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Abstract: Alzheimer’s disease and other neurodegenerative disorders are characterized
by the accumulation of misfolded proteins, such as amyloid-beta, tau, and α-synuclein,
which disrupt neuronal function and contribute to cognitive decline. Heparan sulfate
proteoglycans, particularly syndecans, play a pivotal role in the seeding, aggregation,
and spreading of toxic protein aggregates through endocytic pathways. Among these,
syndecan-3 is particularly critical in regulating the internalization of misfolded proteins,
facilitating their propagation in a prion-like manner. This review examines the mecha-
nisms by which syndecans, especially SDC3, contribute to the seeding and spreading of
pathological protein aggregates in neurodegenerative diseases. Understanding these endo-
cytic pathways provides valuable insights into the potential of syndecans as biomarkers
and therapeutic targets for early intervention in Alzheimer’s disease and other related
neurodegenerative disorders.

Keywords: endocytosis; heparan sulfate proteoglycans; syndecans; neurodegeneration;
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1. Introduction
Neurodegenerative diseases represent a group of disorders characterized by the pro-

gressive degeneration of neurons, leading to irreversible cognitive and functional decline [1].
Alzheimer’s disease (AD) is the most prevalent of these disorders, affecting millions glob-
ally and being the leading cause of dementia [2–4]. Its hallmark features include the
extracellular accumulation of amyloid-beta (Aβ) plaques and the intracellular formation of
tau neurofibrillary tangles, both of which are believed to disrupt neuronal function and
trigger neuroinflammation [4,5]. Other neurodegenerative diseases, such as Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS), simi-
larly involve the accumulation of misfolded proteins like α-synuclein and polyglutamine
proteins [6–8]. These misfolded proteins form neurotoxic aggregates that contribute to
neuronal dysfunction and cell death [9,10]. Despite the well-established role of protein
aggregation in neurodegeneration, the exact mechanisms by which misfolded proteins
accumulate and propagate—specifically, how they seed and spread—within the brain
remain poorly understood [3,7,11]. This knowledge gap has limited the development of
effective therapies and diagnostic tools for these diseases.

At the cellular level, the neuronal internalization of misfolded proteins plays a pivotal
role in their aggregation and spreading [3,7,12]. Seeding refers to the process where small
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aggregates of misfolded proteins act as templates, inducing normally folded proteins to
adopt a misfolded, pathogenic conformation, thus promoting the growth of larger aggre-
gates. Spreading describes the ability of these aggregates to propagate from one cell to
another, amplifying the toxic effects across the brain and contributing to the widespread
pathology of neurodegenerative diseases. The process of endocytosis, by which cells engulf
extracellular material, is central to the uptake of these proteins [3,7,13,14]. In neurodegener-
ative diseases, endocytic pathways are often dysregulated, resulting in enhanced uptake of
misfolded proteins, their intracellular accumulation, and eventual neuronal damage [15,16].
Misfolded proteins such as Aβ, tau, and α-synuclein are internalized by neurons through
specific endocytic routes, and their accumulation within endocytic compartments con-
tributes to toxic fibril formation and synaptic dysfunction [3,7,16]. These proteins en-
ter neurons via various endocytic mechanisms, including clathrin-mediated endocytosis,
caveolae-dependent endocytosis, and lipid raft-mediated endocytosis, each of which is
involved in the trafficking of cellular material to various intracellular compartments, such
as early endosomes and lysosomes [3,13,16]. Upon internalization, misfolded protein ag-
gregates traverse early endosomes, progressing to late endosomes and lysosomes [17,18].
In pathological conditions, the lysosomal degradation capacity is often impaired, leading
to intracellular accumulation [18,19]. This impairment can result in the aggregation of toxic
proteins being transferred intercellularly instead of being degraded, thus facilitating the
spread of the aggregates and contributing to disease progression [3,7,20].

Importantly, syndecans (SDCs), a family of heparan sulfate proteoglycans (HSPGs),
have emerged as critical regulators of endocytosis in neurodegenerative diseases [3,7,14].
SDCs are transmembrane proteins that mediate cellular interactions with extracellular ma-
trix (ECM) components, growth factors, and various ligands [21,22]. They are distinguished
by the presence of glycosaminoglycan (GAG) chains, particularly heparan sulfate (HS),
which enables them to interact with a wide array of ligands, including misfolded proteins
like Aβ, tau, and α-synuclein [3,7,23–26]. These interactions facilitate the internalization of
toxic proteins through endocytic pathways, contributing to their aggregation and spread
within neurons [3,7,16]. Among the four SDC family members—SDC1, SDC2, SDC3, and
SDC4—SDC3 has garnered particular attention for its role in neurodegeneration [27]. SDC3
is highly expressed in neurons (hence, it is also referred to as N-SDC, where ’N’ stands
for neuronal) and plays a role in the uptake of pathological proteins, promoting their
internalization and enhancing fibrillation [3,7,14].

The cellular uptake of neurodegeneration-related misfolded proteins is complex and
involves multiple mechanisms [16,21,28]. While clathrin-mediated endocytosis is a well-
characterized pathway for the internalization of various cargo, recent studies suggest that
lipid raft-dependent endocytosis is particularly important for the internalization of proteins
like Aβ and tau [29–31]. Lipid rafts are specialized microdomains in the cell membrane
enriched in cholesterol and sphingolipids, and they facilitate the recruitment of SDCs to the
cell surface. The attachment of misfolded proteins triggers SDC oligomerization, facilitating
the fibrillization and cellular internalization of misfolded proteins [3,7,32,33]. This pathway
is thought to be crucial for the early stages of amyloid aggregation, where SDCs serve as
seeding points and mediators of aggregate entry into the cell [3,7,34]. Once inside the cell,
misfolded protein aggregates may accumulate within endocytic compartments, further
enhancing their aggregation and triggering neurodegenerative processes [20,35–38].

Understanding the precise mechanisms by which SDCs facilitate the internalization
and aggregation of misfolded proteins provides key insights into the pathophysiology
of neurodegeneration [3,7]. The disruption of these endocytic pathways—either through
mutations, dysregulation, or the overexpression of SDCs—can lead to an increased burden
of toxic protein aggregates in neurons [3,7,39]. This may result in neuronal dysfunction,
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synaptic loss, and ultimately, neurodegeneration [40–42]. Importantly, the ability of SDCs
to modulate endocytic pathways and influence protein aggregation makes them promising
candidates for both diagnostic and therapeutic strategies [27,43,44]. By targeting SDCs or
their associated endocytic pathways, it may be possible to limit the internalization and
aggregation of misfolded proteins, offering a novel approach for slowing or halting the
progression of neurodegenerative diseases [27].

This review aims to explore the role of endocytic pathways in neurodegenerative
diseases, focusing on how these pathways reveal the hidden role of SDCs in the internal-
ization and aggregation of misfolded proteins. We will discuss the molecular mechanisms
of SDC-mediated endocytosis, their interactions with misfolded proteins, and how these
processes contribute to the pathogenesis of neurodegenerative disorders such as AD. By
understanding the endocytic mechanisms underlying the seeding and spreading of neu-
rotoxic protein aggregates, we can identify potential biomarkers for early diagnosis and
explore new therapeutic avenues to combat these devastating disorders [27].

2. Endocytic Pathways and Their Role in Neurodegeneration
Endocytosis is the cellular process by which cells internalize extracellular materials,

including proteins, lipids, and other molecules [45,46]. This process plays a critical role in
maintaining cellular homeostasis, regulating nutrient intake, and controlling the removal of
waste products [45,47]. In neurons, endocytosis is essential for processes such as synaptic
vesicle recycling, signal transduction, and membrane trafficking [45,48–50]. However,
in neurodegenerative diseases, endocytic pathways become dysregulated, leading to ab-
normal aggregation, cellular internalization, and the spreading of aggregated misfolded
proteins, such as Aβ, tau, and α-synuclein, which are key contributors to cellular toxicity
and disease progression [3,7,16,35,51,52].

The various endocytic pathways, including clathrin-mediated endocytosis, caveolae-
dependent endocytosis, and lipid raft-mediated endocytosis, play distinct roles in the
internalization of extracellular material [32,53,54]. These pathways have been implicated
in the uptake of misfolded proteins such Aβ, tau, and α-synuclein, which are central to
the pathogenesis of neurodegenerative diseases like AD, PD, and other tauopathies and
synucleinopathies [46,55–58].

SDCs, particularly SDC3, play a central role in endocytic pathways by facilitating
the aggregation and uptake of misfolded proteins in neurons [3,7,27]. Understanding the
molecular mechanisms of these endocytic pathways and the role of SDCs in regulating
protein aggregation provides valuable insights into the pathogenesis of neurodegenerative
diseases—including Parkinson’s disease, as both earlier and more recent studies have
implicated SDC3 in its development, potentially opening new avenues for therapeutic
intervention [59,60]. Although the role of SDC3 in ALS has not been extensively studied,
recent work has begun to explore its involvement in different contexts of the disease,
suggesting a broader relevance [61,62].

2.1. Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis, often referred to as ‘classical’ endocytosis, is the most
well-studied form of endocytosis [63]. It involves the formation of clathrin-coated vesicles,
which are responsible for the internalization of a wide range of extracellular material,
including receptors, growth factors, and extracellular matrix proteins (Figure 1) [64,65]. The
process begins with the recruitment of clathrin proteins to the plasma membrane, where
they assemble into a lattice-like structure that buds off from the membrane, forming a
vesicle [66,67]. This vesicle is then uncoated, and the internalized cargo is delivered to early
endosomes for sorting and recycling [68].
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Figure 1. Schematic representation of clathrin-mediated endocytosis. Clathrin-mediated endocytosis
begins with the binding of ligands (such as proteins or other molecules) to their receptors (e.g.,
transferrin, shown as TfR). The adaptor protein complex (AP-2) recruits clathrin to the site of receptor
binding, forming a clathrin-coated pit. This pit then buds off from the plasma membrane, creating a
vesicle encapsulating the receptor–ligand complex. The clathrin-coated vesicle undergoes uncoating,
releasing the vesicle, which then fuses with early endosomes for further processing. This pathway is
essential for cellular uptake and recycling of membrane proteins and ligands Thearrows indicate the
uncoating process during clathrin-mediated endocytosis. The figure was created with BioRender.com
(accessed on 11 March 2025).

In the context of neurodegenerative diseases, clathrin-mediated endocytosis is im-
plicated in the internalization of misfolded proteins, such as Aβ and tau [3,7,56,69,70].
Evidence has shown that Aβ can be internalized by neurons through clathrin-coated pits,
where it is subsequently delivered to intracellular compartments, where aggregation may
occur [71,72]. Studies on misfolded proteins indicate that monomeric Aβ or other misfolded
proteins preferentially enter cells via clathrin-mediated endocytosis [3,7]. Thus, clathrin-
mediated endocytosis serves as the primary clearance mechanism for extracellularly ac-
cumulated protein monomers [73]. Disruptions in the regulation of clathrin-mediated
endocytosis can thus lead to an accumulation of toxic protein aggregates, contributing to
synaptic dysfunction and neuronal damage [74,75]. Furthermore, defective internalization
or recycling of membrane proteins due to dysfunctional clathrin-mediated pathways can
exacerbate cellular toxicity, playing a pivotal role in disease progression [13]. This high-
lights the importance of maintaining the proper function of ‘classical’ endocytic machinery
in preventing the spread and accumulation of neurotoxic aggregates in neurodegenera-
tive disorders.

2.2. Caveolae-Dependent Endocytosis

Caveolae are specialized lipid rafts rich in cholesterol and sphingolipids that form
flask-like invaginations in the plasma membrane [76,77]. Caveolae-dependent endocytosis
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is a clathrin-independent process that involves the internalization of membrane-bound
cargo via caveolae, which are stabilized by the caveolin family of proteins [78,79]. This
pathway is important for the uptake of various molecules, including lipoproteins, growth
factors, and toxins [80,81].

Recent studies suggest that caveolae-dependent endocytosis plays a significant role in
the internalization and aggregation of Aβ and tau fibrils [82,83]. This pathway is thought
to facilitate the selective uptake of misfolded proteins by neurons, contributing to their
accumulation and aggregation within intracellular compartments [84]. Caveolin-1, a key
protein in caveolae, has been shown to interact with Aβ, further supporting the idea that
caveolae-mediated endocytosis is involved in the progression of AD [85,86]. Dysregulation
of this pathway may exacerbate the accumulation of neurotoxic proteins and promote
disease progression [87,88].

However, in studies with SDC-overexpressing cell lines lacking caveolin-1, Aβ ag-
gregation and subsequent internalization occurred despite the absence of caveolin-1 [3].
These findings suggest that SDCs alone are sufficient to trigger intense fibrillation and
internalization of misfolded protein aggregates, reducing the reliance on caveolae and
related endocytic pathways in the seeding and spreading of neurodegeneration-associated
protein aggregates.

2.3. Lipid Raft-Mediated Endocytosis

Lipid rafts are specialized microdomains within the cell membrane that are rich in
cholesterol, sphingolipids, and certain proteins [89,90]. These rafts serve as platforms for
the clustering of signaling molecules and the regulation of membrane trafficking [89,91,92].
Lipid raft-mediated endocytosis refers to the internalization of cargo via lipid rafts, which
can occur through both clathrin-dependent and clathrin-independent mechanisms [53].

The lipid raft-mediated pathway plays a crucial role in the internalization of misfolded
proteins, particularly Aβ and tau [93]. These proteins are thought to interact with lipid rafts,
which facilitate their recruitment to the plasma membrane and subsequent internalization
into neurons [94]. The lipid raft-mediated endocytosis of Aβ, for example, has been shown
to be important for initiating fibrillation and promoting its aggregation [95]. Additionally,
the internalization of Aβ via lipid rafts leads to the formation of toxic aggregates within
endosomal compartments, contributing to neuronal toxicity and synaptic damage [96,97].

3. SDCs’ Structure, Function, and Endocytic Mechanisms
SDCs are a family of four transmembrane HSPGs that are expressed on the surface

of a wide range of cell types, including neurons, where they play critical roles in cellular
communication, signal transduction, and endocytosis [43,98,99]. These proteins are distin-
guished by their unique structure, which includes a core protein attached to one or more
GAG chains, primarily HS, though some SDCs also contain chondroitin sulfate chains [3,7].
This structure allows SDCs to interact with a variety of extracellular ligands, including
growth factors, extracellular matrix components, and neurodegeneration-related misfolded
proteins, such as amyloid-beta (Aβ), tau, and α-synuclein [3,7,14,100].

SDCs, particularly SDC3, play a central role in the aggregation and cellular uptake
of misfolded proteins in neurons [3,7,27]. Understanding the molecular mechanisms of
these endocytic pathways and the role of SDCs in regulating protein aggregation provides
valuable insights into the pathogenesis of neurodegenerative diseases and opens new
avenues for therapeutic intervention [27,44].
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3.1. SDCs’ Structure

SDCs share a common structural organization, consisting of three distinct domains: the
extracellular domain (ectodomain), the transmembrane domain (TMD), and the cytoplasmic
domain (CD, see Figure 2) [101]. The ectodomain is the most variable across different
SDCs and contains the GAG chains, primarily HS, though some isoforms also include
chondroitin sulfate [102]. These GAG chains are crucial for SDCs’ ability to bind to a
range of ligands [3,7,14]. The presence of these sulfated sugars allows SDCs to interact
with high-affinity binding sites on ligand molecules, facilitating their internalization via
endocytic pathways [28]. The TMD of SDCs is a single-pass region of 24–25 amino acids,
which spans the lipid bilayer of the cell membrane [23]. This domain plays a key role in
maintaining the structural integrity of the proteoglycan and is involved in interactions with
intracellular signaling proteins [93]. Unique sequences in the transmembrane domain, such
as alanine and glycine residues, promote protein dimerization, which is important for the
formation of functional proteoglycan complexes [93,94].
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Figure 2. Structural schematic representation of the four SDC family members. Each SDC consists of
a core protein with heparan sulfate (HS) chains and, in some cases, chondroitin sulfate (CS) chains.
The extracellular domain includes the C1, variable, and C2 regions, which vary among SDC isoforms.
SDC1 and SDC2 contain both HS and CS chains, while SDC3 and SDC4 primarily feature HS chains.
The variable region is unique to each isoform, contributing to their functional diversity. The figure
highlights the structural differences between the SDC family members, with SDC3 being particularly
important in neurodegeneration. The figure was created with BioRender.com.

3.2. SDCs’ Function

SDCs have diverse functions in cellular processes, with particular relevance to cell
adhesion, migration, signal transduction, and endocytosis [103]. The GAG chains in the ex-
tracellular domain mediate interactions between SDCs and the extracellular matrix (ECM),
facilitating cell–matrix adhesion [104]. These interactions are crucial for maintaining tissue
architecture, neuronal growth, and migration during development [105,106]. Addition-
ally, SDCs interact with various growth factors and cytokines, modulating their activity
and contributing to processes such as wound healing, synaptic plasticity, and immune
responses [107–109].

In neurons, SDCs, particularly SDC3, have been shown to regulate the formation and
remodeling of synapses [110]. SDC3 is highly expressed in the brain, especially during early
development, where it plays a key role in neuronal differentiation and axonal growth [111,112].
Furthermore, SDCs also participate in the regulation of signaling pathways that control neuronal
survival, differentiation, and response to injury [98].

SDCs also play a critical role in regulating the internalization of extracellular material
through endocytosis [3,7,14,113]. By mediating the uptake of growth factors, ECM compo-
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nents, and other ligands, they contribute to cellular homeostasis and signaling [114,115].
In neurodegenerative diseases, however, SDCs’ role in the internalization of misfolded
proteins, such as Aβ, tau, and α-synuclein, has become a critical area of study [3,7,14,55].

3.3. SDCs’ Role in Endocytosis

SDCs are primarily involved in lipid raft-mediated endocytosis, enhancing the internal-
ization of various ligands, including neurodegeneration-related misfolded proteins [3,7,16].
SDC-mediated endocytosis appears to occur independently of clathrin and caveolin, but
in a lipid raft-dependent manner: ligands or specific antibodies induce clustering and
redistribution of SDCs to lipid rafts, stimulating lipid raft-dependent, but clathrin- and
caveolae-independent endocytosis of the SDC–ligand complex [3,7,116]. SDCS, particularly
SDC3 and SDC4, play a crucial role in endocytosis through multiple mechanisms that may
vary depending on the cell type and the specific cargo. Some studies suggest that SDCs,
such as SDC4, actively bind to cargo and facilitate clathrin-mediated endocytosis, with
clathrin recruitment being essential for vesicle formation [117]. In addition, SDCs do not
merely internalize passively but may actively contribute to clathrin incorporation, thus
mediating the endocytosis of various cargo molecules [117]. Other studies suggest that
SDCs are not limited to clathrin-mediated endocytosis, as they also appear to modulate
clathrin-independent pathways, highlighting their multifaceted role in various cellular pro-
cesses [118,119]. In the context of neurodegenerative diseases, where the accumulation and
internalization of toxic protein aggregates play a central role in disease progression, SDCs
may serve as important modulators of these processes. Emerging evidence may specifically
suggest that SDC3 predominantly mediates internalization through clathrin-independent
endocytosis, for example, via flotillin-assisted vesicle formation [3,7]. However, it remains
unclear whether SDC3 directly binds to cargo proteins and recruits to the clathrin ma-
chinery or acts more passively as a co-receptor modulating the activity of other endocytic
regulators. SDCs have been shown to mediate the uptake of Aβ and tau fibrils, promoting
their aggregation and accumulation within neurons [3,7,120]. The GAG chains of SDCs
are crucial for their ability to bind these misfolded proteins, facilitating their entry into
cells via lipid rafts [121]. Once internalized, the proteins may aggregate in endosomal
compartments, forming toxic fibrils that disrupt cellular function [18].

Additionally, SDCs are involved in clathrin-mediated endocytosis, where they play a
role in the uptake of various ligands, including extracellular matrix components and growth
factors [117,122]. By influencing the regulation of clathrin-coated vesicle formation, SDCs can
modulate the internalization of misfolded proteins and their subsequent aggregation [3,7,123].
The dysregulation of SDC expression or function can lead to an increased burden of toxic
protein aggregates in neurons, contributing to neurodegeneration [3,7,27,124].

It is important to note that misfolded proteins exhibit distinct uptake mechanisms de-
pending on their aggregation state [7,20]. When misfolded proteins such as Aβ, tau,
and α-synuclein are in their monomeric form, they tend to be internalized via SDC-
independent pathways, primarily through clathrin-mediated and caveolae-dependent
endocytosis [3,7]. However, when these proteins aggregate into oligomers or fibrils, their
uptake becomes SDC-dependent [3,7]. Aggregated misfolded proteins are preferentially
internalized through SDC-mediated endocytosis, which relies on the interaction of the
proteins with the HS chains of SDCs, particularly SDC3 [3,7,27]. It is still being investigated
whether SDC3 directly induces conformational changes in Aβ, tau, or α-synuclein, or
if it primarily functions as a carrier that facilitates the internalization and intercellular
transfer of these aggregates. Current evidence suggests that SDC3 acts as a membrane-
bound scaffold, presenting these aggregates for clathrin-independent endocytosis, although
clathrin-mediated pathways may also play a role. This transition from SDC-independent to
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SDC-dependent uptake is crucial for the formation of toxic protein aggregates, which can ac-
cumulate in endocytic compartments, further enhancing their aggregation and contributing
to neurodegeneration.

3.4. Lipid Raft-Dependent Endocytosis and Its Association with Neurodegeneration

SDCs’ role in protein internalization is closely linked to lipid raft-dependent endocyto-
sis [3,7,109]. Enriched in cholesterol, sphingolipids, and signaling proteins, lipid rafts serve
as platforms for the clustering of receptors, including SDCs, and are essential for the regula-
tion of endocytic processes [124,125]. When misfolded proteins like Aβ and tau aggregate,
they are preferentially internalized via lipid rafts, where they interact with SDCs [3,7]. The
lipid raft-dependent endocytosis of Aβ and tau has been shown to be critical for initiat-
ing fibrillation and promoting their aggregation within neurons [3,7,15]. The lipid rafts
not only facilitate the entry of these toxic proteins but also provide an environment for
their further aggregation [83]. This aggregation within endosomal compartments leads
to the formation of protein deposits that disrupt normal cellular functions and contribute
to neuronal damage [126]. Studies have demonstrated that the disruption of lipid raft
integrity or SDC function can impair the internalization of Aβ and tau, preventing the
formation of toxic aggregates and reducing their neurotoxic effects [127,128]. This suggests
that targeting lipid raft-mediated endocytosis or SDC function could provide therapeutic
avenues for limiting the spread of pathological proteins and preventing the progression of
neurodegenerative diseases.

4. SDCs in the Internalization of Pathological Protein Aggregates
The internalization of misfolded proteins such as Aβ, tau, and α-synuclein is a critical

process in the pathogenesis of neurodegenerative diseases [3,7,59,125]. When these proteins
aggregate, they have the potential to propagate disease by spreading throughout the brain,
forming toxic fibrils and plaques that disrupt neuronal function [3,7,126]. SDCs, particularly
SDC3, play a crucial role in the internalization and aggregation of these misfolded proteins, fa-
cilitating their entry into neurons and promoting their pathological accumulation [3,7,14,27,60].
Understanding the molecular mechanisms of SDC-mediated internalization and aggregation
provides new insights into the pathogenesis of neurodegenerative diseases and identifies
potential targets for therapeutic intervention.

SDC3’s Role in Protein Fibrils’ Internalization and the Spread of Pathological Proteins

SDC3, a member of the SDC family primarily expressed in neural tissues, especially
the brain, plays a critical role in neuronal development, synaptic function, and protein
trafficking [27,109,127]. It is particularly important for mediating the internalization of
misfolded proteins, such as Aβ and tau, which aggregate into fibrils or oligomers [3,7]. The
HS chains on SDC3 act as high-affinity binding sites for these proteins, facilitating their
recognition and uptake by neurons [3,7,128]. This interaction promotes the formation of
toxic protein aggregates within neurons, impairing neuronal function, promoting synaptic
loss, and triggering cell death [51]. SDC3’s ability to bind and internalize these aggregated
forms of Aβ and tau contributes to the spread and accumulation of pathological proteins in
neurodegenerative diseases [3,7].

The molecular mechanism behind SDC3’s interaction with misfolded proteins involves
the sulfated HS chains on its extracellular domain, which bind to the charged regions of
Aβ and tau [3,7,129]. When these proteins aggregate into oligomers and fibrils, they
interact with SDC3, promoting their internalization into neurons [3,7]. Once inside, these
aggregates are transported to early endosomal compartments, where they may fibrillate
further, contributing to the formation of amyloid plaques and tau tangles, hallmark features
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of AD [130]. The internalization of these aggregated proteins is significantly enhanced,
highlighting SDC3’s pivotal role in promoting the pathological aggregation that leads to
cellular dysfunction [3,7,59].

SDCs, particularly SDC3, influence the spread of pathological proteins within the
brain, enhancing their accumulation in neurons and promoting the formation of aggre-
gates [3,7,14,27]. Once internalized, misfolded proteins like Aβ and tau may propagate
their toxic effects by interacting with additional proteins, leading to the formation of fibrillar
aggregates that contribute to plaque and tangle formation [106]. In neurodegenerative dis-
eases, altered vesicular trafficking and impaired endocytic pathways, including lysosomal
dysfunction, may influence the dynamics and localization of SDC3 [131]. While specific
studies on SDC3 trafficking in neurodegeneration are limited, changes in endocytic ma-
chinery and protein aggregation could impact SDC3’s role in intercellular communication
and the spread of toxic aggregates (Figure 3) Further research is needed to understand
how neurodegeneration affects SDC3 trafficking and vesicle dynamics. This propagation
process is central to the spread of neurodegenerative diseases, where localized aggre-
gates can trigger the formation of new aggregates in neighboring cells, amplifying the
pathological burden [131]. The spread of aggregated proteins, facilitated by SDC3, then
affects synaptic communication and plasticity, further contributing to cognitive decline in
neurodegenerative diseases.
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The ability of SDCs to facilitate the seeding and spreading of pathological protein
aggregates underscores their critical role in disease progression [3,7,27]. Studies have
shown that the upregulation of SDCs, particularly SDC3, is associated with increased
accumulation of misfolded proteins in both cultured neurons and animal models of neu-
rodegeneration [3,7,14,27]. In these models, blocking SDC function or inhibiting lipid
raft-mediated endocytosis reduces the internalization and aggregation of Aβ and tau, pro-
viding evidence that SDCs are key regulators of protein aggregation and toxicity [3,7,129].

By enhancing the internalization of misfolded proteins, SDCs facilitate their spread
across neuronal networks, exacerbating the disease process [3,7,27]. This makes SDCs
promising candidates for therapeutic intervention, as targeting their function could poten-
tially halt the spread of toxic aggregates and slow or reverse the progression of neurodegen-
erative diseases. Additionally, developing targeted therapies to modulate SDC3 function
could provide a novel strategy to mitigate the effects of pathological protein accumulation
and delay the onset or progression of diseases like AD.

5. Apolipoprotein E and SDC Interactions in Neurodegeneration
Apolipoprotein E (ApoE) is a key protein in lipid metabolism, playing a crucial role

in the transport and clearance of lipids and cholesterol [132,133]. In neurodegenerative
diseases, particularly Alzheimer’s disease (AD), ApoE also influences protein aggregation
and neuronal damage [14,134,135]. ApoE exists in three isoforms—ApoE2, ApoE3, and
ApoE4—each of which affects the risk of developing AD [136,137]. ApoE4 is the most
widely studied isoform and is associated with an increased risk of AD, while ApoE2 ap-
pears to have a protective effect [138]. ApoE interacts with a variety of cellular receptors,
including HSPGs like SDCs, to modulate lipid and protein uptake, influencing the accu-
mulation and aggregation of Aβ and tautwo hallmark proteins in AD (see Figure 4) [14].
Understanding the molecular basis of ApoE–SDC interactions provides new insights into
the spread of pathological proteins and offers potential therapeutic strategies for targeting
these interactions in the treatment of neurodegenerative diseases.

5.1. ApoE Isoforms and Their Role in AD

ApoE is essential for lipid transport within the brain, facilitating the movement
of cholesterol and phospholipids to neurons, which is crucial for membrane integrity
and synaptic function [139–141]. Beyond lipid metabolism, ApoE also influences the
aggregation of misfolded proteins like Aβ and tau [14]. The three ApoE isoforms—ApoE2,
ApoE3, and ApoE4—differ in their ability to interact with HSPGs on the surface of neurons
and glial cells [142,143].

ApoE4, the most prevalent and risk-associated allele, has been shown to enhance the
accumulation of Aβ in the brain, accelerating amyloid plaque formation [144]. In contrast,
ApoE2 has a protective effect, promoting the clearance of Aβ and reducing the risk of
AD [14,145]. The difference in the interaction between these isoforms and cellular receptors,
including SDCs, may explain the varying effects of ApoE on the pathogenesis of AD [14].

5.2. Lipid Raft-Mediated Endocytosis of ApoE and Aβ

The interaction between ApoE and SDCs is closely tied to lipid raft-mediated endocy-
tosis [14,146]. When ApoE interacts with Aβ, this complex is recruited to lipid rafts, where
it is internalized into neurons through SDC-mediated endocytosis [14].

The lipid raft-dependent internalization of ApoE and Aβ is a critical step in the
aggregation process [14,147]. Aggregated Aβ, when bound to ApoE, forms a complex
that is preferentially internalized into neurons via lipid rafts [93]. Once internalized, Aβ

aggregates are trafficked to endosomal compartments, where they may further aggregate,
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contributing to the formation of amyloid plaques [3,14]. The dysregulation of lipid raft-
mediated endocytosis or altered ApoE isoform interactions with SDCs can exacerbate this
process, leading to increased Aβ accumulation and neurodegeneration [14,148].

5.3. The Interaction Between ApoE and SDCs

SDCs are critical for the internalization of various ligands, including ApoE lipopro-
teins [14]. ApoE binds to SDCs’ HS chains, facilitating its internalization into neurons and
glial cells [14,149]. The interaction between ApoE and SDCs has significant implications for
the uptake and clearance of misfolded proteins like Aβ [14,150].

In AD, ApoE interacts with Aβ and enhances its deposition into plaques [14,147]. This
interaction is isoform-dependent: ApoE4 binds to Aβ more strongly than ApoE2 or ApoE3,
leading to increased Aβ accumulation in the brain [14,147]. This is thought to be due to
ApoE4’s altered binding affinity for SDCs’ HS chains, which could facilitate the aggregation
of Aβ and its deposition into plaques [14,151]. On the other hand, ApoE2’s weaker binding
to Aβ and its increased ability to interact with HSPGs may promote the clearance of Aβ

from the brain, suggesting a protective role in AD [14,151].
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nalized into neurons, particularly through SDCs and lipid raft-mediated endocytosis, offers
novel therapeutic opportunities. Targeting SDC-dependent endocytic pathways could
provide a promising strategy to limit neurodegeneration, reduce the burden of protein
aggregates, and improve outcomes in diseases like AD and PD.

A major challenge in developing therapeutic interventions targeting endocytic path-
ways is overcoming the blood–brain barrier (BBB), which selectively regulates the passage
of molecules into the brain [153]. Effective therapies will need to bypass the BBB to modu-
late these pathways and address protein aggregation in neurodegenerative diseases [154].
Strategies targeting the mechanisms of protein aggregation, such as modulating endocytic
pathways or regulating SDC function, have the potential to improve patient outcomes and
provide new hope for treating AD and related disorders [27,134].

6.1. Modulating SDC Function to Prevent Protein Aggregation

As central mediators of lipid raft-dependent endocytosis, SDCs facilitate the fibrillation
and entry of toxic aggregates into neurons [3,7,16]. Inhibiting SDC expression or blocking
its interaction with misfolded proteins could reduce protein uptake and prevent their
accumulation in neurons [3]. This approach to modulating SDC function presents an
intriguing therapeutic strategy.

Several approaches could be considered for modulating SDC function. One potential
strategy involves the development of small molecules or peptides that specifically inhibit
the binding of misfolded proteins to SDC’s HS chains [155]. By preventing the interaction
between SDCs and pathological proteins, this strategy could reduce the internalization
of Aβ, tau, and α-synuclein, thereby limiting their aggregation and spread within the
brain [3,7]. However, given the BBB’s restrictive nature, these peptides would need to be
engineered to cross the blood–brain barrier effectively [156].

Alternatively, gene therapy approaches aimed at silencing SDC expression, particularly
SDC3, which exhibits increased expression in AD brains, could reduce the internalization
of these misfolded proteins and protect neurons from toxicity [157,158]. These gene therapy
strategies face similar challenges in crossing the BBB, but advancements in targeted delivery
systems, such as nanoparticle-based carriers or viral vectors, could help overcome this
obstacle [159]. Although the SDC3 knockdown (KD) represents an attractive strategy to
inhibit the SDC3-related seeding and spreading of pathological protein aggregates, it is
important to emphasize that since SDC3 is a crucial modulator of synaptic plasticity and
hippocampus-dependent memory, in vivo KD of SDC3 may lead to unintended side effects,
particularly affecting learning and memory [110].

Another approach could involve enhancing the normal recycling and degradation
pathways that SDCs regulate [160]. In their role in endocytosis, SDCs facilitate the traffick-
ing of internalized proteins to endosomal and lysosomal compartments, where they can be
degraded [161]. However, in the case of misfolded proteins, these degradation pathways
are often impaired, leading to the accumulation of aggregates [3,7]. By improving the
efficiency of protein degradation, it may be possible to reduce the accumulation of toxic
aggregates and mitigate their damaging effects. Again, ensuring that these therapies can
cross the BBB is a significant consideration.

6.2. Targeting Lipid Raft-Mediated Endocytosis

Lipid rafts play a critical role in the internalization of misfolded proteins [3,7,16].
Targeting lipid raft integrity presents a potential therapeutic strategy to inhibit the internal-
ization of misfolded proteins and prevent their aggregation.

One promising approach involves the use of small molecules or cholesterol-lowering
agents that disrupt lipid raft formation [162]. By inhibiting the recruitment of SDCs and
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other receptors to lipid rafts, it may be possible to reduce the internalization of misfolded
proteins such as Aβ and tau, thereby limiting their pathological aggregation [44,163].
However, just as with targeting SDC function, delivering these therapies across the BBB
remains a significant challenge.

Furthermore, targeting lipid raft-mediated signaling pathways that regulate protein
internalization could provide an additional avenue for reducing protein accumulation and
enhancing cellular clearance mechanisms. Similar to other strategies, overcoming the BBB
is a critical consideration, as these therapies must be designed to cross the BBB efficiently
and selectively target the brain.

6.3. ApoE and Therapeutic Modulation

ApoE is a key modulator of protein aggregation and internalization in neurodegener-
ative diseases [14,164]. As previously discussed, the ApoE4 isoform, which is associated
with an increased risk of Alzheimer’s disease, enhances the internalization and deposition
of Aβ in the brain [14,147]. By modulating ApoE4 function, it may be possible to shift the
balance toward a more protective response. Another approach could involve enhancing the
beneficial effects of the ApoE2 isoform, which is associated with the improved clearance of
Aβ from the brain [145]. Gene therapies aimed at increasing the expression of ApoE2 or
modulating its interactions with lipid rafts and SDCs could promote the clearance of Aβ

and reduce the formation of amyloid plaques [165].
However, as with other therapeutic strategies, the BBB presents a significant challenge

for delivering ApoE-modulating therapies to the brain [166]. Targeting ApoE–SDC inter-
actions in the brain will require innovative methods to deliver these molecules across the
BBB, ensuring that the therapies reach their intended targets without causing systemic
side effects.

6.4. Exosome-Based Therapies for Protein Clearance

Exosomes are extracellular vesicles that play a role in intercellular communication
and the transport of biomolecules, including proteins, lipids, and RNA [167]. Recently,
exosome-based therapies have emerged as a potential strategy for enhancing the clearance
of toxic proteins in neurodegenerative diseases [168]. Exosomes can be engineered to carry
therapeutic agents, such as small molecules or RNA, that target misfolded proteins and
facilitate their removal from the brain [169].

Exosomes also have the potential to be used to modulate the function of SDCs [170]. By
designing exosomes that contain SDC-targeting peptides or antibodies, it may be possible
to interfere with the internalization of misfolded proteins, limiting their aggregation [171].
Additionally, exosomes could be used to deliver gene therapy tools that promote the
degradation of toxic protein aggregates or enhance cellular clearance pathways [172]. This
approach represents a promising avenue for therapeutic intervention in diseases like AD
and PD. Given their ability to cross the BBB, exosome-based therapies may offer a more
effective method for delivering treatments directly to the brain [173].

7. Conclusions
Neurodegenerative diseases, including AD, PD, and other tauopathies and synucle-

inopathies, are characterized by the accumulation and aggregation of misfolded proteins,
which disrupt neuronal function and lead to cognitive decline, synaptic loss, and cell
death [3,7,174]. Despite significant advances in our understanding of these diseases, effec-
tive treatments remain scarce. The study of endocytic pathways and the role of SDCs in the
internalization and aggregation of these misfolded proteins provides critical insights into
disease progression and highlights novel therapeutic targets.
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SDCs, particularly SDC3, are central mediators in the uptake of misfolded proteins
such as Aβ, tau, and α-synuclein [3,7,14,27]. These transmembrane HSPGs play a critical
role in the aggregation and spread of pathological proteins in the brain [3,7]. Through lipid
raft-dependent endocytosis, SDCs facilitate the aggregation and internalization of these pro-
teins, promoting their entry into neurons [3,7,14]. Endocytosis is the process by which cells
take up molecules and particles from their environment by enclosing them in vesicles [45].
Unlike classical endocytic pathways, such as clathrin-mediated endocytosis, which involves
clathrin-coated pits and adaptor proteins, or caveolin-mediated endocytosis, which utilizes
caveolae and caveolin proteins within lipid rafts, SDC-mediated internalization operates
via distinct mechanisms [78,175]. SDCs, particularly SDC3, act as cell surface proteoglycans
that bind ligands through their heparan sulfate chains and facilitate internalization through
lipid raft-associated or clathrin-independent routes [7]. While clathrin pathways are known
for internalizing nutrients and receptors (e.g., transferrin, LDL) and caveolin is involved
in cholesterol regulation and mechanosensing, SDCs predominantly handle extracellular
matrix components, growth factors, and cell adhesion molecules [176–178].

In contrast, exocytosis is the process by which cells excrete substances through vesicles
that fuse with the plasma membrane [176]. These complementary mechanisms regulate
cell motility, with endocytosis mediating the uptake and potential intracellular spread of
pathogenic proteins, while exocytosis may contribute to the release and extracellular spread
of toxic aggregates [177]. This process contributes to the formation of toxic protein fibrils
and plaques, which are hallmark features of neurodegenerative diseases. Additionally,
SDCs influence the propagation of these toxic aggregates across neuronal networks, amplify-
ing their pathological effects and accelerating disease progression [3,7]. While some studies
have demonstrated a regenerative and protective role for SDC3 in vivo, conflicting reports
suggest that SDC3 may also promote pathological aggregation in other neurodegenerative
conditions [3,7,59,123]. These inconsistencies may be attributed to disease stage-specific
or cell type-dependent effects, underscoring the need for further studies comparing the
relationship between acute injury models and chronic neurodegenerative diseases. The
dual role of SDC3 appears to vary depending on disease progression and cellular envi-
ronment [178,179]. In the early stages of Alzheimer’s disease, SDC3 expression may have
neuroprotective effects through the pleiotropin signaling pathway [180]. However, as the
disease progresses, persistent SDC3 expression may promote Aβ accumulation and plaque
formation [3,7]. In addition, the effect of SDC3 varies by cell type; in neurons, it may
promote Aβ uptake, while in endothelial cells, it may influence inflammatory responses
and monocyte migration [27].

Targeting the molecular mechanisms underlying SDC-mediated endocytosis and the
aggregation of misfolded proteins offers exciting new opportunities for therapeutic inter-
vention. Strategies to modulate SDC function, disrupt lipid raft integrity, or target specific
ApoE–SDC interactions could reduce the internalization and aggregation of toxic pro-
teins, potentially slowing or halting the progression of neurodegenerative diseases [14,181].
Additionally, exosome-based therapies, which could be engineered to carry therapeu-
tic molecules, hold promise for enhancing protein clearance and modulating endocytic
processes, offering a potential approach to restoring protein homeostasis in the brain [182].

In addition to synthetic approaches, emerging studies suggest that certain natural com-
pounds, such as dermatan sulfate analogs, may modulate SDC3 function and its interactions
with pathological protein aggregates [151]. These compounds offer a promising, potentially
less toxic alternative by mimicking or interfering with endogenous GAG-mediated bind-
ing events, thus altering misfolded proteins’ internalization or aggregation capacity [151].
Further investigation is needed to determine their efficacy and bioavailability in vivo,
particularly in the context of blood–brain barrier permeability and long-term safety.
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However, one of the major challenges in developing these therapies is overcoming
the BBB [27,183]. The BBB restricts the delivery of many therapeutic agents to the brain,
making it difficult to target endocytic pathways and protein aggregation effectively [184].
Innovative drug delivery systems, such as nanoparticles, viral vectors, and exosome-based
carriers, are emerging as potential solutions for crossing the BBB and delivering treatments
directly to the brain [185].

The study of endocytic pathways and SDCs in neurodegenerative diseases is still in
its early stages, but it holds immense promise for the development of novel therapeutic
strategies. By further elucidating the role of SDCs in the internalization and aggregation of
misfolded proteins, we can gain a deeper understanding of the pathogenesis of neurode-
generative diseases and identify new avenues for treatment. Ultimately, targeting these
pathways could offer hope for millions of individuals affected by Alzheimer’s, Parkinson’s,
and other neurodegenerative disorders, improving their quality of life and slowing the
progression of these debilitating diseases.

Author Contributions: Conceptualization, T.L. and A.H.; methodology, A.H. and T.L.; validation,
A.H. and T.L.; formal analysis, A.H. and T.L.; investigation, A.H. and T.L.; resources, T.L.; data
curation, A.H. and T.L.; writing—original draft preparation, A.H. and T.L.; writing—review and
editing, A.H. and T.L.; visualization, T.L. and A.H.; supervision, T.L.; project administration, T.L.
and A.H.; funding acquisition, T.L. All authors have read and agreed to the published version of
the manuscript.

Funding: A.H. and T.L. were supported by the grants 2020-1.1.2-PIACI-KFI-2021-00233 and 2024-1.2.2-
ERA_NET-2024-00013 from the National Research Development and Innovation Office, Hungary.

Conflicts of Interest: Anett Hudák and Tamás Letoha were employed by Pharmacoidea Ltd. The
authors declare that this research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References
1. Song, H.L.; Shim, S.; Kim, D.H.; Won, S.H.; Joo, S.; Kim, S.; Jeon, N.L.; Yoon, S.Y. beta-Amyloid is transmitted via neuronal

connections along axonal membranes. Ann. Neurol. 2014, 75, 88–97. [CrossRef] [PubMed]
2. Kamatham, P.T.; Shukla, R.; Khatri, D.K.; Vora, L.K. Pathogenesis, diagnostics, and therapeutics for Alzheimer’s disease: Breaking

the memory barrier. Ageing Res. Rev. 2024, 101, 102481. [CrossRef] [PubMed]
3. Letoha, T.; Hudak, A.; Kusz, E.; Pettko-Szandtner, A.; Domonkos, I.; Josvay, K.; Hofmann-Apitius, M.; Szilak, L. Contribution of

syndecans to cellular internalization and fibrillation of amyloid-beta(1-42). Sci. Rep. 2019, 9, 1393. [CrossRef]
4. Jellinger, K.A. Basic mechanisms of neurodegeneration: A critical update. J. Cell Mol. Med. 2010, 14, 457–487. [CrossRef]
5. Sadigh-Eteghad, S.; Sabermarouf, B.; Majdi, A.; Talebi, M.; Farhoudi, M.; Mahmoudi, J. Amyloid-beta: A crucial factor in

Alzheimer’s disease. Med. Princ. Pract. 2015, 24, 1–10. [CrossRef] [PubMed]
6. Ross, C.A.; Poirier, M.A. Protein aggregation and neurodegenerative disease. Nat. Med. 2004, 10, S10–S17. [CrossRef]
7. Hudak, A.; Kusz, E.; Domonkos, I.; Josvay, K.; Kodamullil, A.T.; Szilak, L.; Hofmann-Apitius, M.; Letoha, T. Contribution of

syndecans to cellular uptake and fibrillation of alpha-synuclein and tau. Sci. Rep. 2019, 9, 16543. [CrossRef]
8. Chen, S.; Ferrone, F.A.; Wetzel, R. Huntington’s disease age-of-onset linked to polyglutamine aggregation nucleation. Proc. Natl.

Acad. Sci. USA 2002, 99, 11884–11889. [CrossRef]
9. Soto, C.; Estrada, L.D. Protein misfolding and neurodegeneration. Arch. Neurol. 2008, 65, 184–189. [CrossRef]
10. Westermark, G.T.; Westermark, P. Prion-like aggregates: Infectious agents in human disease. Trends Mol. Med. 2010, 16, 501–507.

[CrossRef]
11. Soto, C.; Pritzkow, S. Protein misfolding, aggregation, and conformational strains in neurodegenerative diseases. Nat. Neurosci.

2018, 21, 1332–1340. [CrossRef] [PubMed]
12. Moreno-Gonzalez, I.; Soto, C. Misfolded protein aggregates: Mechanisms, structures and potential for disease transmission.

Semin. Cell Dev. Biol. 2011, 22, 482–487. [CrossRef]
13. Jaye, S.; Sandau, U.S.; Saugstad, J.A. Clathrin mediated endocytosis in Alzheimer’s disease: Cell type specific involvement in

amyloid beta pathology. Front. Aging Neurosci. 2024, 16, 1378576. [CrossRef] [PubMed]

https://doi.org/10.1002/ana.24029
https://www.ncbi.nlm.nih.gov/pubmed/24114864
https://doi.org/10.1016/j.arr.2024.102481
https://www.ncbi.nlm.nih.gov/pubmed/39236855
https://doi.org/10.1038/s41598-018-37476-9
https://doi.org/10.1111/j.1582-4934.2010.01010.x
https://doi.org/10.1159/000369101
https://www.ncbi.nlm.nih.gov/pubmed/25471398
https://doi.org/10.1038/nm1066
https://doi.org/10.1038/s41598-019-53038-z
https://doi.org/10.1073/pnas.182276099
https://doi.org/10.1001/archneurol.2007.56
https://doi.org/10.1016/j.molmed.2010.08.004
https://doi.org/10.1038/s41593-018-0235-9
https://www.ncbi.nlm.nih.gov/pubmed/30250260
https://doi.org/10.1016/j.semcdb.2011.04.002
https://doi.org/10.3389/fnagi.2024.1378576
https://www.ncbi.nlm.nih.gov/pubmed/38694257


Int. J. Mol. Sci. 2025, 26, 4037 16 of 22

14. Hudak, A.; Josvay, K.; Domonkos, I.; Letoha, A.; Szilak, L.; Letoha, T. The Interplay of Apoes with Syndecans in Influencing Key
Cellular Events of Amyloid Pathology. Int. J. Mol. Sci. 2021, 22, 7070. [CrossRef]

15. Garden, G.A.; La Spada, A.R. Intercellular (mis)communication in neurodegenerative disease. Neuron 2012, 73, 886–901. [CrossRef]
16. Hivare, P.; Mujmer, K.; Swarup, G.; Gupta, S.; Bhatia, D. Endocytic pathways of pathogenic protein aggregates in neurodegenera-

tive diseases. Traffic 2023, 24, 434–452. [CrossRef] [PubMed]
17. Bucciantini, M.; Rigacci, S.; Stefani, M. Amyloid Aggregation: Role of Biological Membranes and the Aggregate-Membrane

System. J. Phys. Chem. Lett. 2014, 5, 517–527. [CrossRef]
18. Marshall, K.E.; Vadukul, D.M.; Staras, K.; Serpell, L.C. Misfolded amyloid-beta-42 impairs the endosomal-lysosomal pathway.

Cell Mol. Life Sci. 2020, 77, 5031–5043. [CrossRef]
19. Wong, C.O. Endosomal-Lysosomal Processing of Neurodegeneration-Associated Proteins in Astrocytes. Int. J. Mol. Sci. 2020, 21,

5149. [CrossRef]
20. Koszla, O.; Solek, P. Misfolding and aggregation in neurodegenerative diseases: Protein quality control machinery as potential

therapeutic clearance pathways. Cell Commun. Signal 2024, 22, 421. [CrossRef]
21. Afratis, N.A.; Nikitovic, D.; Multhaupt, H.A.; Theocharis, A.D.; Couchman, J.R.; Karamanos, N.K. Syndecans—Key regulators of

cell signaling and biological functions. FEBS J. 2017, 284, 27–41. [CrossRef] [PubMed]
22. Carey, D.J. Syndecans: Multifunctional cell-surface co-receptors. Biochem. J. 1997, 327, 1–16. [CrossRef]
23. Nguyen, D.L.B.; Okolicsanyi, R.K.; Haupt, L.M. Heparan sulfate proteoglycans: Mediators of cellular and molecular Alzheimer’s

disease pathogenic factors via tunnelling nanotubes? Mol. Cell Neurosci. 2024, 129, 103936. [CrossRef] [PubMed]
24. Stopschinski, B.E.; Holmes, B.B.; Miller, G.M.; Manon, V.A.; Vaquer-Alicea, J.; Prueitt, W.L.; Hsieh-Wilson, L.C.; Diamond, M.I.

Specific glycosaminoglycan chain length and sulfation patterns are required for cell uptake of tau versus alpha-synuclein and
beta-amyloid aggregates. J. Biol. Chem. 2018, 293, 10826–10840. [CrossRef]

25. Fukuchi, K.; Hart, M.; Li, L. Alzheimer’s disease and heparan sulfate proteoglycan. Front. Biosci. 1998, 3, d327–d337. [CrossRef]
26. Small, D.H.; Williamson, T.; Reed, G.; Clarris, H.; Beyreuther, K.; Masters, C.L.; Nurcombe, V. The role of heparan sulfate

proteoglycans in the pathogenesis of Alzheimer’s disease. Ann. N. Y. Acad. Sci. 1996, 777, 316–321. [CrossRef]
27. Hudak, A.; Letoha, A.; Vizler, C.; Letoha, T. Syndecan-3 as a Novel Biomarker in Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23,

3407. [CrossRef] [PubMed]
28. Tkachenko, E.; Rhodes, J.M.; Simons, M. Syndecans: New kids on the signaling block. Circ. Res. 2005, 96, 488–500. [CrossRef]
29. Nazere, K.; Takahashi, T.; Hara, N.; Muguruma, K.; Nakamori, M.; Yamazaki, Y.; Morino, H.; Maruyama, H. Amyloid Beta Is

Internalized via Macropinocytosis, an HSPG- and Lipid Raft-Dependent and Rac1-Mediated Process. Front. Mol. Neurosci. 2022,
15, 804702. [CrossRef]

30. Zhang, X.; Song, W. The role of APP and BACE1 trafficking in APP processing and amyloid-beta generation. Alzheimers Res. Ther.
2013, 5, 46. [CrossRef]

31. Mayor, S.; Pagano, R.E. Pathways of clathrin-independent endocytosis. Nat. Rev. Mol. Cell Biol. 2007, 8, 603–612. [CrossRef]
[PubMed]

32. Lajoie, P.; Nabi, I.R. Lipid rafts, caveolae, and their endocytosis. Int. Rev. Cell Mol. Biol. 2010, 282, 135–163. [CrossRef] [PubMed]
33. Anakor, E.; Le Gall, L.; Dumonceaux, J.; Duddy, W.J.; Duguez, S. Exosomes in Ageing and Motor Neurone Disease: Biogenesis,

Uptake Mechanisms, Modifications in Disease and Uses in the Development of Biomarkers and Therapeutics. Cells 2021, 10, 2930.
[CrossRef]

34. Iliyasu, M.O.; Musa, S.A.; Oladele, S.B.; Iliya, A.I. Amyloid-beta aggregation implicates multiple pathways in Alzheimer’s disease:
Understanding the mechanisms. Front. Neurosci. 2023, 17, 1081938. [CrossRef] [PubMed]

35. Ciechanover, A.; Kwon, Y.T. Degradation of misfolded proteins in neurodegenerative diseases: Therapeutic targets and strategies.
Exp. Mol. Med. 2015, 47, e147. [CrossRef]

36. Hollenbeck, P.J. Products of endocytosis and autophagy are retrieved from axons by regulated retrograde organelle transport. J.
Cell Biol. 1993, 121, 305–315. [CrossRef]

37. Larsen, K.E.; Sulzer, D. Autophagy in neurons: A review. Histol. Histopathol. 2002, 17, 897–908. [CrossRef]
38. Keller, J.N.; Huang, F.F.; Markesbery, W.R. Decreased levels of proteasome activity and proteasome expression in aging spinal

cord. Neuroscience 2000, 98, 149–156. [CrossRef]
39. Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.; Coomans, C.; Vermeiren,

E.; et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat. Cell Biol. 2012, 14, 677–685. [CrossRef]
40. Taoufik, E.; Kouroupi, G.; Zygogianni, O.; Matsas, R. Synaptic dysfunction in neurodegenerative and neurodevelopmental

diseases: An overview of induced pluripotent stem-cell-based disease models. Open Biol. 2018, 8, 180138. [CrossRef]
41. Pelucchi, S.; Gardoni, F.; Di Luca, M.; Marcello, E. Synaptic dysfunction in early phases of Alzheimer’s Disease. Handb. Clin.

Neurol. 2022, 184, 417–438. [CrossRef]
42. Overk, C.R.; Masliah, E. Pathogenesis of synaptic degeneration in Alzheimer’s disease and Lewy body disease. Biochem. Pharmacol.

2014, 88, 508–516. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms22137070
https://doi.org/10.1016/j.neuron.2012.02.017
https://doi.org/10.1111/tra.12906
https://www.ncbi.nlm.nih.gov/pubmed/37392160
https://doi.org/10.1021/jz4024354
https://doi.org/10.1007/s00018-020-03464-4
https://doi.org/10.3390/ijms21145149
https://doi.org/10.1186/s12964-024-01791-8
https://doi.org/10.1111/febs.13940
https://www.ncbi.nlm.nih.gov/pubmed/27790852
https://doi.org/10.1042/bj3270001
https://doi.org/10.1016/j.mcn.2024.103936
https://www.ncbi.nlm.nih.gov/pubmed/38750678
https://doi.org/10.1074/jbc.RA117.000378
https://doi.org/10.2741/A277
https://doi.org/10.1111/j.1749-6632.1996.tb34439.x
https://doi.org/10.3390/ijms23063407
https://www.ncbi.nlm.nih.gov/pubmed/35328830
https://doi.org/10.1161/01.RES.0000159708.71142.c8
https://doi.org/10.3389/fnmol.2022.804702
https://doi.org/10.1186/alzrt211
https://doi.org/10.1038/nrm2216
https://www.ncbi.nlm.nih.gov/pubmed/17609668
https://doi.org/10.1016/S1937-6448(10)82003-9
https://www.ncbi.nlm.nih.gov/pubmed/20630468
https://doi.org/10.3390/cells10112930
https://doi.org/10.3389/fnins.2023.1081938
https://www.ncbi.nlm.nih.gov/pubmed/37113145
https://doi.org/10.1038/emm.2014.117
https://doi.org/10.1083/jcb.121.2.305
https://doi.org/10.14670/HH-17.897
https://doi.org/10.1016/S0306-4522(00)00067-1
https://doi.org/10.1038/ncb2502
https://doi.org/10.1098/rsob.180138
https://doi.org/10.1016/B978-0-12-819410-2.00022-9
https://doi.org/10.1016/j.bcp.2014.01.015
https://www.ncbi.nlm.nih.gov/pubmed/24462903


Int. J. Mol. Sci. 2025, 26, 4037 17 of 22

43. Lambaerts, K.; Wilcox-Adelman, S.A.; Zimmermann, P. The signaling mechanisms of syndecan heparan sulfate proteoglycans.
Curr. Opin. Cell Biol. 2009, 21, 662–669. [CrossRef] [PubMed]

44. Kuo, G.; Kumbhar, R.; Blair, W.; Dawson, V.L.; Dawson, T.M.; Mao, X. Emerging targets of alpha-synuclein spreading in
alpha-synucleinopathies: A review of mechanistic pathways and interventions. Mol. Neurodegener. 2025, 20, 10. [CrossRef]
[PubMed]

45. Kumari, S.; Mg, S.; Mayor, S. Endocytosis unplugged: Multiple ways to enter the cell. Cell Res. 2010, 20, 256–275. [CrossRef]
46. Pathak, C.; Vaidya, F.U.; Waghela, B.N.; Jaiswara, P.K.; Gupta, V.K.; Kumar, A.; Rajendran, B.K.; Ranjan, K. Insights of Endocytosis

Signaling in Health and Disease. Int. J. Mol. Sci. 2023, 24, 2971. [CrossRef]
47. Flannagan, R.S.; Jaumouille, V.; Grinstein, S. The cell biology of phagocytosis. Annu. Rev. Pathol. 2012, 7, 61–98. [CrossRef]
48. Saheki, Y.; De Camilli, P. Synaptic vesicle endocytosis. Cold Spring Harb. Perspect. Biol. 2012, 4, a005645. [CrossRef]
49. Sorkin, A.; von Zastrow, M. Endocytosis and signalling: Intertwining molecular networks. Nat. Rev. Mol. Cell Biol. 2009, 10,

609–622. [CrossRef]
50. Camblor-Perujo, S.; Kononenko, N.L. Brain-specific functions of the endocytic machinery. FEBS J. 2022, 289, 2219–2246. [CrossRef]
51. Calabrese, G.; Molzahn, C.; Mayor, T. Protein interaction networks in neurodegenerative diseases: From physiological function to

aggregation. J. Biol. Chem. 2022, 298, 102062. [CrossRef]
52. Wang, X.; Huang, T.; Bu, G.; Xu, H. Dysregulation of protein trafficking in neurodegeneration. Mol. Neurodegener. 2014, 9, 31.

[CrossRef]
53. El-Sayed, A.; Harashima, H. Endocytosis of gene delivery vectors: From clathrin-dependent to lipid raft-mediated endocytosis.

Mol. Ther. 2013, 21, 1118–1130. [CrossRef] [PubMed]
54. Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857–902. [CrossRef] [PubMed]
55. Peng, C.; Trojanowski, J.Q.; Lee, V.M. Protein transmission in neurodegenerative disease. Nat. Rev. Neurol. 2020, 16, 199–212.

[CrossRef] [PubMed]
56. Ando, K.; Houben, S.; Homa, M.; de Fisenne, M.A.; Potier, M.C.; Erneux, C.; Brion, J.P.; Leroy, K. Alzheimer’s Disease: Tau

Pathology and Dysfunction of Endocytosis. Front. Mol. Neurosci. 2020, 13, 583755. [CrossRef]
57. Surguchov, A.; Surguchev, A. Synucleins: New Data on Misfolding, Aggregation and Role in Diseases. Biomedicines 2022, 10, 3241.

[CrossRef]
58. Rodriguez, L.; Marano, M.M.; Tandon, A. Import and Export of Misfolded alpha-Synuclein. Front. Neurosci. 2018, 12, 344.

[CrossRef]
59. Wang, J.; Chen, P.; Hu, B.; Cai, F.; Xu, Q.; Pan, S.; Wu, Y.; Song, W. Distinct effects of SDC3 and FGFRL1 on selective neurodegener-

ation in AD and PD. FASEB J. 2023, 37, e22773. [CrossRef]
60. Bespalov, M.M.; Sidorova, Y.A.; Tumova, S.; Ahonen-Bishopp, A.; Magalhaes, A.C.; Kulesskiy, E.; Paveliev, M.; Rivera, C.; Rauvala,

H.; Saarma, M. Heparan sulfate proteoglycan syndecan-3 is a novel receptor for GDNF, neurturin, and artemin. J. Cell Biol. 2011,
192, 153–169. [CrossRef]

61. Liu, C.J.; Chen, Y.H.; Chiang, Y.H.; Chen, Y.H.; Ku, C.Y.; Hsu, M.-Y.; Lee, Y.-J.; Yang, M.-Y.; Liao, W.-C. Small intestine submucosa
as a growth factor attractor promotes peripheral nerve regeneration by enhancing syndecan-3/glial cell line-derived neurotrophic
factor (GDNF) signalling: In vivo study. Biomed. Mater. 2023, 18, 055002. [CrossRef] [PubMed]

62. Sonkodi, B.; Nagy, Z.F.; Keller-Pintér, A.; Klivényi, P.; Széll, M. Likely Pathogenic Variants of SDC3, KCNA2, KCNK1, KCNK16
and HSF1 are in Support of Acquired Irreversible PIEZO2 Channelopathy in ALS Onset. 2025. Available online: https:
//www.researchsquare.com/article/rs-5662995/v1 (accessed on 22 April 2025). [CrossRef]

63. Mettlen, M.; Chen, P.H.; Srinivasan, S.; Danuser, G.; Schmid, S.L. Regulation of Clathrin-Mediated Endocytosis. Annu. Rev.
Biochem. 2018, 87, 871–896. [CrossRef] [PubMed]

64. McMahon, H.T.; Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat. Rev. Mol.
Cell Biol. 2011, 12, 517–533. [CrossRef]

65. Prichard, K.L.; O’Brien, N.S.; Murcia, S.R.; Baker, J.R.; McCluskey, A. Role of Clathrin and Dynamin in Clathrin Mediated
Endocytosis/Synaptic Vesicle Recycling and Implications in Neurological Diseases. Front. Cell Neurosci. 2021, 15, 754110.
[CrossRef]

66. Kirchhausen, T.; Owen, D.; Harrison, S.C. Molecular structure, function, and dynamics of clathrin-mediated membrane traffic.
Cold Spring Harb. Perspect. Biol. 2014, 6, a016725. [CrossRef]

67. Vassilopoulos, S.; Montagnac, G. Clathrin assemblies at a glance. J. Cell Sci. 2024, 137, jcs261674. [CrossRef] [PubMed]
68. Aschenbrenner, L.; Naccache, S.N.; Hasson, T. Uncoated endocytic vesicles require the unconventional myosin, Myo6, for rapid

transport through actin barriers. Mol. Biol. Cell 2004, 15, 2253–2263. [CrossRef]
69. Wu, J.W.; Herman, M.; Liu, L.; Simoes, S.; Acker, C.M.; Figueroa, H.; Steinberg, J.I.; Margittai, M.; Kayed, R.; Zurzolo, C.; et al.

Small misfolded Tau species are internalized via bulk endocytosis and anterogradely and retrogradely transported in neurons. J.
Biol. Chem. 2013, 288, 1856–1870. [CrossRef]

70. Wu, F.; Yao, P.J. Clathrin-mediated endocytosis and Alzheimer’s disease: An update. Ageing Res. Rev. 2009, 8, 147–149. [CrossRef]

https://doi.org/10.1016/j.ceb.2009.05.002
https://www.ncbi.nlm.nih.gov/pubmed/19535238
https://doi.org/10.1186/s13024-025-00797-1
https://www.ncbi.nlm.nih.gov/pubmed/39849529
https://doi.org/10.1038/cr.2010.19
https://doi.org/10.3390/ijms24032971
https://doi.org/10.1146/annurev-pathol-011811-132445
https://doi.org/10.1101/cshperspect.a005645
https://doi.org/10.1038/nrm2748
https://doi.org/10.1111/febs.15897
https://doi.org/10.1016/j.jbc.2022.102062
https://doi.org/10.1186/1750-1326-9-31
https://doi.org/10.1038/mt.2013.54
https://www.ncbi.nlm.nih.gov/pubmed/23587924
https://doi.org/10.1146/annurev.biochem.78.081307.110540
https://www.ncbi.nlm.nih.gov/pubmed/19317650
https://doi.org/10.1038/s41582-020-0333-7
https://www.ncbi.nlm.nih.gov/pubmed/32203399
https://doi.org/10.3389/fnmol.2020.583755
https://doi.org/10.3390/biomedicines10123241
https://doi.org/10.3389/fnins.2018.00344
https://doi.org/10.1096/fj.202201359R
https://doi.org/10.1083/jcb.201009136
https://doi.org/10.1088/1748-605X/acdeb9
https://www.ncbi.nlm.nih.gov/pubmed/37321230
https://www.researchsquare.com/article/rs-5662995/v1
https://www.researchsquare.com/article/rs-5662995/v1
https://doi.org/10.21203/rs.3.rs-5662995/v1
https://doi.org/10.1146/annurev-biochem-062917-012644
https://www.ncbi.nlm.nih.gov/pubmed/29661000
https://doi.org/10.1038/nrm3151
https://doi.org/10.3389/fncel.2021.754110
https://doi.org/10.1101/cshperspect.a016725
https://doi.org/10.1242/jcs.261674
https://www.ncbi.nlm.nih.gov/pubmed/38668719
https://doi.org/10.1091/mbc.e04-01-0002
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1016/j.arr.2009.03.002


Int. J. Mol. Sci. 2025, 26, 4037 18 of 22

71. Nordstedt, C.; Caporaso, G.L.; Thyberg, J.; Gandy, S.E.; Greengard, P. Identification of the Alzheimer beta/A4 amyloid precursor
protein in clathrin-coated vesicles purified from PC12 cells. J. Biol. Chem. 1993, 268, 608–612. [CrossRef]

72. Carey, R.M.; Balcz, B.A.; Lopez-Coviella, I.; Slack, B.E. Inhibition of dynamin-dependent endocytosis increases shedding of the
amyloid precursor protein ectodomain and reduces generation of amyloid beta protein. BMC Cell Biol. 2005, 6, 30. [CrossRef]

73. Smith, J.K.; Mellick, G.D.; Sykes, A.M. The role of the endolysosomal pathway in alpha-synuclein pathogenesis in Parkinson’s
disease. Front. Cell Neurosci. 2022, 16, 1081426. [CrossRef]

74. Yu, A.; Shibata, Y.; Shah, B.; Calamini, B.; Lo, D.C.; Morimoto, R.I. Protein aggregation can inhibit clathrin-mediated endocytosis
by chaperone competition. Proc. Natl. Acad. Sci. USA 2014, 111, E1481–E1490. [CrossRef]

75. Burrinha, T.; Martinsson, I.; Gomes, R.; Terrasso, A.P.; Gouras, G.K.; Almeida, C.G. Upregulation of APP endocytosis by neuronal
aging drives amyloid-dependent synapse loss. J. Cell Sci. 2021, 134, jcs255752. [CrossRef] [PubMed]

76. Patel, H.H.; Insel, P.A. Lipid rafts and caveolae and their role in compartmentation of redox signaling. Antioxid. Redox Signal 2009,
11, 1357–1372. [CrossRef] [PubMed]

77. Chidlow, J.H., Jr.; Sessa, W.C. Caveolae, caveolins, and cavins: Complex control of cellular signalling and inflammation. Cardiovasc.
Res. 2010, 86, 219–225. [CrossRef]

78. Kiss, A.L.; Botos, E. Endocytosis via caveolae: Alternative pathway with distinct cellular compartments to avoid lysosomal
degradation? J. Cell Mol. Med. 2009, 13, 1228–1237. [CrossRef]

79. Pelkmans, L.; Helenius, A. Endocytosis via caveolae. Traffic 2002, 3, 311–320. [CrossRef] [PubMed]
80. Sun, S.W.; Zu, X.Y.; Tuo, Q.H.; Chen, L.X.; Lei, X.Y.; Li, K.; Tang, C.K.; Liao, D.F. Caveolae and caveolin-1 mediate endocytosis and

transcytosis of oxidized low density lipoprotein in endothelial cells. Acta Pharmacol. Sin. 2010, 31, 1336–1342. [CrossRef]
81. Zhu, X.D.; Zhuang, Y.; Ben, J.J.; Qian, L.L.; Huang, H.P.; Bai, H.; Sha, J.H.; He, Z.G.; Chen, Q. Caveolae-dependent endocytosis is

required for class A macrophage scavenger receptor-mediated apoptosis in macrophages. J. Biol. Chem. 2011, 286, 8231–8239.
[CrossRef]

82. Andras, I.E.; Eum, S.Y.; Toborek, M. Lipid rafts and functional caveolae regulate HIV-induced amyloid beta accumulation in brain
endothelial cells. Biochem. Biophys. Res. Commun. 2012, 421, 177–183. [CrossRef]

83. da Silva Correia, A.; Schmitz, M.; Fischer, A.L.; da Silva Correia, S.; Simonetti, F.L.; Saher, G.; Goya-Maldonado, R.; Arora, A.S.;
Fischer, A.; Outeiro, T.F.; et al. Cellular prion protein acts as mediator of amyloid beta uptake by caveolin-1 causing cellular
dysfunctions in vitro and in vivo. Alzheimers Dement. 2024, 20, 6776–6792. [CrossRef]

84. Zeineddine, R.; Yerbury, J.J. The role of macropinocytosis in the propagation of protein aggregation associated with neurodegen-
erative diseases. Front. Physiol. 2015, 6, 277. [CrossRef] [PubMed]

85. Bender, F.; Montoya, M.; Monardes, V.; Leyton, L.; Quest, A.F. Caveolae and caveolae-like membrane domains in cellular signaling
and disease: Identification of downstream targets for the tumor suppressor protein caveolin-1. Biol. Res. 2002, 35, 151–167.
[CrossRef] [PubMed]

86. Zadka, L.; Sochocka, M.; Hachiya, N.; Chojdak-Lukasiewicz, J.; Dziegiel, P.; Piasecki, E.; Leszek, J. Endocytosis and Alzheimer’s
disease. Geroscience 2024, 46, 71–85. [CrossRef]

87. Bonds, J.A.; Shetti, A.; Bheri, A.; Chen, Z.; Disouky, A.; Tai, L.; Mao, M.; Head, B.P.; Bonini, M.G.; Haus, J.M.; et al. Depletion
of Caveolin-1 in Type 2 Diabetes Model Induces Alzheimer’s Disease Pathology Precursors. J. Neurosci. 2019, 39, 8576–8583.
[CrossRef]

88. Head, B.P.; Peart, J.N.; Panneerselvam, M.; Yokoyama, T.; Pearn, M.L.; Niesman, I.R.; Bonds, J.A.; Schilling, J.M.; Miyanohara, A.;
Headrick, J.; et al. Loss of caveolin-1 accelerates neurodegeneration and aging. PLoS ONE 2010, 5, e15697. [CrossRef] [PubMed]

89. Brown, D.A.; London, E. Functions of lipid rafts in biological membranes. Annu. Rev. Cell Dev. Biol. 1998, 14, 111–136. [CrossRef]
90. Petrov, A.M.; Zefirov, A.L. Cholesterol and lipid rafts in the biological membranes. Role in the release, reception and ion channel

functions. Usp. Fiziol. Nauk. 2013, 44, 17–38.
91. Pike, L.J. Rafts defined: A report on the Keystone Symposium on Lipid Rafts and Cell Function. J. Lipid Res. 2006, 47, 1597–1598.

[CrossRef]
92. Anselmo, S.; Bonaccorso, E.; Gangemi, C.; Sancataldo, G.; Conti Nibali, V.; D’Angelo, G. Lipid Rafts in Signalling, Diseases, and

Infections: What Can Be Learned from Fluorescence Techniques? Membranes 2025, 15, 6. [CrossRef] [PubMed]
93. Rushworth, J.V.; Hooper, N.M. Lipid Rafts: Linking Alzheimer’s Amyloid-beta Production, Aggregation, and Toxicity at Neuronal

Membranes. Int. J. Alzheimers Dis. 2010, 2011, 603052. [CrossRef]
94. Enzlein, T.; Lashley, T.; Sammour, D.A.; Hopf, C.; Chavez-Gutierrez, L. Integrative Single-Plaque Analysis Reveals Signature

Abeta and Lipid Profiles in the Alzheimer’s Brain. Anal. Chem. 2024, 96, 9799–9807. [CrossRef]
95. Mario Díaz, R.M. Lipid Rafts and Development of Alzheimer’s Disease. Interact. Dyn. Health Dis. 2021. [CrossRef]
96. Zhang, L.; Trushin, S.; Christensen, T.A.; Tripathi, U.; Hong, C.; Geroux, R.E.; Howell, K.G.; Poduslo, J.F.; Trushina, E. Differential

effect of amyloid beta peptides on mitochondrial axonal trafficking depends on their state of aggregation and binding to the
plasma membrane. Neurobiol. Dis. 2018, 114, 1–16. [CrossRef]

https://doi.org/10.1016/S0021-9258(18)54194-6
https://doi.org/10.1186/1471-2121-6-30
https://doi.org/10.3389/fncel.2022.1081426
https://doi.org/10.1073/pnas.1321811111
https://doi.org/10.1242/jcs.255752
https://www.ncbi.nlm.nih.gov/pubmed/33910234
https://doi.org/10.1089/ars.2008.2365
https://www.ncbi.nlm.nih.gov/pubmed/19061440
https://doi.org/10.1093/cvr/cvq075
https://doi.org/10.1111/j.1582-4934.2009.00754.x
https://doi.org/10.1034/j.1600-0854.2002.30501.x
https://www.ncbi.nlm.nih.gov/pubmed/11967125
https://doi.org/10.1038/aps.2010.87
https://doi.org/10.1074/jbc.M110.145888
https://doi.org/10.1016/j.bbrc.2012.03.128
https://doi.org/10.1002/alz.14120
https://doi.org/10.3389/fphys.2015.00277
https://www.ncbi.nlm.nih.gov/pubmed/26528186
https://doi.org/10.4067/S0716-97602002000200006
https://www.ncbi.nlm.nih.gov/pubmed/12415732
https://doi.org/10.1007/s11357-023-00923-1
https://doi.org/10.1523/JNEUROSCI.0730-19.2019
https://doi.org/10.1371/journal.pone.0015697
https://www.ncbi.nlm.nih.gov/pubmed/21203469
https://doi.org/10.1146/annurev.cellbio.14.1.111
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.3390/membranes15010006
https://www.ncbi.nlm.nih.gov/pubmed/39852247
https://doi.org/10.4061/2011/603052
https://doi.org/10.1021/acs.analchem.3c05557
https://doi.org/10.5772/intechopen.94608
https://doi.org/10.1016/j.nbd.2018.02.003


Int. J. Mol. Sci. 2025, 26, 4037 19 of 22

97. Jin, S.; Kedia, N.; Illes-Toth, E.; Haralampiev, I.; Prisner, S.; Herrmann, A.; Wanker, E.E.; Bieschke, J. Amyloid-beta(1-42)
Aggregation Initiates Its Cellular Uptake and Cytotoxicity. J. Biol. Chem. 2016, 291, 19590–19606. [CrossRef]

98. Gopal, S.; Arokiasamy, S.; Pataki, C.; Whiteford, J.R.; Couchman, J.R. Syndecan receptors: Pericellular regulators in development
and inflammatory disease. Open Biol. 2021, 11, 200377. [CrossRef]

99. Zimmermann, P.; David, G. The syndecans, tuners of transmembrane signaling. FASEB J. 1999, 13, S91–S100. [CrossRef] [PubMed]
100. Ricard-Blum, S.; Couchman, J.R. Conformations, interactions and functions of intrinsically disordered syndecans. Biochem. Soc.

Trans. 2023, 51, 1083–1096. [CrossRef]
101. Gondelaud, F.; Ricard-Blum, S. Structures and interactions of syndecans. FEBS J. 2019, 286, 2994–3007. [CrossRef]
102. Bertrand, J.; Bollmann, M. Soluble syndecans: Biomarkers for diseases and therapeutic options. Br. J. Pharmacol. 2019, 176, 67–81.

[CrossRef] [PubMed]
103. Couchman, J.R.; Woods, A. Syndecans, signaling, and cell adhesion. J. Cell Biochem. 1996, 61, 578–584. [CrossRef]
104. Theocharis, A.D.; Gialeli, C.; Bouris, P.; Giannopoulou, E.; Skandalis, S.S.; Aletras, A.J.; Iozzo, R.V.; Karamanos, N.K. Cell-matrix

interactions: Focus on proteoglycan-proteinase interplay and pharmacological targeting in cancer. FEBS J. 2014, 281, 5023–5042.
[CrossRef]

105. Nguyen, M.U.; Kwong, J.; Chang, J.; Gillet, V.G.; Lee, R.M.; Johnson, K.G. The Extracellular and Cytoplasmic Domains of
Syndecan Cooperate Postsynaptically to Promote Synapse Growth at the Drosophila Neuromuscular Junction. PLoS ONE 2016,
11, e0151621. [CrossRef] [PubMed]

106. Rapraeger, A.C. Molecular interactions of syndecans during development. Semin. Cell Dev. Biol. 2001, 12, 107–116. [CrossRef]
107. Agere, S.A.; Kim, E.Y.; Akhtar, N.; Ahmed, S. Syndecans in chronic inflammatory and autoimmune diseases: Pathological insights

and therapeutic opportunities. J. Cell Physiol. 2018, 233, 6346–6358. [CrossRef] [PubMed]
108. Alexopoulou, A.N.; Multhaupt, H.A.; Couchman, J.R. Syndecans in wound healing, inflammation and vascular biology. Int. J.

Biochem. Cell Biol. 2007, 39, 505–528. [CrossRef]
109. Reizes, O.; Benoit, S.C.; Clegg, D.J. The role of syndecans in the regulation of body weight and synaptic plasticity. Int. J. Biochem.

Cell Biol. 2008, 40, 28–45. [CrossRef]
110. Kaksonen, M.; Pavlov, I.; Voikar, V.; Lauri, S.E.; Hienola, A.; Riekki, R.; Lakso, M.; Taira, T.; Rauvala, H. Syndecan-3-deficient mice

exhibit enhanced LTP and impaired hippocampus-dependent memory. Mol. Cell Neurosci. 2002, 21, 158–172. [CrossRef]
111. Liu, C.H.; Kuo, Y.C.; Wang, C.Y.; Hsu, C.C.; Ho, Y.J.; Chiang, Y.C.; Mai, F.D.; Lin, W.J.; Liao, W.C. Syndecan-3 contributes to

the regulation of the microenvironment at the node of Ranvier following end-to-side neurorrhaphy: Sodium image analysis.
Histochem. Cell Biol. 2021, 155, 355–367. [CrossRef]

112. Schwartz, N.B.; Domowicz, M.S. Proteoglycans in brain development and pathogenesis. FEBS Lett. 2018, 592, 3791–3805.
[CrossRef]

113. Hudak, A.; Letoha, A.; Szilak, L.; Letoha, T. Contribution of Syndecans to the Cellular Entry of SARS-CoV-2. Int. J. Mol. Sci. 2021,
22, 5336. [CrossRef] [PubMed]

114. Tkachenko, E.; Lutgens, E.; Stan, R.V.; Simons, M. Fibroblast growth factor 2 endocytosis in endothelial cells proceed via
syndecan-4-dependent activation of Rac1 and a Cdc42-dependent macropinocytic pathway. J. Cell Sci. 2004, 117, 3189–3199.
[CrossRef]

115. Berdiaki, A.; Neagu, M.; Tzanakakis, P.; Spyridaki, I.; Perez, S.; Nikitovic, D. Extracellular Matrix Components and Mechanosens-
ing Pathways in Health and Disease. Biomolecules 2024, 14, 1186. [CrossRef] [PubMed]

116. Chen, K.; Williams, K.J. Molecular mediators for raft-dependent endocytosis of syndecan-1, a highly conserved, multifunctional
receptor. J. Biol. Chem. 2013, 288, 13988–13999. [CrossRef] [PubMed]

117. Kawaguchi, Y.; Takeuchi, T.; Kuwata, K.; Chiba, J.; Hatanaka, Y.; Nakase, I.; Futaki, S. Syndecan-4 Is a Receptor for Clathrin-
Mediated Endocytosis of Arginine-Rich Cell-Penetrating Peptides. Bioconjug Chem. 2016, 27, 1119–1130. [CrossRef]

118. Chen, K.; Wu, Q.; Hu, K.; Yang, C.; Wu, X.; Cheung, P.; Williams, K.J. Suppression of Hepatic FLOT1 (Flotillin-1) by Type 2
Diabetes Mellitus Impairs the Disposal of Remnant Lipoproteins via Syndecan-1. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 102–113.
[CrossRef]

119. Fan, W.; Guo, J.; Gao, B.; Zhang, W.; Ling, L.; Xu, T.; Pan, C.; Li, L.; Chen, S.; Wang, H.; et al. Flotillin-mediated endocytosis
and ALIX-syntenin-1-mediated exocytosis protect the cell membrane from damage caused by necroptosis. Sci. Signal 2019, 12,
eaaw3423. [CrossRef]

120. De La-Rocque, S.; Moretto, E.; Butnaru, I.; Schiavo, G. Knockin’ on heaven’s door: Molecular mechanisms of neuronal tau uptake.
J. Neurochem. 2021, 156, 563–588. [CrossRef]

121. Leonova, E.I.; Galzitskaya, O.V. Role of Syndecans in Lipid Metabolism and Human Diseases. Adv. Exp. Med. Biol. 2015, 855,
241–258. [CrossRef]

122. Ohkawara, B.; Glinka, A.; Niehrs, C. Rspo3 binds syndecan 4 and induces Wnt/PCP signaling via clathrin-mediated endocytosis
to promote morphogenesis. Dev. Cell 2011, 20, 303–314. [CrossRef]

https://doi.org/10.1074/jbc.M115.691840
https://doi.org/10.1098/rsob.200377
https://doi.org/10.1096/fasebj.13.9001.s91
https://www.ncbi.nlm.nih.gov/pubmed/10352150
https://doi.org/10.1042/BST20221085
https://doi.org/10.1111/febs.14828
https://doi.org/10.1111/bph.14397
https://www.ncbi.nlm.nih.gov/pubmed/29931674
https://doi.org/10.1002/(SICI)1097-4644(19960616)61:4%3C578::AID-JCB11%3E3.0.CO;2-C
https://doi.org/10.1111/febs.12927
https://doi.org/10.1371/journal.pone.0151621
https://www.ncbi.nlm.nih.gov/pubmed/26987116
https://doi.org/10.1006/scdb.2000.0239
https://doi.org/10.1002/jcp.26388
https://www.ncbi.nlm.nih.gov/pubmed/29226950
https://doi.org/10.1016/j.biocel.2006.10.014
https://doi.org/10.1016/j.biocel.2007.06.011
https://doi.org/10.1006/mcne.2002.1167
https://doi.org/10.1007/s00418-020-01936-z
https://doi.org/10.1002/1873-3468.13026
https://doi.org/10.3390/ijms22105336
https://www.ncbi.nlm.nih.gov/pubmed/34069441
https://doi.org/10.1242/jcs.01190
https://doi.org/10.3390/biom14091186
https://www.ncbi.nlm.nih.gov/pubmed/39334952
https://doi.org/10.1074/jbc.M112.444737
https://www.ncbi.nlm.nih.gov/pubmed/23525115
https://doi.org/10.1021/acs.bioconjchem.6b00082
https://doi.org/10.1161/ATVBAHA.117.310358
https://doi.org/10.1126/scisignal.aaw3423
https://doi.org/10.1111/jnc.15144
https://doi.org/10.1007/978-3-319-17344-3_10
https://doi.org/10.1016/j.devcel.2011.01.006


Int. J. Mol. Sci. 2025, 26, 4037 20 of 22

123. Petersen, S.I.; Okolicsanyi, R.K.; Haupt, L.M. Exploring Heparan Sulfate Proteoglycans as Mediators of Human Mesenchymal
Stem Cell Neurogenesis. Cell Mol. Neurobiol. 2024, 44, 30. [CrossRef]

124. Leonova, E.I.; Galzitskaia, O.V. Role of syndecan-2 in amyloid plaque formation. Mol. Biol. 2015, 49, 89–98. [CrossRef] [PubMed]
125. Sengupta, U.; Kayed, R. Amyloid beta, Tau, and alpha-Synuclein aggregates in the pathogenesis, prognosis, and therapeutics for

neurodegenerative diseases. Prog. Neurobiol. 2022, 214, 102270. [CrossRef] [PubMed]
126. Bassil, F.; Brown, H.J.; Pattabhiraman, S.; Iwasyk, J.E.; Maghames, C.M.; Meymand, E.S.; Cox, T.O.; Riddle, D.M.; Zhang, B.;

Trojanowski, J.Q.; et al. Amyloid-Beta (Abeta) Plaques Promote Seeding and Spreading of Alpha-Synuclein and Tau in a Mouse
Model of Lewy Body Disorders with Abeta Pathology. Neuron 2020, 105, 260–275.e266. [CrossRef] [PubMed]

127. Nakanishi, T.; Kadomatsu, K.; Okamoto, T.; Ichihara-Tanaka, K.; Kojima, T.; Saito, H.; Tomoda, Y.; Muramatsu, T. Expression of
syndecan-1 and -3 during embryogenesis of the central nervous system in relation to binding with midkine. J. Biochem. 1997, 121,
197–205.

128. Hayashida, K.; Aquino, R.S.; Park, P.W. Coreceptor functions of cell surface heparan sulfate proteoglycans. Am. J. Physiol. Cell
Physiol. 2022, 322, C896–C912. [CrossRef]

129. Ozsan McMillan, I.; Li, J.P.; Wang, L. Heparan sulfate proteoglycan in Alzheimer’s disease: Aberrant expression and functions in
molecular pathways related to amyloid-beta metabolism. Am. J. Physiol. Cell Physiol. 2023, 324, C893–C909. [CrossRef]

130. Nisbet, R.M.; Polanco, J.C.; Ittner, L.M.; Gotz, J. Tau aggregation and its interplay with amyloid-beta. Acta Neuropathol. 2015, 129,
207–220. [CrossRef]

131. Lee, S.J.; Desplats, P.; Sigurdson, C.; Tsigelny, I.; Masliah, E. Cell-to-cell transmission of non-prion protein aggregates. Nat. Rev.
Neurol. 2010, 6, 702–706. [CrossRef]

132. Mahley, R.W. Apolipoprotein E: Cholesterol transport protein with expanding role in cell biology. Science 1988, 240, 622–630.
[CrossRef] [PubMed]

133. Huang, Y.; Mahley, R.W. Apolipoprotein E: Structure and function in lipid metabolism, neurobiology, and Alzheimer’s diseases.
Neurobiol. Dis. 2014, 72, 3–12. [CrossRef]

134. Raulin, A.C.; Doss, S.V.; Trottier, Z.A.; Ikezu, T.C.; Bu, G.; Liu, C.C. ApoE in Alzheimer’s disease: Pathophysiology and therapeutic
strategies. Mol. Neurodegener. 2022, 17, 72. [CrossRef]

135. Zhang, L.; Xia, Y.; Gui, Y. Neuronal ApoE4 in Alzheimer’s disease and potential therapeutic targets. Front. Aging Neurosci. 2023,
15, 1199434. [CrossRef]

136. Chen, Y.; Strickland, M.R.; Soranno, A.; Holtzman, D.M. Apolipoprotein E: Structural Insights and Links to Alzheimer Disease
Pathogenesis. Neuron 2021, 109, 205–221. [CrossRef] [PubMed]

137. Williams, T.; Borchelt, D.R.; Chakrabarty, P. Therapeutic approaches targeting Apolipoprotein E function in Alzheimer’s disease.
Mol. Neurodegener. 2020, 15, 8. [CrossRef]

138. Yamazaki, Y.; Zhao, N.; Caulfield, T.R.; Liu, C.C.; Bu, G. Apolipoprotein E and Alzheimer disease: Pathobiology and targeting
strategies. Nat. Rev. Neurol. 2019, 15, 501–518. [CrossRef]

139. Husain, M.A.; Laurent, B.; Plourde, M. APOE and Alzheimer’s Disease: From Lipid Transport to Physiopathology and Therapeu-
tics. Front. Neurosci. 2021, 15, 630502. [CrossRef] [PubMed]

140. Lane-Donovan, C.; Herz, J. ApoE, ApoE Receptors, and the Synapse in Alzheimer’s Disease. Trends Endocrinol. Metab. 2017, 28,
273–284. [CrossRef]

141. Mahley, R.W.; Rall, S.C., Jr. Apolipoprotein E: Far more than a lipid transport protein. Annu. Rev. Genom. Hum. Genet. 2000, 1,
507–537. [CrossRef]

142. Fu, Y.; Zhao, J.; Atagi, Y.; Nielsen, H.M.; Liu, C.C.; Zheng, H.; Shinohara, M.; Kanekiyo, T.; Bu, G. Apolipoprotein E lipoprotein
particles inhibit amyloid-beta uptake through cell surface heparan sulphate proteoglycan. Mol. Neurodegener. 2016, 11, 37.
[CrossRef]

143. Zhao, N.; Liu, C.C.; Qiao, W.; Bu, G. Apolipoprotein E, Receptors, and Modulation of Alzheimer’s Disease. Biol. Psychiatry 2018,
83, 347–357. [CrossRef] [PubMed]

144. Di Battista, A.M.; Heinsinger, N.M.; Rebeck, G.W. Alzheimer’s Disease Genetic Risk Factor APOE-epsilon4 Also Affects Normal
Brain Function. Curr. Alzheimer Res. 2016, 13, 1200–1207. [CrossRef]

145. Li, Z.; Shue, F.; Zhao, N.; Shinohara, M.; Bu, G. APOE2: Protective mechanism and therapeutic implications for Alzheimer’s
disease. Mol. Neurodegener. 2020, 15, 63. [CrossRef] [PubMed]

146. Angelopoulou, E.; Paudel, Y.N.; Shaikh, M.F.; Piperi, C. Flotillin: A Promising Biomarker for Alzheimer’s Disease. J. Pers. Med.
2020, 10, 20. [CrossRef]

147. Kanekiyo, T.; Xu, H.; Bu, G. ApoE and Abeta in Alzheimer’s disease: Accidental encounters or partners? Neuron 2014, 81, 740–754.
[CrossRef] [PubMed]

148. Cao, Y.; Zhao, L.W.; Chen, Z.X.; Li, S.H. New insights in lipid metabolism: Potential therapeutic targets for the treatment of
Alzheimer’s disease. Front. Neurosci. 2024, 18, 1430465. [CrossRef]

https://doi.org/10.1007/s10571-024-01463-8
https://doi.org/10.1134/S0026893315010082
https://www.ncbi.nlm.nih.gov/pubmed/25916113
https://doi.org/10.1016/j.pneurobio.2022.102270
https://www.ncbi.nlm.nih.gov/pubmed/35447272
https://doi.org/10.1016/j.neuron.2019.10.010
https://www.ncbi.nlm.nih.gov/pubmed/31759806
https://doi.org/10.1152/ajpcell.00050.2022
https://doi.org/10.1152/ajpcell.00247.2022
https://doi.org/10.1007/s00401-014-1371-2
https://doi.org/10.1038/nrneurol.2010.145
https://doi.org/10.1126/science.3283935
https://www.ncbi.nlm.nih.gov/pubmed/3283935
https://doi.org/10.1016/j.nbd.2014.08.025
https://doi.org/10.1186/s13024-022-00574-4
https://doi.org/10.3389/fnagi.2023.1199434
https://doi.org/10.1016/j.neuron.2020.10.008
https://www.ncbi.nlm.nih.gov/pubmed/33176118
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.3389/fnins.2021.630502
https://www.ncbi.nlm.nih.gov/pubmed/33679311
https://doi.org/10.1016/j.tem.2016.12.001
https://doi.org/10.1146/annurev.genom.1.1.507
https://doi.org/10.1186/s13024-016-0099-y
https://doi.org/10.1016/j.biopsych.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28434655
https://doi.org/10.2174/1567205013666160401115127
https://doi.org/10.1186/s13024-020-00413-4
https://www.ncbi.nlm.nih.gov/pubmed/33148290
https://doi.org/10.3390/jpm10020020
https://doi.org/10.1016/j.neuron.2014.01.045
https://www.ncbi.nlm.nih.gov/pubmed/24559670
https://doi.org/10.3389/fnins.2024.1430465


Int. J. Mol. Sci. 2025, 26, 4037 21 of 22

149. Shuvaev, V.V.; Laffont, I.; Siest, G. Kinetics of apolipoprotein E isoforms-binding to the major glycosaminoglycans of the
extracellular matrix. FEBS Lett. 1999, 459, 353–357. [CrossRef]

150. Wilhelmus, M.M.; de Waal, R.M.; Verbeek, M.M. Heat shock proteins and amateur chaperones in amyloid-Beta accumulation and
clearance in Alzheimer’s disease. Mol. Neurobiol. 2007, 35, 203–216. [CrossRef]

151. Snow, A.D.; Cummings, J.A.; Lake, T. The Unifying Hypothesis of Alzheimer’s Disease: Heparan Sulfate Proteogly-
cans/Glycosaminoglycans Are Key as First Hypothesized Over 30 Years Ago. Front. Aging Neurosci. 2021, 13, 710683. [CrossRef]

152. Izco, M.; Carlos, E.; Alvarez-Erviti, L. Impact of endolysosomal dysfunction upon exosomes in neurodegenerative diseases.
Neurobiol. Dis. 2022, 166, 105651. [CrossRef]

153. Dong, X. Current Strategies for Brain Drug Delivery. Theranostics 2018, 8, 1481–1493. [CrossRef] [PubMed]
154. Wu, D.; Chen, Q.; Chen, X.; Han, F.; Chen, Z.; Wang, Y. The blood-brain barrier: Structure, regulation, and drug delivery. Signal

Transduct. Target. Ther. 2023, 8, 217. [CrossRef] [PubMed]
155. Letoha, T.; Keller-Pinter, A.; Kusz, E.; Kolozsi, C.; Bozso, Z.; Toth, G.; Vizler, C.; Olah, Z.; Szilak, L. Cell-penetrating peptide

exploited syndecans. Biochim. Biophys. Acta 2010, 1798, 2258–2265. [CrossRef]
156. Ebrahimi, Z.; Talaei, S.; Aghamiri, S.; Goradel, N.H.; Jafarpour, A.; Negahdari, B. Overcoming the blood-brain barrier in

neurodegenerative disorders and brain tumours. IET Nanobiotechnol. 2020, 14, 441–448. [CrossRef]
157. Hudak, A.; Roach, M.; Pusztai, D.; Pettko-Szandtner, A.; Letoha, A.; Szilak, L.; Azzouz, M.; Letoha, T. Syndecan-4 Mediates the

Cellular Entry of Adeno-Associated Virus 9. Int. J. Mol. Sci. 2023, 24, 3141. [CrossRef]
158. Liu, C.C.; Zhao, N.; Yamaguchi, Y.; Cirrito, J.R.; Kanekiyo, T.; Holtzman, D.M.; Bu, G. Neuronal heparan sulfates promote amyloid

pathology by modulating brain amyloid-beta clearance and aggregation in Alzheimer’s disease. Sci. Transl. Med. 2016, 8, 332ra344.
[CrossRef] [PubMed]

159. Anwarkhan, S.; Koilpillai, J.; Narayanasamy, D. Utilizing Multifaceted Approaches to Target Drug Delivery in the Brain: From
Nanoparticles to Biological Therapies. Cureus 2024, 16, e68419. [CrossRef]

160. Zimmermann, P.; Zhang, Z.; Degeest, G.; Mortier, E.; Leenaerts, I.; Coomans, C.; Schulz, J.; N’Kuli, F.; Courtoy, P.J.; David, G.
Syndecan recycling [corrected] is controlled by syntenin-PIP2 interaction and Arf6. Dev. Cell 2005, 9, 377–388. [CrossRef]

161. Grant, B.D.; Donaldson, J.G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. Cell Biol. 2009, 10, 597–608.
[CrossRef]

162. Vetrivel, K.S.; Thinakaran, G. Membrane rafts in Alzheimer’s disease beta-amyloid production. Biochim. Biophys. Acta 2010, 1801,
860–867. [CrossRef] [PubMed]

163. Bok, E.; Leem, E.; Lee, B.R.; Lee, J.M.; Yoo, C.J.; Lee, E.M.; Kim, J. Role of the Lipid Membrane and Membrane Proteins in Tau
Pathology. Front. Cell Dev. Biol. 2021, 9, 653815. [CrossRef] [PubMed]

164. Islam, S.; Noorani, A.; Sun, Y.; Michikawa, M.; Zou, K. Multi-functional role of apolipoprotein E in neurodegenerative diseases.
Front. Aging Neurosci. 2025, 17, 1535280. [CrossRef]

165. Jackson, R.J.; Keiser, M.S.; Meltzer, J.C.; Fykstra, D.P.; Dierksmeier, S.E.; Hajizadeh, S.; Kreuzer, J.; Morris, R.; Melloni, A.; Nakajima,
T.; et al. APOE2 gene therapy reduces amyloid deposition and improves markers of neuroinflammation and neurodegeneration
in a mouse model of Alzheimer disease. Mol. Ther. 2024, 32, 1373–1386. [CrossRef]

166. Li, J.; Zheng, M.; Shimoni, O.; Banks, W.A.; Bush, A.I.; Gamble, J.R.; Shi, B. Development of Novel Therapeutics Targeting the
Blood-Brain Barrier: From Barrier to Carrier. Adv. Sci. 2021, 8, e2101090. [CrossRef] [PubMed]

167. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
168. Liu, Z.; Cheng, L.; Cao, W.; Shen, C.; Qiu, Y.; Li, C.; Xiong, Y.; Yang, S.B.; Chen, Z.; Yin, X.; et al. Present and future use of exosomes

containing proteins and RNAs in neurodegenerative diseases for synaptic function regulation: A comprehensive review. Int. J.
Biol. Macromol. 2024, 280, 135826. [CrossRef]

169. Rajput, A.; Varshney, A.; Bajaj, R.; Pokharkar, V. Exosomes as New Generation Vehicles for Drug Delivery: Biomedical Applications
and Future Perspectives. Molecules 2022, 27, 7289. [CrossRef]

170. Properzi, F.; Ferroni, E.; Poleggi, A.; Vinci, R. The regulation of exosome function in the CNS: Implications for neurodegeneration.
Swiss Med. Wkly. 2015, 145, w14204. [CrossRef]

171. Heidarzadeh, M.; Gursoy-Ozdemir, Y.; Kaya, M.; Eslami Abriz, A.; Zarebkohan, A.; Rahbarghazi, R.; Sokullu, E. Exosomal
delivery of therapeutic modulators through the blood-brain barrier; promise and pitfalls. Cell Biosci. 2021, 11, 142. [CrossRef]

172. Jiang, L.; Dong, H.; Cao, H.; Ji, X.; Luan, S.; Liu, J. Exosomes in Pathogenesis, Diagnosis, and Treatment of Alzheimer’s Disease.
Med. Sci. Monit. 2019, 25, 3329–3335. [CrossRef]

173. Abdelsalam, M.; Ahmed, M.; Osaid, Z.; Hamoudi, R.; Harati, R. Insights into Exosome Transport through the Blood-Brain Barrier
and the Potential Therapeutical Applications in Brain Diseases. Pharmaceuticals 2023, 16, 571. [CrossRef]

174. Kim, S.; Kim, D.K.; Jeong, S.; Lee, J. The Common Cellular Events in the Neurodegenerative Diseases and the Associated Role of
Endoplasmic Reticulum Stress. Int. J. Mol. Sci. 2022, 23, 5894. [CrossRef] [PubMed]

175. Smith, S.M.; Smith, C.J. Capturing the mechanics of clathrin-mediated endocytosis. Curr. Opin. Struct. Biol. 2022, 75, 102427.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0014-5793(99)01285-5
https://doi.org/10.1007/s12035-007-0029-7
https://doi.org/10.3389/fnagi.2021.710683
https://doi.org/10.1016/j.nbd.2022.105651
https://doi.org/10.7150/thno.21254
https://www.ncbi.nlm.nih.gov/pubmed/29556336
https://doi.org/10.1038/s41392-023-01481-w
https://www.ncbi.nlm.nih.gov/pubmed/37231000
https://doi.org/10.1016/j.bbamem.2010.01.022
https://doi.org/10.1049/iet-nbt.2019.0351
https://doi.org/10.3390/ijms24043141
https://doi.org/10.1126/scitranslmed.aad3650
https://www.ncbi.nlm.nih.gov/pubmed/27030596
https://doi.org/10.7759/cureus.68419
https://doi.org/10.1016/j.devcel.2005.07.011
https://doi.org/10.1038/nrm2755
https://doi.org/10.1016/j.bbalip.2010.03.007
https://www.ncbi.nlm.nih.gov/pubmed/20303415
https://doi.org/10.3389/fcell.2021.653815
https://www.ncbi.nlm.nih.gov/pubmed/33996814
https://doi.org/10.3389/fnagi.2025.1535280
https://doi.org/10.1016/j.ymthe.2024.03.024
https://doi.org/10.1002/advs.202101090
https://www.ncbi.nlm.nih.gov/pubmed/34085418
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.ijbiomac.2024.135826
https://doi.org/10.3390/molecules27217289
https://doi.org/10.4414/smw.2015.14204
https://doi.org/10.1186/s13578-021-00650-0
https://doi.org/10.12659/MSM.914027
https://doi.org/10.3390/ph16040571
https://doi.org/10.3390/ijms23115894
https://www.ncbi.nlm.nih.gov/pubmed/35682574
https://doi.org/10.1016/j.sbi.2022.102427
https://www.ncbi.nlm.nih.gov/pubmed/35872561


Int. J. Mol. Sci. 2025, 26, 4037 22 of 22

176. Betz, W.J.; Mao, F.; Smith, C.B. Imaging exocytosis and endocytosis. Curr. Opin. Neurobiol. 1996, 6, 365–371. [CrossRef] [PubMed]
177. Kumar, M.A.; Baba, S.K.; Sadida, H.Q.; Marzooqi, S.A.; Jerobin, J.; Altemani, F.H.; Algehainy, N.; Alanazi, M.A.; Abou-Samra,

A.B.; Kumar, R.; et al. Extracellular vesicles as tools and targets in therapy for diseases. Signal Transduct. Target. Ther. 2024, 9, 27.
[CrossRef]

178. Jones, F.K.; Stefan, A.; Kay, A.G.; Hyland, M.; Morgan, R.; Forsyth, N.R.; Pisconti, A.; Kehoe, O. Syndecan-3 regulates MSC
adhesion, ERK and AKT signalling in vitro and its deletion enhances MSC efficacy in a model of inflammatory arthritis in vivo.
Sci. Rep. 2020, 10, 20487. [CrossRef]

179. Watanabe, H.; Fukuda, A.; Ikeda, N.; Sato, M.; Hashimoto, K.; Miyamoto, Y. Syndecan-3 regulates the time of transition from cell
cycle exit to initial differentiation stage in mouse cerebellar granule cell precursors. Brain Res. 2023, 1807, 148317. [CrossRef]

180. Gonzalez-Castillo, C.; Ortuno-Sahagun, D.; Guzman-Brambila, C.; Pallas, M.; Rojas-Mayorquin, A.E. Pleiotrophin as a central
nervous system neuromodulator, evidences from the hippocampus. Front. Cell Neurosci. 2014, 8, 443. [CrossRef]

181. Kim, J.; Yoon, H.; Basak, J.; Kim, J. Apolipoprotein E in synaptic plasticity and Alzheimer’s disease: Potential cellular and
molecular mechanisms. Mol. Cells 2014, 37, 767–776. [CrossRef]

182. Singh, G.; Mehra, A.; Arora, S.; Gugulothu, D.; Vora, L.K.; Prasad, R.; Khatri, D.K. Exosome-mediated delivery and regulation in
neurological disease progression. Int. J. Biol. Macromol. 2024, 264, 130728. [CrossRef] [PubMed]

183. Rafati, N.; Zarepour, A.; Bigham, A.; Khosravi, A.; Naderi-Manesh, H.; Iravani, S.; Zarrabi, A. Nanosystems for targeted drug
Delivery: Innovations and challenges in overcoming the Blood-Brain barrier for neurodegenerative disease and cancer therapy.
Int. J. Pharm. 2024, 666, 124800. [CrossRef] [PubMed]

184. Sethi, B.; Kumar, V.; Mahato, K.; Coulter, D.W.; Mahato, R.I. Recent advances in drug delivery and targeting to the brain. J. Control
Release 2022, 350, 668–687. [CrossRef] [PubMed]

185. Jiao, Y.; Yang, L.; Wang, R.; Song, G.; Fu, J.; Wang, J.; Gao, N.; Wang, H. Drug Delivery Across the Blood-Brain Barrier: A New
Strategy for the Treatment of Neurological Diseases. Pharmaceutics 2024, 16, 1611. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0959-4388(96)80121-8
https://www.ncbi.nlm.nih.gov/pubmed/8794083
https://doi.org/10.1038/s41392-024-01735-1
https://doi.org/10.1038/s41598-020-77514-z
https://doi.org/10.1016/j.brainres.2023.148317
https://doi.org/10.3389/fncel.2014.00443
https://doi.org/10.14348/molcells.2014.0248
https://doi.org/10.1016/j.ijbiomac.2024.130728
https://www.ncbi.nlm.nih.gov/pubmed/38467209
https://doi.org/10.1016/j.ijpharm.2024.124800
https://www.ncbi.nlm.nih.gov/pubmed/39374818
https://doi.org/10.1016/j.jconrel.2022.08.051
https://www.ncbi.nlm.nih.gov/pubmed/36057395
https://doi.org/10.3390/pharmaceutics16121611

	Introduction 
	Endocytic Pathways and Their Role in Neurodegeneration 
	Clathrin-Mediated Endocytosis 
	Caveolae-Dependent Endocytosis 
	Lipid Raft-Mediated Endocytosis 

	SDCs’ Structure, Function, and Endocytic Mechanisms 
	SDCs’ Structure 
	SDCs’ Function 
	SDCs’ Role in Endocytosis 
	Lipid Raft-Dependent Endocytosis and Its Association with Neurodegeneration 

	SDCs in the Internalization of Pathological Protein Aggregates 
	Apolipoprotein E and SDC Interactions in Neurodegeneration 
	ApoE Isoforms and Their Role in AD 
	Lipid Raft-Mediated Endocytosis of ApoE and A 
	The Interaction Between ApoE and SDCs 

	Endocytic Pathways as Therapeutic Targets in Neurodegeneration 
	Modulating SDC Function to Prevent Protein Aggregation 
	Targeting Lipid Raft-Mediated Endocytosis 
	ApoE and Therapeutic Modulation 
	Exosome-Based Therapies for Protein Clearance 

	Conclusions 
	References

