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Abstract: Glycosphingolipids (GSLs) contain one or more sugars that are attached to a 

sphingolipid moiety, usually to a ceramide, but in rare cases also to a sphingoid base. A 

large structural heterogeneity results from differences in number, identity, linkage, and 

anomeric configuration of the carbohydrate residues, and also from structural differences 

within the hydrophobic part. GSLs form complex cell-type specific patterns, which change 

with the species, the cellular differentiation state, viral transformation, ontogenesis, and 

oncogenesis. Although GSL structures can be assigned to only a few series with a common 

carbohydrate core, their structural variety and the complex pattern are challenges for their 

elucidation and quantification by mass spectrometric techniques. We present a general 

overview of the application of lipidomics for GSL determination. This includes analytical 

procedures and instrumentation together with recent correlations of GSL molecular species 

with human diseases. Difficulties such as the structural complexity and the lack of standard 

substances for complex GSLs are discussed. 
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Abbreviations 
GSL nomenclature: [1] Ac: Acetyl 
APCI: Atmospheric Pressure Chemical Ionization APPI: Atmospheric Pressure Photo-Ionization 
Cer: Ceramide (N-Acylsphingosine) CID: Collision induced dissociation 
DESI: Desorption electrospray ionization ESI: Electrospray ionization 
Forssman-GSL: GalNAc1,3GalNAc1,3Gal1,4Gal1,4Glc1,1′Cer 
FT-ICR: Fourier-Transform-Ion-Cyclotron 
GA1: Gal1,3GalNAc1,4Gal1,4Glc1,1′Cer 
GA2: GalNAc1,4Gal1,4Glc1,1′Cer Gal: D-Galactose 
GalCer: -Galactosylceramide GalNAc: 2-Deoxy-2-N-Acetyl-D-Galactosamine 
Gb3Cer: Gal1,4Gal1,4Glc1,1′Cer Gb4Cer:GalNAc1,3Gal1,4Gal1,4Glc1,1′Cer
GD1a: Neu5Ac2,3Gal1,3GalNAc1,4( Neu5Ac2,3)Gal1,4Glc1,1′Cer 
GD1b: Gal1,3GalNAc1,4( Neu5Ac2,8 Neu5Ac2,3)Gal1,4Glc1,1′Cer 
GD2: GalNAc1,4( Neu5Ac2,8 Neu5Ac2,3)Gal1,4Glc1,1′Cer 
GD3: Neu5Ac2,8 Neu5Ac2,3Gal1,4Glc1,1′Cer 
Glc: D-Glucose GlcNAc: 2-Deoxy-2-N-Acetyl-D-Glucosamine 
GM1(a): Gal1,3GalNAc1,4(NeuAc2,3)Gal1,4Glc1,1′Cer 
GM1b: Neu5Ac2,3Gal1,3GalNAc1,4Gal1,4Glc1,1′Cer 
GM3: Neu5Ac2,3Gal1,4Glc1,1′Cer 
GQ1b: 
Neu5Ac2,8Neu5Ac2,3Gal1,3GalNAc1,4(Neu5Ac2,8Neu5Ac2,3)Gal1,4Glc1,1′Cer 
GSL: Glycosphingolipid 
GT1a: Neu5Ac2,8 Neu5Ac2,3Gal1,3GalNAc1,4( Neu5Ac2,3)Gal1,4Glc1,1′Cer 
GT1b: Neu5Ac2,3Gal1,3GalNAc1,4( Neu5Ac2,8 Neu5Ac2,3)Gal1,4Glc1,1′Cer 
HDL: High Density Lipoprotein 
HexCer: Hexosylceramide (GlcCer or GalCer) 
HexNAc: N-Acetylhexosamine (usually GlcNAc or GalNAc) 
HILIC: Hydrophilic interaction liquid chromatography 
IR: Infrared LacCer: Lactosylceramide 
LC: Liquid chromatography LDL: Low Density Lipoprotein 
LTQ: Linear trap quadrupole lysoGSL: glycosylated sphingoid bases 
MDCK: Madin Darby canine kidney MS/MS: Tandem mass spectrometry  
MRM: Multiple reaction monitoring MS: Mass spectrometry 
m/z: Mass per charge ratio  Neu5Ac: N-Acetylneuraminic Acid  
Neu5Gc: N-Glycolylneuraminic Acid QTOF: Quadrupole Time-of-Flight 
RP: Reversed phase Sulfatide: GalCer-3-sulfate  
MALDI: Matrix-Assisted Laser Desorption/Ionization 
TLC: thin layer chromatography 
TOF: Time-of-Flight VLDL: Very Low Density Lipoprotein 
In the mentioned GSLs, the hexoses are present as pyranosyl forms 

1. Introduction 

Within systems biology, lipidomics is the discipline that creates, analyzes, and integrates complex 

data on the lipidome of so-called systems. These can be cells, tissues, organs, biofluids, or whole 

organisms. Ideally, lipid profiles can be correlated with data about genome, transcriptome, proteome, 

and other metabolites of a system. Lipidomics as a technological platform relies largely on mass 
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spectrometry (MS) as the key analytical technique. Lipids comprise a structurally very heterogeneous 

group of metabolites that can differ drastically in abundance and physical and functional properties. A 

noteworthy heterogenous and difficult to determine group of lipids are the glycolipids. Glycolipids are 

essential components of the surfaces of living cells [2]. Within the comprehensive classification 

system suggested by the LIPID MAPS consortium, glycosylated lipids are classified according to the 

identity of their core lipids, and also as saccharolipids when fatty acyl groups are linked directly to a 

sugar backbone [3]. One major group of glycolipids is that of the glycosphingolipids (GSLs), which is 

further classified into acidic, basic, and amphoteric GSLs. Despite their various roles in human health 

and disease, GSL analysis is often neglected or incompletely addressed within “omics” approaches, 

even in lipidomics [4,5] and glycomics. This is mainly due to the structural complexity and diversity of 

cellular glycolipids, and also to differences in abundance, chemical stability, and biophysical 

properties between the analytes. The glycome represents the largest class of post-translationally 

modified biomolecules [6], and glycomics techniques [7] such as lectin [8] and glycan microarrays [9] 

have been only occasionally applied to glycolipids. Also most of the mass spectrometric techniques 

developed for glycan analysis are not directly applicable to these glycoconjugates [10]. In higher 

animals, most glycolipids are GSLs, in which the carbohydrate part is attached to a ceramide  

(N-acylsphingoid) moiety [2]. 

The glycan part can contain more than ten monosaccharide units that can differ in type, linkage, and 

additional modifications. As in the biosynthesis of other glycans, which usually occurs with a mixture of 

glycoforms, GSL structures are diverse since they arise from a combinatorial biosynthetic pathway [11]. 

Despite this great structural variety in the glycan part, evolutionary related organisms express only a 

limited set of so-called GSL series that share common carbohydrate sequences (Table 1). In higher 

animals, most series are derived from lactosylceramide (LacCer; Figure 1), in which lactose is 
-glycosidically linked to the 1-hydroxyl group of ceramides. An exception is the gala series, which is 

derived from -galactosylceramide (GalCer, Figure 1). 

Table 1. Glycosphingolipid (GSL) series of higher eukaryotes [1]. 

Series Core structure 
Gala Gal1,4Gal1,1′Cer 
Ganglio Gal1,3GalNAc1,4Gal1,4Glc1,1′Cer 
Globo GalNAc1,3Gal1,4Gal1,4Glc1,1′Cer 
Isoglobo GalNAc1,3Gal1,3Gal1,4Glc1,1′Cer 
Lacto Gal1,3GlcNAc1,3Gal1,4Glc1,1′Cer 
Neolacto Gal1,4GlcNAc1,3Gal1,4Glc1,1′Cer 
Muco Gal1,3Gal1,4Gal1,4Glc1,1′Cer 

Figure 1. Structures of lactosylceramide and galactosylceramide. Only one of the various 

lipoforms is shown. 
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In addition to the species dependence, GSLs form cell-type specific glycan patterns that change 

with cell growth, differentiation, viral transformation, ontogenesis and oncogenesis. GSL heterogeneity 

results not only from variations within the carbohydrate part, but also within the lipid part, since the 

biosynthetic machinery that generates the lipid moiety gives rise to “lipoforms” [12]. This can in part 

be attributed to the different acyltransferases encoded by the lass-genes [13] that incorporate the 

amide-bound fatty acids and differ in their specificity towards the acyl coenzyme A thioesters of 

different chain lengths. An example is GSLs with polyunsaturated acyl chains that are required for 

male fertility [14]. Also sphingoid bases found in GSLs differ in chain length, and in the degree of 

desaturation and hydroxylation. 

With the exception of lysoglycosphingolipids (lysoGSLs; glycosylated sphingoid bases), most 

GSLs are electrically neutral or are negatively charged. The most abundant negatively charged GSLs 

are the gangliosides and the sulfoglycosphingolipids (sulfatides, Figure 2). Gangliosides are sialic 

acid-containing GSLs. Sialic acids are derivatives of neuraminic acid, with N-acetylneuraminic acid 

(Neu5Ac) as the most important one. Sialic acids can be attached to several galactosyl residues within 

the core structures of the ganglio-, lacto-, and neolacto-series, but also to GalCer (ganglioside GM4; 

Figure 2). They can be further modified by acylation of different alcohol groups [15], or by 

lactonisation [16] (Figure 3). These modifications can be lost during GSL isolation and workup under 

alkaline conditions, which are often applied to remove glycerophospholipids that contain fatty acids in 

ester-linkage [17]. Although removal of other lipid classes can reduce signal suppression and improve 

the sensitivity of GSL determination, this alkaline treatment is not mandatory. For example, 

chloroform/methanol extraction in a ratio of 1:1 was used to analyze polar lipids including 

phospholipids and GSLs from glioblastoma cells by nano-LC FT-ICR MS and quadrupole linear ion 

trap MS/MS [18]. O-acetylated gangliosides from tissues can be determined after chloroform/methanol 

extraction in a ratio of 1:2 and a subsequent partition step, as applied to human gliosarcoma [19].  

O-Acetylated sialic acids in gangliosides occur especially in growing cells and tissues and are regarded 

as oncofetal markers present on different tumors [20]. As part of glycolipids and glycoproteins, they 

serve as receptors for coronaviruses [21]. Another modified sialic acid is N-glycolylneuraminic acid 

(Neu5Gc, Figure 3). Neu5Gc as component of glycoconjugates is known as the so-called Hanganutziu-

Deicher antigen, which is found in human tissues only in trace amounts, with the exception of certain 

tumors and in fetuses. Determination of Neu5Gc and Neu5Ac-containing gangliosides is either 

achieved by classical chromatographic techniques, or, with higher sensitivity, by hyphenation of 

chromatography with ESI-MS [22]. As in most other glycoconjugates, sialic acids occur only in the 
-anomeric configuration. 

Figure 2. Structures of sulfatide (GalCer-3′-sulfate) and ganglioside GM4. Only one of the 

various lipoforms is shown. Sulfatide is the major storage substance in Metachromatic 

Leukodystrophy. 
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Figure 3. N-Glycolylneuraminic acid (Neu5Gc; -configuration) and an example of a GD1b-lactone. 

 

For the nomenclature of gangliosides, the system introduced by Svennerholm [23] is used, which 

has been approved by IUPAC [1]. In brief, the name contains information about the series  

(G = ganglio), the number of neutral sugars (5-n), and number ("A" = 0, "M" = 1, "D" = 2, etc.) and 

position (a,b,c) of sialic acid residues. Gangliosides of the ganglio-series are especially found on neuronal 

cells. In the nervous system, they contribute to 10-12% of the lipid content [24]. During brain development, 

the ganglioside pattern changes from simple gangliosides like GM3 and GD3 (Figure 4) to more complex 

ones like GD1a (Figure 4) and GT1b (Figure 5) [25]. The function of the highly diverse GSL pattern 

on cellular surfaces is not clear, but glycan-protein interactions certainly play a role [26]. For example, 

the myelin-associated glycoprotein on oligodendrocytes recognizes Neu5Ac2,3Gal1,3GalNAc-

termini [27], so that the above mentioned change in ganglioside composition during brain development 

can be functionally correlated with myelination. Dependent on the deficient glycosyltransferase, 

genetically engineered mice with defects in ganglioside biosynthesis show defects in neural function, 

reproductivity, or insulin signalling [11]. Not only interactions between GSL glycans and lectins, but 

also carbohydrate-carbohydrate interactions are discussed [26]. 

Figure 4. Structures of gangliosides GM3, GM2, GD3, and GD1a. Only one of the various 

lipoforms is shown. GD1a is the most abundant ganglioside in the adult human brain. 

Ganglioside GM2 is the major storage substance in Tay-Sachs disease (-hexosaminidase 

-subunit deficiency), Sandhoff disease (-hexosaminidase -subunit deficiency), and 

GM2-activator deficiency. 
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Figure 5. Structures of Oligosialogangliosides GD1b, GT1a, GT1b, and GQ1b. Only one 

of the various lipoforms is shown. Autoantibodies against ganglioside GM1 or different 

other gangliosides or combinations of them are the cause of Guillain-Barré- and Miller-

Fisher syndrome [34]. 

 

Since GSLs also interact with proteins present in the same membrane [28], including 

pathophysiologically relevant receptors such as that for insulin [29], methods for their determination in 

different biological matrices are desired in relation to associated diseases. In addition, it is assumed 

that GSLs are not homogeneously distributed on the cell surface, but, together with 

glycosylphosphatidylinositol-anchored proteins, sphingomyelin, and cholesterol, segregate into 

membrane domains [28]. These so-called rafts are regarded as the physiological surroundings of many 

membrane proteins. According to Stimulated Emission Depletion microscopy of living cells, the 

lifetime of rafts appears to be very short, and also the upper limit for their size seems to be only about 

20 nm diameter [30]. Although methods, such as extraction by means of detergent or immunostaining 

used for the characterization of these transient structures, have to be critically examined [31], analysis 

of lateral GSL distribution should also be a focus of glycosphingolipidomics. In addition, the 

subcellular distribution of GSLs, which is not resolved by most of the currently applied analytical 

techniques, is of relevance because GSL function can depend on the cellular site: Different functional 

properties have been attributed to ganglioside GD3, dependent on its localization in the plasma 

membrane, the mitochondria, or the nucleus [32]. In the plasma membrane, GSLs play a role in 

infectious diseases [33] where they act as cellular receptors and co-receptors for viruses, bacteria, and 
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monoglycosylceramides (cerebrosides) and blood group-GSLs as major compounds together with 

smaller amounts of di-, tri-, and tetra-glycosylceramides and more complex GSLs [35]. Gb3Cer is 

apparently absent from these cells, and it is still an open question how Shiga toxins produced by E. coli 

strains in the intestine as the cause of hemorrhagic colitis and hemolytic uremic syndrome pass this barrier 
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to enter the circulation [36]. On lipoproteins, the globo-series Shiga toxin receptors have been found 

especially on VLDL and LDL, as determined by ESI-MS [37]. Also gangliosides, mostly GM3, GD3, 

GD1a, GM2 (Figure 4), GT1b, sialylneolactotetraosylceramide, GD1b, and GQ1b (Figure 5), are also 

present in serum, where about 98% of them are transported by serum lipoproteins, predominantly by 

LDL (66%), followed by HDL (25%) and VLDL (7%) [38]. Very little is known about how this part of 

the lipidome changes with disease states and how it influences human health. 

Figure 6. Structures of the toxin receptors Gb3Cer and ganglioside GM1. Only one of the 

various lipoforms is shown. Gb3Cer is the major storage substance in Fabry disease  

(-galactosidase A deficiency), and GM1 in GM1-gangliosidosis (GM1--galactosidase 

deficiency). 
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GSLs [43]. For example, an approach for the structural elucidation of neutral GSLs was based on low-

energy collision-induced dissociation (CID) ESI/MS/MS of lithiated adducts [44]. MALDI-TOF MS 

with high-energy CID at 20 keV allowed the determination of the neutral GSLs GlcCer, GalCer, 

LacCer, Gb3Cer, and Forssman-GSL (Figure 7) in equine kidneys [45]. Methods for the structural 

identification of GSLs from sources such as tissues, body fluids, and cells are still under development, 

e.g., on the basis of multiple-stage MS fragmentation [46]. Their application to large sample numbers 

or to a more comprehensive determination of the glycosphingolipidome is far from being a routine 

practice. At present, method development, and their utilization to address analytical and clinical 

questions go in parallel. Isomeric GSL species are difficult to discriminate and quantify by MS; the 

separate quantification of GlcCer and GalCer species is achieved either within a shotgun approach (see 

below) using differences in the peak intensity ratio of the product ions at m/z = 179 and 89 [47], or 

after HPLC-separation by ESI-MS/MS [48]. 

Figure 7. Structures of two globo-series GSLs, Gb4Cer and the Forssman-GSL [26]. Only 

one of the various lipoforms is shown. Together with ganglioside GM2, Gb4Cer is a major 

storage substance in Sandhoff disease (-hexosaminidase -subunit deficiency). In 

humans, the Forssman-GSL, a blood group antigen, is present only in trace amounts 

together with globo-series and Lewis-type blood group glycolipids in the kidney [49]. In 

sheep, it is mainly responsible for haemolysis of erythrocytes in the presence of Gb4Cer 

antiserum. For example, in MDCK (Madin Darby canine kidney) cells, it plays a role in 

maintaining apical membrane transport, is absent in the plasma membrane of unpolarized 

MDCK cells and becomes the major GSL in their fully polarized state [50]. 
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been applied in pre-analytics to dissociate gangliosides from hydrophobic peptides present in many 

samples, and also to reduce adduct formation with counter ions like sodium, potassium, ammonium, 

and others. For example, extraction with chloroform:methanol:water in a ratio of 5:5:1, taking into 

account an estimated presence of tissue water (70% for white brain matter, 80% for grey matter) has 

been used for the isolation of both, gangliosides and neutral GSLs [53]. A careful investigation of 

ganglioside recovery from erythrocytes revealed an uneven distribution of the analyte and led to the 

suggestion of 19 sample volumes of chloroform/methanol in the ratio of 1:2 in a one-step extraction [54]. 

If a partition step, such as that developed by Folch [55] with the system chloroform/methanol/aqueous 

solution, is applied, gangliosides partition into the aqueous phase. From there, their isolation by solid 

phase extraction, e.g., with an aminopropyl solid phase suitable also for separation of 

glycosylsphingosines [56], can be followed by separation into neutral and negatively charged species 

via anion exchange chromatography [57] such as DEAE-Sephadex [58], subsequent separation by 

HPLC or TLC, and quantification by mass spectrometry, or by staining and densitometry. 

2.2. Glycosphingolipid Standards 

Quantitative determination of analytes by MS requires the presence of calibrating substances, either 

as external standards, or chemically modified as internal standards. External standards need not be 

structurally different from the analytes and are therefore much more easily accessible. They can be 

used for external calibration or can be added in increasing concentrations to the analyte within the 

standard addition method [59]. In a recent example, eight different classes of gangliosides from the 

brains of rats were quantified using commercially available (native) external standards for GM1, GM2, 

GM3, GD3, GD1a, GD1b, GT1b, and GQ1b [60]. 

 Internal standards contain rare alkyl chain combinations or the stable isotopes 2H or 13C, so that 

their m/z-values do not overlap with those of the analyte [61]. Physical and chemical properties of the 

standard should match those of the analyte as closely as possible. For the analysis of structurally 

complex lipids like GSLs including gangliosides, standards have to be chemically prepared in a 

laborious manner and are still not available for a number of analytes. For example, GSLs have been 

detected in a study of the lipidome of human plasma, but were not quantified because standard 

substances for more complex members were not available [62]. [2H4]- and [C17]ceramide trihexoside 

standards were prepared for Gb3Cer quantification [63]; [2H4]C16- and [2H47]C24-isoforms of GalCer, 

LacCer, Gb3Cer, sulfatide, sphingomyelin, gangliosides GM1, GM2, and GM3 have been synthesized 

as standard substances [64]. Standard substances for typically low abundance sulfatides have been 

prepared such as (18:1,14:0)sulfatide, (18:1,19:0)sulfatide, (18:1,27:0)sulfatide, 2-hydroxy fatty acid 

containing (18:1,h14:0)sulfatide, and the C14-, C19-, and C27- derivatives of sulfated LacCer, sulfated 

GA2, and C19-bis sulfated GA1 [65]. 

For the determination of the yeast lipidome, inositolphosphorylceramide, mannosyl-

inositolphosphorylceramide, and mannosyl-diinositolphosphorylceramide standards were isolated from 

a double hydroxylase mutant yeast strain that synthesizes sphingolipids with dihydrosphingosine and a 

26:0 fatty acid moiety [66]. Today, non-natural standard substances with either unusual chain lengths 

or stable isotopes are commercially available for GlcCer, GalCer, LacCer, Gb3Cer, GM3, GM2, GM1, 

sulfatide, and GalCer-3,6-disulfate. 
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2.3. Separation 

Chromatographic separation techniques aside from MS analysis are especially valuable in 

lipidomics, when the combination of high pressure and small particle size allows high 

chromatographic resolution and / or enables separation of the analytes at reduced analysis times. GSLs 

are separated using different stationary phases, normal phase such as silica gel, which separates largely 

according to the head group, and reversed phase chromatography that separates mainly according to 

the hydrophobic part. A robust technique for separation of lipids that utilizes normal phase is TLC [67], a 

technology that has also been successfully combined with MALDI-MS [68]. TLC-separation in 

combination with immunodetection and an orthogonal mass spectrometric method such as IR-MALDI 

has turned out to be a very attractive technology [69]. Improvement of the existing technology for high 

throughput analyses will include miniaturization and automation of TLC separation and GSL 

identification with highly specific lectins, and the coupling to suitable MS techniques. This approach 

might become applicable for the very difficult determination of abundant polyglycosylceramides [70]. 

Neutral GSLs from mouse kidney, spleen, and small intestine have been analyzed by a combination of 

HPTLC and MALDI-MS [71]. For MS-analysis, separation by LC methods offers the advantage to 

reduce ionization suppression by other lipid species and allows for separation of isomeric and isobaric 

species that is difficult to achieve by MS methods with direct infusion alone. For example, separation 

and analysis of 182 neolacto series ganglioside species with sialic acids in 2,3 and 2,6 linkage from 

human granulocytes has been achieved by LC coupled online to nanoESI-MS [72]. Differences in the 

fragmentation patterns were applied previously for the analytical discrimination between these two 

types of gangliosides [73]. Also hydrophilic interaction liquid chromatography (HILIC [74]) has been 

used for GSL separation, such as in the determination of various lipids including HexCer and  

LacCer [75]. HILIC can be suitable when GSL analytes differ in their hydrophilic part. It can offer 

some advantages over RP-HPLC such as good peak shapes, short analysis times, and co-elution of 

analytes and their internal standards, but can suffer from poorer reproducibility of elution profiles. 

Also separation by capillary electrophoresis has been applied to GSL-analysis by ESI-MS [76]. 

2.4. Shotgun Lipidomics 

The expression “shotgun lipidomics” describes the quantitative analysis of lipids by direct infusion 

of crude extracts in an ESI-MS source without a previous chromatographic separation [77]. This approach 

exploits the fact that manipulating ionization parameters in ESI-MS such as ionization mode or pH 

results in a preferential ionization of selected lipid groups or classes in the ionization source [78]. The 

“shotgun lipidomics” approach has been shown to be simple and effective for highly abundant lipids. 

However, less abundant lipid species can be overlooked due to ion suppression effects. To overcome 

this limitation, the crude extract needs to be processed prior to analysis. For example, it has been 

shown that a mild alkaline hydrolysis of a crude extract results in the elimination of the highly 

abundant glycerophophospholipids and consequently results in gaining access to the less abundant 

sphingolipid species [17]. Another possibility is to consider LC/MS methods [17]. 
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2.5. Electrospray Ionization (ESI) 

ESI is the most frequently applied ionization technique in GSL analysis by MS. During ESI, a spray 

of highly charged droplets is created from an analyte-containing solution by applying a high voltage at 

the end of a fine capillary needle [59,78,79]. Evaporation of the solvent is accompanied by emission of 

analyte ions into the gas phase, which are then transferred from the atmospheric-pressure segment to 

the high vacuum segment of the mass analyzer. Analytes are either infused directly into the interface 

via a syringe, or coupled to liquid chromatography (LC/ESI-MS). ESI can be conducted in a positive 

or a negative mode, as selected by the capillary voltage. Gangliosides and sulfatides are usually 

determined in the negative ion mode, sphingoid bases and ceramides can be identified by multiple 

reaction monitoring (see below) in the positive ion mode. ESI is an exceptionally mild ionization 

method that allows the formation of intact molecular ions with no or little fragmentation during 

ionization [59,78,79]. Fragmentation can occur in the ion-transport region of the ESI source (in-source 

fragmentation). At higher cone voltages, in source-fragmentation of sialic acids and sulfate is observed 

with gangliosides and sulfatides, respectively. The major limitations of ESI, which are adduct 

formation, restriction to polar solvents, and ion suppression when complex matrices are used, can be 

minimized by using nano-ESI-MS, a miniaturization of ESI-MS. 

Coupling of RP-HPLC to ESI-MS allowed the separation of negatively charged GSLs such as 

sulfatides,  GM3, GM2,  GM1, GD3, GD1a, GD2, GD1b, GT1a (for structures, see Figure 5), GT1b, 

and  GQ1b in 25 min and their analysis at picomolar to femtomolar levels [80]. Sphingolipid profiling 

including determination of HexCer- and LacCer-species was achieved in human plasma and in 

lipoproteins after separation of lipid classes by HILIC [81–83]. Neutral GSLs from human 

erythrocytes were determined at the low femtomol level after nano-HPLC separation by ESI-QTOF 

MS. Modification of this fast and sensitive protocol also allowed the structural analysis and profiling 

of LacCer, Gb3Cer and globotetraosylceramide (globoside; Gb4Cer, for structure see Figure 7) 

species, including the determination of unsaturated and saturated ceramide moieties [84]. Very 

recently, Farwanah et al. presented a LC/ESI-MS method which allows the rapid separation and 

profiling of GlcCer, LacCer, Gb3Cer, and Gb4Cer [85]. 

2.6. Matrix-Assisted Laser Desorption/Ionization (MALDI) 

MALDI is a mild ionization technique that has often been used for the qualitative analysis of larger 

molecules and biopolymers, and more recently also for the identification and the profiling of lipids. 

Unlike ESI, APCI, and APPI, MALDI ionizes the analyte of interest directly from a solid phase [59]. 

The analyte is co-crystallized together with an UV-active matrix on a metal target. Irradiation of 

suitable positions on the target with a pulsed laser leads to desorption and the ionization of the analyte. 

MALDI has the advantage of being less sensitive to salts. However, the nature of the used matrix and 

the heterogeneities of the created crystals can affect the results significantly, and the preparation of the 

matrix can be demanding. MALDI cannot be directly combined with liquid chromatography, but has 

been coupled to TLC. For the analysis of gangliosides by MALDI-MS, different matrices that lead to 

sodium- or potassium adducts of the analytes have been investigated [86], such as 6-azo-2-

thiothymine/diammonium citrate [87]. MALDI coupled to nanoHPLC via an automatic spotting 
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roboter allowed the analysis of complex GSL mixtures using 2,5-dihydroxybenzoic acid and 6-azo-2-

thiothymine matrix systems [88]. Gasphase separation of lipid analytes on the basis of their ion 

mobility is an attractive tool for the high-throughput structural analysis in lipidomics [89]. The 

combination of MALDI and Ion mobility MS has been applied to the separation and analysis of 

HexCer (cerebrosides) [90] and gangliosides [91]. 

2.7. Other Ionization Techniques 

Ionization techniques other than MALDI and ESI have been less often applied to the determination 

of GSLs. Atmospheric Pressure Chemical Ionization (APCI) is a form of chemical ionization, which is 

complementary to ESI in that it is usually used for the analysis of less polar lipids in LC eluates. 

 In APCI, the analyte solution enters a sample capillary heated to high temperature in the range of  

400 °C–500 °C. The combination of heat and a high flow rate of nitrogen leads to the formation of fine 

droplets of the analyte solution and a subsequent rapid evaporation of the solvent. A corona metal needle of 

high voltage at the end of the sample capillary transfers charges onto the analyte molecules [59,78,79]. 

An advantage of APCI is that less polar solvents such as hexane and chloroform do not significantly 

affect the ionization process, and adduct formation is less prominent in APCI than in ESI. A significant 

extent of in-source fragmentation limits its use especially for quantitative analysis. APCI has been 

occasionally applied to GSL analysis. For example, coupling of reverse phase chromatography to 

APCI enabled the determination of molecular weight, ceramide composition, and partial 

oligosaccharide sequence of 60 ng ganglioside [92]. Separation of cholesterol, sphingomyelin, and the 

neutral GSLs GlcCer, LacCer, Gb3Cer, and Gb4Cer in one run by normal phase LC was combined 

with densitometric quantification of these lipid classes and their profiling by APCI [85]. These GSLs 

are known to accumulate in inherited diseases of sphingolipid degradation, such as Gaucher-, Fabry-, 

and Sandhoff disease. 

In Atmospheric Pressure Photo-Ionization (APPI), a modification of APCI, the corona needle is 

replaced by a UV lamp, which emits photons of 10 eV [59]. Since most lipid molecules have higher 

ionization energies than 10 eV, APPI is usually performed in a way in which the ionization segment is 

filled with a substance like acetone or toluene that has a lower ionization energy. Photons absorbed by 

the dopant molecules lead to the formation of radical cations, which transfer charge directly or via 

solvent-mediated ionization onto the analyte molecules [59]. Compared to APCI and ESI, APPI can 

have the advantage of lower detection limits and of higher signal intensities. APPI has been applied to 

the determination of neutral GSLs after separation by liquid chromatography on porous graphitic 

carbon [93]. 

2.8. Tandem Mass Spectrometry 

Tandem mass spectrometry (MS/MS) is the induced formation of fragments from the analyte of 

interest for structural elucidation or quantification. This is achieved by collision induced dissociation 

(CID), where m/z-selected molecular precursor ions collide with inert gas molecules such as helium or 

argon, which results in the dissociation of the analyte into fragments (Figure 8). In tandem-in-space 

MS, the molecular ions of the analyte are m/z-scanned, fragmented, and analyzed in different segments 

of the mass spectrometer. Such an approach can be performed in triple quadrupole mass analyzers, 
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which consist of three quadrupoles (Q1, Q2, Q3) aligned in row, with Q2 as the collision cell in which 

fragmentation takes place. Here, different scan modes can be performed [59]. In the product ion scan 

mode, analyte species with a certain m/z-value are selected in Q1, enter the collision cell Q2, and the 

resulting fragments are scanned in Q3. Such a scan mode is usually performed when fragmentation 

conditions or/and characteristic fragments are searched for. If a characteristic fragment is already 

known, the precursor (or parent-) ions can be easily determined by a parent ion scan by focusing Q3 on 

these characteristic fragments and scanning for the corresponding precursor ions using Q1. 

Characteristic but not charged (neutral) and thus undetectable fragments are used in the so called 

neutral loss scan, where Q1 and Q3 are applied for scanning operations, but with a mass difference 

representing the neutral fragment lost during fragmentation. Multiple reaction monitoring (MRM) is a 

frequently used LC methodology for quantitative analysis. Here, Q1 is fixed to transmit precursor ions 

of a certain m/z-value, while Q3 is focused on a selected product ion. As a result, a certain transition is 

monitored. Q1 and Q3 can then be switched rapidly to other m/z-value pairs; a process which can be 

repeated multiple times. The advantages of MRM include good selectivity and sensitivity, as well as 

wide dynamic range. 

Figure 8. Collision induced dissociation (CID) of the ganglioside standard substance 

[C18:1,C14:0]GD1a. Fragmentation of the [M+2H]2+ signal at m/z = 891,37 in the positive 

mode is shown (M. Gantner, T. Kolter, unpublished). For the nomenclature of fragments, 

compare [97]. 

 

In gangliosidoses, the ESI-MS/MS-detection of precursor ions of m/z = 290 that indicates the loss of 

N-acetylneuraminic acid has been used for the profiling of gangliosides [94]. A negatively charged 
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precursor ion of m/z = 87 can be used at higher collision energy, together with other precursor ions 

such as the positively charged ions of HexNAc (m/z = 204), (HexNAc)2 (m/z = 407), or sphingosine  

(m/z = 264) [14]. Gangliosides GD3 and GM3 have been determined by monitoring a Neu5Ac-fragment of 

m/z = 290 in milk, after RP-separation via a C5-column and a standard addition technique [95].  

[M−H]−- ions of sulfatides, the major storage substances in Metachromatic Leukodystrophy, were 

investigated by collisional-activated dissociation in a quadrupole ion-trap tandem mass spectrometer 

for assignments of sphingoid base and the fatty acid part of the ceramide anchor [96]. 

A disadvantage of triple quadrupole instruments is the low resolution power, which can be 

overcome by using hybrid mass spectrometers such as QTOFs (Quadrupole Time of Flight). Another 

drawback of triple quadrupole mass spectrometers is their inability to perform multiple stage 

fragmentations. Such fragmentations can be carried out in ion trap analyzers and in instruments with 

technical improvements derived therefrom. In principle, an ion trap analyzer consists of a ring 

electrode and two end cap electrodes with an oscillating trapping electrical field imposed on it [59]. 

Manipulation of the electrical field may lead to destabilization of the stable trajectories of trapped ions 

resulting in their ejection out of the mass analyzer. In ion traps, fragments are generated by colliding 

the analyte of interest with an inert gas in the ion trap analyzer itself. The resulting fragments can be 

fragmented n-times further (with n > 2). These multiple fragmentations are referred to as tandem in 

time mass spectrometry since the various fragments are generated in the same location but at different 

times. Another new development is the introduction of a fully automated thin chip microsprayer 

technology coupled to a high resolution hybrid quadrupole time-of-flight mass spectrometer for the 

mapping, sequencing, and structural elucidation of gangliosides. Using advanced chip-based setups, 

complex gangliosides such as GT1 were characterized after electrospray ionization in ion trap mass 

spectrometers [98]. In a high-throughput setup, a complete fragmentation analysis of gangliosides such 

as GT1b can be performed within three minutes [99]. 

2.9. Imaging Mass Spectrometry (IMS) 

MS-based imaging techniques aim to visualize the distribution of molecules within tissue sections, 

including that of lipids [100]. To create spatial m/z- maps of the GSL analytes, MALDI-MS [101],  

and Secondary Ion MS (SIMS) [102] have been used, as well as Desorption electrospray ionization  

(DESI) [103]. In the case of the MALDI imaging, tissue sections embedded in suitable matrices are 

irradiated by nitrogen- or infrared laser beams. Heterogeneity of the matrix, extended acquisition 

times, chemical noise at low m/z, and restricted lateral resolution of 20–50 µm are shortcomings of the 

MALDI imaging approach.  

In SIMS, a surface is bombarded with a high energy ion beam, which leads to the sputtering of 

secondary ions that are collected and analyzed by MS [78]. Compared to MALDI, some advantages 

are no need for a matrix, a higher resolution in the sub-micrometer range, and less noise at low m/z-

values. However, SIMS induces fragmentation of the analytes of interest, a restriction, which can limit 

its use. TOF-SIMS has been used to analyze the spatial distribution of sulfatide and other brain  

lipids [104], GalCer species in the white matter and the inner granular layer of rat cerebellum [105], and of 

GalCer- [106] and sulfatide-species [107] in rat cerebellum. Also DESI has been used to create two-

dimensional images of the distribution of sphingolipid species in tissues [108]. 
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MALDI imaging of ganglioside molecular species in the mouse hippocampus showed a differential 

distribution of C18- and C20-fatty acid-containing gangliosides [109]. Histological slices of brains from 

the mouse models of Tay-Sachs and Sandhoff disease were studied by MALDI imaging using an 

oscillating capillary nebulizer for matrix deposition on the surface of the sample [110]. Ganglioside 

profiles of coronal mouse brain sections have been determined with MALDI imaging using a  

2,6-dihydroxyacetophenone/ammonium sulfate/heptafluorobutyric acid matrix to maximize the 

detection of all ganglioside species [111]. MALDI imaging using 9-aminoacridine as a matrix has been 

applied to kidneys from normal mice and mice with arylsulfatase A-deficiency, the animal model of 

Metachromatic Leukodystrophy. The study revealed a differential localization of sulfatides with 

identical ceramide anchors but different glycan-sulfate head groups, and of sulfatides with identical 

head groups, but different ceramide moieties [112]. In a nanoparticle-assisted way, distribution of 

sulfatide-species was determined in different layers of the dentate gyrus of rat hippocampus [113]. 

2.10. Indirect Methods 

Modern techniques of glycome profiling, for example after separation of isomeric glycan species by 

capillary electrophoresis, anion exchange chromatography, or other techniques [114], are not directly 

applicable to glycolipids, until after the chemical release of the sugar moiety. It has been known for a 

long time that the carbohydrate moiety of acetyl-protected GSLs can be liberated [26] by 

osmiumtetroxide/periodate-treatment [115] or of unprotected (native) GSLs by ozonolysis [116]. Both 

methods give rise to GSL aldehydes, which are subsequently fragmented by alkaline treatment (Figure 9). 

These GSL-aldehyde derivatives can also be isolated and immobilized, and for example transferred 

onto aminooxy-functionalized gold nanoparticles via chemical ligation in a glycoblotting technology, 

and directly profiled by MALDI-MS [117]. MALDI from gold nanoparticles can show higher 

ionization efficiency than from organic matrices. Also enzymatic methods can be applied for the 

preparation of GSL-derived oligosaccharides, such as a protocol using Rhodococcal 

endoglycoceramidase and leech ceramide glycanase [118]. Cell-derived GSL aldehydes have been 

linked to a heterobifunctional fluorescent tag, and coupled to glass slides to create shotgun 

microarrays. These were suitable for binding studies with toxins, antibodies, and sera from individuals 

with Lyme disease and mass spectrometry [119]. 

Figure 9. Oxidative cleavage of GSL and fragmentation of the resulting GSL-aldehydes. 

This gives access to GSL glycans. 

 

3. Identification of Interacting Molecules 

Lipidomics has not only been understood as systems-level analysis and characterization of lipids, 

but includes also the determination of interacting molecules [120]. For the identification of interacting 
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molecules, underivatized glycolipids can be separated by TLC, immobilized on hydrophobic surfaces, 

and probed with lectins, antibodies, pathogens, toxins, and whole cells. Such overlay techniques have 

been frequently applied to the characterization of GSLs as receptors for pathogens and toxins [121]. 

This type of GSL-profiling has also been combined with MS, such as MALDI for the structural 

characterization of pathogen receptors like those for Shiga toxins [122] or with IR-MALDI to 

determine neutral GSLs recognized by P-fimbriated E. coli bacteria [123]. TLC immuno-staining in 

combination with nano-ESI-MS and nano-ESI-MS/MS has been used to determine the structural 

profiles of Gb3Cer and Gb4Cer-binding Shiga toxin and antibodies [124]. In general, microwell 

adsorption, TLC overlay, and surface plasmon resonance spectroscopy are suitable techniques for the 

characterization of biopolymers interacting with the GSL glycan part [125]. Plasmon resonance for the 

identification of interacting moieties is also applicable after glycoblotting of the released GSL-glycans 

on gold particles [117]. 

4. Applications 

4.1. Analysis of Lipidomes 

MS techniques have been applied to the analysis of GSLs in the context of other questions. In some 

examples, the study of selected GSLs has been included in the lipidomic analysis of different systems. 

In a shotgun-based approach, the lipidome of Madin–Darby canine kidney cells was determined by 

Fourier transform MS analysis on a LTQ-Orbitrap instrument. The high mass accuracy of such 

instruments (of less than 2 ppm in non-hybride mode) enables highly confident identifications and 

structural assignments. More than 300 lipid species from 14 different lipid classes were measured from 

a single sample of 105 cells. Hexosylceramide, dihexosylceramide, and Forssman-GSL species were 

quantified in positive-ion-mode, and ganglioside GM3 species were quantified in the negative-ion-

mode [126]. Because no synthetic standards were available for ganglioside GM3 and Forssman-GSL, 

the authors developed a quantification method that used standards purified from natural sources. 

Changes in the lipidome of mouse macrophages in response to a highly specific ligand for Toll-like 

receptor 4 have been determined, including glucosylceramide and sulfatide [127]. Also the lipidomes 

of vesicular stomatitis virus, semliki forest virus, and the host plasma membrane have been studied by 

quantitative shotgun mass spectrometry [128].  

4.2. Mutants and Other Functional Studies 

Mutant cells and animals allow functional studies and have been applied to investigate the response 

of the systems to the lack of one or more lipid classes. Sulfatides of unusual structure have been 

characterized in the kidneys from mice with genetically engineered defects in ganglioside biosynthesis. 

A series of diagnostic fragments such as precursor ion of m/z = 97 for hydrogensulfate and others have 

been applied in a nanoESI MS/MS-approach [65]. A study of genetically engineered mice with defects 

in ganglioside biosynthesis revealed that polyunsaturated, fucosylated GSLs are essential for 

spermatogenesis and male mouse fertility [14]. Mass spectrometric profiles and quantitative amounts 

of HexCer, sulfatide, and other sphingolipids were determined in ceramide synthase 2 knockout  
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mice [129]. LacCer content and fatty acid profile were determined in human neutrophils to study the 

role of LacCer molecular species for superoxide-generating and migrating abilities [130]. 

4.3. Inherited Diseases 

GSL storage diseases [131] are due to genetic defects in enzymes and other proteins required for 

lysosomal GSL degradation. Determination of GSL levels is of special interest for diagnosis and 

monitoring therapy [132] of these diseases, where GSL substrates of the deficient enzymes accumulate 

in different organs. For example, a GSL of the globo-series, Gb3Cer, is the major storage substance in 

Fabry disease. It accumulates when the enzyme required for the cleavage of the terminal galactosyl 

residue, -galactosidase A, is deficient. With the aid of synthetic internal standards, plasma levels of 

Gb3Cer were determined in patients with Fabry disease. Gb3Cer levels have also been determined by 

ESI using stearoyl-d35-Gb3Cer as internal standard. Isoform profiles of Gb3Cer were recorded in  

urine [133] and plasma [134] of Fabry patients, heterozygote carriers, and probands. LC-MS has also 

been applied to monitor treatment of Fabry patients with enzyme replacement therapy [135].  

MS-determination of Gb3Cer in urine was demonstrated as a screening method that allows detection of 

female hemizygotes [136]. During the determination of Gb3Cer-levels in Fabry patients and healthy 

individuals using C17-Gb3Cer as internal standard, a study using different mass spectrometers revealed 

that careful adjustments are required to obtain identical isoform intensities and quantitative results [137]. 

In ESI, sulfatides can be detected by a m/z = 97 in the precursor ion scan, which has been applied to 

determine urinary sulfatides in Metachromatic Leukodystrophy [138]. 

HexCer from vitreous bodies from a patient with Gaucher disease was analyzed by delayed 

extraction MALDI [139], as well as a quantitative determination of HexCer and sphingomyelin from 

liver and spleen specimens derived from patients with Niemann-Pick and Gaucher disease [140]. The 

levels of HexCer and other lipids were determined in Gaucher fibroblasts using the MRM approach. 

The analysis revealed in part a significant secondary elevation of ceramide, dihexosylceramide, 

trihexosylceramide, sphingomyelin, phosphatidylcholine, phosphatidylglycerol, and phosphatidylinositol, 

especially in type 2 Gaucher disease. ESI-MS determination after sub-cellular fractionation showed 

that the accumulation was not restricted to the lysosomal compartment [141]. 

Lysoglycosphingolipids are toxic site products of GSL biosynthesis and are elevated in patients 

with sphingolipidoses [142]. Especially the pathogenesis of Krabbe disease is governed by the 

accumulation of galactosylsphingosine (Psychosine, Figure 10) in oligodendrocytes. In Fabry disease, 

globotriaosylsphingosine levels in urine [143], tissue and plasma [144] have been determined as 

biomarkers for the disease and monitoring of enzyme replacement therapy. More recently, lysoGSLs 

have also been detected and determined in healthy probands and those suffering from acquired 

diseases (see below). In patients with coronary heart disease, they occur in HDL [145], and seem to 

have beneficial effects on the heart.  
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Figure 10. Structure of Galactosylsphingosine, a toxic substance that accounts for the 

pathogenesis of Krabbe disease (GalCer--galactosidase deficiency, Globoid cell 

leukodystrophy).  

 

4.4. Acquired Diseases 

Glycosphingolipid levels are altered not only in sphingolipidoses, but in a variety of other  

diseases [146]. Determination of GSL molecular species and their correlation with acquired disease 

states are rare, but some attempts have been made to correlate GSL molecular species with 

physiological and pathophysiological conditions. For example, determination of GlcCer and LacCer in 

different organs revealed a correlation between aging and certain molecular GSL species, such as C14- 

and C16-LacCer. This study was carried out in rodents and in cells from human probands. Levels were 

elevated as much as 8 and 12-fold in mice and in fibroblasts from elderly human individuals; an effect 

that could be reversed by caloric restriction [147]. 

4.4.1. Folding Diseases 

GSL-levels have been correlated with folding diseases, such as Alzheimer and prion diseases. The 

presence of gangliosides appears to be required for the formation of amyloid fibrils, a hallmark of 

Alzheimer diseases [148], and antibodies against ganglioside GM1 prevent amyloid fibril formation 

[149]. Shotgun Lipidomics revealed changes in the lipid composition of the brain of Alzheimer disease 

patients, especially of sulfatides, ceramides, and plasmalogens [150]. 

4.4.2. Diabetes 

Several lines of evidence support the view that ganglioside GM3 downregulates the insulin 

receptor. Although an interaction between lysine-944 of the insulin receptor and the carboxylic acid 

moiety of ganglioside GM3 seems to play a role, the molecular details of this phenomenon are not 

clear [151]. Accordingly, elevated GM3 levels have been observed in the serum of patients with 

hyperglycemia, hyperlipidemia, type 2 diabetes, and obesity [152]. Determination of serum GM3 

levels might be suitable as a diagnostic marker for such metabolic diseases. In addition, 

pharmacological inhibition of ganglioside biosynthesis has been suggested to be a new approach for 

the treatment of diabetes [153], although–at least in liver–questions about the molecular bases of the 

observed effects remain [154]. In animal models of type 1 diabetes, hexosylceramide species 

containing nervonic acid (24:1) were reduced in circulation, liver, and heart, and also in response to a 

high fat diet [155]. 
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4.4.3. Cancer 

The different steps of sphingolipid and GSL metabolism are altered in cancer [156]. GSLs also 
influence the regulation of genes that affect cancer in terms of tumorigenesis, metastasis, or tumor 
response to treatment [157]. For example, there is evidence for a tumor-associated occurrence of 
ganglioside Hanganutziu-Deicher antigens. Based on this, vaccines against N-glycolylneuraminic acid-
containing ganglioside GM3 have been tested in clinical trials for cancer-treatment [158]. 

Thirty-one different ganglioside species from murine lymphoma cells have been separated from 
classical gangliosides by nanoHPLC coupled online to ESI-QTOF MS. Among them were 18 Neu5Gc-
containing gangliosides and 13 Neu5Ac-containing species of ganglioside GM1b (Figure 11) and 
GalNAc-GM1b [22]. Aberrant sialylation has been associated with malignancy: Expression of the four 
types of human sialidases have different impact on cancer malignancy [159]. Ganglioside GD2  
(Figure 11) is regarded as a tumor-associated antigen present on human neuroblastoma cells, and 
clinical trials have been conducted using anti-GD2 antibodies [160]. Neuropathic pain reactions in the 
immunotherapy were one of the major side-effects [161]. In pancreatic and also in colon cancer, MS 
analysis revealed increased levels of Gb3Cer with long chain (C24), short chain fatty acids (C16), and 
hydroxylated fatty acid lipoforms in malignant tissues [162]. In cancer, Gb3Cer is elevated on the 
surface of tumor cells, where it facilitates the anchorage of heat shock-protein 70 in the plasma 
membrane [163]. Modified gangliosides like fucosylated GM3 and GM4, and acetylated GM1 and 
GM3 were determined in brain tumors using chip-based nanoelectrospray MS [164]. 

Figure 11. Structures of gangliosides GD2 and GM1b. Only one of the various lipoforms is shown. 

 

Combined bioinformatic and lipidomic approaches make use of the data on gene expression in 

cancer and other diseases to predict differences in sphingolipid and GSL composition. This has been 

applied to breast cancer cell lines [165] and to ovarian cancer, where a combination of MALDI 

imaging and transcriptomic data indicated that sulfatides are elevated [166]. 
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5. Outlook 

Lipidomics aims to determine the lipid profile of a given system and to integrate this information 

with genomic, transcriptomic, and proteomic data. Despite considerable progress in method 

development and instrumentation, this is currently not achieved for GSLs even by the leading 

laboratories. Due to the structural complexity of the glycosphingolipidome, even a comprehensive 

GSL analysis is still a tremendous challenge and not possible within routine analytical work. 

Promising developments as summarized in this review include studies that correlate profiles of GSL 

subsets with human diseases, that address the spatial distribution of analytes, as well as the extension 

of analytical work towards more rare and potentially regulatory GSL species. 
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