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A B S T R A C T   

Background: Fabry disease (FD) is an X-linked lysosomal storage disorder characterized by the progressive 
accumulation of globotriaosylceramide (Gb3) leading to systemic manifestations such as chronic kidney disease, 
cardiomyopathy, and stroke. There is still a need for novel markers for improved FD screening and prognosis. 
Moreover, the pathological mechanisms in FD, which also include systemic inflammation and fibrosis, are not yet 
fully understood. 
Methods: Plasma and platelets were obtained from 11 ERT (enzyme–replacement therapy)-treated symptomatic, 
4 asymptomatic FD patients, and 13 healthy participants. A comprehensive targeted lipidomics analysis was 
conducted quantitating more than 550 lipid species. 
Results: Sphingadiene (18:2;O2)-containing sphingolipid species, including Gb3 and galabiosylceramide (Ga2), 
were significantly increased in FD patients. Plasma levels of lyso-dihexosylceramides, sphingoid base 1-phos
phates (S1P), and GM3 ganglioside were also altered in FD patients, as well as specific plasma ceramide ratios 
used in cardiovascular disease risk prediction. Gb3 did not increase in patients’ platelets but displayed a high 
inter-individual variability in patients and healthy participants. Platelets accumulated, however, lyso-Gb3, 
acylcarnitines, C16:0-sphingolipids, and S1P. 
Conclusions: This study identified lipidome changes in plasma and platelets from FD patients, a possible 
involvement of platelets in FD, and potential new markers for screening and monitoring of this disease.   

1. Introduction 

Fabry disease (FD; OMIM #301500) is an X-linked lysosomal storage 
disease characterized by mutations of the GLA gene encoding for the 
enzyme α–galactosidase A (α–Gal A) that hydrolyses the terminal α-1,4- 
galactosyl moiety from glycosphingolipids such as 

globotriaosylceramide (Gb3) and galabiosylceramide (Ga2) (Fig. 1). 
Reduced activity or altered specificity of α–Gal A leads to a systemic 
accumulation of Gb3 causing tissue damage [1]. In classic FD, males 
have no or only marginal α–Gal A activity and onset of symptoms often 
starts during childhood and progresses to kidney diseases, cardiomy
opathies, and cerebrovascular symptoms [1,2]. Heterozygous females 
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with classic FD have more variable disease expression that can be mild 
or as severe as in males. In so-called later-onset FD, residual α–Gal A 
activity is still present. Symptoms occur later in life and are often milder 
or limited to specific organs, i.e., heart or kidneys [3]. Specific severe 
symptoms, such as stroke, may also be initial, or even sole, symptoms of 
FD [4–7]. Prevalence estimates across sexes range from 1:40,000 to 
1:200,000 for classic, and 1:1,250 to 1:5,500 for later–onset FD variants 

[8]. Treatment of FD includes enzyme replacement therapy (ERT) and 
pharmacological chaperones [3,9]. 

Diagnosis of FD typically involves measurement of α–Gal A activity 
in dried blood spots, plasma, and leukocytes, and sequencing of the GLA 
gene [10,11]. Analysis of Gb3, or its deacylated form, lyso-Gb3, can 
support the diagnosis when a GLA variant of unknown pathogenicity 
was identified [3,12,13]. Lyso-Gb3 is considered superior to total Gb3 in 

Fig. 1. Gb3 and other glycosphingolipids, and associated metabolic pathways identified be implicated in FD based on literature and this study. (A) Example 
structures of sphingosine (18:1;O2) and sphingadiene (18:2;O2) long-chain base-containing Gb3 species. (B) Globoside and associated pathways in human. Names in 
bold red or black font indicate lipid names commonly used in the literature. Names in grey font correspond to systematic lipid names that take the structural 
resolution of the used analytical method into account, see Liebisch et al. [43]. GLA stands for α–galactosidase A, A4GALT for alpha 1,4–galactosyl-transferase with 
variant information in brackets if applicable. Boxes with borders in red indicate lipid classes with species that were found to be altered in FD in this study. 
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the diagnosis and prognosis of FD, especially in heterozygous females 
[14–17]. While typically total levels are measured [18–20], specific Gb3 
and lyso-Gb3 molecular species appear to have partially different roles 
in FD pathogenesis and thus may also have distinct utilities in diagnosis 
and monitoring of FD [21,22]. 

The pathological processes in FD extend beyond local tissue damage 
from Gb3 accumulation and include systemic changes, such as inflam
mation, increased levels of proinflammatory cytokines, signatures of 
extracellular matrix remodeling, endothelial dysfunction, and fibrosis. 
An increased platelet activity and a prothrombotic state was also re
ported [23–25]. Many of these pathological processes have been shown 
to alter plasma lipid profiles in other diseases [26,27], suggesting lip
idome alterations also in FD. 

In this study we aimed to (i) comprehensively profile different Gb3 
molecular species in human plasma and platelets as potential FD marker, 
and (ii) analyze whether the systemic changes in FD are reflected in the 
plasma and platelet lipidome beyond Gb3 and its metabolites. 

2. Materials and methods 

2.1. Subjects 

This study has been approved by the ethics committee of the canton 
of St. Gallen, Switzerland (EKSG 15/008) and by the Institutional Re
view Board of the National University of Singapore (NUS-IRB B- 
16–025). The study has also been registered at ClinicalTrials.gov 
(NCT02649660) and was conducted in accordance with the principles 
of the Helsinki Declaration. All participants gave written informed 
consent to donate samples for this research study. 

Plasma, serum, and platelet samples were obtained from a total of 15 
FD patients and 13 healthy study participants (Table 1, Table S1). All FD 
patients had a confirmed GLA mutation. Asymptomatic female FD pa
tients in this study had no FD-related symptoms. All symptomatic FD 
patients received ERT according to local guidelines, given intravenously 
every 2 weeks at the licensed dose of either recombinant agalsidase-α 
(Replagal, 0.2 mg/kg) or agalsidase-β (Fabrazyme, 1 mg/kg). None of 
the patients were treated with pharmacological chaperones. Healthy 
participants were recruited from volunteers and have self-declared to be 
without known cardiovascular, cerebrovascular, and renal diseases, and 
conditions of platelet function, blood coagulation and lipid metabolism. 

2.2. Sample collection 

Blood samples were collected from non-fasted control participants, 

and from non-fastened FD patients immediately before the ERT infusion 
during home therapy or in the clinic. To minimize pre-analytical biases 
[28], individual samples, or batches of 2 to 4 samples from control 
subjects and FD patients were co-collected in a stratified manner, and 
subsequently co-processed. Blood used for platelet and plasma isolation 
was collected into 4.5 mL BD Vacutainer tubes containing citrate solu
tion (0.109 mol/L). For serum, blood was drawn into BD Vacutainer 
Serum tubes spray-coated with silica. Collected blood samples were kept 
at room temperature (RT) for 2 to 4 h before further processing and 
clinical laboratory analyses. Platelet–poor plasma and serum was 
collected after centrifugation at 2000 g for 10 min (4 ◦C) and stored at 
− 80 ◦C. 

2.3. Clinical laboratory analyses and clinical data collection 

From all participants a full blood count, as well as serum alanine 
transaminase (ALAT), C-reactive protein (CRP), serum albumin, serum 
creatinine, serum total cholesterol, HDL-C, LDL-C and TAG were 
determined in the clinical laboratory from collected blood samples 
(Table S1). eGFR (estimated glomerular filtration rate) was calculated 
from serum creatinine using the 2021 CKD-EPI equation [29]. Clinical 
data of the FD patients were obtained from medical records (Table S2). 

2.4. Platelet isolation 

Platelet isolation from whole blood was based on a modified differ
ential centrifugation method in presence of the CTAD anti-coagulant 
mixture [30,31]. First, 625 µL TAD 10x solution (15 mmol/L theoph
ylline, 3.7 mmol/L adenosine, 198 µmol/L dipyridamole, in Dulbecco’s 
phosphate-buffered saline [DPBS]) was pipetted directly into the 
Vacutainer containing citrated whole blood and mixed by inverting 6 
times. Platelet-rich plasma (PRP) was then obtained by centrifugation at 
120 g for 10 min, without brake (Sorvall Legend RT+) at RT (~22 ◦C). 
The PRP was transferred to a 5 mL polypropylene (PP) tube and mixed 
with 0.01 vol apyrase 2 U/mL and 1 vol TAD 2x/DPBS. After centrifu
gation (80 g, 10 min, without brake, RT), the supernatant was trans
ferred to a 2 mL PP tube, and centrifuged again (1000 g, 10 min, brake 2, 
RT). The supernatant was discarded and the platelet pellet was washed 
twice by resuspending in 2 mL TAD 2x/PWD (TAD 10x diluted 1:5 v/v in 
Platelet Wash Buffer (140 mmol/L NaCl, 10 mmol/L NaHCO3, 2.5 
mmol/L KCl, 0.5 mmol Na2HPO4, 1 mmol/L MgCl2, 6.46 mmol/L tri
sodium citrate, 1 g/L D(+)-glucose, pH 6.5, adjusted with NaH2PO4)), 
centrifugation (750 g, 10 min, RT, brake 2) and discarding supernatants. 
The pellet was finally resuspended in 1 mL TAD 2x/PWD and platelet 

Table 1 
Biographic and clinical characteristics of the Fabry patients. FD Type: Fabry disease type, asympt: asymptomatic for FD, Mutations: missense, unless tagged with X 
indicating frameshift or nonsense mutations, ERT: Under enzyme replacement therapy, eGFR: estimated glomerular filtration rate (mL/min/1.73 m2; reference range 
≤ 90), LVMMI: left ventricular myocardial mass index (g/m2; ≤ 115 for males, ≤ 95 for females). Point Label indicates the label used in the plots to highlight specific 
subjects. * denotes values outside the reference range. Stroke: stroke or transient ischemic attack. # Denotes the patient who had a kidney transplant before 
participating in this study.  

ID Sex Age FD type Mutation ERT eGFR LVMMI Stroke Neuropathy Point Label 

01A M 30 Classic Ins353TX + *40 86   X 
03C M 34 Classic M42T + *71 87  + X 
11 K M 36 Classic M42T + #(92) 103  + T 
07G M 29 Classic R227XX + 126 66   X 
13 M M 64 Later–onset N215S + *79 NA    
26Z M 46 Later–onset R301Q + *85 105 + +

09I F 57 Classic D266Y + 97 59 + +

10 J F 29 Classic S345P + 111 59    
12L F 56 Classic D266Y + *71 *104   * 
21U F 42 Classic 640-3C > G + 112 50 + +

22 V F 69 Classic T194I + *73 *174 + a 
02B F 32 Classic/asympt. Ins353TX  107 52   X 
04D F 38 Classic/asympt. T194I  100 53    
05E F 40 Classic/asympt. T194I  104 66    
18R F 42 Benign/asympt. N139S  112 44     
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count was determined using a Sysmex hematology analyzer. Aliquots, 
containing 150 million platelets each, were transferred to 2 mL PP tubes 
and centrifuged (750 g, 10 min, no brake, RT) in a microcentrifuge. After 
discarding the supernatant, pellets were frozen and stored at − 80 ◦C. 

2.5. Lipid extraction and derivatization 

Platelet isolates (pellets of 150 million cells) were extracted in 300 µL 
1-butanol:methanol 1:1 (v/v) containing internal standards (ISTD; 
Table S3) by vortexing (30 s), followed by sonication in an ultrasonic 
bath for 30 min at 10–20 ◦C [32]. For plasma and serum, 20 μL was 
mixed with 200 μL 1-butanol:methanol 1:1 (v/v) containing ISTDs 
(Table S3), and extracted as platelets. After centrifugation (14,000 g, 15 
min, 4 ◦C), aliquots of the supernatants were transferred to PP auto
sampler vials for subsequent analyses. Another aliquot (50 μL) of each 
sample was diluted with 50 μL methanol and derivatized with 30 μL 
(trimethylsilyl)diazomethane (TMS) (2 M in hexanes, Sigma-Aldrich) for 
20 min at 25 ◦C and 700 rpm (Thermomixer, Eppendorf, Germany). The 
reaction was stopped by adding 1 μL acetic acid 100 %. After centrifu
gation (14,000 g, 10 min, 4 ◦C), supernatants were transferred to 
autosampler vials for subsequent S1P analysis. All extractions were 
performed twice using different sample aliquots, the first extraction 
series (platelets, plasma, serum) was used for Gb3, Gb4 and S1P ana
lyses, the second (platelets and plasma only) for the sphingolipid panel 
and the general lipid panel (phospholipids, neutral lipids, acylcarni
tines). For one subject (F07G), insufficient platelet isolate was available 
for the second extraction series and thus only Gb3, Gb4 and S1P were 
analyzed in platelets. For serum lyso-Gb3/lyso-Hex2Cer (LHex2Cer) 
analyses, 20 µL serum was extracted as described above with 200 μL 1- 
butanol:methanol 1:1 (v/v) containing 25 μmol/L N-glycinated lyso- 
Gb3 (Matreya LLC, #1530). A 50 μL aliquot of each extract was trans
ferred to an PP autosampler vial, dried down using a SpeedVac 
concentrator and reconstituted in 35 µL 2-propanol:hexane:water 10:5:2 
(v/v/v) with 5 mL/L formic acid (IWHF) [33]. For serum Ga2 analysis, 
50 μL aliquots of stored serum extracts prepared for Gb3 analysis (see 
above) were dried and reconstituted in 35 μL IWHF. For platelet lyso- 
Gb3/LHex2Cer and Ga2 analyses, 40 μL aliquots of stored platelet ex
tracts prepared for Gb3 analysis (see above) were dried and recon
stituted in 30 μL IWHF. As retention time reference for the Ga2 analysis, 
100 μL of an urine extract from a male healthy volunteer, prepared as 
described by Boutin et al. [34], was dried and reconstituted in 30 μL 
IWHF. All reconstituted extracts were used for LC-MS analyses. 

BQC (Batch Quality Control) samples, generated by pooling equal 
volumes of each plasma or serum sample, were co-extracted and 
measured together with study samples at regular intervals. Process 
blank samples (PBLK), not containing any matrix, were also co- 
processed with the samples. TQC (Technical instrument Quality Con
trol) samples were prepared by pooling aliquots of the extracts or der
ivates, respectively. Response QC (RQC) samples were obtained by serial 
dilution of TQCs with 1-butanol:methanol (1:1, v/v), or by using 
different TQC injection volumes. 

2.6. LC-MS analyses 

All lipid species were measured using targeted multiple reaction 
monitoring (MRM)-based LC-MS methods on different platforms using 
Agilent 6495 series triple quadrupole (QQQ) mass spectrometers. 
Detailed information on the used LC-MS protocols are available from 
Table S4-S10. The method by Muralidharan et al. [35] was adapted for 
analysis of Gb3 and Gb4, while other sphingolipids were analyzed using 
a method by Burla et al. [36], both with modified transition lists. 
Analysis of S1P from TMS-derivatized extracts followed the method by 
Narayanaswamy et al. [36,37], while phospholipids, neutral lipids, and 
acylcarnitines were analyzed using the method by Huynh et al [38]. 
Lyso-Gb3 and LHex2Cer were measured using the reversed-phased (RP)- 
based method reported in Beasley et al [33]. A modified hydrophilic 

interaction chromatography (HILIC)-based method published by Boutin 
et al. [34] was used to analyze isobaric LacCer and Ga2 species. 

2.7. Lipidomics data processing 

Peak annotation and integration was performed using Agilent 
MassHunter Quantitative software (Version 10), based on retention time 
[36,38,39], and in case of sphingolipids (including Gb3) also on quali
fiers [36]. Isotopic correction was applied for species that were co- 
integrated with interfering M+1 or M+2 isotopes [36,40]. Loess-based 
signal drift correction based on BQCs for plasma and TQCs for plate
lets (span of 0.75) was applied when it reduced the sample coefficient of 
variability (CV) [41]. 

The lipidomics dataset was filtered based on following criteria: (i) 
signal-to-blank ratio > 3, based on the sample with lowest intensity, (ii) 
analytical CV < 25 %, except for serum Ga2 with < 35 % (based on TQCs 
for platelets, and BQCs for plasma), and (iii) linear response of the RQCs 
with R2 > 0.8. Normalization and quantification were based on corre
sponding class-specific ISTDs. Final concentrations are given as μmol/L 
plasma and serum, or amol/platelet, respectively (Tables S11 to S13), 
but should not be considered as absolute concentrations due to the lack 
of external calibration and authentic ISTD for most species [42]. The 
used lipid nomenclature followed the shorthand notation by Liebisch 
et al., 2020 [43], except for sphingoid base 1-phosphates (SPBP) that 
were named S1P in the main text. Additional details on the lipidomics 
analyses are available from the Lipidomics Minimal Reporting checklist 
[44] (see Supplementary Information and Data Availability). 

2.8. Statistical analysis and visualizations 

Statistical tests comparing groups were based on two-tailed Student’s 
t-test of log-transformed data, if not otherwise stated. Significant dif
ferences stated in figures and text are based on P ≤ 0.05. For compari
sons of lipid classes between classic FD and controls, false-discovery 
rates (FDR) was calculated using Benjamini–Hochberg adjustment [45]. 
For individual lipid species, the corresponding FDR was based on q- 
values [46], calculated separately for the sphingolipid and general lipid 
panels. The FDR is indicated in the main figures. Chromatograms 
(Fig. S6-S9) were plotted using Agilent MassHunter Qualitative (Version 
12) and annotated in Microsoft PowerPoint (Version 16) and Adobe 
Illustrator (Version 28.5). Minor adjustments to annotations in figures 
were made using Adobe Illustrator. Original figure versions are available 
from the GitHub repository. 

2.8.1. Software 
All data processing and analysis was performed using a software 

pipeline written in R (see GitHub Repository under Data Availability). R 
version 4.4.0 was used for the actual analysis with following R packages: 
tidyverse (version 2.0.0), qvalue (2.35), ggsignif (0.6.4), ggplot2 (3.5.1), 
ggpubr (0.6.0), gt (0.10.1), and patchwork (1.2.0) [47–52]. 

3. Results 

3.1. Clinical characteristics 

Plasma and platelet samples were collected from 15 Fabry Disease 
(FD) patients and 13 control participants (Table 1 and Table S1). All 
male FD patients were symptomatic and under enzyme replacement 
therapy (ERT). Two patients had later–onset FD with the cardiac N215S 
and the renal/cardiac R301Q variants, respectively [53,54]. The female 
FD groups consisted of 5 symptomatic classic heterozygous patients 
under ERT treatment, and 4 asymptomatic, untreated patients (Table 1). 
Female classic symptomatic FD patients were with 50.6 (range 29–69) 
years considerably younger than control and asymptomatic FD patients, 
who were 28.4 years (18–42) and 38 (32–43) years old, respectively 
(Fig. S1 and Table S1). The two youngest, 19 years old, female control 
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participants and the three oldest female FD patients are labelled with 
specific symbols in the figures, see Table 1. The male classic FD patients 
had a similar mean age with 42 (range 30–64) years as the corre
sponding control participants with 40.5 (30–45) years. Six FD patients 
had impaired kidney function, based on eGFR, and one had a kidney 
transplant (Table 1). Cardiac involvement with left ventricular hyper
trophy (LVH) [55], based on LVMMI (left ventricular myocardial mass 
index) was present in two patients (Table 1). N-terminal pro-brain 
natriuretic peptide (NT-proBNP) was elevated (>125 pg/mL) in 6 of 
14 FD patients (Table S2). Strokes or active neuropathy occurred in four 
patients each (Table 1). The oldest female FD patient had 3 affected 
organs (Table 1, labelled in plots with an a). Participants of the control 
group had normal clinical laboratory parameters with no significant 
dyslipidemia, except of one male who had an elevated platelet count 
(Fig. S1). Male FD patients had lower hematocrit and hemoglobin values 
(Fig. S1). Furthermore, male patients had lower platelet counts, and 
increased platelet indices, i.e., PWD (platelet distribution width), MVP 
(mean platelet volume) and P-LCR (platelet-large cell ratio) (Fig. S1). In 
the subsequent text, FD patients always refer to as classic FD patients 
who were under ERT treatment. 

3.2. Globotriaosylceramides (Gb3) 

In plasma, 15 different Gb3 species were quantified, harboring 
different long chain bases (LCB) and fatty acids (FA), with one species 
(Gb3 18:1;O2/17:0) likely representing a methylated Gb3 analog. The 
total plasma concentration of Gb3 species harboring either of the LCBs 
sphingosine (18:1;O2) or sphingadiene (18:2;O2) were significantly 
increased in classic FD patients compared to the controls and asymp
tomatic FD patients (Fig. 2A). Significant differences were also present 
when males and females were analyzed separately (Fig. S2A). The dif
ferences between the groups were comparable for both Gb3 subclasses, 
with fold-differences of 2.1 and 1.9 for Gb3 18:1;O2 and Gb3 18:2;O2 for 
males, and 1.4 and 1.5 for females, respectively (Fig. S2A). On a mo
lecular species level, all 9 Gb3 18:1;O2 and 5 Gb3 18:2;O2 species were 
significantly increased (Fig. 2B and Fig. S2B). When male and females 
were analyzed individually, 3 of 9 Gb3 18:1;O2, and 4 of 5 Gb3 18:2;O2 
species were significantly increased in both, male and female, classic FD 
patients, compared to their corresponding controls (Fig. S2C). The 2 
male FD patients with frameshift or nonsense GLA mutations had the 
highest Gb3 levels among all subjects (Fig. 2A). The sole FD patient with 
a kidney transplant had the lowest levels in total, as well as in all, except 
one, individual Gb3 species, among the male classic FD patients 
(Fig. 2AB). 

In platelets, the total concentrations of Gb3 18:1;O2 and Gb3 18:2; 
O2 did not differ between the groups (Fig. 3A and Fig. S3A). Among the 
10 Gb3 18:1;O2 and 3 Gb3 18:2;O2 molecular species, only Gb3 18:1; 
O2/16:0 (FDR 40 %) and especially Gb3 18:2;O2/16:0 (FDR 7 %) were 
significantly higher in classic FD patients (Fig. 3B and Fig. S3BC). In the 
two later-onset FD patients, the Gb3 18:2;O2/16:0 levels were compa
rable to the classic ERT group (Fig. 3B). The total Gb3 concentrations did 
not display any correlation between platelets and plasma, whereas the 
molecular species Gb3 18:2;O2/16:0 showed a significant correlation 
(Fig. 3C). 

3.3. Inter-individual variability of Gb3 

We noticed that the platelet concentrations of Gb3 species span a 
wide range between samples, also among control participants (Fig. 3B 
and Fig. S3B). We therefore examined the inter-individual variability of 
Gb3 in platelets and plasma. In platelets, the coefficient of variation (CV) 
of long-chain Gb3s, e.g. Gb3 18:1;O2/16:0 and Gb3 18:2;O2/16:0, was 
13–50 %, whereas all very long-chain (C20–C26) Gb3 species had CVs 
between 85 % to 103 % (Fig. 3D). The fold–difference between the 
highest and lowest concentration (range ratio, RR) of a species ranged 
from 1.6 to 15.6-fold for long chain, and from 81 to 407 for very long- 

chain Gb3 species, (Fig. S4). CVs of these very long-chain Gb3s were 
lower in FD patients compared to controls (Fig. 3D). In plasma, CVs of 
Gb3 species were more uniform and lower compared to platelets, with 
CVs between 27 % and 40 %, and RRs between 2.5 and 4.5 (Fig. 3D and 
Fig. S4). 

3.4. Lyso-Gb3 (globotriaosylsphingosines) 

Serum lyso-Gb3 18:1;O2 and lyso-Gb3 18:2;O2 were elevated in all 
FD groups (Fig. 2C). Fold changes in the classic ERT-treated patients 
compared to controls, were 53 and 106, respectively, in males, and 21 
and 26, respectively, in females. The lyso-Gb3 analogs, lyso-Gb3(-28) , 
lyso-Gb3(18), and lyso-Gb3(34) were also increased (Fig. S5). As 
observed with Gb3, lyso-Gb3 levels were highest in the two male pa
tients with frameshift or nonsense GLA mutations (Fig. 2C). Among the 
asymptotic untreated female FD patients, the patients with a missense 
(Ins353T) and benign (p.N139S) GLA mutations (Table 1) had highest 
and lowest lyso-Gb3 levels, respectively. In platelets, lyso-Gb3 18:1;O2 
was also detected, with significantly increased levels in the classic ERT- 
treated FD patients (Fig. 3E). Based on our literature search, lyso-Gb3 
has not been reported in platelets before. The measured levels, howev
er, were low and near the limit of detection (Fig. S6) and none of the 
lyso-Gb3 analogs were detectable in platelets. 

3.5. Galabiosylceramide and Lyso-Hex2Cer 

A HILIC-based method was used to separate the isomeric dihex
osylceramides (Hex2Cer) species galabiosylceramide (Ga2) and lacto
sylceramide (LacCer). LacCer constituted the bulk serum Hex2Cer. 
However, among the four analyzed serum Hex2Cer 18:2;O2 species, low 
amounts of Ga2 species were also detectable (Fig. S7). The chromato
graphic peaks had low intensities, near the detection limit, and were 
prone to interferences from the tailing of the high intensity LacCer peaks 
eluting before (Fig. S7). Nevertheless, 2 Ga2 species were quantifiable 
with a CV < 30 %, whereby Ga2 18:2;O2/16:0 was significantly 
increased in classic FD patients (Fig. 2D). Among Hex2Cer 18:1;O2 
species, peaks at the expected retention time for Ga2 were detectable in 
some male FD samples, but not consistently across all samples. In 
platelets, no consistent peaks possibly corresponding to Ga2 were 
detectable for any of the 17 monitored Hex2Cer species (Fig. S8). Lyso- 
Hex2Cer 18:1;O2, which includes lyso-Ga2 and lactosylsphingsosine 
(lyso-LacCer) species, was also detected in serum, with significantly 
higher levels in both, classic ERT-treated und female asymptotic FD 
patients (Fig. 2E, Fig. S9A-C). In platelets, lyso-Hex2Cer signals were 
detectable as well, but showed no significant differences between the 
groups (Fig. S19). Lyso-Ga2 and lyso-LacCer are isobaric and thus were 
not distinguishable by the used reversed phase LC-based method. 

3.6. Lipidomics profiling of plasma and platelets 

We furthermore performed a comprehensive targeted sphingolipi
domics analysis, and additionally an analysis of phospholipids, neutral 
lipids and acylcarnitines using distinct panels. In total, 492 lipid species 
were quantified in both, platelets and plasma, and additionally 167 
species were specific for one of the two matrices (Table S11–S13). We 
compared the concentrations of different lipid classes and individual 
lipid species between classic FD and controls (Fig. S13-S15, Table S14- 
S20). These comparisons revealed significant changes in plasma and 
platelets within the sphingolipid subclasses and among platelet 
acylcarnitines. 

3.7. Sphingoid base 1-phosphates (S1P) and ganglioside GM3 

Total and individual S1P levels were significantly decreased in 
plasma and serum of FD patients (Fig. 2F, Fig. S10AB). In platelets, total, 
but not individual, S1P species levels were significantly increased 
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Fig. 2. Plasma and serum lipidome changes in FD. (A) Total concentrations of plasma Gb3 species containing different LCBs.. (B) Individual plasma Gb3 species that 
were significantly increased in any of FD groups. (C) Serum concentrations of the two major lyso-Gb3 species. (D) Serum Ga2 species concentrations. (E) Serum 
LHex2Cer (which includes lyso-Ga2 and lyso-LacCer) concentrations. (F) Total plasma sphingoid base 1-phosphate concentration. (G) Total concentrations of plasma 
ganglioside GM3 species with 18:1;O2 and 18:2;O2 LCBs, respectively. (H) Concentration ratios of plasma ceramide species with Cer 18:1;O2/24:0, PC 38:5, or PC 
36:6, respectively. Closed and open symbols indicate male and female subjects, respectively. Clas refers to Classic, LaterO/LOn to later-onset, and Asymp/Asy to 
asymptomatic FD patients. +ERT denotes all patients of the group received enzyme replacement therapy. Vertical bars and shaded boxes depict the mean±SD. Points 
labelled with X indicate patients with GLA frameshift or nonsense mutations, T the patient with a kidney transplant.^denotes the two youngest female controls, a,*,+

the three oldest female FD patients, see Table 1. P value levels: ~ p 0.1, *p≤ 0.05, ** p 0.01, *** p 0.001. Significant differences of comparisons with controls had an 
FDR ≤ 10 %, except those with significant levels in brackets having an FDR of 10–20 %. For the ceramide ratios the FDR was not determined. 
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Fig. 3. Platelet lipidome changes in FD. (A) Total concentrations of platelet Gb3 species containing the LCBs 18:1;O2 and 18:2;O2, respectively. (B) Two most 
abundant LCB 18:1;O2 and 18:2;O2-containing Gb3 species in platelets. (C) Comparison of Gb3 concentrations in platelets with autologous plasma. (D) Between- 
subject variability Gb3 species in both plasma and platelets from controls and Fabry disease samples, respectively. (E) The only detected lyso-Gb3 species in 
platelets (F) Total sphingoid base 1-phosphate (S1P). (G) C16:0-containing sphingolipid species. (H) Total long-chain acylcarnitine (LCAR) and the individual long- 
chain acylcarnitine (CAR) species showing the most significant difference between FD and controls. (I) The same data as in H, but plotted against the number of 
organs affected in FD patients (see text). Closed and open symbols indicate male and female subjects, respectively. Clas refers to Classic, LaterO/LOn to later-onset, 
and Asymp/Asy to asymptomatic FD patients. +ERT denotes all patients of the group were received enzyme replacement therapy. Vertical bars and shaded boxes 
depict the mean±SD. Points labelled with X indicate patients with GLA frameshift or nonsense mutations, T the patient with a kidney transplant. ^denotes the two 
youngest female controls, a,*,+ the three oldest female FD patients, see Table 1. P value levels: ~ p 0.1, * p 0.05, ** p 0.01, *** p 0.001. Significant differences of 
comparisons with controls had an FDR≤10 %, except those with significant levels in round brackets having an FDR of 10–20 %, and those in square brackets an 
FDR>20 %. 
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(Fig. 3F, Fig. S10C). Plasma total levels of the GM3 (mono
sialodihexosyl-ganglioside) and 7 of 12 GM3 molecular species were 
significantly increased in FD patients (Fig. 2G and Fig. S10D). However, 
when sexes were analyzed separately, only male FD patients showed 
significant increases in GM3 (Fig. S18). In platelets, the molecular spe
cies GM3 18:1;O2/20:0 (FDR 40 %) and GM3 18:2;O2/16:0 (FDR 16 %) 
were significantly increased, but not total GM3 (Fig. S10E and Fig. S19). 

3.8. Sphingolipids containing LCB 16:1;O2 and phospholipids containing 
myristic acid (C14:0) 

The plasma total concentrations of ceramide (Cer) and sphingo
myelin (SM) species containing the 16:1;O2 LCB were significantly 
decreased in male classic FD patients (Fig. S11A). At molecular species 
level, several Cer 16:1;O2 and SM 16:1;O2, in particular those with 
C22:0 and C24:0 fatty acids, were decreased (Fig. S11C). S1P 16:1;O2, 
an intermediate of 16:1;O2-sphingolipid degradation [56], was also 
reduced, which may, however, also be attributed to the reduction of S1P 
described before. Myristic acid (C14:0-CoA) is the precursor in LCB 16:1; 
O2 synthesis [57]. We therefore investigated measured phospholipid 
species that may comprise molecular species with C14:0 (Fig. S11BD). 
LPC 14:0 and PC 28:0 (comprising PC 14:0_14:0) had significantly lower 
levels in male FD patients, albeit with FDRs > 70%. In platelets, no 
significant differences in LCB 16:1;O2-containing sphingolipids and 
C14:0-containing phospholipids were present between the groups 
(Fig. S22). 

3.9. Ceramide ratios 

Since cardiovascular manifestations in FD are frequent, we explored 
specific plasma ceramide concentrations ratios used in the Coronary 
Event Risk Tests (CERT1/2) [58]. In classic FD patients, the ratios [Cer 
18:1;O2/16:0]/[Cer 18:1;O2/24:0] and [Cer 18:1;O2/18:0]/[Cer 18:1; 
O2/24:0] were significantly increased (Fig. 2H). Two male classic FD 
patients had higher values in 4 of the 5 tested ratios compared to any of 
the male control participants. In particular, the [Cer 18:1;O2/18:0]/[PC 
14:0_22:6] ratio was 5 to 12-fold higher compared to the average of 
controls. These 2 patients had no cardiac manifestation, as assessed by 
LMMVI, but impaired kidney function (Table 1). The later–onset FD 
patient with a cardiac variant had elevated ratios of [Cer 18:1;O2/ 
16:0]/[PC 14:0_22:6] and [Cer 18:1;O2/18:0]/[PC 16:0_22:5]. The 
oldest female FD patient had a highly increased LVMMI and impaired 
kidney function (Table 1), as well as higher [Cer 18:1;O2/18:0]/[PC 
14:0_22:6], [Cer 18:1;O2/16:0]/[Cer 18:1;O2/24:0] and [Cer 18:1;O2/ 
18:0]/[Cer 18:1;O2/24:0] ratios compared to any of the control subjects 
(Fig. 2H). 

3.10. C16:0-containing ceramides 

In platelets, the C16:0-containing Cer 18:2;O2/16:0, SM 18:2;O2/ 
16:0, and Gb4 18:2;O2/16:0 were significantly increased in male classic 
FD patients (Fig. 3G, Fig. S12A). Gb3 18:1;O2/16:0, Gb3 18:2;O2/16:0, 
and GM3 18:2;O2/16:0 were also significantly increased, as described 
before. Some additional platelet 18:2;O2/16:0 containing species were 
also increased, albeit with FDRs > 10 %, while in plasma, no significant 
increases of C16:0-containing ceramide and sphingomyelin species were 
observed (Table S18-S20). 

3.11. Long-chain acylcarnitines 

Total levels of long-chain acylcarnitines (LCAR) were calculated 
from 16 measured CAR species with chain lengths of C12–C18. Total 
LCAR was significantly increased in classic FD patients (Fig. 3H). When 
relating the number of organ systems affected in the patients, i.e., with 
renal, cardiovascular or neurological involvement (Table 1), total LCAR 
levels were distinctly higher when 2 or more organ systems were 

affected, independent of the FD disease group (Fig. 3I). CAR 18:1 
showed the most significant change among the 11 increased LCAR 
species and also displayed a significant dependence with number of 
organs affected, as all the other 15 CAR species (Fig. 3HI and 
Fig. S12BC). One female control subject had distinctly higher levels of 
total LCAR, and of most individual LCAR species, however her CAR 18:1 
levels were within the range of the other controls (Fig. S12BC). 

3.12. Phosphoglycerolipids and neutral lipids 

In plasma, no significant differences in the phosphoglycerolipid and 
neutral lipid classes were identified (Fig. S14-S15). In platelets, total 
LPE, PG and PI was significantly increased, but at species level no sig
nificant differences were present (Table S14, S15, S18-S20). 

4. Discussion 

We used a targeted lipidomics approach to identify potential new FD 
markers, and changes in plasma and platelet lipidomes beyond Gb3 and 
its metabolites. The statistical analysis focused on samples from ERT- 
treated symptomatic, male and female, classic FD patients, and corre
sponding healthy individuals. The two male later-onset and the un
treated asymptomatic female FD patients were included in the 
discussions when potential changes in these groups were observed. 

Gb3 in the context of FD is commonly reported as concentration of 
total Gb3, determined from the sum of species harboring the LCB 
sphingosine (18:1;O2). So far, only Manwaring et al. [59] reported two 
plasma sphingadiene (18:2;O2)-containing Gb3 species to be elevated in 
FD. We found that total and individual plasma levels of both Gb3 18:1; 
O2 and Gb3 18:2;O2 species were also significantly increased in male 
and female, ERT-treated, classic FD patients. Gb3 18:2;O2 concentra
tions showed more significant differences between controls and FD 
compared to Gb3 18:1;O2, especially in female FD patients. Our results 
hence extend findings by Manwaring et al. [59] by identifying that the 
majority of the measured 18:2;O2-containing Gb3 species are increased 
in ERT-treated FD patients. Future studies in different cohorts 
comparing with the typically measured total Gb3 and lyso-Gb3 levels 
would help to understand the utility of these Gb3 18:2;O2 species in FD 
screening. 

Serum lyso-Gb3 species were distinctly elevated in ERT-treated FD 
patients, consistent with the existing literature [16,60]. Lyso-Gb3 was 
also increased in asymptomatic female classic FD patients, unlike Gb3 in 
this study. Galabiosylceramides (Ga2, Fig. 1B) were shown to accumu
late in kidneys and urine in FD [34,61]. However, only Vance et al. [62] 
reported the possible presence of Ga2 in plasma from FD patients. We 
were able to detect and quantify 2 Ga2 species in serum, interestingly, 
both of which comprised the LCB 18:2;O2. One of them, Ga2 18:2;O2/ 
16:0, was significantly elevated in classic ERT-treated FD patients. This 
represents another example of an 18:2;O2/16:0 sphingolipid species 
increased in FD in this study. Furthermore, lyso-Hex2Cer (also referred 
to as lyso-CDH), which includes the structural isomers lyso-Ga2 and 
lactosylsphingosine, was also increased in classic ERT-treated FD pa
tients. To our knowledge, lyso-Hex2Cer has so far only been shown to be 
increased in dried blood spots in context of FD [63]. Serum lyso- 
Hex2Cer can be measured together with lyso-Gb3 in the same LC-MS 
analysis, as it was done in this study. It would be interesting to 
include this lipid species in lyso-Gb3 analyses of future studies to eval
uate its value in FD diagnosis and monitoring. 

Many of the lipid species identified in this study are already, or can 
be, included in LC-MS methods used for large lipidomics studies [36,38]. 
Analysis of these lipid species in clinical and population studies may 
provide new insights into possible FD prevalence in different pop
ulations, without the need for dedicated screenings. 

Platelet total Gb3 levels were not increased in FD patients in our 
study. The ERT may therefore be effective in preventing Gb3 accumu
lation in human platelets. In a FD rat model, platelets and red blood cells 
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(RBC) accumulated Gb3, but this was not the case for RBCs of untreated 
FD patients [62,64,65]. No conclusions can be made based on this 
background for the absence of Gb3 accumulation in platelets, as there 
were no untreated FD patients included in this study. However, lyso-Gb3 
was significantly elevated in platelet of FD patients, indicating a possible 
transient accumulation of Gb3 and a potential involvement of platelets 
in FD even under ERT. 

The molecular species Gb3 18:2;O2/16:0 was however significantly 
increased in FD platelets. Furthermore, this species had a distinctly 
lower inter-individual variability in platelets and was the only one 
exhibiting a significant correlation with corresponding levels in plasma. 
Other sphingolipid species comprising 18:2;O2/16:0, i.e., Cer, SM, Gb4, 
and GM3, were also significantly increased in platelets of FD patients. 
Mechanisms other than reduced GLA activity may have contributed to 
these distinct changes of these lipid species. 

We observed a high inter-individual variability of very long-chain 
Gb3 species in platelets, which may also have masked differences in 
Gb3 between the groups. A distinct inter-individual variability of total 
Gb3 (also termed Pk antigen) in human platelets has been reported 
previously [66], whereas no data are available on individual Gb3 spe
cies. In RBCs, Gb3 was shown to correlate with the P1PK blood group 
antigen P1, which has a high inter-individual variability and is also 
present in platelets [67–69]. Gb3 and P1 are both products of the alpha 
1,4-galactosyl-transferase A4GALT (Fig. 1), of which the transcriptional 
regulation in different P1PK P1/P2 genotypes were suggested to partially 
define P1 and consequently Gb3 levels [68]. In human macrophages, 
very long-chain Gb3 species also exhibited a high inter-individual 
variability [70]. The clinical relevance of this very-long chain Gb3 
variability in FD and other conditions is yet to be explored. 

We observed increased plasma concentrations of the ganglioside 
GM3 in classic FD patients. No published data on plasma GM3 in human 
FD were available from the literature. The observed GM3 increase might 
be the result of increased availability of its substrate LacCer (Fig. 1B), 
perhaps as a result from an increased local or temporal breakdown of 
accumulated Gb3 resulting from ERT. A link between elevated plasma 
GM3 and Parkinson is being discussed [71,72], and an increased inci
dence of Parkinson’s disease has been observed in FD [73,74]. A veri
fication of these data in larger cohorts may be valuable, due to the 
novelty and the potential implications of this result. 

Plasma and serum total S1P were significantly lower in ERT-treated 
FD patients in our study. In contrast, a previous study reported increased 
plasma S1P levels in untreated FD patients [75]. This discrepancy may 
be attributed to that patients in our study were under ERT, however, the 
untreated asymptomatic female patients also had lower plasma S1P 
levels. Important for the interpretation of these results is that plasma 
samples were obtained from whole blood that was stored 2–4 h at room 
temperature, which was shown to considerably increase S1P levels ex 
vivo [76,77]. Lower plasma or serum S1P levels in FD may be the result 
of an impaired ex vivo release of S1P from RBCs [78,79]. Consistent with 
previous reports [80], male FD patients had significantly lower hemat
ocrit, which is known to be associated with S1P levels [78,81]. Female 
patients, however, had normal hematocrit but still reduced S1P levels in 
our study. S1P has diverse functions [82], and e.g., reduced serum S1P 
levels have been associated with severity of stroke, a possible symptom 
of FD [83–85]. While these data on S1P must be confirmed with 
appropriate pre-analytics in larger cohorts, this lipid mediator class may 
represent an interesting supporting diagnostic and prognostic marker in 
FD. 

Plasma levels of several sphingolipids containing the LCB 16:1;O2 
and phospholipids harboring myristic acid (C14:0), were reduced in 
male ERT-treated FD patients. C14:0-CoA is a precursor of LCB 16:1;O2 
synthesis [57]. These findings suggest a potential reduction of the 
plasma C14:0 pool in male FD patients. While gastrointestinal mani
festations in FD that can lead to changes in the gut microbiome and food 
absorption [86,87], the actual mechanisms and relevance of our 
observation remains to be elucidated. 

Classic FD patients had increased plasma ceramide C16:0/C24:0 and 
C18:0/C24:0 ratios, which are associated with risk for cardiovascular 
disease (CVD) and are components of the CERT1 score [58,88–90]. 
Other ceramide-based ratios of the CERT1/CERT2 scores were also 
increased in certain patients [91]. Two FD patients had LVH, and half 
had impaired kidney function and elevated NT-proBNP, indicating 
frequent cardiac complications such as myocardial edema and injury 
[92]. The presence of the cardio–renal syndrome (CRS) is further asso
ciated with a markedly increased CVD risk [93]. While our sample size 
was insufficient to calculate CERT1/2 scores, our findings suggest a 
potential utility of such risk scores in prognosis and monitoring of car
diac manifestations in FD. 

Platelet lyso-Gb3 levels were increased in FD patients, suggesting an 
implication of FD on platelets. Long-chain acylcarnitines (LCAR) were 
elevated in FD patients’ platelets, especially when two or more organs 
were impaired, suggesting a possible association of platelet LCARs with 
FD disease severity. Accumulation of LCARs in stored platelets have 
been implicated in reduced platelet lifespan and mitochondrial damage 
[94]. Platelets from male FD patients also had increased levels C16:0- 
harboring sphingolipids, which are implicated in stress response and 
apoptosis [90,95–97]. Increased platelet levels of C16:0-ceramide and 
LCAR species have been reported in patients with symptomatic coronary 
artery disease [98]. Furthermore, platelet S1P levels were also increased 
in FD. Increased intracellular S1P synthesis as response to cellular stress 
leading to pro-inflammatory events has been shown for human dermal 
fibroblasts [99]. Taken together, these findings may be reflective of 
cellular stress and mitochondrial dysfunction that occur in platelets in 
FD. Whether these changes are the consequence of the prothrombotic 
state seen in FD [24,25] or other mechanisms, and their clinical rele
vance remains to be elucidated. 

We found no significant differences in plasma phospholipids and 
neutral lipids between FD and control groups, which contrasts with a 
published metabolomics study of a cohort comprising untreated and 
ERT-treated FD patients [100]. This may be explained by differences in 
the sample sizes, in the cohorts, and possibly also by the different origin 
and pre-analytics of control and FD samples [28,100]. 

Limitations of this study include the small sample size resulting in 
limited statistical power and risk for sampling bias (see power calcula
tion Fig. S20). The female control participants were considerably 
younger than the female FD patients. Plasma Gb3, GM3 and Cer were 
shown to be positively associated with age by estimated 0.1–0.4 % per 
year [101], thus the age difference may have partially contributed to the 
observed effects. However, all observed differences were also present in 
male patients, which had comparable ages as their corresponding con
trols. Another limitation is that all symptomatic FD patients have 
received ERT for two or more years. This limitation affects conclusions 
regarding untreated FD patients, but it also reflects the status of many 
FD patients. To harmonize and minimize short-term effects of the ERT, 
samples were taken immediately before the bi-weekly ERT infusion, 
whereby patients were not fasted. While the fasting state was shown to 
have some effect on the levels of specific circulating sphingolipid species 
[102], both, the healthy participants and FD patients were non-fastened 
in this study. 

In conclusion, this study revealed plasma and platelet lipidome 
changes in ERT-treated FD patients that extend beyond Gb3 and its 
metabolites. These findings may add new aspects in the understanding 
of the systemic lipid metabolism in FD disease. Furthermore, this study 
identified sphingadiene (18:2;O2)-containing Gb3, lyso-Hex2Cer, and 
possibly, S1P, GM3, and ceramide ratios, as potential new markers for 
screening, prognosis, and treatment monitoring of FD patients. Further 
studies in larger and different FD cohorts will allow to validate and 
extend the findings of this study. 
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F. Gonçalves, C.C.B. Filho, D.M. Filho, G. Biagini, H. Pimentel, H. Abensur, H. 
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