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Mass spectrometry combined with (ultra)high-performance liquid chromatography has proved to be the most
suitable method for the analysis of glycosphingolipids (GSLs). An increasing number of studies have focused on
the analysis of not only simple but also complex GSLs with the aim of clarifying their biochemical functions in
animals and humans. Despite the tremendous improvements in sample preparation and analytical methods in
glycosphingolipidomics, there are still several major issues that complicate the comprehensive analysis of GSLs.
This review aims to provide the latest advances, developments, and instrumental innovations in the analysis of
GSLs in biological samples. The current barriers and challenges facing the qualitative and quantitative analysis of

GSLs are highlighted and critically assessed. Overcoming these bottlenecks is crucial for high-throughput GSLs
profiling, which is essential to reveal their clinical potential and to understand their role in the pathophysiology
of serious diseases, such as cancer.

1. Introduction

Glycosphingolipids (GSLs) are a ubiquitous and remarkably diverse
subclass of glycolipids that represent the majority of glycolipids
embedded in the cell membrane of virtually all eukaryotes, where they
play an important role in many biological and pathophysiological pro-
cesses. Therefore, GSLs are useful targets for the development of novel
diagnostic or prognostic tools and therapeutic methods for a variety of
human diseases. GSLs are amphipathic molecules composed of a hy-
drophilic glycan head group and a hydrophobic ceramide backbone
mutually linked via a glycosidic linkage. The ceramide part is composed
of a sphingoid base and an N-linked fatty acyl chain [1] (Fig. 1). The
biosynthesis of GSLs proceeds in a step-by-step fashion, initiated first by
ceramide synthesis followed by the addition of a carbohydrate unit to
the ceramide and then to the growing glycan chain (elongation or
branching). The synthesis of GSLs is tightly regulated by the ordered
action of specific enzymes called glycosyltransferases that produce an
astonishing number of structurally distinct molecular species with >500
glycans characterized to date [1-3]. GSLs are commonly classified into
subgroups of series according to the different core structures and
physicochemical properties of their glycan chains [4]. Due to the
immense structural variability derived from the heterogeneity in both
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glycan and ceramide moieties, a comprehensive and uniform nomen-
clature is crucial for the unambiguous interpretation of the GSLs. It is
recommended to follow the IUPAC nomenclature [5], which is adopted
by the Lipid Metabolites and Pathways Strategy consortium (LIPID
MAPS) [6], along with updated versions published by Liebisch et al. [7].
Nevertheless, this nomenclature is not practical for more complex GSLs,
which are easier to understand from graphical representations using
glycan symbols according to the widely accepted Symbol Nomenclature
for Glycans [8]. In addition to being the key membrane components,
GSLs are bioactive effectors with many other intriguing and versatile
functions that are determined collectively by the glycan and lipid parts.
The main biological functions of GSLs have been reviewed elsewhere
[9-11]. Over the past decades, the altered metabolism of GSLs caused
primarily by the gene expression dysregulation of glycosyltransferases
has been shown as one of the hallmarks closely associated with the
pathogenesis of various diseases, such as lysosomal storage disorders
(LSDs) characterized by the accumulation of specific GSL, neurodegen-
erative diseases, where changes in GSL, specifically gangliosides, have
also been described [12], autoimmune diseases, such as peripheral
neuropathies [13], infectious diseases, where they act as binding sites or
receptors for pathogens and their toxins, diabetes, cardiovascular dis-
eases [14] and in various types of cancers [15,16]. Although the
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involvement of GSLs in the onset and/or progression of various diseases
and cancers has been reviewed several times in the last 5 years [17-19],
none of these reviews has yet provided a comprehensive overview that
takes into account not only simple GSLs, but also the vast majority of
more complex sialylated and/or fucosylated GSLs.

2. Recent advances and trends in analytical methods in
glycosphingolipidomics

In recent years, the analysis of GSLs has seen notable advances and
evolving trends driven by the intersection of cutting-edge technologies
and the growing recognition of the biological significance of these
complex biomolecules. Specifically, (ultra)high-performance liquid
chromatography ((U)HPLC) using sub-2-ym particles has increasingly
replaced conventional HPLC due to improved separation efficiency and
resolution together with reduced analysis time that allows high-
throughput analyses [20]. Lipid class separation using hydrophilic
liquid chromatography (HILIC) and reversed-phase HPLC for lipid spe-
cies separation are the most powerful and frequently employed chro-
matographic modes for GSL analysis. Mass spectrometry (MS) is used
most frequently for the detection of separated GSLs. Other less common
separation techniques, such as capillary electrophoresis, can be used for
GSL analysis or glycan profiling [21,22]. Atmospheric pressure ioniza-
tion (predominantly electrospray ionization (ESI) and occasionally at-
mospheric pressure chemical ionization) and ambient ionization
methods (mainly matrix-assisted laser desorption/ionization, MALDI
and desorption electrospray ionization, DESI) have become pivotal for
GSLs analysis [23,24]. Moreover, ultrahigh-performance supercritical
fluid chromatography (UHPSFC)/MS [25] or even 2D SFC/LC/MS [26]
have emerged as promising alternatives to HILIC/MS offering improved
lipid coverage, selectivity, sensitivity, and reduced analysis time.
However, the application of SFC in glycosphingolipidomics remains
very limited. Recently, ion mobility (IM) has seen significant improve-
ments and gained a great deal of attraction in glycosphingolipidomics by
providing an additional dimension of separation. Although IM tech-
nologies have evolved greatly, isomer separation remains very chal-
lenging as only a few studies have successfully applied IM for GSL isomer
separation [27,28], for example, GDla/GD1b, GlcCer/GalCer and
GlcSph/GalSph [29-31]. However, continuous innovation and recent
developments in IM have made its popularity increase by improving
both the separation power of isomers (selectivity) and significantly
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reducing chemical noise, allowing the analysis of rare and low abundant
GSLs (sensitivity) [27,32]. Moreover, changing experimental variables
(e.g., pressure, temperature, and composition of the gas, or induction of
gas additives) can lead to ion mobility shifts and thus significantly affect
the separation efficiency [27]. Various IM modes have been reported for
the isomeric separation of GSLs, such as trapped ion mobility spec-
trometry (TIMS) [31], or structures for lossless ion manipulation (SLIM)
technology [33]. Additionally, 1 nuclear magnetic resonance (NMR) is
a complementary method for the structural determination of GSLs
providing additional information despite being less used and less sen-
sitive than LC/MS-based methods [34]. Advanced multidimensional
NMR techniques can provide enhanced resolution and sensitivity, which
are particularly effective in resolving overlapping signals and capturing
fine details of glycan sequences and lipid moieties. 13C and >N NMR
facilitate the assignment of specific resonances of GSLs, enabling more
accurate structural determination and differentiation of glycan isomers
[34,35].

3. Current obstacles facing qualitative and quantitative analysis
of GSLs

3.1. Sample pretreatment

The preanalytical steps, such as sample collection, handling, and
storage, are the first and most critical steps that must be performed
thoroughly to maintain sample integrity and minimize analytical errors.
Indeed, a large number of laboratory errors may arise from these pre-
analytical steps [36]. A detailed description of various preanalytical
factors affecting the stability of lipids in biological samples has recently
been thoroughly reviewed [37,38] together with the summary of ad-
vantages and disadvantages of pretreatment strategies and storage
conditions used in lipidomics. Furthermore, Reis et al. [39] investigated
the stability of lipids in human plasma and serum with respect to
temperature-related storage conditions and noted that analytical biases
can arise even when samples are stored at —80 °C, especially when
stored for more years. These changes were observed in particular for
nonpolar lipids. Furthermore, Wolrab et al. [40] determined the
one-year stability of lipids in human plasma and serum, reporting that
specifically glycerolipids were prone to change over time. Ulmer et al.
[41] described various factors that affect lipid stability (e.g., chemical
oxidation, enzymatic processes, or thermal decomposition) and
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suggested recommendations for ensuring lipid stability during sample
pretreatment. Ideally, only fresh samples should be used. However, the
majority of samples are collected and analyzed at different locations,
making sample storage prior to analysis virtually inevitable. Conse-
quently, samples should be processed as quickly as possible and then
flash frozen with liquid nitrogen and stored at —80 °C to minimize un-
wanted processes [38]. Hammad et al. [42] examined the impact of
sample collection methodology using various anticoagulants and re-
ported that EDTA tubes provide the least variability in GSL levels
compared to citrate and heparin tubes. In contrast, Wolrab et al. [40]
also compared collection tubes, but did not include any GSL subclasses.
Thus, EDTA should be the preferred anticoagulant for the lipidomic
analysis including GSLs. A crucial matter in lipidomics is primarily the
high susceptibility of unsaturated fatty acids to variable chemical re-
actions (e.g., oxidation), a major source of lipid degradation. However,
GSLs are considered more resistant to oxidation since their ceramide
backbones are generally more saturated [38]. Nonetheless, the literature
still lacks comprehensive studies dealing with the factors affecting GSL
stability along with very little available data on specific storage condi-
tions and handling protocols.

3.2. Extraction and purification strategies

Another critical step for the successful analysis of GSLs is their effi-
cient extraction from highly complex biological matrices using appro-
priate solvent mixtures along with the removal of interfering substances.

3.2.1. Extraction

The chloroform-methanol based extraction protocols introduced by
Folch [43] and Bligh-Dyer [44] in the 1950s have been the gold standard
in lipidomics for decades. Recently, various modified methods have
been developed to effectively extract a wide range of lipids. Matyash
et al. [45] established a method based on methyl-tert-butyl ether and
methanol. Furthermore, butanol-methanol method was described by
Lofgren et al. [46] and further modified by Alshehry et al. [47].
Recently, Vale et al. [48] employed a novel single-step three-phase
extraction system for the successful extraction of neutral lipids and
phospholipids. Most recently, Horing et al. [49] compared one-phase
extractions using methanol, ethanol, acetonitrile, acetone, iso-
propanol, butanol as well as their mixtures and reflected that their
application should be limited to polar lipids for which provide high
recovery (>90 %) and reproducibility (<20 %), or should be further
followed by sample clean-up. Although these protocols provide high
recovery for a wide range of lipids, they are not so effective for GSLs. Teo
etal. [50] reported that Matyash’s method was able to recover only 10 %
of the main polar lipids, including glycolipids. The abundances of GSLs
in biological samples vary and specifically more complex GSLs are low
abundant [51,52], as also demonstrated in our recent works [53,54].
Thus, the extraction of a wide range of GSLs must take into account their
specific physicochemical properties and generally requires more
specialized or multistep extraction methods [55], such as that of Karls-
son [56], which utilizes multiple purification and sub-fractionation steps
to isolate even more complex GSLs. Although this method was intro-
duced more than 30 years ago, it remains a convenient method for the
extraction and purification of complex and low-abundance GSLs. How-
ever, it is too time-consuming and laborious [23,55]. Unfortunately, no
rapid and efficient extraction method capable of uniformly extracting a
wide range of GSLs in high yields and allowing high-throughput
screening is available. This is primarily caused by a wide range of po-
larities within GSL subclasses. For instance, highly polar GSLs (e.g,
gangliosides and sulfatides) or neutral GSLs with more than four
monosaccharide residues largely partition into the methanol-rich layer,
while less polar GSLs (e.g., GlcCer, GalCer, or LacCer) tend to remain in
the chloroform-rich layer. It should also be highlighted that a large part
of specifically more complex gangliosides may be lost when analyzing
only one layer [57,58], and therefore, ganglioside extraction may
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require additional purification and fractionation by SPE [57]. These
obstacles in the extraction of GSLs are mainly due to their structural
heterogeneity that covers different polarities and different chemical
stability [55]. Therefore, the development of rapid and sophisticated
extraction methods that allow simultaneous isolation of both hydro-
phobic and hydrophilic GSLs is essential to enable the high-throughput
analysis of GSLs. There are also general concerns about the effects of
toxic solvents on human health and the environment, which reinforce
efforts to transition towards green chemistry by implementing alterna-
tives to chlorinated solvents [59].

3.2.2. Purification

The removal of present highly abundant lipids (i.e., phospholipids,
acylglycerols, and sphingomyelins) together with other unwanted
compounds (e.g., proteins and salts) from biological samples is strongly
recommended because GSLs are minor components [55]. Specifically,
the removal of phospholipids represents a notable challenge required to
reduce matrix effects and increase the ionization efficiency of GSLs [38,
55]. Alkaline hydrolysis has been shown to be suitable for the elimina-
tion of major phospholipids and acylglycerols, while GSLs are relatively
resistant compared to other ester-linked lipids [55]. GSLs can then be
further purified and fractionated from alkali-labile and alkali-stable
phospholipids and other contaminants using silica-based chromatog-
raphy together with weak anion-exchange chromatography using
diethylaminoethyl-linked matrices, which is particularly advantageous
for the separation of neutral and acidic GSLs [52,54,55]. However, it
should be noted that O-acetylated derivatives also degrade [60]. Alter-
natively, solid-phase extraction (SPE) can be successfully applied for
isolation, purification, and enrichment of minor lipid subclasses using
either normal-phase (silica), reversed-phase (C8/C18), or ion-exchange
(aminopropyl) columns [59]. Newly synthesized ZrO,/TiOz-coated
sorbents [61] allow selective isolation of GSLs from phospholipids and
sphingomyelins without the use of alkaline hydrolysis [62,63]. More-
over, sulfobetaine-based zwitterionic sorbents have also been shown to
selectively retain phospholipids [64]. SPE can be applied in combination
with common liquid-liquid extraction as an additional cleaning step [53,
65], but the selectivity of SPE is limited and can result in the adsorption
of matrix components. In summary, there are still two major challenges
to overcome, namely, (1) the rapid and uniform extraction of a wide
range of GSLs and (2) the complete removal of highly abundant inter-
fering and unwanted substances.

3.3. Qualitative and quantitative analysis

3.3.1. Separation of isomers

One of the current major challenges is the difficulty in separating
isomeric and/or isobaric species as a result of the immense
structural variability of lipids. Consequently, the specific functions of
isomers have remained largely unknown [66]. This problem is multi-
plied in the case of GSLs because many glycans have the same formula
(Glc vs. Gal) [67]. Although MS is a very selective method, isomers often
provide the same or very similar fragmentation. Hence, the identifica-
tion and differentiation of isomers in complex samples requires coupling
with (U)HPLC, IM, and/or alternative methods, such as novel specific
fragmentation approaches or chemoselective derivatization that provide
diagnostic ions of each lipid species. Moreover, specific glycan-
detaching enzymes, such as endoglycoceramidase (EGCase) or cer-
amide glycanase (CGase) in combination with MS/MS analysis, have
been shown to be advantageous for the differentiation of isomers by
providing information about the linkage position-based on the specific
cross-ring and double-cleavage fragments, together with the enhanced
ionization. EGCase I is the best glycan-detaching enzyme with a broad
substrate specificity that is well-suited for GSL analysis [68].

Specific chromatographic techniques have previously been applied
to separate lipids according to the number and positions of double bonds
(silver-ion HPLC) [69] or sn-positions (chiral HPLC) [70]. Recently,
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Vankova et al. [71] demonstrated a highly reliable UHPLC/MS method
capable of identifying several hundreds of lipids within a wide range of
polarities with significantly reduced run time. Remarkable separation
power for GSL-derived oligosaccharides and isomers using porous
graphitized carbon (PGC) columns has been reported by Teneberg [52,
54] and Wuhrer [72] groups. Mank et al. [73] used Hypercarb PGC
column to separate and characterize human milk oligosaccharides by
LC/ESI-MS? along with Cho et al. [74], who investigated the separation
of permethylated glycans using nanoflow LC/MS. In recent years, IM has
been shown to be a powerful technique for the separation of lipid iso-
mers. Wojcik et al. [66] achieved a partial separation of GlcSph/GalSph
18:1; 02 and GlcCer/GalCer 18:1; 02/18:0 after four passes (~60 m
path) using IM separation with multipass SLIM platform. The baseline
separation of GD1a/GD1b gangliosides was achieved even with a min-
imal possible path of 1.25 m. May et al. [75] resolved GD1a/GD1b
gangliosides in a standard mixture together with two pentasaccharides
differing in the location and linkage of fucose. Djambazova et al. [31]
also reported a partial separation of GD1a/GD1b isomers with 36:1; 02
and 38:1; 02 ceramide in tissue samples using MALDI-TIMS. Addition-
ally, Xu et al. [76] showed effective resolution of GlcCer and GalCer
species from human plasma and cerebrospinal fluids using differential
mobility spectrometry coupled to LC/ESI-MS. In summary, only a
limited number of studies have been able to achieve baseline separation
of GSLs isomers even when using cutting-edge MS or IM instruments.
The separation of isomers is still a challenging task. Consequently, more
progress is needed as potential applications of the evolving IM are still
being discovered [28].

3.3.2. Derivatization strategies
Recently, ambient ionization MS coupled with novel ion activation
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technologies, such as Paterno-Biichi reaction [77], ozone-induced
dissociation [78], epoxidation [79], light-controlled photoepoxidation
[80], electrochemical epoxidation [81], chloroauric acid-dopped sol-
vent-induced epoxidation [82], low-temperature plasma-induced
epoxidation [83], and selective photosensitized oxidation induced by
singlet oxygen [84], have yielded more informative and abundant spe-
cific fragment ions allowing rapid and direct structural elucidation of
double bonds, cis/trans isomers, and sn-position isomers of GSLs and
other lipids [85]. The principles of these methods are well described in
other reviews [86,87]. Additionally, a novel airflow-assisted DESI
method has been proposed to conveniently characterize the spatial
distribution of unsaturated lipid isomers using MSI [88]. GSLs are
typically low abundant and suffer from low ionization efficiency,
particularly neutral GSLs and those heavily glycosylated. Therefore, the
derivatization can significantly increase the ionization efficiency and
sensitivity [38,89]. The principles of main derivatization strategies are
summarized and illustrated in Fig. 2. The most common derivatization
reaction is permethylation, where the active protons in -OH and -NH,
groups of GSL molecules are substituted with the methyl group using
natural (IZCHgl) and/or isotopically-labelled methyl iodide (13CH31 or
12GDsI) [55]. The observed unique fragments enable the assignment of
glycan sequences including linkages. Consequently, permethylation in
combination with UHPLC/MS or IM has great potential to overcome
existing analytical barriers in the separation and differentiation of iso-
mers [89]. Furthermore, alkaline conditions during permethylation
degrade ester-linked lipids such as highly abundant glycerolipids and
glycerophospholipids, which is advantageous for the detection of low
abundant GSL due to reduced ion suppression [90]. Unfortunately, even
mild alkaline conditions during permethylation will also likely lead to
the loss of pH-sensitive GSLs (O-acetylated or polysialylated GSLs),
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which is undesired [91]. Generally, gangliosides are known to be prone
to loss of sialic acid during in-source and post-source dissociation, which
decreases the sensitivity of molecular ions, the major problem especially
in MALDI-MS [92]. Consequently, methyl esterification, amidation,
permethylation, or perbenzoylation methods have been developed to
stabilize the sialylated residues and to improve the ionization efficiency
of acidic GSLs [93]. The discrimination between «2,3 and «2,8-linked
sialic acid isomers can be made by ring-opening aminolysis [94]. In
addition, the carboxyl group of sialic acid labelled with an easily
ionizable tertiary amine N,N-dimethylethylenediamine [93] has
enhanced the ionization and provided diagnostic ions that facilitate the
discrimination of ganglioside isomers. Another relatively novel deriva-
tization strategy is isobaric labelling using commercial products, such as
isobaric tag for relative and absolute quantitation iTRAQ™) reacting
with free amines and aminoxy tandem mass tag (aminoxyTMT™)
reacting with carbonyls [55,95]. Recently, Peterka et al. [96] have
introduced a simple, robust, and highly reproducible derivatization of
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multiple lipid subclasses, including simple GSLs, using non-hazardous
benzoyl chloride. There are also several other strategies used for the
structural elucidation of GSLs, such as chemical oxidation using diluted
NalOy, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, or oxidative release
of natural glycans [55].

3.3.3. Quantitation

The quantitative analysis in lipidomics is a multifaceted endeavor to
determine the relative or absolute amount of lipids in the sample [97]
and relies on the whole lipidomics workflow (Fig. 3), including rigorous
validation and careful selection of ISs [19]. Nonetheless, achieving
broad-based absolute quantification is challenging due to a large num-
ber of estimated lipid species, ranging from 10,000 to 100,000, with
concentration levels varying significantly between biological samples
together with a lack of intra- and interlaboratory reproducibility [98].
The reliable quantitation of GSLs is primarily limited by the lack of
suitable and commercially available ISs, especially for more complex
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GSLs. Generally, at least one exogenous IS per each lipid subclass should
be used, but preferably multiple isotope-labelled IS covering the whole
lipid subclass should be used to compensate for variability in lipid
structures [97,99]. Most ISs are of exogenous origin and are isotopically
labelled analogues of endogenous GSLs or have atypical fatty acyl chains
(shorter or odd carbon number) fatty acyl chains [100] (Table 1).

Table 1
Commercially available standards for GSL analysis (as of November 2023).
GSLs Endogenous Exogenous Isotopically labelled
subclass standards standards internal standards
GalCer 18:1; 02/16:0%>¢ 18:1; 02/ 18:1-d,;02/13:0°
8:0:\,\7,4
18:1; 02/18:0° 18:1; 02/ 18:1-d,;02/24:1°
12:0%0¢
18:1; 02/18:0; O° 18:1;02/15:0>¢  18:1; 02/22:0-d,>*
18:1; 02/18:1°
18:1; 02/22:0"¢ 18:1; 02/18:0-d35™¢
18:1; 02/24:0"
18:1; 02/24:1°
GlcCer 18:1; 02/16:0° 18:2; 02/6:0"¢ 18:1-d,;02/15:0"
18:1; 02/18:0" 18:1; 02/8:0" 18:1-ds5;02/18:0"
18:1; 02/18:1% 18:1; 02/12:0° 18:1-ds5;02/18:1°
18:1; 02/22:0"¢ 18:1; 02/17:0° 18:1; 02/16:0-d3™"
18:1; 02/24:1° 18:1; 02/22:0-d4>¢
LacCer 18:1; 02/16:0™™¢ 18:1; 02/8:0" 18:1-d;02/15:0°
18:1; 02/18:0™ 18:1; 02/12:0° 18:1-d,;02/24:1°
18:1; 02/18:1% 18:1; 02/ 18:1; 02/16:0-d3™*
17:0;\,1),c
18:1; 02/24:0°
18:1; 02/24:1°
Gal,Cer 18:1; 02/17:0"
(i)GbsCer 18:1; 02/16:0"¢ 18:1; 02/ 18:1; 02/18:0-d3™"
17:0%"
18:1; 02/18:0°¢ 18:1; 02/17:0" 18:1; 02/16:0-dg"
(6]
18:1; 02/23:0"
(i)Gb4Cer
SGalCer 18:1; 02/16:0°¢ 18:1; 02/2:0° 18:1-d;;02/13:0"
18:1; 02/18:0"¢ 18:1; 02/ 18:1-d;02/24:1°
12:0%0¢
18:1; 02/18:0; O" 18:1; 02/ 18:1; 02/18:0-d3™°
17:0%0¢
18:1; 02/18:1"¢ 18:1; 02/
19:0\,1),(
18:1; 02/24:0™™¢
18:1; 02/24:1%"¢
SLacCer 18:1; 02/18:0"
GM, 18:1; 02/16:0™¢ 18:1; 02/17:0% 18:1; 02/18:0-ds"
18:1; 02/18:0™¢ 18:1; 02/18:0-d5"™*
18:1; 02/20:0° 18:1; 02/16:0-dg™"
18:1; 02/24:1>¢ 18:1; 02/24:1-d;™¢
GM, 18:1; 02/18:0™" 18:1; 02/18:0-d5"™*
18:1; 02/24:1"¢ 18:1; 02/16:0-dg™"
GM; 18:1; 02/18:0° 18:1; 02/16:0-dg™"
18:1; 02/18:0-ds”
18:1; 02/18:0-d3™"
GD, 18:1;02/18:0" (GD1,)  18:1; 02/17:0°
(GD1a)
18:1; 02/18:0°
(GD1p)
GD,
GD3 18:1; 02/18:0" 18:1; 02/18:0-d3™°
(GD3)
GT, 18:1;02/18:0" (GTyp,)
GT,
GTs
GQ; 18:1; 02/18:0"
(GQ11)

The list of commercially available standards for GSL analysis is based on three
major companies offering standards for GSL analysis. Therefore, the list may not
be necessarily complete as other companies may offer other standards as well.

@ Avanti Polar Lipids, Alabaster, AL, USA, www.avantilipids.com.

b Matreya LLC, State College, PA, USA, https://www.matreya.com.

¢ Cayman Chemicals Ann Arbor, MI, USA, https://www.caymanchem.com.
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13C-labelled ISs are the most convenient due to the identical retention
behavior and impossible migration of labelled atoms during fragmen-
tation unlike to deuterium, but they are expensive and mostly not
commonly available [101]. This scarcity requires the exploration of
alternative strategies, such as in-house chemoenzymatic [102,103] or
stable isotope-labelled synthesis of GSLs, including the incorporation of
isotopically labelled atoms, e.g., 2H, '3C or '°N, into the lipid structure
[104]. The possible use of the '3C-labelling approach for all lipids,
including GSLs, has gained attraction as a cost-effective and practical
solution for reliable quantitation and has recently been deeply investi-
gated in vivo by Jaber et al. [101] and well-reviewed by Rampler et al.
[105]. Nevertheless, the fully labelled mammalian organism is still
missing [105]. The !3C-labelling approach using a stable
isotope-labelled substrate (e.g., 13C—glucose), which is metabolized by a
biological system and incorporated into the metabolites, would fully
compensate for different matrix effects and variations in ionization ef-
ficiency, allowing more accurate and precise quantitation [98,106].
Such generated isotope-labelled molecules can also be used as tracers in
lipidomics for pathway mapping to reveal the fate of isotope-labelled
precursors [106]. The important aspects and considerations of the use
of tracers to study lipid flux are summarized elsewhere [107]. The dif-
ferential isotope labelling *2C/!3C permethylation strategy can also be
used for accurate relative quantitation [90]. In addition, chromatogram
binding assays should also be performed in combination with MS data in
cases, as these assays can accurately reflect both the relative amounts of
GSLs and possible alterations between the studied samples, but care
must be taken due to cross-reactivity of some antibodies [52]. Another
issue is that solid materials (e.g., tissues) may trap ISs and thus poten-
tially increasing the variation in results and impairing quantitation.
Furthermore, the limited availability or absence of well-defined refer-
ence materials (e.g., NIST SRM 1950) complicate reliable quantification
and further hamper method validation together with intra- and/or
inter-laboratory comparisons [98,108]. IS mixtures of deuterated ana-
logues have been designed and prepared to simplify and mimic the
endogenous lipid subclass distribution in a particular sample matrix [98,
100]. For example, the series of SPLASH LIPIDOMIX and UltimateS-
PLASH standards have been designed and designed for the quantitative
analysis of human plasma [98].

3.3.4. Method validation and harmonization

Method validation is a crucial aspect to ensure that the method is
suitable for the given purpose and provides reliable analytical results,
which is key to the applicability of the method in clinical trials [25].
Various organizations, such as FDA, EMA, and ICH, developed guide-
lines for the validation of bioanalytical methods. Nonetheless, method
validation across different laboratories is often incomplete or lacking,
which together with missing harmonized protocols, including the whole
lipidomic workflow makes the comparison of results between studies
challenging [109,110]. The main sources of unwanted variations that
cover the whole lipidomics workflow have recently been systematically
and thoroughly reviewed [111]. The lipidomics community driven by
ILS and LIPID MAPS has recently initiated significant efforts towards
harmonization and standardization of lipidomic workflows to increase
transparency and address discrepancies in published results across
different laboratories [112,113]. Nevertheless, common issues, such as
incorrect annotation, misidentification, and overreporting, as pointed
out by Kofeler et al. [114], along with disparities in lipid concentrations
leading to incorrect biological interpretations, will continue until stan-
dardized guidelines have been published and implemented [113].
Consequently, harmonization and standardization in lipidomics are
highly demanded to assure high standards of data quality and to
improve the comparability of lipidomic results obtained with different
methods in various laboratories [108,112]. The interlaboratory com-
parison is of paramount importance in lipidomics due to the lack of
suitable reference materials and is crucial for translating lipidomics into
clinical practice [98,115].
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3.4. Data processing and software tools

Over the past few years, advances in MS-based techniques have
allowed considerable progress in lipidomic analysis, enabling re-
searchers to routinely identify hundreds of unique lipids in various
biological samples [116]. This is evidenced by an ever-increasing
number of lipidomic studies generating extremely large datasets that
need to be processed. However, manual processing is time-consuming
and requires sophisticated solutions to support automation [117]. To
address this issue, numerous open-source software packages have been
developed and tailored to enable effective computational processing of
data [117], however, most of them have strict formatting requirements
that do not allow data processing from all MS platforms [118]. The most
widespread software tools tailored specifically for GSL are Glyco-
Workbench [119], GlycoPattern [120], GlycoDigest [121], and Mass
Spectrometry Analysis Tools within Lipid MAPS (https://www.lip
idmaps.org/resources/tools/ms). Moreover, current software tools
face the challenge of keeping up with rapid technological progress
[122]. Therefore, there is an urgent need for an appropriate update of
existing software and the development of novel and comprehensive
open-source bioinformatics tools to capture data and facilitate its
automated processing [116,118]. Numerous freely available bio-
informatic tools used in lipidomics have been summarized in several
recent works [20,23,117] along with an excellent review by Hoffmann
et al. [122]. Moreover, Ni et al. [117] provided guidance on the
appropriate selection of software tools for lipidomic applications and
evaluated data processing pipelines. Recently, Lin et al. [118] developed
a highly flexible and user-friendly web-based platform called LipidSeg
designed for efficient data mining to help users identify important
lipid-related features. Furthermore, Ross et al. [123] provided an eval-
uation of software tools for IM technologies that are currently evolving
and highlighted the still restricted adoption of IM including the lack of
software support.

4. Translation into clinical practice

Lipidomics has enormous potential for monitoring the prognosis,
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diagnosis, and treatment of various diseases, including cancer, based on
disease-specific biomarkers obtained ideally noninvasively from body
fluids [124]. Multiomics interconnection is the key to understanding the
molecular mechanisms of diseases to further promote the discovery of
disease-specific biomarkers [125,126]. To date, several studies have
shown highly promising results, suggesting several GSLs as diagnostic or
prognostic markers [52,54,65,127,128]. Specifically, various GSLs have
been several times shown to be implicated in various glyco-
sphingolipidoses, which are also termed lysosomal storage disorders,
including Gaucher, Krabbe, Fabry, Farber, Sandhoff, Tay-Sachs, and
Niemann-Pick diseases as well as metachromic leukodystrophy (see
Fig. 4) [12,129]. The specific production of ganglioside antibodies has
also been found in a variety of autoimmune diseases, including
Guillain-Barré and Miller-Fischer syndromes and a few other neuropa-
thies [13,130,131]. However, none of them has yet undergone pro-
spective clinical trials and has not been translated into clinical practice
[132]. Clinical translation represents a completely new challenge due to
two major issues: (1) the absence of large population-based studies and
(2) the lack of standardized and harmonized analytical workflows [109,
133]. Although some studies have shown low intra- and
inter-instrument variability of results [108,134], the aforementioned
obstacles represent a current barrier to the deployment of these methods
in clinical settings. Blood-based cancer early detection tests have
emerged as a promising noninvasive screening tool in recent years [127,
135-137], however, GSLs are rarely included or completely missing.
Moreover, the absence of large-scale validation studies and limited lipid
coverage prevent their implementation into population-based screening
programs and translation into routine clinical practice [138]. Multi-
cancer detection assays validated on human samples with various stra-
tegies currently under development were extensively reviewed by
Brito-Rocha et al. [138], but most of them are DNA/RNA-based tests.
The dried blood spot analysis is an alternative noninvasive method
tested in various omics approaches, including lipidomics [139] together
with other dried matrix microsampling methods, such as dried plasma or
serum spots, dried blood spheroid, volumetric tip, capillary or tube
microsampling methods may be used as well [140]. Additionally,
monitoring of lipid flux via a stable isotope labelling approach can be
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Fig. 4. Schematic illustration of lysosomal storage disorders (LSDs) [12,129].
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used to track the real-time distribution of GSLs and other lipids in vivo to
reveal their roles in pathophysiology [107]. Notable global efforts to
tackle lipidomics translation into clinical laboratories for diagnostic and
therapeutic purposes are driven by the lipidomic community, including
the LIPID MAPS and the Lipidomics Standards Initiative [141]. Readers
who are more interested in translating lipidomics into clinical practice
are encouraged to read the following reviews [132,142].

5. Conclusions and future perspectives

The rapid progress in MS-based techniques and the development of
novel sample preparation workflows have recently had a tremendous
impact and significantly boosted the evolution of glyco-
sphingolipidomics. Nevertheless, several challenges must be overcome
to realize the full potential of glycosphingolipidomics and allow its
translation into clinical practice in the foreseeable future. The major key
issues are: (1) the urgency of a fast and effective isolation strategy able to
extract structurally diverse and minor GSLs, (2) the separation of GSLs
isomers/isobars using multiple platforms and/or alternative technolo-
gies, such as currently evolving IM, (3) enhancing the ionization effi-
ciency of especially neutral and low abundant species using the
derivatization together with further improvement of the sensitivity of
the analytical methods, (4) the absence of appropriate and reliable
stable-isotope labelling methods or ISs for accurate quantitation, (5) the
lack of commercially available reference materials that would enable
standardization and reliable comparison among different laboratories,
and (6) the lack of universal and fully automated software tools with
unified annotation. Although addressing these issues is the subject of a
large amount of ongoing research, fully-fledged high-throughput GSLs
profiling in biological samples is still challenging rather than feasible.
Consequently, significant efforts to overcome the aforementioned
shortcomings should continue, as the translation of lipidomics into
clinical practice is undoubtedly still an unresolved issue, and our un-
derstanding of GSL biology remains limited.
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