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ARTICLE INFO ABSTRACT

Keywords: Glycosylation is a crucial post-translational modification process where sugar molecules (glycans)
Glycosylation are covalently linked to proteins, lipids, or other biomolecules. In this highly regulated and
Glycation

complex process, a series of enzymes are involved in adding, modifying, or removing sugar res-
idues. This process plays a pivotal role in various biological functions, influencing the structure,
stability, and functionality of the modified molecules. Glycosylation is essential in numerous
biological processes, including cell adhesion, signal transduction, immune response, and bio-
molecular recognition. Dysregulation of glycosylation is associated with various diseases. Gly-
cation, a post-translational modification characterized by the non-enzymatic attachment of sugar
molecules to proteins, has also emerged as a crucial factor in various diseases. This review
comprehensively explores the multifaceted role of glycation in disease pathogenesis, with a
specific focus on its implications in osteoarthritis (OA). Glycosylation and glycation alterations
wield a profound influence on OA pathogenesis, intertwining with disease onset and progression.
Diverse studies underscore the multifaceted role of aberrant glycosylation in OA, particularly
emphasizing its intricate relationship with joint tissue degradation and inflammatory cascades.
Distinct glycosylation patterns, including N-glycans and O-glycans, showcase correlations with
inflammatory cytokines, matrix metalloproteinases, and cellular senescence pathways, amplifying
the degenerative processes within cartilage. Furthermore, the impact of advanced glycation end-
products (AGEs) formation in OA pathophysiology unveils critical insights into glycosylation-
driven chondrocyte behavior and extracellular matrix remodeling. These findings illuminate
potential therapeutic targets and diagnostic markers, signaling a promising avenue for targeted
interventions in OA management. In this comprehensive review, we aim to thoroughly examine
the significant impact of glycosylation or AGEs in OA and explore its varied effects on other
related conditions, such as liver-related diseases, immune system disorders, and cancers, among
others. By emphasizing glycosylation’s role beyond OA and its implications in other diseases, we
uncover insights that extend beyond the immediate focus on OA, potentially revealing novel
perspectives for diagnosing and treating OA.
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1. Osteoarthritis (OA)

Osteoarthritis (OA) is the most common age-related degenerative and progressive joint disease [1], primarily affecting the hip and
knee joints [2]. It is characterized by abnormalities in subchondral bone perfusion, extracellular matrix (ECM) protein loss, sclerosis,
neovascularization invading the synovium and articular cartilage, synovial inflammation, subchondral bone remodeling, osteophyte
formation, degenerative changes in articular cartilage, and progressive degradation of the entire synovial joint structure [3-7]. The
destruction and remodeling of cartilage in OA are gradual processes, accompanied by concurrent synovial inflammation affecting all
areas of the synovial joint [8]. OA results from the damage to articular cartilage, which subsequently affects the structure of bone,
synovium, and joint capsule, giving rise to characteristic clinical manifestations such as joint pain, effusion, swelling, stiffness,
deformity, and limited range of motion [9-11]. These symptoms have varying degrees of impact on patients’ daily activities and
quality of life [12]. Among them, cartilage destruction, subchondral bone remodeling, and loss of matrix molecules are key features of
OA’s degenerative changes [13-15]. Chondrocytes are the main cell type in cartilage, producing glycoproteins and proteoglycans, and
contributing to the maintenance of the unique ECM of cartilage with its elasticity and flexibility. The pathological process of OA
involves joint deterioration with extensive chondrocyte apoptosis and cartilage breakdown [13-16]. Unfortunately, in mature
cartilage, the differentiation of relevant chondrocyte populations is halted before final maturation, rendering these cells incapable of
regeneration and repair [17]. Additionally, cartilage lesions in current treatments are considered irreversible [18].

OA has traditionally been viewed as a "wear and tear" disease; It is commonly regarded as a "degenerative" disease due to its as-
sociation with the gradual degradation and depletion of joint cartilage. Joint cartilage plays a crucial role in safeguarding bone
surfaces and facilitating smooth joint movements. However, over time or due to injuries, this cartilage can deteriorate progressively,
leading to direct bone contact, resulting in pain, swelling, and impaired joint functionality [19]. However, scientists now increasingly
recognize it as a low-grade inflammatory disorder driven by metabolic dysregulation. Both preclinical animal models and studies on
OA patients have reported age, obesity, and metabolic syndrome as major risk factors for OA. Furthermore, the occurrence and
progression of OA are influenced and modulated by various factors, including joint injuries, inflammation, gender, genetics, and
cellular senescence [20,21]. With advancing age, cellular senescence, an irreversible cell cycle arrest, becomes more prominent, often
leading to chronic pain and functional disabilities in the elderly [13,14].

As the global population ages, the economic burden and prevalence of OA are steadily rising worldwide, making it an increasingly
serious public health issue [15,16]. Moreover, research data support a strong association between OA and diabetes mellitus (DM),
which is one of the main components of metabolic syndrome. Epidemiological studies have identified DM as an independent risk factor
for knee OA, capable of triggering and exacerbating its progression [4,5]. In animal experiments, abnormal chondrocyte insulin-like
growth factor 1 resistance has been observed in streptozotocin-induced DM rats [6]. Glycosylation anomalies play a crucial role in the
pathogenesis of OA [1,7] Currently, joint replacement surgery remains a primary treatment for OA pain relief [8].

A hallmark of OA is defective cartilage protein production, with these cartilage proteins being secreted via the classical Golgi
apparatus glycosylation mechanism. Clinical research involving OA patients has revealed impaired glycosylation mechanisms in OA,
leading to shortened glycosaminoglycan chains [22], altered sulfated proteoglycan/chondroitin sulfate ratios [23]. The previous re-
ports suggested that Glycosaminoglycans (GAGs) serve as lubricants in joints, primarily supporting connective tissues like cartilage
and tendons. Moreover, GAGs have been indicated to aid in the treatment of OA [24]. The monoclonal antibody 3-B-3 corresponds to
epitopes of chondroitin sulfate (CS), while the monoclonal antibody 5-D-4 corresponds to epitopes of keratan sulfate (KS). Belcher et al.
reported that in comparison to the normal group, the concentration of SF-3-B-3 and the 3-B-3/GAG ratio increased in the OA patient
group, despite GAG concentrations in OA patients being similar to those in normal individuals, albeit relatively lower. Furthermore,
SF-5-D-4 was lower in the OA patient group compared to the control group. Changes in other glycosylated compounds, such as
O-linked and N-linked glycans and glycolipids, have also been reported in OA [25]. Undoubtedly, as an inflammatory disease, OA is
associated with elevated levels of inflammatory markers such as cytokines and chemokines within affected joints [26]. Associations
between OA and mechanical injury have also been reported [27]. Previous research has demonstrated that under inflammatory
conditions, the activity of glycosyltransferases responsible for synthesizing glycoprotein proteoglycan chains can be altered, subse-
quently impacting glycoprotein function. This suggests that joint destruction in arthritis is often linked to elevated levels of inflam-
matory cytokines and may contribute to the ongoing deterioration of arthritis [28].

2. Glycosylation

Glycosylation is a common post-translational modification for most proteins and lipids, leading to the formation of glycoproteins
and glycolipids through various glycosidic bonds [29-31].Polysaccharides are the fundamental components of all cells in living or-
ganisms. They can interact with various types of molecules, such as proteins and lipids. By modifying the structure and function of
proteins, polysaccharides influence their biological activity. The majority of glycans (glycoproteins) attached to proteins can be
classified into two types: one is N-glycans, which are polysaccharides attached to asparagine (Asn) residues via nitrogen atoms, and the
other is O-glycans, which are polysaccharides attached to serine or threonine residues via oxygen atoms [32]. Furthermore, specific
alterations in glycosylation of glycoproteins and serum glycoproteins are associated with the pathogenesis of diseases such as cancer,
infections, and autoimmune disorders. In certain diseases, protein glycosylation can serve as diagnostic biomarkers [31].

3. Characteristics and functions of glycosylation

Glycosylation has several types, for example, the well-known O-glycosylation (O-Glycans), N-glycosylation, and
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glycosylphosphatidylinositol (GPI) anchoring on proteins. Among them, the characteristic features of protein glycosylation mainly
include O-glycosylation, N-glycosylation, O-glucosylation, and glycosaminoglycan chain modification. Protein glycosylation primarily
occurs in the endoplasmic reticulum and Golgi apparatus of the secretory pathway. For instance, N-acetylgalactosamine (GalNAc) O-
glycosylation takes place in the Golgi apparatus, while N-glycosylation initiates in the endoplasmic reticulum [33], undergoes further
processing, and terminates in the Golgi apparatus [34]. In addition, some specific types of glycosylation are named based on the last
sugar of the polysaccharide chain. These include: galactosylation (Gal), sialylation (SA), fucosylation (Fuc) (core and terminal),
multibranching of glycans (bi-, tri-, tetra-, penta-antennary), and increased bisection N-acetylglucosamine (GlcNAc) [35,36]. More-
over, in higher eukaryotes, including humans, C-mannosylation (the attachment of mannose to the indole ring of tryptophan) has also
been identified [37]. The biosynthesis of polysaccharides relies on the action of multiple genes, which encode enzymes like glyco-
syltransferases, molecular chaperones, and cell transport proteins. These enzymes collectively constitute the cellular glycosylation
machinery. Polysaccharides undergo further modifications by glycosidases and undergo additional biosynthetic modifications through
other enzymes [38-40]. These modifications are responsible for changes in enzyme activity related to glycoprotein metabolism:
glycosyltransferases, which are involved in sugar transfer, and glycosidases, which are responsible for the hydrolysis of glycosidic
bonds. Glycosyltransferases, being a large enzyme family, play a significant role in the formation of glycoprotein bonds [41]. The
maintenance of internal balance relies on the efficient and highly controlled biosynthesis of polysaccharides, leading to proper protein
glycosylation. Therefore, this is crucial for their functionality in several biological activities such as normal development, growth, and
differentiation in cells and tissues [38-44]. However, when there is a dysregulation in the biosynthesis pathway of polysaccharides, it
can lead to significant alterations in cellular glycosylation and critical changes in biological processes, ultimately triggering and
modulating the pathological progression of various diseases [41]. The binding and cleavage of sugar-amino acid chains play a pivotal
role in the process of glycoprotein’s biological activity, which is enzyme-controlled. As a result, variations in disease-specific glyco-
sylation can be observed in many diseases [35,45,46].

3.1. O-glycosylation

O-GlcNAcylation, also known as O-linked N-acetylglucosaminylation or O-linked glycosylation, is the attachment of O-GlcNAc
modification onto serine (Ser) or threonine (Thr) residues within peptides. This post-translational modification occurs exclusively
within the Golgi apparatus, where O-linked polysaccharides are attached to the free hydroxyl groups of these amino acids. It is a
dynamic and reversible posttranslational modification (PTM) that plays a regulatory role in a broad spectrum of cellular events. O-
GlcNAcylation regulates various processes, including but not limited to epigenetics, transcription, signaling, and rhythm within
cytoplasmic, nuclear, and mitochondrial proteins [47-49]. Aberrant cell O-glycosylation triggers or regulates various diseases,
including genetic disorders, infectious diseases, and cancers.

During this process, the glycosyltransferase OGT utilizes GlcNAc from nucleotide sugar UDP-GlcNAc to form O-GlcNAc
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modification on the hydroxyl groups of serine or threonine residues in proteins. O-GalNAc glycosylation can occur in any protein that
follows the secretory pathway [50], accounting for over 80% of secreted and cell surface proteins. This type of glycosylation is highly
abundant in mucins, and thus, it is commonly referred to as mucin-type O-glycosylation. Mucins, as a class of glycoproteins, contain
numerous repetitive structural domains rich in Ser and Thr residues, which serve as targets for O-glycosylation [51]. All O-GalNAc
glycosylation share a common structural feature, which involves the monosaccharide N-acetylgalactosamine (GalNAc) being o-linked
to the hydroxyl group of Ser or Thr residues in proteins [52]. Glycoproteins exhibit a series of core structures capable of forming
extended polysaccharide backbones with either linear or branched configurations. Among these, the linear structures include
Galb1-3Gal- NAc- (core 1) and GlcNAcb1-3GalNAc- (core 3), while the branched structures encompass Galb1-3(GlcNAcb1-6)GalNAc-
(core 2) and GlcNAcb1-3(GlcNAcb1-6)GalNAc- (core 4). Subsequently, the backbone repetitive units of N-acetyllactosamine types 1
and 2 (corresponding to Galb1-3GlcNAc- and Galb1-4GlcNAc-, respectively) are added, either as side chains I and linear I antigens
(Galb1-4GlcNAcb1-3Galb1-4-), thereby forming extensions. Finally, the resulting polysaccharides undergo sialylation, fucosylation,
and sulfation [53]. The mucin type O-glycans are synthesized through the aforementioned complex processes. The biological synthesis
pathway of the mucin type O-glycans are depicted in [Fig. 1], as shown.

Within the GalNAc-O-Ser/Thr structure (Tn antigen), modification is carried out by the Gal-transferase enzyme (C1GalT1). Among
these, C1GalT1 is an enzyme, and its activity expression relies on its molecular chaperone (Cosmc) [54]. GalNAc glycosylation
(mucin-type O-glycosylation) is a major component of mammalian glycocalyx, participating in various biological processes through
glycan-protein interactions. It plays a crucial role in numerous biological and pathological processes, including tumor growth and
progression.

3.2. N-glycosylation

As it is widely recognized, unlike the O-linked polysaccharides with O-linked glycosylation, the core structure of N-linked poly-
saccharides consists of a complex "bifurcated" or "double-antennae" pentasaccharide, commonly referred to as the "biantennary"
structure, composed of 3 mannose (Man) and 2 GlcNAc molecules. Within its branched structure, various types of sugars can incor-
porate differing numbers of additional molecules such as fucose, mannose, GlcNAc, galactose (Gal), bisecting N- GlcNAc, and N-
acetylneuraminic acid (sialic acid, Sia). The complex and variable structure of N-glycans depends on the length of sugar chains, the
way of branching or the arrangement order of monosaccharides. Among these, the core structure of N-linked polysaccharides can be
further diversified through the action of various enzymes. However, summarily, these structures can be broadly categorized into three
types: high-mannose type, hybrid type, and complex type. Both hybrid and complex types typically involve core fucosylation in most
instances [Fig. 2] . As one of the most common, significant, and complex PTM occurring after protein translation [55], N-glycosylation
plays a crucial role in protein biogenesis and function. Besides its potential involvement in regulating brain development and function
[56], N-glycosylation exerts its important effects by influencing protein folding, cellular localization, stability, and solubility.

Typically, N-glycosylation can impact enzyme activity through the following ways: (1) promoting peptide chain folding (N-glycans
are co-translationally added and can stabilize proper protein folding), (2) ensuring correct subcellular localization of proteins (pre-
venting their accumulation in the endoplasmic reticulum and subsequent degradation), and (3) preventing protein aggregation [57].
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Fig. 2. Major subtypes of N-glycosylation.
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Furthermore, within the sequence of N-glycosylation, amino acid substitutions (site-directed mutagenesis approaches) can lead to
unfavorable changes in protein tertiary structure. Inhibitors of N-glycosylation may also cause side effects, such as inducing endo-
plasmic reticulum stress (ERS) due to the accumulation of misfolded proteins, ultimately leading to cell apoptosis [58].

N- and O- glycans are the most prevalent types of glycosylation. Due to their highly diverse and relatively hydrophilic nature, as
well as the spatial flexibility of their short oligosaccharide chains formed by numerous sugar residues and the ability to transfer charges
through certain sugar moieties [42,59], N-glycans are considered to be universally present in most living organisms. Additionally, they
are found on the envelopes of viruses, carrying oligosaccharide chains derived from infected host cells [55,60-64]. N-glycans are
typically attached to Asn residues within a consensus sequence known as Asn-X-Ser/Thr, where X can be any amino acid except
proline. Furthermore, N-glycans can also attach to N-X-C, N-Q-C, N-S-G, or Q-G-T sequences [65]. At the molecular and cellular levels,
N-glycans may play diverse roles, including involvement in protein folding [66,67], secretion [68], maturation [69], and intracellular
transport [70]; communication and cell-cell interactions [70]; immune responses [71]; as well as mediating diseases, including cancer
[72], and facilitating viral entry into host cells (e.g., SARS-CoV-2) [73]. N-glycans are synthesized by glycosyltransferases, and their
impact on protein biogenesis stems from their influence on protein secondary structures and physicochemical properties [74].
Moreover, N-glycans can alter the thermodynamic stability of proteins by inducing conformational changes, as observed in the case of
artificially modified Ge-MAF serum factor protein, MM1 [75], or the WW domains of human Pin 1 protein [76]. Glycosyltransferases
are a complex group of enzymes widespread in most living organisms. N-glycans can influence the secretion, stability, and sub-
strate/receptor affinity of glycosyltransferases, which may significantly impact their enzymatic activities. However, some glycosyl-
transferases require glycosylation to initiate their activity. Both N-glycans and glycosyltransferases play crucial roles in the
pathogenesis of many diseases, including cancer.

As widely recognized, Immunoglobulin G (IgG)-type monoclonal antibodies typically feature a conserved N-glycosylation site at
asparagine-297(Asn-297) within the Fc region. Additionally, about 20% of IgGs harbor an N-linked glycosylation site within the Fab
region, situated on the heavy chain. The asymmetry in glycosylation levels between the two heavy chains of monoclonal antibodies
further augments the diversity of glycosylated antibodies. At the forefront of immunology and glycobiology, IgG glycosylation, spe-
cifically the conserved N-linked glycan at Asn-297 in the second immunoglobulin (Ig) domain of the heavy chain (CH2) within the Fc
region that helps form IgG, plays a crucial role in the structure and function of IgG. The conserved N-linked glycans on Fc portion,
including the one found at Asn-297, have a special role in controlling the pro-inflammatory and anti-inflammatory functions of
glycoproteins [77,78]. The effector functions of IgG vary between pro-inflammatory and anti-inflammatory states depending on its
glycosylation. As the most abundant glycoprotein in circulation in the blood, IgG is composed of two identical heavy chains and two
identical light chains forming its peptide backbone. Among all its structures, the most variable component is the hinge region, which
connects the antigen-binding region (Fab) and the crystallizable region (Fc) of IgG. In the Fab domain, approximately 15%-25% of IgG
molecules contain N-linked glycans with diverse functions [79]. Although the complex interactions required to form the final func-
tional glycan structures cannot be solely encoded by individual genes or gene combinations [34], several genes encoding glycosyl-
transferases are associated with different IgG glycosylation patterns [80]. Factors driving the diverse functions of IgG include changes
in galactosylation, fucosylation, and sialylation, ranging from inhibitory/anti-inflammatory effects to complement activation and
promotion of antibody-dependent cellular cytotoxicity. However, inflammation is largely associated with reduced galactosylation,
increased fucosylation, and increased GlcNAc splitting. Generally, alterations in Fc glycosylation subsequently influence the structural
integrity and conformation of the Fc domain, as well as its affinity for Fcy receptors (FcyRs). IgG sialylation is a key aspect of IgG’s
inhibitory effects.

Going back to a study conducted in 2006 by Jeffrey Ravetch’s laboratory, they reported that high-dose intravenous administration
of immunoglobulin IgG can treat the anti-inflammatory activity in rheumatoid arthritis (RA) due to terminal o2,6-sialylation of IgG N-
glycans [77]. Consistent with this report, the team led by Thomas Rademacher found changes in IgG glycosylation in both RA and OA
[81]. In a report from 1987 using lectin analysis of IgG from RA patients, it was observed that IgG present in the RA patient samples
exhibited higher binding to ConA compared to the healthy control group. This finding suggests a higher prevalence of hybrid and
highly fucosylated N-linked glycans associated with inflammatory diseases in RA patients [82]. IgG glycosylation reduces gal-
actosylation [83]. Changes in galactosylation have also been reported in early-onset RA. Subsequently, this result was replicated in an
experiment using RA-prone MRL-lpr/lpr mice, showing a decrease in the galactosyltransferase B4GalT1 with the onset of RA [84].
These results have stood the test of time. Over time, these results have stood the test of time.

3.3. Advanced glycation end products (AGEs)

PTMs of proteins play a pivotal role in regulating various cellular processes and are increasingly recognized as key contributors to
the development and progression of numerous diseases. Among these PTMs, glycation, a non-enzymatic process involving the covalent
attachment of sugar moieties to proteins, has emerged as a significant factor in disease pathogenesis. The intricate interplay between
glycation and disease has sparked growing interest among researchers aiming to decipher its implications and mechanisms in different
pathological contexts. In recent years, one particular area of focus within the realm of glycation-associated diseases has been OA.
Osteoarthritis, characterized by the progressive degeneration of joint tissues, represents a major health burden globally. While me-
chanical factors have long been implicated in OA pathogenesis, emerging evidence underscores the role of biochemical alterations,
including glycation, in driving disease progression. Glycation-induced modifications have been shown to affect the structural and
functional integrity of joint components, exacerbating tissue damage and inflammation.

Advanced glycation end products (AGEs) are a class of compounds formed through a series of non-enzymatic reactions between
reducing sugars (such as glucose) and biologically significant molecules like proteins, lipids, and nucleic acids. These reactions are
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commonly referred to as glycation reactions or non-enzymatic glycosylation reactions, collectively known as the Maillard reaction.
This process results in the irreversible modification of biomolecules and gives rise to the formation of heterogeneous and structurally
diverse AGEs. In recent years, AGEs have emerged as pivotal entities in the pathogenesis of various chronic diseases, highlighting their
significance as potential therapeutic targets and biomarkers [85]. AGEs have emerged as significant contributors to the aging process
and the development of various chronic diseases, impacting a wide range of physiological functions. The formation of AGEs occurs
through a series of complex and interconnected pathways, ultimately resulting in the irreversible modification of biomolecules. The
accumulation of AGEs has been associated with tissue dysfunction, inflammation, oxidative stress, and the pathogenesis of age-related
disorders, such as diabetes, cardiovascular diseases, and neurodegenerative conditions. As proteins constituting the ECM and vascular
basement membranes (BM), they are among the longest-lived proteins in the body and particularly sensitive to AGEs modifications.
The presence of AGEs on the vascular BM, especially in diabetic patients, leads to an accelerated accumulation of AGEs due to the
specific environment influenced by the diabetic condition, resulting in severe pathological consequences. These effects are mediated in
part through their interaction with specific receptors, including the receptor for AGEs (RAGE), which amplifies cellular stress responses
and inflammatory pathways [86]. AGEs were initially recognized for their role in the aging process and have since been implicated in
the etiology of various age-related diseases, including diabetes, cardiovascular diseases, neurodegenerative disorders, and chronic
kidney disease. The accumulation of AGEs is closely linked to oxidative stress, chronic inflammation, and the activation of various
cellular pathways, which contribute to tissue damage and dysfunction. Furthermore, the interaction of AGEs with their receptor, the
receptor for RAGE, triggers an array of intracellular signaling cascades that perpetuate cellular dysfunction and inflammation [87].

The formation of AGEs involves a complex process, encompassing chemical reactions between sugar molecules and amino acid
residues within biologically significant molecules, often involving residues such as lysine in protein molecules. These reactions may be
particularly active in high-sugar environments, such as within the bodies of diabetic patients. Once formed, AGEs can accumulate
within tissues, exerting detrimental effects on the structure and function of biomolecules. Understanding the formation, metabolism,
and biological effects of AGEs is crucial for unraveling their intricate involvement in disease pathogenesis. Recent advances in
analytical techniques have enabled the identification and quantification of specific AGEs, facilitating the exploration of their roles in
disease progression and aging. Moreover, efforts to understand the underlying mechanisms of AGEs formation and their impact on
cellular function have spurred the development of therapeutic strategies aimed at mitigating AGEs-related damage. These strategies
range from dietary interventions to pharmacological agents designed to interfere with AGEs accumulation and mitigate their down-
stream effects [88,89].

This review provides a comprehensive overview of the intricate relationship between glycation, glycosylation, and diseases, with a
particular emphasis on their role in OA. By elucidating the molecular mechanisms through which they contribute to joint tissue
damage, exploring relevant research findings, and integrating various perspectives, this review unravels the ’sweet mystery’. Un-
derstanding its impact on disease progression paves the way for targeted interventions and improvements in patient care.

4. Glycosylation in disease context
4.1. Glycosylation in non-neoplastic diseases

The role of glycosylation in various health conditions spans a broad spectrum, encompassing implications in liver diseases,
congenital disorders, and even neurodegenerative ailments. In liver-related issues such as chronic hepatitis and liver cancer (LC), the
impact of dietary long-chain fatty acids (LCFAs) on inflammation is notable. LC patients displayed rapid absorption of LCFAs through
an alternative pathway involving glycosylated CD36 [90-92] and GLP-2 [93], potentially contributing to LC pathogenesis through
altered LCFA metabolism [94-96]. LC patients exhibit rapid LCFA absorption, potentially contributing to the development of the
disease. Moreover, in Crohn’s disease (CD), abnormal glycosylation patterns in certain proteins correlate with autoimmune responses,
particularly in anti-granulocyte macrophage-colony stimulating factor autoantibodies (aGMADb) [97]. These aberrations in glycosyl-
ation, when identified comprehensively, could serve as more specific biomarkers for diagnosis, especially in viral hepatitis cases with
fibrosis/cirrhosis. Viral infections like Hepatitis B and C often exhibit altered glycosylation in viral envelope proteins, influencing their
interaction with host cells. These glycosylated proteins play a pivotal role in the viral life cycle, particularly in cellular recognition,
binding, and penetration [98,99]. Polysaccharides, as vital connecting elements with host receptors, emerge as potential targets for
innovative therapeutic strategies against viral hepatitis [90,100,101]. Moreover, Congenital Disorders of Glycosylation (CDG) are
metabolic disorders arising from defects in polysaccharide synthesis, impacting various organ systems and often leading to intellectual
disabilities and developmental delays. In CDGs resulting from defects in protein N-glycosylation, the heterogeneity within CDGs
underscores the need for considering this disorder when faced with unexplained hepatic pathologies, developmental delays, or growth
failures [102,103]. In addition, N-glycosylation is closely associated with most of the pathogenic processes involved in neuro-
inflammation. Glycosylation emerges as a central player in neuroinflammation, affecting conditions like Alzheimer’s (AD), Parkinson’s
(PD), and epilepsy [104]. Siew et al. pointed out that MBLs can bind to various glycan monomers, including mannose, fucose, and
GlcNAc, and exert pro-inflammatory effects by activating and phagocytizing microglia. Sirko et al. found that the protein galectin-3,
which requires O-glycosylation, is essential for microglia proliferation through the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway, promoting the production of the pro-inflammatory cytokine IL-6 [105]. Gligorijevi¢ and col-
leagues reported significant glycosylation changes in patients with liver cirrhosis (LC). This included alterations in specific carbo-
hydrates, such as increased levels of Gal p-1,4 GlcNAc and terminal a-2,3 Sia, along with reduced core a-1,6 fucosylation and cleaved
GlcNAc [106]. Various glycan-binding proteins like mannose-binding lectins (MBLs) and galectin-3 influence pro-inflammatory re-
sponses, microglia proliferation, and cytokine production, highlighting the role of glycosylation in neuronal health. Signaling
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pathways such as NFkB, MAPK, and JAK/STAT, besides initiating signal cascades, also require one or more glycosylation components
to fine-tune pathway activity and initiate the epigenetic production of cytokines and chemokines [107]. Moreover, N-glycosylation
influences the unfolded protein response (UPR) critical for neuronal survival or death, emphasizing its pivotal role in neurological
disorders [106]. The complexity of the glycosylation pathway involving numerous enzymes across cellular compartments presents
both challenges and opportunities for therapeutic interventions in neurological disorders. While blocking glycosylation initiation
could have unintended consequences, targeting specific disrupted glycan species in distinct neurological disorders holds promise for
tailored interventions. Careful consideration and design of targeted approaches for glycosylation in neurological disorders offer hope
for future therapeutic strategies.

Alcoholic liver disease (ALD) has drawn significant attention in recent studies examining the intricate role of O-linked f-N-ace-
tylglucosamine (O-GlcNAc) levels. Zhang et al. on ALD patients and alcoholic liver injury in mice revealed a decrease in O-GlcNAc
modification, linked to the prevention of liver cell necrosis and fibrosis. Their focus on O-glycosylation’s impact on necrotic apoptosis
pathways, both transcriptionally and post-translationally, underscored the pivotal role of O-GlcNAc transferase (OGT) in inhibiting
liver cell necrotic apoptosis. The absence of OGT led to progressive liver issues, including fibrosis and inflammation [107]. However,
this complexity in OGT’s role in liver pathology was further illuminated by Xu et al.’s findings. In contrast to Zhang et al., Xu et al.
reported that OGT overexpression in the liver contributes to hepatocellular carcinoma (HCC) by activating the JNK signaling pathway
[108]. This contradiction calls for a comprehensive understanding of OGT across diverse models and its integration into broader
signaling networks. Moreover, insights into the dynamics of O-glycosylation in the early stages of chronic liver disease were gleaned
from a mouse model of ethanol diet-induced liver injury. Despite the absence of evident fibrosis, a significant decrease in liver
O-glycosylation levels accompanied liver cell injury and inflammation. This highlights O-glycosylation as an early responder to liver
stress, prompting consideration of O-GlcNAc as a potential biomarker for liver disease [107]. These collective findings underscore the
intricate interplay of OGT and O-GlcNAc levels, shaping our understanding of liver pathophysiology. Subtle changes in glycosylation,
observed in the presence of various diseases, serve as a foundation for more sensitive and precise clinical tests. Liver diseases
commonly exhibit reduced sialylation and increased polyglycan branching, while cancer demonstrates increased sialylation and
fucosylation. For individuals with heavy alcohol consumption, glycosylation changes indicate elevated transferrin (Tf) levels [109],
reflected in increased isoelectric focusing [110-113] due to decreased sialic acid content. Despite a positive correlation between
alcohol intoxication and cirrhosis, the presence of carbohydrate-deficient transferrin is more linked to the amount of alcohol consumed
than the severity of liver disease [114]. Notably, specific glycosylation alterations in liver diseases seem to differ based on various
glycoproteins, potentially attributed to differences in patient cohorts used in early or late-stage studies. In liver conditions like liver
fibrosis and cirrhosis, markers such as Mac-2 Binding Protein Glycosylation Isoform (M2BPGi) demonstrate a strong association with
disease severity, including correlations with hepatic venous pressure gradient levels [97-99,115,116]. These markers might not
directly predict mortality rates but could serve as indicators of impending bacterial infections, shedding light on the immunosup-
pressive state encountered during advanced cirrhosis [116]. Research into the intricate relationship between various diseases and
glycosylation patterns of IgG has revealed compelling correlations that shed light on disease characteristics and potential diagnostic
markers. Notably, cardiovascular disease (CVD) and kidney disease exhibit pronounced associations with altered IgG glycosylation,
marked by increased cleavage of IgG-associated glycans and higher a2,6-sialylation alongside reduced galactosylation. Interestingly, a
similar glycosylation pattern emerges in type 2 diabetes, suggesting a potential link between these conditions [117]. Inflammatory
diseases like Crohn’s disease, pulmonary tuberculosis [118], and juvenile idiopathic arthritis also showcase reduced IgG gal-
actosylation, emphasizing a broader pattern across inflammatory conditions. In RA, distinct IgG glycosylation patterns have been
observed, including lower galactosylation, increased fucosylation, and reduced sialylation [119], notably in RF-positive patients.
These glycosylation changes align with disease activity, implicating them as potential markers for RA subsets and disease progression.
Moreover, the efficacy of treatments like methotrexate (MTX) in RA appears linked to increased IgG galactosylation, suggesting a
potential avenue for monitoring treatment response [120]. Similarly, systemic lupus erythematosus (SLE) patients exhibit reduced
galactosylation and sialylation of IgG in serum, aligning with observations in lupus mouse models [121]. These findings collectively
underscore the intricate relationship between IgG glycosylation and various diseases, paving the way for potential diagnostic and
therapeutic advancements in managing these conditions.

The complexity of glycan modifications in diseases is evident in the diverse alterations observed in serum proteins. In cases of
inflammation, the shifts in sialylation and branching exhibit variability, often dictated by the specific disease type under investigation.
Conversely, in cancer, the trends in glycan changes appear to be protein-specific, with glycan branching either increasing or decreasing
depending on the particular serum protein studied. Notably, these modifications have been harnessed for diagnostic purposes,
exemplified by instances such as reduced sialylated Tf in alcohol abusers and elevated Hp and AFP aggregation in cancer tissues [122].
Furthermore, the augmentation of fucosylation emerges as a notable feature in various cancers, spanning ovarian [123], breast [119],
thyroid [124], and choriocarcinoma [125]. Interestingly, the increased fucosylation in cancer appears to occur across multiple sites on
serum glycoproteins without specific localization. For instance, diverse linkage patterns are observed: a-(1-3) linkage in AFP and HCG,
and a-(1-3) linkage to surrounding GlcNAc residues [125] in Tf [126]and haptoglobin (Hp) [125]. Additionally, research has linked
increased fucosylation in cancer to heightened activity of a-(1-3)-fucosyltransferase in the blood [127]. In contrast, the scenario with
sialic acid alterations showcases nuanced differences between cancer and normal serum. While an overall increase in protein-bound
sialic acid is confirmed in cancer, variations in sialic acid residue counts on Tf molecules distinguish cancer serum from normal serum
[128]. These findings underscore the variability in serum protein glycosylation among diseases. For instance, cancer displays
augmented sialylation and fucosylation, while liver pathology exhibits reduced sialylation and increased glycan branching.
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4.2. Glycosylation in cancer

Proteins with high levels of glycosylation, such as adhesion proteins or proteases, are involved in cancer metastasis. Proteins like
enzymes, transcription factors, and receptors appear repeatedly in cancer after being regulated and/or modified by O-glycosylation
[129]. Compared to normal tissues, some tumor cells exhibit altered glycosylation patterns, leading to the emergence of new
tumor-specific antigens. During this process, polysaccharide structures, glycosylated proteins, or glycosyltransferases participate to
varying degrees, influencing various steps including epithelial-mesenchymal transition (EMT), migration, and invasion of tumor cells
[Fig. 3]. Glycoproteins are mainly located on cell surfaces and extracellular matrix, playing a crucial role in regulating interactions
between cells and their environment. This context underscores the key role of glycoproteins and polysaccharide structures in the
metastatic process.

In the realm of tumor tissues, the presence of Lewis antigens alongside T and Tn antigens stands out, facilitating the binding of
tumor cells to selectins expressed by endothelial cells or blood cells. These antigens play a critical role in various cellular interactions.
Among the mucin-type O-glycans carried by numerous cell surface or secreted proteins, each protein assumes distinct functions. For
example, c-Myc, a nuclear phosphorylated protein, regulates cell proliferation, differentiation, and apoptosis. Cell surface proteins
such as mucin 1 (MUC1), mucin 2 (MUC2), CD44, integrins, and other adhesion proteins promote cell-cell interactions, adhesion, and
migration. Structural proteins like platelet hemagglutinin and f-catenin regulate cell-cell adhesion and downstream signaling path-
ways like Wnt/p-catenin. Meanwhile, receptors like death receptors modulate sensitivity to pro-apoptotic signals [130]. Tn antigen’s
prevalence in various cancers—breast, colorectal, lung, bladder, cervical, ovarian, gastric, and prostate—strongly correlates with poor
prognosis and heightened metastatic potential [130]. In malignant tumors, Tn and sTn antigens often coexist, contributing signifi-
cantly to tumor growth and metastasis in breast and gastric tumors. T antigen’s interaction with lectin-3 further drives tumor cell
adhesion to endothelial cells, furthering metastasis [131]. These antigens, carried by highly O-glycosylated proteins like MUC1, play
critical roles in signaling pathways that influence growth, migration, and invasion in cancer cells [132].

Contrarily, N-glycosylation follows a different pathway, involving the addition of polysaccharide structures to specific amino acid
residues during translation, generating complex and heterogeneous structures. Over 2000 proteins exhibit motifs suitable for N-
glycosylation, associated mostly with membrane-bound or secreted proteins. Variations in N-glycosylation patterns exist among
different tumor types, impacting tumor stroma and tissue features. Enzymes participating in N-glycosylation, such as RPN1 (ribophorin
I) and RPN2 (ribophorin II), correlate with tumor characteristics and metastasis in various cancers [133-137]. Manipulating glyco-
sylation pathways, as seen in tunicamycin (Tu)’s inhibition of glycosylation, offers potential avenues for cancer treatment, potentially
overcoming chemotherapy resistance [138] [Fig. 4].

The understanding of glycosylation extends into tumor immunotherapy, where the glycosylation of immune checkpoint proteins
like PD-1/PD-L1 plays a pivotal role in tumor immune evasion. Glycosylation’s role in stabilizing PD-L1 and mediating its interaction

.
B = GlcNAc
- P O=Gal

* Epithelial cells

\ Mucins @ Sialic acid
\ Lectins O STn/Tn antigen

4
© SLea and SLex/ K E= galliAc
Tr ted O- = NeuAc
b Us Basement membrane 4 =Fuc

Stromal cells
SLea/x

Sialyl-Lewisa (SLe®) ! s ll....
Sialyl-Lewisx (SLe*)

\ chondroitin sulfate (CS),

Y as , \
—————————————— i\ CATHEPSINV | Metastasis

{ Galectind ! | MMPs : e |

! E-Cadherin | | KALLKREINS | ! Secondary tumor |

s ! . ] 1

i N-Cadherin ; | ?ucu; : ! v |

T Tepas T , | OSTEOPONTIN, | __Core i ! |

[ J > MMP1 i T/Tnantigen | ! Sl’i)]l!l(];}é‘((:illl\j ; ! i

i ! SYNDECAN-1! | ; i !

Blglycan e v |\ CS/HS/HA 'I : :

L ! |

i i

Fig. 3. Abnormal glycosylation in malignant behavior of tumors.



H.-z. Liu et al. Heliyon 10 (2024) e27624

Tunicamycin Adriamycin
X - N\
N ' \
‘ \ ! \
' \ " \
\ = l
Receptor | Receptor Receptor Receptor |
\ |
\ I
. L . [
A\ — g

SN

@ =NeuAc (NeuSAc)

O =Gal

@ =Man

4 =Fuc

B =GIcNAc -

Apoptosis

Fig. 4. Glycosylation in drug resistance.

with PD-1 inhibits T cell activation, promoting tumor-specific T cell apoptosis and rapid tumor progression [139]. Understanding these
mechanisms of glycosylation, both in tumor biology and immunotherapy, holds promise for discovering diagnostic markers and
therapeutic targets. By comprehending how tumors exploit glycosylation, we gain insights into disease mechanisms and potential
avenues for treatment. Exploring alterations in glycosylation, particularly in proteins like PD-L1, may inform strategies to enhance the
efficacy of checkpoint blockade therapies across various diseases [140]. The intricate world of protein glycosylation, as evidenced by
studies on PD-L1 and other glycoproteins, underscores its profound impact on disease mechanisms and therapeutic interventions,
urging further exploration into its multifaceted roles in various pathological conditions [141].

The previous discoveries have formed a crucial bridge to understanding OA. Considering the impact of glycosylation in other
diseases and how this modification might play similar or related roles in the pathogenesis of different conditions — possibly by
affecting similar cellular signaling, gene expression, or intercellular interactions — sheds light on the onset and progression of diseases.
Revealing the common mechanisms or points of convergence of glycosylation in diverse diseases holds promise for inspiring the
development of new treatment methods or intervention strategies. Moreover, the potential for a biological process or molecular
mechanism to function similarly across various diseases helps expand our comprehension of the essence of these conditions. This, in
turn, paves the way for understanding the pathogenesis of OA, identifying diagnostic markers, devising new intervention strategies,
and advancing precision medicine, all aimed at slowing disease progression or enhancing patients’ quality of life.

5. Glycosylation and glycation abnormalities in OA

In unraveling the intricate tapestry of OA pathology, a dual focus on glycation and glycosylation unveils distinct yet interconnected
facets of molecular influence. The orchestrated interplay between these two glycosylative processes manifests in the joint milieu,
contributing divergent yet pivotal mechanisms to the etiology of OA. Glycation, marked by non-enzymatic sugar-protein interactions,
introduces structural perturbations, while glycosylation, an enzymatically guided process, intricately modifies proteins with diverse
glycans. This concurrent exploration not only accentuates the nuanced nature of sugar-mediated pathways in OA but also underscores
the imperative to discern and comprehend the unique contributions of glycation and glycosylation in shaping the pathophysiological
landscape of joint health.

Aberrant glycosylation emerges as a crucial determinant in both OA and type 2 diabetes mellitus (T2DM), as evidenced through
multifaceted investigations. Luo et al. uncovered distinct N-glycosylation patterns in OA patients with coexisting T2DM, revealing
reduced N-glycosylated protein abundance and identifying specific proteins like fibronectin 1 (FN1), cartilage intermediate layer
protein 1 (CILP), and collagen type VI alpha-1 chain (COL6A1) implicated in cartilage degradation [142]. Concurrently, Urita et al.,
Parekh et al., Bousseau et al., and Derada et al. highlighted diverse glycosylation alterations, including high-mannose type N-glycans
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and modifications in IgG, illuminating the wide-ranging impact of glycosylation changes in disease pathogenesis. Particularly note-
worthy were observed abnormalities in chitinase 1 (CHIT1) and IgG among diabetic patients, emphasizing the diagnostic potential of
N-glycosylation profiles in monitoring T2DM progression. Moreover, Li et al.’s findings underscored the profound influence of elevated
blood glucose on synovium, triggering inflammatory responses and ERS, ultimately exacerbating chondrocyte degradation in OA,
especially in diabetic conditions [143]. The pivotal roles of glucose transporter 1 (GLUT1) and hypoxia-inducible factor HIF-1a in
mediating AGEs-induced inflammatory cascades were elucidated, highlighting potential therapeutic targets for mitigating OA pro-
gression within a high-glucose environment. RAGE, when activated by AGEs, can stimulate HIF-1a signaling across various tissues. The
HIF-1a-GLUT1-AGEs-HIF-1a loop within DM-induced synovitis can exacerbate the progression of OA [143] [Fig. 5] . The pivotal roles
elucidated for glucose transporter 1 (GLUT1) and hypoxia-inducible factor HIF-1a in mediating inflammatory cascades induced by
AGEs point towards potential therapeutic targets for mitigating OA progression within high-glucose environments. Furthermore,
AGEs, in concert with the receptor for advanced glycation end-products (RAGE), actively participate in multiple pathological processes
in OA, regulating gene expression, ECM degradation [144], promoting chondrocyte apoptosis [145], and inhibiting chondrocyte
autophagy. These irreversible AGEs, formed through non-enzymatic glycation reactions (Maillard reaction), stand as crucial indicators
of aging, implicated as a mechanistic basis for age-induced OA, highlighting their role in inducing and accelerating OA’s pathological
changes. AGEs’ influence on chondrocyte behavior includes increased apoptosis rates, MMP13 expression, and inhibition of chon-
drocyte autophagy, mediated through intricate pathways involving phosphorylation of key proteins and modulation of signaling
cascades [146,147].

The comparative study between Kashin-Beck disease (KBD) and OA sheds light on distinct pathogenic mechanisms. Lyu et al.
employed proteomic and N-glycoproteomic analyses, unveiling differential protein expression in KBD and OA. Notably, various
proteins like ITGB1, LRP1, ANO6, COL1A1, MXRAS5, DPP4, and CSPG4, along with CRLF1 and GLG1, exhibited relevance to KBD’s
pathological process, influencing ECM interactions and cellular pathways [148]. While both diseases share some commonalities, KBD
primarily involves chondrocyte necrosis, differing from OA’s initial cartilage degeneration and inflammation [149]. ITGB1, an integrin
crucial for cartilage development, displays lower expression in KBD than in OA, with altered N-glycosylation impacting its function
[148]. Similarly, LRP1 variations and unique N-glycosylation sites in KBD signify distinctive pathogenic pathways compared to OA
[148]. ANO6, COL1A1, and MXRAS5 N-glycosylation modifications potentially influence bone and cartilage integrity, contributing to
KBD’s distinct pathology [148]. Han et al.’s glycoproteomic analysis further highlighted dysregulated N-glycoproteins in OA and KBD
cartilage, implicating ECM interactions and cellular processes in their pathology [150]. The identified proteins like ITGB1, COL2A1,
COL7A1, CHST-3, CHST-4, THBS2, BMP8A, TNC, LAMP2, and GUSB in OA and KBD cartilage underscore their involvement in ECM
metabolism and cellular interactions, contributing to cartilage degeneration [150]. These findings underline the need for deeper in-
sights into N-glycosylation roles, providing potential therapeutic targets for KBD and OA treatment.

Protein glycosylation is a fundamental player in maintaining the delicate balance within cartilage, governing both its healthy
equilibrium and its distressing degenerative phases. Studies by Yoshimoto et al. spotlight the intersection of cell senescence signaling,
protein glycosylation pathways, and the onset of OA in chondrocytes. Remarkably elevated expression of the N-acetylgalactosami-
nyltransferase (GALNT) family, particularly GALNT16, within OA chondrocytes underscores its correlation with chondrocyte senes-
cence and the pathological landscape of OA. This enzyme family assumes a crucial role in early O-glycan biosynthesis. Beyond cartilage
and chondrocytes, OA casts its impact on a spectrum of joint tissues and associated cells, fostering cellular heterogeneity that likely
fuels the pathology of OA. The aggregation of aged chondrocytes within OA lesions and their release of senescence-associated secretory
phenotype (SASP) factors corroborates the murine model findings, which demonstrate that removing senescent chondrocytes, either
genetically or pharmacologically, ameliorates OA progression. Conversely, transplanting senescent chondrocytes precipitates cartilage
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degeneration, hinting at them as potential targets for OA treatment. Clinical scrutiny and animal models reveal a tight bond between
abnormal glycosylation and the onset and evolution of OA. Distinct glycosylation alterations observed in human OA cartilage and
degraded mouse cartilage, coupled with the regulatory role of O-linked glycosylation in chondrocyte differentiation, affirm its dual
role in both normal cartilage homeostasis and the progression of degenerative cartilage diseases like OA.

The GALNT family, comprising 20 isoforms, orchestrates mucin-type O-glycosylation by initiating the transfer of N-acetylga-
lactosamine (GalNAc) to serine/threonine residues within the Golgi apparatus. Their distinct activities and substrate specificities
intricately regulate O-glycosylation, reminiscent of their role in cancer-related glycosylation changes and congenital disorders. The
increased expression of GALNTs—GALNT16 prominently—alongside GALNT1, GALNT2, GALNT7, and GALNT15 in the O-glycosyl-
ation pathway in OA chondrocytes, emphasizes their involvement [151]. Aberrations in the Golgi apparatus structure, as unearthed by
Kouri et al. in an OA rat model, and the correlation between glycoprotein-bound glycans’ biosynthesis and cell dynamics, as
demonstrated by Yang et al. under inflammatory conditions in bovine and human chondrocytes, accentuate the intricate nexus be-
tween glycosylation and OA progression. Chondrocytes’ production of glycoproteins and glycosaminoglycans—both N-linked and
O-linked—plays a pivotal role in maintaining cartilage integrity. The cytokines TNFa and TGFp emerge as pivotal players in modu-
lating glycosylation patterns, glycoprotein expression, and glycosyltransferase activities, thereby influencing critical cell functions.
TGFp counters IL-1’s inhibitory effects, aiding in cartilage recovery, while members of the TGF-p superfamily, like bone morphogenetic
proteins (BMPs), govern cartilage and bone growth. The intricate connection between glycosylation and cell dynamics, regulated by
TNF-a and TGFp-1, underscores their cell type-dependent influence on glycosyltransferases and glycosylation. Notably, TNF« treat-
ment elevates GalNAc-transferase activity in chondrocytes, suggesting its role in OA cartilage pathology. An inhibitor of
GalNAc-transferase highlighted by Tian et al. unveils the pivotal role of O-glycosylation in regulating cell apoptosis, signifying its
potential as a therapeutic target [28]. Huang et al.’s identification of abnormal lubricin modification and degradation in OA patients,
catalyzed by cathepsin G (CG), points to a pivotal role played by synovial CG in pathological lubrication reduction through the
degradation of glycosylated and non-glycosylated regions of lubricin [152].

ANGPTLA, as elucidated by Yang et al., emerges as another crucial player, enhanced in arthritis, potentially impacting conditions
like RA, OA, or osteoporosis, emphasizing the multifaceted impact of glycosylated proteins in disease progression [153]. Tardio et al.’s
findings on increased O-glycosylation mediating certain differentiation markers in OA shed light on the mechanism involving
0O-GlcNAc addition to various proteins [154]. The exploration by Riegger et al. on PUGNAC’s anti-catabolic effects through the hex-
osamine biosynthetic pathway (HBP) inhibition underscores its potential as a cartilage protector, while Croft et al.’s investigation into
CD44 splice variants suggests their association with the inflammatory state in synovial joints [155]. VN’s role as a potential inhibitor of
CatK, impacting collagen fibril formation, introduces a therapeutic avenue for osteoporosis and OA treatment. Notably,
DeN-glycosylation of VN shows promise in diminishing CatK activity, potentially positioning VN as a therapeutic agent in OA treat-
ment and enhancing collagen binding activity [156].

Yu et al.’s comprehensive approach integrating lectin microarray technology and qPCR revealed altered glycomic patterns asso-
ciated with OA, presenting distinctive site-specific glycosylation changes and heterogeneity in OA cartilage. Notably, the heterogeneity
in glycosylation at FN1_N258, ACAN_N333, and N658 emerged as novel features of OA cartilage, posing challenges in identifying site-
specific glycosylation throughout OA development. The aberrant glycosylation observed in OA cartilage, including reduced high-
mannose N-glycans and elevated fucose glycosylation, correlates with inflammatory conditions and MMP-13 overexpression,
reflecting phenotypic changes in osteoarthritic cells [157]. The elucidation of rs11583641 within COLGALT2, a collagen
post-translational modification factor, as a susceptibility target for OA, highlights the intricate impact of aberrant PTMson cartilage
integrity, underscoring collagen’s crucial role in OA pathology [158].

The complex interplay between glycosylation processes and OA progression is deeply intertwined, as illuminated by various
studies. Yu et al. conducted extensive research, showcasing that the overexpression of FUT10 leads to escalated a-1,3 fucosylation in
both OA patient cartilage and chondrocytes, rabbit OA models, and under TNF-a-induced conditions, significantly impacting chon-
drocyte biology. Silencing FUT10 expression curtails MMP13 and IL-1p expression, impedes a-1,3 fucosylation of TNFR1, and obstructs
the NF-kB and P38/JNK-MAPK pathways, mitigating ECM degradation and chondrocyte senescence induced by TNF-a. Notably, the
inflammatory state of OA chondrocytes upregulates FUT10 expression via TNF-a, driving a positive feedback loop culminating in
inflammation, apoptosis, and ECM degradation. TNFR1, serving as the cell surface receptor for TNF-a, triggers intracellular events
leading to NF-xB and p38/JNK MAPK pathway activation, where glycosylation, particularly N-glycosylation, plays a regulatory role.
Dysregulation of pro-inflammatory cytokines, particularly TNF-a and IL-1f, spurs MMPs’ expression, including ADAMTS-4, 5, and 7,
contributing to cartilage degeneration.

Moreover, a-1,3/6 fucosylation alterations, Lewis antigen synthesis, and heterogeneity of glycosylation further implicate their
involvement in OA onset and progression [159,160] [Fig. 5]. Reboul et al. highlighted the elevation of collagenase-3 in OA chon-
drocytes induced by IL-1p and TNF-a, emphasizing glycosylation’s role in protein expression and suggesting potential cytokine con-
tributions to collagenase-3 elevation in OA cartilage [159,160]. Similarly, Cs-Szabd et al. emphasized the distinct glycosylation
patterns in OA chondrocytes, indicative of an altered metabolic state [159]. Sun et al.’s bioinformatics analysis pinpointed key genes,
including B4GALT1 and EIF4G1, downregulated in OA, implying their crucial roles in glycosylation regulation and OA pathogenesis
[159]. The intricate relationship between hypermannosylated N-glycans, ECM degradation, and chondrocyte biology during OA
progression is unveiled, notably impacting collagen metabolism, protein expression, and the progression of this debilitating condition
[159]. Additionally, glucosamine sulfate’s modulation of glycosylation pathways and its consequential influence on COX-2 expression
further underscore glycosylation’s pivotal role in OA mitigation [159].

Detailed analysis using parallel reaction monitoring (PRM) revealed significant differences in N-glycosylation patterns in sub-
chondral bone samples from OA patients, highlighting core pathogenic mechanisms. Enrichment analysis reflected associations with
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metabolic pathways, hinting at crucial roles in ECM interactions and protein digestion. Abnormal glycosylation in collagen proteins
impacts bone integrity, closely linking to OA development. Distinct glycosylation abundance in specific proteins like COL6A3, ACAN,
and MXRAS between medial and lateral subchondral bone samples in OA patients highlights potential roles in chondrocyte regulation,
suggesting therapeutic avenues for OA intervention. Studies underscore the pivotal role of specific proteins and their glycosylation
patterns in OA pathogenesis, presenting avenues for diagnostic and therapeutic advancements in primary knee osteoarthritis (KOA).
MXRAS5’s differential expression and undefined function, along with various N-glycosylation sites, hint at its possible involvement in
OA progression, while LAMC1’s association with multiple proteins suggests potential implications in OA and protein interactions
within affected tissues [160]. Huang et al.’s identification of inflammation biomarkers unveiled distinct patterns between OA patients
and controls, notably elevated plasma MCP-4 and TARC, suggesting systemic inflammation’s influence in late-stage OA rather than
synovial biosynthesis. Moreover, altered lubricin glycosylation in OA correlates positively with SF-IL-8, SF-MIP-1a, and SF-VEGFA,
exacerbating synovial inflammation. Lubricin’s highly O-glycosylated nature encoded by PRG4 gene plays pivotal roles in cartilage
integrity, growth regulation, and synovial fluid lubrication, with defects in its glycosylation contributing to OA pathogenesis. The
dynamics of glycosylation alterations extend beyond OA, resonating across various inflammatory conditions such as ulcerative colitis,
pulmonary inflammation, and cancer, manifesting as shifts in glycan profiles and aberrant expression of specific antigens. Addi-
tionally, Toll-like receptors (TLRs) and their ligands induce a pro-inflammatory state in fibroblast-like synoviocytes (FLSs), impacting
cytokine expression in OA [160] [Fig. 6].

Martin et al. and Parekh et al.’s findings on IgG glycosylation underscore its potential as a distinguishing biomarker for RA and OA,
revealing distinctive glycoforms associated with these conditions [160,161]. Furthermore, Legrand et al.’s discovery of
glucose-derived pentosidine (GSP) as a critical biomarker in OA models highlights glycation’s role in disease onset and progression,
offering promise for early detection and classification algorithms [160]. Lastly, the mevalonate pathway’s metabolites, including
ethanol impacting protein N-glycosylation, suggest an interplay between digoxin and glycosylation in degenerative bone diseases like
OA, offering insights into their metabolic connections [160]. Overall, these studies underscore the intricate and multifaceted role of
glycosylation in the onset, progression, and potential treatment avenues for both OA and associated conditions like T2DM and KBD.

The intricate dance between protein glycosylation and the progression of OA unfurls a compelling narrative that intertwines the
very fabric of cartilage health and disease. From the subtle alterations in glycosylation patterns within OA patients coexisting with
T2DM to the distinct markers delineating KBD from OA, the revelations are profound. Glycosylation emerges as a key orchestrator,
influencing chondrocyte behavior, ECM integrity, and inflammatory responses, painting a comprehensive portrait of OA’s
pathogenesis.

These studies, collectively, underscore the profound influence of glycosylation on various facets of OA, illuminating potential
diagnostic markers and therapeutic targets. Whether unraveling the GALNT family’s implications in chondrocyte senescence or
spotlighting the aberrations in glycosylation pathways under inflammatory conditions, each revelation adds a stroke to the canvas of
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understanding OA’s complexities. The glycosylation fingerprint across proteins like FN1, ACAN, or COL6A3 offers not just diagnostic
possibilities but tantalizing prospects for interventions and treatments.

The intricate interplay between glycosylation and OA progression stands as a testament to the nuanced balance within cartilage,
and these studies pave the way for novel interventions, diagnostic tools, and, potentially, a deeper comprehension of this degenerative
joint condition. As such, these findings mark not just the culmination of diverse investigations but also herald a new chapter in the
quest to decipher, intercept, and combat the throes of OA.

6. Concluding remarks

In conclusion, this review is built upon the complex interactions and paramount importance of glycosylation and glycation in the
realm of diseases, with a particular focus on their significances in OA. The complex interactions between glycosylation and glycation
and their involvement in the pathogenic mechanisms of diseases are recognized, particularly its multifaceted involvement in modi-
fying proteins and impacting cellular functions. Our scrutiny of glycosylation and glycation’s impact within the context of OA illu-
minates their significances as a contributory factor in the onset and progression of this debilitating joint disease. Understanding the
nuanced mechanisms of glycosylation and glycation in various diseases, including their effect on structural proteins and inflammatory
pathways, unveils promising avenues for therapeutic interventions and diagnostic advancements. The exploration of molecular
mechanisms driving glycosylation and glycation-induced joint tissue damage, along with the synthesis of diverse perspectives and
research findings, has deepened our understanding of the " glycosylation and glycation enigma" and their implication for disease
progression. As we delve deeper into unraveling the complexities of glycosylation and glycation, their roles as a key player in disease
etiology becomes more evident, offering prospects for targeted treatments and heightened disease management strategies. While
seemingly contradictory research outcomes may stem from factors such as heterogeneity, it is evident that researchers possess a strong
interest in unraveling the role of glycosylation and glycation in various pathological contexts.

The overall incidence of OA is on a gradual rise, posing an increasingly severe threat to patients’ quality of life. It has evolved into a
pressing social and public health issue, burdening both socioeconomic and healthcare systems significantly. Intervention strategies for
OA currently remain confined to either conservative approaches or "complete joint replacement." However, even the methods aimed at
alleviating clinical symptoms fail to decelerate or fully impede the progressive advancement of OA. In advanced stages of OA, joint
replacement surgery remains the predominant viable treatment option. Nevertheless, due to the inherent "limited lifespan" of pros-
thetics, joint replacement is not a perpetual solution. However, several key aspects warrant further investigation.

For instance, the intricate landscape of OA unravels a compelling narrative of the decisive role played by aberrant glycosylation, an
emerging determinant that transcends the boundaries of this debilitating joint disorder. Through meticulous investigations, evidence
amassed by Luo et al. exposes distinctive N-glycosylation patterns in OA patients with concurrent T2DM, unveiling a marked reduction
in N-glycosylated protein abundance. This revelation identifies specific proteins such as fibronectin 1 (FN1), cartilage intermediate
layer protein 1 (CILP), and collagen type VI alpha-1 chain (COL6A1) as key players in the intricate orchestration of cartilage degra-
dation [143]. Simultaneously, the scholarly endeavors of Urita et al., Parekh et al., Bousseau et al., and Derada et al. shed light on the
diverse spectrum of glycosylation alterations within the context of OA and T2DM. These alterations encompass an array of modifi-
cations, from high-mannose type N-glycans to intricate changes in IgG, collectively illuminating the profound and wide-ranging impact
of glycosylation dynamics on the intricate landscape of disease pathogenesis. The aberrations observed in chitinase 1 (CHIT1) and IgG
among diabetic patients stand out as particularly noteworthy, underscoring the diagnostic potential inherent in discerning N-glyco-
sylation profiles for monitoring the progression of T2DM. Furthermore, the insightful findings presented by Li et al. cast a spotlight on
the overarching influence of elevated blood glucose on the synovium, triggering cascading inflammatory responses and instigating
ERS. This intricate interplay culminates in the exacerbation of chondrocyte degradation in OA, particularly in the context of diabetic
conditions [144]. In summation, the nexus between aberrant glycosylation and OA emerges as a critical axis, weaving together
intricate molecular dynamics that influence disease onset and progression. The multifaceted revelations underscore the need for a
nuanced understanding of glycosylation intricacies, positioning it as a pivotal area for further exploration and targeted therapeutic
interventions in the continually evolving landscape of joint disorders.

On top of that, delving into the precise molecular pathways that regulate AGEs accumulation, examining the potential for AGEs
clearance mechanisms, and elucidating the interactions between AGEs and other contributors to OA, such as inflammation and
oxidative stress, are promising avenues for future research. Moreover, elucidating the spatiotemporal dynamics of AGEs deposition in
joint tissues and the intricate crosstalk between various AGEs receptors and signaling pathways may offer additional layers of insight
into disease development. Furthermore, as age advances, the most pronounced changes within the body involve the production and
deposition of AGEs. Once formed, AGEs are challenging to eliminate upon binding to proteins, with their deposition contingent on the
rate of protein degradation within the body. Presently, there are no reported mechanisms that effectively eliminate AGEs. Coupled
with the sluggish turnover rate of cartilage cells, AGEs tend to accumulate within joint cartilage cells, resulting in persistent cellular
damage caused by AGEs [162]. AGEs promote joint cartilage collagen glycation, curtail the synthesis of aggregate proteins within the
ECM, ultimately leading to increased ECM fragility and diminished resistance to compressive and shear forces [163].

Since AGEs are one of the factors in OA pathogenesis, we can reduce the intake of exogenous AGEs and the production of
endogenous AGEs to inhibit the occurrence and development of OA. Food is one of the main sources of exogenous AGEs. Research on
different diet plans aims to determine the content of AGEs in different foods. In addition, high molecular weight AGEs that are bound to
proteins from foreign substances can be detected. Combining the correct choice of food and cooking methods together with physical
exercise can avoid the harmful effects of a high-AGEs diet on the body. Studies on endogenous AGEs have shown that substances such
as aminoguanidine, pyridoxamine, and monomer amino acids (such as lysine and arginine) can effectively inhibit AGEs formation,
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AGEs-induced protein cross-linking, and tissue collagen accumulation and hardening. In articular cartilage, monomer amino acids can
inhibit AGEs formation, thus preventing reticular collagen sclerosis. Other studies have shown that the PPARy agonist pioglitazone and
G-protein coupled receptor can reduce AGEs-induced chondrocyte inflammation, apoptosis, and ECM catabolism by inhibiting the NF-
kB pathway. The specific mechanism and function of AGEs related to OA need further research and investigation to determine the
function and specific action sites of AGEs and intervene there to reduce AGEs intake and production from both exogenous and
endogenous sources. Additionally, chondrocytes in vitro, OA animal models, and OA patients should be investigated to further
discover and verify the effects of AGEs on the pathogenesis and pathological changes of OA, which lays the foundation for OA
diagnosis, prognosis, prevention, and treatment.

The specific mechanisms and functions linking AGEs to OA remain an enigma. Therefore, it might be imperative to endeavor to
unravel their intricate networks, grasp the functional roles and precise target sites of AGEs, and intervene strategically in response to
both exogenous and endogenous sources of AGEs. All these efforts collectively act as pivotal leverage points. Furthermore, through the
integration of in vitro chondrocyte studies, OA animal models, and clinical observations of OA patients, further confirmation of the
impact of AGEs on the pathogenesis and pathological changes of OA can provide a more comprehensive data foundation. This, in turn,
contributes to a better understanding of OA’s diagnosis, prognosis, prevention, and treatment strategies.

Incorporating data from in vitro models, animal studies, and clinical trials, along with advancements in analytical techniques, holds
the potential to substantiate and refine our understanding of glycosylation and glycation’s role in OA further. Ultimately, this
enhanced comprehension may foster the development of innovative diagnostic approaches, prognostic indicators, preventive strate-
gies, and targeted therapeutics tailored to individuals at risk for, or already afflicted by OA. By unraveling the complexities of
glycosylation and glycation’s involvement in OA and other diseases, we pave the way for transformative advancements in healthcare
that could significantly improve patients’ quality of life. It is important to acknowledge the limitations of the current body of research,
including the variability in study designs, patient populations, and methodologies employed for assessing glycosylation and glycation-
related changes in osteoarthritic tissues. Further longitudinal studies and well-controlled experiments are essential to establish cau-
sality and elucidate the precise temporal relationships between glycosylation and glycation events and disease progression. Overall,
unraveling the intricate connections between glycosylation and glycation and OA holds the promise of advancing our knowledge of the
disease and potentially providing novel therapeutic avenues for improving the quality of life for millions affected by this condition.
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