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Abstract
Aging, a complex biological process, involves the progressive decline of physiological functions across various
systems, leading to increased susceptibility to neurodegenerative diseases. In society, demographic aging imposes
significant economic and social burdens due to these conditions. This review specifically examines the association
of protein glycosylation with aging and neurodegenerative diseases. Glycosylation, a critical post-translational
modification, influences numerous aspects of protein function that are pivotal in aging and the pathophysiology of
diseases such as Alzheimer’s disease, Parkinson’s disease, and other neurodegenerative conditions. We highlight
the alterations in glycosylation patterns observed during aging, their implications in the onset and progression of
neurodegenerative diseases, and the potential of glycosylation profiles as biomarkers for early detection, prog-
nosis, and monitoring of these age-associated conditions, and delve into the mechanisms of glycosylation. Fur-
thermore, this review explores their role in regulating protein function andmediating critical biological interactions
in these diseases. By examining the changes in glycosylation profiles associated with each part, this review un-
derscores the potential of glycosylation research as a tool to enhance our understanding of aging and its related
diseases.
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Introduction
Aging manifests as a progressive decrease in biological functions
across an organism and is influenced by myriad factors at both the
cellular and molecular levels [1–4]. Despite considerable investiga-
tive efforts, the molecular bases driving functional decreases during
aging remain only partially elucidated, presenting challenges in the
development of effective interventions and the precision of
experimental studies in aging research [5,6]. The discovery and
analysis of aging biomarkers have enhanced our understanding of
this complex process, shedding light on critical aspects such as
genomic instability, telomere attrition, epigenetic changes, loss of
proteostasis, dysregulated autophagy, impaired nutrient sensing,
and mitochondrial dysfunction. While these biomarkers are
indicative of distinct aging dimensions, they collectively emphasize
the importance of an integrative approach to understanding the
aging process [7].
Glycosylation, a post-translational modification, is fundamentally

linked to a variety of biological processes and critically influences
protein functionalities such as folding, solubility, stability, and
enzyme activity. This modification plays an essential role in

protecting proteins from proteolytic degradation, ensuring appro-
priate subcellular localization, and maintaining cellular home-
ostasis [8–11]. Notably, glycosylation has a profound impact on the
aging process, as it is closely associated with various age-related
physiological changes, and alterations in glycosylation patterns
have been shown to correlate with aging and affect organismal
health and longevity [12–14]. Emerging evidence from recent
studies underscores the connection between glycosylation dy-
namics and the aging process, suggesting a pivotal role of
glycosylation in modulating lifespan and age-related disorders.
Understanding the interplay between glycosylation and aging is

crucial, particularly in the context of age-related pathologies such as
neurodegenerative disorders, cancer, type 2 diabetes, metabolic
syndrome and chronic inflammatory conditions. These disorders
share mechanistic pathways with the natural aging process,
indicating that alterations in glycosylation may play a role in
disease pathogenesis and progression [15]. Among these diseases,
neurodegenerative diseases have garnered extensive attention in
recent research due to their significant impact on health span and
quality of life in aging populations. Accumulating evidence suggests
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that glycosylation modifications are closely linked to the pathophy-
siology of these disorders, possibly through mechanisms involving
protein misfolding and aggregation, which are hallmark features of
neurodegenerative diseases.
The relationship between glycosylation and aging or neurode-

generative diseases is particularly compelling as it offers insights
into the molecular underpinnings that bridge chronic disease and
aging. Research into the molecular basis of aging and neurodegen-
erative diseases can significantly enhance our understanding of how
these processes are interlinked, potentially leading to novel
diagnostic and therapeutic strategies. These strategies could focus
on modifying glycosylation pathways to mitigate the adverse effects
of aging and disease progression.
Given the established connections between glycosylation and

aging or age-related diseases, this review focuses primarily on the
characteristics of glycosylation modifications in the context of aging
and selected neurodegenerative disorders, including Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis. By
delving into recent research advancements, we aim to highlight
how glycosylation impacts these diseases within the broader
spectrum of aging, thereby offering new avenues for intervention
that could improve diagnosis, treatment, and ultimately patient
outcomes. This focused approach allows for a detailed exploration
of potential therapeutic targets within glycosylation pathways that
could influence both aging and the pathogenesis of neurodegen-
erative diseases in the future.

N-linked Glycosylation
Protein glycosylation, a fundamental biochemical process, is
predominantly categorized into N-linked and O-linked types,
occurring predominantly within the endoplasmic reticulum (ER)
and the Golgi apparatus. In this process, glycosyl donors covalently
bind to proteins through a complex enzymatic process facilitated by

a repertoire of approximately 200 types of glycosyltransferases [16].
N-linked glycosylation in eukaryotic cells involves two conserved
steps: the initial assembly of oligosaccharides on a lipid carrier—
dolichol phosphate, and the subsequent transfer of oligosaccharides
to selected asparagine residues on nascent polypeptides translo-
cated into the ER lumen [17]. The process begins with the stepwise
addition of monosaccharides by glycosyltransferases, which are
activated via nucleotides, forming glycan chains. The formed lipid-
linked oligosaccharides (LLOs) are then translocated from the
cytoplasmic side to the lumen side of the ERmembrane or to the cell
membrane in prokaryotes, where they serve as glycosylation
donors. In eukaryotes, these oligosaccharide chains may undergo
further elongation within the ER lumen. Proteins that possess a
glycosylation consensus sequence (N-X-S/T, where X is any amino
acid except proline) and are transported into the ER lumen or
extracellular space in prokaryotes act as receptors. Oligosaccharyl-
transferase (OST) subsequently catalyzes the attachment of the
entire oligosaccharide chain to the asparagine residue of the target
polypeptide. Following this initial glycosylation event, N-glycans
can be extensively modified in eukaryotes, a process coupled with
the secretory pathway, leading to the formation of complex, species-
or cell type-specific N-linked glycan structures [12,18,19] (Figure 1).

O-linked Glycosylation
Another principal type of protein glycosylation is O-linked
glycosylation. Unlike N-linked glycosylation, most O-linked glyco-
sylation occurs in the Golgi apparatus. The primary process
involves various glycosyltransferases attaching single monosac-
charide residues to the hydroxyl groups of serine or threonine,
followed by the sequential addition of diverse monosaccharide
residues. O-glycosylation can be categorized into mucin-type and
non-mucin-type based on the monosaccharide residues attached to
serine or threonine. In mucin-type glycosylation, the initial

Figure 1. Simplified diagram of the N-linked glycosylation process Proteins synthesized and folded in the ER are glycosylated at the consensus
sequence N-X-S/T. These glycoproteins then transit to the Golgi apparatus, where they undergo further modifications to acquire complex, hybrid,
or high-mannose N-glycan chains.
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monosaccharide attached is N-acetylgalactosamine, whereas in
non-mucin-type glycosylation, the initial residues can include N-
acetylglucosamine, galactose, fucose, and others. Compared with
N-linked glycosylation, O-glycosylation is more diverse and com-
plex, driven by the heterogeneity of monosaccharide residues,
which contributes to the varied and complex O-glycosylation
mechanisms in mammals [20–22]. Additionally, a pivotal post-
translational modification, O-GlcNAc glycosylation, also known as
O-GlcNAcylation, is a specific type of O-glycosylation. O-GlcNAc
glycosylation involves the attachment of a single N-acetylglucosa-
mine (GlcNAc) molecule to serine or threonine residues on proteins
through an O-glycosidic bond. This modification differs from other
forms of glycosylation, such as N-linked glycosylation [23–25]. This
glycosylation is a highly dynamic process in eukaryotes and is
regulated by two highly conserved enzymes: O-GlcNAc transferase
(OGT) which catalyzes the addition of β-O-GlcNAc, and O-GlcNA-
case (OGA) which mediates its removal [26–28]. In human
biological processes, O-GlcNAc glycosylation plays a significant
role and is closely linked to aging and chronic age-associated
diseases, including neurodegenerative disorders [29–31]. Figure 2
illustrates a simplified diagram depicting the O-linked glycosylation
process.

Glycosylation in Chronological Aging
This part aims to systematically explore the latest advancements in
research on the role of glycosylation, specifically within the context
of chronological aging, independent of age-associated diseases. This
focused approach is crucial, as it allows for a clearer delineation of
the effects of natural aging processes, separated from pathological
states, thereby providing a purer lens through which to view the
intrinsic aging process. Effective aging biomarkers can help identify
patients at higher risk of age-related diseases at an earlier stage so
that targeted anti-aging treatments can be administered. Aging is a
complex and long-term evolutionary process influenced by both
genetic and environmental factors. As research has advanced,
glycosylation has emerged as a critical regulator in the aging

process, and the degree of protein glycosylation serves as a real-time
indicator of intracellular and intercellular processes, thereby
making it a potential biomarker for aging and age-related diseases.
Research into aging dates back to 1939, when caloric restriction in

mice and rats was found to prolong lifespan [32]. For decades,
scientists have continuously searched for biomarkers that can
identify aging and age-related diseases. This ongoing quest has led
to the exploration of various physiological markers, among which
glycosylation has recently been highlighted as a potential indicator
of aging. Notably, galactosylation and sialylation have been
reported to decrease significantly with aging, and similar trends
have also been observed in some age-related diseases. These
findings have been summarized in previous reviews [15,33–35]. In
this context, our review is specifically dedicated to consolidating
recent research developments over the past several years concern-
ing glycosylation modifications in aging. We aim to delineate the
latest advancements that extend beyond the scope of previous
reviews.
Following the overview of the role of glycosylation in aging, it is

critical to delve into the molecular intricacies and genetic under-
pinnings that facilitate these changes. The process of human protein
glycosylation is complex, and the regulatory mechanisms in vivo
are poorly understood. To explore the underlying mechanisms,
genome-wide association studies (GWAS) have been employed to
identify genetic variants associated with glycosylation processes.
This approach facilitates the discovery of genetic loci that
potentially influence the synthesis of plasma protein N-glycans,
providing insights into the molecular basis of glycosylation and its
implications in aging and related diseases. Notably, three prior
GWAS studies have identified sixteen loci linked to the synthesis of
plasma protein N-glycans, with twelve of these loci being replicated
in independent samples [36–38]. To mitigate the risk of false
positives, further research was conducted to validate the discovery
of the 16 loci. This study involved a large sample size of 4,802
individuals from 4 cohorts, and 15 of the original 16 loci were
successfully replicated. These findings confirmed the robustness of

Figure 2. Simplified diagram of the O-linked glycosylation process After being synthesized and folded in the ER, proteins in the secretory
pathway enter the Golgi apparatus. As they progress through the Golgi stacks, they acquire complex O-glycan chains based on the distribution of
glycosyltransferases.
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GWAS in identifying genetic regulators of glycosylation. This study
suggests that further functional investigations can be conducted on
these genes, particularly those encoding glycosyltransferases such
as MGAT5, B3GAT1, and others, to explore their roles in protein
glycosylation processes more deeply [39]. In addition to these
genetic studies, prompted by extensive prior research indicating a
link between IgG galactosylation and aging, researchers have
conducted further GWAS analyses specifically targeting the
characteristics of IgG galactosylation. GWAS analysis identified 37
candidate genes, and the subsequent use of the CRISPR/dCas9
system confirmed the upregulation of 3 genes, namely, EEF1A1,
MANBA and TNFRSF13B, which changed the glycan composition of
IgG, confirming that these 3 genes participate in galactosylation of
IgG in the in vitro expression system [40]. Moreover, some
researchers also used Mendelian randomization (MR) to analyze
the causal relationship between IgG N-glycosylation and aging and
reported the potential causal effect of lower GP23 levels on late
aging [41]. The findings from GWAS and Mendelian randomization
studies provide some evidence that glycosylation modifications,
particularly IgG N-glycosylation, may play a significant role in the
aging process. These studies not only identify genetic loci associated
with glycosylation traits but also suggest a causal link between
specific glycosylation patterns and aging. Together, these studies
provide some possible insights into how glycosylation serves as a
crucial biological mechanism in aging. In addition to plasma whole
proteins and individual proteins such as immunoglobulins, the role
of glycosylation in aging extends to the tissue-specific level.
Integration of the genomic and transcriptomic data of both healthy
and diseased tissues revealed that specific glycosylation patterns
correlate with aging. This research elucidated the genome-wide
alterations in glycosylation associated with aging, and further
demonstrated the potential of glycosylation as a prognostic
biomarker [42].
Environmental factors, including lifestyle choices, also play a

significant role in the aging process, influencing glycosylation
patterns in various ways. Researchers have developed a new

biomarker of biological aging, namely, the glycan age clock, which
suggests the interplay between genetic and environmental factors in
determining biological age [43]. This complex interaction deter-
mines the speed of the glycan clock, emphasizing the potential of
glycosylation markers in prognostic applications.
These studies highlight the significant role of glycosylation in

aging. GWAS has identified and validated critical genetic loci
involved in protein glycosylation, suggesting potential targets for
further functional investigations. Studies focusing on IgG galacto-
sylation have demonstrated the intricate genetic regulation of
glycosylation and its association with aging. Additionally, the
introduction of the glycan age clock as a biomarker emphasizes the
interplay between genetic and environmental factors in determining
biological aging, reinforcing the potential of glycosylation markers
in prognostic applications.
With the accumulation of recent research results on the factors

influencing age-related glycosylation modifications, new opportu-
nities to intervene in the aging process have emerged. For instance,
Greto et al. [44] investigated whether weight loss interventions
affect inflammation and aging-related IgG glycosylation changes in
a longitudinal cohort of bariatric surgery patients. A low-calorie diet
resulted in a significant reduction in bisecting GlcNAc levels in IgG
N-glycans, which are often associated with aging and inflammation.
During the one-year follow-up through weight loss, significant
increases in delactosylated and sialylated glycans were observed,
along with significant reductions in agalactosylated and core
fucosylated IgG N-glycans. These findings demonstrate that weight
loss significantly affects IgG N-glycosylation, resulting in decreased
biological age. Similarly, another study by Šimunić-Briški et al. [45]
revealed that regular moderate physical exercise reduced the glycan
age index and the inflammatory potential of immunoglobulin G.
Additionally, in our previous study, calorie restriction was found to
reduce the overall serum glycan level. The reduction in galactosy-
lated glycans and sialylated glycans may be associated with the
benefits of calorie restriction in antiaging, providing a possible
molecular basis for the beneficial effects of calorie restriction from

Figure 3. Opportunities to intervene in the aging process Aging interventions (left) affect biomolecules (middle), leading to measurable
changes (right).
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the perspective of glycosylation changes [46]. Figure 3 shows
various opportunities for intervention in the aging process.
In addition to the relationship between N-glycosylation and aging

described above, some studies have also focused on the relationship
between O-glycosylation or related proteins and aging. In the aging
process, the protective functionality of the mucus barrier signifi-
cantly deteriorates. Muc2 mucin, an essential element of the colonic
mucus layer, is significantly altered. Recent assessments of mucus
layers in mice of different age groups have shown that, as age
progresses, there are alterations in the expression of glycosyltrans-
ferases, which directly influence the glycan structures of intestinal
mucin Muc2. For instance, elevated levels of Core 1 β-1,3-
galactosyltransferase (C1GalT1) can lead to the addition of more
galactose residues to mucins, whereas decreased expressions of
Core 2 β1,6-N-acetylglucosaminyltransferase (C2GnT) and Core 3
β1,3-N-acetylglucosaminyltransferase (C3GnT) may reduce the
addition of N-acetylneuraminic acid or other sugars. These changes
can affect the normal properties of the mucus layer, compromising
its structure and increasing its susceptibility to microbial penetra-
tion, thereby destabilizing the intestinal environment [47,48].
Additionally, studies on mucins in the submandibular glands of
mice during aging have revealed distinct glycosylation patterns
across different age groups, identifying three types of mucins: age-,
youth-, and life-long-specific mucins. These studies revealed a trend
toward a decreased proportion of fucosylated glycans and an
increased proportion of sialylated glycans with aging [49]. More-
over, cellular protein O-GlcNAcylation, a dynamic mechanism
widely linked to age-associated diseases, results in elevated O-
GlcNAc levels across different tissues in elderly mice. Carbamoyl
phosphate synthetase 1 (CPS1), which undergoes significant O-
GlcNAcylation in the aged liver, has been thoroughly examined.
The O-GlcNAcylation of CPS1 is recognized as a crucial nutrient-
responsive regulatory step in the urea cycle during aging and dietary
limitations [50]. These findings highlight the importance of both N-
and O-glycosylation in the aging process, offering new perspectives
for understanding and potentially mitigating age-related physiolo-
gical changes.
Stem cells play pivotal roles in tissue development, homeostasis,

and regeneration. Decades of research have highlighted the decline
in stem cells during tissue and organismal aging, with recent
insights into the role of glycosylation in stem cell aging [51]. Studies
on CD90-mediated glycosylation-dependent glucose influx mechan-
isms illustrate how glycosylation can mitigate aging in adipose-
derived stem cells (ASCs). CD90, an extensively glycosylated
membrane protein, regulates glucose entry into ASCs. Reduced
expression of CD90 interferes with the glucose metabolism-driven
redox balance, thus promoting aging in ASCs. Fibroblast growth
factor 21 (FGF21) enhances the glycosylation of CD90 on the surface
of adipose stem cells, increasing its level, promoting glucose influx,
and improving oxidative stress conditions. In a high-fat diet-
induced obese mouse model, long-term low-dose FGF21 treatment
was found to improve adipose tissue function and overall metabolic
dysregulation, increasing insulin sensitivity without significantly
affecting body weight or food intake [52]. In other studies, long-
term culture studies on human umbilical cord mesenchymal stem
cells (hUMSCs) demonstrated that the N-glycan patterns of cellular
glycoproteins are associated with mesenchymal stem cell aging. For
instance, after 7 days of culture, N-glycan peaks predominantly
represent high mannose-type glycans, whereas after 30 days, they

mainly consist of the complex N-glycan of Fuc1Hex5HexNAc4 [53].
These findings on stem cell glycosylation add another layer of
understanding to the complex mechanisms of aging.
In addition to studying the relationship between glycosylation

modifications and aging from the perspectives of glycosylation
products and glycosylation-related genes involved in the synthesis
process, some studies have focused on the relationship between
glycosylation donors and aging. This has helped us gain a more
comprehensive understanding of the connection between glycosy-
lation modifications and aging. For example, one study investigat-
ing the impact of aging on nucleotide sugar composition across
various tissues was performed by employing an innovative LC-MS/
MS technique. One study revealed alterations associated with aging
in nucleotide sugar concentrations, including a marked reduction in
UDP-glucuronic acid in the kidneys and decreased amounts of UDP-
N-acetylgalactosamine in the brains of older mice [54].
Building on the findings mentioned above, ongoing research

continues to explore the relationship between aging and glycosyla-
tion. For example, studies on the porcine nucleus pulposus (NP),
associated with intervertebral disc degeneration which is a
condition related to aging, have revealed significant changes in
outer arm fucosylation, the abundance of certain oligomannose-
type N-glycans, and the content of α(2,3)-linked sialic acids across
different age groups. These findings highlight the impact of
glycosylation patterns on the health and degeneration of the
intervertebral disc [55]. Furthermore, McDonald et al. reported
that age-related decreases in ovarian steroids might regulate the
expression of N-glycosyltransferases in mouse gonadotropins,
explaining previously reported age-related N-glycosylation altera-
tions in the FSHβ subunit in human pituitary glands [56].
These studies demonstrate that the development of various

technologies, such as advanced glycomics, glycoproteomics, and
CRISPR/dCas9, has deepened the research into glycosylation
modifications and aging. Moreover, the cross-disciplinary integra-
tion of other techniques, such as single-cell RNA sequencing

(scRNA-seq), mass spectrometry imaging, and spatial transcrip-
tomics, is poised to further promote research on glycosylation and
aging. From the initial identification of age-related disease-specific
glycan profiles and the construction of biomarkers for predicting
biological age, elucidating the roles of abnormal glycosylation
modifications associated with aging and age-related diseases and
various possible influencing factors, as well as exploring changing

mechanisms and corresponding molecular regulatory networks,
there has also been an increased focus on the impacts of various
interventions. We organize the research articles by year, accom-
panied by a short description of the results in Table 1.

Glycosylation in Neurodegenerative Diseases
Neurodegenerative disorders (NDs) represent a diverse collection of
complex diseases marked by the gradual deterioration and decline of
neurons across different areas of the nervous system, resulting in
deficits in movement and/or cognitive ability [57–59]. These
conditions, including Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS), are incurable and
pose significant challenges because of their increasing prevalence
[60]. Despite extensive research, effective treatments to slow, halt,
or prevent the progression of NDs remain elusive, with the
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mechanisms underlying neuronal dysfunction and death still largely
unexplored [61]. Aging is the principal risk factor for neurodegen-
erative diseases which are predominantly observed in older
individuals. This progressive, irreversible pathophysiological pro-
cess is characterized by a deterioration in tissue and cellular function
and an increased risk of several age-related diseases, including
neurodegenerative conditions [62]. Alzheimer’s disease and related
dementia (ADRD) exemplify conditions in which aging plays a
significant role in their development. Cognitive deterioration and
neurodegenerative alterations become apparent as individuals age,
even in elderly adults who do not manifest dementia, highlighting

the link between aging and neurodegenerative conditions [63,64].
Glycosylation plays a crucial role in the central nervous system
(CNS), influencing receptor function and cell adhesion [65]. This
process is essential for normal neural function, as proteins within the
CNS are extensively glycosylated. Recent studies have indicated that
in neurodegenerative diseases, various glycosylation patterns
change, suggesting the potential significance of glycosylation in
the pathology of these diseases [66]. Moreover, glycosylation has
been identified to play a significant role in the development of
biomarkers for neurodegenerative diseases, highlighting the rela-
tionship between glycosylation and neurodegeneration.

Table 1. Glycosylation and chronological aging

Sample type Results Publication date Ref

Human plasma Replication of 15 sites related to N-glycosylation of human
plasma proteins across 4,802 samples from four different cohorts.

2021 [39]

Plasma A calorie-restricted diet significantly reduced the quantities
of IgG N-glycans containing bisecting GlcNAc, whereas bariatric
surgery notably elevated levels of digalactosylated and sialylated
glycans, and markedly reduced the presence of agalactosylated
and core fucosylated IgG N-glycans.

2021 [44]

Submandibular gland The submandibular glands in mice produce three varieties
of mucins, each characterized by unique glycan compositions.
The expression of these mucins changes as the mice age.

2021 [49]

N/A Integrating genomic and transcriptomic data from healthy and
pathological tissues to uncover new understanding of the intricate
function of glycosylation in humans.

2022 [42]

Mouse tissues and cells CPS1 O-GlcNAcylation is a crucial nutrient-detecting regulatory
phase in the urea cycle amid aging and dietary limitations.

2022 [50]

Serum/IgG Environmental factors have a strong impact on the result
measured with the glycan clock.

2022 [43]

Human umbilical cord
mesenchymal stem cells (hUMSCs)

The N-glycan patterns of cellular glycoproteins are associated
with mesenchymal stem cell aging.

2022 [53]

IgG Glycan Information The upregulation of TNFRSF13B, EEF1A1, and MANBA,
changed the glucose composition of IgG, confirming that
these three genes participated in galactosylation of IgG in
vitro expression system .

2023 [40]

Cell Administration of fibroblast growth factor 21 (FGF21)
effectively diminished senescent characteristics by increasing
the glycosylation of the CD90 protein.

2023 [52]

IgG Consistent, lifelong moderate physical activity exerts an
anti-inflammatory influence on both the female and male populations.

2023 [45]

Serum Mannose varieties consistently displayed reduced concentrations.
Meanwhile, O-acetylated sialoglycans demonstrated an increasing
pattern mainly observed in H5N4Ge2Ac1and H5N4Ge2Ac2.

2023 [46]

Colon tissues Changes in mRNA expression levels of the enzymes C1GalT1, C1GalT2,
and C2gnts involved in O-glycan biosynthesis with age in the mouse colon.

2023 [48]

Nucleus pulposus tissue Antennary structures, galactosylation, fucosylation, and sialylation
in the nucleus pulposus change from young to mature stages,
with an increase in outer arm fucosylation and a decrease in
α(2,3)-linked sialylation as aging progresses.

2023 [55]

Mice Find that age-related declines in ovarian steroids might regulate
the expression of N-glycosyltransferases in mouse gonadotropins,
explaining previously observed age-related N-glycosylation alterations
in the FSHβ subunit in human pituitary glands.

2023 [56]

IgG glycan information Find the effect of lower GP23 levels on late aging. 2024 [41]

Mouse tissue Alterations in nucleotide sugar concentrations associated with aging,
such as a notable reduction in UDP-glucuronic acid in the kidneys
and decreased amounts of UDP-N-acetylgalactosamine in the brains
of older mice.

2024 [54]
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ALS
First described in 1800 by the French neuroscientist Jean-Martin
Charcot, ALS is a fatal disorder of somatic muscle dysfunction
caused by degeneration of upper and lower motor neurons. The
mechanism of ALS development is poorly understood, and there are
currently no effective treatments [67–68]. The earliest widely
studied relationship between neurodegenerative diseases and
glycosylation was ALS. Although the exploration of their relation-
ship is still in its early stages, promising results have been achieved,
indicating potential diagnostic and pathological insights.
A study of ALS patient serum glycosylation revealed that ALS

patient serum-derived N-glycans presented high levels of sialylated
glycans and low levels of core fucosylated glycans. As IgG is a major
serum glycoprotein affected by sialylation or core fucosylation,
analysis of IgG glycans alone revealed a distinct glycan, A2BG2, in
the serum IgG of ALS patients. Subsequent experiments revealed
that the presence of A2BG2 increased the affinity of IgG for CD16 on
effector cells, thereby increasing antibody-dependent cytotoxicity
(ADCC). This study suggested that IgG glycans can be used as ALS
biomarkers and may also be involved in the process of neuronal
damage [69]. In another study examining protein N-glycosylation in
the cerebrospinal fluid (CSF) of ALS patients, glycomic analysis via
liquid chromatography (LC) and mass spectrometry (MS) was used
to analyze glycosylation patterns in the cerebrospinal fluid (CSF) of
29 ALS patients and matched controls. The glycans A2G2S and
FA2G2S are significantly increased in ALS patients [70]. Further-
more, studies focusing on the glycans of IgG in CSF by combining
HPLC and MALDI-TOF-MS analysis revealed that ALS patients have
increased levels of IgG galactosylation, which has comparable
diagnostic predictive value to phosphorous neurofilament heavy
chains in ALS diagnosis [71]. There is growing evidence of
glycosylation disorders in central nervous system diseases, includ-
ing neurodegenerative diseases. Recognizing the importance of
glycosylation in neurological disorders and the need for a
centralized repository of glycan structural data, the GlyConnect
glycoprotein database (https://glyconnect.expasy.org/brain) was
developed. This database consolidates detailed structural data on
brain and cerebrospinal fluid glycans obtained through advanced
glycomics and glycoproteomics techniques. This database may aid
further research into glycobiology, particularly in the context of
neurodegenerative diseases [65].
In addition to glycan characteristics, some studies have explored

the relationships between glycoproteins and ALS. For example, the
glycoprotein nonmetastatic melanoma protein B (GPNMB) has been
identified as an ALS-associated factor via mouse DNA microarray
analysis. SOD1 (G93A) inhibited GPNMB glycosylation and
increased motor neuron vulnerability [72].
Furthermore, O-GlcNAc modification also plays an important role

in ALS. An ALS transgenic mouse model overexpressing mutant
superoxide dismutase (mSOD) was evaluated. The level of O-
GlcNAc immunoreactivity in the spinal cord of mSOD mice was
lower than that in the spinal cord of control mice. A series of
experiments revealed that the neurodegeneration observed in
mSOD-treated mice is related to a decrease in O-GlcNAc levels in
neurons (including motor neurons) [73].
The exploration of the glycosylation profiles of patients with ALS

has provided significant insights, suggesting a complex interplay
between glycoprotein modifications and disease pathology. Nota-
bly, variations in glycan structures, such as increased sialylation

and altered fucosylation in serum IgG and distinctive glycosylation
patterns in cerebrospinal fluid, offer promising biomarkers for ALS
diagnosis and indicate their potential role in neuronal damage
mechanisms. Resources such as the GlyConnect glycoprotein
database support research on glycomics for understanding neuro-
degenerative diseases, facilitating further research in this critical
area.
From a new perspective, exploring how glycosylation interacts

with other cellular processes implicated in ALS, such as mitochon-
drial dysfunction or oxidative stress, might be fruitful. Investigating
these intersections could reveal novel therapeutic targets or
diagnostic tools that leverage the systemic nature of glycosylation
across various biochemical pathways. This approach could not only
enhance our understanding of ALS but also improve our insight into
other neurodegenerative diseases where similar pathophysiological
mechanisms may be at play.

PD
PD is a common neurological disease. It is a progressive
degenerative disease characterized by motor symptoms (resting
tremor, motor retardation, postural instability and stiffness) and
non-motor symptoms (cognitive decline, depression, anxiety,
autonomic nervous dysfunction and sleep disorders). Earlier studies
have identified male sex and age as independent risk factors for PD.
The growing elderly population contributes to an increase in
Parkinson′s disease (PD) patients [74].
Early studies identified IgG glycan as a potential PD marker [75].

By 2019, researchers began focusing on serum N-glycosylation.
Through the development of a capillary electrophoresis (CE)
method in combination with label-free quantitation and supporting
vector machine-based feature selection, lower sialylation and
increased fucosylation were found in Parkinson's disease patients,
particularly on tri-antennary glycans with 2 and 3 terminal sialic
acids [76].
Pathologically, PD is the result of selective degeneration of

dopaminergic neurons in the substantia nigra pars compacta
(SNpc), and its pathological hallmark is depigmentation of the
substantia nigra and locus coeruleus, with neuronal loss in the
SNpc. Changes in tissue glycosylation are also important for
understanding neurodegenerative diseases. In an analysis of O-
glycosylation in the human striatum and substantia nigra tissue in
PD patients and healthy controls, Wilkinson et al. [77] reported a
significant increase in sialylation in the substantia nigra of PD
patients. Rebelo et al. [78] characterized human Parkinson's disease
nigrostriatal N-glycan as well as related transcriptome/proteome
and reported that oligomannosylated N-glycans increased by 2% in
the substantia nigra. Additionally, Hu et al. employed semisynthesis
to produce homogenous α-synuclein monomers with specific site
modifications (pS87 and gS87). Cryo-EM analysis revealed that O-
GlcNAcylation at S87 interacts with K80 and E61, resulting in a
unique iron-like fold [79]. These findings indicate that glycosylation
may play an important role in PD pathology, highlighting the
importance of modifications such as sialylation and oligomannosy-
lation in the substantia nigra, as well as the impact of posttransla-
tional modifications on the α-synuclein fibril structure.
Blood and urine are both promising sources for discovering

noninvasive biomarkers, indicating promise for early and sensitive
diagnosis. In serum samples, one study detected an increased
abundance of glycans containing core fucose, sialic acid, and
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bisecting N-acetyl glucosamine in PD patients by employing
glycoproteomics methods. This alteration was observed at both
the overall glycan level and specific glycosites of glycopeptides.
Additionally, five Parkinson’s disease-associated proteins exhibit-
ing such N-glycosylation changes were identified. The authors
suggested that these site-specific N-glycosylation changes in serum
hold promise as potential biomarkers for Parkinson’s disease
diagnosis [80]. Similarly, in urine samples, the same group revealed
a reduced abundance of N-glycans, particularly biantennary
galactosylated N-glycans, in PD patients through mass spectro-
metry-based glycomics and glycoproteomics approaches. The
downregulation of sialylation may be attributed to the reduction
in ST3GAL2. Moreover, site-specific N-glycosylation analysis
revealed PD-specific N-glycosylation sites in proteins such as
AMBP, UMOD, and RNase 1. These findings suggest that N-
glycosylation changes in urine could potentially serve as disease-
specific glycosylation biomarkers in PD [81].
To evaluate the etiological implications of glycosylation variation

in PD, some studies have focused more on the abnormal
glycosylation modifications of specific proteins in PD. The adenine
nucleotide translocator (ANT), located in the inner mitochondrial
membrane, is a transporter responsible for the conversion of ADP/
ATP between the mitochondrial matrix and the cytoplasm. The
major functions of ANT1 include mediating mitochondria, ATP/
ADP transport, uncoupling and proton pumping. As a member of
the mitochondrial transporter family, ANT1 can mediate the
transfer of ATP from the mitochondria to the cytoplasm and ADP
from the cytoplasm to the mitochondria. This ATP/ADP exchange is
an important guarantee for ATP synthesis. Previous studies have
shown that downregulated ANT1 is associated with PD through the
formation of protein aggregates with α-synuclein [82]. Zhang et al.
[83] reported that changes in ANT1 glycosylation are associated
with PD. This investigation revealed the role of protein glycosyla-
tion in PD pathogenesis. An increasing number of associations
between glycosylation changes in specific proteins and PD have
been discovered. A study reported that high glycosylation of MAP6
is involved in the pathogenesis of PD [84].
The exploration of glycosylation in PD provides significant

insights into its potential role in both diagnosis and pathogenesis.
The study of altered glycosylation patterns in proteins such as IgG
and the identification of specific glycosylation changes in biological
fluids such as blood and urine suggest promising avenues for
biomarker development. Additionally, the observed alterations in
the glycosylation of specific proteins, such as ANT1 and MAP6,
indicate the potential impact of post-translational modifications on
PD molecular mechanisms.
Future research should focus on integrating glycosylation studies

with genetic and environmental risk factors for PD to develop a more
comprehensive understanding of disease mechanisms. This ap-
proach could help elucidate how glycosylation interplays with other
molecular pathways influenced by these risk factors, potentially
leading to targeted therapies that address the underlying causes of
glycosylation changes. This may help identify targeted therapeutic
strategies for Parkinson’s disease and may offer personalized and
effective interventions on the basis of an individual’s specific
glycosylation profile and genetic makeup. Figure 4 summarizes the
glycosylation changes reported in ALS and PD.

AD
AD is the primary cause of dementia worldwide and is character-
ized by the accumulation of beta-amyloid plaques and hyperpho-
sphorylated tau protein neurofibrillary tangles. The disease
initiates with alterations in amyloid-beta (Aβ), leading to the
propagation of tau pathology. This neurodegenerative disorder
results in cognitive and functional decline linked to aging and
specific neuropathological features. Early manifestations include
defects in memory encoding and storage, followed by broader
cognitive and behavioral changes. Despite its increasing incidence
due to an aging population, no disease-modifying treatments are
currently available [85–88].
As summarized in the Chronological Aging section, glycosylation

plays a significant role in aging, a predominant factor in AD
progression, suggesting the need to focus on the role of glycosyla-
tion in neurodegenerative diseases [63]. The accumulation of beta-
amyloid peptide (Aβ) in the brain is a hallmark of Alzheimer’s
disease [89]. Amyloid precursor protein (APP) is a type I

Figure 4. Glycosylation changes in ALS and PD patients The diagram illustrates glycosylation changes in ALS and PD patients. The upper
section shows N-linked glycosylation changes, whereas the lower section shows O-linked glycosylation changes. The arrows indicate the direction
of changes in glycosylation levels in various tissues and fluids.
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transmembrane protein that is a precursor to amyloid-beta (Aβ)
peptides. Studies using wild-type APP and N-glycosylation site
mutant APP-SNAP plasmids have demonstrated that N-glycosyla-
tion significantly affects the transport and processing of proteins,
specifically altering the cellular localization of APP and modulating
the level of Aβ42 [90]. With respect to O-glycosylation, Tachida et
al. [91] reported that APP exhibiting minimal O-glycosylation is
transported to the surface of endothelial cells and subsequently
returns to the Golgi apparatus for additional O-glycan alterations.
Furthermore, the suppression of genes responsible for initiating
APP O-glycosylation markedly decreases the synthesis of Aβ.
Additionally, another investigation explored the role of glycosyla-
tion in naturally occurring autoantibodies (nAbs) against the
amyloid-beta (Aβ42) isoform, revealing that N-glycosylation is
crucial for the beneficial effects of autoreactive Aβ antibodies on
Aβ42 aggregation, toxicity, and phagocytosis. Notable differences in
glycan structures between AD patients and controls were observed,
underscoring the potential of N-glycosylation as a target for
monoclonal Aβ antibody development and novel diagnostic
methods [92].
Hyperphosphorylation of the tau protein and related processes

are other characteristics of AD [89]. Tau is a microtubule-associated
protein, and its abnormal hyperphosphorylation leads to the
deposition of pathological tau proteins in the brain [93–95].
Previous studies have shown that reduced brain glucose metabo-
lism and O-GlcNAcylation lead to excessive phosphorylation of the
tau protein, diminishing its ability to bind to microtubules and
impairing its function. Additionally, changes in glycosylation
patterns can further alter the levels of tau protein with abnormal
phosphorylation, directly impacting the pathology of Alzheimer’s
disease [96–98]. O-GlcNAc glycosylation modulates Tau phosphor-
ylation and aggregation, with O-GlcNAcylation at key sites such as
S400, S412, and S413, reducing phosphorylation and slowing
fibrillar assembly in Alzheimer’s disease, whereas phosphorylation
at sites such as pS396 and pS404 by GSK3β promotes aggregation
[99]. In a brain-specific SIRT1-deficient mouse model (SIRT1 flox/
Cre+), increased site-specific phosphorylation of Tau is coupled
with enhanced O-GlcNAcylation triggered by reduced O-GlcNAcase
(OGA) and increased O-GlcNAc transferase (OGT) protein levels
[100]. An in vivo study using the OGA inhibitor Thiamet G (TMG)
revealed that increased brain O-GlcNAc levels reduced hyperpho-
sphorylated Tau and significantly decreased mouse hyperactivity
[101]. Park et al. also validated O-GlcNAcylation-based therapy as a
potential intervention for AD [102,103]. However, the side effects of
inhibitors such as TMG remain a concern [104]. Further research led
to the discovery of a novel inhibitor, compound 39, which

demonstrated excellent OGA inhibition, no cytotoxicity, and
favorable pharmacokinetic properties in mice [105]. Overall,
glycosylation plays a crucial role in understanding the involvement
of the tau protein in Alzheimer’s disease, and glycosylation-related
interventions also show promise for Alzheimer’s disease treatment.
In biomarker research, a comprehensive glycomic analysis of AD-

related blood and brain tissues identified N-glycosylation as a
mechanistic biomarker for the early diagnosis of AD/ADRD [106].
Further studies by Tena et al. [107] on serum glycoproteins from
195 participants (including AD patients and controls) revealed
alterations in serum glycoprotein glycosylation and identified
fucosylation as a potential marker of AD. Significant reductions in
the fucosylation of immunoglobulin G1 (IgG1) and IgG2 have been
identified as diagnostic indicators. This study also distinguished AD
patients from healthy controls through unique glycopeptide profiles
of complement proteins and apolipoprotein B. A large-scale N-
glycoproteomic analysis of brain tissues from AD patients revealed
the predominant presence of highly mobile and complex fucosy-
lated and bisected N-glycans, with Man5 N-glycan emerging as the
most frequent one. This analysis also highlighted a notable
characteristic of the brain’s N-glycoproteome: sialylation, which is
relatively rare and occurs in less than 9% of glycoforms.
Furthermore, the research revealed variations in glycosylation at
individual sites, including differences in antenna number, fucosyla-
tion frequency, and bisection, which are correlated with disease
progression. These glycosylation differences extend to subcellular
compartments, indicating alterations across the stages of AD [108].
Recent studies have identified glycopeptide forms associated with
cognitive resilience and revealed that the glycopeptides NPTX2a,
NPTX2b, NECTIN1, NPTX2c, HSPB1, PLTP, NAG, and VAT are
linked to cognitive decline, suggesting that targeting these
glycopeptides could be beneficial for cognitive restoration [109].
Alzheimer’s disease is largely influenced by genetic factors, with the
APOE allele showing the strongest correlation with the disease [85].
Additionally, because molecular and cellular pathological changes
precede clinical onset by several years, pre-symptomatic biomarker
research is particularly crucial [61]. A pivotal study involving 233
individuals demonstrated the predictive value of bisecting N-
acetylglucosamine in conjunction with total tau levels in blood for
AD. This correlation, along with an intermediate tau/bisecting N-
acetylglucosamine ratio, is linked to an increased risk of developing
AD. A comprehensive model that includes this ratio, apolipoprotein
E (APOE) ε4 status, and cognitive scores showed high predictive
accuracy for AD, underscoring the biomarker’s potential in early
diagnosis [110]. Table 2 lists possible glycosylation-related biomar-
kers associated with neurodegenerative diseases.

Table 2. Possible glycosylation-related biomarkers in neurodegenerative diseases

Results Diseases Sample type Ref

Reductions in fucosylation of Immunoglobulin G1 (IgG1) and IgG2,
glycopeptide profiles of complement proteins and apolipoprotein B.

AD Serum [106]

Variations in the number of antennae, frequency of fucosylation,
and degree of bisection correlate with the progression of the disease.

AD Brain tissues [108]

Identified glycopeptiforms associated with cognitive resilience. AD Dorsal lateral prefrontal cortex [109]

Bisecting N-acetylglucosamine in conjunction with total tau levels. AD Serum [110]

Site-specific N-glycosylation changes. PD Serum [80]

Site-specific N-glycosylation in proteins such as AMBP, UMOD, and RNase1. PD Urine [81]
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With respect to other aspects of the relationship between
Alzheimer’s disease and glycosylation, an analysis of protein
glycosylation-related genes (PGRGs) in AD revealed their involve-
ment in disease pathogenesis. This research differentiated AD into
two subtypes with distinct biological processes and neuroinflamma-
tion levels based on protein glycosylation patterns. This study
identified potential therapeutic agents and highlighted the impor-
tance of immune cell infiltration differences between the subtypes.
Specifically, SERPINA3 was identified as a key diagnostic marker
influenced by a complex network of competing endogenous RNAs
and closely linked to immune cell dynamics [111]. Furthermore,
Haukedal and colleagues discovered that genetic variations in the
Sortilin-related receptor 1 linked to Alzheimer’s disease intensified
fragmentation of the Golgi apparatus and subsequent alterations in
glycosylation [112]. Hawkinson and colleagues utilized MALDI
mass spectrometry imaging to perform a comprehensive analysis of
spatial N-glycans, finding strong region-specific N-glycan variations
associated with AD in mice and humans [113]. These findings
highlight the complexity of glycosylation in AD and its potential
implications in diagnosis and therapy. Table 3 outlines the
functional differences observed in various glycosylation patterns
across neurodegenerative diseases.
According to the studies discussed above, our understanding of

glycosylation in neurodegenerative diseases is becoming increas-
ingly comprehensive. This encompasses a spectrum from serum
glycomics to detailed investigations of individual protein glycosyla-
tion and from studies on N-glycosylation to those focusing on O-
glycosylation. Additionally, the exploration of glycosylation bio-
markers for neurodegenerative diseases continues vigorously.
Research into pre-symptomatic biomarkers, in particular, may
represent a crucial area for deeper investigation.

Perspectives
Understanding the complex roles of glycosylation in aging and
neurodegenerative diseases opens new avenues for biomedical
research. Glycosylation, a post-translational modification, affects
protein folding, stability, and cellular signaling. Changes in
glycosylation patterns in aging and neurodegenerative diseases
indicate their crucial roles in these processes. This review highlights
changes in glycans in disease processes, their potential as
biomarkers, their value as therapeutic targets, and the latest
relevant research involved. However, the complexity of glycosyla-
tion patterns and their regulation present significant challenges. To
fully harness their diagnostic and therapeutic potential, future

research should involve comprehensive glycan profiling of various
tissues and fluids across different aging stages and neurodegenera-
tive diseases. While the complexity of glycosylation poses research
difficulties, understanding the precise mechanisms by which
glycosylation changes lead to cellular dysfunction and disease
requires further investigation beyond merely observing glycosyla-
tion alterations as endpoints.
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