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Abstract

This review synthesizes the current evidence on glycolipid dysregulation in dementia, with a focus
on the data generated by mass spectrometry (MS) and systems biology approaches. Glycolipids, key
regulators of neuronal function and integrity, have emerged as important players in
neurodegenerative processes. In this context, we examine here their altered expression reported in
major forms of dementia, including Alzheimer’s disease, frontotemporal dementia, dementia with
Lewy body, Parkinson's disease dementia, Huntington’s disease, and mixed dementia. By comparing
these conditions, we identified molecular signatures that appear broadly conserved, suggesting
common pathways of neuronal vulnerability, while also outlining disease-specific changes that may
cause the observed clinical diversity. A special consideration is given to methodological advances,
particularly the development and application of high performance MS in glyolipidomics and
integrative analytical workflows, which have significantly expanded our understanding of lipid-
mediated mechanisms in the diseased brain. Situating these findings within the context of dementia
research, we further discuss here how glycolipid biology intersects with protein aggregation,
neuroinflammation, and synaptic dysfunction. The results assessed here highlight the major role of
MS-based platforms in discovery of glycolipids associated to dementia pathogenesis and at the same
time of species with potential biomarker role and/or as novel targets for therapeutic intervention.
This review, thus, provides an integrative perspective on glycolipid research by modern MS and
allied techniques, emphasizing its potential to influence future strategies for diagnosis and treatment
of dementia.

Keywords: glycosphingolipids; dementia; mass spectrometry; systems biology approaches;
biomarkers

1. Introduction

Dementia encompasses a heterogeneous group of progressive neurodegenerative disorders that
together represent one of the most critical global health challenges of the twenty-first century.
Defined by cognitive decline severe enough to interfere with independent living, dementia is not a
single disease but rather a syndrome with multiple etiologies and pathological substrates [1].

Dementia prevalence is rising inexorably. According to the most recent epidemiological
estimates by World Health Organization (WHO), more than 55 million people live at present with
dementia worldwide, and projections suggest this figure will exceed 135 million by 2050. This
demographic trajectory reflects the combined effects of increased longevity, population aging, and
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the absence of treatments. The consequences extend beyond patients to caregivers, healthcare
systems, and societies at large, with deep medical, social, and economic implications.

Despite the intense research efforts over the past decades, the development of effective therapies
has been hampered by the remarkable clinical and molecular heterogeneity of dementia syndromes
[2,3] such as Alzheimer’s disease (AD), dementia with Lewy body (DLB), frontotemporal dementia
(FTD), Parkinson's disease dementia (PDD), Huntington’s disease (HD), and mixed dementia. Each
of these disorders is characterized by a distinct constellation of clinical symptoms, neuropathological
features and regional patterns of neurodegeneration (Table 1) [4-25]. This diversity is a consequence
of a set of convergent processes such as synaptic dysfunction, protein aggregation, mitochondrial
impairment, oxidative stress and neuroinflammation. All these aspects suggest a shared molecular
basis. The molecular basis of the major dementia types—highlighting both shared pathways and
disease-specific features—are illustrated in Figure 1. Progressively, the dysregulation of lipid
metabolism has emerged as a critical contributor to these processes [26], pointing toward a dimension
of dementia biology that has been neglected to some extent.
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Figure 1. Molecular basis and halmarks of major dementia types (Schematic of neuron created in
https://BioRender.com).

Human brain is a particularly lipid-rich organ; brain lipids encompass nearly half of its dry
weight and form the structural backbone of neuronal and glial membranes. Poorly explored and long
regarded primarily as passive building blocks, lipids are nowadays recognized as dynamic regulators
of brain physiology and pathology, linked with crucial structural and functional brain features [27].
They shape the membrane architecture, influence curvature and fluidity, organize signaling
microdomains, and participate directly in intracellular communication, vesicle trafficking, and
synaptic plasticity [26].

Among the diverse lipid classes, glycolipids represent one of the most functionally prominent
groups in the nervous system [28]. These amphipathic molecules, defined by the covalent linkage of
carbohydrate residues to ceramide (Cer) or glycerol lipid backbones, are highly enriched in neuronal
membranes and localized in lipid rafts, where they coordinate receptor clustering,
neurotransmission, and cell-cell recognition [29]. Glycolipids such as gangliosides (GGs) and
sulfatides are integral to brain development, axonal guidance, and myelin stability [30,31]. Their
importance is illustrated by lysosomal storage disorders such as Tay-Sachs disease and Gaucher
disease in which inherited defects in glycolipid catabolism lead to catastrophic neurodevelopmental
and neurodegenerative consequences [32,33]. These conditions provide compelling evidence that
even subtle perturbations in glycolipid homeostasis can generate intense effects on neuronal survival
and function.
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Over the last two decades, the research has demonstrated that glycolipid dysregulation is not
confined to rare genetic disorders, but also plays a role in common neurodegenerative diseases [32].
Alterations in glycolipid composition influence membrane biophysics and the organization of lipid
rafts [29], thereby modulating the aggregation and toxicity of pathogenic proteins, including
amyloid- (Ap), tau, a-synuclein, and huntingtin (HTT).

Table 1. Key features of different dementia types [4-25].

. . Dementia Parkinson's . .
Disorder Dementia of . Huntington .
., withLewy Frontotemporal disease . Mixed
Alzheimer’s . . s disease .
Features Type (AD) body dementia (FTD) dementia (HD) dementia
P (DLB) (PDD)
Late onset,
Onset Presen.lle o Senile Presenile usual'l Y aft'er Presenile Senile
senile Parkinson's onset
diagnosis
70s, but
Age at ’ 40s and earl
. ged . <6bsor>65s range 50s- Sand eary >70s 30s or 40s >65
diagnosis 60s
80s
Equal in
Slioht male Predominantl males and
Patient Predominantly reg Yomina Predominantly y male, in females No gender
profile female P nce male early onset (autosomal preference
cases dominant
inheritance)
a_
synuclein
. aggregatio Accumulat
1
Af);l;nr;ulztil(;m nin Caused by a ion of tau
laques an tau cortical Buildup of speciic and
plaq an P Accumulation inherited amyloid
Brain tangles subcortical abnormal tau of alpha- gene plaques
h -4 ’
Abnormaliti throug ,OUt the Lewy and _TD,P 5 synuclein mutation blood
brain, . proteins in the L. .
es bodies; proteinin  leading to vessel
granulovacuola frontal and .
. often Lewy bodies ~ neuron damage
r degeneration . temporal lobes .
in coexists degeneratio and
hipbocampUS with n reduced
PP PUS Alzheimer’ blood flow
s
pathology
Widesprea
d Lewy
bod
Diffuse cerebral atli)olz Combinati
atrophy, P o8y Atrophy in on of
ticularly i affecting S h beortical Neuronal Alzheimer’
particularly in cortex evere atrophy subcortica loss in zheimer
Cerebral  the posterior limbic’ of the frontal regions and caudate s
damage temporal . and anterior cortical Lewy pathology
, regions, nucleus and
hippocampus and temporal lobes body putamen and
and parietal brainstem; pathology Vas?ular
areas , lesions
variable
cortical
atrophy
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Fluctuatin
g . . Memory
cognition, Impaired loss
visual . attention, Cognitive .
. ... Personality and ) ; . cognitive
Prominent Memory  hallucinati executive  decline with .
; language ) . decline,
symptom  dysfunction ons, and . dysfunction, behavioral .
. . disturbances . executive
parkinsoni memory  disturbances .
. dysfunctio
sm (core issues
- n
clinical
triad)
Parkinsoni More common
(in FTD with
an motor May
motor neuron .
features . include
s disease). May
(rigidity, . vascular-
. include tremors, Chorea,
bradykines . Frequent; . related
. muscle stiffness, .. dystonia,
. ia, tremor), r1g1d1ty, . . motor
Motor signs Less common muscle spasms, L impaired
usually bradykinesia, symptoms
. poor voluntary .
milder . tremors (gait
coordination, movements .
than . disturbanc
- . swallowing
idiopathic difficulties &
Parkinson’ ! weakness)
muscle
s at onset
weakness
Visuospatia  Severel Markedl Moderatel Often
. .p. Jeverey . Y Preserved . aey Impaired . .
1 abilities impaired impaired impaired impaired
Mild
In late stages word- Trouble
. 8 finding  thinking of the
individuals lose ... .
. difficulty  right word or
the ability to . .
possible, remembering .
understand or Variable;
but names; Less L Speech
formulate pe Word-finding may
) language difficulty S becomes .
Language  wordsina . . difficulties, mirror
relatively making sense slurred, .,
problems spoken reduced Alzheimer
preserve when they eventual
sentence, or fluency . s type
. d speak, mutism g
speaking is . difficulties
. compare understanding
very hesitant,
labored or dto the speech of
. Alzheim others, or
ungrammatical , .
er’s and reading
FTD
depression Marked
, anxiety, irritability, lack
apathy as of guilt,
in alexithymia Depression
Depression, Alzheimer' (difficulties in Depression, irrftabilit " Depression
Mood anxiety, s, plus understanding, anxiety, ess'OYI , anxiety,
.. . . aggression,
suspiciousness anxiety processing, or apathy 88 apathy
o apathy
secondary describing
to emotions),
confusiona euphoria,
1 states apathy
Intellectual
. . Yes Yes No Yes Yes Yes
deficit
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Usually have
delusion of
- e Rare
misidentificatio ersecutor
n or prejudice Prominent P oty . . Possible
. delusions, Visual Psychosis .
. secondary to  visual . .. delusions
Psychotic ... usuallyjealous, hallucinations, may occur
memory  hallucinati . . ) and
features . . somatic, paranoid in later .
impairment ons, . . hallucinati
. religious and delusions stages
type and delusions . ons
. bizarre
usually occur in behaviours
the middle or
late stage
Increased Variable;
. . . Weight loss
Appetite, Less common: Weight appetite, . o can
. . Weight loss ~ despite high |
dietary  anorexiaand lossmay  carbohydrate . include
. . o more common  caloric )
change weight loss occur craving 80%, intake weight loss
weight gain or gain
Variable;
Average Average .
. _ . progressio
Progresses to survival 5- Progressesto  survival 5-10 Survival 15— n faster
Prognosis deathin11.8+ 8 years deathin 8.7 + years after 20 years .
. than single
0.6 years after 1.2 years dementia after onset ;
. . dementia
diagnosis onset
types
Aspiration
o neumoni Physical — Complicatio Cardiovasc
Aspiration P Y Complications P
. a, changes that ns from ular
pneumonia L . from . s .
Cause of complicati can cause skin, . . immobility, disease,
secondary to . immobility, . . .
death ; ons of urinary tract L infections, pneumoni
swallowing . . aspiration .
. immobility  and/or lung . aspiration a,
disorders . . pneumonia . .
, and infections pneumonia  infections
infections

Specific GGs have been shown to seed Af fibrillogenesis in AD [34] while disruptions in
sphingolipid-glycolipid balance contribute to a-synuclein misfolding in DLB [35]. In HD, impaired
GG biosynthesis exacerbates excitotoxicity and mitochondrial dysfunction, accelerating neuronal loss
[36,37].

Glycolipid metabolism is also tightly connected with neuroinflammatory processes; GGs and
sulfatides modulate microglial activation, complement signaling, and peripheral immune responses,
all of which are increasingly recognized as central to the pathophysiology of dementia [26.] These
diverse lines of evidence highlight glycolipids not merely as passive bystanders of
neurodegeneration but as active participants and amplifiers of disease progression.

The systematic study of glycolipids in neurodegeneration has long been hindered by technical
challenges. Glycolipids are chemically diverse, encompassing a vast repertoire of species that differ
in carbohydrate composition, Cer chain length, and degree of saturation. They are present in
relatively low abundance compared to other lipids, and many exist as isobaric or closely related
molecular species, making them difficult to resolve with conventional biochemical approaches [38].
Early studies relied on thin-layer chromatography (TLC) [39] and immunodetection [40] methods,
which lacked the sensitivity and specificity to provide a comprehensive representation of glycolipid
expression and metabolism.

In this context, the development of modern mass spectrometry (MS) has revolutionized the
field of lipidomics. MS has become the most efficient method in contemporary glycolipid research,
enabling the detection, de novo structural characterization, and quantification of hundreds of lipid
species with unprecedented reliability. Advances in ionization methods, including electrospray
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ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI), have dramatically

improved the sensitivity for glycolipid analysis. High-resolution platforms such as Fourier-transform

ion cyclotron resonance and Orbitrap mass analyzers provide the mass accuracy required to

distinguish isobaric species, while tandem mass spectrometry (MS/MS) allows for detailed structural

elucidation of glycan moieties and lipid backbones [41]. Liquid chromatography coupled with MS

(LC-MS) has further enhanced separation and quantitation, reducing ion suppression and enabling

the analysis of complex biological mixtures such as cerebrospinal fluid and brain extracts [42—44]. On
the other hand, MS imaging (MSI) techniques such as MALDI-MSI [44], desorption electrospray
ionization (DESI) [45] and secondary ion MS (SIMS) [46] imaging allow spatially resolved detection

and mapping of glycolipids directly in biological tissues. More recently, ion mobility spectrometry
(IMS-MS) [47-49] and differential IMS (DMS) [50] have been integrated into MS workflows, offering
an orthogonal dimension of separation based on molecular shape and size, thereby improving

dramatically the detection and identification of single glycolipid species in highly complex mixtures,

yielding at the same time valuable data on isomeric structures.

Table 2 represents a practical mapping of how different MS platforms and workflows compare

for the discovery and validation of glycolipids species.

Table 2. Mass spectrometry platforms for glycolipid biomarkers.

Platform / Typical Use
Key Features Advantages Limitations
Workflow Cases
Quantitative,  robust,  reduces Discovery  (by
LC MS/MS
isobaric interference; structural info Requires optimized untargeted high
with Chromatographic
on fatty acyl chains; sensitive for chromatography for resolution LC
Orbitrap/q  separation of
cerebrospinal  fluid(CSF)/plasma; polar glycans; some MS) and
uadrupol glycolipids; high-
suitable for both  discovery isomers need validation (by
time of resolution MS/MS for
(untargeted) and validation  derivatization or targeted SRM) of
flight structural information
(targeted selected reaction specialized columns candidate
(QTOF)
monitoring, SRM) glycolipids
Shotgun
Lipidomics Ion suppression; poor
Initial screening
(Direct Rapid, high-throughput Broad coverage; quick surveys; isomer/isobar
before LC-MS
infusion, profiling without LC minimal preparation steps separation; less
validation
Orbitrap/tr quantitative
iple-TOF)
Links molecular and anatomical Mapping
Spatial mapping of information; enables regional Lower absolute glycolipids  in
MALDI glycolipids on tissue; distribution analysis; improved quantitation than LC  brain tissue;
MSI moderate  to  high sensitivity with on-tissue MS; matrix/analyte correlating with
resolution derivatization and high resolution suppression plaques, vessels,
analyzers microinfarcts
Minimal = sample  preparation SIMS historically
Ambient ionization Subcellular
DESI MSI (DESI);  sub-micron  resolution limited mass range
(DESI); ultra-high mapping of
and SIMS (SIMS); powerful when combined and fragmentation;
resolution imaging glycolipids;
Imaging with immunohistochemistry (IHC)/  complex data
(SIMS) complementary
fluorescence analysis
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spatial
lipidomics
Discovery of

novel glycolipid

biomarkers;
Resolves gangliosides and their
detailed
Separates isomers in native complex and
Requires specialized structural
IMS MS isomeric/isobaric mixtures; improves confidence in
instrumentation assignment  of
species by shape/size structural identification; boosts
glycoforms with
discovery
or without
various
modifications
Targeted
Derivatizat ~Chemical modifications
Improves chromatographic ~ Extra sample  Quantifying
ion and (permethylation, sialic
behavior and MS sensitivity for preparation; disease-relevant
Glycan- acid methylation);
glycans; resolves isomers workflow complexity GG isomers
Specific specialized columns
Workflows
Linking  tissue
glycolipid
Quantitativ
Combines on-tissue MSI ~ Provides spatial localization and changes to
e MSI and Complex, multi-step
with  microextraction validated  concentration  data; histopathology;
LC MS workflow
and LC-MS/MS emerging gold standard anatomical and
Hybrid
quantitative
mapping

These technological advances have transformed our understanding of glycolipid biology in
dementia. MS-based studies have revealed distinct alterations in glycolipid profiles across different
dementia syndromes, some of which appear early in disease and may serve as biomarkers for
diagnosis or disease progression. In AD, MS analyses of postmortem brain tissue have consistently
reported reductions in sulfatides and alterations in GG composition, changes that correlate with
amyloid pathology and cognitive decline [51]. In FTD, lipidomic profiling by MS has uncovered
disruptions in glycosphingolipid (GSL) metabolism linked to progranulin deficiency and lysosomal
dysfunction [52]. In DLB, MS has identified shifts in GSL species associated with a-synuclein
aggregation [53], while in HD, altered GG metabolism detected by MS correlates with disease severity
and neuronal vulnerability [54]. Importantly, these findings are not limited to postmortem studies.
MS-based lipidomic profiling of CSF and plasma is able to reveal glycolipid alterations that mirror
brain pathology, offering a potential window into disease processes during life and raising the
possibility of minimally invasive biomarker assays.

Apart from classifying the changes in glycolipid expression and abundance, MS has enabled a
deeper interrogation of lipid-protein and lipid-lipid structural and functional interactions.
Techniques such as MSI allow for the spatial mapping of glycolipids within brain tissue, revealing
region-specific alterations that correspond to neuropathological lesions [55]. Stable isotope labeling
and flux analysis, when combined with MS provide insights into the dynamics of glycolipid
metabolism, uncovering alterations in biosynthetic and catabolic pathways that might not be evident
from static concentration measurements [56]. The integration of these high performance analytical
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methods with computational and systems biology approaches has opened new ways for
understanding how glycolipid dysregulation fits into the broader network of dementia pathology.
By combining lipidomic data with genomics, transcriptomics, proteomics, and metabolomics,
researchers can construct multidimensional models that capture the interaction between glycolipid
pathways, protein aggregation, mitochondrial function and immune activation. Network-based
analyses have already begun to identify central nodes in glycolipid metabolism that exert
disproportionate influence on disease trajectories, highlighting them as potential therapeutic targets.

The implications of this sustained research are highly important since, at present, GLSs are
increasingly viewed as both mechanistic drivers of neurodegeneration and promising biomarkers for
clinical application. The detection of disease-specific GSL signatures in accessible biofluids such as
CSF and plasma is of high importance for improving early diagnosis, distinguishing between
dementia subtypes, and monitoring the therapeutic response. At the same time, therapeutic strategies
aimed at modulating GSL metabolism through enzyme inhibitors, substrate reduction therapies, or
agents designed to normalize lipid-protein interactions are under investigation [57-59]. Although not
yet fully developed these approaches illustrate the potential of GSL research for advancing
translational applications.

In this review, we aim to provide a comprehensive synthesis of current knowledge on GSL
alterations in major forms of dementia, with a particular emphasis on findings derived from MS and
systems biology approaches. By examining the data across FTD, DLB, AD, PDD, HD, and the mixed
pathology, we seek to emphasize both the shared molecular perturbations that may reflect
convergent mechanisms of neurodegeneration and the disease-specific alterations that contribute to
clinical heterogeneity. By placing glycolipid research within the broader landscape of dementia
biology and by emphasizing the methodological advancements that have enabled its recent progress,
this review highlights the major importance of GSLs in the pathogenesis of neurodegenerative
disease and their potential as targets for biomarker discovery and therapeutic innovation.

2. Alzheimer's Disease (AD)

Every 20 years the number of people suffering of dementia worldwide doubles [34,60-64], with
the most prevalent form being AD. This type of dementia is encountered in 60-70% of cases [41,57,63—
69]. First described in 1906, this neurodegenerative condition which is most common in women
[41,70], develops progressively starting around age 65 [41,65], the number of cases increasing from
4.078 million in 1992, to 9.837 million in 2021 [71]. Mainly characterized by impaired cognitive
functions, AD impact the individual’s life from inability to carry out daily activities, to complete loss
of independence, through symptoms like memory decline, impaired thinking and change in behavior
[63,67,68,70,72,73].

AD prevalence increases dramatically depending on age, family history, inheritance of genetic
mutations, environmental, metabolic, energetic and vascular factors [41,65,68,74]. It can be classified
as familial/early onset and sporadic/late onset AD [34]. Although, a conclusive diagnosis of AD
requires postmortem histopathology, current clinical diagnosis relies mainly on neuropsychological
testing and neuroimaging. Macroscopically the neuronal and the synaptic loss in AD are marked by
cerebral atrophy, most pronounced in the medial temporal lobe and hippocampus, with a posterior-
anterior gradient. Structural imaging, computer tomography (CT) and magnetic resonance imaging
(MRI) reveals temporal and parietal atrophy, while functional neuroimaging, single photon emission
computer tomography (SPECT), demonstrates bilateral temporo-parietal hypoperfusion [41,75,76].
Microscopically, the hallmarks of AD are the abnormal protein aggregation within the brain, such as
AB-peptide forming senile plaques (SPs), and phosphorylated tau (p-tau) protein which appears as
neurofibrillary tangles (NFTs) and neuropil threads [57,67-69,72,73,75,77-80].

The aggregation of normally soluble, non-toxic Af3 peptide into large extracellular insoluble
toxic fibrillar deposits (rich in (-sheet structures) within the brain, ultimately forms SP [34,57],
through amyloid precursor protein (APP) sequential cleavage by 3- and y-secretases, being degraded
by a wide range of proteases [57,72,75,79]. The development of SPs is also associated with astrogliosis,
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neuroinflammation and oxidative stress [69]. The mechanisms of A{ are the following: (i)
accumulation of SP, mainly composed of fibrillar Af3 in the cerebral cortex; (ii) early onset AD
mutations within AP sequence or near single-membrane APP cleavage sites; and (iii) affection of
neuronal cells by oligomers and fibrils [34]. In addition to its toxicity, the AP aggregated and
deposited structures can also act as a potential storage site and/or producer of A3 oligomers, which
are the main synaptotoxic agents which lead to neuronal dysfunction and finally to brain tissue injury
and death, resulting the AD pathology and progression [57,81,82].

NFTs are mainly composed of paired helical filament bundles with a small fraction of single
straight filaments and appear in the cytoplasm of perinuclear cells [83,84]. The importance of NFT
density is given by its correlation with the severity of diseases [84].

Based on these findings, up to date, advanced methods such as fluoro-deoxyglucose positron
emission tomography (FDG-PET) and PET with amyloid- or tau-binding ligands are promising
diagnostic methods, but inefficient and not widely used [41,75,76]. So far, US Food and Drug
Administration (FDA) approved florbetapir, florbetaben and flutemetamol as amyloid PET ligands
and fortaucipir as tau PET ligand. Moreover, FDA and the European Medicines Agency approved
decreased AP42 and increased p-tau as CSF biomarkers. However, their use is invasive and
expensive; therefore the discovery of blood biomarkers appears as a more promising diagnostic
method. In this context, for brain amyloidosis detection, the ratio of Ap42/A[40 with apolipoprotein
E genotype from plasma, was validated. Also, C2N Diagnostic’s Precivity ADTM blood test and
Roche’s Elecsys CSF phosphor-t 181/AB42 assay received FDA approval for clinical use in AD
diagnostic [64].

Studies suggest that clinical symptoms of AD appear long after neurodegeneration, which
involve many molecular changes, which can be biochemically identified [75]. For example, AD
neurodegenation implies cell membranes breakdown [75], therefore is characterized by dysregulated
metabolism of lipids, affecting lipid rafts structure and function [29,67,69]. Many researchers studied
the involvement of various lipids in AD development and progression, revealing different alterations
in lipid classes base on disease phases [69,75]. Among the encounter classes which undergo functional
and morphological alterations are glycerolipids, glycerophospholipids, sphingolipids, cholesterol
[69,75].

For example, levels of glycerolipids such as monoacyl-, diacyl- and triacylglycerols were found
elevated in AD brains. Contradictory, the levels of glycerophospholipids were reduced. Normally,
this lipid class is critical for cell membranes, and since neuronal loss occurs in AD, the demand for
these lipids decreases. In early stage AD, their levels remain relatively stable, but as the disease
progresses, the concentration of glycerophospholipids such as phosphatidylinositol,
phosphatidylethanolamine (PE), and phosphatidylcholine (PC) decreases. As for cholesterol, it
contributes to the formation and regulation of fibrillation, transport, and elimination of A3 plaques.
Therefore, its excessive accumulation in the brain is also correlated with AD. With regard to
sphingolipids, the results vary. For example, Cer levels are high in the early stages, contributing to
neuroinflammation and cell death, and as the disease progresses, their levels decrease. Similarly,
sulfatides levels decrease as the disease develops. On the other hand, high levels of sphingomyelin
(SM) contribute to the formation of A{3 plaques, neuroinflammation, and cognitive impairment. GGs
have also proven to be valuable, a distinct alteration in their composition, characterized by reduced
levels of GM1, GD1a, GD1b and GT1b GGs, alongside increases in simpler species such as GM2, GM3
and GD3 and cholinergic neuron associated markers, like Chol-la (GQlba) and GTlaax
[29,69,76,79,85-88].

Technologies based on MS have become a popular approach for lipid analysis because of their
high detection sensitivity and structural analysis capability. In a MALDI-MSI study were revealed
significant reductions in sulfatide (SHexCer) and glycerophosphoinositol (GroPIn) species in specific
brain regions of APP/PS] transgenic mice, a model of AD, compared to age-matched wild-type (WT)
controls. The authors identified significant reductions in eight SHexCer species (SHexCer 36:1; O2,
SHexCer 38:1; O3, SHexCer 40:1; O2, SHexCer 40:1; O3, SHexCer 42:2; 02, SHexCer 42:1; O2, SHexCer

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1084.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2025 d0i:10.20944/preprints202510.1084.v1

10 of 47

42:2; O3 and SHexCer 42:1; O3) and two GroPlIn lipids (PI 36:4 and PI 38:4), particularly in brain
regions involved in learning and memory such as cerebral cortex, hippocampus and cerebellum of
APP/PS1 mice. Some lipid alterations were also observed in aged WT mice, suggesting that the
decline in SHexCers and GroPIns reflects both aging and AD-related neurodegeneration [87].
Another study where glycolipids were analyzed, using a multimodal TOF-SIMS and MALDI-MSI
approach in a transgenic mouse model (tgAPPArcSwe) was conducted by Michno et al. [79]. This
work demonstrated a global depletion of cortical sulfatides and revealed plaque-specific lipid and
isoforms of A{3 peptide. Cers, including [Cer d18:1/18:0-H]-, were found to localize within A3 plaque-
like structures, sulfatides exhibited a general depletion at plaques, most notably in long-chain species
such as [ST d18:1/24:0-H]~ and [ST d18:1/22:0-H]-, with a lesser effect observed for [ST d18:1/20:0-H].
MALDI-IMS further highlighted chemical heterogeneity among individual A3 deposits, including
altered GM1 to GM2/GM3 GG metabolism in the plaque periphery and enrichment of A{31-40 at the
plaque core. Monosialogangliosides (GMs) containing C18:0 fatty acid moieties, including GM3 and
GM2, also displayed plaque-associated localization, whereas GM1 was most prominently enriched
at the central core of A3 plaque-like structures. Moreover, arachidonic acid conjugated PI together
with their degradation products, lysophosphatidylinositols, were localized to the periphery of
plaques [79].

In order to identify lipid biomarkers associated with early onset AD, Xiao et al
[69]quantitatively analyze lipid changes in the hippocampus of APPswe/PS1dE9 (APP/PS1)
transgenic mice in comparison to WT control, via ultra-high performance LC (UHPLC) coupled to
MS/MS. Quantitative profiling revealed 43 lipid metabolites with significant alterations in the
hippocampus of 7.5-month-old APP/PS1 transgenic mice compared to control. The major lipid classes
affected were glycerolipids (36.36%), glycerophospholipids (29.55%), and sphingolipids (27.27%).
Notably, in AD brain were found elevated levels of multiple triacylglycerol (TG) species including
TG (56:4)_FA(20:4), TG (56:7)_FA(22:6), TG (54:4)_FA(20:4), TG (54:6)_FA(22:6) and TG
(44:0)_FA(18:0), indicating altered energy storage or membrane dynamics. A novel finding in this
study is the significant elevation of cholesteryl esters (CEs) CE (22:6) and CE (22:4), compounds linked
to atherosclerosis. Their accumulation could promote A{31-42 aggregation, impair its vascular
clearance, and disrupt cerebral blood flow, potentially exacerbating AD pathology. Elevated
phospholipids, such as PE (0O-16:0_22:4), PE (P-16:0_20:4), PC (18:1_16:1+AcO) and PC
(16:0_20:3+AcO), were also observed, indicating ongoing membrane remodeling processes in the
hippocampus of APP/PS1 mice. Also, elevated PCs, may serve as lipid biomarkers linked to A(3
accumulation and membrane remodeling. Conversely, significant decreases were found in
monogalactosyldiacylglycerol (MGDG) species including MGDG (16:1_18:0), MGDG (16:0_16:1) and
MGDG (14:0_16:0), which may compromise hippocampal antioxidant and anti-inflammatory
functions in AD mice, suggesting a role for MGDG in neuroprotection. The majority of
hexosylceramides (HexCers) and Cer, including HexCer (d18:0/20:0), HexCer (d18:1/16:0), Cer
(d18:1/18:1), Cer (d18:1/16:1), Cer (d18:1/24:1) were significantly downregulated. The observed
decline in HexCer, Cer and SM species supports a broader impairment of sphingolipid metabolism.
These molecules are key components of myelin sheaths and neuronal membranes. Their loss may
compromise membrane integrity, microglial phagocytic function, and overall neuronal viability,
potentially contributing to cognitive impairment in AD models [69].

Using LC-MS, lipid profiles from 107 patient’s sera, including 39 AD patients, were observed
significant differences in lipid metabolites among groups. Overall, the study identifies CE (16:3) and
GM3 (d18:1/9Z-18:1) GG as promising serum biomarkers for the early clinical prediction of AD.
Notably, levels of both metabolites showed a positive correlation with dementia severity, suggesting
their potential utility in both early diagnosis and disease monitoring [89].

Among the multitude of studies conducted to date, GGs have been shown to be some of the
most valuable lipids expressed in the AD affected brain, with their expression varying base on the
affected area. In early onset AD, marked reductions in GGs occur in gray and frontal white matter,
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whereas in sporadic AD, declines are most pronounced in the temporal cortex, hippocampus, and
frontal white matter [87].

Studies on GGs have shown that the monoclonal antibody A2B5 selectively stain neurons
undergoing neurofibrillary degeneration and neuritic processes within SP in AD, recognizing c-series
GG such as GQlc, GT3 and O-Ac-GT3, which are normally abundant in embryonic brain
development. Altered GG distribution, including the accumulation of c-series GGs (GQ1c and GP1c)
in NFT, has been observed in specific AD brain regions [90].

MALDI-MSI has been applied to examine age-dependent alterations in a-series GG in the
APP/PS] transgenic mouse model of AD. The study revealed age-related modifications in GM1 and
GD1a GGs, in both WT and transgenic mice, in white and grey matter, alongside significant increases
in GM2 and GM3 in the cortex and dentate gyrus of APP/PS1 mice at 12 and 18 months. Notably,
GM3 accumulation colocalized with A plaques and correlated with HEXA gene expression,
implicating GG degradation as a mechanism underlying its buildup [67].

A Q Exactive MS coupled with UltiMate 3000 LC system, was applied to characterize the GG
species composition in the hippocampus of APPswe/PS1dE9 transgenic mice. 48 distinct GGs were
associated with AD, including species acetylated and N-acetylgalactosaminylated. Also, di-O-Ac-
GT1a (d36:1), O-Ac-GD1b (d36:1) and O-Ac-GD1b (d36:0) were proposed as biomarkers of AD
progress, while O-Ac-GT1a (d36:2) as a non-progressive biomarker [91].

In another study, ESI-MS and MALDI-MSI were integrated to investigate GG composition and
their alterations in the mice brain tissues. The results revealed striking differences in GG distribution
between AD and control group. In particular, nearly 20 GG species were absent in the cerebellum of
AD mice, while additional reductions were observed in the right cerebral hemisphere, validated
histological by AP protein accumulation in the right cerebral hemisphere and a significant loss of
neuronal cells in the cerebellum [92].

MALDI-MSI was also employed to examine the in situ distribution of a-series GGs with distinct
sphingosine chain lengths (d18:1 vs. d20:1) in post-mortem human AD brain. This analysis revealed
a marked reduction in the GM1 d20:1 to GM1 d18:1 ratio within the molecular leyer, dentate gyrus
and entorhinal cortex of AD. Furthermore, GM3 and GM1 was found to colocalize with histologically
confirmed AP plaques, with a possible change that causes metabolism to specifically target GM3
d20:1 species in these regions [86].

A TLC Blot/MALDI-TOF-MS platform was applied to human brain tissue of AD, Parkinson’s
disease (PD) and control patients. AD brain exhibited significant reductions in GD1b and GT1b levels
compared to PD and control cases. Molecular profiling further revealed higher levels of GG
containing d18:1 ceramide in AD, compared to PD and control which expressed higher levels of d20:1
[93].

Caughlin et al. [94] used MALDI-MSI to characterize age and region specific GG alterations in
WT and APP21 transgenic Fischer rats at birth, 3, 12 and 20 months. Compared to WT rats, APP21
animals showed a pathological shift toward elevated simple GGs and reduced complex GGs. This
imbalance was particularly evident in white matter, which displayed a marked age-dependent
decline of GD1 (d18:1) species, while d20:1 species were maintained or increased, resulting in the
elevated d20:1/d18:1 ratio observed in aging and AD. Importantly, this ratio was clarified to be driven
mainly by a loss of d18:1 rather than expansion of d20:1 form. GM1 levels increased with age in both
genotypes, reflecting its role in neuroprotection, although APP21 rats exhibited a more pronounced
depletion at 12 months. GM2 levels were modestly but consistently higher in APP21 rats, especially
for d20:1 species, while GM3 was significantly elevated across multiple brain regions and from early
life onward. GM3 d18:1 was enriched in medial and periventricular structures, and both d18:1 and
d20:1 species showed stronger age- and region-dependent increases in APP21 rats, aligning with its
known capacity to seed A fibrils and promote neurodegeneration [94].

High spatial-resolution MALDI-MSI (10 pum/pixel) has been employed to investigate GG
distributions within A plaques in hippocampal and adjacent cortical regions of 12-month-old
5xFAD mouse brains. The analysis revealed brain region and long chain base (LCB) specific
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accumulations of GMs in hippocampal and cortical plaques. Distinct distributions of C18:1- and
C20:1-LCB containing GMs were discoverd, with C18:1 species enriched in the subgranular zone of
the dentate gyrus and C20:1 species localized to the molecular layer along the entorhinal
hippocampal pathway. Also, the analysis demonstrated colocalized deposition of GM3 (d18:1/18:0),
GM2 (d18:1/18:0), and GM1 (d18:1/18:0), with AP peptides (A1-42 and A[31-40) in the subiculum, a
region characterized by abundant Af3 [95].

Recent advances have combined small molecule MSI with MALDI-IHC to map GGs, A
peptides, and microglia in AP plaques of APP/PS1 mice at 5 um spatial resolution. As revealed, GM1,
GD1, and GT1 were observed as the most abundant GGs. GM3 (36:1);02 and GT1 (36:1);02 species
were the most and least A plaque discriminative species, GM3 (36:1);02 having a distinct location
in AP plaques, while GT1 (36:1);02 being ubiquitous through the brain. Also, GM3 (36:1);02 and
GM2 (36:1);02 were postulated as plaque-defining GGs. Notably, GG distributions varied by plaque
location, with GD3 and GD2 enriched in hippocampal plaques and alternative-chain GGs such as
GM3 (38:1);02 more prominent in cortical plaques. Furthermore, GM3 (36:1);02 and GM2 (36:1);02
showed nearly identical distributions within plaques, but different relative abundances [96].

In a combined rat model of A{ toxicity and ischemic stroke, Caughlin et al. [97] used MALDI-
MSI to investigate how brain a-series GGs respond to dual injury. Rats were assigned to stroke alone,
AP alone and combined stroke plus A{ groups, and GG profiles were tracked over time. GM3
expression increases were restricted to the combined Af/stroke group at 3 days, while by day 21
elevated GM3 was evident in both stroke alone and combined group. Histological markers of
neurodegeneration corresponded with regions of GM3 accumulation, confirming its association with
degenerating cells. Both GM2 d18:1 and d20:1 species were elevated in the combined group at 3 days,
while only the d20:1 species rose significantly in stroke alone. By 21 days, GM2 levels returned to
baseline in stroke alone but remained elevated in the combined group, particularly for d20:1. GM1
d18:1 expression showed increases, only in the combined group, at 3 days, while GM1 d20:1 showed
increases, also only in the combined group, but both at 3 and 21 days. GD1a responses were more
complex, showing sodium adduct forms increased in the combined group at 3 days, which decreased
to normal level at 21 days, being no differences between the groups. Whereas, potassium adduct
forms decreased in stroke alone group, at 3 days, but normalized over time [97].

Using high-resolution MALDI-MS], a group of researchers mapped the spatial distribution of
GM1 molecular species in the hippocampus and identified region-specific alterations in AD. Notably,
the normal localization of GM1 (d20:1/C18:0) at the edge of the dentate gyrus was lost in AD,
indicating a selective vulnerability of this compartment. Also, regarding the ratio of GM1
(d20:1/C18:0) to GM1 (d18:1/C18:0) was significantly reduced in the outer molecular layer of the
dentate gyrus in AD brains, while no differences were detected in other hippocampal subregions or
in total hippocampal lipid content [73].

Neuronal degeneration in AD has also been linked to the presence of anti-GG antibodies in
patient sera. In this context, using enzyme-linked immunosorbent assay and high performance TLC
immunostaining, sera from individuals with AD, vascular dementia (VD) and age-matched controls
were analyzed for anti-GSL antibodies. Patients with AD and VD showed significantly higher titers
of anti-GSL antibodies, particularly of the IgM type, including antibodies against GM1, GD1b, GT1b,
GQ1b, and notably GQlba (Chol-1a, a cholinergic-specific GG expressed in the cortex and
hippocampus). While natural autoantibodies to brain GGs were present in all groups, demented
patients showed substantially higher reactivity, especially to GM1 and GQ1ba. These two antibodies
may contribute to neurodegeneration by disrupting cholinergic synaptic function, particularly in
regions vulnerable to AD. Interestingly, IgG type antibodies, GT1b, GQ1b and GQ1ba were elevated
in AD patients, especially anti-GT1b. Overall, the findings suggest that elevated anti-GSL antibody
titers, especially against cholinergic-specific GGs, may serve as early immunological markers of
neurodegeneration and aid in the differential diagnosis of dementia [70].

Several studies analyzed the role of GM1 in AD. Researchers demonstrate that higher levels of
GML1 are associated to AD since this GG specie is capable of inducing conformational alterations in
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y-secretase, enhancing A3 production and SP accumulation, leading to aggravation of cognitive
impairment [72]. A can bound to GM1 GG, resulting GA[3, which leads to AP aggregation, GM1
enhancing the A incorporation into the lipid membrane [81]. Studies have shown that cholesterol
facilitates this interaction. In order to elucidate this mechanism, Fantini et al. [98] employed a
combination of physicochemical analyses and molecular modeling. To isolate the specific influence
of cholesterol on GM1, they used a minimal AB5-16 peptide, which retains the GM1-binding domain
but lacks residues involved in cholesterol recognition. Thus, they demonstrated that cholesterol
significantly accelerates A35-16 binding to GM1. Molecular dynamics simulations revealed that this
effect is mediated by a cholesterol-induced hydrogen bond between its hydroxyl group and the
glycosidic linkage of GM1. These findings provide an insight into how cholesterol-rich lipid rafts
promote AB-membrane interactions in AD pathology [98].

Also, Yahi and Fantini [99] presented how two major amyloid proteins, Af3 (in AD) and a-
synuclein (in PD), recognize specific GG species by means of a common structural motif. They
showed that although A and a-synuclein differ in sequence, both use short loop-shaped 12-residue
segments (positions 5-16 in A3 and 34-45 in a-synuclein) to interact with cell-surface GGs, A3 binding
preferentially to GM1 and a-synuclein to GM3. Introducing two histidine residues (His-13 and His-
14) from AP into the a-synuclein, the authors engineered a chimeric a-synucleyn/Af peptide that
retains GM3 binding while gaining GM1 affinity, effectively combining the binding profiles of both
parent proteins. Molecular dynamics modeling revealed selective recognition of GM1-cholesterol
complexes typical of lipid rafts. The peptide also bound multiple brain GGs, but not neutral
glycolipids, inhibited A{31-42 binding to neural cells, and showed no cytotoxicity. These findings led
to the design of a minimal, non-toxic, GG-binding peptide with potential therapeutic relevance in
neurodegenerative disease [99].

Consequently, alterations in lipid metabolism are increasingly recognized as key contributors
to AD pathogenesis. Emerging evidence across multiple studies highlights that specific lipid changes,
detected in tissue, blood, plasma, serum and CSF may serve as promising clinical biomarkers for the
early detection and monitoring of AD. These findings underscore the potential of lipidomic profiling
as a non-invasive approach to support timely diagnosis and therapeutic intervention.

3. Lewy body Dementia (LBD)

LBD represents an umbrella term that includes both dementia with Lewy bodies (DLB), and
Parkinson’s disease dementia (PDD). LBD is recognized as the second most widespread form of
degenerative dementia in older people after AD [100].

3.1. Dementia with Lewy Bodies (DLB)

DLB is a progressive neurodegenerative disorder characterized by a combination of cognitive
decline, parkinsonism, fluctuations in attention, visual hallucinations, rapid eye movement sleep
behavior disorder, and other neuropsychiatric symptoms. Among all dementia cases, DLB account
for about 20% of all cases [101].

Neuropathologically, DLB is characteried by abnormal accumulation of misfolded a-synuclein
in neuronal inclusions termed Lewy bodies and Lewy neuritis [102]. This aggregation disrupts
synaptic and neuronal function, impairs cholinergic and dopaminergic neurotransmission, and leads
to widespread neurodegeneration involving cortical, limbic, basal ganglia, brainstem, olfactory, and
autonomic pathways, contributing to clinical heterogeneity.

Although a-synuclein is widely abundant in the healthy brain—particularly at presynaptic
terminals—its physiological role remains incompletely understood. In DLB, this abnormal
aggregation disrupts synaptic and neuronal function, leading to widespread network dysfunction,
including problems with thinking, movement, behavior, mood, and other body functions.

Currently, DLB diagnosis is primarily clinical due to the absence of a single accurate biomarker
for DLB during life. Given the similarity of the symptoms within DLB, AD and PDD
neuropsychological examinations, along with various blood tests are used to rely differential
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diagnosis. Supporting investigations include neuropsychological assessment and neuroimaging
[20,103]. While CT and MRI may show relative preservation of medial temporal structures [104],
FDG-PET can detect reduced occipital activity and/or the cingulate island sign, and dopaminergic
imaging (DAT-SPECT/PET) typically demonstrates reduced striatal uptake. Amyloid and tau PET
scans frequently reveal coexisting AD pathology, which is frequent in DLB, complicating therefore
biomarker interpretation [105,106]. Despite these advances, definitive diagnosis remains possible
only postmortem, underscoring the need for safe, non-invasive biomarkers for early and accurate
differentiation of DLB from AD, which is essential for targeted management.

DLB remains underdiagnosed, with more than half of cases missed [107]. Disease progression
typically spans five to seven years after diagnosis, although survival ranges widely, from two to 20
years, depending on age, comorbidities, and the rate of symptom progression [20,104]. Currently,
there is no cure, but ongoing research continues to improve understanding, aiming to enable
better/earlier diagnosis, enhanced care, and the development of new therapies.

Current biomarker research in DLB has focused on a-synuclein, the pathological characteristic
of the disease, complementing AD-specific markers such as Ap and tau. Earlier studies on serum a-
synuclein showed potential for distinguishing DLB from AD and controls, but results seemed to be
inconsistent, especially in PD cohorts. More recent analyses reported lower plasma a-synuclein levels
in DLB and PDD compared with AD and controls; however, modest diagnostic performance
(sensitivity ~58%, specificity ~85%) indicates that blood-based assays remain exploratory [108].
Similarly, conventional CSF a-synuclein quantification yielded inconsistent results (increased,
decreased or unchanged in DLB) [109], likely due to contamination, methodological differences in
CSF collection, processing and analysis, and frequent AD co-pathology [110]. A major advancement
has been the development of real-time quaking-induced conversion assays, which amplify misfolded
a-synuclein aggregates in CSF and have demonstrated high diagnostic accuracy, including effective
discrimination of DLB from AD in both neuropathologically confirmed and clinical cohorts. Other
investigational approaches include peripheral tissue assays (e.g., skin, gut biopsies) [111,112] and
advanced imaging approaches [20,113].

Beyond a-synuclein, several CSF or plasma biomarkers have been evaluated for their potential
to differentiate DLB from AD or PDD, including tau and p-tau [114,115], A (AB42, A{342/40 ratio)
[114,116], andneurofilament light chain(NfL) [117]. Additional candidates such as amino acids,
neuropeptides [109], neurotransmitter metabolites [118], and even altered calcium and magnesium
concentrations, have also been proposed as supportive markers. However, none has yet achieved
sufficient specificity or robustness for routine clinical use.

An emerging and increasingly promising research direction involves MS characterization of
lipid and glycolipid alterations in neurodegeneration. In AD, machine-learning approaches have
already been applied to CSF [119] and plasma analytes [120], demonstrating utility in diagnostic
prediction. In contrast, the application of machine learning (ML) to DLB has only recently begun to
be explored.

Shen et al. [53] conducted the first comprehensive plasma lipidomic analysis of DLB, aiming to
identify lipid signatures capable of discriminating DLB from healthy controlsand AD. Using UPLC-
MS combined with machine-learning algorithms, the authors reported distinct alterations in lipid
metabolism in DLB. Most notably, sphingolipid classes —including sphingoid bases, ceramides, and
monohexosylceramides (Hex1Cers) —were differentially expressed in DLB compared to both healthy
controls and AD. Several Hex1Cer species (e.g., Hex1Cer(d18:1_24:0), Hex1Cer(d18:1_23:0))
contributed to a 13-molecule classification panel that effectively distinguished DLB from AD, with
models demonstrating high predictive accuracy. Across analyses, ceramides, sphingosines, PE and
PC emerged as the most consistently dysregulated lipid classes in DLB. These findings demonstrate
that plasma lipidomic profiling, combined with machine learning has strong potential as a non-
invasive diagnostic tool able to effectively discriminate DLB from AD and healthy controls.
Moreover, the results suggest that disruptions in sphingolipid signaling and membrane phospholipid
remodeling may contribute to the pathophysiology of DLB [53].
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Earlier investigations, such as Savica et al. [121], have assessed plasma sphingolipids in
individual with autopsy-confirmed DLB and AD. Using ESI-MS, the authors quantified various
sphingolipid species, including ceramides, sphinganine, sphingosine, sphingosine-1-phosphate,
Hex1Cers, and free fatty acids in plasma collected approximately two years prior to death. They
observed that plasma ceramides (C16:0, C18:1, C20:0, C24:1) and monohexosylceramides (C18:1,
C24:1) were elevated in both AD and LB pathology groups compared with controls, but no
considerable differences were detected between the AD and LB cohorts. Such findings suggest that
sphingolipid changes are not sufficiently disease-specific to serve as plasma biomarkers for
differentiating DLB from AD, although their alterations are indeed a feature of neurodegenerative
dementias [121].

While plasma lipidomics captures broader DLB-associated dysregulation, supporting its
potential as a source of clinically useful biomarkers for DLB, CSF instead reveal more subtle, disease-
specific changes. Such an observation it belong to Lerche et al. [122], who investigated five key CSF
d18:1 sphingolipid species—Cer(d18:1/18:0), GlcCer(d18:1/18:0), SM(d18:1/18:0), GlcSph(d18:1), and
GalSph(d18:1)—in PD and DLB participants, with and without heterozygous GBA1 variants [122].
Using LC-MS/MS in positive multiple reaction monitoring mode, they observed
lowergalactosylsphingosine (GalSph) and Cer levels in DLB compared with PD or controls. However,
no significant differences in glucosylceramides (GlcCer) or GlcSph (glucosylsphingosine) were
identified in heterozygous GBA1l carriers and wild-type participants, which indicates that
heterozygous GBA1 variants do not substantially alter CSF d18:1 sphingolipid profiles.

Although the full potential of mass spectrometry-based GSL profiling in DLB remains
underexplored, existing published studies illustrate its value in uncovering subtle disease-specific
lipid alterations, and its promise as a non-invasive approach for differential diagnosis and
pathophysiological understanding.

2.2. Parkinson’s Disease Dementia (PDD)

PD and HD are distinct conditions with different causes, pathologies, and clinical features.
Identifying molecular biomarkers is essential for early diagnosis, disease monitoring, and treatment
evaluation. MS, based approaches in proteomics, metabolomics, and lipidomics provide sensitive
and specific tools for biomarker discovery and validation for PD.

PD is the second most common neurodegenerative disorder after AD. It is characterized
clinically by motor symptoms like as bradykinesia, resting tremor, rigidity, postural instability as
well as non-motor features e.g. autonomic dysfunction, sleep disorders, neuropsychiatric symptoms.
Pathologically, the features include loss of dopaminergic neurons in the substantia nigra pars
compacta and intracellular aggregation of a-synuclein, Lewy bodies. PD belongs to the family of a-
synucleinopathies [123-125].

Because clinical diagnosis often occurs after significant neuronal loss, there is a pressing need
for sensitive biomarkers that can detect PD at earlier preclinical or prodromal stages, stratify
subtypes, monitor progression, or assess pharmacodynamic effects of therapies [126].

PDD is one of the most disabling non-motor complications of PD, affecting about 70% of
patients in advanced stages. It is characterized by progressive decline across multiple cognitive
domains: attention, executive function, visuospatial abilities, and later memory, which significantly
reduces autonomy and quality of life [127,128].

Clinically, PDD is characterized by deficits in executive function, attention, visuospatial
abilities, and later memory, as formalized in consensus diagnostic criteria [129].

Since the 1990s, Lewy bodies, the pathological hallmark of PD, have also served as the defining
neuropathological substrate for a spectrum of related disorders, encompassing typical PD without
dementia, PDD, and DLB. Consensus criteria established an important distinction between PDD and
DLB based on the temporal sequence of symptom onset: DLB is diagnosed when dementia precedes
or occurs concurrently when dementia is present prior to or alongside the motor symptoms of PD, in
contrast to PDD, where dementia is diagnosed only if it appears more than one year later [130].
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Dementia must be distinguished from DLB, although both share overlapping a-synuclein
pathology and cortical involvement. Importantly, the development of dementia in PD is associated
with faster progression, greater caregiver burden, and increased mortality [131].

High-throughput proteomics has already demonstrated that post-translational modifications
(PTMs) of key neurodegenerative proteins such as tau, a-synuclein, Ap, and TDP-43 can serve as
disease-associated molecular signatures detectable by MS in both brain tissue and biofluids. Several
phosphorylated, acetylated ubiquitinated, methylated, or truncated tau peptides have been reported
in AD and corticobasal degeneration, and phosphorylated or C-terminal truncated tau species are
also detectable in CSF and serum [132,133]. For a-synuclein, phosphorylated, ubiquitinated, and
truncated proteoforms have been identified in brain tissue and biofluids of patients with DLB or PD
[134]. In contrast, truncated forms of TDP-43 have been mainly studied in amyotrophic lateral
sclerosis brain tissue [135], while A PTMs have been primarily investigated in AD CSF [136]. These
findings highlight the capacity of MS not only to capture global proteomic changes but also to resolve
subtle proteoform diversity linked to disease mechanisms. However, despite these advances, PTM-
based biomarker research has concentrated mainly on AD and DLB, with relatively limited
exploration in PDD and Huntington’s disease dementia (HDD). This gap underscores the importance
of extending MS-based biomarker discovery beyond classical protein targets toward lipidomic and
glycolipidomic approaches, which may reveal complementary molecular mechanisms underlying
cognitive decline.

In recent years, GSL metabolism has emerged as a promising area of biomarker research for
PDD. Using targeted LC-MS/MS, found that plasma Cer and GlcCer levels were elevated in sporadic
PD and that higher concentrations correlated with poorer cognitive performance [137,138]. Xing et
al. [138]investigated the relationship between plasma ceramides and cognitive as well as
neuropsychiatric manifestations in PDD using a validated HPLC-MS/MS platform. Using this
rigorous analytical framework, the authors showed that although overall cognitive performance did
not associate with Cer levels, specific glycoforms displayed strong negative correlations with verbal
memory, in particular, C24:1 with immediate and delayed recall, and C14:0 with delayed recall and
recognition.

In addition, certain ceramides correlated positively with neuropsychiatric manifestations: C22:0
with hallucinations, C20:0 with anxiety, and C18:0 with sleep behavior disturbances. These
associations remained significant after controlling for relevant confounders, reinforcing the potential
role of plasma Cers as biomarkers for domain-specific cognitive decline and neuropsychiatric
symptoms in PDD.

High-resolution lipidomics has emerged as a powerful tool for the discovery of new insights
into the transition from PD to dementia. Using serum samples analyzed by LC- QTOF-MS with both
positive and negative ESI modes, Zardini Buzatto et al. [131] applied a high-sensitivity lipidomics
workflow to assess whether baseline lipid profiles could predict cognitive outcomes over a 3-year
follow-up. The authors reported that while thousands of lipid features were detected and classified
into 36 subclasses, a focused set of lipid alterations distinguished PD patients, who remained
cognitively stable, PD with no diagnosis of dementia, from those who later developed dementia, PD
with incipient dementia. In particular, 24 ceramides, 24 diacylglycerols, and 17 triacylglycerols were
increased in PDID, whereas 16 PCs, 14 bis(monoacyl)glycerophosphates, and 14 phosphatidylserines
(PSs) were decreased. Multivariate models (PLS-DA, OPLS-DA, Random Forest) achieved excellent
discrimination, and a five-lipid biomarker panel yielded an area under the curve (AUC) of 0.993 with
95% sensitivity and 100% specificity in training, and >95% accuracy in validation. These results
indicate that serum lipidomic signatures measured years before diagnosis can robustly predict
incipient dementia in PD, highlighting the promise MS based lipid panels for early risk stratification
[131].

An important observation is that different Cer species appear to correlate with distinct cognitive
and neuropsychiatric domains in PDD. For example, C24:1 and C14:0 are mainly associated with
deficits in verbal memory, whereas C22:0 and C20:0 have been linked with hallucinations and anxiety
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[138]. This domain-specific relationship suggests that plasma Cers may not only serve as global
markers of neurodegeneration but also as indicators of selective circuit dysfunction, which could
inform precision approaches to diagnosis and treatment.

These molecular insights can be further expanded through artificial intelligence (AI) and ML,
which are increasingly applied to PD to enhance diagnostic precision and predict cognitive outcomes.
When combined with MS, based lipidomics, these approaches have shown particular promise for
biomarker discovery and clinical prediction. Evidence from LC-MS serum lipidomics integrated with
ML demonstrated that complex lipid panels can anticipate both motor and non-motor trajectories up
to two years in advance, highlighting the prognostic potential of lipidomic signatures in PD [139]. In
a complementary analysis, untargeted LC-MS lipidomics coupled with ML algorithms identified
lipid signatures associated with clinical severity, further supporting the value of computational
methods in biomarker research [140]. Collectively, these studies emphasize the potential of
integrating MS-based lipidomics with Al-driven analytics to capture complex biomarker patterns
linked to cognitive decline and dementia in PD, complementing proteomic and clinical approaches.

In PDD, MS-based sphingolipidomics has provided compelling evidence that specific Cer
species and broader lipidomic signatures are closely associated with cognitive domains and
neuropsychiatric symptoms [131,138]. Studies using LC-MS/MS and LC-QTOF-MS have shown that
elevated plasma Cer forms such as C24:1 and C14:0 correlate with verbal memory impairment, while
C22:0 and C20:0 are linked with hallucinations and anxiety [138]. Furthermore, longitudinal
lipidomic analyses demonstrated that baseline lipid profiles can predict the transition to dementia,
offering >95% accuracy in distinguishing patients at risk of cognitive decline [131]. These findings
highlight GSL metabolism as a promising biomarker domain, complementing protein-based markers
such as a-synuclein and NfL, and emphasize the translational potential of MS lipidomics for early
stratification and therapeutic monitoring in PDD. More recently, the integration of lipidomics with
artificial intelligence and machine learning has shown additional prognostic value, with machine-
learning models applied to LC-MS data predicting motor and non-motor trajectories up to two years
ahead and identifying lipid signatures correlated with disease severity [139,140].

4. Frontotemporal Dementia (FTD)

FTD, historically referred to as Pick’s disease, comprises a heterogeneous group of non-
Alzheimer’s neurodegenerative dementias. Clinically, FTD comprises three major syndromes:
behavioural variant FTD (bvFTD)—the most frequent type— progressive non-fluent aphasia, and
semantic dementia. FTD is characterized by progressive deficits in behavior, language, and cognition,
typically associated with atrophy of the frontal and temporal lobes [141,142]. Epidemiologically, FTD
represents the third most common neurodegenerative dementia after AD and DLB [143], and is the
second leading cause of dementia in individuals younger than 65 years of age [143].

A recent systematic review and meta-analysis reported a pooled incidence of 2.28 per 100,000
person-years and a prevalence of 9.17 per 100,000 [144]. However, these estimates are likely
underestimated due to underdiagnosis and frequent misclassification —about 70% of patients are
initially misdiagnosed [145]. While most FTD cases are sporadic, genetics contributions are
significant: up to 30-40% of patients have a strong familial history [146,147] and about 15% exhibit an
autosomal dominant inheritance pattern [147]. Recent advances in genetics have identified mutations
in the C9orf72 [148,149], progranulin (GRN) [146], and tau [150] genes as contributors to DLB, with
GRN mutations being the most frequently detected among them [13,147].

The clinical management of FTD focuses on two main objectives: (i) the development of new
therapeutic strategies to prevent and/or reduce frontotemporal atrophy, and (ii) the identification of
reliable fluid biomarkers to support diagnosis during lifetime and track progression. Definitive
diagnosis remains challenging, as no single test exists. Therefore, clinical assessment typically
involves a combination of neuropsychiatric evaluation to observe signs of slowly progressive
dementia, blood or CSF laboratory testing [151,152] and neuroimaging techniques, such as MRI, CT,
or PET, which revealed numerous biomarkers and helped clinicians in improving diagnostic
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accuracy. However, because brain atrophy in the early stages of the disease lacks in characteristic
features, an average delay of about three years from symptom onset and the initial evaluation and
diagnosis, longer than in other dementias, is reported [153,154]. Consequently, the current research
direction, according to the growing literature in recent years, is the identification of fluid biomarkers
capable of (i) differentiating FTD from other primary psychiatric or neurodegenerative disorders; (ii)
monitoring disease progression and astrogliosis in FTD; (iii) distinguishing FTD subtypes and (iv)
guiding therapeutic decisions.

Both blood and CSF represent a rich source of potential biomarkers, and researchers have
employed a wide range of modern techniques to investigate changes of blood-based protein
biomarker levels for FTD diagnosis, some of them more promising than others [155-158]. For
instance, reduced progranulin (PGRN) levels are particularly relevant in FTD cases associated with
GRN gene mutations [159], while elevated NfL levels can be correlated with disease severity,
cognitive decline, brain atrophy, and help to differentiate FTD from AD [159,160]. In contrast, plasma
phosphorylated tau (p-tau), particularly p-taul81 [157], and glial fibrillary acidic protein, indicative
of astrocytosis, tend to be higher in AD compared to FTD [157], making them less useful as FTD-
specific markers.

Beyond proteins, growing attention has turned to lipids—particularly GSLs-as promising
biomarkers and mechanistic drivers of disease. GSLs such as GGs and HexCer (e.g. GlcCer and
galactosylceramides, GalCer), play fundamental roles in synaptic stability, axonal function, and the
maintenance of myelin integrity. Therefore, disruption of their metabolism has been consistently
implicated in FTD pathogenesis [32,161,162], reflecting key disease mechanisms including lysosomal
dysfunction, myelin breakdown, and impaired neuronal and glial lipid homeostasis.

Highly expressed in CNS, GGs are involved not just in physiological functions of the brain,
playing essential roles in neuronal function, synaptic transmission, and cell signaling [163-168], but
their dysregulation has been implicated in various diseases, such as including cancer [169-175], AD
[34,91,176-178], and various lysosomal storage disorders [179,180]. Given the structural complexity
of GGs and disease-specific alterations, detailed compositional and structural elucidation constitutes
a fundamental requirement to understand their role in disease and to identify specific molecular
species that may serve as biomarkers.

In this context, MS has become the method of choice for GSL analysis, due to its sensitivity,
specificity and ability to provide structural and functional information. MS enables the detection and
detailed characterization of individual GG species in complex biological mixtures, including those
undetectable so far by any other method. More importantly, MS-based lipidomics has facilitated the
exploration of region-specific expression in the brain and has extended detection to peripheral fluids
such as CSF and plasma, thus directly supporting their application as minimally invasive biomarkers
in FTD and related neurodegenerative disorders.

Recent lipidomics studies highlight diverse but converging mechanisms of lipid dysregulation
in FTD, spanning both genetic and sporadic forms. In 2022, Boland et al. [181] demonstrated that
GRN haploinsufficiency disrupt lysosomal homeostasis, leading reduced
bis(monoacylglycero)phosphate (BMP) levels, and subsequent GG accumulation in human cells,
murine brains, and in human frontal and occipital lobes [181]. Using MS-based lipidomics, Boland et
al.[181] demonstrated that gangliosides such as GM1, GD3, and GD1 accumulate in GRN-associated
FTD-TDP. Importantly, this was not due to impaired lysosomal enzyme activity, but to reduced BMP
levels resulting from progranulin deficiency. While certain species were also elevated in sporadic
FTD-TDP, GT1 was selectively reduced in GRN-FTD, highlighting both shared and mutation-specific
lipid alterations. More importantly, functional experiments showed that exogenous BMP
supplementation in PGRN-knockout cells normalized GM2 levels to those in control cells, suggesting
therefore that PGRN in lysosomes helps maintain the BMP levels needed to prevent GGs from
accumulating in brain cells — buildup that may contribute to FTD [181].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1084.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2025 d0i:10.20944/preprints202510.1084.v1

19 of 47

Complementary studies on patients have reported increased concentrations of specific GGs,
such as GT1a and/or GD2, in Pick’s disease brains, indicating impaired degradation and clearance of
GSLs [182]. Together, these findings highlight the central role of GG metabolism in FTD pathogenesis.

Expanding this theme, Kim et al. [183] used untargeted plasma lipidomics (LC-MS/MS) to
investigate bvFTD, the most common clinical phenotype. They reported a widespread alteration in
circulating lipid species, including increased TG and decreased PS and phosphatidylglycerol,
consistent with hypertriglyceridemia and hypoalphalipoproteinemia in bvFTD. In contrast,
monoglycerides, major sphingolipid subclasses, and sterols showed no significant changes.
Noticeably, plant-derived lipids, such as monogalactosyldiacylglycerol and sitosteryl ester, were
decresed in bvFID, potentially reflecting altered dietary intake or altered absorption/metabolism
related to eating behavior in bvFID. Furthermore, specific individual lipid species —TG
(16:0/16:0/16:0), diglyceride DG (18:1/22:0), PC (32:0), PS (41:5), and SM (36:4) — were identified and
proposed by the authors as potential peripheral biomarkers, able to discriminated bvFTD from AD
and healthy controls [183].

Given earlier evidence that GRN mutations interrupt lysosomal lipid catabolism, Marian et al.
[184] further investigated lipid metabolism in FTD-GRN and FTD-C9orf72 subtypes, the most
common genetic causes of FTD with TDP-43 pathology, using postmortem frontal (heavily-affected)
and parietal (less-affected) brain regions. Their comprehensive lipidomics analyses by LC-MS/MS,
enzyme activity assays (e.g. galactocerebrosidase), and Western blotting of myelin proteins complex
assay revealed that both subtypes present abnormalities in myelin lipid metabolism. However, GRN
carriers show more severe pathology, characterized by pronounced sphingolipid and myelin protein
loss, along with a large accumulation of cholesterol esters in white matter and elevated acylcarnitines
in frontal grey matter. These lipid disturbances observed in FTD-GRN are consistent with both myelin
breakdown and altered fatty acid metabolism. Interestingly, both subtypes had increased markers of
lysosomal and phagocytic activity, implicating microglial involvement in lipid/myelin clearance,
while galactocerebrosidase activity — the enzyme responsible for GalCer and sulfatide catabolism —
was selectively increased in FTD-GRN but not in C90rf72 cases [184]. Overall, their findings indicate
a more severe disruption of myelin lipid homeostasis in FTD-GRN carriers compared with FTD-
C90rf72, consistent with MRI evidence of pronounced white matter changes in FTD-GRN.

Extending these tissue-based findings to a peripheral biomarker context, Marian et al. [162]
further demonstrated that plasma myelin-enriched glycolipids, particularly especially HexCer, are
significantly reduced in familial bvFTD. By combining MRI-derived fiber tract density and cross-
section with LC-MS lipidomics, the authors observed that very long-chain HexCer (C20-C24),
especially C22:0 GlcCer and GalCer, are reduced in bvFTD and inversely correlated with disease
duration. Notably, C22:0 GlcCer showed a stronger correlation with MRI-derived measures of white
matter damage than C22:0 GalCer, suggesting that the reduced GSL levels in bvFTD reflect changes
to peripheral lipid metabolism rather than direct demyelination, despite GalCer abundance in
myelin. Importantly, plasma HexCer reductions appear specific to FID, since no changes were
observed in AD or multiple sclerosis. Overall, lower HexCer levels were correlated with frontal and
temporal white matter integrity loss, longer disease duration, and cognitive decline, supporting
therefore their potential as accessible blood biomarkers of neurodegeneration and disease severity in
bvFTD.

At the molecular mechanistic level, Arrant et al. [185] investigated the effects of PGRN
deficiency on [-glucocerebrosidase (GCase) activity and maturation in FTD-GRN brains. Their
comprehensive assay, combining fluorogenic enzyme activity assays, Western blotting, IHC and
HPLC-MS on inferior frontal gyrus tissue from postmortem FTD-GRN brain revealed reduced levels
of the mature GCase protein, accumulation of improperly glycosylated and insoluble forms, and
significantly diminished GCase activity in FTD-GRN brains. However, no evident accumulation of
GCase substrates (GlcCer and GlcSph) was observed in the investigated brain regions. These
enzymatic deficits, reversed by PGRN restoration in mouse models, emphasize a direct enzymatic
deficit linking GRN mutations to impaired lysosomal sphingolipid catabolism. In the broader context,
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alongside the reported GG accumulation [181], myelin lipid loss in brain tissue [184], and plasma
GSL reductions correlated with white matter damage [162], these findings [185] not only complement
lipidomic studies by revealing the enzyme-level defects that drive the lipid composition alterations,
but more importantly, establish a coherent picture in which GRN mutations disrupt lysosomal
function, thereby driving both central lipid pathology and peripheral biomarker changes. Altogether,
these insights explain why lipid pathology differs across brain and plasma and why is more severe
in FTD-GRN than in FTD-C9rf72 and underscore lysosomal enzymes as both mechanistic drivers
and potential therapeutic targets.

Adding further complexity, He et al. [186] extended lipidomic profiling to very long-chain fatty
acid (VLCFA)-containing lipids, which, though relatively rare, have essential biological functions
and whose accumulation is cytotoxic. Using discovery LC/MS in post-mortem frontal cortex tissue,
He et al. [186] demonstrated that various phospholipid VLCFA species —particularly PC (30:5/18:1),
PE (33:4/20:4) and PE (33:4/22:6) —are considerably elevated in FTD brains compared to controls,
showing strong correlations with expression of the VLCFA-synthesizing enzyme ELOVL4. However,
GlcCer were not significantly altered, suggesting that VLCFA- phospholipids, rather than containing
VLCFA- glycolipids, are more directly implicated in the lipidomic signature associated with FTD
[186].

Taken together, these convergent findings delineate that lipid dysregulation in FTD is
multifaceted, spanning GG accumulation, sphingolipid and myelin lipid loss, lysosomal enzyme
dysfunction, and VLCFA-containing phospholipid elevations. Importantly, both central (brain tissue)
and peripheral (plasma) lipid changes show potential as diagnostic and prognostic biomarkers, while
offering mechanistic insights into disease pathogenesis and therapeutic targets.

5. Huntington's Diseases (HD)

HD is a monogenic, autosomal dominant neurodegenerative disorder caused by expansion of a
CAG (Cytosine-Adenine—Guanine) trinucleotide repeat in the HTT gene on chromosome 4, leading
to an expanded polyglutamine tract in the HTT protein. Clinically, HD presents with a combination
of movement disorders (chorea, dystonia, motor impairment), cognitive decline, and
psychiatric/behavioral symptoms. Onset typically occurs in mid-adult life, though there is a
prodromal phase [187].

Because the genetic mutation is known, HD offers a unique opportunity to study the early period
before symptom onset. Biomarkers that reflect early molecular changes, disease burden, or response
to therapies are actively sought [188].

Dementia is a defining outcome of HD, often developing years after subtle executive and
memory deficits appear [189]; HD patients typically show a subcortical cognitive profile,
characterized by attention deficits, cognitive slowing, impaired planning and problem solving, as
well as visuoperceptual and constructional difficulties [190]. Deficits in psychomotor speed, attention,
executive functions, and visuospatial abilities are consistently reported, and these impairments
correlate with both functional decline and eventual dementia [189,191].

Untargeted UHPLC-MS/MS to plasma and CSF has identified broad lipidomic changes in HD
biofluids [192,193], detecting alterations Cers, HexCers, SMs, diacylgly-cerols, and PCs. Importantly,
these lipid classes correlated with cognitive scores from the Stroop and Verbal Fluency tests, linking
systemic lipid changes to dementia trajectories [192,193].

In human brain tissue, MALDI-MSI allows mapping of lipid species across regions. Hunter et
al. [194] demonstrated widespread sphingolipid dysregulation in HD caudate and cortex, areas
essential for executive and memory functions. MALDI-MSI highlighted regional deficits in SMs and
phospholipids consistent with disrupted neuronal membrane integrity and cognitive network failure
[194]. Complementing this, Phillips et al. [195] showed chain-length remodeling of Cer and SMs in
the caudate, with a shift from very-long-chain to long-chain species, providing a structural basis for
dementia-related dysfunction [195,196].
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GSLs, particularly GM1 ganglioside, have been studied with targeted LC-MS/MS. Maglione et
al. [197] reported reduced GM1 in HD patient-derived cells, implicating impaired glycolipid
metabolism in synaptic vulnerability [197]. Di Pardo et al. [36] demonstrated that GM1 deficiency
contributes to synaptic dysfunction, while supplementation with exogenous GM1 improved motor
and cognitive outcomes in HD mouse models. Alpaugh et al. [198] confirmed disease-modifying
effects of GM1 across behavioral and cognitive domains, suggesting that GM1 deficiency is directly
linked to dementia mechanisms in HD.

Beyond the established lipidomic alterations described in HDD, recent studies emphasize the
need for a multi-omics framework. Protein biomarkers such as NfL and mutant huntingtin (mHTT)
are robust measures of axonal damage and genetic burden, but they do not reflect the lysosomal and
membrane lipid dysregulation uncovered by MS [194,199]. Integrating proteomic and lipidomic
markers may therefore improve diagnostic accuracy and prognostic power for cognitive decline.

Mechanistically, lipids such as Cer and GSLs function not only as membrane constituents but
also as bioactive signaling molecules that regulate apoptosis, synaptic activity, and
neuroinflammation. Their dysregulation in HD links systemic metabolic stress to synaptic and
cognitive dysfunction. MALDI-IMS and LC-MS studies of post-mortem brain tissue demonstrated
that alterations in sphingolipid chain length and regional phospholipid depletion impair neuronal
connectivity in circuits underlying executive and memory functions [195].

One major limitation is that most studies remain cross-sectional, which precludes establishing
whether lipid profiles can predict the conversion from prodromal to demented stages. In contrast,
longitudinal lipidomics in PD has successfully identified predictive biomarker panels for incipient
dementia [131]. Applying similar approaches in HD would enable early stratification of gene-positive
individuals and guide preventive interventions.

Although protein biomarkers such as NfL. and mHTT provide robust measures of neuronal
injury and disease burden [200-202], they primarily reflect global neurodegeneration rather than
synaptic or metabolic dysfunction. By contrast, lipidomic and glycolipidomic studies have begun to
uncover mechanisms of membrane instability and synaptic vulnerability in HDD [192-194].
Although most studies to date have been cross-sectional, they have already provided important
insights into lipid dysregulation in HD and its link to cognitive decline. These findings establish a
valuable foundation for future longitudinal MS-based research, which will be crucial to determine
whether baseline lipidomic profiles can serve as reliable early predictors of dementia in gene-positive
individuals.

Al and ML approaches are increasingly applied to HD research, offering new opportunities to
complement MS-based biomarker discovery. Recent work has demonstrated that Al-driven pipelines
integrating multimodal baseline biomarkers can improve prognostic enrichment in early-stage HD,
supporting patient stratification for clinical trials and disease monitoring [203]. Other studies have
applied Al and deep learning to neuroimaging and clinical datasets, showing potential for the early
detection of cognitive decline and aiding in the development of predictive models for dementia in
HD [204]. These approaches highlight the promise of combining multi-omics MS-based data with
advanced computational methods to accelerate the translation of lipidomic and glycolipid
biomarkers into clinically actionable tools.

In HDD, MS-based approaches, including LC-MS/MS, UHPLC-MS, and MALDI-IMS, have
consistently revealed alterations in Cer, SMs, and GSLs, linking disrupted membrane lipid
metabolism to cognitive and functional decline [194,195,197]. In particular, reductions in GM1
ganglioside have emerged as both mechanistic biomarkers of synaptic vulnerability and potential
therapeutic targets, as exogenous GM1 supplementation has shown neuroprotective and disease-
modifying effects in preclinical models [36,197,198]. Current lipidomic findings in HD highlight
consistent alterations in sphingolipid and glycolipid pathways, establishing a strong basis for
longitudinal studies that will determine their value as predictive biomarkers of cognitive decline.
[192-194]. Future research should therefore focus on integrating MS-based multi-omicsi.e. lipidomic
and proteomic data with advanced computational methods, including artificial intelligence and
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machine learning, to establish GSLs as specific and clinically actionable biomarkers of dementia in
HD.

6. Mixed Dementia

Mixed dementia is increasingly recognized as a frequent, complex, clinically important and
biologically heterogeneous form of cognitive impairment in older adults in which two or more
neuropathological processes coexist often with additive or synergistic effects on cognitive decline;
most typically these are AD proteinopathies i.e. AP accumulation and tau NFT, together with
cerebrovascular lesions such as small-vessel disease, microinfarcts, white matter injury, and cerebral
amyloid angiopathy [7]. Additional co-pathologies such as a-synuclein (Lewy body) or TDP-43
inclusions are frequent contributors that increase the clinical complexity and accelerate disease
progression [205].

Autopsy series and population studies indicate that mixed pathologies become prevalent with
advancing age and that coexisting vascular and neurodegenerative lesions account for a substantial
fraction of dementia cases in older adults. Consequently, a significant proportion of clinically
diagnosed AD or VD actually represent mixed forms when examined neuropathologically. For
instance, in a population-based autopsy study, 12% of dementia cases were diagnosed as combined
AD and VD, highlighting the overlap between these conditions [206]. Additionally, a review of the
evidence reported that mixed vascular and Alzheimer’s disease is a very common pathological
finding in the elderly, with a prevalence of about 22% [7].

Clinically, mixed dementia often presents features of both component disorders: the amnestic
syndrome and episodic memory impairment characteristic of AD are frequently present; however,
executive dysfunction, slowed processing speed, attention deficits, gait disturbance, focal
neurological signs and stepwise or more fluctuating decline associated with vascular contributions
are also common. When Lewy body or TDP-43 pathology is also present, supplementary signs such
as visual hallucinations, parkinsonism or disproportionate temporal-hippocampal neuronal loss with
hippocampal sclerosis may be seen, producing a phenotype that can shift over time as the different
pathologies evolve [207].

Epidemiologically, mixed dementia incidence and prevalence rise steeply with age and are
strongly associated with vascular risk factors [208] such as hypertension, diabetes, dyslipidaemia,
smoking, obesity and physical inactivity, which not only promote cerebrovascular lesions but, also,
interact with amyloid and tau pathways to amplify neurodegeneration. As a consequence, strategies
that target vascular risk factors at the population level are a major public health method to reducing
the overall burden of mixed pathology [209].

Modern diagnostic approaches attempt to deconvolute the contributions of degenerative and
vascular processes in vivo by combining clinical assessment with (i) structural MRI in order to
visualize infarcts, lacunes, white matter hyperintensities, microbleeds and atrophy [210]; (ii) PET
imaging for amyloid and tau [211]; (iii) CSF assays [119] of A[42 or A{342/40, total and
phosphorylated tau; and (iv) increasingly sensitive plasma biomarkers among which p-tau217, p-
taul81, AP ratios, NfL that provide scalable screening options [212].

These molecular tools greatly increase specificity for Alzheimer pathology and, in conjunction
with MRI, are able to identify cases where vascular lesions and AD biomarkers coexist, although
important limitations still remain. For instance, MRI underestimates minor cortical microinfarcts and
diffuse small-vessel damage, PET is costly and not universally available, CSF sampling is invasive
and not always acceptable, plasma assays are influenced by peripheral factors and assay platform
variability, and biomarker thresholds derived from pure disease cohorts may perform differently in
mixed populations, thus interpretation requires careful integration of imaging, fluid, clinical and
vascular data.

From a therapeutic perspective, treatment of mixed dementia must be multipronged.
Aggressive management of vascular risk factors such as tight yet individualized blood-pressure
control, glycemic management, lipid control, smoking cessation, antiplatelet therapy when indicated,
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and promotion of exercise and healthy diet has the clearest population-level evidence to limit further
vascular injury and possibly to slow cognitive decline [213,214]. On the other hand, symptomatic
pharmacotherapies used in AD such as cholinesterase inhibitors and memantine may provide some
cognitive or functional benefit depending on phenotype [215]. The advent of disease-modifying anti-
amyloid therapies has opened new possibilities for biomarker-confirmed AD, however, the efficacy
and safety of these agents in patients with substantial vascular pathology or in truly mixed cohorts
is not yet well established and necessitates focused trials because vascular lesions can both blunt
clinical benefit and influence adverse-event profiles [216].

The current active research into tau-targeting agents, anti-inflammatory or immune-
modulating strategies and therapies aims at preserving mitochondrial function and blood-brain
barrier (BBB) integrity; overall, the consensus is that combinatorial and individualized treatment
strategies addressing both neurodegenerative and vascular drivers are most plausible for mixed
dementia [217].

At the molecular level, mixed dementia emerges from intersecting and mutually reinforcing
pathogenic cascades. Canonical AD mechanisms include aberrant processing of the APP by {3- and
v-secretases to produce AP peptides, which form oligomers and extracellular plaques that are
synaptotoxic, provoke oxidative stress, activate glia and trigger neuroinflammation; tau protein
becomes hyperphosphorylated, via kinases such as GSK-3p and CDKS5, detaches from microtubules
and aggregates into paired helical filaments and neurofibrillary tangles, disrupting axonal transport
and neuronal integrity [218]. Vascular mechanisms, among which small-vessel arteriolosclerosis,
lipohyalinosis, microinfarcts, chronic hypoperfusion, and cerebral amyloid angiopathy, produce
ischemic injury, myelin loss, gliosis and energy deficits and compromise the BBB, leading to leakage
of plasma proteins and immune cell infiltration that amplify neuroinflammation and oxidative
damage.

Importantly, all these pathways interact: (i) vascular injury impairs perivascular and
endothelial clearance of A3, promoting its accumulation; (ii) A3 deposition in vessels directly injures
endothelial cells and pericytes; and (iii) apolipoprotein E €4, a major genetic risk factor, modulates
both amyloid accumulation and vascular integrity since €4 carriers exhibit earlier BBB breakdown
and pericyte dysfunction that can precede overt amyloid or tau pathology, thereby creating an
environment conducive to mixed pathology.

Downstream shared mechanisms across proteinopathies and ischemia include mitochondrial
dysfunction, calcium dysregulation, chronic microglial and astrocytic activation, failure of
proteostatic systems (ubiquitin-proteasome and autophagy-lysosome pathways), and metabolic
shifts away from efficient oxidative phosphorylation toward impaired glycolysis, all of which
converge to produce synaptic failure and neuronal death [219].

These molecular insights motivated an expanded biomarker agenda beyond the classical
protein markers, to include measures of vascular injury such as CSF/plasma albumin ratio, pericyte
or endothelial markers, neuroaxonal injury (NfL), inflammation indicated by the cytokine panels,
metabolic and mitochondrial markers, and, importantly, lipidomic and glycolipidomic signatures
that reflect membrane, synaptic and myelin integrity. Because glycolipids i.e. GSLs and GGs are
abundant constituents of neuronal membranes and myelin, they participate in synapse formation and
signal transduction, and modulate neuroinflammation and cell—cell interactions; their dysregulation
plausibly reflects both degenerative and vascular/myelin damage and therefore holds promise as a
biomarker set for mixed dementia [220].

In the last years, MS has been central to modern biomarker discovery and validation in
neurodegenerative diseases because it enables sensitive, high-resolution, and relatively unbiased
profiling of proteins, lipids, glycolipids and metabolites in brain tissue, CSF and plasma without
relying solely on antibody reagents [221-224]. MS-based proteomics, including data-independent
acquisition workflows, has expanded the CSF proteome and identified panels of proteins related to
synaptic function, glycolysis, inflammation and BBB dysfunction that complement classical
amyloid/tau/neurodegeneration (AT(N)) markers and improve diagnostic discrimination between
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AD, non-AD dementias and controls. Concurrently, advances in lipidomics including targeted LC-
MS/MS, shotgun lipidomics and imaging mass spectrometry MALDI-MSI, DESI, SIMS coupled with
high-resolving MS analyzers and ion mobility separation permit isomer-level separation, spatial
mapping and quantitation of complex glycolipid species such as GGs, cerebrosides, sulfatides and
Cers, revealing regionally specific lipid perturbations that associate with plaques, gliosis and white
matter lesions in mixed and pure disease states.

Specific lipidomic studies of mixed dementia and related disorders illustrate these points.
Comparative LC-MS lipidomic analysis of white and gray matter from temporal cortex of subcortical
ischemic vascular dementia (SIVD), mixed dementia and controls found pronounced alterations in
sphingolipid classes, Cers, SMs, GlcCers and GalCers, as well as increases in some GG species i.e.
GM3 and markers of membrane breakdown in mixed dementia white matter compared with controls.
These features are consistent with the combined effects of neuronal degeneration and myelin/axonal
injury in mixed pathology [225]. Such tissue-level findings provide mechanistic plausibility for
glycolipid markers in biofluids and suggest candidate species for further study.

Additional MS-based investigations mapped GG distributions to A3 plaques and periplaque
regions and demonstrated age- and disease-related dysregulation of ganglioside degradation
pathways with increases in GM2/GM3 in plaque-rich areas [67]. The results linked lipidomic profiles
to imaging indices of vascular injury and white matter lesion burden, evidencing that lipid changes
reflect the spatial interplay of degenerative and vascular lesions.

Recent advances in MALDI-MSI and the related workflows, for example quantitative MSI
combined with on-tissue extraction and LC-MS/MS, enable presently a near-cellular mapping of
lipids and proteins, permitting the direct visualization of how glycolipid perturbations colocalize
with plaques, microinfarcts or gliotic regions in human brain sections and model systems [226].

The importance of glycolipids as biomarkers derives from both biology and analytic feasibility:
(i) GGs and GSLs directly report on membrane/synaptic composition and myelin health; (ii) are
sensitive to enzymatic shifts in lipid metabolism that occur with aging, hypoxia and inflammation;
(iii) some species can be measured in CSF and, with advanced techniques, even in plasma. In AD
specifically, Noel et al. [227] discovered altered GG patterns, including changes in GM1, GM2, GM3,
GD1a/b, GT1b and shifts in sulfatides and Cers that correlate with amyloid and tau pathology or
cognitive decline. In vascular and mixed dementias, white matter lipid degradation products and
altered sphingolipid ratios reflect ischemic/myelin injury and overlap with degenerative signatures
in mixed cases, suggesting that panels of glycolipids together with protein biomarkers could enhance
sensitivity and specificity for mixed pathology [228].

In the past years the modern and high performance MS technologies have made several
concrete achievements in glycolipid biomarker discovery for mixed dementia: (i) methodological
refinements in extraction, chromatographic separation i.e. reverse-phase, hydrophilic interaction
chromatography, porous graphitized carbon for glycans, derivatization and ionization now permit
reliable detection and partial isomer resolution of GG species differing by sialylation state, Cer
backbone length and unsaturation; (ii) high-resolution TOF instruments combined with MS/MS
fragmentation and IMS allow structural assignment of glycan headgroups and lipid moieties at
previously unattainable sensitivity, reproducibility and wealth of compositional and structural data;
(iii) MALDI-MSI and DESI imaging approaches enable spatially resolved lipidomics, linking
molecular changes to histopathology: plaques, microinfarcts, white matter lesions in the same tissue
section; and (iv) targeted LC-MS/MS assays developed for CSF and plasma enable quantitative panels
suitable for larger cohort studies and longitudinal sampling, altogether moving glycolipid candidates
from tissue discovery toward biofluid validation. Nevertheless, translation faces challenges such as
the inter-laboratory standardization, the low abundance and peripheral dilution of brain-derived
lipids in plasma, confounding by diet/peripheral metabolism and renal function, and the need for
large, well-phenotyped mixed dementia cohorts with paired imaging and neuropathology for
validation [26].
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Below, recent glycolipid biomarker candidates compiled in the concise Table 3 from MS-based

tissue and biofluid investigation of species that have been implicated across studies in AD, VD and

mixed dementia are presented. Table 3 lists the representative glycolipid classes and specific

molecular species that have appeared repeatedly as altered in disease cohorts; the table does not

represent an exhaustive inventory of every molecular species reported, but rather a prioritized set

based on reproducible reports and biological plausibility in mixed pathology.

Table 3. Glycolipid classes relevant to mixed dementia.

Glycolipid  Representative Why Relevant to Mixed . L
. . Representative Citation
Class Species Dementia
Abundant in neuronal
membranes and synapses;
GM1 altered sialylation and acyl
Lo (d18:1/18:0); chain composition reflect
Gangliosid
GM2; GM3 membrane degradation,
es (mono- o Wang et al. [67]
(d18:1/16:0; plaque association, and local
/di-/tri-
ialo) d18:1/18:0); inflammatory/ degenerative
sialo
GD1a; GD1b; processes; GM3 and GM2
GT1b increased in near plaques and
in white matter in several MS
studies
Enriched in myelin; early
sulfatide loss associated with
Sulfatides
AD and with white
(sulfated
ST(d18:1/24:0) matter/myelin injury in Zimmer et al. [229]
galactocere
vascular disease; sensitive to
brosides) ) o
myelin degradation in mixed
pathology
Galactosylc Core myelin
eramides / lycosphingolipids; shifts
GalCer(d18:1/24 §YCOSpRINgOTp
Glucosylce indicate demyelination and
. :0); GlcCer Reza et al. [230]
ramides ) altered glycosphingolipid
species T ) )
(GalCer, metabolism in ischemic white
GlcCer) matter and mixed dementia
Products of sphingomyelin
breakdown; elevated
Ceramides ceramides associate with
(bioactive  Cer(d18:1/16:0); neurodegeneration,
. . ) ) Pujol-Lereis et al. [231]
sphingolip  Cer(d18:1/24:1) inflammation and vascular
ids) risk; link cell stress to

apoptosis and promote Af3

production
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Structural membrane lipids;
. sphingomyelin/ceramide ratio
Sphingom
. SM(d18:1/18:0); changes indicate membrane
yelins Koal et al. [232]
SM) SM(36:1) changes and myelin injury;
altered in mixed dementia
tissue studies
Reflect increased glycosidase
Gangliosid activity and disrupted
e catabolism around plaques
GM2;
Degradatio and ischemic zones;
lactosylceramid Wang et al. [67]
n accumulation indicates
. es (LacCer)
Intermedia lysosomal/
tes autophagy perturbation
common to mixed dementia
Glycolipid Oxidized Markers of oxidative stress
Oxidation ceramides; and lipid peroxidation from
& truncated ischemia/inflammation; likely Montine et al. [233]
Truncated ganglioside elevated in tissue adjacent to
Forms species microinfarcts and plaques

In glycolipidomics of mixed dementia, the emerging guidance from methodological
investigations and discovery studies supports the following practical strategies: (i) the use of
untargeted high resolution IMS, LC-MS or MSI with IMS for initial discovery in well-phenotyped
brain tissue, paired with histology and proteomics to connect lipid changes to plaques, gliosis and
microinfarcts; (ii) prioritization of candidate species that are abundant enough and biochemically
plausible for measurement in CSF, and then the development of targeted LC-MS/MS SRM assays
with isotopically labelled internal standards for validation in CSF/plasma cohorts; (iii) performing,
whenever possible, matched imaging by MRI and fluid biomarker inventory, i.e. AB/tau/NfL plus
glycolipid panel, in order to determine whether glycolipid signals add diagnostic or prognostic value
in mixed dementia beyond classical markers; and (iv) standardization of sample collection, extraction
and instrument methods across centers to enable multi-site validation and regulatory qualification.

In conclusion, glycolipids i.e. GGs, sulfatides, glycosylceramides and related sphingolipids
have strong mechanistic rationale as biomarkers of mixed dementia since they report on
membrane/synaptic integrity, myelin health and lysosomal/autophagic flux. The advancements of
mass spectrometry and allied systems biology techniques such as high-resolution LC-MS/MS, IMS-
MS, MALDI-MSI and hybrid quantitative imaging workflows allow the reliable discovery of
glycolipid biomarkers and targeted measurement.

The pathway forward requires large longitudinal cohorts with detailed clinical, imaging and
neuropathological characterization, standardized MS workflows, multi-modal MS which pairs MSI
and high resolution IMS or LC-MS [223] and multi-omics integration: proteomics, lipidomics,
glycomics and genomics to validate glycolipid panels able to improve the diagnosis, prognostic and
monitoring of mixed dementia and enable trials of combinatorial therapies that address both
neurodegenerative and vascular mechanisms.
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6. Conclusions and Perspectives

Research into the role of GSL in dementia is beginning to redesign our perspectives on the
molecular bases of neurodegenerative diseases. Data collected from multiple studies now clearly
indicate that GLSs are not just inactive compositional building blocks of neuronal membranes, but
dynamic regulators of brain processes in health and disease. Their dysregulation was reported across
many forms of dementia, a feature that points to both common threads and disease-specific
differences. The recurring patterns indicate core weaknesses in neuronal GSL regulation, whereas the
distinct changes cause the diverse symptoms and progression seen across different dementias. In this
context, Table 4 presents a synthetic view on the altered GSL expression specific to each dementia
type discussed.

Table 4. Overview on GSL expression in various types of dementia.

Type of

. e 1 Study /
dementi Type Sample MS Platform Glycolipid Findings y
ear —
a
lShexCers and CroPIn in cerebral ~ Zhang et
APP/PS1 Brain
L . MALDI MSI cortex, hippocampus and al. 2024
transgenic mice tissue
cerebellum [87]
GM1 and GD1a modificationin
white and grey matter Wang et
APP/PS1 Brain
L . MALDI MSI 1GM2 and GM3 in cortex and al. 2025
transgenic mice tissue .
dentate gyrus, GM3 in Af3 [67]
plaques
1GD3 and GD2 in hippocampal
plaques, GM3 (38:1);02 in cortical Good et
APP/PS1 Brain ~ MALDI-IHC
o ) plaques al. 2025
transgenic mice tissue MSI
GM3 (36:1);02 and GM2 (36:1);02 [96]
plaque-defining GGs
APP21 . TGM1, GM2, GM3, especially Caughlin
AD Brain
transgenic ; MALDI MSI GM3 d18:1, d20:1/d18:1 ratio et al. 2018
issue
Fischer rats Jcomplex GGs [94]
TGM3 (C18:0) and GM2 (C18:0) .
Michno et
TgAPPArcSwetr  Brain TOF SIMS + inAf plaque-like structures 12019
al.
ansgenic mice tissue MALDI MSI L[ST d18:1/24:0-H]- and [ST [79]
d18:1/22:0-H]-
Hippoc .
APPswe/PS1dE9 | UHPLC-MS/ 1TGs, CEs,PEs, PCs Xiao et al.
ampa
(APP/PS1) ) P MS IMGDGs, HexCers 2025 [69]
tissue
di-O-Ac-GT1a (d36:1), O-Ac-
Hippoc GD1b (d36:1) and O-Ac-GD1b Lietal
ietal.
APPswe/PS1dE9  ampal LC (d36:0) — biomarkers
2022 [91]
tissue O-Ac-GT1a (d36:2) non-

progressive biomarker
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1GMs C18:1 in the subgranular
zone of the dentate gyrus, GMs
C20:1 in the molecular layer along
Brai the entorhinal hippocampal Kaya et
rain
5xFAD mouse ; MALDI IMS pathway al. 2020
issue
Co-localized GM3 (d18:1/18:0), [95]
GM2 (d18:1/18:0), GM1
(d18:1/18:0), with AP peptides in
the subiculum
e 3days
TGM3, GM2 d18:1 and d20:1,
Dual injured GM1 d18:1, GM1 d20:1 in
mice B combined group; GM2 d20:1 in Caughlin
rain
(ApBtstroke), t' MALDI IMS stroke group et al. 2015
issue
stroke alone and e 21 days [97]
Af alone 1t GM3, GM2 d18:1 and d20:1,
GM1 d20:1 in combined group;
GMB3 in stroke alone
Loss of GM1 (d20:1/C18:0) at the
edge of the dentate gyrus
1GM1 (d20:1/C18:0) to GM1 .
Hirano-
Hippoc (d18:1/C18:0) ratio in the outer .
Sakamaki
AD patients ampal  MALDIIMS molecular layer of the dentate
, et al. 2015
issue rus
8y (73]
No differences in other
hippocampal subregions or in
total hippocampal lipid content
1CE (16:3) and GM3 (d18:1/9Z- Zhang et
AD patients Serum LC-MS 18:1) — early clinical prediction al.
and severity correlation 2021[89]
GM3 and GML1 co-localizes with
. Ollen-
aques
Brain P plag Bittle et
AD patients MALDIMSI  |GM1 d20:1 to GM1 d18:1 in the
tissue al. 2024
molecular leyer, dentate gyrus [86]
and entorhinal cortex
TLC 1GGs containing d18:1 compared
Brain to PD and control Taki et al.
AD patients Blot/MALDI
tissue JGD1b and GT1b compared to PD 2012 [93]
TOF MS
and control
1-GM1, -GD1b, -GT1b, -GQ1b,
and anti-GQlba IgM type Ariga et
AD, VD and HPTLC + Qtba IgM typ &
Serum antibodies in AD and VD al. 2013
control patients ELISA i
1 -GQ1b, -GQlba and anti-GT1b [70]

IgGtypeantibodies in AD
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untargeted
o UPLC-MS sphingoid bases, ceramides, Shen et
Clinically
. Plasma  lipidomics+  Hex1Cer differentially expressed al.2024
diagnosed DLB ]
ML feature in DLB vs controls and vs AD [53]
selection
Plasma
collecte
Autopsy- tHexCer/ceramide in both LB and  Savica et
d~2 targeted LC-
confirmed LB AD groups; no significant al. 2016
years MS/MS )
DBL pathology difference between DLB and AD [121]
before
death
no clear increase of Cer
(d18:1/18:0), GlcCer (d18:1/18:0),
GBA1 variant SphM (d18:1/18:0), GlcSph (d18:1)  Lerche et
) targeted LC-
and wild-type CSF MS/MS and GalSph (d18:1); al. 2024
cohorts 1GalSph and Cer vs controls/PD; [122]
no clear difference between GBA1
carriers and wild-type
ini Plasma
Clinically ; &I 1 1 y Mielke et
i ceramides&glucosylceramides;
diagnosed b\ ma  Targeted LC- o ‘(i’ v el
Parkinson’s disease MS/MS igher levels associated wit [137]
with dementia cognitive impairment
(C24:1 negatively correlated with
Clinically immediate/delayed recall; C14:0
diagnosed Pl Targeted with delayed recall/recognition;  Xing et al.
asma
Parkinson’s disease HPLC- C22:0 with hallucinations, C20:0 2016 [138]
PDD with dementia MS/MS with anxiety, C18:0 with sleep
disturbances
Untargeted 1 24 ceramides, 24 diacylglycerols,
Longitudinally LC-QTOF- 17 triacylglycerols; |
followed PD MS phosphatidylcholines, ZardiniBu
patients without ~ Serum lipidomics bis(monoacyl)glycerophosphates, zatto et al.
baseline with phosphatidylserines; 5-lipid panel = 2021 [131]
dementia . predicted dementia with >95%
multivariate
models accuracy
tGM1, GD3, GD1
Cells & Boland et
MS-based } BMP levels (progranulin
FTD GRN-mutation = human al. 2022
lipidomics deficiency — BMP loss — GG
brain [181]

accumulation)
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) ) ] Kamp et
Pick presenile Brain 1GT1la and/or GD2
] ) TLC al. 1986
dementia tissue 1GalNAc-GDla
[182]
bvFTD untargeted largely Kim et al.
Plasma
LC-MS unchangedsphingolipid profile =~ 2018 [183]
LC-MS . . o
) o ) lmyelin sphingolipids; FTD-GRN  Marian et
GRN/C90rf72 Brain lipidomics+
. ) shows more severe loss; al. 2023
FTD Subtypes tissue enzymatic
consistent with MRI [184]
assays
|HexCers, especially C22:0
LCMS GlcCer and GalCer; reductions Marian et
Familial bvFTD  Plasma o ] correlate with MRI measures of al. 2025
lipidomics . )
white matter damage and disease [162]
duration
lmature GCase protein;
targeted ) ]
accumulation of improperly
Frontal HPLC-MS Arrant et
GRN-FTD processed forms; reduced GCase
gyrus and L . al. 2019
Subtype i . . activity. No overt accumulation of
tissue biochemical [185]
GCase substrates (GlcCer,
assays ] ) )
GlcSph) in examined regions.
. quantitative
Superio . o .
discovery 1 VLCFA-lipid species He et al.
Not specified 1 frontal
LC-MS 1 ELOVL4 enzyme 2021 [186]
cortex
lipidomics
Altered ceramides,
Clinically .
i Untareeted hexosylceramides, McGarry
diagnosed Plasma ntargete i i ¢ al. 2020
sphingomyelins, et al.
Huntington’s & CSF UHPLC-MS p 8 .y
disease metabolomics phosphatidylcholines; correlated [192]
with Stroop and Verbal Fluency
Clinicall Post-mortem
. Y . Regional sphingolipid and phospfuhfgget
diagnosed brain d lation: linked t u aln26h
sregulation; linked to executive an T
Huntington’s (caudat MALDI'IMS ystee o Y
) circuits [194]
disease cortex)
HD
ini Ceramide/sphingomyelin chain-
Advanced clinical Post- phingomy Phillips et
cases of length shift: loss of very-long-
mortem LC-MS ) ) i al. 2021
Huntington's i chain, enrichment of long-chain
caudate ) [195]
disease species
o Maglione
Huntington’s Culture | GM1 ganglioside;
Tareeted LC- ' ] et al. 2010
disease patient- d cells argete supplementation with exogenous (197]; Di
; Di
derived cellsand and MS/MS GM1 improved motor and Pardo et
. ardo e
animal models mouse  8angliosides cognitive phenotypes L2012
al.
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brain [36];
tissue Alpaugh
etal. 2017
[198]
lipid
pathway /
1GM2 and GM3 within and
histochemical
around amyloid plaques; Wang et
AD + vascular Brain analyses
increased GG degradation al. 2025
pathology tissue (study did L
pathway activity in plaque [67]
not report MS )
. regions
platform in
file)
White
and 1GMS3 and markers of membrane
gray breakdown in mixed dementia
Mixed comparative
. SIVD, mixed matter white matter; pronounced Lam et al.
dementi ) LC-MS
dementia from alterations in sphingolipid, 2014 [225]
a lipidomic
tempor ceramides, SM, GlcCer and
al GalCer classes
cortex
Isphingolipid d16:1 in VaD;
tsphingolipid d18:1 in AD;
Cer d16:1/24:0, Cer d18:1/16:0,
Chua et
VD - Hex2Cer d16:1/16:0, HexCer 1 2023
asma al.
LC-MS/MS d18:1/18:0, SM d16:1/16:0, SM 208

d16:1/20:0, SM d18:2/22:0 - higher
sensitivity and specificity for
classifying VaD.

Technological refinements in MS have been crucial in enabling the recent discoveries in
glycolipid research. These progresses has not only provided the critical basis for discovering novel
lipid signatures in dementia, but has also reshaped our broader understanding of glycolipid biology
in the affected brain. By offering unprecedented sensitivity, resolving power, and detailed structural
information, modern MS has created opportunities to map complex lipid alterations with high
accuracy and depth. At the same time, cutting-edge developments in this field have served as a solid
basis for integrating glycolipidomics into the wider context of dementia research, linking molecular
findings to protein aggregation, inflammation, and synaptic dysfunction.

The up-to-date MS-based analytical platforms have the capability to detect and characterize a
wide range of glycolipids with far greater precision than before, allowing to build detailed maps of
lipid changes in brains affected by dementia. When these lipidomic datasets are connected with
systems biology approaches, they can be placed into larger networks of the processes involving other
biomolecules. This kind of integrative view is crucial since dementia is not driven by a single factor
but emerges from the intersection of many disrupted pathways.

Several promising ways emerge when considering future directions. Hence, one key priority is
to establish whether glycolipid changes occur early enough to serve as warning signals before clinical
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symptoms appear. This would provide the opportunity to use these glycoconjugates as biomarkers
for risk assessment and early diagnosis. Equally critical is the alignment of methodologies and
protocols across the laboratories and research groups involved in the study of dementia-associated
glycolipids, in order to generate results, which are reliably compared, reproducible and validated in
larger patient cohorts.

Beyond description, there is also a pressing need to move toward mechanistic studies that
clarify how specific glycolipid changes influence neuronal survival, immune responses, and protein
aggregation.

Equally noteworthy are the potential therapeutic implications and prospects, which warrant a
particular attention. Hence, if certain glycolipids prove to be drivers rather than bystanders in
dementia, they could become targets for interventions aimed at stabilizing neuronal membranes,
modulating inflammation, or preventing toxic protein buildup. Even if they are not direct drivers,
their measurable changes could complement other diagnostic tools, contributing to more precise
personalized treatment strategies.

Moreover, the accelerating progress of Al presents unprecedented opportunities for glycolipid
research in dementia, facilitating the integration and analysis of increasingly complex datasets. ML
algorithms can uncover subtle patterns in high-dimensional lipidomics data that might elude
conventional analysis, linking glycolipid changes to specific disease stages or phenotypes. Al-driven
models can integrate lipidomic profiles with other omics layers, such as genomics, proteomics, and
transcriptomics, to construct comprehensive systems-level maps of dementia pathophysiology.

When combined with MS, the potential of Al expands even further. MS produces vast, highly
detailed datasets that capture the complexity and diversity of glycolipids in brain tissue and
biofluids. Al can process these datasets at scale, revealing patterns and correlations that remain
hidden to the traditional approaches. This synergy enables more precise mapping of glycolipid
alterations across dementia types, enhancing biomarker discovery and deepening mechanistic
insight. Al is also able to greatly improve MS workflows by automating data annotation,
interpretation of spectra, and structural identification, while predicting the functional consequences
of the detected changes in the glycolipid expression pattern.

In conclusion, MS and systems biology developed to the point where detailed molecular
insights can be translated into practical clinical advances. By the ongoing research which aims to
connect novel findings at the molecular level with the clinical outcomes, this research directions has
the potential to significantly improve the methods of early dementia detection and its treatment.
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Al artificial intelligence

APP amyloid precursor protein
AT(N) amyloid/tau/neurodegeneration
AUC area under the curve

AB amyloid-f peptide

BBB blood-brain barrier

BMP bis(monoacylglycero)phosphate
bvFTD behavioural variant FTD

CAG Cytosine-Adenine-Guanine

CE cholesteryl ester

Cer ceramide

CSF cerebrospinal fluid

CT computer tomography

DESI desorption electrospray ionization
DLB dementia with Lewy body

DMS differential ion mobility spectrometry
ESI electrospray ionization

FDA Food and Drug Administration
FDG-PET fluoro-deoxyglucose positron emission tomography
FTD frontotemporal dementia
GalCer galactosylceramide

GalSph  galactosylsphingosine

GCase B-glucocerebrosidase

GG ganglioside

GlcCer glucosylceramide

GlcSph glucosylsphingosine

GM monosialoganglioside

GRN progranulin gene

GroPIn glycerophosphoinositol

GSL glycosphingolipid

HD Huntington’s disease

HDD Huntington’s disease dementia

Hex1Cers monohexosylceramides
HEXA Hexosaminidase Subunit Alpha gene
HexCers hexosylceramides

HTT huntingtin gene

IHC immunohistochemistry
IMS-MS  ion mobility spectrometry
LacCer lactosylceramide

LBD Lewy body Dementia

LC-MS liquid chromatography coupled with mass spectrometry

MALDI  matrix-assisted laser desorption/ionization

MGDG  monogalactosyldiacylglycerol
mHTT mutant huntingtin

ML machine learning

MRI magnetic resonance imaging
MS mass spectrometry

MS/MS tandem mass spectrometry
MSI mass spectrometry imaging
NfL neurofilament light chain
NFT neurofibrillary tangles

PC phosphatidylcholine

PD Parkinson's disease

PDD Parkinson's disease dementia
PE phosphatidylethanolamine

PGRN progranulin
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p-tau phosphorylated tau
QTOF quadrupol time of flight
SHexCer sulfatide

SIMS secondary ion mass spectrometry

SIVD subcortical ischemic vascular dementia

SM sphingomyelin

SP senile plaques

SPECT single photon emission computer tomography
SRM selected reaction monitoring

TG triglyceride

TLC thin-layer chromatography

UHPLC . Lo

MS/MS ultra-high performance liquid chromatography coupled to tandem MS
VD vascular dementia

VLCFA  very long-chain fatty acid
WHO World Health Organization
WT wild-type
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