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ABSTRACT 

 Glycosylation is a keystone of mammalian cells found primarily on membrane proteins 

and lipids, extending into the extracellular space to form the outer-most membrane layer 

known as the glycocalyx. The physiological functions of glycans are still constantly being 

discovered in relation to specific glycan structures. These functions include alteration of protein 

tertiary structure, protection of the peptide backbone, and mediation of interactions. Each of 

these functionalities, namely the mediation of interactions, has been a recent focus in the field 

of glycomics. Glycans have been shown to play a significant role in signaling pathways, cancer  

pathology, neurodegeneration, immune response, and viral, bacterial, and fungal susceptibility 

pathology. 

 Glycan-mediated interactions are of unique interest in neural physiology and pathology. 

Previous research has shown aberrant glycosylation of both proteins and lipids to play a 

significant role in neurological diseases such as multiple sclerosis, Huntington's disease, and 

Alzheimer's disease. The complexity of elucidating pathology mechanisms stems from the 

diversity of glycan structures specific to each cell type and how they shape interactions in vivo. 

 Developing analytical methodologies that provide sensitive and reproducible profiles 

with structural information is critical to elucidate the mechanisms behind glycan interactions . 

The sheer structural diversity in glycans and their untemplated biosynthesis makes this 

challenging. The development of robust high-performance liquid chromatography-mass 

spectrometry workflows capable of generating structural profiles and their application was the 

primary focus presented in this work. 
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Introduction to Glycans and Liquid Chromatography-Mass Spectrometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

Overview. 

All natural eukaryotic cells produce and express glycans (sugar chains) with various 

functional purposes, termed the glycocalyx. Highly abundant sources of glycans in mammals are 

found on proteins as post-translational modifications and as sphingolipids. Protein glycosylation 

occurs on asparagine with N-linked glycans and serine or threonine with O-linked glycans. The 

glycan moiety is typically attached to membrane-bound species that extend into the extra-

cellular space, forming a dense and complex outer layer. The various functions these 

biomolecules are responsible for include proper protein folding, membrane organization, 

protection, and the mediation of intra- and inter-cellular interactions. Biosynthesis of glycan 

structures is initiated in the endoplasmic reticulum (ER) and, unlike DNA, RNA, and proteins, are 

constructed in an untemplated manner based on the cell-specific activities of various glycan 

processing enzymes. This untemplated biosynthesis leads to a complex distribution of 

structures that vary in monosaccharide composition, degrees of polymerization, and tertiary 

structure, which mediate specific and overlapping interactions. The complex nature of these 

glycan structures has required the development of unique analytical methodologies and tools 

for their study. Liquid Chromatography - Mass spectrometry has been the most widely adopted 

instrumentation used in glycomic analysis due to its capability of separating structures in 

complex biological matrices to determine the overall glycan composition, quantitation, and 

elucidation of structural information. 

This introductory chapter first provides a background on the composition of mammalian 

glycans, where they are expressed, how they are synthesized, and their importance in biological 
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functions. Lastly, the chromatographic and mass spectrometric tools used to characterize the 

glycocalyx will be discussed. 
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Monosaccharides in the human glycocalyx. 

Glycans, or carbohydrates, are polymers constructed from glycosidic-bound 

monosaccharides, with oligosaccharides characterized as 1 to 20 linked monomer units and 

polysaccharides having > 20 degrees of polymerization.1 Although hundreds of 

monosaccharides have been observed in nature, relatively few are used in constructing the 

human glycocalyx. Typically, hexoses (D-glucose, D-galactose, and D-mannose) and N-

acetylated hexoses (N-acetyl-D-glucosamine and N-acetyl-D-galactosamine) are the most 

abundant monosaccharides found in glycans. 6-Deoxyhexoses (L-fucose) and nonulosonic acids 

(N-acetylneuraminic acid) are also common and tend to support or inhibit various interactions 

due to their unique structure and position of incorporation (Table 1.1).2  

Table 1.1 The monosaccharides commonly found bound to human glycoproteins and glycolipids 

with abbreviations, representative symbols, and molecular structure. 
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Glycan linkages & modifications. 

Glycan biosynthesis begins in the endoplasmic reticulum, where first glycan-lipid or 

glycan-protein linkages occur. Subsequent oligosaccharide elongation adds monosaccharides by 

a glycosidic linkage catalyzed by glycosyltransferase in either an α or β configuration (Figure 

1.1).  

 

Figure 1.1 Example glycosidic linkages in the α- and β-conformation for simple disaccharides 

maltose and lactose. 

Specific linkages are determined by the stereochemistry of the anomeric carbon (C1). 

This dynamic process is untemplated; final structures depend on substrate availability and 

enzyme activity. In addition to the structural diversity from monosaccharide structures and 

glycosidic linkages, modifications such as O-acetylation (OAc), sulfation, phosphorylation, and 

lactonization (Lac) are observed.3 
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N-Glycans 

N-Glycans are a common post-translational modification contributing to protein folding 

and the overall tertiary structure. Biosynthesis begins with a covalently bound dolichol-

phosphate to a protein’s asparagine (Asn) with the sequence Asn -X-Ser/Thr, with X being any 

amino acid but proline. This first step of protein glycosylation occurs on the luminal side of the 

endoplasmic reticulum and provides the 14-monomer glycan structure from which all N-glycans 

are derived. Initial processing occurs first by hydrolyzing glycosidic bonds and removing glucose 

residues, which is accomplished by α-glucosidases I for the terminal α 1-2 residue and α-

glucosidases II for the two subsequent α1-3 glucose.4 The remaining structure, Man9-GlcNAc2-

Asn, moves through the ER, where degradation-enhancing α-mannosidase I–like protein checks 

for correct protein folding. Next, glycoproteins are translocated to the Golgi , where they can 

skip further processing, resulting in a high-mannose structure (HM), Man9-5-GlcNAc2-Asn, or 

partially or fully processed to the N-glycan core structure, Man3-GlcNAc2-Asn, by mannosidase 

enzymes. Partial removal of terminal mannose results in a hybrid type (H) structure, whereas 

trimming down to the core sequence results in complex type (C) structures (Figure 1.2).  
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Figure 1.2 N-glycan structures, including the common core structure found in all N-glycans and 

structure types based on mannosidase processing of antennae. 

The following N-glycan categorization refers to the number of antennae in complex 

structures where up to four branched antennae are possible, as well as GlcNAc bisection on the 

first core mannose (Figure 1.3). 

 

Figure 1.3 Complex type N-glycans categorization by antennae number and the bisecting type. 

The last N-glycan categorization is based on the containment of fucose, sialic acid, or 

both. This distinction is made due to the increased functionality observed when these 

monosaccharides are incorporated into the glycan structure (Figure 1.4).5 
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Figure 1.4 N-glycan categorization based on the incorporation of functional monosaccharides 

sialic acid (terminal) and fucose (core and branch). 

Complex or hybrid N-glycans without fucose or sialic acid are termed undecorated. 

When sialic acid is incorporated, it is positioned at the terminal end of an antenna and 

mediates unique interactions due to its anionic moiety. Fucose can be bound on both the core 

and antennae. Core fucosylation typically promotes a glycan conformation that extends the 

structure away from the protein, encouraging interactions by increasing the structure's 

accessibility. Terminal fucosylation adds functionality for increased specificity of glycan binding 

substrates. 
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Glycosphingolipids 

Sphingolipids are a category of amphipathic membrane lipids that contain a ceramide 

backbone positioned in the outer leaflet of the plasma membrane and a polar headgroup 

extending into the extra-cellular space. The two-tailed ceramide consists of a sphingoid base 

and N-linked acyl, both variable in chain length, unsaturated bonds, and degrees of 

hydroxylation. The second part of these bioactive molecules is the polar headgroup attached to 

C1 of the lipid, which can be a simple hydroxide, phosphate group, phosphocholine, glucose-

galactose (cerebrosides), sulfated galactose (Sulfatides), or complex oligosaccharides like GM1 

(Figure 1.5).6 

 

Figure 1.5 Example glycosphingolipid GM1 and sources of structural diversity observed in the 

headgroup, sphingoid base, and N-linked acyl group. 

 

Biosynthesis of the lipid backbone occurs via either the de novo or salvage pathway. De 

novo sphingolipid synthesis begins in the endoplasmic reticulum, where the most common 
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sphingoid base, sphingosine (d18:1), is produced by several stepwise reactions. First, the 

decarboxylating condensation of L-serine and Palmitoyl-CoA (C16-CoA) by Serine palmitoyl 

transferase (SPT) occurs. SPT isoforms vary in specificity to produce additional sphingoid bases 

ranging from 16 to 20 carbons, with CN 20 commonly found in portions of the nervous system 

involved in motor function.7 Next, 3-ketodyhydrosphingosine reductase (KDSR) reduces the c-3 

oxygen producing dihydrosphingosine (d18:0), the precursor from which all other known 

sphingoid bases are derived. A family of ceramide synthases (CerS 1-6) attaches an N-linked 

fatty acid group ranging from 6 to 26 carbons to produce the two-tailed lipid dihydroceramide 

structures. Further processing by DES1 or bifunctional DES2 desaturate or hydroxylate C4 of the 

sphingoid base to produce ceramide (d18:1/FA) or 4-hydroxysphinganine (t18:0/FA).8,9 

Additional desaturation of the long-chain base’s C14 by FAD3 results in 4-trans, 14-cis-

Sphingediene (d18:2).10 The last known naturally occurring sphingoid base, 6-hydroxy-4-

sphingenine (t18:1), has an additional hydroxyl group at the C6 position and is found mainly in 

epidermal tissue.11 The enzyme(s) that play a role in its biosynthesis are currently unknown 

(Figure 1.6). 
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Figure 1.6 De novo synthesis with the substrates and enzymes involved in producing all 

sphingoid base structures observed in humans with specificity in position and stereochemistry of 

double bonds and hydroxyl groups. 
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Additional lipid modifications on the N-linked acyl group include the more common α-

hydroxylation. ω-Hydroxylation occurring at the end of the tail is typically esterified and found 

in epithelial tissue. Desaturation, which typically occurs at the n-9 position of the acyl tail, is 

also possible. 

Ceramide synthesis is also possible by the recycling of sphingolipids by what is referred 

to as the salvage pathway, which occurs in late endosomes and lysosomes. It involves several 

enzymes, including sphingomyelinases, glycosidases, ceramidases, and ceramide synthases, 

that hydrolyze the headgroup and de-acetylate the ceramide, resulting in sphingosine. 

Sphingosine can then be acetylated with a new fatty acid group, forming a lipid structure based 

on cellular needs. Recycling sphingolipids is a complex process for more than simply producing 

more ceramide, as phosphocholine, ceramides, and sphingosine have been shown to play an 

active role in cellular regulation as signaling molecules (Figure 1.7).12  
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Figure 1.7 Flow chart of biosynthetic sphingolipid pathways, including de novo synthesis and the 

salvage pathway, which reuses sphingoid base structures. Adapted from: The sphingolipid 

salvage pathway in ceramide metabolism and signaling, 2008. 

The nomenclature used to describe ceramides uses the same convention as typical fatty 

acid nomenclature. The sphingoid long-chain base is first described with a letter indicating the 

number of hydroxyl groups (mono-, di-, tri-, quat-) followed by a number for the total carbons 

and separated with a semicolon indicating the number of unsaturated bonds. The N-linked fatty 

acid is described following a slash with the carbon number (/C##); a # after a colon indicates the 

number of unsaturated bonds, and an “OH” indicates a hydroxyl group. 

After the ceramide structure is completed, a headgroup can be added, which includes 

ceramide-1-phosphate (1P-), sphingomyelin (SM-), and glycans - referred to as 

glycosphingolipids (GSLs). GSL biosynthesis occurs in the Golgi where UDP-glucose or UDP-

galactose is bound to the C1 of the ceramide through a glycosidic bond by ceramide 
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glucosyltransferase (UGCG) or ceramide glucosyltransferase (UGT), respectively. Structures with 

a single monosaccharide incorporated are cerebrosides (GlcCer and GalCer). GalCer is the 

precursor for structures referred to as the Gala- series, where typical structures include sulfated 

(SM3) or sialylated (GM4) produced by Gal3-Sulfo Transferase I or Sialic acid Transferase-3Gal 

V, respectively. GlcCer is elongated by ß4GalT6 with the addition of galactose to form lactosyl 

ceramide (LacCer), the precursor for the ganglio-, globo-, isoglobo-, lacto-, neolacto-, and muco-

series GSLs (Figure 1.8). 

 

Figure 1.8 Ganglioside core structures expressed in humans based on sequence and glycosidic 

bond stereochemistry. 

 

Gangliosides are the most abundant glycosphingolipid structures in the central nervous 

system and the only GSLs that contain sialic acids. Gangliosides are categorized into four main 

groups based on the number of sialic acids bound to the first core galactose, with a- and b-

series gangliosides having the highest expression in the human brain (Figure 1.9).  
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Figure 1.9 0-series, a-series, b-series, c-series, and fucosylated gangliosides, including the 

glycosyltransferase enzymes involved in their biosynthesis. 

 

GSL nomenclature uses short-hand notation, which was termed at their first discovery. 

The first letter(s) describes the core structure, Gangliosides (G-), as an example. For 

gangliosides, the second letter represents the total number of neuraminic acid residues it 

contains. So, an oligosaccharide with a single sialic acid is denoted GM-. Next, a number 

describes the number of core neutral monosaccharides the structure contains, whereas GD1 

describes a ganglioside with all four core monosaccharides and two sialic acid monomers. 
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Increasing digits correspond to truncation of the four monomer core, where GM3 contains two 

core neutral monosaccharides and a single sialic acid. Lastly, a lower-case letter describes what 

series a ganglioside is categorized under, where GD1a is a ganglioside with a complete core 

structure that contains two sialic acids of the a-series. Combining the headgroup and lipid 

nomenclature, an example GSL commonly found in human nervous tissue would be denoted 

GD1b – d18:1/C18. 
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Biological Functions of Glycans 

Glycans are essential components of living cells, forming the glycocalyx that surrounds 

the cell and acts as a structural component for stability, protein folding, and protection.  This 

dense outer shell is a physical barrier from invasive species such as viruses, bacteria, and fungi. 

Glycoproteins also use the glycan moiety to protect their polypeptide backbone by creating a 

steric hindrance that prevents protease activity. An essential function of glycans is their role in 

mediating interactions such as cellular recognition and modulation of signaling pathways. The 

proteins that bind to various glycan structures are broadly named lectins, which contain glycan-

binding domains (GBDs) with specificities for both the monosaccharide sequence and glycosidic 

linkage.13  

Monoclonal antibodies (mAB), such as immunoglobulin G (IgG), provide an excellent 

example of how N-glycosylation plays a prominent role in immune response where different 

glycan compositions affect the hydrodynamic radius, stability, and binding interactions.14 IgG 

isoforms have a conserved glycosylation site (CH2-84.4) in the fragment crystallizable region (Fc 

region) that has been well characterized and found to express numerous glycoforms. Studies 

have found that incorporating specific glycan structures directly modulates the inflammatory 

immune response by promoting or inhibiting FcγRIII binding (Figure 1.10).15 This phenomenon 

has major implications regarding the development of mAb therapies where the synthesis of 

amino acid sequence and the glycan structure are fine-tuned for individualized treatment. 
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Figure 1.10 Ig heavy chain residue CH2-84.4 is post-translationally modified with the addition of 
an N-glycan, depicted here as a blue, green, and yellow Y-shaped structure between the two IgG 
heavy chains. This glycosylation site is conserved in all IgG subclasses (IgG1-4). To accommodate 
its CH2-84.4-linked glycan, IgG has a hydrophobic patch (not depicted). The CH2-84.4-linked 
glycan can be classified broadly as being either G0, G1, or G2. G0 glycans have a higher affinity 
for FcγRIII and are associated with a variety of autoimmune diseases. G0 glycans terminate with 

GlcNac residues and thus have zero galactose residues, hence their name. In contrast, G2 
glycans terminate with two galactose residues. CH2-84.4 glycans can also be sialylated or 

fucosylated, which can bestow the antibody with anti-inflammatory properties because these 
modifications decrease Ig affinity for FcγRIII and also allow the antibody to interact with 
endogenous lectins on antigen presenting cells, e.g. sialylated antibodies likely bind to DC-SIGN. 
Adapted from: Glycans In The Immune System and The Altered Glycan Theory of Autoimmunity: 
A Critical Review, 2014. 

 

Further, SARS-CoV-2, the virus responsible for the 2019 epidemic, provides an example 

of glycans' critical role in viral pathology. The spike protein (S protein) of SARS-CoV-2 is 

responsible for host-cell binding of the human ACE2 receptor and membrane fusion. This S 

protein-ACE2 interaction is the primary pathway for viral infection and a target in vaccine 
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development.16 Glycoproteomic analysis of the S protein showed a highly glycosylated surface 

with 25 glycosites covering ~40% of the trimeric S protein.17 Although expression of the S 

protein in different host systems produced consistent glycosites with a high degree of 

occupancy, the specific glycan structures produced depended on the processing enzymes 

specific to the system.18 Functional studies focused on variable glycan structures and glycosite 

deletion mutations provided evidence of the importance of glycans in infectivity19 and host 

immune system evasion20 (Figure 1.11). 

 

Figure 1.11 Glycosites of S protein and their functions. Different shapes and colors represent the 
corresponding functions, and the gray indicates that the functions of the sites are unknown. 

Adapted from: The glycosylation in SARS-CoV-2 and its receptor ACE2, 2021. 

 

Siglecs (sialic acid binding immunoglobulin-like lectins) are a family of immunoregulatory 

cell-surface proteins that activate or deactivate the immune response upon binding to a glycan 

substrate.21 Microglia, the CNS immune cells responsible for removing pathogens and damaged 

cells, express siglec-5/7-12/14 and siglec-3 (CD33), which regulate the neuroimmune response 
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upon binding.22 Of note, increased expression of CD33 is correlated to a higher susceptibility to 

AD where phagocytosis and the ability to clear misfolded proteins is inhibited upon ligand 

binding, contributing to AD progression.23 Myelinating oligodendrocytes in the CNS express 

Myelin-associated glycoprotein (MAG, Siglec-4), which binds to terminal Neu5Ac α2-3 galactose 

(GD1a, GT1b, etc.), in turn stabilizing the axon-myelin interface and inhibiting axon growth.24,25 

The importance of siglecs for biological function is highlighted by their conservation among 

mammals and the functional evolution observed in specific cell types (Figure 1.12).26  

 

Figure 1.12 Human and murine Siglecs. (a) Structural features of functional human and murine 
Siglecs, including four members that are conserved in all mammals, and so-called CD33-related 
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Siglecs numbering five in mice and ten in humans (1, 2, 193). Each Siglec (Sig) has an N-terminal 
V-set immunoglobulin (Ig) domain that contains the conserved sialic acid–binding site and 1–16 
C2 Ig domains. On the cytoplasmic side most Siglecs exhibit characteristic regulatory motifs 
including immunoreceptor tyrosine inhibitory motif (ITIM), ITIM-like, immunoreceptor tyrosine 
switch motif (ITSM), growth factor receptor-bound 2 (Grb2) motif, and a Fyn kinase binding site. 
Several other Siglecs contain positively charged amino acid residues in the transmembrane 
domain that can associate with activating adaptor proteins such as DAP12 with an 

immunoreceptor tyrosine activation motif (ITAM) (1, 2, 193, 224). (b) Crystal structure of a 
portion of human CD22 including the N-terminal V-set and two C-set Ig domains (right). An 

expanded view of the sialic acid–binding site with a bound ligand fragment (NeuAcα2–6Gal) 
shows interaction of the C-1 carboxyl group of the sialic acid with the conserved arginine (R120) 

found in all Siglecs (18). (c) Shown for each Siglec is its cell type expression and preferred natural 
sialoside ligand(s) (1, 35). Cell types are mainly white blood cells in the immune system, 
including B cells (B), basophils (Ba), conventional and plasmacytoid dendritic cells (cDC and 

pDC), Eosinophils (Eo), macrophages (Mac), mast cells (MC), microglia (Mic), monocytes (Mo), 
natural killer cells (NK), neutrophils (N), osteoclasts (Ocl), and T cells (T), and a few cell types 

outside the immune system such as oligodendrocytes (OD), Schwann cells (Sch), and placental 
trophoblasts (Troph). All Siglecs except Siglec-H are known to bind terminal sequences on 
glycans of glycoproteins and glycolipids, with some having high sequence specificity for their 
ligands (e.g., Sig2, Sig7, Sig8), while others exhibit a broader specificity (1). Abbreviations: MyP, 
myeloid progenitor; TM, transmembrane. Adapted from: Siglecs as Immune Cell Checkpoints in 
Disease, 2020. 

 

Glycosphingolipids do not typically extend as far into the extracellular space as their 

glycoprotein counterparts but play a pivotal role in the biophysical membrane properties and 

organization. A unique behavior is observed in glycosphingolipids, where clustering occurs with 

cholesterol and membrane proteins to form bioactive microdomains on the outer leaflet of the 

plasma membrane. This clustering is due to several phenomena all related to their amphipathic 

structure. The ceramide backbone shows higher saturation than other membrane lipids, leading 

to tight, ordered stacking of sphingoid bases and acyl groups.27 Secondly, the amide and 

hydroxyl moieties at the head of the ceramide promote clustering through electron donating 

and accepting interactions and stabilizing the lipid-water interface.28 Lastly, the polar glycan 

headgroup promotes microdomain formation by significantly increasing the degree of 
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hydrophilic interactions with other GSLs and membrane proteins while also increasing the 

localized degree of hydration from surrounding water molecules.29 This leads to the premise 

that glycan headgroup structures organize neighboring lipids and the bioactive proteins to 

create these highly functional domains responsible for numerous cellular processes. The central 

nervous system, where clustering into sub-synaptosomal regions of neurons, is highly enriched 

with gangliosides, which modulate the cellular influx of calcium, a key secondary messenger in 

neuronal signaling pathways.30,31 

GSLs are also substrates for receptor tyrosine kinases (RTK), a family of N-glycosylated 

proteins involved in various complex cellular responses such as cell proliferation, adhesion, 

survival, and apoptosis.32 A well-studied ganglioside-RTK interaction is the inhibition of 

epithelial growth factor receptor (EGFR) by ganglioside GM3 (Neu5Aca2-3LacCer). In short, 

upon GM3-EGFR binding autophosphorylation is inhibited, promoting the inactive conformation 

and resulting in anti-proliferation effects.33 Interestingly, amyloid-beta 42 (AB42), a 

characteristic peptide which aggregates in AD, gave a positive signal that activated the EGFR 

pathway in animal models.34 Although clinical trials using EGFR inhibitors showed poor efficacy 

in treating AD, the changes in EGFR signaling during the onset and progression of AD are still 

considered to play a significant role in the pathophysiology.35 Additional ganglioside-interacting 

RTKs expressed in the human CNS which have been implicated to play a role in AD pathology 

include Fibroblast growth factor receptor (FGFR)36, tropomyosin receptor kinase A (TrkA)37, 

mesenchymal-epithelial transition factor (C-Met)38, platelet-derived growth factor (PDGF)39, 

vascular endothelial growth factor (VEGF)40, and insulin receptor (IR)41 (Figure 1.13). 
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Figure 1.13 Receptor tyrosine kinase positive and negative signaling interactions with 
ganglioside structures. Adapted from: How Do Gangliosides Regulate RTKs Signaling, 2013. 

 

 With mounting evidence supporting glycans' essential role in biological systems, the 

need for analytical methodologies capable of deciphering the ‘glycan code’ is apparent. 

Difficulties characterizing the glycocalyx arise from the complex sample matrix observed in 

biological systems and the increased structural diversity when accounting for differences in 

glycan composition, glycosidic bond stereochemistry, and the substrate on which they are 

expressed. Liquid chromatography-mass spectrometry has become the preferred analytical 

technique due to its ability to separate unique glycoforms and matrix components and 

quantitatively generate structurally informative profiles with high sensitivity. 
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Nanoflow HPLC-MS/MS 

Instrument Overview 

High-performance liquid chromatography (HPLC) – electrospray ionization (ESI) – mass 

spectrometry (MS) is a technique used in the analysis of compounds within a complex matrix. 

Individual analytes are separated on a chromatographic column from other analytes and 

interferences.  After separation, they are introduced from the liquid to gas phase and ionized by 

electrospray ionization. These gas phase ions are then detected by a mass spectrometer, where 

quantitative and structural information can be generated. 

High-performance liquid chromatography background 

High-performance liquid chromatography (HPLC) is a preferred technique for glycan 

analysis due to its ability to separate glycan structures and matrix interferences that would 

typically cause suppression of analyte signals and quantitative biases. The basic principle of 

chromatographic separation uses a solvent (mobile phase) that moves through a column 

packed with the stationary phase of a specific chemical structure. Molecules are separated 

based on their molecular structure, producing different affinities between the mobile and 

stationary phases, which affects the rate at which they partition. Using multiple solvents in an 

HPLC method, known as a gradient, allows for fine-tuned separations of closely related 

structures by gradually increasing the affinity of analytes to the mobile phase. 

Multiple chromatographic formats differing in flow rates, pressures, and stationary 

phase chemistries have been used to separate glycan structures in complex mixtures. Due to 

the structural diversity of N-glycans and glycosphingolipids, these relatively low abundant 
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compounds are resolved into hundreds of peaks, resulting in the need for highly sensitive 

instrumentation capable of detecting compounds at pico-mol concentrations. This necessity for 

sensitivity makes nanoflow HPLC (nHPLC) an ideal chromatographic format that uses flow rates 

between 100 to 1000 nL/min. These low flow rates improve the ionization of compounds by 

minimizing the degree to which they are diluted before being introduced to the gas phase in 

the ESI source. 

Electrospray ionization background 

ESI is used to generate gas phase ions from analytes that have been separated in liquid 

chromatography for introduction to the mass spectrometer at atmospheric pressure. It is 

commonly referred to as a soft-ionization technique due to its capability of producing intact, 

multiply-charged precursor ions. The HPLC eluent, which contains the mobile phase and 

separated analytes, flows through a capillary with a constant high-voltage current applied. In 

positive mode, this current produces cations within the flowing solvent, sprayed in a fine mist 

of charged droplets toward a counter electrode in the mass spectrometer. A heated drying gas 

assists in the desolvation of the droplets, with two opposing forces governing the droplet’s 

behavior. The surface tension from interactions of the solvent molecules keeps the droplet 

intact, producing the smallest possible surface area. Simultaneously, the cations within the 

droplet repel each other with increasing force as the solvent is evaporated, following Coulomb's 

law. Once the repulsive force exceeds the surface tension, the droplet splits in a coulomb 

explosion producing smaller charged droplets.45 This process is repeated until the solvent fully 

evaporates, leaving the ionized precursor that traverses to the counter electrode in the mass 

spectrometer (Figure 1.14). ESI using nanoliter flow rates requires more attention and 
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optimizations of source parameters, namely the nebulizer position, applied voltages, and drying 

gas flow and temperature to ensure reproducible data generation. 

 

Figure 1.14 Depiction of positive mode electrospray ionization used to generate gas-phase 

cations for mass analyzation. Adapted from: Electrospray Ionization Mass Spectrometry: 

Principles and Clinical Applications, 2003. 

Mass spectrometry background 

Mass spectrometers (MS) are well-suited to analyze biological samples for their ability 

to distinguish gas-phase ionic species differing in their mass-to-charge ratio (m/z). The field of 

mass spectrometry was born with JJ Thompson’s invention, the parabola spectrograph, which 

employed parallel magnetic and electric fields to induce a deflection of ionic species passing 

through it with a specific path dependent on the ion's charge and mass. Today, these same 

concepts have been applied and evolved to develop modern instrumentation capable of 

detecting large biomolecules at femtomole concentrations with less than one part-per-million 

(ppm) mass accuracy. 
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Upon ionization in an electric field, an ion's potential energy  { 𝐸𝑝 = 𝑒𝑧 𝑈} is converted 

to kinetic energy, {𝐸𝑝 =  
1

2
𝑚𝑖 𝑉2 = 𝑒𝑧 𝑈}  namely translational motion. This relationship 

connects experimental parameters (m/z & drift time) to instrumental parameters (distance s & 

voltage U).  

𝑉 = √
2 𝑒𝑧 𝑈

𝑚𝑖
                     𝑡𝑑 =  

𝒔

√𝟐𝒆𝑼
× √

𝒎𝒊

𝒛
                    

𝒎𝒊

𝒛
=

𝟐 𝒆 𝑼 𝒕𝒅
𝟐

𝒔𝟐  

In 1946, W.E. Stephens used this principle to create the first Time-of-Flight (TOF) mass 

analyzer, where an ion with a given m/z will have a measurable time in flight to travel a known 

distance. The initial TOF model was limited by the distance the ion could travel without colliding 

with gas-neutral gas molecules, referred to as the mean-free path, which determined its mass 

accuracy and, indirectly, its resolving power. Improvements to the initial design have been 

made, namely improved vacuum pumps, which minimize the number of collisions ions 

experience. Minimizing the number of gas molecules in the flight path directly improved the 

mass accuracy and allowed longer drift paths to increase the resolving capabilities. Commercial 

TOF mass analyzers have a mass accuracy < 5 ppm with a full width at half maximum resolving 

power of 60k. 

The quadrupole mass analyzer, sometimes called a mass filter, is found in all modern 

mass spectrometers. It consists of four hyperbolic or cylinder-shaped rods with pairs held at the 

same potential with a direct current voltage (U, constant polarity) and alternating 

radiofrequency voltage (V, alternating current), producing asymptotes where the electric field is 

zero. Derivation U and V using the Mathieu equation produces instrumental parameters (a &q) 

for which a given m/z or m/z range will have a stable trajectory through the quadrupole. So, 
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with constant z-axis motion, ions can be selected to traverse through or be filtered out based 

on their m/z (Figure 1.15).46 

 

Figure 1.15 Mathieu stability diagram of instrumental parameters for a stable ion trajectory 
with a quadrupole mass analyzer. 

Improvements to the quadrupole mass analyzer have been due to advances in 

mechanical accuracy in machining the rods and supports. Although these mass analyzers have 

poor mass accuracy and resolving power compared to other mass analyzers, their utility in mass 

filtering and adaptation to RF-only multipoles for ion transmission and collision cells has 

significantly increased the capabilities of modern-day mass spectrometers. 

 The development of RF multipoles was found to have steeper well potentials capable of 

generating a stable trajectory for wider m/z ranges. They are typically used in hybrid mass 

spectrometers as ion guides and collision cells. With the mass of a precursor being analyzed in 

MS1, transmission through an RF multipole filled with inert gas will cause collisions that 

fragment the precursor ion, which can be detected with MS2 to elucidate molecular structures. 
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This technique, termed collision-induced dissociation (CID), dramatically increases the breadth 

of information a mass spectrometer can generate.47 
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Bioanalytical glycomic analysis 

Sample Overview 

 A robust sample preparation was required to characterize the glycocalyx with a single 

sample sourced from cells, tissues, or serum. Difficulties in optimizing one preparation for all 

sample types stem from the significant variability in chemical properties and abundances of N-

glycans and GSLs between each sample type and the differences in their matrix. Additional 

challenges lie with limitations in sample availability, where the collection can be an invasive 

procedure while growing cells have limitations due to time and yield. These sample limitations 

generated the need for highly sensitive methodologies to analyze low-abundant compounds 

with limited starting material reproducibly. 

Sample preparation 

 The plasma membrane, where most glycan interactions occur, is enriched for cell 

cultures and tissue samples. We have developed a workflow that lyses the sample and then 

employs a series of (ultra)centrifugation steps to remove nuclear, cytoplasmic, and membrane-

associated compounds using density gradients (Figure 1.16).42 



31 

 

 

Figure 1.16 Plasma membrane enrichment for cells and tissues for glycocalyx profiling. Adapted 

from: Comprehensive structural glycomic characterization of the glycocalyxes of cells and 

tissues, 2020. 

 After membrane enrichment, the sample is diluted with 50mM HEPES with 2mM TCEP 

and heated at 100°C for two minutes to denature the proteins, making the glycan-lysine bond 

more accessible. N-Glycans are then enzymatically hydrolyzed using Peptide-N-Glycosidase F 
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(PNGase F), separating the glycan structure and lysine’s amine of the peptide backbone. 

Samples are placed in a water bath at 37°C to convert the reducing end amine to the aldehyde 

form, minimizing the number of isomeric species for future chromatographic separation. N-

Glycans are extracted in the supernatant after ultracentrifugation at 200k g for 45 minutes; the 

membrane pellet is stored at -20 °C until GSLs are prepared. The fraction with N-glycans is 

further enriched with solid phase extraction (SPE) using a porous graphitic carbon sorbent to 

remove buffers and additional contaminants. Once purified, they are concentrated to dryness 

and stored at -20 °C until analysis (Figure 1.17). 

 

Figure 1.17 The preparation of N-glycan samples from glycoproteins involving enzymatic 

hydrolysis from the peptide backbone and glycan enrichment by solid phase extraction. 

 The remaining membrane fraction from the previous step is further processed for GSL 

analysis. Samples are diluted with a freshly prepared solution of water/MeOH/CHCL3 (3/8/4, 

v/v/v%) and sonicated for 30 minutes to extract the membrane lipids. The lipid-containing 

supernatant is transferred to a fresh vial, and precipitated proteins are stored at -20 °C for 

future O-glycan or proteomic analysis. Adding 0.1M potassium chloride to the lipid fraction 

induces a bilayer separation of amphipathic lipids (GSLs and phospholipids) in the top aqueous-

rich layer and hydrophobic lipids in the bottom chloroform layer. The hydrophobic fraction is 
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dried and stored for future lipidomic analysis, while SPE is employed to purify the aqueous 

fraction. C-8 sorbent SPE retains the GSLs through hydrophobic interactions with the ceramide 

tail, removing salts, buffers, and hydrophilic contaminants. The remaining GSL fraction is 

concentrated by vacuum centrifugation and stored at -20 °C until ready for analysis (Figure 

1.18). 

 

Figure 1.18 Preparation of glycosphingolipid samples by liquid-liquid extraction and enrichment 

with solid phase extraction. 

N-Glycan chromatography 

N-Glycans' separation uses a stationary phase of porous graphitic carbon (PGC) with 

mobile phases consisting of water and acetonitrile, a combination capable of separating 

isomeric structures. PGC is a unique stationary phase composed of layered 2-dimensional 

sheets that retain molecules by electron-donating and electron-accepting interactions through 

their partially filled Pz orbital.43 The lone pairs of oxygen and carboxyl group of Neu5Ac interact 

with PGC through electron donation, inducing a dipole on the sorbent surface, resulting in 

stationary phase retention. Isomeric separation of these structures is due to the tertiary 

structure. N-glycans in a flat configuration can generate more simultaneous interactions, 

leading to a higher degree of retention and isomeric separation (Figure 1.19).44 N-Glycans are 



34 

 

eluted as the mobile phase composition increases to higher acetonitrile concentrations, and the 

lone pair from the nitrogen atom displaces the PGC-glycan interactions. 

 

Figure 1.19 Porous graphitic carbon separation of isomeric N-glycans differing in sialic acid 

glycosidic bond stereochemistry. The retention mechanism is primarily dictated by the glycan 

composition with electron-withdrawing and -donating interactions between the lone pair 

electrons of the glycan and P-orbitals of the carbon stationary phase. Separation of isomeric 

glycans occurs due to differences in shape where flatter structures have more simultaneous 

interactions, resulting in increased retention. Adapted from: A Method for In-Depth Structural 

Annotation of Human Serum Glycans That Yields Biological Variations, 2015. 

Glycosphingolipid chromatography 

The separation of glycosphingolipids uses C-18 reverse-phase chromatography, which 

retains the analytes through hydrophobic interactions with the ceramide backbone. Separation 

of these biomolecules utilizes water, methanol, and isopropanol in the gradient elution.  

However, increased affinity to the mobile phase due to polar moieties on both the glycan and 

ceramide structure contribute to the resolution of compounds. Increasing sialic acid and neutral 
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monosaccharides on the headgroup and unsaturated bonds and hydroxyl groups on the lipid 

decreases the overall retention of GSLs (Figure 1.20). 

 

Figure 1.20 Separation of glycosphingolipids using reverse-phase C-18 nanoflow HPLC-Q/ToF. 

The profile was generated using a human serum pool, which is used as a quality control to 

monitor the sample preparation and instrument suitability. The major constituents included 

GM3, Lac, and SM headgroups. 

Q/ToF Mass spectrometry for the analysis of glycans 

 After the separation of glycan analytes by nanoflow HPLC, the low pH eluent is 

nebulized into charged droplets toward the ion transfer capillary. Each chromatographic 

method required optimization of source parameters to ensure the drying gas temperature and 

flow rate would completely desolvate the ionized glycan species while minimizing thermal 

degradation. A counter electrode and ion guides generate an ion beam, which traverses to a 
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quadrupole mass analyzer where the highest abundant precursors are selected for untargeted 

MS2. The highly abundant precursors are then dissociated with N2 gas using m/z-dependent 

collision energies to generate structurally informative fragment ions. The fragment ions are 

then pulsated, analyzed, and detected by the ToF, generating an MS2 spectrum to identify 

precursor structures (Figure 1.21). 

 

Figure 1.21 Example MS2 spectra from the dissociation of N-glycan 
(5)Hex(4)HexNAc(2)Fuc(1)Neu5Ac and glycosphingolipid OAc-GT1b-d18:1/C22 with the collected 

glycan fragments used for identification. 
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CHAPTER II 

 

Unique N-glycosylation signatures in Aβ oligomer- and lipopolysaccharide-activated 

human iPSC-derived microglia 
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ABSTRACT 

N-glycosylation plays an important role in immune function, influencing the function of 

immune cells. Microglia are the immune cells in the central nervous system (CNS) and become 

pro-inflammatory/activated in Alzheimer’s disease (AD). Cell surface glycosy lation plays an 

important role in immune cells. However, the N-glycosylation and glycosphingolipid (GSL) 

signatures of activated microglia are poorly understood. Here, we study comprehensive 

combined transcriptomic and glycomic profiles using human induced pluripotent stem cells-

derived microglia (hiMG). Distinct changes in N-glycosylation patterns in Aβ oligomer (AβO) and 

LPS-treated hiMG were observed. In AβO treated cells, the relative abundance of bisecting N-

acetylglucosamine (GlcNAc) N-glycans decreased, corresponding with a downregulation of 

MGAT3, the gene responsible for bisecting GlcNAc N-glycan formation. N-glycans' sialylation 

increased in response to AβO, accompanied by an upregulation of genes involved in N -glycan 

sialylation (ST3GAL2, 4, and 6). Moreover, we found that the N-glycosylation signature of LPS-

induced hiMG differed from that of AβO-induced hiMG. LPS-induced hiMG exhibited a 

decreased abundance of complex-type N-glycans, aligned with the downregulation of 

mannosidase genes (MAN1A1, MAN2A2, MAN1C1). Fucosylation increased in LPS-induced 

hiMG, aligned with upregulated fucosyltransferase 4 (FUT4) and downregulated alpha -L-

fucosidase 1 (FUCA1) gene expression. However, the GSL profile did not exhibit significant 

changes in response to AβO or LPS activation. AβO- and LPS-specific glycosylation changes 

could contribute to impaired microglia function, highlighting glycosylation pathways as 

potential therapeutic targets for AD. 
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INTRODUCTION 

Neuroinflammation plays a significant role in the initiation and progression of several 

central nervous system (CNS) disorders, including Alzheimer’s disease (AD). The complexity of 

neuroinflammation reflects how microglia respond to internal and external changes to 

orchestrate inflammatory responses. Microglia are the innate immune cells of the CNS that 

survey and respond to various environmental challenges with multiple actions, resulting in 

phagocytosis of debris and release of cytokines and chemokines.1 Prior to the development of 

specific immunohistochemical agents, a widely used classic histochemical method to detect 

microglia in brain sections was to employ lectins that recognize glycoconjugates,2 implying the 

significance of glycosylation (i.e., post-translational addition of glycans to protein backbones) in 

microglial function. Recently, the study of changes in glycosylation upon neuroinflammation has 

gained increased interest;3 however, how microglia respond to stimuli with glycosylation 

changes remains understudied. 

AD pathology has highlighted the importance of microglia, given their role in 

orchestrating neuroinflammation and phagocytosis. In AD brains, microglia lose their 

homeostatic molecular signature and show profound functional impairments, such as increased 

production of pro-inflammatory cytokines, elevated reactive oxygen species, impaired 

phagocytosis, and increased inflammasome formation.4 Recently, the pivotal roles of microglia-

orchestrated neuroinflammation in AD have been established.5-8 A generally accepted 

hypothesis states that activated microglia become functionally impaired and release cytotoxic 

substances and pro-inflammatory cytokines that cause neuronal damage and aggravate AD 

pathology.5 While multiple factors may cause microglial activation in AD, early studies have 
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established that different species of Aβ aggregates are potent stimulants of microglia. Among 

them, we and others found that the small soluble Aβ oligomer (AβO) assembled from the Aβ42 

peptide provides far stronger stimulation to induce microglial activation.9,10 Aβ aggregates are 

recognized by a range of microglial pattern recognition receptors to induce mainly pro -

inflammatory responses that could mediate Aβ-induced neurotoxicity, impair phagocytic 

function, and prime microglia to enhance their sensitivity and reactivity to inflammatory 

stimuli.11 Understanding the mechanisms of such activations could reveal microglial therapeutic 

targets.  

In the present study, we characterized the global glycosylation changes of human 

microglia following AβO stimulation, using stimulation with lipopolysaccharide (LPS), a widely 

used microglia activation approach, for comparison. We employed human induced pluripotent 

stem cell (iPSC)-derived microglia (hiMG) as a major model rather than the widely used primary 

cultures from neonatal rodents based on the following rationales. First, it was recognized that 

rodents are generally a better model for neuronal pathology than they are for microglial 

pathology,12 and that for optimal translational validity, human microglia are recommended to 

be used to identify human-relevant molecular pathways and therapeutic targets.13 Second, in 

contrast to the evolutionarily better conserved genetic codes and protein networks across 

species, there is no evidence for a universal “glycan code” akin to the genetic code or protein 

motif.14,15 Rather, glycans vary immensely in structure and expression both within and between 

evolutionary lineages, and our knowledge about the glycan structural diversity between species 

remains limited.15 Therefore, we consider that models of human cells would be suitable for our 

initial investigation of microglia glycosylation changes. Our profiling of hiMG identified the 
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specific glycan types and glycosylation genes altered in AβO- and LPS-activated human 

microglia that may be involved in regulating their respective activation pathways.  
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METHODS 

Human iPSC culture and microglia differentiation 

Human iPSCs were obtained from ALSTEM.INC. (Richmond, CA). The line used in this study was 

Human iPS Cell Line 26 (Episomal, CD34+, ApoE3). Cells were plated onto Matrigel (Fisher) 

coated plates and cultured with mTeSR plus (Stemcell Technology). For microglia 

differentiation, we followed a previously described protocol.16,17 Briefly, 2 x 106 iPSCs were 

plated onto Aggrewell 800 plates (Stemcell Technology) to form embryoid bodies (EBs) in 

mTeSR1 supplemented with Bone Morphogenetic Protein 4 (BMP4, 50 ng/ml)/ Vascular 

Endothelial Cell Growth Factor (VEGF, 50 ng/ml)/ Stem Cell Factor (SCF, 20 ng/ml) and culture 

for four days with daily medium change. On the fifth day, EBs were plated onto gelatin -coated 

6-well plates with 20 EBs per well in X-VIVO15 (Lonza) supplemented with M-CSF (100ng/ml), 

IL-3 (25ng/ml), Glutamax (2mM), Penicillin/streptomycin (100U/ml and 100ug/ml) and β -

mercaptoethanol (55uM), and the medium was changed weekly. After 3-4 weeks, floating 

primitive macrophage precursor (PMP) were collected and plated onto 12-well plates (5 x 104 

cells/well),  6-well plates (3 x 105 cells/well), or 100 mm dishes (1.5 x 106 cells) and 

differentiated in microglia differentiation medium (Advanced DMEM/F12 supplemented with 

IL-34 (100ng/ml), GM-CSF (10ng/ml), N2 supplement (1x), Glutamax (2mM), 

Penicillin/streptomycin (100U/ml and 100ug/ml) and β-mercaptoethanol (55uM)) for two 

weeks. The cultures were routinely tested for mycoplasma.  

For AβO and LPS stimulation, cells were treated with AβO (3 μM) and LPS (100 ng/ml) for 24 

hours.  
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AβO and LPS preparation and treatment 

AβO composed of Aβ1-42 peptide was prepared following a standard procedure18 with a 

modification that the HFIP treated Aβ1-42 peptide (Bachem) was dissolved in DMSO and then 

diluted with Advanced DMEM/F12 culture medium instead of the F12 medium originally 

described, followed by incubation at 4°C for 24 hr and 10 min centrifugation at 10,000 x rpm at 

4oC. This preparation of AβO has been extensively characterized in our laboratory.9 Briefly, to 

ensure consistency of quality, a random sample from each batch was chosen and imaged using 

electron microscopy and atomic force microscopy to characterize the size and shape of the 

aggregates. The biological activities of each batch were confirmed by determin ing for AβO the 

neurotoxic activity, synaptic binding activity, and ability to rapidly induce exocytosis of MTT 

formazan, as described previously.9 

RNA isolation, processing, and sequencing 

Total RNA from cultured cells was extracted using RNeasy Plus Mini Kit (Qiagen). RNA quality 

evaluation (yield, purity, and integrity), cDNA library construction, and Illumina sequencing 

were performed by NovoGene (Sacramento, CA, USA). 

Mapping and differential expression analysis 

The reads in FASTQ files were mapped to the human reference genome hg38 using HISAT2.19 

The mapping rate was around 97%. The gene counts were summarized by featureCounts,20 

achieving a successful alignment of 70%-80% of the reads per library. Differential gene 

expression was analyzed using edgeR package21 in R version 4.1.0 (R Foundation for Statistical 

Computing, Vienna, Austria). Low-expressed genes were dropped using the filterByExpr() 
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function. The filter step keeps genes that have count-per-million (CPM) above 10 in 70% of 

samples. The library sizes were recalculated after filtering. Sample-specific effects were 

removed by normalizing library sizes with the trimmed mean of M-values (TMM) method using 

the calcNormFactors() function. A negative binomial model with the quasi-likelihood (QL) F-test 

was applied to perform the differential expression analysis among diagnosis groups. First, gene 

counts with normalized library sizes were fitted to a negative binomial generalized linear 

model. Then, the dispersion was estimated using the estimateDisp() function. The QL dispersion 

estimation was calculated using the glmQLFit() function, followed by the glmQLFTest() function 

that conducted the quasi-likelihood (QL) F-test. Finally, we used the topTags() function to 

output significantly differentially expressed genes. P-values were adjusted for multiple 

hypothesis testing using Benjamini & Hochberg (BH) with a threshold of adjusted p -value ≤ 

0.05.  

Cell Membrane Enrichment 

Samples were prepared for glycomic analysis based upon previously published 

methodologies.22 Briefly, harvested cells were centrifuged at 2,000 RCF for ten minutes, after 

which the cell media was exchanged with 1.2 mL of 0.25 M sucrose (MilliporeSigma, Cat# 

S7903), 20mM HEPES (Thermo  Fisher Scientific, 1 M, Cat# 15630080) adjusted to pH 7.4 with 

KOH (MilliporeSigma, Cat# P5958) and a 1:100 protease inhibitor cocktail (Calbio-chem, Cat# 

539137) in water and pipette mixed gently. Cells were then lysed by sonication, where 60 joules 

of energy were applied to each sample over one minute. The homogenate was centrifuged at 

2,000 RCF for 10 minutes at 4°C, and then the supernatant was transferred to 1.5 mL 

ultracentrifuge tubes, and the nucleus precipitate was discarded. The cell membrane was 
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precipitated by ultracentrifugation at 42,000 RCF for 45 minutes at 4°C, after which the 

cytoplasmic supernatant was discarded, taking care not to disturb the membrane pellet. 

Samples were resuspended in 0.5 mL of 0.2 M Na2CO3 (MilliporeSigma, Cat# P5958) in water 

and ultracentrifuged again, after which the supernatant, containing membrane-associated 

proteins, was discarded. A final ultracentrifugation step using the same conditions with 0.5 mL 

of water was done to wash and desalt the samples, discarding the supernatant afterward.  

N-Glycan sample preparation 

The enriched membrane fraction was then resuspended in 200 µL of 100 mM NH4HCO3 

(MilliporeSigma, Cat# 09830) and 5 mM Dithiothreitol (Promega, Cat# V3151) in water to assist 

in protein denaturing. After gentle homogenization by pipette mixing, samples were placed in a 

100°C water bath for two minutes with 10-second heating and cooling intervals to denature the 

membrane proteins further. After samples were cooled to room temperature, 2 µL of PNGase F 

(New England Biolabs, Cat #P0705L) was added to enzymatically hydrolyze the N-glycans from 

their protein substrates. Enzymatic cleavage and conversion of the resulting reducing end 

amides to hydroxyls occurred at 37°C for 18 hours. Samples were brought to a total volume of 

600 µL with water and then ultracentrifuged using the previously described parameters. Th e 

supernatant containing the released N-glycans was transferred to a new vial, and the remaining 

membrane pellet was stored at -20°C until ready for glycosphingolipid processing. N-glycan 

samples were enriched using a porous graphitic carbon solid phase extraction plate (PGC-SPE, 

Glygen, Cat# FNSCAR800). SPE wells were first washed with elution solvent consisting of 80% 

acetonitrile, 0.1% trifluoracetic acid in water (v/v) and then conditioned in wash solvent 

consisting of 40% acetonitrile, 0.05% trifluoracetic acid in water (v/v). Samples were loaded 
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onto the solid phase and washed three times with 600 µL of washing solvent, and all liquids 

were discarded. N-glycans were then eluted with 600 µL of elution solvent into a new collection 

plate. The PGC plate was centrifuged at 150 RCF for each SPE step to ensure solvent flow-

through quickly. Enriched N-glycan samples were concentrated by drying to completion in 

vacuum centrifugation and reconstituted in 30 µL of water prior to analysis.  

N-Glycan analysis methodology 

Released N-glycan analysis was conducted with an Agilent 1200 series ChipCube system 

operating in positive ion mode and a 6520 Q-TOF mass spectrometer. Chromatographic 

separations were performed utilizing a PGC-Chip II, 40 nL enrichment column, 75 x 43 mm 

analytical column, 5 µm (Agilent Technologies, G4240-62003). Mobile phase A (MPA) 

composition was 3% acetonitrile and 0.1% formic acid in water (v/v). The composition of mobile 

phase B (MPB) was 90% acetonitrile and 1% formic acid in water (v/v). Samples were cooled 

with a 4°C sample tray, and 5µL was injected by the autosampler, loaded onto the enrichment 

column, and washed for 10 minutes with 100% MPA at 3µL/min. Next, the chip valve switched 

to analysis mode, moving the enrichment column in line, and the analytical gradient began with 

a flow rate of 0.3 µL/min. 0% MPB was held from 0 to 2 minutes; at 20 minutes, MPB reached 

16%; at 40 minutes, MPB reached 72%; and at 42 minutes, MPB reached 100%. The 100% MPB 

wash was held until 52 minutes and decreased back to 0% MPB at 54 minutes; the equilibration 

of the starting composition was held until 65 minutes. Source parameters used nitrogen as the 

drying gas with a temperature of 325°C flowing at 5L/min and a capillary voltage of 1800V. Auto 

MS/MS acquisition mode allowed four precursors per cycle with a threshold of 2000 counts and 

quadrupole filtering with a narrow isolation width for the 600-2000 m/z range. Collision-
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induced disassociation with N2 gas used a precursor-dependent formula y=1.8*(m/z)/100-3.6 

to determine individual collision energies with a 100-2000 m/z range. Continual mass correction 

with a reference calibration standard of 1221.990637 m/z was used (Agilent Technologies, HP-

1221). N-glycan compound verification used MassHunter Qual B08.00 software with the ‘Find 

by Molecular Feature’ algorithm and an in-house database containing N-glycan monoisotopic 

masses and descriptive information. 

Sphingolipid sample preparation 

The membrane pellet from the initial steps was removed from -20°C storage and allowed to 

acclimate to room temperature. Samples were resuspended in 500 µL of freshly prepared 

sphingolipid extraction solvent consisting of water/methanol/chloroform (3:8:4, v/v%) and 

sonicated for 15 minutes to assist in solvation. Proteins were precipitated by centrifugation at 

8,800 RCF for 5 minutes, and the supernatant was transferred to a new 1.5 mL Eppendorf vial. A 

bilayer phase separation was induced by adding 100 µL of 0.1 M KCl (MilliporeSigma, 

Cat#104936). The top aqueous-rich layer containing the sphingolipids of interest was 

transferred to a new vial and dried by vacuum centrifugation. Sphingolipid samples were 

enriched using a C-8 solid phase extraction plate (Glygen, Cat# FNSC08.800). SPE wells were 

first washed with elution solvent consisting of methanol/isopropyl alcohol (1:1, v/v%) and then 

conditioned in wash solvent consisting of methanol/water (1:1, v/v%). Samples were 

reconstituted with wash solvent, loaded onto the solid phase by gravity, and reloaded the flow-

through. Sample wells were washed three times with 600 µL of washing solvent, and all liquids 

were discarded. Sphingolipids were then eluted with 400 µL of elution solvent into a new 

collection plate. For each SPE step, the C-8 plate was allowed to be gravity-loaded to ensure 
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analyte binding. Enriched sphingolipid samples were concentrated by drying to completion in 

vacuum centrifugation and reconstituted in 20 µL of water/methanol (1:1, v/v%) prior to 

analysis. 

Sphingolipid analysis methodology 

Sphingolipid analysis was conducted with an Agilent 1200 series nanoflow HPLC equipped with 

a 10pt/2ps µ-valve(G1316-68709), nanoflow ESI operating in positive ion mode (G1992A), and a 

6530 Q-TOF mass spectrometer. Chromatographic separations were performed utilizing a 

Zorbax SB-300 C-8, 0.075 x 50 mm, 3.5 µm column (Agilent Technologies, Cat# 5065-9923). Four 

mobile phase compositions with two low-flow pumps were used in this analysis. The first pump 

(pump 1) operated at 0.7 µL/min and was used to load samples directly and wash the analytical 

column. The loading mobile phase (MPL) composition was 20 mM ammonium acetate in 56% 

methanol, 14% isopropyl alcohol, 0.1% glacial acetic acid, and water (v/v). The washing mobile 

phase (MPW) composition was 50% methanol and 50% isopropyl alcohol (v/v). The second 

pump (pump 2) operated at 0.4 µL/min and was used to carry out the analytical gradient. 

Mobile phase A (MPA) had a composition of 20 mM ammonium acetate in 0.1% glacial acetic 

acid and water (v/v). Mobile phase B (MPB) had a composition of 20 mM ammonium acetate in 

%0.1% glacial acetic acid, 20% isopropyl alcohol, and 80% methanol (v/v). Samples were cooled 

with a 4°C sample tray, and 1µL was injected and loaded directly onto the analytical column for 

4 minutes with 100% MPL. At 4 minutes, the µ-valve switched positions, moving the analytical 

column into pump 2’s flow path, and the gradient began. 70% MPB was held from 4 to 6 

minutes; at 35 minutes, MPB reached 93%, and at 36 minutes, MPB reached 100%. The 100% 

MPB was held until 39 minutes and decreased back to 70% at 40 minutes; equilibration of the 
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starting composition was held until 47 minutes. Source parameters used nitrogen as the drying 

gas with a temperature of 300°C flowing at 5L/min and a capillary voltage of 1000V. Auto 

MS/MS acquisition mode allowed five precursors per cycle with a threshold of 600 counts and 

quadrupole filtering with a narrow isolation width for the 600-2000 m/z range. Collision-

induced disassociation with N2 gas used a precursor-dependent formula y=1.2*(m/z)/100+12 

to determine individual collision energies with a 100-2000 m/z range. Continual mass correction 

with a reference calibration standard of 1221.990637 m/z was used (Agilent Technologies, HP-

1221). Sphingolipid compound verification used MassHunter Qual B08.00 software with the 

‘Find by Molecular Feature’ algorithm and an in-house database containing sphingolipid 

monoisotopic masses and descriptive information. 

Statistical analysis 

Single glycans with missing values for more than 80% of samples were excluded from 

further analysis (Supplementary Figure 2.1). The fractions of glycan subtypes (Figure 2.1), 

sialylated, and fucosylated N-glycans were calculated as the sum of the relative abundances of 

individual glycans. Differential abundance analysis was performed as linear regression models 

using the lmerTest package in R as shown here:24 glycan abundance ~treatment. ANOVA tests 

and contrasts between treatments and control were evaluated. The AβO and LPS groups were 

compared to the control group using Dunnett’s test. The differences of the three treatment 

groups on the PCA plot were evaluated using the MANOVA test followed by post-hoc linear 

discriminant analysis (LDA). 
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RESULTS 

Both AβO and LPS induce significant changes in the N-glycan profiles of hiMG 

We analyzed the N-glycan profiles of control (mock treatment), AβO-activated, and LPS-

activated hiMG using LC-MS/MS technology, with six replicates per group. We treated hiMG for 

24 hr with 3 μM AβO and 100 ng/ml LPS, optimal concentrations to induce pro-inflammatory 

cytokines IL-1β, TNF-α, and IL-6.17 Figure 2.1 illustrates the N-linked glycosylation types. The 

complex-type N-glycans were the most abundant in all groups, making up ~35-40% of total N-

glycans (Figure 2.2A). This is in keeping with the general composition of brain glycans.24 Hybrid 

glycans were the least abundant in hiMG, making up less than 10% of total N-glycans (Figure 

2.2A). Complex-type N-glycans can be further classified as bi-, tri, and tetra-antennary, as well 

as bisecting GlcNAc, which contains an additional GlcNAc bound to the core (Figure 2.1). 

 

Figure 2.1 Outline of N-glycan classes. Examples from left to right represent high mannose, 

hybrid, and complex N-glycans. Complex N-glycans can be classified as bi-, tri-, tetra-antennary, 
and bisecting GlcNAc based on the number of starting GlcNAc residues on the mannose 
residues. The core fucosylatin is marked with a red dash square. Recommended symbol 
nomenclature was used. GlcNAc: N-acetylglucosamine; Man: mannose; Gal: galactose; Fuc: 
fucose; Sia: sialic acid. 
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In hiMG, the tetra-antennary structure constituted the predominant subtype of 

complex-type N-glycans, followed by bi-antennary, bisecting GlcNAc, and tri-antennary 

structures (Figure 2.2B). N-Glycans can be decorated by adding fucose, sialic acid, or both to the 

terminal end of glycans. Fucose can also be added to the core structure. These modifications 

are essential for protein functions such as protein stability, cell adhesion, signal transduction, 

immunological responses, and cell-to-cell interactions.22,25 We quantified such modifications 

and found that in hiMG, sialofucosylated N-glycans were the most abundant, making up ~50% 

of glycans. About 30% of N-glycans were not decorated by fucose or sialic acid residues. The 

rest of the N-glycans were only decorated by either fucose or sialic acid residues (Figure 2.2C). 

Considering both subtypes and decorations, sialofucosylated complex N-glycans and 

undecorated high-mannose N-glycans are the most abundant hiMG structures (C-FS and HM in 

Figure 2.2D). AβO and LPS treatments had a significant impact on the N-glycan profile of hiMG, 

as shown by the increased dispersion of the AβO-activated hiMG compared to the control 

cluster and the separation of the LPS-activated hiMG clusters from the control cluster on the 

PCA plot (MANOVA p-value = 0.0014). The distance between the LPS cluster and the control 

cluster was greater than the distance between the AβO cluster and the control cluster, 

indicating that LPS might induce a higher degree of glycosylation changes than AβO (Figure 

2.2E, Supplementary Figure 2.2A). 
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Figure 2.2 N-glycomic profile in control and AβO-, LPS-activated hiMG. A) the percent 
abundance of complex, complex/hybrid, high mannose and hybrid N-glycan. B) The percent 
abundance of bi-, tri-, tetra-, and bisecting complex N-glycan. C) The percent abundance of each 
decoration, including fucosylated, sialofucosylated, sialylated, and undecorated N-glycan. D) 
The percent abundance of each decoration on each N-glycan type. Glycans are named as 

“glycan type-decoration”. C, CH, H, HM represent Complex, Complex/Hybrid, Hybrid, and High 
Mannose, respectively. S, F, SF represent sialylated, fucosylated, and sialofucosylated, 

respectively. E) Principal Component Analysis (PCA) plot showing the clustering of control, AβO- 
and LPS-activated samples. MANOVA p-value =0.0014. Red, blue, and yellow correspond to 
control, AβO, and LPS groups. The asterisk (*) marks above the segments indicate the p-values 
obtained from the one-way ANOVA test. The asterisk marks below the segments indicated the 
p-values from the Dunnett test for the corresponding treatment group. p values *<0.05, 

**<0.01, and ***<0.001. 

Increased sialylation and decreased bisecting GlcNAc N-glycans in AβO-activated hiMG 

According to the N-glycome, AβO, but not LPS, treatment reduced the percent 

abundance of bisecting GlcNAc N-glycans in hiMG (Figure 2.2B). Consistent with this glycomic 

change, differential expression (DE) analysis of RNA-seq data revealed that following AβO 

treatment, beta-1,4-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase 3 (MGAT3) 
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was the most downregulated gene across all genes involved in the core N-glycan formation 

process (Figure 2.3A). MGAT3 encodes N-acetylglucosaminyltransferase-III (GnT-III), which is 

uniquely responsible for transferring a GlcNAc residue to the mannose of the trimannosyl core 

of N-glycans to produce a bisecting GlcNAc N-glycan26 (Figure 2.3D). Thus, the downregulation 

of the MGAT3 gene could be the transcriptional basis of the reduction of bisecting GlcNAc N-

glycans observed in AβO treated hiMG cells. 

 

Figure 2.3 Sialylation changes in AβO-activated hiMG. A) The differential expression of genes 
involved in the biosynthesis of N-glycan core structure. B) The percent abundance of mono-, di-, 

and tri- sialic acid residues among sialylated only N-glycans. C) The differential expression of 
genes involved in sialylation. D) The schematics of the N-glycan structure and the corresponding 
enzymes. Red, blue, and yellow denote control, AβO, and LPS groups. For A) and C), the pound 
(#) denotes genes with unadjusted p-value < 0.05 but FDP >0.05.  For B), red, blue, and yellow 
correspond to control, AβO, and LPS groups. The asterisk (*) marks above the segments indicate 
the p-values obtained from the one-way ANOVA test. The asterisk marks below the segments 
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indicated the p-values from the Dunnett test for the corresponding treatment group. p values 
*<0.05, **<0.01, and ***<0.001. 

AβO treatment also increased the percent abundance of sialylated N-glycans (Figure 

2.2C), particularly sialylated complex N-glycans (C-S in Figure 2.2D). We, therefore, further 

explored the changes in the number of sialic acid residues on N-glycans and found that the 

increased sialylation was largely attributed to an increased percent abundance of di -sialylated 

N-glycans (Figure 2.3B). DE analysis of RNA-seq data showed that among the genes encoding 

sialyltransferases and sialidases, ST3GAL2, ST3GAL4, and ST3GAL6 were significantly 

upregulated by AβO treatment (Figure 2.3C). Given that ST3GALs encode for enzymes 

responsible for transferring sialic acid to the galactose residues with α-2-3 linkage (Figure 2.3D), 

the results suggest that α-2,3-linked sialic acids possibly contributed to the increased di-

sialylation observed in the AβO-activated hiMG.  

DE analysis also revealed increased levels of FUT8 transcript encoding α1-6 

fucosyltransferase (fucosyltransferase 8), which is uniquely responsible for core fucosylation in 

AβO-treated hiMG (Figure 2.3A). This result corroborates our published data reporting that AβO 

enhances FUT8-catalyzed core fucosylation, a signaling pathway required for AβO-induced 

microglial activation.17 

Decreased complex N-glycans and increased fucosylation in LPS-activated hiMG 

In contrast to AβO-activated hiMG, LPS-activated hiMG exhibited a reduced percent 

abundance of complex-type N-glycans, specifically the tetra-antennary complex N-glycans 

(Figure 2.2A, B). Complex N-glycans are derived from high-mannose N-glycans. In the 

endoplasmic reticulum (ER) and cis-Golgi, α-mannosidase I (MAN1B1), α1-2 mannosidases IA, 
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IB, and IC (encoded by MAN1A1, MAN1A2, and MAN1C1, respectively) trim mannose residues 

from high mannose N-glycans to yield Man5GlcNAc2, a key intermediate in the pathway to 

generate hybrid and complex N-glycans (Figure 2.4E). In the DE analysis of hiMG transcriptomic 

data, MAN1A1, MAN1C1, and MAN2A2 were significantly downregulated in LPS-treated hiMG 

(Figure 2.4A). The transcript levels of other key mannosidases, including MAN1B1, MAN1A2, 

and MAN2A1, were also decreased, though not statistically significant (Figure 2.4A). The 

downregulation of these mannosidases may contribute to the reduced abundance of complex 

N-glycans. 

 

Figure 2.4 Fucosylation changes in LPS-activated hiMG. A) The differential expression of genes 
involved in the biosynthesis of N-glycan core structure. B) The percent abundance of mono-, di-, 
and tri-fucose residues among fucosylated only N-glycans. C) The percent abundance of mono-, 
di-, and tri-fucose residues among sialofucosylated N-glycans. E) The schematics of complex N-
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glycan biosynthesis and fucosylation, including the enzymes involved. Red, blue, and yellow 
denote control, AβO, and LPS groups. For A) and D) The asterisk (*) denotes genes with FDP < 
0.05. For B) and C), red, blue, and yellow correspond to control, AβO, and LPS groups. The 
asterisk (*) marks above the segments indicate the p-values obtained from the one-way ANOVA 
test. The asterisk marks below the segments indicated the p-values from the Dunnett test for 
the corresponding treatment group. p values *<0.05, **<0.01, and ***<0.001. 

The changes in LPS-activated hiMG also differed from AβO-activated hiMG. The extent 

of fucosylation (i.e., fucosylated-only N-glycans), especially complex- and hybrid-type N-glycans, 

was increased in LPS-activated hiMG but remained unchanged in AβO-activated hiMG (Figure 

2.2C-D). This overall change was the sum of changes in individual glycan structures. In contrast, 

sialofucosylated N-glycans, the most abundant types, were significantly reduced overall in LPS-

activated hiMG, especially sialofucosylated complex N-glycans (Figure 2.2C-D). Interestingly, 

among the sialofucosylated N-glycans, those containing one fucose residue decreased while 

those containing two fucose residues increased (Figure 2.4C). Thus, the decrease in mono-

fucosylated and concomitant increase in di-fucosylated complex-type N-glycans, also containing 

sialic acid, was the primary effect of LPS treatment.  

Fucosyltransferases (FUTs), except FUT8, transfer fucose to antenna GlcNAc residues 

(Figure 2.4D). According to the DE analysis, FUT4 was significantly upregulated in LPS-treated 

hiMG, possibly contributing to increased fucosylation, especially increased di -fucosylated N-

glycans. Fucose residues on N-glycans can be hydrolyzed by fucosidases (FUCAs). Alpha-L-

Fucosidase 1 (FUCA1) specifically hydrolyzes the fucose residue at the core structure (Figure 

2.4E). The transcript level of FUCA1 was significantly downregulated (Figure 2.4D), suggesting 

less hydrolysis of core fucosylated N-glycans. This and enhanced FUT4 action could lead to 

increased percent abundance of fucosylated N-glycans.  
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The glycosphingolipid (GSL) profile of hiMG 

GSLs are a subclass of lipids composed of a ceramide part and a mono- or 

oligosaccharide part. In the adult mammalian brain, the major GSLs are the gangliosides of 

GM1, GD1a, GD1b, and GT1b, which have one to three sialic acid residues, respectively.27,28 

Because sialic acid residues on a glycoprotein or glycolipid may modulate cell signaling 

mediated by lectins such as selectins and sialic acid-binding immunoglobulin-type lectins 

(Siglecs) and because we found significant changes in sialic acid levels following AβO and LPS 

treatment, we profiled the GSL composition as well. The most abundant GSL was ganglioside 

GM3, the precursor of other complex gangliosides (Figure 2.5A). The second most abundant 

species was sphingomyelin (SM), a ceramide with a phosphocholine headgroup, followed by 

neutral GSL GA2. The remaining GSLs were less abundant, with each accounting for less than 

5%. Regarding sialylation, GSLs detected in hiMG were predominantly sialylated GSLs (Figure 

2.5B). Interestingly, the GSL profile did not change significantly in response to either AβO or LPS 

activation. The PCA plot showed that the clusters of control, AβO, and LPS groups did not 

separate from each other (MANOVA p-value = 0.56, Figure 2.5C, Supplementary Figure 2.2B). 

The genes involved in GSL biosynthesis also did not show significant changes in response to 

AβO activation (Supplementary Figure 2.3A). In LPS-activated hiMG, even though the genes 

involved in GSL biosynthesis, i.e., UGCG, B4GALT5, and B4GALNT1, were significantly 

upregulated, no significant changes were observed when individual GSLs in either treatment 

were examined (Figure 2.5A, Supplementary Figure 2.3B). 
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Figure 2.5 Glycosphingolipid (GSL) profile in control and AβO-, LPS-activated hiMG. A) The 
percent abundance of GSL subtypes. B) The percent abundance of decorated GSLs. C) Principal 
Component Analysis (PCA) plot showing the clustering of control, AβO- and LPS-activated 
samples. MANOVA p-value =0.56. Red, blue, and yellow correspond to control, AβO, and LPS 
groups. 
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DISCUSSION 

The composition and balance between various types of glycans play an essential role in 

regulating cell functions.29 Cellular N-glycans can be subclassified as complex-, high mannose-, 

and hybrid-type N-glycans. High-mannose N-glycans are the precursor of hybrid and complex-

type N-glycans. Mannosidases hydrolyze mannose from the high-mannose structure, preparing 

it for complex- and hybrid-type N-glycan biosynthesis. High mannose glycans have been 

reported as the major N-glycan type in the undifferentiated human monocytic leukemia cell line 

THP-1, primary blood-derived CD14+ monocytes, and Caco-2 cells.30-33 After differentiation, the 

levels of high mannose glycans in these cells decreased, accompanied by an increase in 

complex-type structures. The latter became the predominant N-glycan type in differentiated 

cells. In line with the differentiated state of microglia, hiMG expresses predominantly complex-

type N-glycans regardless of activation. On the other hand, our hiMG data (summarized below), 

when compared to published data from other cell types, show differences mainly in levels of 

glycan decorations such as mono- or di-sialylation, fucosylation, or sialofucosylation, suggesting 

their significance in regulating cell-specific functions.  

The differential glycosylation changes stimulated by AβO and LPS are summarized in 

Figure 2.6. Congruent evidence from both glycomic and transcriptomic analyses reveals the 

transcriptional basis of these changes and enhances the validity of our findings. We found that 

AβO induces increased sialylation catalyzed by ST3GALs and decreased bisecting GlcNAc N -

glycans catalyzed by GnT-III. A third major glycosylation change, previously reported by us,17 is 

increased core fucosylation catalyzed by FUT8, corroborated in the current study by increased 

expression of FUT8 transcript. These three glycosylation changes are known to affect immune 
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regulation,29,34,35 suggesting their significance in microglial function. They have also been 

implicated in AD, as published data using brain or cerebrospinal fluid samples from participants 

with AD or mild cognitive impairment (MCI) highlighted altered levels of bisecting GlcNAc, 

sialylation, and core fucose in N-glycans.3,36-39 Altered glycoforms of individual AD-relevant 

proteins were also reported; for example, the familial AD mutant of the Aβ -amyloid precursor 

protein (APP) was shown to have a higher content of bisecting GlcNAc and core fucose residues 

compared to wild-type APP.40  However, exact glycosylation-regulated molecular mechanisms, 

especially those pertaining to neuroinflammation in AD, are largely unknown. Furthermore, a 

widely recognized feature of glycobiology is that different cell types express distinct 

glycosyltransferase isozymes. Thus, proteins may have different glycosylation patterns 

depending on their cell of origin and in response to functional needs.41 Therefore, analyses of 

multicellular brain tissues or other cell types do not precisely reflect glycosylation alterations in 

microglia. In this context, the microglia- and stimulant-specific glycosylation changes we report 

here would provide the first significant insights into how glycosylation alterations may regulate 

microglial function. 
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Figure 2.6 Summary of glycosylation and associated gene expression changes in hiMG 
stimulated by AβO and LPS. Representative examples of indicated glycan structures measured 
by mass spectrometry (MS) are listed in the middle column, and the genes linked to the 
indicated glycosylation changes identified by RNA-seq are listed in the right column. Note that 
current glycomic methods cannot precisely distinguish between core fucose and terminal fucose, 
and that the fucose residues in the structures such as C-FS_6513 can be either at the core or the 
terminal position.  *The increased core fucosylation following AβO treatment is based on Jin et 

al., 2023.   

Among the three specific glycosylation changes, sialylation is the most studied in AD due 

to the high level of interest in Siglec, in part based on the association of the gene of CD33, a 

Siglec receptor, to AD risk.42 Neuronal membranes contain a high density of sialic acid residues 

on glycoproteins, which protect neurons from aberrant microglial phagocytosis43  via 

interacting with Siglec receptors such as CD22 and CD33 on microglia.44-46 However, how 

sialylation changes in microglia per se affect neuron-microglia interaction or microglial function 

is poorly understood. Previous studies using the mouse BV2 microglia cell line found that BV2 
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cells activated by LPS, fibrillar Aβ, and tau had increased sialidase activity that desialylated the 

BV2 cell surface, promoting phagocytosis of neurons mediated by CR3.46,47 Although we found 

that oligomeric Aβ-activated hiMG showed an increase in total sialylation, the RNA-seq analysis 

suggests that the changes in sialylation may be specific to glycosidic linkages, with a decrease in 

α2-6 and α2-8 linked sialic acids and an increase in α2-3 linked sialic acids. Regarding CD33 

ligand binding preference, evidence points to overlapping specificities for α2-3 and α2-6 linked 

sialic acids,48 where the binding affinity was increased with sulfation49 and decreased with 

branched α1-3 fucosylation.50 Of note, AβO treatment of hiMG was accompanied by reduced 

phagocytosis of pHrodo Green BioParticles and of Aβ itself as demonstrated previously, 17 

revealing the complexity and need for further investigation. The differences may be explained 

by different cell models (BV2 vs. hiMG), interspecies differences (mouse vs. human), different 

modes of microglia activation (fibrillary Aβ or LPS vs. AβO), and different methods of analysis. 

We used human iPSC-derived microglia as the model due to its strong human relevance, while 

the BV2 model is a rapidly growing tumor cell line with well-recognized limitations.51 AβO is 

considered a primary pathological agent in the early stages of AD preceding Aβ fibril 

formation,52 and the respective influences on microglia state by AβO and Aβ fibril may 

represent different neuroinflammation phases in AD. 

Regarding increased core fucosylation, our recent study using the same hiMG model 

provides the first indication of its significance in microglia activation.17 We further found that 

FUT8 expression was increased in both human AD brains and microglia isolated from 5xFAD 

mice, a model of AD-like cerebral amyloidosis. Moreover, FUT8 is a component of the p53 

signaling cascade regulating microglial behavior; FUT8-catalyzed core fucosylation is required 
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for AβO-activated microglial alterations, including induction of pro-inflammatory cytokines, 

activation of p38MAPK, and phagocytic deficits.17 

Bisecting GlcNAc, a β1,4-linked GlcNAc attached to the core β-mannose residue, is a 

structure specific to complex N-glycans. It is a prominent feature of the human brain complex 

N-glycans, occurring at a frequency of 40%.53 The presence of a bisecting GlcNAc on 

glycoproteins has many implications in biological functions, such as in immune tolerance,54 

tumor metastasis, and brain development.55,56 The relevance of bisecting GlcNAc to AD is 

suggested by its altered levels in AD brain samples, together with altered expression of GnT-III 

mRNA. However, whether it is up- or down-regulated in AD remains inconclusive as conflicting 

results were reported.36,37,39 Interestingly, APP and β-site APP cleaving enzyme-1- (BACE1), two 

key proteins required for Aβ production, contain glycosylation modifications with bi secting 

GlcNac. Aβ (aggregation state not characterized) treatment was reported to enhance GnT -III 

mRNA expression in Neuro2a mouse neuroblastoma cells. This was considered neuroprotective 

as GnT-III-transfected cells showed increased α-secretase activity and decreased production of 

Aβ40 and Aβ42.36 Contradicting this notion, Kizuka et al. reported that modifications with 

bisecting GlcNac stabilized BACE1 to increase Aβ production and that GnT-III deficiency reduced 

Aβ-plaque formation in the brain by accelerating lysosomal degradation of BACE1.57 Again, the 

significance of altered bisecting GlcNac modifications in microglia is poorly understood. Our 

observation of decreased GnT-III mRNA expression and decreased bisecting GlcNac abundance 

in AβO-activated hiMG provides the first indication that bisecting GlcNac modifications play a 

role in regulating microglial function.    
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Compared to AβO, LPS clearly induced a distinct glycosylation -related transcriptomic 

and glycomic pattern with a decreased abundance of complex N-glycans and increased 

fucosylation, consistent with their different signaling pathways. The increased FUT4 and 

decreased FUCA1 expression may underlie the increased fucosylation we found in LPS-activated 

hiMG. However, in contrast to AβO effects, we did not find increased core fucosylation 

following LPS treatment,17 suggesting that LPS mainly enhances terminal fucosylation. In 

addition, the fucosylation changes were differential among glycan structure subgroups, with 

the overall increase in fucosylation consisting predominantly of increased fucosylated-only N-

glycans and decreased mono-fucosylated complex N-glycans also containing sialic acid. The 

functional implications of these novel structural changes warrant further investigation. Our 

results also prompt a novel hypothesis that LPS downregulates mannosidases, which trim 

mannose residues from high mannose N-glycans to yield Man5GlcNAc2, a key intermediate in 

the pathway to generate hybrid and complex N-glycans, resulting in reduced levels of complex 

N-glycans. This hypothesis would need further investigation. 

Little is known about GSL in microglia, despite reported changes in ganglioside profiles 

in neurodegenerative disorders58 and the anti-inflammatory effects of GM1 and other 

gangliosides on microglia.59 It was observed by dot blot analysis that microglia were 

characterized by abundant GM1 in mixed murine glia culture. Treatment of mouse primary 

microglia with LPS resulted in decreased GM1 and GT1b levels.59,60 However, these previously 

reported changes were not apparent in our GSL profiling of hiMG. We identified no GSL 

alterations in hiMG following AβO or LPS stimulation. The most abundant GSL was ganglioside 

GM3, the precursor of other complex gangliosides (Figure 2.4A). The second most abundant 
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sphingolipid was SM, followed by ganglioside G2. The remaining GSLs were less abundant, with 

each accounting for less than 5%. When considering the number of sialic acids, GSLs detected in 

hiMG were predominantly sialylated GSLs (Figure 2.4B). 

In summary, using a human microglia culture model, we identified differential AβO- and 

LPS-induced glycosylation changes that may impact the functional or cellular interaction 

outcomes of these two types of pro-inflammatory activation, and we did not identify significant 

GSL changes. Our data add to currently scant information about microglia- and stimulant-

specific “glycosylation codes.” They also help generate hypotheses that may lead to a better 

glycoproteomic and glycolipidomic understanding of microglial function, which is exponentially 

more complex than the glycomic landscape we report here. 
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Supplementary Figures 

 

Figure S2.1 The missingness of N-glycans and GSL as the percentage of the number of samples. 
A) The missingness in N-glycan. B) The missingness in GSL. Red dash lines denote missingness of 
80% across all samples. 

 

 

Figure S2.2 The scatter plot of the post-hoc linear discriminant analysis (LDA) of MANOVA for 
the PCA plots. A) The LDA scatter plot for N-glycan. According to the LDA scatter plot, LPS had 

the most significant impact on the group mean differences. B) The LDA scatter plot  for GSL. 
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Figure S2.3 The differential expression of genes involved in GSL biosynthesis in in AβO- and LPS-
activated hiMG. A) The differential expression of genes involved in GSL biosynthesis in AβO-
activated hiMG. B) The differential expression of genes involved in GSL biosynthesis in LPS-
activated hiMG. C) The schematics of GSL structure and the corresponding enzymes. The pound 

(#) denotes genes with unadjusted p-value < 0.05 but FDP >0.05. The asterisk (*) denotes genes 
with FDP < 0.05. 
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CHAPTER III 

 

Profiling Intact Glycosphingolipids with automated structural annotation and quantitation 

from human samples with Nanoflow Liquid Chromatography Mass Spectrometry 
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ABSTRACT 

Sphingolipids are an essential subset of bioactive lipids found in most eukaryotic cells 

that contribute to membrane biophysical properties and are involved in cellular differentiation, 

recognition, and mediating interactions. The described nanoHPLC-ESI-Q/ToF methodology 

utilizes known biosynthetic pathways, accurate mass detection, optimized collision -induced 

disassociation, and a robust nanoflow chromatographic separation for the analysis of intact 

sphingolipids found in human tissue, cells, and serum. The methodology was developed and 

validated with an emphasis on addressing the common issues experienced in the profiling of 

these amphipathic lipids which are part of both the glycocalyx and lipidome. The high sensitivity 

obtained using nano-range flowrates with robust chromatographic reproducibility over a wide 

range of concentrations and injection volumes results in confident identifications for profiling 

these low-abundant biomolecules. 
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INTRODUCTION 

Sphingolipids are a class of amphipathic lipids found primarily in the outer membranes of 

eukaryotic cells.1 Since their discovery in 18842, researchers have explored the intricate degree 

of structural and functional diversity associated with this class of biomolecules. Their 

characterizing structural feature is the comprisal of a sphingoid base commonly referred to as a 

long-chain base (LCB). The addition of an N-linked acyl group forms a two-tailed lipid backbone 

referred to as a ceramide. Further derivatization is observed with the incorporation of a variety 

of different polar headgroups such as phosphatidylcholine, monosaccharides, as well as 

complex oligosaccharides. An example glycosphingolipid, GM1a, is depicted in Figure 3.1, 

including other possible headgroups and lipid compositions. These molecu les contribute to 

membrane biophysical properties3, mediate cellular interactions,4–8 and are involved in 

signaling,9 each attributed to the structural features of both the lipid ceramide and polar 

moiety.10 Sphingolipids have also been identified for their role in pathology where aberrant 
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structures or abundances are observed.11–13

 

Figure  3.1 Molecular structure of GM1a and summary of the structural diversity of human 
sphingolipids. The head groups are drawn in blue, and the sphingoid base is in black. 

The consistent structural features found in the human sphingolipidome are attributed to 

the specificity of the enzymes involved in the biosynthetic pathways. De novo synthesis occurs 

in the endoplasmic reticulum producing the two-tailed ceramides with sphingosine (d18:1) 

being the most common sphingoid base but minor species such as Dihydroceramide (d18:0), 4-

Hydroxydihydrosphinganine (t18:0), 6-Hydroxysphingosine (t18:1), and 4t,14c-Sphingediene 

(d18:2) are also present.14–19 Although the number of theoretically possible lipid structures is 

calculated to be over 4,000 different species, roughly 500 unique ceramide structures have 

been discovered in humans.9 After ceramide synthesis, these lipids are translocated to the Golgi 

where headgroups are incorporated to the C1 position to form species such as ceramide-1-

phosphate (1P-), sphingomyelin (SM-), Cerebrosides (Hex-), Sulfatides (SHex-, SLac-), and 
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complex glycosphingolipids. The enzymatic pathways have been well established for 1P-, SM-, 

cerebrosides, and sulfatides, as a limited number of enzymes are involved. However, in the case 

of complex glycosphingolipids, the pathway to the finalized structure is more obscured. The 

complexity stems from their untemplated construction involving numerous glycosyltransferases 

with overlapping specificities. The activity of these enzymes is dependent on both localization in 

the ER and substrate availability. Complex oligosaccharides have been categorized by seven 

possible core structures; gala-, ganglio-, globo-, isoglobo-, lacto-, neolacto-, and muco-series1 

where the tendency to express a specific core is dependent on the cell type. To date, roughly 

450 unique glycan head groups have been discovered, a number which increases when 

considering likely intermediates and possible modifications such as lactone rings and 

acetylation.1 When considering the structural diversity of these molecules intact, the 

theoretical compound list includes over 200,000 unique species. 

The structural diversity and relatively low abundance of these compounds within the 

overall lipid profile of a cell have made comprehensive analysis challenging. Previous works 

have used several techniques to elucidate the structural features of both the lipid 20–24 and 

oligosaccharide headgroups25 through a combination of analytical and biochemical methods. 

Significant collaborative efforts have been made to assist in further research of these 

molecules. LIPID MAPS (https://www.lipidmaps.org/) includes a database of all previously 

discovered ceramide species as well as SphinGOMAP (https://sphingolab.biology.gatech.edu/), 

which has documented the complementary complex oligosaccharide headgroups. 

Historically, analytical methodologies to profile sphingolipids used fluorophore-labeled 

monoclonal antibodies that bind to specific glycan structures13 or endoglycosylceramidase, 
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which hydrolyzes the bond between the oligosaccharide and the ceramide.26 Both workflows 

provided the initial understanding of sphingolipid molecular structures but lacked information 

for the intact molecules. Modern techniques for sphingolipid profiling and quantitation employ 

high-performance liquid chromatography (HPLC) for the separation of these intact compounds 

coupled with accurate mass spectrometry (MS) detection.27  

In this study, we developed a robust and reproducible method for quantitatively profiling intact 

GSLs with automated compound identification. In this work, the nomenclature follows the 

same convention commonly used based on IUPAC-IBU recommendations.28 The method 

employed nanoflow reverse-phase high-performance liquid chromatography and quadrupole 

time-of-flight mass spectrometry (nRP-HPLC-Q/ToF) to separate and detect GSLs from biological 

samples effectively. Compound identification is key and facilitated by using a combinati on of 

biological knowledge, accurate mass detection, collision-induced disassociation, and retention 

times to assign molecular structures instantaneously. This process is semi-automated with the 

utilization of Agilent’s Personal Compound Database and Library software (PCDL), which 

drastically reduces false-positive identifications by as much as 50%. Profiling can be 

accomplished in a fraction of the time with a high degree of confidence and minimal 

background knowledge of sphingolipids. The most common issues observed in sphingolipid 

analysis that led to unreliable data are carryover, in-source fragmentation, and false-positive 

identifications from isobaric lipid species. Improved chromatography and removal of carryover 

was accomplished by developing an online sample enrichment using a series of timed valve 

switches with a C-8 trap followed by separation on a C-18 column. Source conditions were 
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optimized to maximize ion generation with minimal to zero in-source fragmentation with the 

specification of the more susceptible compounds. 
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METHODS  

Materials and Chemicals. Sphingomyelin-d18:1/C18 (SM-d18:1/C18, Cat# 860586), 

Sphingomyelin-d18:1/C24:1 (SM-d18:1/C24:1, Cat# 860593), Glucose-d18:1/C24:1 (Glc-

d18:1/C24:1, Cat# 860549), Sulfo-galactose-d18:1/C24:1 (SHex-d18:1/C24:1, Cat# 860571), 

GM1a-d18:1/C20 (Cat# 860588), GM3-d18:1/C18 (Cat# 860074), GD1a-d18:1/C18 (Cat# 

860091), and GT1b-d18:1/C18 (Cat# 860089) standards were purchased from Avanti Polar 

Lipids (Alabaster, AL). Lymphoblast CESS cells (Cat# TIB-190) were obtained from the American 

Type Cell Culture (Manassas, VA). α2-3,6,8 Neuraminidase (Cat# P0720) was purchased from 

New England Biolabs (Ipswich, MA). Human serum (Cat# S7023), sucrose (Cat# S7903), 

potassium hydroxide (KOH, Cat# P5958), potassium chloride (KCl, Cat# P3911), ammonium 

acetate (NH4CH3CO2, Cat# 73594), sodium carbonate (Na2CO3, Cat# S5761), trichloromethane 

(CHCl3, Cat# CS10501), and protease inhibitor cocktail (Cat# 539137) were purchased from 

Sigma (St. Louis, MO). Fetal bovine serum (Cat# 16000-069), penicillin-streptomycin (Cat# 

15140-122), 1M HEPES (Cat# 15630080), methanol (MeOH, Optima LC/MS, Cat# A456-4), and 

isopropanol (IPA, Optima LC/MS, Cat# A461-4) were purchased from Thermo Fisher Scientific 

(Waltham, MA). C-8 SPE plate (100mg, Cat# FNSC08.800) was purchased from Glygen. Glacial 

acetic acid (GAA, Cat# AC110) was purchased from Spectrum (New Brunswick, NJ). Formic acid 

(Optima LC/MS, Cat# A117-50) was purchased from Fisher Chemical (Hampton, NH).   

Brain Tissue. Human brain tissue was obtained through the University of California, 

Davis – Alzheimer’s Disease Center. The specific sample was taken from the lateral cerebellum 

of a single subject, age of 93, with pathologically confirmed Alzheimer’s disease.  
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Cell Culture. CESS lymphoblast (TIB-190) cells were cultured in RPMI-1640 Medium 

(ATCC, Cat# 30-2001) containing 10% (v/v) fetal bovine serum and 1% (V/V) penicillin-

streptomycin in 75mm2 culture dishes. The cells were maintained in a humidified incubator at 

37°C with 5% CO2 subcultured at 80% confluency for five passages and harvested at 80% 

confluency in the sixth passage. 

Standard Preparation. External standards SM-d18:1/C18, SM-d18:1/C24:1, Glc-

d18:1/C24:1, SHex-d18:1/C24:1, and GM1a-d18:1/C18 were received as ammonium salts and 

diluted to 50µM stock solutions in MeOH/IPA/water (2/8/1, v/v/v%). Further dilution used 

MeOH/water (1/1, v/v%). GM3-d18:1/C18 (100µg/mL), GD1a-d18:1/C18 (100µg/mL), and GT1b-

d18:1/C18 (124µg/mL) were received as MeOH solutions, and diluted in MeOH/water (1/1, 

v/v%). 

Sample Preparation; Tissue, Serum, and Cells. ~10^6 cells, 1-100mg of neural tissue, 

and 100µL of serum were used to generate sample profiles. The tissue was weighed into 15mL 

falcon tubes and diluted with a buffer consisting of 0.25 M sucrose, 20mM HEPES adjusted to 

pH 7.4 with KOH, and a 1:100 protease inhibitor cocktail (1.2mL for cells & 1.5mL for tissue). 

Tissue samples were homogenized manually before lysis with µ-needle sonication (60 J for cells 

and 80 J for tissue samples). 

The nuclear fraction was precipitated by centrifugation at 2000 RCF for 10 minutes. The 

supernatant was transferred and ultracentrifuged at 200k RCF for 30 minutes at 4°C to form a 

membrane pellet. After removing the supernatant, samples were diluted with 0.2 M Na 2CO3 

(0.5 mL for cells & 1.0 mL for tissue) and ultracentrifuged to remove membrane-associated 



91 

 

proteins. The supernatant was removed, and samples were ultracentrifuged again with the 

same volume of water. After discarding the water, membrane lipids were dissolved using a 

modified Folch extraction of freshly prepared water/MeOH/CHCl3 (3/8/4, v/v/v%, 500µL for 

cells & 800µL for tissue/serum) and sonicated for 30min. Samples were then centrifuged at 

9,000RCF for 10min to precipitate the membrane proteins, and the supernatant was collected. 

100 µL of 0.1 M KCl was added to induce a liquid-liquid separation, the top layer (aqueous) was 

transferred and dried by vacuum centrifugation. 

Sphingolipids were enriched with a 100mg, C-8, 96-well SPE plate. Wells were first 

conditioned with 200µL of MeOH/IPA (1/1, v/v%) and primed with 400µL of water/MeOH (1/1, 

v/v%). Samples were reconstituted with 600 µL of water/MeOH and gravity-loaded. The flow-

through was reloaded to ensure maximum recovery. 600µL of water/MeOH was used to wash. 

Sphingolipids were eluted with 200µL of the MeOH/IPA and then dried. Condition, prime, wash, 

and elution steps used centrifugation (100 RCF, 1 minute). 

Dried samples can be sealed and stored at -20°C for several months until ready for 

analysis. Before analysis, samples were reconstituted in water/MeOH (1/1, v/v%) (20µL for 

serum/cells & 0.25mg/µL for tissue), transferred to autosampler vials, and stored in the 4°C 

cooler for up to 7 days before injection. 

Neuraminidase Treatment. α2-3,6,8-Neuraminidase was used following the vendor's 

recommendation and found to hydrolyze terminal sialic acid residues preferentially. Enzyme-

treated samples required an additional sample injection using a unique instrumental method 

with an increased on-line enrichment step, increasing all gradient and valve switch time points 
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by 9 minutes. Comparison of the reduction in initial signal and increase in resulting products 

from non-treated to treated samples allow determination of a- and b-series gangliosides. The 

crystal structure of C. perfringens sialidase nanH was modeled using AlphaFold 29 using the 

sequence information from UniProt.30 Glycolipid models were drawn using CHARMM-GUI.31 

After modeling, the 3D structures of the sialidase enzyme and glycolipid substrates were 

minimized and prepared for in-silico docking experiments using Chimera.32 In silico docking, 

calculations were performed in PyRx33 using AutoDock VINA34 by defining a 24 Å x 25 Å x 56 Å 

search space enclosing the reported active site residues of the enzyme. After performing 

calculations, the models were visualized, and binding interactions were identified using 

Discovery Studio (Dassault Systems, 2020). 

Nanoflow HPLC-Q/TOF Methodology. Automated sample injection and data collection 

used an Agilent 1200 series nanoflow HPLC. On-line sample enrichment used a Zorbax 300SB-C8 

trap column, 0.3 ID x 5mm, 5µm particle size, 300Å pore size (Agilent Technologies Inc., Cat# 

5065-9914). The analytical separation was carried out on a Zorbax 300SB-C18 column, 0.075 ID 

x 150mm, 3.5µm particle size, 300Å pore size (Agilent Technologies Inc., Cat# 5065-9911). The 

loading/washing pump was operated at 2.5µL/min. Sample loading used 0.1% GAA and 20mM 

NH4CH3CO2 in water/MeOH/IPA (40/50/10, v/v/v%). Sample washing (MP-W) used MeOH/IPA 

(1/1, v/v%). The gradient used was as follows: 0% MP-W from 0 to 20min, increased to 99% at 

25min, held until 35min, decreased back to 0% at 40 min, and held until 70 min. The gradient 

pump used a flow rate of 0.3µL/min.  Mobile phase A (MP-A) used 0.1% GAA in 20 mM 

NH4CH3CO2in MeOH/water (25/75, v/v), and mobile phase B (MP-B) with a composition of 0.1% 

GAA in 20 mM NH4CH3CO2 in MeOH/IPA (75/25, v/v). The timed composition changes are as 
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follows: 76% MP-B from 0 to 20min, a linear increase to 96% at 60min, held until 62min, 

decreased to 76% by 64min and held until 70min. The C-8 trap column (left) was operated at 

70°C and the C-18 analytical column (right) was operated at 60°C. Both the trap and analytical 

columns have a working range up to 90°C for between 2 to 5 pH. A 10pt/2ps µ-switching valve 

was configured for efficient enrichment, elution, and washing at low flow rates. Samples are 

enriched from 0 to 6min (µ-valve 1→10). From 6 to 20min, analytes are backflushed from the C-

8 trap to C-18 analytical column under stepped isocratic conditions (µ-valve 1→2). From 20 to 

70min the gradient, wash, and equilibration are carried out (µ-valve 1→10). 

The analytical column was coupled to an orthogonal nanoESI source (Agilent 

Technologies, G1992A) and operated in positive ion mode with a 15µm ID SilicaTip (New 

Objective). Precursor ion mass filtering, fragmentation, and detection were carried out on a 

quadrupole time-of-flight mass spectrometer (Agilent Technologies, G6520A). Source 

conditions were optimized by direct infusion and used N2 drying gas at 325°C with a flow rate of 

3.0 L/min. The capillary voltage was 1300V and adjusted during initial system conditioning for a 

corresponding current of 0.070 µA and stable spray throughout the gradient. The fragmentor, 

skimmer, and octopoleRF voltages were set to 150V, 90V, and 750V respectively. The 

quadrupole used automatic precursor ion selection with a mass range of 550 – 2000 m/z and an 

absolute threshold of 1000 counts corresponding to roughly double the baseline noise. The 

preferred charge state was set to 2 > 1. Precursor ions were fragmented in an N2-filled chamber 

with collision-induced disassociation using an m/z dependent collision energy determined by 

linear interpolation with the equation 𝐸 = 1.2 × (
𝑚

𝑧⁄

100
) + 12. Active exclusion was enabled 

after collection of one MS2 spectrum and released after one-minute corresponding to 
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approximately one half the average peak width. The time-of-flight detector was operated such 

that abundance and accurate mass were in the range of 100 – 2000 m/z. An internal reference 

mass of 1221.9 m/z (Agilent Technologies Inc., Cat# G1982-85001) was used for continuous 

mass correction (≤ 10ppm). The HPLC modules, valve configuration, and connecting capillaries, 

and source positioning that were used are included in the supplemental information. 

Data Analysis. Post-acquisition compound identification and peak integration were 

completed using Agilent’s MassHunter Qualitative Analysis software version (B08.00) with the 

Find by Molecular Feature (FMF) algorithm using a CSV database of compounds including the 

molecular formula, retention time (optional), mass, name, and description. Verification 

assistance of the identified compounds used Agilent’s Personal Compound Database and 

Library (PCDL) software version (B08.00), where the identified compounds are compared and 

scored from a spectral library. Library search settings enabled screening and score adjustment 

with a precursor and fragment mass tolerance of 25 ppm and 50 ppm, respectively. Each 

sample’s compound list was exported to individual CSV files and an in -house Python script was 

used to organize the data for analysis in Excel.  
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RESULTS & DISCUSSION 

Nanoflow High-Pressure Liquid Chromatography – Mass Spectrometry Profile of 

Sphingolipids from Brain Tissue. A reverse-phase nanoflow HPLC-Q/ToF method was 

developed and employed to extensively profile the intact sphingolipids found in human neural 

tissue, serum, and a lymphoblast cell line. A representative chromatogram is depicted based on 

the reported method, where the major peaks are labeled with their representative structures 

(Figure 3.2). This tissue profile, from the lateral cerebellum, yielded 118 unique compounds 

varying in both headgroup and lipid structure. A summary of the structures present in the 

chromatogram with the respective relative abundances of ≥0.01% are summarized with a 

heatmap (Figure 3.3) using IUPAC-IUB nomenclature.28 The structural assignment is 

comprehensive and was determined using the methods described in greater detail below. The 

major sphingolipids observed were gangliosides GD1a, GD1b, and GM1a. These oligosaccharide 

headgroups are typically observed in the grey matter regions of the brain, which are primarily 

composed of neuronal cell bodies and their dendrites. We also observed gangliosides with up 

to four sialic acid residues (GQ1) as well as some fucosylation and galactose extension, which 

are rarely observed. The most abundant ganglioside-associated lipid was sphingosine (d18:1) 

with an N-linked acyl group of 18 and 20 carbons. The less abundant lipid species observed 

varied in their sphingoid long-chain base (LCB) structure with 4-hydroxydihydrosphganine and 

4t,14c-sphingediene. Other minor glycosphingolipids included sulfatides and cerebrosides with 

mostly sphingosine and N-linked acyl groups varying in hydroxylation and unsaturation to a 24-

carbon chain (C24:1, C24 OH, C24:1 OH). These species are commonly found in white matter 
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and are key structural components that provide stability in the multi -layered myelin sheath 

which functions to protect and insulate the neural axons. 

 

Figure 3.2 Example chromatogram of human brain tissue sphingolipid profile annotating 22 of 
118 compounds found. Inset structures were assigned based on the methods described. 

We found that using previous methodologies to profile multiple samples in succession 

resulted in varying degrees of carryover, which affected quantitation, caused retention shifts, 

and degraded the general analysis.35 For example, a 1µL injection of a 1mg/µL tissue sample 

showed carryover in ten subsequent blanks which is depicted in the supplementary information 

(Figure S3.1A). To eliminate the carryover, we used a series of valve switches with a C-8 trap 

column to fractionate the sphingolipids, preventing hydrophilic and hydrophobic contaminants 

from being introduced to the analytical column (Figure S3.1B). This enrichment strategy was 

validated using a pool of sphingolipid standards over a range of injection volumes which 

showed consistent elution times and linearly correlated responses (Figure S3.2). Instrumental 
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duplicate injections for the brain tissue sample produced an average %RSD of 11.5% for all 

compounds above 0.1% relative abundance. Biological triplicates of the TIB-190 cell line 

generated an average percent relative standard deviation (%RSD) of 18.4% for all compounds 

>0.1% relative abundance.

 

Figure 3.3 Heatmap summarizing the relative intensities of sphingolipids (≥0.01% relative 
abundance) in human brain tissue. The major products correspond to GM1, GD1, and SM. 

 

Mass Spectrometric Analysis of Sphingolipids. The identification of individual 

sphingolipids (glycosphingolipids and sphingomyelin) employed a combination of tools for 

putative molecular structure assignment including (1) the known biosynthetic pathways, which 

reduces the number of possible structures, (2) collision-induced dissociation (CID) 

fragmentation spectra with accurate mass detection, (3) unique retention times, (4) and 

neuraminidase treatment for sialic acid linkages. A biologically informed structure list was used 
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to initially match the intact molecular weight of compounds to detected precursor ions. This list 

included species with lipid structures consisting of 32 to 44 carbons, two to three hydroxyl 

groups, and up to three double bonds for all headgroups. It was observed that the charge states 

and associated adducts were dependent on the headgroup. For example, sphingomyelin, 

cerebrosides, sulfatides, and lactosylceramide primarily produced singly protonated 

quasimolecular ions. However, larger more complex glycosphingolipids contained multi ply 

charged species with combinations of protons and ammonium adducts ([M+H]+, [M+NH4]+, 

[M+2H]2+, [M+H+NH4]2+, [M+2NH4]2+) which are summed to determine the compound total 

abundances. 

The combination of various adducted species complicated the analysis by increasing the 

number of overlapping isobars, making CID crucial for identification. CID produced fragments 

corresponding to dissociation of both the headgroup and the N-linked acyl as well as losses of 

H2O were observed. For example, the fragmentation of a cerebrosides (Hex-d18:1/C18) with a 

molecular weight of 727.6u was detected as a protonated species and produced fragments 

corresponding to H2O loss of the intact molecule (710.6 m/z), the ceramide (566.6, 548.5, 530.5 

m/z) and the LCB (282.3, 264.3 m/z) (Figure 3.4A). 4t,14c-sphingediene (d18:2; 280.3, 262.3 

m/z), 4-hydroxydihydrosphganine (t18:0; 300.3, 282.3 m/z), dihydroceramide (d18:0; 302.3, 

284.3 m/z), and 6-hydroxysphingosine (t18:1, 298.3, 280.3 m/z) LCBs were also discernable and 

imperative to distinguish hydroxyl group and double-bond positioning between the two lipid 

tails. Although the N-linked acyl and LCB moieties of the ceramide vary in structure, the 

cleavage sites shown are the most common. Additional ceramide and LCB structures and thei r 

corresponding product ions used for identification are included in the supplemental 
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information (Table S3.1 & S3.2). Sulfatides (SHex-), which contain a sulfate at the C3 position of 

the hexose, produced a similar CID profile to cerebrosides differing in the major fragment that 

corresponded to the loss of both H2O and SO3 groups (Figure 3.4B). The presence of N-

acetylhexosamine (HexNAc) or neuraminic acid (Neu5Ac) in large glycosphingolipids (GSLs) 

resulted in MS2 peaks with up to four linked monosaccharides. A comprehensive list of ions that 

were commonly observed from the fragmentation of the oligosaccharide headgroups were 

tabulated (Table 1). Neu5Ac modifications, such as acetyl or methyl groups as well as lactone 

rings, were also readily observed product ions (Figure 3.4C).  Glycan fragments containing 

fucose were also observed, for example 1Hex1HexNAc1Fuc (512.2 m/z). However, fucose-

containing compounds were not major fragments due to the labile nature of fucose under CID. 

Typically, fucosylated structures such as the fucosylated-GM0-d18:1/C18 were instead 

confirmed by neutral losses of terminal monosaccharides (Figure 3.4D). 
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Figure 3.4 Typical fragmentations generated by CID MS/MS for compounds with various 
headgroups including A) Glucose-, B) SHex-, C) Ac-O-OGD1-, and D) Fuc-GM0-d18:1/C18. 
Dominant dissociation products correspond to cleavages of glycan linkages. 
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Sphingomyelins (SM), a sphingolipid but not a glycolipid, with a phosphocholine 

headgroup was monitored to complete the sphingolipid profile. SM species were distinct from 

the glycolipids in that the protonated species yielded an odd-numbered nominal mass. A 

common fragment corresponded to the dissociation of the phosphocholine headgroup to yield 

a prominent 184.1 m/z ion due to the high gas-phase basicity of the tertiary amine in the 

headgroup. Ceramide-1-phosphate (1P-Cer), another sphingolipid was also present but in lower 

abundances. 

Of note, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) phospholipids are 

isobaric compounds observed within the elution gradient that can cause false positive 

identifications. Both were singly protonated generating even nominal precursors with 

distinctive MS2 profiles. PC commonly generated a 184.1 phosphocholine fragment and PE was 

identified by the neutral loss of 141 amu. An additional source of false-positive identifications 

can occur from in-source fragmentation of the labile glycan headgroups. Source conditions 

were optimized to minimize this effect to 1% or less relative abundance. Sulfatides showed the 

highest degree of in-source fragmentation with loss of sulfate and producing an identical ion 

mass as HexCer. To a lesser extent, in-source fragmentation of sialic acid residues was observed 

where, GD3- was initially identified as GM3-. All false positive identifications were easily 

distinguished and correctly identified. 

Chromatographic behavior of Sphingolipids. Chromatographic retention times were 

primarily dictated by the head group and the ceramides’ overall chain lengths. Sphingomyelins 

showed a broad lipid profile that encompassed the entire chromatogram and were used to 

assign relative retention time (RRT) values for species containing the same lipid structure but 
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differing in their headgroup. Although RRT values varied depending on the specific lipid, 

average RRTs for all observed matching ceramides were assigned to give general headgroup 

dependent elution trends. With SM (RRT 1.000) being the latest eluting, neutral GSLs showed 

slightly earlier elution times and differences became more prominent with larger glycans: Hex- 

(0.987 RRT), Lac- (0.961), Gb3 (0.940), GA1 (0.928), Fuc-GA1 (0.925), and GA0 (0.904). Sulfated 

and mono-sialylated GSLs with their single anionic moieties eluted earlier: SHex- (0.868 RRT), 

SLac- (0.822), GM3 (0.861), GM2 (0.833), GM1 (0.839). The most pronounced shifts in retention 

were observed from polysialylated GSLs; GD3- (0.771 RRT), GD2- (0.764), GD1- (0.755), Fuc-

GD1- (0.753), GT1- (0.724), and GQ1- (0.700). Differences in LCB structures were also observed 

chromatographically for structures with a fixed head group and N-linked acyl. Increasing 

hydroxide groups and unsaturated bonds resulted in earlier elution times (Figure 3.5A), which 

was confirmed by CID fragmentation (Figure 3.5B, C, D). Isomeric lipids differing in double bond 

position were resolved where ceramides containing sphingosine and an unsaturated fatty acid 

(d18:1/FA:1) eluted earlier than 4t,14c-sphingediene with a saturated acyl group (d18:2/FA) 

(Figure S3.3). 
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Figure 3.5 Elution pattern for different LCBs and MS2 spectra for GM1-LCB/C18 with B) d18:2, C) 
t18:0, and D) d18:0. 

The identity of some structures that yielded only partially informative CID profiles were 

further confirmed by the linear correlation of chromatographic retention times to acyl chain 
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length (Figure S3.4). The more abundant species of a group (same headgroup and LCB) that 

contained complete CID spectra, were used to identify the less abundant sphingolipids by 

matching the observed retention times to the expected values. 

Neuraminidase treatments for Structural analysis of Gangliosides. Reverse-phase 

chromatography was unable to separate glycan isomers with multiple neuraminic acid linkages 

and positions. For this reason, we employed α2-3,6,8-neuraminidases to determine the sialic 

acid linkages in GT1b, GD1a, and GM1a. Surprisingly, upon α2-3,6,8 neuraminidase treatment, 

the completely desialylated ganglioside core GA1 was not observed. Experimental data showed 

cleavage of sialic acid residues attached to the terminal galactose, but α2-3 and α2-8 sialic acids 

linked to the first core galactose remained intact. Molecular dynamic simulations were 

performed and corroborated the experimental data showing a steric hindrance of the 

neuraminidase active site by the terminal galactose when the tetrasaccharide core was present 

(Figure S3.5). By accounting for this feature, glycan structures were determined with a single 

enzyme treatment. 

Automated and extrapolated compound ID. We sought to automate structural 

identification of all sphingolipids (including all glycolipids) using both the accurate mass, MS2 

(CID) and the chromatographic elution patterns.  We therefore developed an in-house spectral 

library containing identified structures including the molecular formula, characteristic charge 

state, adducts, CID product ions, and retention times using Agilent’s Personal Compound 

Database and Library (PCDL, B08.00) software. This workflow is especially useful when 

conducting studies with large sample sets as manual verification of MS2 spectra is tedious and 

requires a notable degree of user experience. For reference, a generated library score of ≥10 
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indicated a correct identification, lower scores required further investigation. Although the use 

of this software greatly expedites the identification of sphingolipids, it is currently limited to 

compounds that have been manually verified previously. For this reason, initial identification of 

compounds using the comprehensive CSV database of monoisotopic masses was necessary.  

Following the identification and validation of all sphingolipid species observed, the 

compound list for each sample was exported as an individual CSV file. An in-house Python script 

was then used that read the exported files, created a running dictionary for each unique 

structure, and reorganized the abundances from all samples into a single spreadsheet. The 

processed data was then analyzed in Microsoft excel and heatmaps were generated for 

visualization of the sphingolipid profiles. The application of this method was used on biological 

samples described below. 

GSL profile of biological samples in Serum and Cells. A sphingolipid profile was 

generated from a commercial pool of human serum and was used as a quality control to 

monitor the sample preparation and instrument suitability (Figure S3.6). Of the 78 compounds 

observed in the serum profile, the most abundant glycosphingolipid was GM3-d18:1/16, a 

truncated core ganglioside (Figure 3.6). The major source of structural diversity observed in 

serum can be attributed to the lipid moiety as most of the glycan headgroups contained only 

one to three monosaccharide residues. GSLs in serum are thought to come from the shedding 

of membranes from tissues that circulate in micelles and lipoprotein complexes. We have 

previously found GSLs to be also bound to HDL and other lipoprotein particles.36 We further 

examined GSLs in cell lines. We profiled CESS (TIB-190) cells, an immortalized line commonly 

used to study T-cells. The profile showed comparable results to that of serum in both the major 
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headgroup and lipid structures, suggesting T-cells and serum shared many common GSLs 

(Figure S3.7). The full compound list from brain tissue, serum, and cells has been included 

(Appendix I). 

 

Figure 3.6 Summary heatmap of observed sphingolipids (≥0.01% relative abundance) in human 
serum. 
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CONCLUSION 

A robust reverse-phase nanoflow HPLC-Q-ToF method was developed for profiling 

glycosphingolipids (and other sphingolipids) from human brain tissue, serum, and a 

lymphoblastic cell line. This method was developed to address the typical issues common to 

sphingolipid analysis such as carry-over and false-positive identifications. By utilizing previously 

discovered human biosynthetic pathways and correlating structures to fragmentation patterns 

along with excellent chromatographic reproducibility, exact structures can be assigned with a 

high degree of confidence. Future work that would greatly benefit the field of sphingolipids 

would include the development of software that can utilize the identification tools described in 

this work. 
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Supplementary Information 

Figure S3.1. Total compound chromatograms carryover comparison after the injection of a pooled tissue 

sample at a concentration of 1mg initial tissue weight / µL of solvent: 

A. Neural tissue sample injection and the subsequent 10 blank injections using an Agilent ChipCube system 

and previously developed methodology from reference 38. 

 
B. Neural tissue sample injection with no detectable compounds in the subsequent blank injection using 

the developed instrumental configuration and method. 
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Figure S3.2. Overlaid chromatograms of a standard pool with 0.5µL, 1.0µL, and 1.5µL injections and 

calibration curve. GM3 and SM4 had similar concentrations and responses, resulting in the calibration 

curve overlapping. 
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Figure S3.3. Separation of isomeric sphingolipids differing in double bond position. 

 

 

Figure S3.4. Sphingomyelin- and GD1–d18:1/FA species observed in human brain tissue and the 

correlation between total lipid carbon number and retention time.  
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Figure S3.5. Computational depiction of α2-3,6,8 neuraminidase, from Clostridium perfringens, with 

active site interactions with GM1a. Sialic acid in GM1a is accessible to active site residue Asp62 but is 

being blocked by terminal galactose from Arg37 and Arg245. 

 

 

Figure S3.6. Example chromatogram of human serum sphingolipid profile with 25 of 78 compounds 

depicted. 
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Figure S3.7. Summary heatmap profile of T-cells (TIB-190) for all sphingolipids ≥0.01% relative 

abundance.

 

Table S1. Common ceramide fragment ions from headgroup disassociation. 

 

Hydroxyl 

Groups1

Double 

bonds

Carbon 

Number
[Cer+H]+ [Cer+H-H2O]+ [Cer+H-2xH2O]+

32 510.488619 492.478054 474.467489

33 524.504269 506.493704 488.483139

34 538.519919 520.509354 502.498789

35 552.535569 534.525004 516.514439

36 566.551219 548.540654 530.530089

37 580.566869 562.556304 544.545739

38 594.582519 576.571954 558.561389

39 608.598169 590.587604 572.577039

40 622.613819 604.603254 586.592689

41 636.629469 618.618904 600.608339

42 650.645119 632.634554 614.623989

43 664.660769 646.650204 628.639639

44 678.676419 660.665854 642.655289

32 528.499184 510.488619 492.478054

34 556.530484 538.519919 520.509354

36 584.561784 566.551219 548.540654

38 612.593084 594.582519 576.571954

40 640.624384 622.613819 604.603254

41 654.640034 636.629469 618.618904

42 668.655684 650.645119 632.634554

43 682.671334 664.660769 646.650204

44 696.686984 678.676419 660.665854
1The number of hydroxyl groups are assigned with letters, d=2, t=3

d 1

t 0
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Table S2. Common Long-chain base fragments from headgroup and N-linked acyl disassociation. 

 

Figure S8. Active HPLC modules and 10pt/2ps µ-switching valve configuration. 

 

 

 

 

 

 

 

 

 

Hydroxyl 

Groups1

Double 

bonds

Carbon 

Number
[LCB+H]+ [LCB+H-H2O]+ [LCB+H-2xH2O]+

0 18 302.305904 284.295339 266.284774

1 18 300.290254 282.279689 264.269124

2 18 298.274604 280.264039 262.253474

0 20 330.337204 312.326639 294.316074

1 20 328.321554 310.310989 292.300424

2 20 326.305904 308.295339 290.284774

0 18 318.300819 300.290254 282.279689

1 18 316.285169 298.274604 280.264039
1
The number of hydroxyl groups are assigned with letters, d=2, t=3

d

t
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Figure S9. Nanoflow ESI source (Agilent Technologies, G1992A) nebulizer positioning, spray trajectory, 

and corresponding reference mass response. 
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Table S3. HPLC capillary configuration.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Module From (fitting) To (fitting) pn
ID

(mm)

Length

(mm)

Dwell Volume 

(µL)

EMPV (WPF) Flow Sensor (WPF) G1375-87321 0.025 220 0.108

Flow Sensor (MP) µWPS Valve, port 1 (MP) G1375-87322 0.025 350 0.172

EMPV (WPF) Flow Sensor (WPF) G1375-87321 0.025 220 0.108

Flow Sensor (MP) µTCC Valve, port 9 (MP) G1375-87322 0.025 350 0.172

0101-1050 0.07

µWPS, port 1 (MP) Metering Device (WPF)

G1375-87315

G1377-87201

G1377-87001

µWPS, port 6 (MP) µTCC, port 1 (MP) 5067-1582 0.46

5067-4144 0.089

Port 10 (MP) Trap Column (WPF) G1375-87322 0.025 350 0.172

Trap Column (WPF) Port 7 (MP) G1375-87320 0.025 100 0.049

Port 2 (MP) Port 5 (MP) G1375-87320 0.025 100 0.049

Port 8 (MP) Analytical Column Inlet (WPF) G1375-87320 0.025 100 0.049

Nano ESI

pn: G1992A
Analytical Column Outlet (WPF) nESI (Nebulizer) G4240-87300 0.015 900 0.159

Acronym Part Number

MP 5065-4410

WPF 5065-4422

Nanoflow 1200 Series HPLC - Connecting Capillaries

Description

PEEK fitting (Metric M4)

Double winged PEEK nut & ferrule

Sample Loop (8µL) -

µWPS-Needle -

µWPS-Needle Seat -

Fittings

Nano Pump - Loading

(0.1 - 4 µL/min)

pn: G2226A

Nano Pump - Analytical

(0.1 - 4 µL/min)

pn: G2226A

Micro WPS

pn: G1377A

+

Thermostat

pn: 1330B

µAS Valve Internal Channel

µ-Inline Filter

TCC

pn: G1316C

10pt/2ps µ-Switching Valve Internal Channel

-
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CHAPTER VI 

 

Region-specific Quantitation of Glycosphingolipids in the Elderly Human Brain with Nanoflow 

MEAChip Q/ToF Mass Spectrometry 
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ABSTRACT 

Glycosphingolipids are a unique class of bioactive lipids responsible for lateral 

membrane organization and signaling found in high abundance in the central nervous system. 

Using nanoflow MEA Chip Q/ToF mass spectrometry, we profiled the intact glycosphingolipids 

of the elderly human brain in a region-specific manner. By chromatographic separation of 

glycan and ceramide isomers, we determined gangliosides to be the highest source of 

heterogeneity between regions with the expression of a- and b-series glycan structures. 

Investigation of these trends showed that specific glycan structures were, in part, determined 

by the structure of their lipid backbone. This study provides insight into the dynamic process of 

membrane remodeling in the brain during aging. 
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INTRODUCTION 

Significant scientific progress has been made to profile the biochemical makeup of the 

brain to elucidate structure-to-function neurophysiology and pathology. Curated databases are 

available for the transcriptome1 and proteome2 of the human brain on a regional and cellular 

level. However, there is not a comparable resource for the lipidome. Using a single-cell 

lipidomic workflow, Bhaduri et al. observed comparable profiles in the most abundant lipids 

between region-matched human brains but heterogeneity when making regional and age-

matched comparisons.3 This work, with others, emphasized the importance of lipids in the 

central nervous system (CNS), which may be vital to understanding neurological mechanisms 

and developing therapeutics for the various forms of neurodegeneration. 

Sphingolipids (SL) are a subset of bioactive lipids found in eukaryotic cell membranes 

and are unique in their amphipathic structure and potential to be glycosylated .4 The human 

nervous system contains a significantly higher abundance of glycosphingolipids (GSLs) than the 

other systems, indicating their physiological importance. A recent study by Blumenreich et al. 

showed that increased ganglioside expression (Sialic acid containing GSLs) was correlated to  

subjects with a genetic risk factor for Parkinson’s disease in three of the four regions studied. 5 

Gangliosides have been indicated to play a role in the pathology of Huntington’s disease, 

amyotrophic lateral sclerosis, Alzheimer’s disease, stroke, multip le sclerosis, and epilepsy.6 

SLs are characterized by their two-tailed lipid backbone - a ceramide consisting of a 

sphingoid base and an N-linked acyl group. Ceramides tend to have longer, more saturated lipid 

tails than other major membrane lipids. Along with the ceramide's structural contribution to 
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membrane biophysical properties, they play a crucial role in cellular homeostasis by regulating 

apoptosis and autophagy.7 The bioactive head group of SLs extends from the outer membrane 

into the extracellular space, mediating interactions such as signaling, adhesion, and 

differentiation.8,9 Unlike other membrane lipids, SLs are unique in their ability to contain 

oligosaccharide (glycan) headgroups. The untemplated biosynthesis of these glycan headgroups 

is a dynamic process involving families of glycosyltransferases and glycosidases, which fine-tune 

the glycocalyx and subsequent intra- and inter-cellular interactions.10 Subtle structural changes 

such as the position of a sialic acid (Neu5Ac) or the stereochemistry of a glycosidic bond (α or β) 

can have significant effects on carbohydrate-receptor binding and overall cellular phenotype.11 

Although constituting a small fraction of the overall lipid profile, SL’s contribution to 

cellular biophysical properties is thought to be spatially amplified due to clustering with 

proteins and cholesterol into microdomains commonly referred to as lipid rafts .12 This 

clustering occurs due to a high degree of hydrogen bonding from the polar moieties and 

ordered stacking of the lipid backbones. These SL-rich microdomains are categorized by a highly 

ordered “solid-like” membrane phase with a slow translational diffusion coefficient .13 These 

rafts translocate in the bulk liquid-disordered bilayer, self-assembling into functional domains 

that carry out essential cellular functions such as synaptic transmission in neurons.  

General profiling of GSLs in the brain has revealed that white matter is enriched in Gal-

Cer and SGal-Cer, where they pair to form carbohydrate-carbohydrate bonds, providing intra-

membrane stability to the multi-layered myelin sheath.14 Grey matter, consisting primarily of 

neuronal cell bodies and axons, is highly expressed with gangliosides, which play a significant 

role as ligands for cellular recognition and signaling. In addition, neuronal synaptosomal 
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microdomains are highly enriched with gangliosides, sialidase, and sialyltransferase for dynamic 

glycocalyx remodeling.15 It has been shown that the number and positioning of sialic acid 

residues in these domains modulate calcium influx, the principal second messenger of synaptic 

activity.16,17  

A previous study from our laboratory explored the N-glycoproteomic profile of the 

elderly human brain across 11 functional brain regions with age-matched Alzheimer-confirmed 

subjects.18 In this work, we have continued this path of research by comprehensively analyzing 

the glycosphingolipids of the frontal cortex, temporal cortex, occipital cortex, parietal cortex, 

cingulate cortex, posterior hippocampus, caudate nucleus, thalamus, lateral cerebellum, and 

pons using nanoflow MEAChip Q/ToF mass spectrometry. This methodology quantitatively 

analyzes these low-abundant lipids to reveal the heterogeneity between regional, age, and 

disease states. The profiling of these structurally diverse lipids utilized highly sensitive nanoflow 

chromatography, separation of glycan and ceramide isomers, reproducible chromatographic 

elution, collision-induced dissociation MS2, and accurate mass spectrometric detection. 
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METHODS 

Materials and Chemicals. Sphingomyelin-d18:1/C18 (Cat# 860586), Sphingomyelin-

d18:1/C24:1 (Cat# 860593), Glucose-d18:1/C24:1 (Cat# 860549), SHex-d18:1/C24:1 (Cat# 

860571), GM1a-d18:1/C18 (Cat# 860588), GM3-d18:1/C18 (Cat# 860074), GD1a-d18:1/C18 

(Cat# 860091), and GT1b-d18:1/C18 (Cat# 860089) standards were purchased from Avanti Polar 

Lipids (Alabaster, AL). Lymphoblast CESS cells (Cat# TIB-190) were obtained from the American 

Type Cell Culture (Manassas, VA). α2-3,6,8 Neuraminidase (Cat# P0720) was purchased from 

New England Biolabs (Ipswich, MA). Human serum (Cat# S7023), sucrose (Cat# S7903), KOH 

(Cat# P5958), ammonium acetate (NH4CH3CO2, Cat# 73594), sodium carbonate (Cat# S5761), 

and protease inhibitor cocktail (Cat# 539137) were purchased from Sigma (St. Louis, MO). Fetal 

bovine serum (Cat# 16000-069), penicillin-streptomycin (Cat# 15140-122), 1M HEPES (Cat# 

15630080), methanol (MeOH, Optima LC/MS, Cat# A456-4), and isopropanol (IPA, Optima 

LC/MS, Cat# A461-4) were purchased from ThermoFisher Scientific (Waltham, MA). C-8 SPE 

plate (100mg, Cat# FNSC08.800) was purchased from Glygen. Glacial acetic acid (GAA, Cat# 

AC110) was purchased from Spectrum (New Brunswick, NJ). Formic acid (Optima LC/MS, Cat# 

A117-50) was purchased from Fisher Chemical (Hampton, NH).  

Brain Tissue. Human brain tissue was obtained through the University of California, 

Davis – Alzheimer’s Disease Center from donors’ postmortem and stored at -80°C before 

processing and analysis. Four different brains were profiled; the first showed normal cognitive 

function and was considered the control sample (A, NCF-72). The second had hippocampal 

sclerosis (B, HS-95). The last two subjects were age-matched with autopsy-confirmed 

Alzheimer’s disease (C, AD-74 & D, AD-93). Up to ten brain regions were collected from each 
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donor: frontal cortex, temporal cortex, parietal cortex, occipital cortex, cingulate cortex, 

hippocampus, thalamus, caudate nucleus, lateral cerebellum, and pons. 

Standard Preparation. External standards SM-d18:1/C18, SM-d18:1/C24:1, Glc-

d18:1/C24:1, SHex-d18:1/C24:1, and GM1a-d18:1/C18 were received as ammonium salts and 

diluted to 50µM stock solutions in MeOH/IPA/water (2/8/1, v/v/v%). Further dilution used 

MeOH/water (1/1, v/v%). GM3-d18:1/C18 (100µg/mL), GD1a-d18:1/C18 (100µg/mL), and 

GT1b-d18:1/C18 (124µg/mL) were received as MeOH solutions, and diluted in MeOH/water 

(1/1, v/v%). 

Sample Preparation. The sample profiles were generated with 10-100mg of human 

brain tissue. Tissues were individually weighed into 15mL falcon tubes and d iluted with 1.5mL 

of a buffer of 0.25 M sucrose, 20mM HEPES adjusted to pH 7.4 with KOH, and a 1:100 protease 

inhibitor cocktail. Homogenization was first accomplished manually, then by 1-2 sequences of 

lysis with µ-needle sonication with a maximum of 80J/sequence until a fine suspension was 

obtained. 

The nuclear fraction was precipitated by centrifugation at 2000 RCF for 10 minutes. The 

transparent supernatant was transferred and ultracentrifuged at 200k RCF for 30 minutes at 

4°C to form a membrane pellet. After removing the supernatant, samples were diluted with 

1mL of 0.2 M sodium carbonate and ultracentrifuged to remove membrane-associated 

proteins. The supernatant was removed, and samples were ultracentrifuged again with the 

same volume of water. After discarding the water, membrane lipids were dissolved using a 

modified Folch extraction using 800µL of freshly prepared water/MeOH /CHCL3 (3/8/4, v/v/v%) 
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and sonicated for at RT for 30min. Samples were then centrifuged at 9,000RCF for 10min to 

precipitate the membrane proteins and the supernatant was collected. 100 µL of 0.1 M KCl was 

added to induce a liquid-liquid separation, and the top layer (aqueous) was transferred and 

dried by vacuum centrifugation. 

Sphingolipids were enriched with a 100mg, C-8, 96-well SPE plate. Wells were first 

washed with 1200µL of MeOH/IPA (1/1, v/v%) and primed with 400µL of water/MeOH (1/1, 

v/v%). Samples were reconstituted with 600 µL of water/MeOH and gravity loaded; the flow 

through was reloaded to ensure maximum recovery. Sample wells were washed with a total of 

1.2mL of water/MeOH. Sphingolipids were eluted with 600µL of the MeOH/IPA and then dried. 

Condition, prime, wash, and elution steps used centrifugation (100 RCF, 1 minute).  

Dried samples were sealed and stored at -80°C until ready for analysis. Before analysis, 

samples were reconstituted to 0.25mg of tissue/µL with water/MeOH (1/1, v/v%), transferred 

to autosampler vials, and stored in the autosampler operating at 4°C prior to injection.  

Nanoflow MEAChip Q/TOF Methodology. Automated sample injection and data 

collection used an Agilent 1200 series nanoflow HPLC. On-line sample enrichment used a 

Zorbax 300SB-C8 trap column, 0.3 ID x 5mm, 5µm particle size, 300Å pore size (Agilent 

Technologies Inc., Cat# 5065-9914). The chromatographic separation and analyte ionization 

were performed using a C-18 MEAChip, 1x 10µm nozzle, 0.07 ID x 150mm, 1.9µm particle size 

(NewOmics, Cat# C1005). The loading/washing pump was operated at 2.5µL/min. Sample 

loading used 0.1% GAA and 20 mM NH4CH3CO2 in water/MeOH/IPA (40/50/10, v/v/v%). Sample 

washing (MP-W) used MeOH/IPA (1/1, v/v%). The gradient was as follows: 0% MP-W from 0 to 
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20min, increased to 95% at 25min, held until 35min, decreased back to 0% at 40min, and held 

until 70 min. The analytical gradient used a flow rate of 0.25µL/min.  Mobile phase A (MP-A) 

used 0.1% GAA in 20 mM NH4CH3CO2in MeOH/water (25/75, v/v), and mobile phase B (MP-B) 

with a composition of 0.1% GAA in 20 mM NH4CH3CO2 in MeOH/IPA (75/25, v/v). The timed 

composition changes are as follows: 85% MPB from 0 to 15min, a linear increase to 100% at 

40min, held until 55min, decreased to 85% by 60min, and held until 80min. The C-8 trap column 

was operated at 70°C. A 10pt/2ps µ-switching valve was configured for efficient enrichment, 

analyte transfer, and washing at low flow rates. Samples are enriched from 0 to 6min (µ-valve 

1→10). From 6 to 20min, analytes are backflushed from the C-8 trap to the MEAChip source (µ-

valve 1→2). From 20 to 80min the gradient, wash, and re-equilibration are carried out (µ-valve 

1→10). 

The MEAChip source was operated in positive ion mode, and the solvent composition 

was adjusted through the post-column inlet (PCI) with a flow rate of 0.25µL/min. The PCI 

solution was made freshly in 1mL preparations with a composition of formic acid/water/MeOH 

(5/2.5/92.5, v/v/v%) and spiked with 1µL of a 200,000x diluted 1221.9 m/z correction mass in 

MeOH (Agilent Technologies Inc., Cat# G1982-85001). Precursor ion mass filtering, 

fragmentation, and detection were performed on a quadrupole time-of-flight mass 

spectrometer (Agilent Technologies, G6520A). Source conditions were optimized by direct 

infusion and using N2 drying gas at 250°C with a flow rate of 2.0 L/min. The capillary voltage was 

3200V for a corresponding capillary and chamber current of 0.165µA and 2.20µA, respectively. 

The fragmentor, skimmer, and octopoleRF voltages were set to 175V, 90V, and 750V, 

respectively. The quadrupole used automatic precursor ion selection with a mass range of 575 – 
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2000 m/z and an absolute threshold of 10000 counts with a maximum of 5 precursors per cycle 

and narrow isolation width (~1.3amu). The preferred charge state was set to 2 > 1. Precursor 

ions were fragmented in an N2-filled chamber with collision-induced disassociation using an m/z 

dependent collision energy determined by linear interpolation with the equation 𝐸 =

1.2 × (
𝑚

𝑧⁄

100
) + 12. Active exclusion was enabled after collection of one MS2 spectrum and 

released after one-minute corresponding to approximately one half the average peak width. 

The time-of-flight detector was operated such that abundance and accurate mass were in the 

range of 100 – 2000 m/z. 

Data Analysis. Post-acquisition compound identification and peak integration were 

completed using Agilent’s MassHunter Qualitative Analysis software version (B10.00) with the 

Find by Molecular Feature (FMF) algorithm using a CSV database of compounds including the 

molecular formula, mass, name, and description. Each sample’s  compound list was exported to 

individual CSV files. An in-house Python script was used to organize the data into a single 

spreadsheet for analysis in Microsoft Excel and GraphPad Prism. 

Absolute Quantitation. 11-point calibration curves were generated with external 

standards comprising the major headgroups and ceramide structures. However, not all major 

species had an external standard available, so interpolations were required, which accounted 

for both the glycan headgroup and ceramide backbone’s effect on ionizability. The responses of 

SM-d18:1/C18 and SM-d18:1/C24:1 were used to calculate the expected response based on the 

ceramide tail. Next, the response for each headgroup with a standard available was normalized 

to the SM response of the same ceramide structure to find the change in response based on the 
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headgroup compared to SM. There was no GD3 standard available, so the response was 

estimated using the GM3 response with the addition of sialic acid. GM2 and GD2 were 

estimated by the average response of GM1/GM3 and GD1/GD3. With interpolated slopes for 

GT1, GD1, GM1, GD2, GD3, GM2, GM3 with ceramides d18:1/C16, C18, C20, and C22 absolute 

abundances were calculated. After quantitation of each species, the headgroups were summed 

to calculate the absolute abundance of total gangliosides in nmol per gram of tissue for each 

sample. 

Isomer Identification. Chromatographic separation of a-series and b-series ganglioside 

isomers was observed in all samples. Identification of each isoform was confirmed with 

retention times compared to bracketed external standards and fragmentation patterns. GD1b 

glycans produced an MS2 ion 583.2 m/z corresponding to Neu5Ac-Neu5Ac, while GD1a 

generated the ion 657.2 m/z corresponding to the terminal Neu5Ac-Gal-GalNac. These MS2 

ions are both observed for GT1a and GT1b, so a sample was spiked to confirm the elution order 

of GT1 gangliosides. A lipid isomer, C20 sphingosine (d20:1), was also observed for the major 

gangliosides and was identified by MS2 with a 292.3 m/z fragment. 
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RESULTS 

A total of over 260 intact sphingolipid structures were identified by analyzing the 

frontal, temporal, parietal, occipital, and cingulate regions of the cerebral cortex as well as the 

posterior hippocampus, thalamus, caudate nucleus, lateral cerebellum, and pons.  Reverse-

phase nanoflow Q/ToF accurate mass spectrometry was utilized to quantitatively map the 

sphingolipid profile of the human brain in the ten different functional regions. The use of 

biosynthetic pathway knowledge, collision-induced disassociation, and LC retention times used 

to identify compounds was described in detail in Chapter III. Liquid chromatography and 

ionization used a nanoLC column as part of an MEA Chip (NewOmics, Berkeley) with 1.9-sized 

particles and post-column solvent adjustment to acquire chromatograms and generate 

sphingolipid profiles (Figure 4.1). 



132 

 

 

Figure 4.1 Example chromatogram of the frontal cortex used to generate the sphingolipid 
profile. 
 

Sialic acid containing gangliosides (GM1, GD1a&b, GT1b) and sphingomyelin (SM) were 

the most prevalent headgroups observed in all brain regions (Figure 4.2). Additional 

gangliosides that were detected in lower abundances were partial-core structures GD2, GD3, 

GM2, GM3 as well as extended-core structures with galactose, N-acetylgalactosamine, and 

fucose residues (GalNAc-Fuc-GM1, Gal-Fuc-GD1, Gal-Fuc-GM1, Fuc-GD1, Fuc-GM1). Acetylation 

and lactonization of sialic acid residues were also observed, adding to the structural diversity. 

Neutral (HexCer, LacCer) and sulfated GSLs (SM4, SM3) expressed a diverse ceramide profile 

with long and unsaturated N-linked acyl groups. The major ceramide structures for all brain 

regions contained a sphingosine base (d18:1) and N-linked acyl groups with 18 and 20 carbons. 

Minor sphingoid base species included C20-sphingosine (d20:1), dihydroceramide (d18:0), 4-

hydroxydihydrosphinganine (t18:0), and 4t,14c-Sphingediene (d18:2). The N-linked acyl groups 



133 

 

ranged from 14 to 26 carbon lengths with hydroxylation typically observed in C24 and 

saturation in C22 to C26 groups. Odd-numbered carbon acyl groups were also detected in lower 

abundances. The complete compound list for all brain regions and subjects has been included 

(Appendix II). 
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Figure 4.2 Relative abundance of the major headgroups for each of the ten functional brain 
regions. 
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Pooled external standards including SM-d18:1/C18, SM-d18:1/C24:1, Glucose-

d18:1/C24:1, SGalactose-d18:1/C24:1, GM1a-d18:1/C18, GM3-d18:1/C18, GD1a-d18:1/C18, 

and GT1b-d18:1/C18 were used at biologically relevant concentrations. The pool was diluted to 

produce a calibration curve for absolute quantitation of the functional brain regions (Figure 

S4.1). Using the responses generated from these standards, the gangliosides without available 

standards were interpolated to quantify each region's major gangliosides (Figure 4.3). All glycan 

and lipid isomers were assumed to have negligible differences in ionization efficiency and were 

quantitated with a single regression.  

 

Figure 4.3 Absolute quantitation of the major ganglioside headgroup structures for the ten 
functional brain regions. Note: *Posterior Hippocampus weight was estimated for quantitation. 
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The temporal cortex had the highest total ganglioside content (314.5 nmol of total 

gangliosides/g of tissue), followed by the frontal cortex (274.5 nmol/g), caudate nucleus (213.6 

nmol/g), occipital cortex (174.7 nmol/g), lateral cerebellum (148.9 nmol/g), parietal cortex 

(112.3 nmol/g), thalamus (100.4 nmol/g), cingulate cortex (99.6 nmol/g), and pons (73.5 

nmol/g). The posterior hippocampus (16.5 nmol/g) was estimated with an initial tissue weight 

of 2 mg. Exact measurements could not be performed due to limited sample availability, and 

the estimate was included for completeness. All other regions were normalized by dilution 

before analysis with 0.25mg of tissue per µL of diluent with their measured weights.  

A regional heatmap with the individual intact ganglioside structures (>0.01% relative 

abundance) was generated to visualize the resulting profiles (Figure 4.4). The relative 

abundances of all glycosphingolipids were used for a nontargeted principal component analysis 

(PCA), which resulted in two clusters (Figure S4.2). Group 1 comprised the frontal cortex, 

temporal cortex, occipital cortex, and caudate nucleus. These regions generated profiles 

containing primarily gangliosides (GT1, GD1, and GM1). Uniquely, they contained GD1a-

d18:/C20 in ratios comparable to the b-series isomer (1b to 0.45 - 0.8a). Group 2 showed more 

variance between regions but included the parietal cortex, cingulate cortex, thalamus, and 

lateral cerebellum. GD1a-d18:1/C20 was not observed chromatographically for these regions; 

mass spectral analysis suggests the a-series form is present but in much lower abundances. 

These profiles also contained an increased abundance of sulfatides (SM4, SM3) and neutral 

glycosphingolipids (Hex, Lac), generating similar overall ceramide profiles. The pons was not 

grouped in a cluster as its profile was comprised primarily of GM1, SM4, and HexCer, a profile 
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typical in white matter brain tissue. The posterior hippocampus contained mostly GM1 (68.5%) 

and minor amounts of GD1 and GT1. 

 

Figure 4.4 Summary relative abundance heatmap of all identified intact gangliosides (≥0.01%) 
with summation of a- and b-series structures for the ten functional brain regions. 

 

Glycosphingolipids were profiled for the temporal cortex with three additional subjects 

for age and age-matched Alzheimer’s disease (AD) comparisons (HS-95, AD-74, AD-93). Using 
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the relative abundance profiles, PCA generated two clusters that resulted in control and AD 

groupings (Figure S4.3). Age comparison of the controls showed minimal changes in the relative 

glycosphingolipid profile, with a slight increase in GD1, GD2, and fucosylated species and a 

decrease in GM1 (Figure 4.5). Summation of both a- and b-series gangliosides showed a slight 

shift in the ratio towards b-series gangliosides. Absolute quantitation of age-related changes 

provided a more complete picture showing an overall decrease (-9.7%) in total gangliosides 

(Figure 4.6). Changes in individual ganglioside abundance due to age were observed by 

decreases in GQ1 (-42%), GM1 (-31%), and GD3 (-15%). GD2 (+26%) and GM3 (+42%) were 

found to increase. Comparison of the ganglioside relative abundance profiles of AD subjects to 

their respective age-matched controls showed the most prominent change to be the absence of 

GD1a-d18:1/C20 which was apparent after inspection of each sample’s chromatogram (Figure 

S4.4) and the primary reason for the shift in a- and b-series gangliosides. Additionally, the 

overall ceramide profile showed a trend of decreasing acyl length where C22 and C20 

decreased, and an increase in C18 acyls was observed amongst ganglioside structures (Figure 

S4.5). Absolute quantitation resulted in an overall reduction in gangliosides for both AD-72 and 

AD-95 (-55% & -43%) primarily due to loss of GD1 (-68% & -54%), GT1 (-56% & -50%), and GD3 

(-64% & -73%). GM2 (+27% / +23%) and GM3 (+21% / +1%) were found to increase despite the 

overall loss of gangliosides. 
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Figure 4.5 Relative abundance (≥0.01%) comparison of the temporal cortex of NCI-72, HS-95, 
AD-74, AD-93. 
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Figure 4.6 Comparison of the temporal cortex of NCI-72, HS-95, AD-74, and AD-93 by absolute 
quantitation of the major ganglioside glycan structures. 

 

A notable limitation of this work is the limited number of samples for both regions and 

subjects. This preliminary study profiled ten different human brain regions of a single subject 

using a single sample per region. Although age-matched regional homogeneity has been 

observed in human membrane lipids, sampling bias must be considered as <100mg were used 

to generate the reported sphingolipid profiles. Our goal in this work was to provide data for 

previously unmapped brain regions and investigate the degree of variability between brain 

regions, age, and disease state. Our laboratory's initial work in this study analyzed the N-glycans 
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and N-glycoproteins, which included most regions from the three additional subjects for age 

(HS-95) and Alzheimer’s disease (AD) comparisons (AD-72 & AD-93).18 Due to sample 

limitations, this continuation study included the three additional subjects for the temporal 

cortex only (Table S1). 

Additionally, the lack of available standards required interpolating the regression of 

some of the abundant gangliosides to calculate total absolute abundances. These interpolations 

considered both the headgroup and ceramide moieties' effect on the analyte response, but 

there is still an unknown degree of error associated with these estimations.  
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DISCUSSION 

In this study, we used nanoflow high-performance liquid chromatography with a C-18 

MEA Chip and accurate mass Q/ToF mass spectrometry to quantitatively map the 

glycosphingolipids of the elderly human brain in a region-specific manner. The subject was a 72-

year-old male who showed no cognitive impairment (NCI-72). The ten functional brain regions 

analyzed were the frontal cortex, temporal cortex, parietal cortex, occipital cortex, cingulate 

cortex, hippocampus, thalamus, caudate nucleus, lateral cerebellum, and pons. In agreement 

with the literature, headgroups GM1, GD1a, GD1b, and GT1b with d18:1/C18 and C20 ceramides 

were the most abundant glycosphingolipids among all the regions in this study.6 

Like previous studies that mapped ganglioside expression in the human brain, we found  

the most prominent source of regional heterogeneity was due to differences in the ratios of the 

major ganglioside species.19 An interesting discovery from this study found that the expression 

of a- and b-series GD1 isomeric gangliosides was correlated to the ceramide's acyl group. 

Longer chain acyl groups (C24 & C22) were identified as GD1a, while shorter chain acyls (C16 & 

C18) were found to be the GD1b isoform. As mentioned in the results, d18:1/C20 species were 

predominantly the b-series ganglioside for all regions. Still, they showed a high abundance of 

GD1a in the frontal cortex, temporal cortex (NCI-72 & HS-95), occipital cortex, and caudate 

nucleus regions commonly associated with integrated sensory processing, memory, and motor 

control.20 It’s unclear if this structural specificity occurs in the Golgi during glycan synthesis, 

vesicle transportation, after outer membrane incorporation, or in combination. It was reported 

that V. cholerae sialidase preferentially hydrolyzes the terminal sialic acid of GD1a with shorter 

lipid chains in vesicles. Further, the sialidase activity was increased by 1.5 to 3-fold in the 
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presence of Ca2+ ions in vesicular and micellar dispersions.21 Previous works have also shown 

sialic acid enzyme activity in synaptosomal microdomains, which dynamically adjust the local 

ganglioside profile.22,23 The observed correlation between glycan and ceramide structure is 

likely due to the positioning of the lipid tail in a cellular membrane, which has a steric effect on 

sialidase activity. The mechanism to desiaylate gangliosides favors the hydrolysis of terminal 

Neu5Ac residues over those at the membrane interface. This also has significant implications on 

lipid raft organization, where full GT1b and GM3 will behave differently in shaping their 

surroundings. The specificity of the interactions with membrane proteins typically depends on 

the number and positioning of sialic acid residues. 

The standards employed in this study were chosen to determine the response for the 

most abundant headgroup and ceramide structures in the human brain. The regression varied 

due to both moieties, so interpolations were made to estimate the response for standards that 

were not available. There are limited studies that can be directly compared to our results as 

comprehensive analysis of intact glycosphingolipids for specific age groups and brain regions is 

rare, and the available data shows high variability in the expression of gangliosides for different 

regions and developmental stages. Additionally, quantitative results vary based on 

normalization techniques to total ion count, lipids, proteins, or tissue mass. Svennerholm et al. 

previously reported quantitative information on total gangliosides in the frontal and temporal 

cortex for subjects aged 70 and 90.24 After assigning matching units to our quantitative analysis, 

similar conclusions were drawn. Our quantitative results for total gangliosides in the frontal 

cortex in the 70-year age range (3.18 µmol bound Neu5Ac/g of tissue), the temporal cortex for 

70 (3.45 µmol Neu5Ac/g ), and temporal cortex for 90 (3.18 µmol Neu5Ac/g ) were within the 
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biological standard deviation reported in the literature. Similarly, the ratios of individual 

gangliosides showed consistent trends, with GD1 being the dominant species, followed by GT1, 

GM1, and the minor gangliosides. The temporal cortex age comparison of control subjects from 

70 to 90 years conferred with previous studies showing a minor decrease in total abundance of 

gangliosides (-8.7%), an increase in GM3, and a shift towards b-series gangliosides. The 

differences in our results can likely be attributed to the differences in methodologies and our 

limitations in sampling. Our results from absolute quantitation of total gangliosides produced 

similar regional trends with a more comprehensive study mapping the bound Neu5Ac content 

in the human brain.19 However, quantitative results cannot be directly compared as the results 

from the literature are normalized to the total protein content. 

Alzheimer's disease (AD) is the most common form of neurodegeneration observed in 

humans, which affects the person's memory, cognition, and behavior. The progressive disorder 

causes brain shrinkage due to neuronal cell death, and a hallmark symptom is an accumulation 

of both amyloid-β (Aβ) plaques and Tau tangles. Despite significant resources allocated to 

understanding this disease, the neuropathological mechanisms are still not fully understood. 

Gangliosides have been indicated to play a role in AD pathology in numerous instances.25 

Previous work by Kracun et al. showed a significant decrease of GT1b, GD1b, GD1a, and GM1 in 

the frontal and temporal cortex of AD-affected brains measured in lipid-bound sialic acid.26 Our 

results confirm these findings and provide additional information on the ceramide backbone in 

the changing ganglioside expression. Our observation of GD1a-d18:1/C20 loss in the temporal 

cortex compared to age-matched controls suggests that neurons expressing this ganglioside are 

lost in the progression of AD neurodegeneration. A study using GD1a monoclonal antibodies 
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found this ganglioside was enriched on dystrophic neurites with Aβ plaque, suggesting the 

ganglioside may play a role in the aggregation of these plaques and the disease p athology.27 

We also observed that GM1 constituted a larger fraction of the total ganglioside profile 

in AD subjects. A well-studied interaction involves soluble Aβ to the insoluble β-sheet structure 

through direct binding with clustered GM1 gangliosides and cholesterol. Insoluble Aβ 

subsequently acts as a seed for continuous amyloid plaque formation on neuronal synapses .28 

Interestingly, GM1 clustering is enhanced by increased cholesterol in the lipid environment ,29 

and over-accumulation of cholesterol has been reported in AD brains.30 Cholesterol is tightly 

regulated by apolipoprotein E (APOE), with the APOE ε4 genotype being a genetic marker 

associated with increased AD risk. 

Transcriptomic analysis of AD brains shows an upregulation of ceramide synthase 1 and 

2 (CerS1 & CerS2), which are responsible for the addition of C18 only and C18, C20, and C22 

acyl groups, respectively.31 However, Couttas et al. reported that CerS2 shows loss of activity in 

the temporal cortex as early as Braak stage I despite upregulation.32 Our results supported this 

conclusion with decreases in ganglioside-associated C20 and C22 acyls and increases in C18 for 

both AD-73 (+6.6%) and AD-95 (+9.2%). Whether the changes observed in the ceramide profile 

are directly correlated to changes in the ganglioside structures is unclear, but differences in 

lateral organization and interdigitation are likely occurring. 
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CONCLUSION 

A region-specific analysis of the human brain’s glycosphingolipid profile was conducted 

using nanoflow MEA Chip Q/ToF mass spectrometry. In this study found most of the 

heterogeneity between regions was in ganglioside structures. Further, we found a correlation 

between ceramide structure and ganglioside structure, where acyl length affected whether an 

a-series or b-series ganglioside was expressed. Future studies will benefit from a larger sample 

set with a targeted sampling of neuronal synapses. Additional assays for membrane cholesterol, 

phosphatidylserine, and proteomics would further elucidate the environment of the bioactive 

synaptosomal landscape. 
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Supplementary Information 

Figure S4.1 External standard calibrants used for absolute quantitation. 
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Figure S4.2 Principal component analysis of the glycosphingolipid relative abundances of all ten brain 

regions resulted in two clusters. Cluster 1 (green) included the frontal cortex, temporal cortex, 

occipital cortex, and caudate nucleus and cluster 2 (red) included the parietal cortex, cingulate 

cortex, thalamus, and lateral cerebellum. The posterior hippocampus and pons showed 

uniqueness in their variance and were not clustered with any other regions. 
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Figure S4.3 Principal component analysis of the glycosphingolipid relative abundances of the temporal 

cortex for NCI-72, HS-95, AD-74, and AD-93 resulted in two clusters. Cluster 1 (green) included 

subjects AD-74 and AD-93. Cluster 2 (red) included subjects NCI-72 and HS-95. 
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Figure S4.4 Comparison of GD1a and GD1b in the temporal cortex of all 4 subjects. An external 

standard (GD1a-d18:1/C18) eluted slightly later than GD1b-d18:1/C18 in the samples indicating 

partial isomeric separation of GD1a and GD1b for the d18:1/C20 ceramide. When looking at 

GD1-d38:1 in the samples we observed a shouldering peak in NCI-72 & HS-95 which was absent 

in AD-74 & AD-93, Suggesting loss or significant decrease of GD1a-d18:1/C20 in the temporal 

cortex of AD effected brains. 
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Figure S4.4 Relative abundance profile of ganglioside associated ceramide structures for the temporal 

cortex of NCI-72, HS-95, AD-74, and AD-93. 

 

 

 

 

 

Temporal Cortex: Ganglioside Ceramide Profile

0.00% - 49.24%

NCI-72 HS-95 AD-74 AD-93

d18:0 / C18 3.8% 2.9% 3.7% 4.5%

d18:1 / C16 0.7% 0.7% 1.0% 0.6%

d18:1 / C17 0.1% 0.1% 0.1% 0.1%

d18:1 / C18 39.2% 40.0% 45.8% 49.2%

d18:1 / C19 0.6% 0.8% 0.9% 0.4%

d18:1 / C20 38.6% 37.7% 33.9% 31.0%

d18:1 / C21 0.2% 0.2% 0.1% 0.1%

d18:1 / C22 3.1% 4.0% 1.7% 1.7%

d18:1 / C23 0.1% 0.2% 0.1% 0.1%

d18:1 / C24 0.2% 0.3% 0.3% 0.2%

d18:1 / C25 0.1% 0.1% 0.1% 0.1%

d18:1 / C24:1 0.0% 0.5% 0.2% 0.5%

d18:1 / C25:1 0.0% 0.1% 0.1% 0.1%

d18:1 / C26:1 0.2% 0.3% 0.2% 0.1%

d18:2 / C18 2.0% 1.7% 1.9% 2.5%

d18:2 / C20 1.9% 1.8% 1.4% 1.0%

d20:1 / C16 4.2% 3.9% 4.0% 5.3%

d20:1 / C18 4.5% 4.1% 4.2% 1.8%

t18:0 / C18 0.3% 0.3% 0.1% 0.4%

t18:0 / C20 0.4% 0.3% 0.1% 0.2%
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APPENDIX I: Relative abundances of all identified sphingolipids from human brain tissue, 

pooled human serum, and TIB-190 cells from Chapter III. 

Sphingolipid1 Notes Sphingoid 
Base 

Acyl 
Group 

Monoisotopi
c Mass 

Tissue 
Relative 
Abundance

s (%) 

Serum 
Relative 
Abundance

s (%) 

TIB-190 
Relative 
Abundanc

es (%) 

*3_1_0_4_0_0_d18:1 / C20 Acidic GQ1 d18:1 20 2447.1928 0.24% 0.00% 0.00% 

3_1_0_4_0_0_d18:1 / C18 Acidic GQ1 d18:1 18 2419.1598 0.09% 0.00% 0.00% 

3_1_0_3_0_0_d18:1 / C22 Acidic GT1 d18:1 22 2184.1295 0.13% 0.00% 0.00% 

3_1_0_3_0_0_t18:0 / C22 Acidic GT1 t18:0 22 2202.1406 0.07% 0.00% 0.00% 

3_1_0_3_0_0_d18:1 / C21 Acidic GT1 d18:1 21 2170.1109 0.03% 0.00% 0.00% 

*3_1_0_3_0_0_d18:2 / C20 Acidic GT1 d18:2 20 2154.0878 0.03% 0.00% 0.00% 

*3_1_0_3_0_0_d18:1 / C20 Acidic GT1 d18:1 20 2156.0974 3.96% 0.00% 0.00% 

*3_1_0_3_0_0_t18:0 / C20 Acidic GT1 t18:0 20 2174.1096 0.76% 0.00% 0.00% 

*3_1_0_3_0_0_d18:0 / C20 Acidic GT1 d18:0 20 2158.1095 0.28% 0.00% 0.00% 

3_1_0_3_0_0_d18:1 / C19 Acidic GT1 d18:1 19 2142.0865 0.06% 0.00% 0.00% 

3_1_0_3_0_0_d18:1 / C18 Acidic GT1 d18:1 18 2128.0672 1.94% 0.05% 0.00% 

3_1_0_3_0_0_t18:0 / C18 Acidic GT1 t18:0 18 2146.0766 0.21% 0.00% 0.00% 

3_1_0_3_0_0_d18:0 / C18 Acidic GT1 d18:0 18 2130.0793 0.14% 0.00% 0.00% 

3_1_0_3_0_0_t18:1 / C16 Acidic GT1 t18:1 16 2116.0046 0.04% 0.00% 0.00% 

*2_0_0_3_0_0_d18:2 / C20 Acidic GT3 d18:2 20 1788.9133 0.01% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C26:1 Acidic GD1 d18:1 26:1 1947.09 0.03% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C24:1 Acidic GD1 d18:1 24:1 1919.053 0.07% 0.00% 0.93% 

3_1_0_2_0_0_d18:1 / C24 Acidic GD1 d18:1 24 1921.0727 0.03% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C22 Acidic GD1 d18:1 22 1893.0363 0.45% 0.00% 0.00% 

3_1_0_2_0_0_t18:0 / C22 Acidic GD1 t18:0 22 1911.0468 0.07% 0.00% 0.00% 

*3_1_0_2_0_0_d18:2 / C20 Acidic GD1 d18:2 20 1862.9912 0.34% 0.00% 0.00% 

*3_1_0_2_0_0_d18:1 / C20 Acidic GD1 d18:1 20 1865.0071 10.31% 0.00% 0.00% 

*3_1_0_2_0_0_t18:0 / C20 Acidic GD1 t18:0 20 1883.0156 1.76% 0.24% 0.00% 

3_1_0_2_0_0_d18:1 / C19 Acidic GD1 d18:1 19 1850.9945 0.31% 0.00% 0.00% 

3_1_0_2_0_0_d18:2 / C18 Acidic GD1 d18:2 18 1834.961 0.20% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C18 Acidic GD1 d18:1 18 1836.9769 23.63% 0.29% 0.00% 

3_1_0_2_0_0_t18:0 / C18 Acidic GD1 t18:0 18 1854.9862 1.99% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C17 Acidic GD1 d18:1 17 1822.9522 0.04% 0.00% 0.00% 

3_1_0_2_0_0_d18:1 / C16 Acidic GD1 d18:1 16 1808.9453 0.07% 0.00% 2.55% 

3_1_0_2_0_0_t18:0 / C16 Acidic GD1 t18:0 16 1826.9292 0.03% 0.00% 0.00% 

*2_1_0_2_0_0_d18:1 / C20 Acidic GD2 d18:1 20 1702.9626 0.26% 0.00% 0.00% 

*2_1_0_2_0_0_d18:0 / C20 Acidic GD2 d18:0 20 1720.9809 0.06% 0.00% 0.00% 

2_1_0_2_0_0_d18:1 / C18 Acidic GD2 d18:1 18 1674.9236 0.98% 0.00% 0.00% 

2_1_0_2_0_0_t18:0 / C18 Acidic GD2 t18:0 18 1692.9472 0.08% 0.00% 0.00% 

2_1_0_2_0_0_d18:0 / C18 Acidic GD2 d18:0 18 1676.945 0.08% 0.00% 0.00% 

2_0_0_2_0_0_d18:1 / C24:1 Acidic GD3 d18:1 24:1 1553.9211 0.00% 0.00% 2.95% 

2_0_0_2_0_0_d18:1 / C24 Acidic GD3 d18:1 24 1555.9395 0.00% 0.00% 1.05% 
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2_0_0_2_0_0_d18:1 / C22 Acidic GD3 d18:1 22 1527.913 0.00% 0.15% 0.92% 

*2_0_0_2_0_0_d18:1 / C20 Acidic GD3 d18:1 20 1499.8681 0.36% 0.11% 0.68% 

2_0_0_2_0_0_d18:1 / C19 Acidic GD3 d18:1 19 1485.8592 0.02% 0.00% 0.00% 

2_0_0_2_0_0_d18:2 / C18 Acidic GD3 d18:2 18 1469.8387 0.05% 0.14% 0.00% 

2_0_0_2_0_0_d18:1 / C18 Acidic GD3 d18:1 18 1471.8361 0.24% 0.00% 0.68% 

2_0_0_2_0_0_t18:0 / C18 Acidic GD3 t18:0 18 1489.8558 0.24% 0.00% 0.00% 

2_0_0_2_0_0_d18:1 / C16 Acidic GD3 d18:1 16 1443.8143 0.03% 0.61% 0.00% 

2_0_0_2_0_0_d18:1 / C14 Acidic GD3 d18:1 14 1415.7873 0.00% 0.00% 0.76% 

4_1_0_1_0_0_d18:0 / C18 Acidic Gal-
GM1 

d18:0 18 1709.9591 0.02% 0.00% 0.00% 

3_1_0_1_0_0_d18:2 / C24 Acidic GM1 d18:2 24 1627.9598 0.00% 0.34% 0.00% 

3_1_0_1_0_0_d18:1 / C24 Acidic GM1 d18:1 24 1629.9697 0.00% 0.13% 0.00% 

3_1_0_1_0_0_d18:1 / C22 Acidic GM1 d18:1 22 1601.9482 0.09% 0.11% 0.00% 

*3_1_0_1_0_0_d18:2 / C20 Acidic GM1 d18:2 20 1571.9044 0.14% 0.00% 0.00% 

*3_1_0_1_0_0_t18:0 / C20 Acidic GM1 t18:0 20 1591.9225 0.25% 0.00% 0.00% 

3_1_0_1_0_0_d18:2 / C18 Acidic GM1 d18:2 18 1543.8654 0.53% 0.09% 0.00% 

3_1_0_1_0_0_d18:1 / C18 Acidic GM1 d18:1 18 1545.8816 11.57% 0.19% 0.00% 

3_1_0_1_0_0_t18:0 / C18 Acidic GM1 t18:0 18 1563.8908 1.41% 0.00% 0.00% 

3_1_0_1_0_0_d18:0 / C18 Acidic GM1 d18:0 18 1547.8948 0.51% 0.00% 0.00% 

3_1_0_1_0_0_d18:1 / C17 Acidic GM1 d18:1 17 1531.8666 0.04% 0.00% 0.00% 

3_1_0_1_0_0_d18:2 / C16 Acidic GM1 d18:2 16 1515.8409 0.00% 0.17% 0.00% 

3_1_0_1_0_0_d18:1 / C16 Acidic GM1 d18:1 16 1517.8511 0.13% 1.23% 0.00% 

2_1_0_1_0_0_d18:1 / C20 Acidic GM2 d18:1 20 1411.8568 0.07% 0.00% 0.00% 

*2_1_0_1_0_0_t18:0 / C20 Acidic GM2 t18:0 20 1429.8767 0.03% 0.00% 0.00% 

2_1_0_1_0_0_d18:2 / C18 Acidic GM2 d18:2 18 1381.8151 0.07% 0.31% 0.00% 

2_1_0_1_0_0_d18:1 / C18 Acidic GM2 d18:1 18 1383.8264 0.98% 0.64% 0.00% 

2_1_0_1_0_0_t18:0 / C18 Acidic GM2 t18:0 18 1401.8396 0.17% 0.00% 0.00% 

2_1_0_1_0_0_d18:1 / C16 Acidic GM2 d18:1 16 1355.8091 0.00% 0.00% 0.87% 

2_0_0_1_0_0_d18:1 / C24:1 Acidic GM3 d18:1 26:1 1290.8586 0.00% 0.00% 1.88% 

2_0_0_1_0_0_d18:1 / C24:1 Acidic GM3 d18:1 24:1 1262.8403 0.05% 3.84% 16.36% 

2_0_0_1_0_0_t18:0 / C24:1 Acidic GM3 t18:0 24:1 1280.8387 0.00% 0.68% 0.71% 

2_0_0_1_0_0_d18:1 / C24 Acidic GM3 d18:1 24 1264.8518 0.00% 2.27% 6.34% 

2_0_0_1_0_0_d18:2 / C23 Acidic GM3 d18:2 23 1248.8156 0.00% 0.09% 0.00% 

2_0_0_1_0_0_t18:0 / C23:1 Acidic GM3 t18:0 23:1 1266.8166 0.00% 0.17% 0.00% 

2_0_0_1_0_0_d18:1 / C23 Acidic GM3 d18:1 23 1250.8287 0.00% 1.04% 0.00% 

2_0_0_1_0_0_d18:2 / C22 Acidic GM3 d18:2 22 1234.8062 0.00% 1.21% 0.00% 

2_0_0_1_0_0_t18:0 / C22:1 Acidic GM3 t18:0 22:1 1252.8078 0.00% 0.46% 0.00% 

2_0_0_1_0_0_d18:1 / C22:1 Acidic GM3 d18:1 22:1 1234.7953 0.00% 0.00% 1.12% 

2_0_0_1_0_0_d18:1 / C22 Acidic GM3 d18:1 22 1236.8129 0.00% 2.60% 7.20% 

*2_0_0_1_0_0_d18:2 / C20 Acidic GM3 d18:2 20 1206.7714 0.00% 0.33% 0.00% 

2_0_0_1_0_0_d18:1 / C20 Acidic GM3 d18:1 20 1208.7952 0.00% 0.83% 5.90% 

2_0_0_1_0_0_d18:1 / C18 Acidic GM3 d18:1 18 1180.7471 1.23% 2.14% 1.70% 

2_0_0_1_0_0_d18:1 / C17 Acidic GM3 d18:1 17 1166.7296 0.00% 0.33% 0.00% 
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2_0_0_1_0_0_d18:2 / C16 Acidic GM3 d18:2 16 1150.7055 0.00% 0.40% 0.00% 

2_0_0_1_0_0_d18:1 / C16 Acidic GM3 d18:1 16 1152.7209 0.04% 5.63% 12.82% 

2_0_0_1_0_0_d18:0 / C16 Acidic GM3 d18:0 16 1154.7261 0.00% 0.00% 1.15% 

2_0_0_1_0_0_d18:1 / C14 Acidic GM3 d18:1 14 1124.6821 0.00% 0.00% 1.24% 

*3_1_1_2_0_0_d18:1 / C20 Acidic Fuc-
GD1 

d18:1 20 2011.0637 0.07% 0.00% 0.00% 

3_1_1_2_0_0_d18:1 / C18 Acidic Fuc-
GD1 

d18:1 18 1983.0376 0.14% 0.00% 0.00% 

4_1_1_1_0_0_d18:1 / C22 Acidic Gal-
Fuc-GM1 

d18:1 22 1910.0368 0.02% 0.00% 0.00% 

4_1_1_1_0_0_d18:1 / C20 Acidic Gal-

Fuc-GM1 

d18:1 20 1882.0313 0.93% 0.00% 0.00% 

4_1_1_1_0_0_d18:1 / C18 Acidic Gal-
Fuc-GM1 

d18:1 18 1854.0015 2.50% 0.11% 0.00% 

3_1_1_1_0_0_d18:1 / C18 Acidic Fuc-
GM1 

d18:1 18 1691.9393 0.17% 0.00% 0.00% 

3_1_1_1_0_0_t18:0 / C18 Acidic Fuc-

GM1 

t18:0 18 1709.9591 0.02% 0.00% 0.00% 

*4_1_1_0_0_0_d18:2 / C20 Neutral Gal-
Fuc-GA1 

d18:2 20 1588.9393 0.04% 0.00% 0.00% 

4_1_1_0_0_0_d18:1 / C20 Neutral Gal-

Fuc-GA1 

d18:1 20 1590.9386 0.30% 0.00% 0.00% 

*4_1_1_0_0_0_t18:0 / C20 Neutral Gal-
Fuc-GA1 

t18:0 20 1608.9579 0.10% 0.00% 0.00% 

4_1_1_0_0_0_d18:1 / C16 Neutral Gal-
Fuc-GA1 

d18:1 16 1534.8774 0.00% 0.17% 0.00% 

3_1_1_0_0_0_d18:1 / C18 Neutral Fuc-

GA1 

d18:1 18 1400.8421 0.02% 0.00% 0.00% 

3_1_1_0_0_0_d18:1 / C16 Neutral Fuc-
GA1 

d18:1 16 1372.8151 0.00% 0.14% 0.00% 

3_1_0_0_0_0_d18:1 / C24:1 Neutral GA1 d18:1 24:1 1336.8588 0.00% 0.78% 0.00% 

3_1_0_0_0_0_d18:1 / C24 Neutral GA1 d18:1 24 1338.8754 0.00% 0.23% 0.00% 

3_1_0_0_0_0_d18:2 / C22 Neutral GA1 d18:2 22 1308.8268 0.00% 0.15% 0.00% 

3_1_0_0_0_0_d18:1 / C22 Neutral GA1 d18:1 22 1310.8415 0.00% 0.21% 0.00% 

3_1_0_0_0_0_d18:0 / C20 Neutral GA1 d18:0 20 1284.8047 0.00% 0.12% 0.00% 

3_1_0_0_0_0_d18:1 / C18 Neutral GA1 d18:1 18 1254.7805 0.04% 0.10% 0.00% 

3_1_0_0_0_0_d18:2 / C16 Neutral GA1 d18:2 16 1224.7366 0.00% 0.73% 0.00% 

3_1_0_0_0_0_d18:1 / C16 Neutral GA1 d18:1 16 1226.7551 0.00% 2.85% 0.78% 

3_1_0_0_0_0_d18:1 / C14 Neutral GA1 d18:1 14 1198.7188 0.00% 0.42% 0.00% 

3_0_0_0_0_0_d18:2 / C24 Neutral Gb3 d18:2 24 1133.7817 0.00% 0.34% 0.00% 

3_0_0_0_0_0_d18:1 / C18 Neutral Gb3 d18:1 18 1051.7056 0.00% 0.10% 0.00% 

3_0_0_0_0_0_d18:2 / C16 Neutral Gb3 d18:2 16 1021.6558 0.00% 0.15% 0.00% 

3_0_0_0_0_0_d18:1 / C16 Neutral Gb3 d18:1 16 1023.6721 0.00% 0.90% 1.88% 

3_0_0_0_0_0_d18:1 / C14 Neutral Gb3 d18:1 14 995.6473 0.00% 0.08% 0.00% 

2_0_0_0_0_1_d18:1 / C14 Sulfate SLac d18:1 16 941.5769 0.00% 0.00% 1.56% 

2_0_0_0_0_0_d18:1 / C24:1 Neutral Lac d18:1 24:1 971.7291 0.02% 0.58% 0.92% 

2_0_0_0_0_0_d18:1 / C24 Neutral Lac d18:1 24 973.7404 0.00% 0.00% 0.42% 

2_0_0_0_0_0_d18:1 / C22 Neutral Lac d18:1 22 945.7196 0.00% 0.00% 0.51% 

2_0_0_0_0_0_d18:1 / C20 Neutral Lac *d18:1 20 917.6686 0.00% 0.00% 0.44% 

2_0_0_0_0_0_d18:1 / C18 Neutral Lac d18:1 18 889.6497 0.07% 0.00% 0.59% 

2_0_0_0_0_0_d18:2 / C16 Neutral Lac d18:2 16 859.6033 0.00% 0.14% 0.00% 
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2_0_0_0_0_0_d18:1 / C16 Neutral Lac d18:1 16 861.6189 0.00% 0.68% 5.82% 

2_0_0_0_0_0_d18:1 / C14 Neutral Lac d18:1 14 833.5967 0.00% 0.09% 0.58% 

1_0_0_0_0_0_d18:2 / C26 OH Neutral Hex d18:2 26 OH 853.7017 0.06% 0.00% 0.00% 

1_0_0_0_0_0_d18:2 / C25 OH Neutral Hex d18:2 25 OH 839.679 0.07% 0.00% 0.00% 

1_0_0_0_0_0_d18:2 / C24 OH Neutral Hex d18:2 24 OH 825.6701 0.28% 0.00% 0.00% 

1_0_0_0_0_0_d18:1 / C24:1 Neutral Hex d18:1 24:1 809.6768 0.13% 0.37% 0.00% 

1_0_0_0_0_0_t18:0 / C24:1 Neutral Hex t18:0 24:1 827.6878 0.17% 0.00% 0.00% 

1_0_0_0_0_0_t18:0 / C22:1 Neutral Hex t18:0 22:1 799.6521 0.07% 0.00% 0.00% 

1_0_0_0_0_0_d18:1 / C18 Neutral Hex d18:1 18 727.5984 0.05% 0.00% 0.00% 

*1_0_0_0_0_1_d18:1 / C26:1 
OH 

Sulfate Shex d18:1 26:1 
OH 

933.6579 0.25% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C26:1 Sulfate SM4 d18:1 26:1 917.663 0.15% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C26 OH Sulfate SM4 d18:1 26 OH 935.674 0.04% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C25:1 
OH 

Sulfate SM4 d18:1 25:1 
OH 

919.6428 0.23% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C25:1 Sulfate SM4 d18:1 25:1 903.6463 0.26% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C25 OH Sulfate SM4 d18:1 25 OH 921.6599 0.14% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C25 Sulfate SM4 d18:1 25 905.6598 0.05% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C24:1 
OH 

Sulfate SM4 d18:1 24:1 
OH 

905.6275 0.59% 0.27% 0.00% 

1_0_0_0_0_1_d18:1 / C24:1 Sulfate SM4 d18:1 24:1 889.6323 0.59% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C24 OH Sulfate SM4 d18:1 24 OH 907.6434 0.47% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C24 Sulfate SM4 d18:1 24 891.6464 0.09% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C23:1 Sulfate SM4 d18:1 23:1 875.6035 0.01% 0.00% 0.00% 

1_0_0_0_0_1_t18:0 / C24 Sulfate SM4 t18:0 24 909.6566 0.01% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C23 OH Sulfate SM4 d18:1 23 OH 893.6275 0.20% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C23 Sulfate SM4 d18:1 23 877.6321 0.03% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C22:1 Sulfate SM4 d18:1 22:1 861.5771 0.00% 0.10% 0.00% 

1_0_0_0_0_1_d18:1 / C22 OH Sulfate SM4 d18:1 22 OH 879.6076 0.09% 0.16% 0.00% 

1_0_0_0_0_1_d18:2 / C18 Sulfate SM4 d18:2 18 805.541 0.05% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C18 OH Sulfate SM4 d18:1 18 OH 823.5509 0.05% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C18 Sulfate SM4 d18:1 18 807.5502 0.16% 0.00% 0.00% 

1_0_0_0_0_1_d18:1 / C16 OH Sulfate SM4 d18:1 16 OH 795.5245 0.00% 0.74% 0.00% 

1_0_0_0_0_1_d18:1 / C16 Sulfate SM4 d18:1 16 779.5219 0.05% 0.26% 0.00% 

0_0_0_0_0_0_d18:2 / C26 SM d18:2 26 840.7087 0.04% 0.00% 0.00% 

0_0_0_0_0_0_d18:2 / C25 SM d18:2 25 826.693 0.05% 0.00% 0.00% 

0_0_0_0_0_0_d18:2 / C24:1 SM d18:2 24:1 810.6593 0.00% 2.67% 0.00% 

0_0_0_0_0_0_d18:1 / C25 SM d18:1 25 828.7147 0.00% 0.06% 0.00% 

0_0_0_0_0_0_d18:1 / C24:1 SM d18:1 24:1 812.6776 0.64% 6.09% 0.59% 

0_0_0_0_0_0_t18:0 / C24 SM t18:0 24 830.6878 0.05% 0.00% 0.00% 

0_0_0_0_0_0_d18:1 / C24 SM d18:1 24 814.6891 0.06% 1.98% 0.00% 

0_0_0_0_0_0_d18:2 / C23 SM d18:2 23 798.6524 0.02% 0.31% 0.00% 

0_0_0_0_0_0_d18:1 / C23 SM d18:1 23 800.6699 0.03% 1.17% 0.00% 

0_0_0_0_0_0_d18:2 / C22 SM d18:2 22 784.643 0.00% 2.13% 0.00% 

0_0_0_0_0_0_d18:1 / C22 SM d18:1 22 786.662 0.04% 3.64% 0.00% 
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0_0_0_0_0_0_d18:2 / C21 SM d18:2 21 770.6207 0.00% 0.25% 0.00% 

0_0_0_0_0_0_t18:0 / C22 SM t18:0 22 804.6576 0.04% 0.00% 0.00% 

0_0_0_0_0_0_d18:2 / C20 SM d18:2 20 756.6018 0.00% 0.50% 0.00% 

0_0_0_0_0_0_d18:1 / C20 SM d18:1 20 758.6305 0.43% 1.94% 0.00% 

0_0_0_0_0_0_d18:1 / C19 SM d18:1 19 744.6154 0.04% 0.00% 0.00% 

0_0_0_0_0_0_d18:2 / C18 SM d18:2 18 728.5848 1.57% 2.40% 0.00% 

0_0_0_0_0_0_d18:1 / C18 SM d18:1 18 730.6006 15.89% 3.40% 0.00% 

0_0_0_0_0_0_d18:0 / C18 SM d18:0 18 732.6116 0.18% 0.07% 0.00% 

0_0_0_0_0_0_d18:1 / C17 SM d18:1 17 716.5847 0.19% 0.45% 0.00% 

0_0_0_0_0_0_d18:2 / C16 SM d18:2 16 700.5522 0.12% 6.51% 0.00% 

0_0_0_0_0_0_d18:1 / C16 SM d18:1 16 702.5696 4.22% 23.81% 15.98% 

0_0_0_0_0_0_t18:0 / C16 SM t18:0 16 720.5814 0.03% 0.00% 0.00% 

0_0_0_0_0_0_d18:1 / C16 SM d18:1 16 704.5828 0.06% 0.93% 0.00% 

0_0_0_0_0_0_d18:2 / C14 SM d18:2 14 672.5275 0.00% 0.37% 0.00% 

0_0_0_0_0_0_d18:1 / C14 SM d18:1 14 674.5384 0.46% 3.56% 2.11% 

1. Database nomenclature: Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc_Sulf_(OH#)CN:unsat/CN:unsat (OH#)  

*A mixture of Sphingoid bases were observed containing both 18 and 20 carbon length LCBs. 
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APPENDIX II: Relative abundances of all identified sphingolipids from regional and subject 

comparison of the human brain from Chapter IV. NCI-72 regional map of the frontal cortex (A), 

parietal cortex (B), occipital cortex (C), posterior hippocampus (D), thalamus (E), caudate 

nucleus (F), Lateral cerebellum (G), pons (H), cingulate cortex (I), temporal cortex (J). HS-95 

temporal cortex (K), AD-74 temporal cortex (L), and AD-93 temporal cortex (M). 

Sample: A B C D E F G H I J K L M 

Total GSLs: 131 131 130 66 131 136 137 120 130 140 146 133 127 
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0.00

% 
0.02

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.02

% 
0.01

% 
0.01

% 

GT1 - d18:1 / C26 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GT1 - d18:1 / C25:1 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.02

% 
0.00

% 
0.01

% 
0.01

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 

GT1 - d18:1 / C25 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.02

% 
0.00

% 
0.00

% 

GT1 - d18:1 / C24:1 
0.00

% 

0.00

% 

0.00

% 

0.19

% 

0.00

% 

0.02

% 

0.00

% 

0.00

% 

0.02

% 

0.00

% 

0.04

% 

0.00

% 

0.02

% 

GT1 - t18:0 / C24:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GT1 - d18:1 / C24 
0.02

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.04

% 
0.00

% 
0.01

% 

GT1 - d18:1 / C23:1 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.02

% 
0.02

% 

GT1 - t18:0 / C24 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GT1 - d18:1 / C23 
0.03

% 

0.05

% 

0.02

% 

0.00

% 

0.00

% 

0.05

% 

0.00

% 

0.03

% 

0.00

% 

0.02

% 

0.03

% 

0.02

% 

0.03

% 

GT1 - d18:1 / C22 
0.12

% 
0.15

% 
0.16

% 
0.00

% 
0.21

% 
0.14

% 
0.15

% 
0.10

% 
0.13

% 
0.13

% 
0.21

% 
0.06

% 
0.05

% 

GT1-OAc - d18:1 / C22 
0.01

% 
0.04

% 
0.03

% 
0.00

% 
0.04

% 
0.03

% 
0.03

% 
0.00

% 
0.03

% 
0.01

% 
0.02

% 
0.01

% 
0.01

% 

GT1-Lactone - d18:1 / 
C22 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.01
% 

0.02
% 

0.00
% 

0.00
% 

GT1 - t18:0 / C22 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.19

% 
0.00

% 
0.00

% 
0.02

% 
0.02

% 
0.00

% 
0.00

% 

GT1 - d18:1 / C21 
0.05

% 

0.07

% 

0.05

% 

0.00

% 

0.09

% 

0.06

% 

0.04

% 

0.04

% 

0.04

% 

0.04

% 

0.04

% 

0.03

% 

0.02

% 

GT1 - d18:2 / C20 
0.00

% 
0.06

% 
0.07

% 
0.47

% 
0.00

% 
0.06

% 
0.08

% 
0.00

% 
0.02

% 
0.05

% 
0.09

% 
0.05

% 
0.06

% 

GT1b - d18:1 / C20 
4.09

% 
5.11

% 
5.92

% 
1.53

% 
6.12

% 
4.96

% 
4.42

% 
1.55

% 
2.95

% 
3.32

% 
3.31

% 
2.53

% 
2.22

% 

GT1a - d18:1 / C20 
0.41

% 

0.32

% 

0.40

% 

0.16

% 

0.68

% 

0.54

% 

0.50

% 

0.15

% 

0.22

% 

0.42

% 

0.38

% 

0.20

% 

0.17

% 

GT1-OAc - d18:1 / C20 
0.40

% 
1.09

% 
0.88

% 
0.06

% 
0.71

% 
0.38

% 
0.29

% 
0.10

% 
0.30

% 
0.00

% 
0.11

% 
0.00

% 
0.15

% 

GT1-Lactone - d18:1 / 
C20 

0.03
% 

0.03
% 

0.04
% 

0.00
% 

0.02
% 

0.04
% 

0.04
% 

0.00
% 

0.00
% 

0.07
% 

0.12
% 

0.02
% 

0.01
% 
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GT1b - d20:1 / C18 
0.68

% 
0.79

% 
0.79

% 
0.07

% 
1.12

% 
0.51

% 
0.52

% 
0.26

% 
0.50

% 
0.31

% 
0.36

% 
0.46

% 
0.33

% 

GT1 - t18:0 / C20 
0.05

% 
0.06

% 
0.05

% 
0.00

% 
0.07

% 
0.07

% 
0.81

% 
0.00

% 
0.02

% 
0.04

% 
0.04

% 
0.00

% 
0.03

% 

GT1 - d18:1 / C19 
0.07

% 
0.11

% 
0.13

% 
0.08

% 
0.12

% 
0.09

% 
0.11

% 
0.03

% 
0.04

% 
0.06

% 
0.05

% 
0.06

% 
0.05

% 

GT1 - d18:2 / C18 
0.00

% 
0.00

% 
0.00

% 
0.64

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GT1b - d18:1 / C18 
0.69

% 

1.09

% 

1.31

% 

6.21

% 

1.53

% 

0.59

% 

2.45

% 

0.61

% 

0.52

% 

0.51

% 

0.63

% 

1.02

% 

0.81

% 

GT1a - d18:1 / C18 
0.10

% 
0.12

% 
0.12

% 
0.42

% 
0.12

% 
0.09

% 
0.33

% 
0.05

% 
0.04

% 
0.00

% 
0.00

% 
0.14

% 
0.11

% 

GT1-OAc - d18:1 / C18 
0.05

% 
0.15

% 
0.28

% 
0.26

% 
0.16

% 
0.08

% 
0.13

% 
0.00

% 
0.00

% 
0.04

% 
0.02

% 
0.10

% 
0.06

% 

GT1-Lactone - d18:1 / 
C18 

0.00
% 

0.00
% 

0.00
% 

0.18
% 

0.00
% 

0.00
% 

0.03
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

GT1b - d20:1 / C16 
0.07

% 
0.21

% 
0.14

% 
0.31

% 
0.30

% 
0.26

% 
0.18

% 
0.09

% 
0.08

% 
0.20

% 
0.25

% 
0.10

% 
0.12

% 

GT1 - d18:2 / C17 
0.02

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

GT1 - t18:0 / C18 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.10

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GT1 - d18:0 / C18 
0.12

% 
0.14

% 
0.13

% 
0.00

% 
0.26

% 
0.12

% 
0.21

% 
0.06

% 
0.06

% 
0.08

% 
0.08

% 
0.13

% 
0.13

% 

GT1 - d18:1 / C17 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GT1 - d18:1 / C16 
0.01

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 

GT1-OAc - d18:1 / C16 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GT1-Lactone - d18:1 / 
C16 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

GT1 - d18:1 / C14 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GT3 - d18:2 / C20 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

GT3 - d18:1 / C18 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.16

% 
0.00

% 
0.24

% 
0.14

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GD1 - d18:1 / C26:1 
0.10

% 
0.06

% 
0.06

% 
0.00

% 
0.06

% 
0.17

% 
0.00

% 
0.00

% 
0.00

% 
0.09

% 
0.16

% 
0.10

% 
0.05

% 

GD1 - t18:0 / C26:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 

GD1 - d18:1 / C26 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 

GD1 - d18:1 / C25:1 
0.02

% 

0.00

% 

0.02

% 

0.00

% 

0.02

% 

0.05

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.04

% 

0.04

% 

0.04

% 

GD1 - d18:1 / C25 
0.04

% 
0.00

% 
0.02

% 
0.00

% 
0.01

% 
0.08

% 
0.00

% 
0.00

% 
0.01

% 
0.04

% 
0.06

% 
0.04

% 
0.03

% 

GD1 - d18:1 / C24:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.04

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.32

% 
0.00

% 
0.33

% 

GD1 - t18:0 / C24:1 
0.00

% 

0.00

% 

0.11

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.07

% 

0.00

% 

0.00

% 

0.00

% 

0.09

% 

0.00

% 

GD1a - d18:1 / C24 
0.08

% 
0.04

% 
0.05

% 
0.00

% 
0.06

% 
0.15

% 
0.05

% 
0.03

% 
0.03

% 
0.12

% 
0.18

% 
0.08

% 
0.08

% 

GD1 - d18:1 / C23:1 
0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

GD1 - d18:1 / C23 
0.07

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.13

% 
0.00

% 
0.00

% 
0.00

% 
0.06

% 
0.10

% 
0.00

% 
0.08

% 

GD1 - d18:1 / C22:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 

GD1a - d18:1 / C22 
1.90

% 

1.14

% 

1.12

% 

0.14

% 

1.07

% 

2.22

% 

1.17

% 

0.48

% 

0.68

% 

1.97

% 

2.33

% 

1.00

% 

1.10

% 

GD1-OAc - d18:1 / C22 
0.00

% 
0.06

% 
0.06

% 
0.00

% 
0.02

% 
0.06

% 
0.00

% 
0.00

% 
0.03

% 
0.00

% 
0.00

% 
0.05

% 
0.00

% 
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GD1-Lactone - d18:1 / 
C22 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.01
% 

0.13
% 

0.00
% 

0.00
% 

GD1 - t18:0 / C22 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.16

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GD1 - d18:1 / C21 
0.06

% 
0.09

% 
0.13

% 
0.00

% 
0.14

% 
0.06

% 
0.00

% 
0.00

% 
0.10

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

GD1 - d18:2 / C20 
1.07

% 
0.62

% 
0.58

% 
0.59

% 
0.41

% 
0.00

% 
0.65

% 
0.00

% 
0.37

% 
0.86

% 
0.93

% 
0.60

% 
0.83

% 

GD1b - d18:1 / C20 
18.26

% 

18.89

% 

11.07

% 

1.01

% 

17.03

% 

16.76

% 

14.06

% 

5.15

% 

9.83

% 

14.61

% 

13.41

% 

18.26

% 

17.78

% 

GD1a - d18:1 / C20 
8.50

% 
0.00

% 
8.90

% 
0.70

% 
0.00

% 
8.86

% 
0.00

% 
0.00

% 
0.00

% 
7.87

% 
8.52

% 
0.00

% 
0.00

% 

GD1-OAc - d18:1 / C20 
0.92

% 
1.24

% 
0.92

% 
0.00

% 
0.45

% 
0.91

% 
0.57

% 
0.14

% 
0.32

% 
0.65

% 
0.26

% 
0.59

% 
0.69

% 

GD1-Lactone - d18:1 / 
C20 

0.21
% 

0.15
% 

0.28
% 

0.00
% 

0.12
% 

0.37
% 

0.23
% 

0.06
% 

0.10
% 

0.88
% 

1.13
% 

0.15
% 

0.09
% 

GD1b - d20:1 / C18 
2.12

% 
2.41

% 
2.92

% 
0.15

% 
2.68

% 
2.38

% 
1.15

% 
0.83

% 
1.36

% 
2.63

% 
2.68

% 
2.43

% 
1.36

% 

GD1 - t18:0 / C20 
0.00

% 

0.15

% 

0.14

% 

0.00

% 

0.10

% 

0.26

% 

2.08

% 

0.05

% 

0.05

% 

0.20

% 

0.21

% 

0.13

% 

0.12

% 

GD1 - d18:1 / C19 
0.64

% 
0.00

% 
0.64

% 
0.00

% 
0.00

% 
0.70

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.38

% 
0.36

% 
0.00

% 

GD1 - d18:2 / C18 
0.22

% 
0.19

% 
0.24

% 
6.04

% 
0.18

% 
0.22

% 
0.29

% 
0.13

% 
0.16

% 
0.21

% 
0.25

% 
0.21

% 
0.27

% 

GD1b - d18:1 / C18 
16.73

% 

12.87

% 

13.17

% 

2.50

% 

9.04

% 

16.50

% 

24.46

% 

5.01

% 

5.57

% 

14.84

% 

17.09

% 

16.28

% 

21.46

% 

GD1-Lactone - d18:1 / 
C18 

0.11
% 

0.09
% 

0.13
% 

0.10
% 

0.04
% 

0.18
% 

0.28
% 

0.00
% 

0.04
% 

0.45
% 

0.79
% 

0.09
% 

0.11
% 

GD1b - d20:1 / C16 
2.23

% 

1.28

% 

1.73

% 

0.36

% 

1.29

% 

2.66

% 

3.28

% 

0.75

% 

0.70

% 

2.20

% 

2.39

% 

2.05

% 

2.59

% 

GD1 - t18:0 / C18 
0.14

% 
0.00

% 
0.00

% 
0.00

% 
0.06

% 
0.22

% 
2.42

% 
0.00

% 
0.04

% 
0.16

% 
0.17

% 
0.00

% 
0.18

% 

GD1 - d18:0 / C18 
2.03

% 
1.33

% 
1.02

% 
0.32

% 
1.04

% 
1.96

% 
1.51

% 
0.52

% 
0.56

% 
1.81

% 
1.58

% 
1.55

% 
1.95

% 

GD1 - d18:1 / C17 
0.00

% 

0.00

% 

0.06

% 

0.00

% 

0.03

% 

0.04

% 

0.07

% 

0.03

% 

0.00

% 

0.03

% 

0.04

% 

0.04

% 

0.04

% 

GD1 - d18:1 / C16 
0.00

% 
0.03

% 
0.04

% 
0.65

% 
0.00

% 
0.00

% 
0.08

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GD1-OAc - d18:1 / C16 
0.02

% 
0.00

% 
0.11

% 
0.15

% 
0.11

% 
0.31

% 
0.00

% 
0.00

% 
0.07

% 
0.20

% 
0.20

% 
0.00

% 
0.00

% 

GD1 - d18:0 / C14 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.03

% 
0.00

% 
0.00

% 

GD2 - d18:1 / C24:1 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GD2 - d18:1 / C22 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.16

% 

0.00

% 

0.00

% 

GD2 - d18:1 / C20 
1.05

% 
0.93

% 
0.93

% 
0.00

% 
0.66

% 
0.66

% 
0.75

% 
0.00

% 
0.38

% 
0.92

% 
1.20

% 
1.81

% 
1.03

% 

GD2 - d18:1 / C19 
0.03

% 
0.02

% 
0.02

% 
0.00

% 
0.01

% 
0.02

% 
0.02

% 
0.00

% 
0.01

% 
0.03

% 
0.03

% 
0.04

% 
0.02

% 

GD2 - d18:1 / C18 
1.08

% 

0.85

% 

0.72

% 

0.10

% 

0.65

% 

0.70

% 

1.86

% 

0.22

% 

0.45

% 

0.89

% 

1.22

% 

2.16

% 

1.53

% 

GD2 - d18:0 / C18 
0.12

% 
0.07

% 
0.05

% 
0.00

% 
0.06

% 
0.06

% 
0.12

% 
0.00

% 
0.02

% 
0.09

% 
0.10

% 
0.21

% 
0.12

% 

GD3 - d18:1 / C24:1 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.03

% 

0.00

% 

0.10

% 

0.16

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GD3 - d18:1 / C22 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.11

% 
0.00

% 
0.00

% 

GD3 - d18:2 / C20 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.04

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GD3 - d18:1 / C20 
0.54

% 

0.53

% 

0.54

% 

0.00

% 

0.50

% 

0.30

% 

0.78

% 

0.37

% 

0.23

% 

0.44

% 

0.00

% 

0.86

% 

0.48

% 

GD3 - d18:1 / C19 
0.02

% 
0.02

% 
0.02

% 
0.00

% 
0.04

% 
0.02

% 
0.04

% 
0.05

% 
0.02

% 
0.03

% 
0.02

% 
0.03

% 
0.02

% 
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GD3 - d18:2 / C18 
0.00

% 
0.00

% 
0.00

% 
0.17

% 
0.13

% 
0.06

% 
0.12

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.11

% 
0.08

% 

GD3 - d18:1 / C18 
1.27

% 
1.78

% 
1.15

% 
0.17

% 
0.00

% 
1.79

% 
0.45

% 
0.00

% 
1.45

% 
1.04

% 
1.40

% 
0.00

% 
0.00

% 

GD3 - t18:0 / C18 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.20

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 

GD3 - d18:0 / C18 
0.02

% 
0.00

% 
0.09

% 
0.00

% 
0.10

% 
0.06

% 
0.09

% 
0.23

% 
0.00

% 
0.00

% 
0.00

% 
0.14

% 
0.05

% 

GD3 - d18:1 / C17 
0.02

% 

0.03

% 

0.01

% 

0.00

% 

0.04

% 

0.01

% 

0.03

% 

0.06

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GD3 - d18:1 / C16 
0.01

% 
0.02

% 
0.00

% 
0.00

% 
0.04

% 
0.02

% 
0.04

% 
0.08

% 
0.02

% 
0.00

% 
0.01

% 
0.03

% 
0.01

% 

GD3 - d18:0 / C16 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GM1 - d18:1 / C26:1 
0.05

% 
0.02

% 
0.03

% 
0.00

% 
0.00

% 
0.09

% 
0.00

% 
0.00

% 
0.02

% 
0.06

% 
0.07

% 
0.05

% 
0.06

% 

GM1 - d18:1 / C26 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

GM1 - d18:1 / C25:1 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.06

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.05

% 

0.03

% 

0.03

% 

GM1 - d18:1 / C25 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.05

% 
0.00

% 
0.00

% 
0.00

% 
0.03

% 
0.03

% 
0.03

% 
0.02

% 

GM1 - d18:1 / C24 OH 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.06

% 
0.00

% 
0.00

% 
0.00

% 
0.04

% 
0.06

% 
0.00

% 
0.00

% 

GM1 - d18:1 / C23 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.12

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.06

% 

0.00

% 

0.00

% 

GM1 - d18:1 / C22 
0.47

% 
0.16

% 
0.22

% 
0.12

% 
0.00

% 
0.61

% 
0.14

% 
0.00

% 
0.12

% 
0.81

% 
0.76

% 
0.35

% 
0.36

% 

GM1 - d18:1 / C21 
0.09

% 

0.00

% 

0.07

% 

0.00

% 

0.04

% 

0.15

% 

0.00

% 

0.00

% 

0.00

% 

0.15

% 

0.12

% 

0.06

% 

0.06

% 

GM1 - d18:2 / C20 
0.00

% 
0.37

% 
0.00

% 
0.23

% 
0.23

% 
0.00

% 
0.25

% 
0.10

% 
0.00

% 
0.87

% 
0.65

% 
0.64

% 
0.00

% 

GM1 - d18:1 / C20 
5.34

% 
5.05

% 
5.19

% 
13.47

% 
2.49

% 
0.27

% 
0.26

% 
2.72

% 
4.73

% 
6.95

% 
6.05

% 
6.45

% 
5.10

% 

GM1 - d20:1 / C18 
1.26

% 

0.73

% 

0.87

% 

0.13

% 

0.00

% 

0.00

% 

0.00

% 

0.19

% 

0.67

% 

1.38

% 

0.89

% 

1.00

% 

0.00

% 

GM1 - t18:0 / C20 
0.03

% 
0.00

% 
0.00

% 
0.00

% 
0.04

% 
0.13

% 
0.52

% 
0.00

% 
0.03

% 
0.09

% 
0.00

% 
0.00

% 
0.00

% 

GM1 - d18:1 / C19 
0.29

% 
0.24

% 
0.19

% 
0.00

% 
0.24

% 
0.39

% 
0.15

% 
0.22

% 
0.17

% 
0.35

% 
0.26

% 
0.27

% 
0.24

% 

GM1 - d18:2 / C18 
1.36

% 
1.02

% 
0.68

% 
2.52

% 
0.46

% 
1.51

% 
0.67

% 
0.47

% 
0.55

% 
1.60

% 
1.26

% 
1.33

% 
1.87

% 

GM1 - d18:1 / C18 
12.37

% 
8.47

% 
18.13

% 
51.35

% 
12.75

% 
14.46

% 
9.66

% 
24.74

% 
19.14

% 
16.71

% 
13.23

% 
18.13

% 
17.46

% 

GM1 - d20:1 / C16 
0.72

% 

0.59

% 

0.67

% 

0.27

% 

0.53

% 

0.79

% 

0.60

% 

1.21

% 

0.66

% 

1.58

% 

1.11

% 

1.54

% 

2.24

% 

GM1 - t18:0 / C18 
0.11

% 
0.05

% 
0.00

% 
0.00

% 
0.00

% 
0.22

% 
0.88

% 
0.10

% 
0.00

% 
0.13

% 
0.06

% 
0.07

% 
0.16

% 

GM1 - d18:0 / C18 
1.05

% 
0.63

% 
0.37

% 
0.12

% 
0.48

% 
1.09

% 
0.54

% 
1.25

% 
0.51

% 
1.49

% 
0.91

% 
1.24

% 
1.53

% 

GM1 - d18:1 / C17 
0.09

% 

0.11

% 

0.06

% 

0.00

% 

0.07

% 

0.16

% 

0.05

% 

0.14

% 

0.05

% 

0.07

% 

0.07

% 

0.07

% 

0.10

% 

GM1 - d18:1 / C16 
0.46

% 
0.59

% 
0.39

% 
0.30

% 
0.33

% 
0.73

% 
0.42

% 
0.56

% 
0.29

% 
0.43

% 
0.37

% 
0.46

% 
0.42

% 

GM1 - d18:0 / C16 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.03

% 

0.01

% 

0.03

% 

0.00

% 

0.02

% 

0.01

% 

0.00

% 

0.03

% 

GM1 - d18:0 / C14 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.05

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 

GM2 - d18:1 / C21 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

GM2 - d18:2 / C20 
0.03

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.02

% 

GM2 - d18:1 / C20 
0.19

% 
0.11

% 
0.12

% 
0.04

% 
0.00

% 
0.30

% 
0.00

% 
0.00

% 
0.11

% 
0.00

% 
0.00

% 
0.42

% 
0.26

% 
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GM2 - t18:0 / C20 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.04

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

GM2 - d18:1 / C19 
0.02

% 
0.01

% 
0.01

% 
0.00

% 
0.01

% 
0.02

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.02

% 
0.03

% 
0.02

% 

GM2 - d18:2 / C18 
0.06

% 
0.03

% 
0.03

% 
0.05

% 
0.04

% 
0.09

% 
0.00

% 
0.03

% 
0.04

% 
0.05

% 
0.07

% 
0.08

% 
0.09

% 

GM2 - d18:1 / C18 
0.77

% 
0.58

% 
0.44

% 
0.09

% 
0.50

% 
0.95

% 
0.75

% 
0.44

% 
0.40

% 
0.95

% 
1.08

% 
1.90

% 
1.67

% 

GM2 - t18:0 / C18 
0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.04

% 

0.07

% 

0.00

% 

0.00

% 

0.02

% 

0.02

% 

0.02

% 

0.00

% 

GM2 - d18:0 / C18 
0.00

% 
0.02

% 
0.01

% 
0.00

% 
0.03

% 
0.00

% 
0.03

% 
0.04

% 
0.02

% 
0.05

% 
0.04

% 
0.13

% 
0.09

% 

GM2 - d18:1 / C17 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GM2 - d18:1 / C16 
0.05

% 
0.06

% 
0.04

% 
0.00

% 
0.04

% 
0.10

% 
0.05

% 
0.07

% 
0.05

% 
0.03

% 
0.04

% 
0.05

% 
0.00

% 

GM2 - d18:0 / C14 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GM3 - d18:1 / C26:1 
0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

GM3 - d18:1 / C26 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 

GM3 - d18:1 / C25:1 
0.00

% 
0.01

% 
0.04

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.01

% 
0.03

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

GM3 - d18:1 / C24:1 
0.00

% 

0.00

% 

0.11

% 

0.00

% 

0.09

% 

0.02

% 

0.06

% 

0.11

% 

0.17

% 

0.00

% 

0.06

% 

0.16

% 

0.08

% 

GM3 - d18:1 / C24 OH 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.03

% 
0.02

% 

GM3 - d18:1 / C24 
0.02

% 

0.00

% 

0.02

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.02

% 

0.01

% 

0.06

% 

0.18

% 

0.11

% 

GM3 - d18:1 / C23 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.03

% 
0.02

% 

GM3 - d18:1 / C22:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.02

% 

GM3 - d18:1 / C22 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.01

% 

0.00

% 

0.01

% 

0.02

% 

0.06

% 

0.15

% 

0.10

% 

GM3 - d18:2 / C20 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.03

% 
0.02

% 
0.00

% 

GM3 - d18:1 / C20 
0.22

% 
0.09

% 
0.10

% 
0.00

% 
0.03

% 
0.22

% 
0.18

% 
0.09

% 
0.08

% 
0.01

% 
0.03

% 
0.06

% 
0.22

% 

GM3 - d18:1 / C19 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.01

% 
0.02

% 
0.00

% 
0.01

% 
0.00

% 
0.01

% 
0.01

% 

GM3 - d18:2 / C18 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.06

% 
0.00

% 
0.03

% 
0.09

% 
0.04

% 
0.01

% 
0.01

% 
0.00

% 
0.02

% 

GM3 - d18:1 / C18 
0.40

% 

0.38

% 

0.28

% 

0.00

% 

0.66

% 

0.57

% 

0.87

% 

0.94

% 

0.39

% 

0.48

% 

0.73

% 

0.83

% 

0.83

% 

GM3 - d18:0 / C18 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.06

% 
0.01

% 
0.00

% 
0.00

% 
0.05

% 
0.04

% 

GM3 - d18:1 / C16 
0.02

% 
0.05

% 
0.02

% 
0.00

% 
0.07

% 
0.04

% 
0.09

% 
0.21

% 
0.08

% 
0.02

% 
0.04

% 
0.15

% 
0.08

% 

Gal-Fuc-GD1 - d18:1 / 

C22:1 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

Gal-Fuc-GD1 - d18:1 / 
C22 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.01
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

Gal-Fuc-GD1 - d18:1 / 

C20 

0.14

% 

0.15

% 

0.21

% 

0.00

% 

0.19

% 

0.15

% 

0.14

% 

0.04

% 

0.08

% 

0.11

% 

0.00

% 

0.06

% 

0.07

% 

Gal-Fuc-GD1 - d18:1 / 
C19 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.01
% 

0.00
% 

0.00
% 

Gal-Fuc-GD1 - d18:1 / 
C18 

0.00
% 

0.04
% 

0.06
% 

0.00
% 

0.05
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.04
% 

0.00
% 

Gal-Fuc-GD1 - d18:0 / 

C18 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

Fuc-GD1 - d18:1 / C20 
0.03

% 
0.03

% 
0.03

% 
0.00

% 
0.00

% 
0.03

% 
0.13

% 
0.00

% 
0.01

% 
0.03

% 
0.04

% 
0.00

% 
0.00

% 
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Fuc-GD1 - d18:1 / C18 
0.02

% 
0.02

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.18

% 
0.00

% 
0.00

% 
0.01

% 
0.04

% 
0.03

% 
0.06

% 

Gal-Fuc-GM1 - d18:2 / 
C20 

0.00
% 

0.00
% 

0.00
% 

0.58
% 

0.00
% 

0.09
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

Gal-Fuc-GM1 - d18:1 / 
C20 

0.00
% 

0.00
% 

0.00
% 

1.10
% 

0.00
% 

0.00
% 

0.00
% 

0.44
% 

1.26
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

Gal-Fuc-GM1 - d18:1 / 
C19 

0.00
% 

0.05
% 

0.00
% 

0.00
% 

0.04
% 

0.07
% 

0.04
% 

0.00
% 

0.06
% 

0.04
% 

0.04
% 

0.04
% 

0.03
% 

Gal-Fuc-GM1 - d18:2 / 

C18 

0.04

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.03

% 

0.00

% 

0.00

% 

0.02

% 

0.03

% 

0.00

% 

0.00

% 

Gal-Fuc-GM1 - d18:1 / 
C18 

1.59
% 

1.35
% 

1.26
% 

0.00
% 

0.85
% 

3.85
% 

0.00
% 

0.56
% 

0.65
% 

1.59
% 

1.83
% 

1.67
% 

2.13
% 

Gal-Fuc-GM1 - d18:0 / 
C18 

0.09
% 

0.00
% 

0.05
% 

0.00
% 

0.05
% 

0.11
% 

0.07
% 

0.00
% 

0.04
% 

0.08
% 

0.08
% 

0.00
% 

0.33
% 

Gal-Fuc-GM1 - d18:1 / 
C16 

0.00
% 

0.00
% 

0.00
% 

0.49
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

GalNAc-Fuc-GM1 - 
d18:1 / C18 

0.00
% 

0.05
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.03
% 

0.00
% 

GalNAc-Fuc-GM1 - 

t18:0 / C18 

0.00

% 

0.04

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.05

% 

Fuc-GM1 - d18:1 / C18 
0.03

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.15

% 
0.01

% 
0.01

% 
0.04

% 
0.07

% 
0.05

% 
0.11

% 

Gal-Fuc-GA1 - d18:2 / 
C20 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

0.06
% 

0.00
% 

0.00
% 

0.00
% 

0.00
% 

Gal-Fuc-GA1 - d18:1 / 

C20 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

1.30

% 

1.76

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

1.25

% 

0.00

% 

0.72

% 

Fuc-GA1 - d18:1 / C18 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.04

% 
0.01

% 
0.07

% 
0.15

% 
0.02

% 
0.00

% 
0.06

% 
0.06

% 
0.05

% 

Fuc-GA1 - d18:1 / C16 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.04

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

GA1 - d18:1 / C24:1 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.03

% 
0.06

% 
0.00

% 

GA1 - d18:1 / C24 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.03

% 
0.00

% 

GA1 - d18:1 / C20 
0.14

% 

0.00

% 

0.12

% 

0.00

% 

0.00

% 

0.20

% 

0.03

% 

0.00

% 

0.00

% 

0.27

% 

0.24

% 

0.10

% 

0.09

% 

GA1 - d18:1 / C18 
0.00

% 
0.00

% 
0.03

% 
0.00

% 
0.00

% 
0.07

% 
0.11

% 
0.12

% 
0.00

% 
0.01

% 
0.24

% 
0.15

% 
0.00

% 

GA1 - d18:1 / C16 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.04

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.21

% 
0.09

% 

Lac - d18:1 / C26:1 
0.01

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.01

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 

Lac - d18:1 / C25:1 
0.00

% 
0.02

% 
0.01

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 

Lac - d18:1 / C24:1 
0.04

% 

0.07

% 

0.04

% 

0.04

% 

0.06

% 

0.01

% 

0.04

% 

0.06

% 

0.09

% 

0.03

% 

0.06

% 

0.06

% 

0.03

% 

Lac - d18:1 / C24 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.01

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 

Lac - d18:1 / C22 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.02

% 
0.02

% 
0.00

% 

Lac - d18:2 / C20 
0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.01

% 

0.00

% 

0.00

% 

Lac - d18:1 / C20 
0.03

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.06

% 
0.10

% 
0.05

% 
0.04

% 

Lac - d18:2 / C18 
0.01

% 

0.02

% 

0.01

% 

0.00

% 

0.00

% 

0.01

% 

0.02

% 

0.03

% 

0.00

% 

0.02

% 

0.02

% 

0.02

% 

0.03

% 

Lac - d18:1 / C18 
0.13

% 
0.16

% 
0.10

% 
0.06

% 
0.19

% 
0.12

% 
0.23

% 
0.39

% 
0.17

% 
0.22

% 
0.31

% 
0.21

% 
0.24

% 

Lac - d18:1 / C16 
0.03

% 
0.05

% 
0.02

% 
0.00

% 
0.06

% 
0.03

% 
0.06

% 
0.17

% 
0.05

% 
0.03

% 
0.04

% 
0.38

% 
0.12

% 

Hex - d18:1 / C26:1 
0.06

% 

0.12

% 

0.00

% 

0.09

% 

0.07

% 

0.00

% 

0.05

% 

0.15

% 

0.13

% 

0.00

% 

0.00

% 

0.03

% 

0.02

% 

Hex - d18:1 / C26 OH 
0.03

% 
0.04

% 
0.02

% 
0.03

% 
0.02

% 
0.00

% 
0.02

% 
0.03

% 
0.02

% 
0.02

% 
0.01

% 
0.00

% 
0.00

% 
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Hex - d18:1 / C25:1 
0.10

% 
0.29

% 
0.16

% 
0.14

% 
0.15

% 
0.02

% 
0.09

% 
0.23

% 
0.25

% 
0.05

% 
0.04

% 
0.04

% 
0.03

% 

Hex - d18:1 / C25 OH 
0.10

% 
0.27

% 
0.14

% 
0.17

% 
0.13

% 
0.03

% 
0.11

% 
0.17

% 
0.19

% 
0.09

% 
0.05

% 
0.05

% 
0.02

% 

Hex - d18:1 / C25 
0.01

% 
0.04

% 
0.01

% 
0.00

% 
0.01

% 
0.00

% 
0.01

% 
0.06

% 
0.03

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

Hex - d18:1 / C24:1 
0.44

% 
1.56

% 
0.67

% 
0.56

% 
0.95

% 
0.00

% 
0.54

% 
1.88

% 
1.29

% 
0.20

% 
0.16

% 
0.20

% 
0.12

% 

Hex - d18:1 / C24 OH 
0.44

% 

1.38

% 

0.78

% 

0.98

% 

0.81

% 

0.12

% 

0.57

% 

1.32

% 

1.07

% 

0.35

% 

0.21

% 

0.22

% 

0.12

% 

Hex - d18:1 / C24 
0.02

% 
0.10

% 
0.03

% 
0.07

% 
0.05

% 
0.00

% 
0.03

% 
0.13

% 
0.11

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

Hex - t18:0 / C24 
0.02

% 
0.05

% 
0.00

% 
0.03

% 
0.02

% 
0.00

% 
0.00

% 
0.05

% 
0.04

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 

Hex - d18:1 / C23 
0.04

% 
0.11

% 
0.06

% 
0.06

% 
0.05

% 
0.00

% 
0.04

% 
0.11

% 
0.09

% 
0.02

% 
0.02

% 
0.01

% 
0.00

% 

Hex - d18:1 / C22 
0.00

% 
0.08

% 
0.00

% 
0.00

% 
0.05

% 
0.00

% 
0.00

% 
0.16

% 
0.09

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

Hex - d18:1 / C20 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.07

% 

0.00

% 

0.00

% 

0.18

% 

0.09

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

Hex - d18:1 / C18 
0.36

% 
1.67

% 
0.55

% 
0.20

% 
2.17

% 
0.04

% 
0.78

% 
4.89

% 
2.05

% 
0.09

% 
0.23

% 
0.12

% 
0.07

% 

Hex - d18:1 / C17 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.07

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

Hex - d18:1 / C16 
0.01

% 

0.04

% 

0.02

% 

0.00

% 

0.06

% 

0.00

% 

0.01

% 

0.13

% 

0.05

% 

0.01

% 

0.00

% 

0.01

% 

0.00

% 

SM3 - d18:1 / C26:1 
0.00

% 
0.02

% 
0.01

% 
0.00

% 
0.01

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM3 - d18:1 / C25:1 
0.00

% 

0.02

% 

0.01

% 

0.00

% 

0.02

% 

0.00

% 

0.01

% 

0.01

% 

0.02

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

SM3 - d18:1 / C25 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM3 - d18:1 / C24:1 
0.00

% 
0.04

% 
0.04

% 
0.00

% 
0.08

% 
0.00

% 
0.01

% 
0.06

% 
0.07

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM3 - d18:1 / C24 
0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.03

% 

0.00

% 

0.00

% 

0.00

% 

0.02

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

SM3 - d18:1 / C23 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM3 - d18:1 / C22 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM3 - d18:1 / C20 
0.02

% 
0.01

% 
0.02

% 
0.00

% 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 
0.00

% 
0.01

% 
0.00

% 

SM3 - d18:1 / C18 
0.04

% 
0.06

% 
0.04

% 
0.00

% 
0.09

% 
0.06

% 
0.07

% 
0.10

% 
0.07

% 
0.05

% 
0.04

% 
0.03

% 
0.03

% 

SM4 - d18:1 / C26:1 
0.27

% 

1.19

% 

0.62

% 

0.22

% 

2.49

% 

0.22

% 

0.80

% 

2.72

% 

2.37

% 

0.21

% 

0.21

% 

0.46

% 

0.51

% 

SM4 - d18:1 / C26 OH 
0.06

% 
0.15

% 
0.10

% 
0.05

% 
0.24

% 
0.07

% 
0.12

% 
0.22

% 
0.21

% 
0.06

% 
0.04

% 
0.06

% 
0.07

% 

SM4 - d18:1 / C26 
0.02

% 
0.07

% 
0.02

% 
0.00

% 
0.17

% 
0.02

% 
0.07

% 
0.27

% 
0.17

% 
0.02

% 
0.01

% 
0.02

% 
0.02

% 

SM4 - d18:1 / C25:1 
0.43

% 

1.68

% 

1.23

% 

0.00

% 

3.21

% 

0.39

% 

1.25

% 

3.02

% 

3.33

% 

0.30

% 

0.34

% 

0.68

% 

0.63

% 

SM4 - d18:1 / C25 OH 
0.22

% 
0.70

% 
0.52

% 
0.21

% 
1.37

% 
0.25

% 
0.54

% 
0.96

% 
1.15

% 
0.24

% 
0.16

% 
0.27

% 
0.25

% 

SM4 - d18:1 / C25 
0.09

% 

0.42

% 

0.15

% 

0.10

% 

0.89

% 

0.07

% 

0.25

% 

1.28

% 

1.33

% 

0.10

% 

0.06

% 

0.13

% 

0.13

% 

SM4 - d18:1 / C24:1 
0.94

% 
6.34

% 
3.28

% 
0.79

% 
0.00

% 
0.00

% 
3.65

% 
0.00

% 
12.37

% 
0.69

% 
0.74

% 
1.59

% 
1.47

% 

SM4 - t18:0 / C25 
0.00

% 
0.02

% 
0.00

% 
0.00

% 
0.05

% 
0.00

% 
0.01

% 
0.04

% 
0.05

% 
0.01

% 
0.00

% 
0.00

% 
0.01

% 

SM4 - d18:1 / C24 OH 
0.74

% 

2.52

% 

1.72

% 

0.89

% 

5.16

% 

0.78

% 

2.21

% 

5.74

% 

5.05

% 

0.84

% 

0.62

% 

1.00

% 

0.88

% 

SM4 - d18:1 / C24 
0.25

% 
1.26

% 
0.55

% 
0.29

% 
2.56

% 
0.20

% 
0.62

% 
4.44

% 
3.42

% 
0.24

% 
0.15

% 
0.30

% 
0.35

% 
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SM4 - d18:1 / C23:1 
0.03

% 
0.16

% 
0.10

% 
0.00

% 
0.00

% 
0.00

% 
0.09

% 
0.10

% 
0.06

% 
0.02

% 
0.02

% 
0.05

% 
0.04

% 

SM4 - t18:0 / C24 
0.03

% 
0.14

% 
0.10

% 
0.00

% 
0.27

% 
0.04

% 
0.06

% 
0.38

% 
0.31

% 
0.04

% 
0.04

% 
0.05

% 
0.04

% 

SM4 - d18:1 / C23 
0.06

% 
0.41

% 
0.21

% 
0.11

% 
0.56

% 
0.05

% 
0.19

% 
1.15

% 
0.80

% 
0.08

% 
0.05

% 
0.08

% 
0.10

% 

SM4 - d18:1 / C22:1 
0.00

% 
0.16

% 
0.00

% 
0.00

% 
0.39

% 
0.00

% 
0.00

% 
0.52

% 
0.33

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM4 - d18:1 / C22 
0.00

% 

0.19

% 

0.11

% 

0.00

% 

0.36

% 

0.00

% 

0.18

% 

0.90

% 

0.52

% 

0.04

% 

0.00

% 

0.00

% 

0.00

% 

SM4 - d18:1 / C21 
0.00

% 
0.05

% 
0.02

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 
0.10

% 
0.06

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM4 - d18:1 / C19 
0.00

% 
0.04

% 
0.00

% 
0.00

% 
0.08

% 
0.00

% 
0.00

% 
0.16

% 
0.07

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM4 - d18:2 / C18 
0.07

% 
0.28

% 
0.08

% 
0.04

% 
0.64

% 
0.08

% 
0.17

% 
1.15

% 
0.31

% 
0.04

% 
0.04

% 
0.13

% 
0.10

% 

SM4 - d18:1 / C18 OH 
0.06

% 
0.19

% 
0.09

% 
0.00

% 
0.60

% 
0.08

% 
0.17

% 
0.89

% 
0.28

% 
0.05

% 
0.07

% 
0.05

% 
0.04

% 

SM4 - d18:1 / C18 
0.31

% 

1.73

% 

0.50

% 

0.08

% 

4.93

% 

0.00

% 

0.97

% 

11.89

% 

3.29

% 

0.16

% 

0.14

% 

0.36

% 

0.27

% 

SM4 - d18:1 / C17 
0.00

% 
0.02

% 
0.01

% 
0.00

% 
0.05

% 
0.00

% 
0.00

% 
0.00

% 
0.03

% 
0.00

% 
0.00

% 
0.00

% 
0.00

% 

SM4 - d18:1 / C16 
0.00

% 
0.04

% 
0.02

% 
0.00

% 
0.16

% 
0.02

% 
0.07

% 
0.31

% 
0.12

% 
0.02

% 
0.00

% 
0.03

% 
0.00

% 

SM4 - d18:0 / C16 
0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.01

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

0.00

% 

 

 


