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Abstract A deficiency of «-galactosidase A causes Fabry
disease (FD) by disrupting lipid metabolism, especially
trihexosylceramide (THC). Enzyme replacement therapy
(ERT) is clinically offered to FD patients in an attempt to
lower the accumulated lipids. Studies on specific types of
lipids that are directly or indirectly altered by FD are very
scarce, even though they are crucial in understanding the bio-
logical process linked to the pathogenesis of FD. We per-
formed a comprehensive lipid profiling of plasma and urinary
lipids from FD patients with nanoflow liquid chromatography
electrospray-ionization tandem mass spectrometry (nLC-ESI-
MS/MS) and identified 129 plasma and 111 urinary lipids.
Among these, lipids that exhibited alternations (>twofold) in
patients were selected as targets for selected reaction monitor-
ing (SRM)-based high-speed quantitation using nanoflow
ultra-performance LC-ESI-MS/MS (nUPLC-ESI-MS/MS)
and 31 plasma and 26 urinary lipids showed significant ele-
vation among FD patients. Higher percentages of
sphingolipids (SLs; 48 % for plasma and 42 % for urine) were
highly elevated in patients; whereas, a smaller percentage of
phospholipids (PLs; 15 % for plasma and 13 % for urine) were
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significantly affected. Even though o-galactosidase A is re-
ported to affect THC only, the results show that other classes
of lipids (especially SLs) are changed as well, indicating that
FD not only alters metabolism of THC but various classes of
lipids too. Most lipids showing significant increases in relative
amounts before ERT decreased after ERT, but overall, ERT
influenced plasma lipids more than urinary lipids.
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Introduction

Fabry disease (FD) is an X-linked genetic disorder caused by
deficiency of the lysosomal enzyme «-galactosidase A, which
leads to insufficient break-down of its substrate,
trihexosylceramide (THC), and alters metabolism of lipids,
leading to abnormal accumulation of lipids in various cell
types [1]. FD is a rare disease with its incidence ranging from
1 in 476,000 to 117,000 people [2]. Majority of FD patients
are found among Caucasian population, and its prevalence is
very rare among Asians [3]. FD patients may survive into
adulthood, but life-long progression of this disease is painfully
slow and chronic, and therefore patients suffer from constant
and sharp pain [4]. As its signs and symptoms can overlap
with other common diseases such as cardiovascular disease,
the diagnosis of FD can be complicated and challenging, and
patients are often misdiagnosed or belatedly diagnosed [5].
Symptoms change as patients age, and the risk of progression
to renal or heart disease as well as the chances of stroke and
ischemic attack increase [6]. A treatment to prevent and cure
FD has not been developed yet, but enzyme replacement ther-
apy (ERT) delays progression of FD by intravenously
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injecting recombinant o-galactosidase A into the bloodstream
so that it can reduce deposits of THC and other excess lipids to
improve patients’ quality of life. In addition, ERT improves
myocardial function and decreases left ventricular hypertro-
phy, a condition in which muscle of the left ventricle of the
heart enlarges extraordinarily [7]. Global research on FD is
conducted to avoid misdiagnosis or delayed diagnosis. As
lipids including THC are directly affected by the pathogenesis
of FD, a comprehensive lipidomic analysis to unveil changes
in lipid distribution in response to ERT from FD patients will
contribute to our understanding of the disease at the molecular
level.

Lipids are major components of cellular membranes and
are responsible for cell signaling, proliferation, and apoptosis
[8, 9]. Phospholipids (PLs) comprise the most abundant class
of lipids and are classified by head groups such as phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphatid-
ic acid (PA), phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidylserine (PS), and cardiolipin (CL).
Sphingolipids (SLs) are classified into ceramide (Cer),
monohexosylceramide (MHC), dihexosylceramide (DHC),
THC, and gangliosides. Although molecular types of lipids
are complicated due to different combinations of head groups
and the different lengths and degrees of unsaturation in vari-
ous fatty acyl chains, they can be structurally identified by the
highly sensitive analytical platform of mass spectrometry
(MS). While collision-induced dissociation (CID) in tandem
MS (MS") provides information on the molecular structure of
lipids, liquid chromatographic separation of lipids prior to
tandem MS is often needed in order to alleviate the ion sup-
pression effects of highly abundant lipid species [10, 11].
Separation and identification of lipids by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
can be achieved in intact states without any derivatization of
lipid molecules. In addition, nanoflow LC-MS/MS can ana-
lyze PLs at a low femtomole level [12] and has been utilized to
assay lipids from human plasma and urine samples in cancer
(prostate and lung) and coronary artery disease [13—18].
While typical nanoflow LC columns are packed with particles
that are 3 or 5 um in diameter, recent technological advance-
ments in ultra-performance LC (UPLC) have allowed the uti-
lization of even smaller packing materials below 2 pum, which
improves peak capacity and speed [19, 20]. The combination
of UPLC and the MS system offers high-speed separation
with enhanced resolving power and sensitivity while minimiz-
ing the quantity of sample needed, thereby maximizing ESI
efficiency for MS analysis.

In this study, lipid extracts from FD patients’ plasma and
urine samples were qualitatively and quantitatively analyzed
to investigate the relative change in lipid amounts before and
after ERT, particularly in MHC, DHC, and sphingomyelin
(SM) species, as well as in selected PLs. Studies were carried
out into two steps using nLC-MS" platforms. First, each lipid
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extract sample was analyzed by using nLC with ion trap MS
for the non-targeted global search with identification of mo-
lecular structures using tandem MS. Simultaneously, a prelim-
inary quantitative profiling was made to screen characteristic
lipids showing significant alternations between FD patients
and normal controls out of 129 plasma and 111 urinary species
(only PLs and sphingolipids), based on the peak area compar-
ison of precursor ions. Then, each sample was analyzed again
using nUPLC with triple quadrupole MS for high speed and
precise quantitation of selected targeted lipid species based on
selected reaction monitoring (SRM). By comparing the lipid
profiles between patients before and after ERT, changes in
lipid distribution in response to the therapy were quantitative-
ly analyzed statistically. As lipidomic case studies of FD are
rare globally, especially from Asian FD patients, outcome of
this study will provide valuable information on how FD pa-
tients’ lipids are altered and how ERT affects the lipid
metabolism.

Experimental
Materials and reagents

Plasma and urine samples from 15 healthy controls and 6
FD patients were obtained from Yonsei Severance Hospital
(Seoul, Korea) with informed consent and approval from
the Institutional Review Board (IRB). As Fabry disease is
globally rare, especially in Asia, the number of patient
samples was very limited in this study. Both plasma and
urine samples were collected before and 2 h after ERT
from the same individuals. HPLC-grade CH;OH,
CH;CN, H,0, and isopropanol were purchased from
Avantor Performance Materials (Center Valley, PA, USA),
and CHCI; and methyl-zert-butyl ether (MTBE) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA).
Twenty different types of lipid standards were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and
Matreya, LLC (Pleasant Gap, PA, USA) and were used to
optimize lipid separation conditions in nLC-ESI-MS/MS
and nUPLC-ESI-MS/MS. These lipids were 16:0-
lysophosphatidylcholine (LPC), 18:0-lyso phosphatidyleth-
anolamine (LPE), 16:0/16:0-PC, 18:0/18:0-PE, 12:0-
lysophosphatidic acid (LPA), 16:0/16:0-PA, 18:0-
lysophosphatidylglycerol (LPG), 18:0/18:0-PG, 15:0/15:0-
PG, 18:0-lysophosphatidylserine (LPS), 16:0/16:0-PS,
16:0/18:1-phosphatidylinositol (PI), d18:1/24:0-SM
(18:1)4-cardiolipin (CL), d18:1/16:0-galactosylceramide
(GalCer), d18:1/18:0-glucosylceramide (GluCer), d18:1/
16:0-lactosylceramide (LacCer), d18:1/14:0-ceramide
(Cer), d18:1/22:0-Cer, and d18:1/24:0-trihexosylceramide
(THCO).
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Lipid extraction

Lipids were extracted according to the modified Folch method
with MTBE/CH;OH as described previously [21]. Sample
volumes used for each lipid extraction were 50 pL for plasma
and 2.0 mL for urine. Each urine sample was dried first in a
2-mL centrifugal tube using a Bondiro MCFD 8508 freeze-
drying vacuum centrifuge from Ilshin Lab Co. (Yangju,
Korea) to dry prior to addition of any organic solvent. Three
hundre microliters of CH;OH was added to the dried urinary
powder. The same volume of CH;OH was added to each
50-uL aliquot of raw plasma sample. Each dissolved mixture
was vortexed shortly, followed by the addition of 1000 uL of
MTBE. Each mixture was vortexed for an hour and 250 pL of
H,0 was added. The mixture was vortexed again for 10 min
and centrifuged at 1000xg for 10 min to create a distinct sep-
aration of organic and aqueous layers. The upper organic layer
was pipetted out into a pre-weighed 2-mL centrifugal tube and
300 uL of CH3OH was added to the remaining aqueous layer.
After sonicating the aqueous layer for 2 min, it was centri-
fuged at 1000xg for 10 min again. The supernatant was col-
lected, combined with the previously collected organic layer,
and freeze dried for approximately 12 h. The dried lipids were
weighed and dissolved in CHCl;/CH;OH (1:1, v/v) to concen-
trations of 60 pg/uL and 90 pg/uL and diluted to 20 and
30 pg/uL by CH3;OH/CH3CN (9:1, v/v) for plasma and uri-
nary lipids, respectively. The extracted lipid samples were
kept at 4 °C for further use. For nLC-ESI-MS/MS analysis,
these lipids were mixed with the IS and diluted further with
CH;0H/H,O0 (1:1, v/v) to minimize the concentration of
CHCl;. Even though CHCI; was added to ensure dissolvation
of highly nonpolar lipids, the concentration of CHCl; in the
final solution was approximately 8 % and thus it did not de-
teriorate the loading of lipids to the C18 analytical column.

Nanoflow LC-MS/MS

For the non-targeted search of lipid species, we used nL.C-
ESI-MS”, composed of a model 1200 capillary pump system
with an autosampler from Agilent Technologies (Santa Clara,
CA, USA) and a LTQ Velos ion trap mass spectrometer from
Thermo Scientific (San Jose, CA, USA). A home-made 6-cm-
long analytical column, prepared in our laboratory by pulling
one end of a capillary (75 wm L.D. and 360 um O.D.) into a
sharp needle using a flame torch, was packed with Watchers®
ODS-P C18 particles (3 pm—100 A) from Isu Industry Corp.
(Seoul, Korea) under nitrogen gas at 1000 psi. The analytical
column was connected to capillary tubing from the capillary
pump system with a PEEK microcross from IDEX (Oak
Harbor, WA, USA). The other two ends of the microcross
were connected to a vent capillary for split flow (20 pm L.D.
with 360 um O.D.) and a Pt wire for ESI source. A mixed
modifier consisting of 5 mM NH4HCO, and 0.05 % NH,OH

was added to mobile phase solutions to detect all PLs and SLs
in a single run on negative ion mode, as described previously
[22], using H,O/CH3CN (9:1, v/v) for mobile phase A and
CH;0H/CH;CN/isopropanol (2:2:6, v/v/v) for B. The sample
was loaded onto the column with mobile phase A at a flow
rate of 600 nL/min with the switching valve off for 10 min,
and then the flow rate was increased to 10 pL/min. with the
switching valve on for elution mode. During elution, only
300 nL/min was delivered to the analytical column, while
the remaining exited through the vent capillary. Mobile phase
B was increased from 0 to 80 % over 10 min and then to
100 % over next 20 min, and was then maintained at 100 %
for another 20 min for a complete wash of lipids. Prior to LC-
MS analysis, both plasma and urinary lipid extracts were
mixed with 15:0/15:0-PG as an internal standard (IS). The
injection volume for each sample was 4 pL, which contained
40 pg of plasma lipid extracts or 80 pg of urinary extracts,
each with 500 fmol of 15:0/15:0-PG as an IS. Injection vol-
ume for 4 uL of samples has been effectively tested and con-
firmed under the above conditions using lipid standards. For
relatively large injection volume such as 8 pL and above, the
sample loading time had to be lengthened beyond 10 min but
for 4 uL, 10 min was sufficient enough. The analysis was
performed in triplicate for each sample. The m/z range of pre-
cursor scan was set from 350 to 1200 amu with the ESI voltage
at 3.0 kV, and data-dependent CID analysis was made at 40 %
of normalized collision energy. For structural identification of
lipids, a computer-based algorithm called LiPilot was used [23].

For targeted quantification of selected lipid molecules,
nUPLC-ESI-MS/MS in SRM mode using nanoACQUITY
UPLC from Waters (Milford, MA, USA) equipped with a
TSQ Vantage triple-stage quadrupole MS from Thermo
Scientific. The analytical column used for UPLC was pre-
pared in a 7-cm long, 100-um L.D. pulled-tip column using a
similar procedure as mentioned above. However, we used
1.7 um ethylene-bridged hybrid (BEH) particles (130 A),
which were unpacked from an XBridge® BEH C18 column
(1.7 um, 2.1 x 100 mm) from Waters. The first 5 mm of the
needle tip was packed with 3 um Watcher ODS-P (100 A) to
assure the formation of self-assembled frit, and the rest was
packed with 1.7-um-sized BEH particles, as shown in Fig. 1.
For each analysis, 40 and 80 pg of plasma and urinary lipid
extracts, respectively, were injected individually with 1.5 pmol
of IS for each run, and each sample was analyzed in triplicate.
The same types of mobile phases with the mixed modifiers
from nLC-ESI-MS/MS were applied in nUPLC-ESI-MS/MS,
and each sample was loaded onto the analytical column at a
flow rate of 800 nL/min for 12 min in mobile phase A with the
split valve off. After the loading was completed, the flow rate
from the pump was increased to 25 uL/min with the split
valve on. The mobile phase B was increased to 30 % over
1 min, 80 % over 5 min, and 100 % over 15 min, and then
maintained at 100 % for another 10 min. Then, mobile phase
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Fig. 1 Overview of the
experimental scheme for
lipidomic analysis of FD using
nHPLC-ESI-MS/MS and
nUPLC-ESI-MS/MS

Plasma
and urine

B was dropped to 0 % and the analytical column was equili-
brated with mobile phase A over 8 min for the next run.
During gradient elution, the flow rate of the analytical column
was kept at 300 nL/min. PC, SM, Cer, MHC, DHC, and THC
were detected in positive ion mode, while PI and PG were
detected in negative ion mode. Detection of ions in both pos-
itive and negative ion modes was automatically switched by
the MS instrument. The collision energy was set at 40 V for
PCs and SMs, 20 V for PEs, 30 V for Cer, MHC, DHC, and
THC, and 35 V for PIs and PGs, with a scan width of m/z 1.0,
a scan time of 0.1 s, and an ESI voltage of 3 kV.

Results and discussion
Non-targeted lipid profiling by nLC-ESI-MS”

The lipidomic analysis of FD patient samples (both plasma
and urine) before and after ERT was investigated with a two-
step analysis scheme. Non-targeted primary lipid analysis was
carried out by nLC with LTQ Velos ion trap MS from Thermo
Scientific, based on all fifteen healthy controls and three FD
patients for comprehensive lipid profiling and all lipid species
were detected in the negative ion mode. The non-targeted lipid
search was conducted using three patient samples because
these were the only samples available at the time. However,
targeted quantitation of selected lipid species by nUPLC-ESI-
MS/MS using triple quadrupole MS in the second stage was
performed on six FD patients since another set of samples
from three additional patients was obtained later. Details of
structural determination of lipid species by nLC-ESI-MS/MS
analysis are explained in the Electronic Supplementary
Material (ESM). Through the non-targeted lipid search for
each pooled patient sample, a total of 129 plasma lipids (10
LPC,26 PC, 10 LPE, 11 PE, 8 LPA, 7 PA, 3 LPG, 7 PG, 18 P,
9 SM, 9 Cer, 6 MHC, 4 DHC, and 1 THC) and 111 urinary
lipids (2 LPC, 18 PC, 4 LPE, 13 PE, 2 LPA, 3 LPG, 1 LPI, 1
LPS, 8 PA,5 PG, 17PL 9 PS, 2 CL, 8 SM, 7 Cer, 6 MHC, and
5 DHC) were identified from CID spectra using LiPilot soft-
ware followed by manual confirmation. Identified lipid spe-
cies are listed in Table S1 in the ESM. Generally, a higher
number of species from each class of lipids was identified
from plasma than urine. However, lipid species from the
LPI, LPS, PS, and CL classes were not detected in plasma,
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in agreement with previously published studies [10, 24]. To
screen lipid species showing a significant difference between
the control group and FD patients, we compared the MS peak
area of each precursor ion with that of the internal standard
(500 fmol of 15:0/15:0-PG), which was added to each sample
in order to compensate for the fluctuation in MS intensity
across runs. First, the peak area ratios were corrected by mul-
tiplying by a volume factor, which was the solvent volume
added to the dried lipids after the extraction, as all samples
were dissolved and diluted to the same concentration in order
to keep the injection amount of lipids the same throughout the
samples. As the amount of lipids tend to vary in individual,
especially in urine samples, reconstituting the dried lipids after
the extraction by the same amount of organic solvent can
result in false negative as some lipids from individuals with
relatively low amount of lipids might not get detected or quan-
tified as their concentrations are below the limit of detection or
quantification (LOD or LOQ). To avoid such issue, each sam-
ple was reconstituted to the identical concentration and a vol-
ume of organic solvent added for each sample was used as a
factor to compensate the adjustment of total lipid concentra-
tion. Table S1 in the ESM represents the corrected peak area
ratios of lipid species from patients before and after ERT com-
pared with corresponding species from healthy controls. A
total of 29 plasma species (13 PCs, 2 PIs, 5 SMs, 3 Cers, 3
MHCs, 2 DHCs, and 1 THC) and 23 urinary species (1 LPCs,
9 PCs, 1 PG, 4 SMs, 3 Cers, 2 MHCs, and 3 DHCs) showed
>twofold alternations with p<0.01, as analyzed by ¢ test ac-
cording to the non-targeted quantitative analysis in Table S1 in
the ESM. Even though PLs are the majority of lipids found in
plasma and urine samples, more SLs (14 out of 29 SLs in
plasma and 12 out of 28 in urine) showed significant alterna-
tions than PLs (15 out of 100 PLs in plasma and 11 out of 85
in urine). This suggests that progression of FD alters SL me-
tabolism more than it alters PL. metabolism. Among species
with significant alternations, plasma d18:1/16:0-THC showed
the most intense elevation in patients before ERT, by approx-
imately tenfold. Table S1 in the ESM suggests that not all lipid
species were affected by ERT. Generally, concentrations of
most LPC, LPE, PE, LPA, PA, LPG, PG, and PI species ap-
peared to be unaffected after ERT. In contrast, concentrations
of a few PC, SM, Cer, MHC, DHC, and THC species de-
creased to some degree after ERT. Not all species within one
category of lipids responded to ERT uniformly, though a
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majority of species showed a uniform response to ERT over-
all. For instance, two out of five identified urinary DHC spe-
cies (d18:1/20:0 and d18:1/22:0) increased in response to
ERT, but other DHC species decreased. In urine, the concen-
trations of most PL species (except LPL), SM, Cer, and MHC
decreased after ERT while LPL, PA, and PG did not change
much. Based on the results from non-targeted semi-quantita-
tion by nLC-ESI-MS", ERT appears to promote the reduction
of SLs rather than PLs, with only a few PC species responding
to it. However, plasma d18:1/16:0-THC decreased by an av-
erage of 42 % after ERT.

Targeted SRM quantitation of selected lipid species

Based on non-targeted semi-quantitation, we selected 29 plas-
ma and 23 urinary species with significant alternations com-
pared with controls as target species for SRM-based quantita-
tion using nUPLC with triple quadrupole MS (nUPLC-ESI-
MS/MS) for all six patients. Target species are listed in
Table 2. Targeted quantitation was carried out in both positive
and negative ion modes, which were repeatedly switched dur-
ing a single run; PC, PE, SM, Cer, MHC, DHC, and THC
were scanned during a positive ion mode cycle and other
classes were scanned during a negative cycle, as listed in
Table 1. PCs and SMs were based on the detection of a pre-
dominant peak with m/z 184 (protonated phosphocholine,
[PCholine+H]"), and Cer, MHC, DHC, and THC were detect-
ed based on a product ion with m/z 264 (d18:1), as listed in
Table 1. For species detected in negative ion mode, carboxyl-
ate anions of acyl chains ([R;COO] and [R,COO]") were
selected. Targeted quantitation of selected lipid species was
carried out for all fifteen controls and six FD patients before

and after ERT, individually. Figure 2 shows (a) a base peak
chromatogram detected only with selected lipid species in the
inclusion list from a control plasma sample and superimposed
SRM chromatograms of (b) d18:1/16:0-THC and (c) d18:1/
16:0-DHC from control and FD patients before and after ERT.
Figure 2b, ¢ was obtained by extracting the peak of a specific
product ion (m/z 264, [d18:1]") from the SRM transitions of
the precursor ions with ((M+H]") m/z 1024.5 and 862.5, re-
spectively. Figure 2b, ¢ shows a slight variation in retention
times (RSD values of 0.69 and 1.34 %, respectively) of each
species between controls and patients before and after ERT in
nUPLC-ESI-MS/MS. This represents the precision of reten-
tion time measurements among different samples, even
though SRM-based quantitation experiments were made with
a single home-made analytical column (1.7 pm C18,
100 pm x 7 cm) throughout nearly 170 consecutive injections
for all plasma and urine samples. Figure 2¢ shows a distinct
elevation in d18:1/16:0-DHC level for a patient before ERT in
comparison with that of the control (4.05+0.42-fold), and its
noticeable decrease in response to ERT. More severe differ-
ences between controls and patients before ERT were ob-
served from SRM of d18:1/16:0-THC (Fig. 2b). nUPLC-
ESI-MS/MS showed a 10-fold average increase in the corre-
sponding species in patients before ERT, which corresponds
with the result from semi-quantitation in global search (9.7-
fold in ESM Table S1).

Table 2 lists the corrected peak area ratios of all target
species with significant alternations in FD patients based on
SRM quantitation by nUPLC-ESI-MS/MS. Individual varia-
tions among controls and patients before and after ERT are
represented with the heat map in Fig. S1 in the ESM for a total
of 31 plasma and 26 urinary lipids, which were set in italics in

Table 1 List of precursor ions for

a non-targeted search of lipids Lipid classes Global search in full scan Targeted search from SRM using triple quadrupole MS
with semi-quantitation in the mode using ion trap MS
negative ion mode of nLC-ESI- Precursor ion Precursor ion Quantifier ion” Collision energy (V)
MS” using ion trap MS and SRM
quantifier ions for targeted PC [M+HCO,] ™ [M+H]" [PCho+H]" 40
quantitation of selected lipids PE [M-H] [M+H]" [M+H-1417 20
\;/ét(}; nUPLC-ESI-MS/MS using PG [M-H]" [M-H]™ [RCOOT 35
PI [M-H] [M-H]" [RCOO] 35
PS [M-H] [M-H]" [RCOO] 35
PA [M-H] [M-H]" [RCOO] 35
CL [M-H] [M-H]" [RCOO] 35
SM [M+HCO,]™® [M+H]" [PCho+HT" 40
Cer [M+HCO,]™ [M+H]" [d18:17" 30
MHC [M+HCO,]® [M+H]" [d18:1]" 30
DHC [M+HCO,] ® [M+H]" [d18:1]" 30
THC [M+HCO,] * [M+H]" [d18:1]" 30
PCho phosphocholine
2CID carried out by MS?
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Table 2. Rows in ESM Fig. S1 represent individual lipid spe-
cies, and columns represent individual human samples. The
number scales of different colors were based on the measured
peak area ratio. Figure S1 in the ESM shows significant in-
creases in the targeted species in patients compared with con-
trols. In Table 2, PC species were listed with acyl chain struc-
tures in the count of total carbon numbers with double bonds
without differentiating them, compared with those in Table S1
in the ESM. In the full scan mode of nLC-ESI-MS", both acyl
chains on the sn-1 and sn-2 positions of the glycerol backbone
from all PLs were easily distinguishable, since fragment ions
from the loss of each acyl chain were distinguished from each
other by distinct differences in MS intensities [25]. However,
in SRM by nUPLC-ESI-MS/MS, as PC species were quanti-
fied by the product ion of [PCho+H]", all PC species with the
assigned m/z, regardless of acyl chains, were quantified, mak-
ing it impossible to differentiate between regioisomers such as
16:0/22:5-PC or 18:0/20:5-PC. As for PI species, acyl chains
were specified as they were analyzed by product ions of
[R;COO] and [R,COO], but isomers with reversed sn-1
and sn-2 locations cannot be differentiated, so they are
expressed as R,R'-PI instead of R1/R2-PI. Overall, a majority
of species from Table 2 show similar results to ESM Table S1,
and most of them were elevated in patients compared with
controls in both urine and plasma. Plasma d18:1/16:0-THC,
which is the most significantly affected species in the devel-
opment of FD, once again exhibited a 10-fold elevation in
patients before ERT in nUPLC-ESI-MS/MS analysis.
Moreover, FD alters metabolism of SLs more than PLs in both
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plasma and the urine, as more SLs showed significant alter-
ations (Table 2).

Principal component analysis (PCA) was generated based
on the relative peak area ratios of 31 plasma (Fig. 3a) and 26
urinary (Fig. 3b) lipids from 15 controls (open circle), 6 pa-
tients before ERT (stars), and 6 patients after ERT (filled tri-
angle) from targeted lipid analysis (lipids from Table 2). On
the score plots (left), controls are clustered on the far left while
patients before ERT are located far away from them, with
patients after ERT plotted in the middle. As patients before
ERT are distanced further from controls than patients after
ERT, the significant difference between the former two (pa-
tients before ERT and controls) is larger than the latter two
groups (patients after ERT and controls). This demonstrates
how the concentrations of lipids were decreased toward con-
trols’ level after patients received ERT. The components on
the loading plots (right) represent the peak area ratios of cor-
responding species, and their locations of components on the
loading plots depict the significant abundance on the equiva-
lent location of the score plot. As they are clustered on the
right region of the plots, this depicts that they were significantly
more abundant among FD patients before ERT than other groups
but the fact that a cluster of urinary lipids (Fig. 3b) lies in be-
tween FD patients after and before ERT indicates how the con-
centrations were significantly high in patients after ERT, as well.

The same molecular species were simultaneously detected
at elevated concentrations in patients after ERT in both plasma
urine samples and they all decreased in response to ERT, but
by different degrees. Plasma species tended to decrease by a
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Table 2 Relative quantification
of plasma and urinary lipids based Class PCA Molecular m/z Plasma Urine
on nUPLC-ESI-MS/MS between label species
controls (n=15) and patients Before ERT/  After ERT/  Before ERT/  After ERT/
before (n=6) and after ERT controls controls controls controls
=0 LPC LPC1 18:0 524.5 1.08+0.12 1.09+£0.10  2.27+0.30 1.85+0.20
PC PC1 32:1 7325 3.07£0.32 2.70+£0.32  N.D. N.D.
PC2 38:6 806.6  5.80+0.63 4.09+0.43 2.68+0.25 1.92+0.21
PC3 36:4 782.5 3.20+£0.39 225+024  2.64+0.29 2.26+0.31
PC4 34:2 758.5 2.76+0.35 1.98+0.21 2.60+0.20 2.02+0.21
PC5 38:5 808.5 3.89+0.44 3.00+0.36 1.56+0.12 1.58+0.16
PCo6 36:3 784.5 3.57+£0.49 231+024  2.51+0.24 2.02+0.17
PC7 34:1 760.5 3.56+0.35 2.56+0.31 2.97+0.23 2.22+0.19
PC8 40:6 834.5 5.40+0.60 3.94+0.35 1.04+0.16 0.92+0.10
PC9 38:4 810.5 3.60+0.39 3.04£0.33 2.93+£0.50 2.25+0.32
PC10 36:2 786.5 1.54+0.21 1.50+0.12 2.88+0.18 1.82+0.15
PCl11 40:5 836.5 4.01+0.43 2.94+0.31 N.D. N.D.
PC12 36:1 788.5 1.58+0.19 1.61+0.15 2.82+0.16 1.71+0.14
PI PIl 16:0, 20:3 859.5 2.95+0.32 2.82+031 1.25+0.16 1.25+0.17
P2 18:0, 18:2 861.5 5.99+0.63 5.52+0.48 1.48+0.21 1.42+0.18
SM SM1 d18:1/14:0 675.5 4.04+0.47 3.05£0.32 4.49+047 3.10+0.34
SM2 di18:1/16:1 701.3 4.73+£0.48 3.58€0.44 ND. N.D.
SM3 d18:1/16:0 703.3 0.95+0.11 1.02+0.13 4.03£0.40 3.42+0.50
SM4 d18:1/18:1 729.5 3.76+0.42 296+0.28  2.72+0.31 1.87+0.21
SM5 d18:1/18:0 731.5 4.04+0.43 3.03£036  2.79+0.31 1.89+0.19
SM6 d18:1/20:0 759.5 3.07+£0.34 223+024  3.95+045 2.63+0.28
SM7 d18:1/22:0 781.5 2.99+0.30 2224021 2.54+0.25 2.08+0.30
SMS d18:1/24:1 815.5 2.56+0.32 2.07€0.26  2.69+0.31 2.18+0.24
SM9 d18:1/24:0 813.5 3.67+0.40 222+0.19  3.54+0.44 2.89+0.33
Cer Cerl d18:1/16:0 538.5 3.39£0.40 3.23+0.31 3.12+£0.40 2.70+0.33
Cer2 d18:1/18:1 564.5 2.02+£0.38 1.53£0.18  4.18+0.35 3.35£0.42
Cer3 d18:1/24:1 648.5 2.62+0.22 1.52+£0.18  2.92+0.34 2.36+0.35
Cer4 d18:1/24:0 650.5 3.29+0.30 2.86+0.30  N.D. N.D.
MHC  MHCI1 d18:1/18:0 728.3 1.96+0.17 1.62+0.13 3.06+0.35 2.50+0.25
MHC2  d18:1/20:0 756.5 2.75+£0.25 2274025  N.Q. N.Q.
MHC3 d18:1/22:0 7845  2.61+0.29 2.13+0.23 N.Q. N.Q.
MHC4  d18:124:1 810.5  N.Q. N.Q. 2.81+0.27 2.60+0.22
MHC5  d18:1/24:0 812.5 2.41+0.30 2274025  2.30+0.25 2.25+0.20
DHC DHCl1 d18:1/16:0 862.5 4.05+£0.42 262026  2.57+0.34 2.02+0.32
DHC2 d18:1/24:1 972.5 2.06+0.23 1.80+0.19  391+0.34 3.37+£0.33
DHC3 d18:1/24:0 974.5 2.03£0.16 148+0.12  2.82+0.26 2.58+0.19
THC THC1 d18:1/16:0 1024.5 10.98+0.97 6.72£0.58  N.D. N.D.

larger degree than urinary species. Figure 4 represents the
average peak area ratios of five lipid species from each group
based on targeted SRM quantitation, and it clearly shows that
plasma species (marked as filled symbols of square, triangles,
and circle) decreased roughly 2-fold more than the corre-
sponding urinary species (open symbols) after ERT. The neg-
ative percentage value marked in each species of Fig. 4 repre-
sents the relative decrease in each species after ERT. As ERT

was directly infused intravenously into the bloodstream, it
appears that some plasma species responded to ERT more
effectively and quickly than urinary species.

In Fig. 5, the degree of decrease after ERT from all species
with significant alternations in patients (italicized species from
Table 2) based on SRM quantitation were compared by clas-
ses of lipids (PC, SM, Cer, MHC, DHC, and THC) between
plasma and urine. The relative abundance of each class of lipid
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was calculated by adding the peak area ratios of all species
with significant alternations (italicized species from Table 2)
within the corresponding classes from plasma and urine. The
relative abundance from patients before ERT was set as 100 %
in both plasma and urine, as these concentrations were the
highest in all six classes of lipids. The abundance in controls
and patients after ERT was calculated relative to patients
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before ERT. We observed a significant difference between
controls and patients before ERT, with substantial decreases
after ERT. When comparing the relative abundances that de-
creased after ERT between plasma and urine sources, the de-
grees of decrease from both sources were similar to each other
in PC and SM classes. However, plasma species in the cer-
amide family (Cer, MHC, DHC, and THC) decreased by
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Fig. 5 Relative abundance of six classes of lipids among controls,
patients before ERT, and patients after ERT from plasma and urine by
nUPLC-ESI-MS/MS

17.1~38.2 %, while urinary groups were only reduced by
5.7~17.5 %.

Conclusion

The comprehensive profiling of plasma and urinary lipids in
FD patients was conducted primarily using nLC-ESI-MS".
Based on these results, targeted lipid species with >2-fold
differences between patients before ERT and controls were
quantified again using nUPLC-ESI-MS/MS in SRM mode
with a larger pools of patient samples. Even though a lack of
«-galactosidase A has been known to promote the elevation of
THC [1], two-stage analyses show that metabolism of various
classes of lipids is altered in FD patients. This was reflected in
both plasma and urinary lipids; 31 plasma (10 PC, 2 PI, 8 SM,
4 Cer, 3 MHC, 3 DHC, and 1 THC) and 26 urinary (1 LPC, 8
PC, 8 SM, 3 Cer, 3 MHC, and 3 DHC) species exhibited
significant alternations. THC species from patients before
ERT displayed the largest difference compared with healthy
controls (>10-fold increase), supporting the fact that THC is
more directly affected by «-galactosidase A deficiency during
the progression of FD than other lipids. FD patients had higher
percentages of elevated SLs (48 % for plasma and 42 % for
urine in number of SL) than elevated PLs (15 % of plasma and
13 % of urine); therefore, the development of FD appears to
influence the accumulation of SLs more than PLs. The con-
centrations of all 31 plasma and 26 urinary species decreased
after receiving ERT, meaning that ERT targets not only THC
specifically, but other classes of excessively accumulated
lipids as well, directly or indirectly. For a group of ceramides
including Cer, MHC, DHC, and THC, the plasma species
decreased by a larger degree than urinary species, which

indicates that plasma and urinary species respond to ERT dif-
ferently, even though they are derived from the same individ-
uals. This study has characterized abnormalities in specific
plasma and urinary lipid species in the pathogenesis of FD
and has shown how their concentrations change in response
to ERT. These species with abnormalities can serve as poten-
tially useful marker candidates in the development of diagnos-
tic applications, as they are capable of providing an accurate
picture of FD progression.
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