4HCO2 and 0.05% NH4OH as modifiers for

obile phase A and CH3OH:CH3CN:isopropanol (2:2:6, v/v/v) with
he same modifiers for phase B.

Samples were loaded onto the analytical column with mobile
hase A at a 600 nL/min flow rate for 10 min  with the switch valve
ff. After loading, gradient elution began by ramping mobile phase

 from 0% to 80% over 10 min, then to 100% over next 20 min. Phase
 was maintained at 100% for another 20 min  for additional elution
nd washing. During the gradient elution, the pump delivered
0 �L/min to minimize dwell time, and the column flow rate
as kept at 300 nL/min by using a vent capillary with the switch

alve on. For nLC–ESI–MS/MS analysis, 15:0/15:0-PG was  mixed
ith each sample as an internal standard (IS) after the extraction

nd for each run, 40 �g of extracted plasma lipids and 80 �g of
xtracted urinary lipids were injected. For each injection, 500 fmol
f 15:0/15:0-PG was used as an internal standard (IS). Each
ample was examined in triplicate and the home-made analytical

olumn was utilized for the 150 consecutive injections of lipid
xtracts (4 �L each injection) from plasma or urine samples. For
S analysis, 3.0 kV was applied for ESI in negative ion mode with

 mass range of 350–1200 amu  for the precursor run followed by

Fig. 1. Separation of (a) lipid standards, (b) plasma lipids, and (c
. A 1381 (2015) 132–139

data-dependent collision induced dissociation (CID) analysis at
40% of normalized collision energy. The isolation width was set
at m/z 2.0 with the neutral loss of m/z  60 (from [M+HCO2]− to
[M−CH3]−) for LPC, PC, and SM and of m/z 46 (from [M+HCO2]− to
[M–H]−) for Cer, MHC, DHC, and THC. The structural determination
of LPC, PC, and SM species was based on the fragment ion spectra
from MS3 while all other lipid species were identified by MS2. Lipid
molecular structures were identified with LiPilot, a computer algo-
rithm developed in our laboratory [30]. To quantify lipid species
in control and patient samples during drug intervention, the peak
area of each precursor ion peak, which was pre-determined from
nLC–ESI–MSn analysis, was compared.

3. Results and discussion

Fig. 1a presents nLC–ESI–MS separation of 16 lipid standards
(a). The same run conditions were used to separate lipid extracts
from plasma and urine samples from patients with GD in Fig. 1b
and c, respectively. The nLC run in Fig. 1 was  performed by adding
the mixed modifier [31] (0.05% NH4OH and 5 mM NH4HCO2) in
both mobile phases so that PLs of all classes (neutral polar PLs,
such as PC and SM in the form of formate adducts, [M+HCO2]−,
and most anionic lipids in the form of [M−H]−) together with Cer
and CL could be detected in negative ion mode. When analyzing
different categories of lipids, such as PLs and SLs, simultaneously
from patient samples, the lipid extraction method must be exam-
ined since different methods extract different lipids with varying
efficiencies. Table 1 summarizes the average percent recoveries of
lipid standards added to human urine from 3 different lipid extrac-
tion methods, Bligh and Dyer, Folch with CHCl3, and modified Folch
with MTBE/CH3OH, over three consecutive runs. The extracted
lipids were mixed with the IS right before being introduced to
nLC–ESI–MS/MS, and its final concentration was 1 pmol/�L  for
extracted lipids. As 2 �L of sample was  injected for each run, Table 1
reflects average recoveries of lipids at 2 pmol level. For the 18 lipid
standards, the modified Folch with MTBE/CH3OH outperformed the
other methods for 15 species and had slightly lower efficiency for
the other three species (LPE, PE, and CL). With the modified Folch
with MTBE/CH3OH method, 13 species were recovered at higher
than 90% efficiency, and five species had yields between 82% and
90%. These recovery efficiencies can be considered reasonable. The
other two  methods had recoveries as low as 62–72%. The over-

all recovery of PL and SL standards spiked in a urine sample was
higher for the modified Folch with MTBE/CH3OH method than for
the other two  methods, which is similar to the results previously
obtained for plasma sample [29]. PLs and SLs were simultaneously

) urinary lipids by nLC–ESI–MS/MS in negative ion mode.



S.K. Byeon et al. / J. Chromatogr. A 1381 (2015) 132–139 135

Table  1
Average percent recoveries of 18 PL and SL standards added to human urine with three lipid extraction methods from 3 runs for each.

Class Molecular species m/z Bligh and Dyer Folch with CHCl3 Modified Folch with MTBE/CH3OH

LPC 16:0 540.4 86 ± 5 88 ± 6 92 ± 7
PC  16:0/16:0 778.5 91 ± 6 96 ± 5 98 ± 6
LPE  18:0 480.4 66 ± 5 89 ± 8 88 ± 6
PE  18:0/18:0 746.5 79 ± 3 90 ± 3 85 ± 5
LPA  18:0 437.5 77 ± 7 73 ± 5 91 ± 5
PA  16:0/16:0 647.5 78 ± 7 75 ± 5 91 ± 6
LPG  18:0 511.4 66 ± 4 90 ± 6 96 ± 5
PG  18:0/18:0 777.4 94 ± 5 96 ± 6 99 ± 6
PI  16:0/18:2 833.4 81 ± 6 90 ± 5 92 ± 5
LPS  18:0 524.4 63 ± 6 82 ± 5 95 ± 6
PS  16:0/16:0 734.4 85 ± 5 86 ± 4 89 ± 5
CL  (18:1)4 727.8 81 ± 5 86 ± 5 82 ± 4
SM  d18:1/12:0 691.4 94 ± 5 98 ± 5 99 ± 3
Cer  d18:1/14:0 554.6 86 ± 5 82 ± 5 94 ± 5

d18:1/22:0 666.6 88 ± 4 86 ± 5 90 ± 6
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MHC  d18:1/18:0 772.6 83 ± 5 

DHC  d18:1/16:0 906.6 85 ± 4 

THC  d18:1/24:0 1180.6 81 ± 4

xtracted from human plasma and urine by the modified Folch with
TBE/CH3OH method in this study.
The extracted lipid mixtures from control and patient samples

ere analyzed by nLC–ESI–MSn in negative ion mode. Molecular
tructures were determined from the characteristic CID fragment
pectra. Fig. 2 shows examples of how molecular structures of gly-
osylated Cer (d18:1/16:0-MHC and d18:1/16:0-DHC) from human
lasma sample were identified by MS/MS/MS (MS3). The upper

eft spectrum of Fig. 2a shows the precursor scan of Fig. 1b at
r = 26.42 min. A CID spectrum of a precursor ion with an m/z of
44.60 ([M+HCO2]−) yielded a product ion with an m/z of 698.49
[M−H]−) in the first CID experiment (MS2). This change resulted
rom the loss of a formate and proton, and the MS3 spectra of
M−H]− showed characteristic fragment ions. The secondary CID
xperiments of the [M−H]− ion of m/z  698.49 showed an intense
eak at m/z 536.40. This peak was characterized by the loss of hex-
se ([M−H−Hex]−) along with peaks resulting from the loss of H2O

nd CH2O from ([M−H−Hex]−) and the dissociation of the acyl
hain, which resulted in a free carboxylic anion detected at m/z
55.2 ([RCOO]−). These results indicated that m/z  744.60 was  the

ig. 2. (a) Parent ion MS scan (upper left) from plasma lipids at tr = 26.42 min, MS2 spectr
b)  Parent ion MS scan from plasma lipids at tr = 25.54, MS2 spectrum of the parent ion m
87 ± 4 98 ± 4
88 ± 5 98 ± 3
84 ± 4 94 ± 5

formate adduct form ([M+HCO2]−) of d18:1/16:0-MHC. A similar
pattern of fragmented ions is shown in Fig. 2b for d18:1/16:0-DHC
(tr = 25.54 min  of Fig. 1b), except that DHC consists of two hexose
groups. Therefore, additional ions resulting from the cleavage of 2
hexose groups ([M−H−2Hex]− at m/z 536.44) were observed along
with those from the cleavage of a single hexose [M−H−Hex]−. More
diverse lipid species were identified from plasma than from urine:
125 species from plasma and 105 from urine, as listed in Table
S1 of Supporting Information. Many more LPC, PC, LPE, LPA, and
Cer species were discovered from plasma. Approximately an equal
number of PE, LPG, PA, PG, SM,  MHC, and DHC species were identi-
fied in both plasma and urine. LPI, LPS, PS, and CL were detected in
urine only, emphasizing the significance of analyzing urinary lipids
although plasma is richer in lipids than urine. The observed trends
from plasma samples were similar to those reported in literature
[32,33].

To quantify the identified lipids, the concentration of each

lipid species was  determined from the average peak area of cor-
responding species, obtained from 3 nLC–ESI–MS/MS runs per
sample. Because a constant concentration of internal standard,

um of the parent ion m/z 744.6 (d18:1/16:0-MHC), and MS3 spectrum of m/z 698.5.
/z 906.5 (d18:1/16:0-DHC), and MS3 spectrum of m/z  860.5.
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Table  2
PL and SL species from plasma and urine with greater than 2-fold changes in concentration (marked in bold) between controls (n = 15 for plasma and urine) and patients
with  Gaucher disease (nplasma before therapy = 3, nplasma after therapy = 3, nurine before therapy = 3, nurine after therapy = 2).

Class Molecular species m/z Plasma Urine

Before therapy/controls After therapy/controls Before therapy/controls After therapy/controls

PC 16:0/16:1 776.6 2.27 ± 0.92 2.08 ± 0.76 N.D. N.D.
16:1/20:4 824.5 3.44 ± 1.75 2.64 ± 1.23 N.D. N.D.
16:0/20:5 824.6 2.44 ± 1.63 2.05 ± 1.13 1.76 ± 0.78 1.22 ± 0.47
16:0/22:6 850.6 2.76 ± 1.37 1.53 ± 0.77 1.93 ± 0.75 1.61 ± 0.56
16:0/18:1 804.6 1.73 ± 0.67 1.48 ± 0.60 2.08 ± 0.87 1.32 ± 0.53
16:0/22:5 852.6 2.63 ± 1.15 1.78 ± 0.78 2.02 ± 0.79 1.05 ± 0.45
18:0/20:5 852.6 2.43 ± 1.01 1.79 ± 0.62 N.D. N.D.
18:0/22:6 878.6 3.91 ± 1.83 2.69 ± 1.15 1.31 ± 0.55 1.01 ± 0.40
18:0/22:5 880.6 2.40 ± 0.99 1.61 ± 0.80 N.D. N.D.
18:0/18:1 832.5 1.78 ± 0.59 1.66 ± 0.80 3.36 ± 1.38 1.22 ± 0.47

LPE  22:6 524.3 2.98 ± 1.66 2.83 ± 1.15 N.D. N.D.
PE  16:0/18:1 716.6 3.10 ± 1.40 2.61 ± 1.17 1.43 ± 0.66 0.83 ± 0.36
PI 16:0/16:1 807.4 3.19 ± 1.54 2.96 ± 1.32 N.D. N.D.

16:0/16:0 809.6 1.42 ± 0.83 1.42 ± 0.22 2.15 ± 0.86 2.51 ± 1.25
16:0/18:2 833.6 2.99 ± 1.13 2.98 ± 1.17 1.35 ± 0.62 0.99 ± 0.41
16:0/20:4 857.6 3.31 ± 1.33 3.98 ± 1.79 1.23 ± 0.57 0.73 ± 0.36
16:0/22:6 881.6 2.61 ± 1.53 3.28 ± 1.62 1.27 ± 1.00 0.94 ± 0.48

Cer d18:1/16:0 581.7 2.46 ± 1.18 1.84 ± 0.92 1.35 ± 0.51 1.15 ± 0.41
d18:1/18:0 609.7 2.54 ± 1.33 2.06 ± 1.11 N.D. N.D.
d18:1/24:0 694.8 1.03 ± 0.45 1.27 ± 0.58 2.48 ± 1.55 1.35 ± 0.75

MHC d18:1/16:0 744.7 2.98 ± 1.35 2.43 ± 0.89 2.38 ± 0.91 1.26 ± 0.49
d18:1/20:0 800.6 N.D. N.D. 3.04 ± 1.13 2.59 ± 1.11
d18:1/22:0 828.7 3.53 ± 0.73 2.38 ± 0.59 3.19 ± 1.53 1.25 ± 0.41
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d18:1/24:1 854.7 3.85 ± 1.63 

d18:1/24:0 856.7 3.84 ± 1.53 

DHC  d18:1/24:0 1018.6 0.90 ± 0.47

5:0/15:0-PG, was injected with each sample to compensate for
uctuations in MS  intensity across different runs, the peak area
f each lipid species was normalized to the internal standard
500 fmol per each injection). The peak area of each individual com-
onent was multiplied by a volume factor, which was  the volume
f solvent added to disperse the lipid extract, to adjust the total
ipid concentration.

Although plasma and urine samples were collected from the
ame individuals, the plasma lipid profile was different from the
rine profile. Some species were detected in either plasma or
rine exclusively, such as d18:1/20:0-MHC, which was detected

n urine only, and d18:1/14:0-SM, which was detected in plasma
nly. Although many species were identified from both sources,
hey were identified at different concentrations. For example, the
oncentration of urinary 16:0-LPA was relatively high comparing
ith other urinary lipids as the peak area ratios of many species

ere below 1 (relative to 500 fmol of IS) but opposite trend was

bserved in plasma; comparing to other plasma lipids such as PC
pecies whose overall peak area ratios were well over 1, the relative
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Fig. 3. Urinary PLs with a greater than a 2-fold difference b
6 ± 1.11 3.42 ± 1.77 1.40 ± 0.33
4 ± 1.13 1.91 ± 0.73 1.30 ± 0.50
9 ± 0.46 3.46 ± 1.85 1.54 ± 0.62

peak area of plasma 16:0-LPA was only 0.3–0.36, hinting that its
concentration is relatively low in urine, as shown in Table S1.

Table 2 summarizes the list of selected lipid species, show-
ing greater than 2-fold differences between controls and patients
using the Mann–Whitney U-test and p-values < 0.02. The values
are ratios of average peak areas and standard deviations of lipid
species from patients before and after therapy compared with those
from controls. Of 125 plasma and 105 urinary lipids, 20 plasma
species (8 PC, 1 LPE, 1 PE, 4 PI, 2 Cer, and 4 MHC) and 10 urinary
species (3 PC, 1 PI, 1 Cer, 4 MHC, and 1 DHC), all marked in bold,
differed significantly between controls and patients. The points
plotted in Fig. 3 represent the peak areas of all urinary species
listed in Table 2, from controls (n = 15, filled triangles), patients
before therapy (n = 3, open circles), and patients after therapy (n = 2,
filled circles) and plasma species are plotted in Fig. S1 of Suppor-
ting Information. In Fig. 3, clusters in individual groups of samples

demonstrate distinct differences between controls and patients
before therapy, especially all of the MHC  species except d18:1/24:1-
MHC. Low peak area ratios of MHC  species indicate that they are
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Fig. 4. Changes in relative concentration of selected PLs and C

ow-abundance species unlike other species such as 16:0/18:1-PC
n the left panel but more intense differences between patients
nd controls can be observed in these low-abundance MHC  species.
lso, compared to plasma species shown in Fig. S1, urinary species

n Fig. 3 clearly display definite differences between controls and
atients, rarely overlapping the similar levels of concentrations.
or the average concentrations of the species before and after the
herapy, all species except 16:0/16:0-PI decreased after therapy
n unison and most of them were reduced down to concentra-
ions of healthy controls, approximately. While a relatively large
umber of plasma PC species (8 of 26 PCs identified) are listed

n Table 2, all 4 MHC  species identified from plasma differed sig-
ificantly, as reported in literature [3]. The concentrations of all
lasma MHC  species were roughly 3-fold higher in patients than

n controls, and all decreased noticeably after ERT. All urinary
pecies except d18:1/24:0-MHC had more than 2-fold increases
n patients compared with controls. The d18:1/24:0-MHC concen-
ration in patients was 1.91 times higher than that in controls,
nd it decreased by 2-fold after ERT. These results indicate that
18:1/24:0-MHC was affected by GD and ERT though to lesser
egree than other MHC  species. The concentrations of all urinary
HC species decreased by close to or greater than 2-fold after ERT,
hile plasma species decreased by lesser degree around 1.5-fold,

s seen in Fig. 4. This result suggests that ERT affected urinary
ipids more than it affected plasma lipids. This result could be
ue, in part, to chitotriosidase activity [34]. Chitotriosidase activ-
ty was reported to be increased by at least 100-fold in patients
ith GD comparing with healthy controls. Chitotriosidase activity

an be controlled and corrected by ERT, but its activity was found
o decrease more rapidly and significantly in urine than in plasma
m plasma and urine samples plotted by the change after ERT.

[35]. Because chitotriosidase activity was  more affected in urine,
urinary lipid levels could decrease to a greater degree than plasma
lipids. The fact that the concentrations of all plasma and urinary
MHC  species decreased after ERT reflects the fact that ERT specifi-
cally targets MHC  degradation. Unlike other lipid classes, where the
change in concentrations after therapy differed, most PC species
noticeably decreased after therapy. This observation can be par-
tially explained by the relationship between MHC  accumulation
and PC synthesis. One study reported that MHC  accumulation pro-
moted PC synthesis in neurons [6], and a similar result might have
been observed in plasma. Plasma and urinary d18:1/22:0-MHC and
d18:1/24:1-MHC, urinary d18:1/16:0-MHC and d18:1/20:0-MHC,
and plasma d18:1/24:0-MHC form discrete clusters of concentra-
tions within a group of samples between controls and patients.
The overall concentrations of plasma d18:1/16:0-MHC and uri-
nary d18:1/24:0-MHC, however, did not differ much between
patients and controls as other MHC  species did. Therefore, the 2
latter species would be less significant for GD than other MHC
species: d18:1/22:0-MHC, d18:1/24:1-MHC, and d18:1/24:0-MHC
from plasma and d18:1/16:0-MHC, d18:1/20:0-MHC, d18:1/22:0-
MHC, and d18:1/24:1-MHC from urine. Among the PC species,
plasma 18:0/22:6-PC and 16:1/20:4-PC, and urinary 18:0/18:1-PC
would be more significant than other PCs because they had greater
than 3-fold differences.
4. Conclusion

This study validates the nLC–ESI–MS/MS method to identify
characteristic lipid species that show significant differences
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