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Abstract

The blood-brain barrier (BBB), together with associated perivascular cells, forms a key
component of the neurovascular unit and constitutes a highly specialized multicellular
interface that tightly regulates the movement of ions, nutrients, oxygen, metabolites, and
immune cells between the circulation and the central nervous system (CNS). This selective
barrier is essential for maintaining CNS homeostasis, supporting neuronal function, and
protecting neural tissue from circulating toxins, pathogens, and inflammatory mediators.
Disruption of BBB integrity is a hallmark of numerous neurological disorders and con-
tributes to disease initiation and progression. Among the structural components of the
BBB, the endothelial glycocalyx has emerged as a critical yet underrecognized regulator
of barrier function. This carbohydrate-rich layer, composed primarily of proteoglycans,
glycoproteins, and glycolipids, forms an important interface between circulating blood and
the brain endothelium. Beyond serving as a physical barrier, glycocalyx proteoglycans reg-
ulate vascular permeability, mechanotransduction, leukocyte adhesion, and inflammatory
signaling, thereby contributing to BBB integrity and cerebrovascular homeostasis. In this
review, we discuss the architecture and function of the BBB, highlight the overlooked roles
of proteoglycans in maintaining BBB integrity and regulating neurovascular function, exam-
ine their contributions to BBB dysfunction in neurological diseases, and explore emerging
therapeutic approaches targeting the glycocalyx to preserve or restore BBB integrity.

Keywords: blood-brain barrier; endothelial glycocalyx; proteoglycans; glycosaminoglycans;
tight junctions; heparan sulfate proteoglycans; hyaluronan; neurodegeneration; Alzheimer’s
disease; multiple sclerosis

1. Introduction

The blood-brain barrier (BBB) is a highly specialized neurovascular interface that
regulates molecular and cellular exchange between the systemic circulation and the central
nervous system (CNS), thereby maintaining neural homeostasis and supporting normal
brain function [1]. The highly selective properties of the BBB are conferred by the spe-
cialized phenotype of brain microvascular endothelial cells, which are characterized by
complex tight junction architecture, markedly reduced rates of fluid-phase transcytosis,
and the coordinated expression of selective influx and efflux transport systems that regulate
molecular exchange between the blood and the CNS [2].
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Structurally and functionally, the BBB is composed of a multicellular neurovascu-
lar unit consisting of brain microvascular endothelial cells, pericytes, astrocytes, and the
surrounding extracellular matrix. Among the endothelial components of the BBB, the
endothelial surface glycocalyx, composed primarily of proteoglycans, glycoproteins, and
glycolipids, has emerged as a critical yet underrecognized regulator of barrier function [3].
This carbohydrate-rich layer lines the luminal surface of endothelial cells and constitutes
an important interface between circulating blood and the BBB endothelium. Beyond acting
as a physical barrier, the glycocalyx regulates vascular permeability, mechanotransduc-
tion, leukocyte-endothelial interactions, and inflammatory signaling, thereby contributing
significantly to BBB integrity and cerebrovascular homeostasis.

Despite constituting an important interface between circulating blood and the brain en-
dothelium, the molecular composition and specific functional roles of the brain endothelial
glycocalyx remain incompletely understood. Furthermore, BBB dysfunction, often char-
acterized by increased vascular permeability and the entry of circulating neurotoxic and
inflammatory mediators into the brain parenchyma, is a prominent pathological feature of
aging and neurodegenerative disorders. Emerging evidence suggests that alterations in the
endothelial glycocalyx contribute to BBB disruption and disease progression [1]. Structural
and compositional alterations in the glycocalyx, particularly the loss of heparan sulfate
(HS), altered hyaluronan (HA) levels, changes in mucin-type O-glycans, and degradation
of basement membrane proteoglycans, are important contributors to BBB leakage in both
acute and chronic disease states. Proteoglycans are particularly important because their
core proteins and glycosaminoglycan chains provide structural organization while also
serving as dynamic regulators of signaling, ligand binding, mechanotransduction, and cell-
cell and cell-matrix interactions. However, comprehensive reviews focusing specifically on
the role of the brain endothelial glycocalyx, particularly its proteoglycan components, in
regulating BBB integrity are limited.

In this review, we discuss the architecture and physiological functions of the BBB,
BBB dysfunction in neurological diseases, and the molecular and cellular determinants
that govern BBB integrity. Particular emphasis is placed on the major proteoglycans of the
endothelial glycocalyx and their roles in maintaining BBB structure and function. We also
examine emerging therapeutic strategies aimed at targeting the endothelial glycocalyx to
preserve or restore BBB integrity in neurological disorders.

2. Architecture and Physiologic Function of the BBB
2.1. Structure and Function of BBB

The BBB is a multicellular vascular structure that separates the CNS from the periph-
eral blood circulation. The luminal-most component of the BBB is the endothelial glycoca-
lyx, a complex meshwork of polysaccharides covering the luminal surface of endothelial
cells [4]. This structure is composed of proteoglycans, glycoproteins, and glycolipids [1] and
serves as the first physical and electrostatic barrier of the BBB, providing direct protection
to the underlying endothelium [3]. The composition of the glycocalyx within the BBB
differs from that of the glycocalyx found in other tissues. Compared with other vascular
beds, the BBB glycocalyx is characterized by a more negative surface charge density and
enriched expression of components such as chondroitin sulfate, heparan sulfate, phos-
phatidylinositol, and phosphatidylserine [3]. However, its precise molecular composition
remains incompletely characterized and is likely influenced by factors such as age, disease
status, and physiological conditions.

Beneath the glycocalyx lies a specialized layer of endothelial cells joined by continuous
tight junctions that restrict paracellular diffusion [5]. The abluminal surface of these
endothelial cells is supported by a vascular basement membrane, a specialized extracellular
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matrix (ECM) composed primarily of laminin, type IV collagen, fibronectin, and perlecan.
At the level of the postcapillary venule, this architecture becomes more complex, with
distinct endothelial and parenchymal basement membranes forming a defined perivascular
space [5].

The outermost component of the BBB is formed by astrocytic end-feet, which envelop
nearly the entire vascular surface [5]. Together, these cellular and extracellular compo-
nents, along with specialized junctional complexes, membrane transporters, and adhesion
molecules, establish a continuous and highly selective barrier throughout the CNS vascu-
lature [5,6]. Functionally, the BBB serves as a dynamic regulatory interface between the
systemic circulation and the CNS. It enables the selective transport of essential nutrients,
restricts the entry of toxins and pathogens, regulates immune surveillance, and facilitates
the clearance of metabolic waste products from the brain [7-9].

From a metabolic perspective, oxygen, as a small lipophilic solute, can freely cross
the BBB via passive diffusion through the plasma membrane of endothelial cells [7], while
cerebral oxygen utilization is tightly coupled to cerebral blood flow [10]. In contrast,
key energy substrates, including glucose, lactate, fatty acids, and ketone bodies, require
carrier-mediated transport systems to cross the BBB [10,11]. Despite the brain’s high
metabolic demand, it has minimal intrinsic energy reserves, making it highly dependent on
continuous nutrient transport across the BBB [12]. Moreover, cerebral glucose utilization
varies with regional neuronal activity, requiring dynamic regulation of BBB transport to
match regional metabolic demands [12].

Peripheral immune cells have limited infiltration into the brain compared with other
tissues [7]. Under physiological conditions, peripheral immune cell entry into the CNS is
tightly restricted by intact tight junctions and low basal expression of leukocyte adhesion
molecules (LAMs) [7,13]. During inflammation, however, the BBB becomes dynamically
responsive, with increased expression of LAMs that permits controlled leukocyte trafficking
into the CNS [13].

Beyond regulating immune cell trafficking, the BBB plays a critical role in protecting
the CNS by restricting the entry of potentially harmful substances while facilitating the
clearance of metabolic waste. These protective functions are mediated through multiple
complementary mechanisms. Metabolic enzymes expressed by the neurovascular unit de-
grade unwanted small water-soluble molecules that could otherwise pass through the BBB
via paracellular transport [7]. Lipophilic compounds are actively exported from the brain
by efflux transporters, preventing their accumulation within cerebral tissue [7]. In addition,
proteins and other metabolic waste products are cleared through BBB transport mechanisms
and the glymphatic-lymphatic system, thereby contributing to CNS homeostasis [14,15].

Collectively, these integrated structural and functional properties establish the BBB
as a highly selective and dynamically regulated interface that is essential for maintaining
CNS homeostasis. Disruption of these tightly coordinated mechanisms is increasingly
recognized as a key contributor to the pathogenesis of numerous neurological disorders.

2.2. BBB Dysfunction in Disease

BBB dysfunction is a hallmark of numerous neurological disorders, including ischemic
and hemorrhagic stroke, traumatic brain injury, multiple sclerosis, and neurodegenera-
tive diseases. Despite their distinct etiologies, these conditions exhibit several common
mechanisms of BBB disruption (Figure 1), including disruption of tight junctions, altered
endothelial signaling, basement membrane remodeling, oxidative stress-mediated inflam-
mation, and degradation of the endothelial glycocalyx. Together, these changes compromise
BBB integrity and contribute to disease progression. The major BBB alterations associated
with these CNS disorders are summarized in Table 1.
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Figure 1. Mechanisms of blood-brain barrier disruption. The top panel illustrates healthy versus
diseased blood-brain barrier (BBB). In the healthy state, endothelial cells, pericytes, and astrocytic
end-feet maintain BBB integrity. In the diseased state, disruption of tight junction proteins, including
claudin and occludin, increases BBB permeability, leading to immune cell infiltration, red blood
cell leakage, oxidative stress, and amyloid-f3 deposition. Panel (a) depicts the mechanism of BBB
injury during ischemic stroke. Early after ischemia, BBB permeability increases in response to
reactive oxygen species (ROS) and cytokines. In later stages, activation of MMP-2/9 disrupts tight
junctions, leading to increased transcytosis, vascular leakage, and cerebral edema. Panel (b) illustrates
amyloid-f3 plaque accumulation in Alzheimer’s disease. Impaired amyloid-f transport contributes
to chronic BBB dysregulation through pericyte dysfunction. Amyloid-f accumulation also alters
tight junction integrity, resulting in increased vascular permeability. Panel (c) shows traumatic brain
injury (TBI)-mediated BBB disruption. BBB dysfunction following TBI is multifactorial but commonly
involves shear stress-induced vascular injury, increased cytokine production, and activation of
enzymatic cascades involving MMPs and other proteases. Panel (d) illustrates BBB dysfunction
during multiple sclerosis (MS). Sialyl Lewis X (sLeX) glycan ligands on circulating leukocytes interact
with selectin-family adhesion molecules (P-selectin and E-selectin) expressed on activated brain
endothelial cells. These interactions mediate leukocyte tethering and rolling along the vascular wall,
facilitating adhesion and transmigration across the BBB. Inflammatory cytokines further disrupt
tight junctions and the basement membrane, compromising barrier integrity. Panel (e) shows the
mechanism of BBB dysfunction following hemorrhagic stroke. Blood-derived products, including
hemoglobin, iron, thrombin, and ROS, induce endothelial injury and activate inflammatory and
proteolytic pathways that disrupt BBB integrity. Panel (f) illustrates BBB dysfunction in epilepsy. BBB
disruption results in albumin extravasation and downregulation of glucose transporter 1 (GLUT-1),
impairing BBB homeostasis and contributing to seizure activity.
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Table 1. BBB dysfunction in major CNS disorders.
Disorder Temporal Profile Core Mechanisms Key Functional References
of BBB Dysfunction of BBB Disruption Out- Comes
Early increase in
endothelial transcytosis; Acute leakage during the
. . high levels of reactive first few hours, edema
Biphasic: early . .
o oxygen species (ROS) formation, secondary
permeability (hours)
Ischemic stroke . ! trigger oxidative stress and  injury progression. [16-19]
partial recovery, delayed infl . ! . .
secondary opening (~24 h) inflammatory cytokine Disruption and remodeling
activation; subsequent of the endothelial
tight junction disruption by =~ basement membrane.
MMP-2/9 activation.
Severe BBB leakage,
Blood-derived components  neuroinflammation,
Acute and sustained BBB (thrqmbm, hgmo.globm, secondary tissue injury;
. . . . and iron); oxidative stress;  most cell death
Hemorrhagic stroke  disruption following . I [20]
inflammatory contributing to
vascular rupture. e e .o .
amplification; protease neurological impairment
activation. occurs within a few
days of stroke.
Mechanical vascular
deformation: shear
. . . stress—induced endothelial ~ Acute and chronic BBB
Traumatic brain Immediate and delayed .
- . injury; secondary breakdown, cerebraledema, [21,22]
injury (TBI) BBB dysfunction. . .
inflammatory responses neurovascular dysfunction.
and activation of
enzymatic cascades.
Endothelial activation;
increased expression of
Dynamic, lesion-associated  leukocyte adhesion . .
. . . Immune cell infiltration,
Multiple sclerosis BBB opening, molecules; . .
. . . . . lesion formation, and [23-29]
(MS) predominantly in cytokine-mediated tight . !
. . . . . . neuroinflammation.
active lesions. junction disruption;
basement
membrane breakdown.
Albumin extravasation; S(;E)Zl;realtril(l)trtat;(;?zi?gs ma
reduced GLUT1 expression; propag N ) y
. i . . also be associated with
. Region-specific and neuroinflammation; altered L
Epilepsy . . . conditions that cause BBB [30-35]
variable BBB dysfunction. ~ endothelial transport. . o
. . opening, which include
Osmotic opening of the
. stroke, trauma,
BBB lead to seizures. . .
and infection.
Chronic, progressive, . . .
. Impaired A transport; BBB leakage; impaired A3
Alzheimer’s disease region-dependent BBB ericyte dysfunction; clearance, cognitive
impairment. amyloid 3 pericyte dy ¢ s cosn [36-39]

(AD)

(AB) plaque accumulation
and impaired A{} clearance.

vascular inflammation;
tight junction alterations.

decline, vascular
dysfunction.

3. Molecular and Cellular Determinants of BBB Integrity

The highly restrictive nature of the BBB is maintained by a coordinated network of

intercellular junctions, transport systems, and adhesion molecules that regulate paracellular

permeability, transcellular transport, and immune cell trafficking. Together, these molecular

components preserve CNS homeostasis and protect the brain from circulating toxins,

pathogens, and inflammatory mediators.
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3.1. Tight Junction Complexes

Tight junctions (TJs) are the principal structural elements responsible for restricting
paracellular diffusion across the BBB. The T] complex consists of transmembrane proteins,
cytoplasmic scaffolding proteins, and associated signaling molecules that collectively
regulate junctional assembly, maintenance, and barrier permeability [40].

Claudins are the primary sealing components of TJ strands. These integral membrane
proteins contain four transmembrane domains and form homophilic and heterophilic
interactions that seal the paracellular space between adjacent endothelial cells [41]. Among
them, claudin-5 is the most abundant tight junction protein in the CNS endothelium
and is a key determinant of BBB permeability to small molecules [42]. Altered claudin-5
expression has been implicated in several neurological disorders, including Alzheimer’s
disease, multiple sclerosis, and neuropsychiatric conditions [42].

Occludin, a 65 kDa integral membrane protein, was the first transmembrane TJ protein
identified [43]. As a member of the tight junction-associated MARVEL protein (TAMP)
family, occludin contributes to junctional organization and barrier stability. Although
not essential for tight junction formation, occludin plays an important role in preserving
BBB integrity under pathological conditions, particularly following ischemic injury [44].
Additional TAMP family members, including tricellulin and MARVELD3, also contribute
to the regulation of macromolecular permeability across the BBB [45,46].

Junctional adhesion molecules (JAM-A, JAM-B, and JAM-C) are members of the
immunoglobulin superfamily that contribute to both barrier formation and immune cell
trafficking. Through homotypic contacts, JAM proteins regulate paracellular occlusion and
contribute to leukocyte recruitment through interactions with integrins such as leukocyte
function-associated antigen 1 (LFA-1) [47]. Notably, inflammatory stimulation induces the
redistribution of JAM-A from intercellular junctions to the luminal endothelial surface,
shifting its function from barrier maintenance to leukocyte adhesion [48].

The intracellular organization of tight junctions is coordinated by the zonula occludens
(ZO) proteins ZO-1, ZO-2, and ZO-3. These scaffolding proteins contain PDZ domains
that link transmembrane TJ proteins to the actin cytoskeleton and participate in signaling
pathways that regulate barrier integrity [40,49].

3.2. Adherens Junctions

Adherens junctions (AJs) establish endothelial cell-cell adhesion and are essential
for the formation and maturation of tight junctions within the BBB. Vascular endothelial
cadherin (VE-cadherin) is the primary transmembrane AJ protein in brain endothelial cells
and mediates calcium-dependent homophilic interactions between adjacent endothelial
cells, thereby maintaining vascular integrity and barrier stability [50]. Its cytoplasmic
domain interacts with p120-catenin, 3-catenin, and plakoglobin, which in turn connect to
the actin cytoskeleton through o-catenin and associated adaptor proteins [51].

Beyond its structural function, VE-cadherin actively regulates BBB development and
maintenance. VE-cadherin signaling promotes claudin-5 expression by inhibiting Forkhead
box protein O1 activity and sequestering [3-catenin, thereby coordinating adherens junction
formation with tight junction maturation [52]. In addition, 3-catenin is a key component of
the Wingless-related integration site/3-catenin (Wnt/ 3-catenin) signaling pathway, which
is essential for CNS angiogenesis and BBB formation [53]. The critical role of VE-cadherin in
vascular development is demonstrated by the embryonic lethality of VE-cadherin—deficient
mice, which exhibit severe defects in vascular remodeling [50].

In addition to classical tight and adherens junction proteins, other endothelial adhesion
molecules contribute to BBB stability. Platelet endothelial cell adhesion molecule-1 (PECAM-
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1/CD31) and CD99 play important roles in maintaining vascular stability and regulating
leukocyte transmigration through homophilic interactions [41,54].

3.3. Transport Systems

Beyond restricting paracellular diffusion, the BBB employs specialized transcellular
transport systems to tightly regulate the exchange of nutrients, metabolites, and other
molecules between the bloodstream and the CNS. These transport mechanisms ensure the
delivery of essential substrates while maintaining brain homeostasis.

The glucose transporter type 1 (GLUT1) is the principal transporter mediating glu-
cose uptake across the BBB, thereby supporting the brain’s high metabolic demand [55].
Likewise, the large neutral amino acid transporter type 1 mediates the transport of pheny-
lalanine and other neutral amino acids across the BBB. Additional influx transporters,
including monocarboxylate transporters, organic anion transporters, and peptide trans-
porters, facilitate the uptake of a diverse range of nutrients, signaling molecules, and
pharmaceutical compounds [56].

In parallel, active efflux transporters protect the CNS by mediating the selective
removal of endogenous metabolites, toxins, and xenobiotics from the brain into the circu-
lation [57]. Among these, P-glycoprotein (P-gp/MDR1/ABCB1), a member of the ATP-
binding cassette (ABC) transporter family, is one of the most important efflux transporters at
the BBB and substantially limits the CNS penetration of numerous therapeutic agents [57]. P-
gp transports a wide range of substrates, including chemotherapeutic drugs and amyloid-3
peptides. Experimental studies have demonstrated that P-gp deficiency results in increased
amyloid- accumulation in the brain [58]. Other major ABC transporters expressed at the
BBB include multidrug resistance-associated proteins (MRPs) and breast cancer resistance
protein (BCRP), which function alongside P-gp to maintain BBB integrity and regulate
brain exposure to endogenous and exogenous compounds [57].

3.4. Leukocyte Adhesion Molecules

Under physiological conditions, the BBB expresses low levels of leukocyte adhe-
sion molecules, contributing to the relative immune privilege of the CNS. However,
these molecules are rapidly and dynamically upregulated in response to inflammatory
stimuli [59].

Key adhesion molecules include intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), both members of the immunoglobulin su-
perfamily that mediate firm leukocyte adhesion through interactions with the integrins
LFA-1 and VLA-4, respectively [60]. Although their baseline expression is minimal, proin-
flammatory cytokines such as TNF-« and IL-1 markedly enhance their expression on
brain endothelial cells. Inflammatory signaling also activates intracellular pathways that
promote tight junction remodeling and junctional disassembly, increasing paracellular
permeability and facilitating leukocyte transmigration across the BBB [61]. Clinically, the
importance of these pathways is demonstrated by the efficacy of natalizumab, a monoclonal
antibody targeting VLA-4, which reduces immune cell trafficking into the CNS in multiple
sclerosis [62].

Selectins, including P-selectin and E-selectin, further regulate leukocyte recruitment
by mediating the initial tethering and rolling of leukocytes along the endothelial surface, al-
lowing subsequent activation and firm adhesion [59]. Additional adhesion molecules
implicated in neuroinflammatory cell trafficking include activated leukocyte cell ad-
hesion molecule (ALCAM) [63], melanoma cell adhesion molecule (MCAM) [64], and
Ninjurin-1 [65], which collectively contribute to leukocyte recruitment and transmigration
under pathological conditions.
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Collectively, the molecular organization of the BBB highlights its role as a highly
specialized and dynamic interface that maintains CNS homeostasis. Tight junction pro-
teins establish a physical diffusion barrier, adherens junctions regulate cell-cell cohesion
and junctional stability, transport systems control selective nutrient influx and metabo-
lite efflux, and leukocyte adhesion molecules govern immune cell trafficking. Together,
these coordinated mechanisms form the structural and functional foundation of BBB in-
tegrity and represent important therapeutic targets for modulating barrier dysfunction in
neurological diseases.

4. Endothelial Glycocalyx: Structure, Composition and Role
in BBB Integrity

When discussing the endothelial glycocalyx, a critical regulator of vascular permeabil-
ity and endothelial function, most existing knowledge has been derived from studies of the
peripheral vascular endothelium. In contrast, the composition, organization, and functional
contributions of the brain endothelial glycocalyx remain comparatively poorly understood.
As the luminal surface layer of brain microvascular endothelial cells, the brain endothelial
glycocalyx serves as an important interface between circulating blood components and
the BBB, contributing to the regulation of molecular transport and barrier permeability.
The brain endothelial glycocalyx is a complex, carbohydrate-rich meshwork composed
of proteoglycans, glycoproteins, and glycolipids that lines the luminal surface of brain
endothelial cells (Figure 2) [1]. This dynamic, gel-like carbohydrate-rich layer functions as a
protective and interactive interface that contributes to cell signaling, mechanotransduction,
and vascular permeability.

|

Glycocalyx

—_—

Capillary Lumen

Basement Membrane

B e

Astrocytes
Parenchyma
- Endothelial cell > Pericytes l CD44 ® Tight junctions { HSPG (Syndecan)
.
&p*w Glycoproteins i i" Glycolipid GPl-anchored HSPG (Glypican)

Heparan sulfate chain Chondroitin sulfate chain " . re=ec Hyaluronan

Figure 2. Structural organization of the endothelial glycocalyx at the blood-brain barrier (BBB).
Schematic illustration of the luminal surface of brain microvascular endothelial cells showing the
endothelial glycocalyx, a carbohydrate-rich meshwork that forms an important interface between
circulating blood and the BBB. The glycocalyx is composed primarily of proteoglycans, hyaluronan,
glycoproteins, and glycolipids. Heparan sulfate proteoglycans (HSPGs), including syndecans and
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glypicans, are associated with the endothelial cell membrane and carry unbranched, negatively
charged glycosaminoglycans (GAGs), including heparan sulfate (HS) and chondroitin sulfate (CS)
chains, which contribute to the structural integrity and biochemical functions of glycocalyx. Synde-
cans are transmembrane proteoglycans, whereas glypicans are attached to the cell surface through
glycosylphosphatidylinositol (GPI) anchors. Extracellular matrix proteoglycans, including CSPGs
and HSPGs, are not depicted in this schematic. Hyaluronan forms long polymeric chains that interact
with transmembrane receptors such as CD44. Glycoproteins contain branched glycan chains linked
to the protein backbone via asparagine residues (N-linked glycans) or serine/threonine residues
(O-linked glycans). In glycolipids, glycans are covalently linked to membrane lipids including
glycosphingolipids and glycerolipids. Both glycoproteins and glycolipids are frequently modi-
fied by terminal sialic acid residues, contributing to the overall negative charge of the endothelial
surface. Together, these components form a dynamic endothelial glycocalyx that regulates vascu-
lar permeability, mechanotransduction, leukocyte and platelet adhesion, and the maintenance of
vascular homeostasis. Beneath the endothelial cells lies the basement membrane with embedded
pericytes, which provides structural support and separates the vascular endothelium from the brain
parenchyma, where astrocytic end-feet closely envelop the capillary and contribute to BBB integrity
and neurovascular homeostasis.

4.1. Glycosaminoglycan Structure and Function

Glycosaminoglycans (GAGs) are long, unbranched polysaccharides consisting of
repeating disaccharide units that are present in virtually all mammalian tissue [66]. They
are major components of the extracellular matrix, including that of the central nervous
system, and play fundamental roles in numerous biological processes [67,68]. Variations in
monosaccharide composition and sulfation patterns give rise to five major types of GAGs:
chondroitin sulfate (CS), heparan sulfate (HS)/heparin, dermatan sulfate (DS), keratan
sulfate (KS), and hyaluronan (HA).

GAG chains can be relatively large, containing approximately 50-150 repeating dis-
accharide units. With the exception of HA, GAG chains are synthesized within the Golgi
apparatus [69], and are covalently attached to amino acid residues on core proteins to form
proteoglycans (PGs). CS, HS and DS chains are generally linked to serine residues of their
respective core proteins, whereas KS can be linked through serine, threonine, or asparagine
residues [70,71]. HA is distinct from the other GAGs because it is neither sulfated nor
covalently attached to a core protein. Instead, HA is synthesized at the plasma membrane
by hyaluronan synthase enzymes, which extrude newly formed HA chains directly into
the extracellular space. These HA polymers are subsequently incorporated into the glyco-
calyx through interactions with cell-surface receptors, such as CD44 and other HA-binding
proteins [72], thereby contributing to glycocalyx organization and stability. The molecular
structures and major sulfation sites of the GAGs are summarized in Table 2.

An important structural feature of CS, DS, HS, and KS is their modification through
sulfation. The position and extent of sulfation vary among these GAGs and contribute
substantially to their negative charge. These differences are not simply structural; they
influence how GAGs interact with proteins and, consequently, their biological activities.
Sulfated GAGs can bind to a broad range of molecules, including growth factors, cytokines,
chemokines, proteases, adhesion molecules, cell-surface receptors, and microbial pathogens,
including SARS-CoV-2 [68,73-76]. GAGs can thus influence the localization and availability
of signaling molecules, cell adhesion and migration, the recruitment of cells to specific tissue
environments, and the cellular entry of pathogens. These structure-dependent interactions
also contribute to diverse biological processes including cell signaling, neuronal growth,
inflammatory responses, and the maintenance of tissue architecture. Additionally, HS
within the endothelial glycocalyx participates in mechanosensing and contributes to nitric
oxide (NO) production in response to shear stress [77]. Alterations in GAG structure and
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sulfation have also been associated with several pathological processes, including cancer,
cardiovascular diseases, infectious diseases, and neurodegenerative disorders. The diverse
biological functions of GAGs and their associated proteoglycans have been extensively
discussed in previous reviews [78-84].

Table 2. Disaccharide units and sulfation patterns of different glycosaminoglycans.

Glycosaminoglycans  Hexosamine Uronic Acid Galactose Glycosidic Linkages  Sulfation Sites
Glucuronic acid

Chondroitin (GlcA)/Iduronic acid D-GlcAp(1—3)-D-

Sulfate N-acetylgalactosamine  (IdoA). GlcA in CS; GalNAcB(1—4); C4 and C6 of GalNAC,

(CS)/Dermatan (GalNAc) IdoA and GIcA in L-IdoAa(1—3)-D- C2 of GlcA/IdoA

Sulfate (DS) varying proportions GalNAcp(1—4)

in DS.
C3 and C6 of
glucosamine (GIcN),
C2 of GlcA/IdoA.
. . L D-GlcAB(1—4) or A key modification step is
Heparan Sulfate N-acetylglucosamine Glucuronic acu?l . L-IdoA«x (1—4) the replacement of
. (GlcNACc)/N-sulfated (GlcA)/Iduronic acid
(HS)/Heparin lucosamine (GIcNS) (IdoA) -D-GIcNAc (or N-acetyl groups of
& GIcNS) a(1—34) GlcNAc with N-sulfate
groups (GIcNS), which is
more extensive in heparin
compared to HS.
N-acetylglucosamine Galactose D-GalB(1—4)-D- C6 of GlcNAc,
Keratan Sulfate (KS) o) \jAq) (Gal) GIeNAc-B(1—3) C6 of Gal
Hyaluronan (HA) N-acetylglucosamine Glucuronic acid D-GlcAB(1—3)-D- None

(GlcNAc)

(GlcA) GIcNACcR(1—4)

Heparan sulfate proteoglycans (HSPGs) are major proteoglycan components of the
endothelial glycocalyx [85-87]. In addition to proteoglycans and HA, the endothelial glyco-
calyx contains other glycans that are covalently attached to proteins, forming glycoproteins,
or to lipids, forming glycolipids. In glycoproteins, carbohydrate chains are attached to
proteins through either N-linked glycosylation (to asparagine residues) or O-linked gly-
cosylation (to serine or threonine residues). The type of glycosylation can significantly
influence glycoprotein structure and function. Collectively, these structural components,
including proteoglycans, glycoproteins, glycolipids, and HA, contribute to maintaining the
barrier and signaling functions of the BBB endothelial glycocalyx.

Although the brain endothelial glycocalyx serves as an important interface between
the blood and brain vasculature, its molecular composition and functional contributions to
BBB homeostasis continue to be actively investigated. This knowledge gap is significant
because degradation of the glycocalyx can lead to BBB disruption, vascular leakage, and
brain edema [88]. Moreover, BBB dysfunction represents a key pathological feature of
aging and several neurodegenerative diseases and is often characterized by increased leaky
vasculature, permitting the passage of neurotoxic and inflammatory factors into the brain
parenchyma [5,6,89]. Importantly, Shi et al. demonstrated that BBB dysfunction observed
during aging and neurodegenerative disease is associated with severe alterations in the
brain endothelial glycocalyx [1]. Their findings identified a marked downregulation of
mucin-type O-glycosylation, a post-translational modification initiated by the addition of
N-acetylgalactosamine (GalNAc) to the hydroxyl group of serine and threonine residues,
in brain endothelial cells during these pathological states. Several mucin-domain glycopro-
teins are highly expressed in brain endothelial cells and are key structural components of the
brain endothelial glycocalyx. The study further demonstrated that reduced brain endothe-
lial mucin-type O-glycosylation resulted in increased BBB leakiness and cerebral bleeding
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in murine models, highlighting the important contribution of glycocalyx-associated glycans
to endothelial homeostasis and BBB integrity [1]. Together, these findings emphasize the
need to better define the specific glycans and glycan conjugates that regulate BBB function
under physiological and pathological conditions.

In addjition to these functional roles, the brain endothelial glycocalyx exhibits structural
characteristics that distinguish it from that of other vascular beds. While cerebral capillaries
are categorized as continuous, similar to those found in the heart and lungs, the cerebral
endothelium exhibits unique structural and functional features that reflect the specialized
demands of the BBB. Studies in C57BL/6 mice have demonstrated that the endothelial
glycocalyx is denser in the brain than in the heart and lungs [90]. Furthermore, brain
endothelial cells possess a more negatively charged luminal surface than endothelial cells
in other vascular beds [91]. This high density of anionic surface charges is a defining feature
of the BBB endothelial glycocalyx and contributes to the selective regulation of molecular
transport into the brain. Collectively, these findings underscore the importance of the BBB
endothelial glycocalyx as an additional layer of vascular protection and a key regulator of
BBB integrity and brain homeostasis. Selected interactions between specific GAG species
and their protein ligands relevant to the CNS and BBB are summarized in Table 3.

Table 3. Selected interactions of glycosaminoglycan species with protein ligands relevant to the CNS
and blood-brain barrier.

GAG Species Protein Ligands Interaction/Functional Relevance References
Midkine Promotes neurite outgrowth [92]
BDNF Promotes neurite outgrowth [92]
Pleiotrophin Promotes neurite outgrowth [93,94]

CS binds and retains factors involved in neural
stem cell (NSC) self-renewal and
FGF-2,IL10 anti-inflammatory signaling, including FGF-2, 951
BDNF, and IL10.
Receptor protein tyrosine phosphatase o (RPTPo)  Inhibits axonal growth and neuronal plasticity [96,97]
Leukocyte common antigen-related (LAR) Inhibits axonal growth 98]
phosphatase receptor
Nogo receptors (NgR1 and NgR3) Inhibits neurite outgrowth [99]
Neural-cell adhesion molecules (N-CAM), o .
Neuron-glia CAM (Ng-CAM) Inhibits neurite outgrowth [100]

CS/DS CS binding converts Sema5A from an attractive to

Semaphorin 5A (Sema5A) an inhibitory axon-guidance cue, thereby [97,101]
restricting axonal growth
-amyloid protein (Ap) AP fibril formation [102]
. . APP-binding CSPG identified; may contribute to
Amyloid protein precursor (APP) regulation of APP-mediated neurite outgrowth [103]
Protease nexin-1 (PN-1) Binds brain CS [104]
Thrombospondin-1 Binds brain CS [104]
Thrombin Binds brain CS [104]
uPA Binds brain CS [104]
CS-E binds CXCL12 and contributes to its
immobilization/presentation; polarized CXCL12
CXCL12 localization at the BBB regulates leukocyte [105,106]

trafficking and is disrupted in active multiple
sclerosis (MS) lesions
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Table 3. Cont.
GAG Species Protein Ligands Interaction/Functional Relevance References
HS interaction facilitates bFGF internalization
FGF-2 (bFGF) across the BBB and promotes signaling. [107,108]
CCL2 Mediates CCL2 transport across the BBB [109]
RPTPo Promotes axonal growth [96,97,110]
. . Ap binding and fibril formation; implicated in
B-amyloid protein (Af) Alzheimer’s disease (AD)-associated amyloidosis [102]
. . Binds APP; HSPGs are implicated in regulating the
Amyloid protein precursor (APT) neurite outgrowth-promoting activity of APP [10]
Protease nexin-1 (PN-1) Serine protease inhibitor; high-affinity HS binding  [104]
Thrombospondin-1 High-affinity binding to brain HS [104]
HS Laminin-1 Binds brain HS; interaction of neuronal [104,111]
HSPGs with laminin promotes neurite growth
Thrombin Serine protease; binds brain HS [104]
uPA Serine protease; binds brain HS [104]
Fibronectin ECM glycoprotein; interacts with brain HS [104]
HS interaction enhances VEGF165-mediated
VEGF165 angiogenesis and neurogenesis without [112]
compromising BBB integrity
CCL5 (RANTES) Interaction with HS mediates its transport across [109]
the BBB
HS interactions with Sema5A are required for
Sema5A Sema5A-mediated axonal attraction [101]
HA CD44 HA-CD44 signaling affects brain microvascular [113]

endothelial barrier properties

4.2. Endothelial Surface Charges and BBB Permeability

The luminal surface of brain capillaries, lined by endothelial cells, is ensheathed
by a basement membrane that is closely associated with astrocytic end-feet. The highly
structured and negatively charged endothelial glycocalyx of the BBB contributes to bar-
rier function by regulating the interactions, transport, and entry of macromolecules and
therapeutic agents into the CNS [4]. The BBB endothelial glycocalyx, composed of proteo-
glycans, glycoproteins and glycolipids, exhibits a greater net negative charge compared
with the endothelial surface of other vascular beds [4,91]. This anionic layer functions as an
electrostatic barrier that repels negatively charged molecules, restricts their translocation,
and limits the invasion of pathogens, including bacteria, viruses and associated toxins [3].
Consistent with this charge-based exclusion mechanism, negatively charged glycan-based
molecules, including heparin, GAG mimetics such as pentosan polysulfate, and sulfated
dextrans, exhibit limited BBB penetration [114,115]. In addition, mathematical modeling
studies predict that increased negative surface charge at the BBB reduces permeability to
anionic solutes while enhancing the transport of positively charged solutes [116]. Experi-
mental strategies aimed at modulating BBB surface charge and permeability, including the
use of cationic and anionic molecules as well as enzymatic degradation of the glycocalyx,
have been comprehensively reviewed by Walter et al. [4]. Furthermore, soluble factors
derived from type 1 astrocytes have been shown to promote tight junction formation and
stimulate proteoglycan synthesis in endothelial cells, highlighting the important role of
astrocytes in inducing and maintaining BBB properties [117,118].

While several reviews have addressed the overall importance of the brain endothelial
glycocalyx in BBB integrity, this review focuses specifically on the proteoglycan components

https://doi.org/10.3390 /biom16111559


https://doi.org/10.3390/biom16111559

Biomolecules 2026, 16, 1559

13 of 33

of the glycocalyx and their distinct contributions to BBB function. Recent single-cell
transcriptomic analysis of human brain vascular cells from glioma and neighboring non-
malignant brain tissue, together with a reference protein atlas of the adult mouse brain
vasculature, provides additional insight into the cell-type distribution and abundance
of proteoglycans within the BBB [119,120]. However, these expression patterns should
be interpreted cautiously given the disease context of the human samples and because
transcript abundance may not directly reflect protein abundance or localization, warranting
further validation in independent studies.

5. Proteoglycans and Their Role in Regulating Molecular Transfer
Across the BBB

5.1. Hyaluronan/CD44

Hyaluronan (HA) is a non-sulfated GAG that lacks a core protein and is therefore not
classified as a proteoglycan. It is synthesized at the plasma membrane. It is composed
of repeating units of glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc), forming
large linear polysaccharides. HA is the principal ligand for CD44 and plays a critical role
in the development, structural organization, and homeostasis of the brain extracellular
matrix. At the BBB, HA is an important component of the endothelial glycocalyx located
on the luminal side [121], while CD44 serves as its primary receptor. The importance of
HA in regulating vascular dynamics at the BBB is supported by studies demonstrating
that hyaluronidase-mediated degradation of HA increases BBB permeability in rats [88]. In
addition to its structural role, HA signaling has been implicated in several neurological
disorders, including fungal brain infections [122], multiple sclerosis [123], stroke [124], and
vascular dementia [125]. Elevated levels of HA have also been detected in the cerebrospinal
fluid (CSF) of individuals who attempted suicide compared with healthy controls, and these
increases were associated with enhanced BBB permeability [126]. Although the source of
elevated CSF HA remains unclear, potentially reflecting either peripheral leakage across a
compromised BBB or increased local synthesis, these findings suggest that dysregulated HA
signaling may contribute to the pathobiology of mental stress and suicidal behavior. In vitro
studies further demonstrated that HA impairs the barrier integrity of brain microvascular
endothelial cells through a CD44-dependent mechanism [113]. However, the precise role
of HA-CD44 signaling in regulating BBB structure and function remains incompletely
understood and requires further investigation.

CD44 is widely expressed across multiple mammalian cell types, including endothelial
cells, neurons and astrocytes, and has been strongly implicated in regulating inflammatory
responses. Since neuroinflammation is a major contributor to BBB disruption, CD44-
mediated signaling appears to play an important role in preserving barrier integrity. Indeed,
studies using CD44 knockout mice demonstrated increased BBB permeability compared
with wild-type controls [123], highlighting a potential direct role for CD44 in maintaining
BBB stability.

Shedding of glycocalyx-associated molecules is known to increase during cellular
stress and vascular injury. Elevated plasma levels of soluble CD44 observed in patients with
ischemic stroke, compared with healthy individuals [127], may therefore reflect endothelial
glycocalyx disruption and BBB injury following neurological insult. Nevertheless, the
precise mechanisms driving glycocalyx degradation during different types of CNS injury
remain poorly understood.

Fluid shear stress is another critical regulator of vascular permeability, and increasing
evidence indicates that blood flow-derived mechanical forces are essential for maintaining
BBB integrity. Recent studies identified CD44 as an important mechanosensor that detects
shear stress and promotes BBB formation. Knockdown of CD44 in cerebral endothelial
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cells resulted in increased BBB permeability, supporting a role for CD44 and its associated
ligands, including HA, in barrier stabilization [128]. Mechanistically, CD44 mediates
shear stress—responsive signaling through differential regulation of the small GTPases
RhoA and Racl. Activation of Racl along with suppression of RhoA stabilizes tight
junctions and promotes BBB integrity. Collectively, these findings highlight the multifaceted
role of HA and CD44 in regulating BBB structure and vascular dynamics. Beyond their
structural contributions to the endothelial glycocalyx, HA-CD44 signaling pathways are
critically involved in mechanotransduction, inflammatory regulation, and maintenance of
endothelial barrier integrity. Disruption of this protective axis may therefore contribute
significantly to BBB dysfunction and pathological vascular leakage in neurological diseases.

5.2. Proteoglycan 4 (PRG4)

Proteoglycan-4 (PRG4) is a large proteoglycan encoded by the PRG4 gene and is
characterized by the presence of CS and KS GAG chains. Initially recognized for its
role as a key boundary lubricant in articular cartilage, PRG4 has since been shown to
possess significant anti-inflammatory and tissue-protective properties. PRG4 expression
was minimal across major vascular and neurovascular cell populations, with low-level
expression detected in astrocytes [119]. Despite its limited expression across these cell
populations, emerging evidence suggests that PRG4 may contribute to the preservation of
BBB integrity.

In the context of traumatic brain injury (TBI), PRG4 has been shown to reduce
neuroinflammation and preserve BBB integrity [129]. Mechanistically, PRG4 exerts anti-
inflammatory effects through binding to Toll-like receptors TLR2 and TLR4, thereby mod-
ulating their downstream signaling pathways [130]. In addition to suppressing TLR2/4
signaling, PRG4 competes with HA for binding to CD44, a cell-surface glycoprotein that
plays a key role in inflammatory responses [131]. Through these interactions, PRG4 may
attenuate the activation of TLR2/4 and CD44 signaling induced by pro-inflammatory
low-molecular-weight HA fragments generated following brain injury. Consistent with
these mechanisms, PRG4 has been shown to reduce monocyte infiltration into the injured
brain [129]. Furthermore, PRG4 contributes to the restoration of BBB integrity after TBI by
preventing the loss of the tight junction protein claudin-5, thereby exerting a neuroprotec-
tive effect following neurotrauma [129].

Beyond injury contexts, PRG4 derived from mesenchymal progenitor cells has also
been implicated in promoting regeneration, repair, and homeostasis of the dura mater [132].
Collectively, these findings suggest that PRG4 may serve as an important regulator of BBB
integrity and could contribute to the prevention of hemorrhagic transformation following
stroke. Supporting this possibility, Yang et al. demonstrated that recombinant PRG4
alleviates neurological impairments, reduces BBB damage, and attenuates hemorrhagic
transformation in a mouse model of stroke [133]. The authors further proposed that
recombinant PRG4 mitigates BBB injury by suppressing neutrophil-derived MMP-9 through
inhibition of the TLR2-mediated NF-kB signaling pathway, ultimately reducing post-stroke
hemorrhagic transformation and neurological deficits. Together, these findings highlight
PRG4 as a potential therapeutic candidate for the protection and restoration of BBB integrity
in neurological disorders.

5.3. Heparan Sulfate Proteoglycans (HSPGs)
5.3.1. Agrin

In addition to cellular components such as pericytes and astrocytes, which actively
support the development and maintenance of barrier properties in brain microvascular
endothelial cells [134], acellular components of the ECM, including collagen, laminins, and
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HSPGs, are increasingly recognized as important regulators of BBB integrity. Among these,
agrin, a large extracellular HSPG, accumulates extensively within the basement membrane
of the brain vasculature [135]. AGRN showed prominent expression in pericytes, with
detectable expression in endothelial cells and astrocytes [119]. Evidence supporting its
involvement in BBB development comes from studies demonstrating agrin deposition
around brain microvessels during embryonic development in both chicken and rat mod-
els [136]. Beyond its role at the brain vasculature, agrin has also been implicated in synapse
formation within the CNS [137].

Accumulating evidence suggests that agrin plays a critical role in maintaining BBB
integrity. Reduced agrin expression has been associated with diminished junctional protein
levels in brain vessels from human glioblastoma specimens, as well as with increased
BBB permeability in Alzheimer’s disease and following global cerebral ischemia [138-140].
These observations support a protective role for agrin in preserving cerebrovascular bar-
rier function.

Accumulation of agrin within the basement membranes surrounding brain vessels
correlates with BBB maturation. Studies in mouse brain endothelial cells have demon-
strated that agrin supports barrier properties and vascular integrity by stabilizing and
localizing adherens junction proteins VE-cadherin, 3-catenin and ZO-1 at brain endothe-
lial junctions [141]. This effect is likely mediated by the aggregating properties of agrin,
which enable the concentration of membrane-associated molecules within specialized mi-
crodomains such as lipid rafts [142]. Notably, VE-cadherin and ZO-1 have previously been
shown to localize to raft-like membrane microdomains, suggesting that these domains play
an important role in clustering adherens junction and tight junction proteins [141]. Con-
sistent with this role, both neuronal and non-neuronal agrin have been shown to stabilize
the localization of the water channel protein aquaporin-4 at the membranes of astrocyte
foot processes [143], further contributing to the organization and function of neurovascular
unit structures.

In glioblastoma-associated vessels, agrin is absent from the basal lamina when en-
dothelial tight junction proteins such as occludin, claudin-5, and claudin-1 are lost [138].
Conversely, when agrin is retained, occludin remains localized at tight junctions and
claudin-5 is frequently preserved, whereas claudin-1 is generally absent. Notably, the
loss of agrin strongly correlates with the deposition of tenascin, an ECM glycoprotein
typically absent from mature brain vasculature but enriched within the basal lamina of
tumor-associated vessels [138]. Despite the marked heterogeneity of glioblastoma vascula-
ture, these findings suggest that BBB disruption is accompanied by coordinated alterations
in both endothelial tight junction architecture and basement membrane composition. Al-
though accumulating evidence supports an important role for agrin in BBB maintenance,
the precise molecular mechanisms through which agrin regulates, or potentially contributes
to, BBB formation and stability remain largely unknown.

5.3.2. Syndecans

The endothelial glycocalyx is increasingly recognized as an important component
of the neurovascular unit that contributes to BBB homeostasis, while its disruption is
associated with BBB dysfunction [144-146]. Among the major proteoglycan components
of the glycocalyx are syndecans, a family of HSPGs widely expressed on endothelial cells
and other cell types [147]. Syndecans are transmembrane proteoglycans with HS and
CS chains attached to their extracellular domains and comprise four family members,
syndecan-1 through syndecan-4. SDC genes showed distinct expression patterns, with
SDC3 enriched in astrocytes and detectable levels in endothelial cells and pericytes, SDC2
enriched in meningeal fibroblasts and detectable levels in pericytes, and SDC4 enriched
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in perivascular fibroblasts with low-level expression in endothelial cells, whereas SDC1
showed no clear cell-type-specific enrichment [119]. These PGs function as important
cell-surface co-receptors that regulate cell adhesion, migration, intracellular signaling, and
tissue repair. Through interactions with extracellular components and growth factors
such as FGF and VEGE, syndecans serve as key molecular hubs that coordinate cellular
communication under both physiological and pathological conditions including cancer,
inflammation, and development.

A defining feature of syndecans is their ability to undergo ectodomain shedding,
releasing their extracellular domains into the surrounding environment [148,149]. Altered
syndecan-1 expression or shedding may compromise glycocalyx integrity and impair
endothelial barrier function [150]. Consistent with this, elevated circulating levels of
syndecan-1 have been proposed as a biomarker of glycocalyx degradation [151], while
syndecan-1-deficient mice exhibit significantly reduced glycocalyx thickness, highlighting
its structural importance [152]. Clinically, elevated plasma syndecan-1 levels have also
been observed in patients with acute ischemic stroke and may serve as a prognostic marker
of vascular injury and disease severity [153].

Traumatic brain injury (TBI) is another condition strongly associated with glycocalyx
disruption and BBB dysfunction. Secondary injury processes following TBI, including mi-
crovascular damage, neuroinflammation, cerebral edema, and BBB breakdown, contribute
substantially to neuronal injury and poor neurological outcomes [154,155]. Syndecan-1, a
major component of the endothelial glycocalyx, is shed rapidly following TBI, correlating
with biomarkers of vascular hyperpermeability and cerebral edema [156,157]. Both experi-
mental and clinical studies suggest that syndecan-1 shedding may contribute directly to
BBB dysfunction, vascular leakage, and inflammatory activation, underscoring its impor-
tant role in the pathophysiology of TBI-related cerebral edema [156,157]. Recent evidence
also implicates syndecan-4 (SDC4) in BBB disruption following ischemic stroke. Chen et al.
demonstrated that SDC4 expression progressively increased in microglia following cerebral
ischemia—reperfusion injury, where SDC4 interaction with Dishevelled (Dvl) inhibited
Wnt/ 3-catenin signaling, contributing to microglial mitochondrial dysfunction and BBB
damage [158]. Notably, SDC4 knockdown restored mitochondrial function, increased the
tight-junction proteins occludin and claudin-5, and protected BBB integrity, suggesting a
pathological role for microglial SDC4 in ischemia-induced BBB dysfunction. Another study
by Wang et al. demonstrated that SDC4 is upregulated in brain endothelial cells following
ischemic injury and reduces tight-junction protein expression and BBB integrity through
PKCo activation [159]. SDC4 interference reduced BBB permeability, further supporting a
role for SDC4 in post-ischemic BBB dysfunction.

In addition to their structural functions, syndecans also contribute to neuroimmune
communication across the BBB. The chemokine CCL2, an important mediator of neuroin-
flammation, has been shown to cross the intact BBB from the circulation into the brain.
Using a human induced pluripotent stem cell (iPSC)-derived brain endothelial-like cell
(iBEC) BBB model, Williams et al. demonstrated that CCL2 transport across the BBB is
dependent on HS chains [160]. Molecular characterization further revealed that iBECs
express multiple membrane-bound HSPGs, including syndecans 1-4 and glypicans 1-6,
highlighting the important role of endothelial glycocalyx-associated HSPGs in regulating
chemokine trafficking across the BBB [160].

5.3.3. Glypicans

Glypicans, a family of HSPGs, are key components of the endothelial glycocalyx.
Unlike transmembrane proteoglycans such as syndecans, glypicans are anchored to the
outer leaflet of the endothelial cell membrane via a glycosylphosphatidylinositol (GPI) lipid
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anchor rather than spanning the membrane. Six glypican family members (GPC1-GPC6)
have been identified in mammals. Notably, glypicans were among the first astrocyte-
secreted factors shown to unsilence synapses, highlighting their functional relevance in
neurovascular biology [161].

Transcriptomic analyses of the human brain microvasculature indicate that glyp-
icans 1-6 are variably expressed and generally present at lower levels than synde-
cans [160,162,163]. Another study showed heterogeneous cell-type distributions of GPC
genes, with GPC3 and GPC4 relatively enriched in perivascular fibroblasts, GPC5 in peri-
cytes, and GPC6 in meningeal fibroblasts. GPC1 showed low-level expression in astrocytes
and pericytes, while GPC4 was also detected at low levels in endothelial cells and astrocytes.
GPC2 showed sparse expression without clear cell-type-specific enrichment [119]. However,
other studies have detected all glypican family members in human brain endothelium [164].
Glypican-1 has been associated with a protective role in the brain endothelium, and its loss
has been linked to vascular dysfunctions during aging [165]. Williams et al. further demon-
strated that human induced pluripotent stem cell (iPSC)-derived brain endothelial-like
cells (iBECs), exhibit more robust detection of glypicans 1-6 than human brain microvessels
(hBMVs). In addition, their study suggested that the HS chains on glypicans may facilitate
the transport of the chemokine CCL2, a key regulator of neuroinflammation, across the
BBB [160].

Collectively, the detection of multiple glypican family members in brain endothelium
suggests that further studies are needed to delineate their distinct mechanistic roles in BBB
homeostasis and integrity.

5.3.4. Perlecan

Perlecan is a large HSPG of the basement membrane that is widely expressed across
multiple tissues. It is among the largest proteoglycans identified, consisting of a protein
core of approximately 500 kDa that can be modified with N-terminal HS chains, each with
a molecular mass of about 65 kDa [166]. The perlecan core protein is organized into several
distinct structural domains, each contributing to its diverse biological functions. The
HSPG2 gene, which encodes perlecan, showed prominent expression in brain endothelial
cells [119,167], and is a major ECM component of the BBB [167].

At the BBB, brain endothelial cells are supported by a vascular basement membrane
composed of extracellular matrix (ECM) components and surrounded by astrocytic end-
feet. The brain basement membrane consists of at least five major ECM proteins, including
fibronectin, laminin, collagen IV, nidogen and proteoglycans such as perlecan, which play
important roles in regulating cellular behavior and mediating cell signaling [168]. While
BBB research has largely focused on endothelial features, particularly tight junctions and
transport systems such as ATP-binding cassette (ABC) transporters, the contribution of
the vascular basement membrane during brain injury and neurological disease remains
comparatively underexplored [169].

Under pathological conditions in the CNS, the composition and stability of ECM
components are markedly altered, largely due to increased activity of proteolytic enzymes
such as matrix metalloproteinases (MMPs), cathepsins, and related proteases [170]. Among
these ECM molecules, perlecan undergoes rapid proteolytic cleavage within hours after
ischemic stroke [169,171]. This degradation contributes to the breakdown of the vascu-
lar basement membrane, potentially promoting disruption of the BBB and exacerbating
barrier dysfunction. However, the specific responses of individual basement membrane
components to ischemic stroke remain incompletely understood.

Interestingly, although ECM proteolysis is often associated with detrimental effects
on BBB integrity, it can also generate biologically active matrix fragments. One such
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fragment is the C-terminal domain V (DV) of perlecan, which has been suggested to
exert beneficial effects in the injured brain. Increased levels of perlecan DV have been
detected in both the ischemic core and the surrounding penumbral regions following
experimental stroke [171], suggesting its involvement in the endogenous response to injury.
Notably, sustained generation of perlecan DV following stroke has been reported, where
it appears to exert neuroprotective effects and facilitate processes involved in post-stroke
brain repair. Experimental studies demonstrate that administration of recombinant DV after
stroke promotes neuroprotection, stimulates angiogenesis, improves motor recovery, and
modulates astrocyte activation while reducing glial scar formation [169]. These findings
suggest that ECM components of the BBB are not merely degraded during injury but can
be actively processed into biologically active fragments that contribute to tissue repair.
Consequently, bioactive ECM fragments such as perlecan DV represent an emerging area of
interest in BBB biology and may offer novel therapeutic opportunities for central nervous
system disorders.

In addition, studies have demonstrated that perlecan contributes to BBB repair fol-
lowing ischemic injury by regulating pericyte recruitment [167]. Mechanistically, the
C-terminal domain V (DV) of perlecan interacts with pericytes and enhances PDGFRf3
signaling through integrin «531 [167]. Perlecan DV has been shown to potentiate PDGF-
BB-induced phosphorylation of PDGFRf3, SHP-2, and focal adhesion kinase (FAK), partly
via integrin «5(31, thereby promoting pericyte migration [167]. Through this coordinated
activation of PDGFRf and integrin o531 pathways, perlecan appears to facilitate pericyte
recruitment, ultimately supporting BBB maintenance and repair following ischemic stroke.

Perlecan has been proposed to function as an extracellular reservoir for growth factors.
Several growth factors bind to perlecan including vascular endothelial growth factor
(VEGE), platelet-derived growth factor (PDGF), transforming growth factor 3 (TGF-p),
and members of the fibroblast growth factor (FGF) family [172]. Experimental evidence
indicates that at the BBB, perlecan can bind FGF and facilitate FGF signaling in endothelial
cells [107]. Through this mechanism, perlecan may facilitate the effects of astrocyte-derived
soluble factors, such as FGF, on the endothelium, thereby supporting the maintenance of
BBB integrity. Moreover, perlecan contributes to BBB function by modulating the expression
of receptors such as «5f31 integrins on endothelial cells [173]. These integrins influence
cellular behavior by transducing extracellular stimuli to intracellular signals, providing a
physical connection between the cytoskeleton and the extracellular matrix.

5.4. Small Leucine-Rich Proteoglycans (SLRPs)

The SLRP family comprises a group of secreted ECM proteins with diverse structural
and regulatory functions. These molecules are widely distributed within the ECM, where
they interact with various collagen fibrils to regulate fibrillogenesis and overall matrix
organization [174]. Beyond their structural functions, SLRPs modulate multiple signaling
pathways through interactions with cytokines, growth factors, and cell-surface receptors,
thereby contributing to tissue homeostasis and cellular communication.

5.4.1. Lumican

Although the role of lumican in the BBB remains poorly understood, emerging evi-
dence suggests that it may contribute to endothelial barrier integrity. Bouhrira et al. investi-
gated the effects of altered fluid flow on cerebral endothelial cells using a three-dimensional
BBB model and identified lumican as a potential regulator of barrier function [175]. Tran-
scriptomic analysis revealed that lumican was the most significantly downregulated gene
in endothelial cells exposed to steady, disturbed flow. Functionally, lumican knockdown re-
duced barrier function under steady, fully developed flow, whereas supplementation with
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purified lumican in the surrounding extracellular matrix restored barrier function [175].
Interestingly, lumican knockdown did not significantly alter barrier permeability in the
disturbed-flow region of the vessel. Similarly, lumican supplementation did not restore
barrier function in regions exposed to disturbed flow, suggesting that additional mecha-
nisms contribute to flow-induced barrier disruption. Lumican knockdown also did not
alter RhoA activation, indicating that its effects on endothelial barrier function may occur
through mechanisms independent of this shear-responsive pathway. The observed localiza-
tion of lumican at the cell periphery [175], together with previous evidence that lumican
can be incorporated into the glycocalyx [176], raises the possibility that lumican regulates
endothelial barrier properties through interactions with cell-surface components. However,
the mechanisms underlying these effects and the physiological role of lumican at the BBB
remain to be established.

5.4.2. PRELP (Proline/Arginine-Rich End Leucine-Rich Repeat Protein)

Among the SLRP family, PRELP, a class II SLRP, exhibits diverse biological functions
through its interactions with ECM components and complement proteins [177]. PRELP
showed prominent expression in pericytes and perivascular and meningeal fibroblasts [119].
These multifunctional properties suggest a role for PRELP in maintaining ECM integrity and
regulating signaling pathways essential for vascular stability and BBB function. Consistent
with this notion, Davaapil et al. demonstrated that mural cell-derived PRELP preserves
BBB integrity by regulating cell-cell adhesion [178]. Using a PRELP knockout mouse
model, the authors showed that loss of PRELP resulted in increased neuroinflammation
and impaired BBB function, as evidenced by enhanced vascular leakage of IgG and dextran
in the cortex and cerebellum. Histological analysis showed reduced cell—cell integrity
of the BBB, along with reduced association of pericytes and astrocytic end-feet with the
vasculature. Furthermore, PRELP deficiency was associated with decreased expression of
key junctional proteins including cadherin, claudin-5, and ZO-1, indicating compromised
endothelial barrier integrity. Collectively, these findings identify PRELP as an important
endogenous regulator of BBB homeostasis and suggest that strategies aimed at enhancing
PRELP function may have therapeutic potential in neurological disorders characterized by
BBB dysfunction and neuroinflammation.

Compared with other proteoglycan families, the roles of SLRPs at the BBB remain
poorly characterized. Although emerging evidence supports the involvement of PRELP and
lumican in BBB-associated processes, the functions of other SLRPs within the neurovascular
unit have received limited investigation. Further studies are needed to determine whether
additional members of the SLRP family contribute to BBB development, maintenance, or
dysfunction under pathological conditions.

5.5. Neural/Glial Antigen 2 (NG2, CSPG4)

Neural/Glial Antigen 2 (NG2; also known as chondroitin sulfate proteoglycan
4 (CSPG4)) is a chondroitin sulfate proteoglycan expressed by various cell types both
within and outside the CNS. Within the CNS, NG2 and platelet-derived growth factor
receptor alpha (PDGFRa) are commonly expressed by oligodendrocyte precursor cells
(OPCs), with expression of both markers decreasing as OPCs differentiate into mature
oligodendrocytes [179]. At CNS microvessels, pericytes closely associate with endothelial
cells and contribute to BBB development and maintenance of endothelial barrier func-
tion [180]. CSPG4 expression was enriched in pericytes [119], consistent with previous
evidence that NG2 is expressed by microvascular pericytes and is implicated in their lo-
calization to the endothelial layer and interaction with endothelial cells [181]. During
development, NG2 deficiency disrupts pericyte—endothelial association and impairs vascu-
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lar basement membrane formation [182]. Following CNS injury, NG2-expressing reactive
pericytes accumulate along microvessels, where they may contribute to inflammatory
surveillance and support the functions of extravasated neutrophils and macrophages [183].
NG2 shedding from pericytes may also be altered under pathological conditions. Schultz
et al. demonstrated that oligomer-enriched amyloid-31-42 (A[31-42) increased soluble
NG2 levels in cultured pericytes, an effect abolished by inhibition of MMP-9, suggesting
metalloproteinase-dependent shedding of NG2. These findings provide a potential link
between altered pericyte NG2 processing and the microvascular changes associated with
Alzheimer’s disease [184].

Several studies have further implicated NG2-expressing cells in BBB regulation under
pathological conditions. Girolamo et al. demonstrated increased recruitment of NG2-
expressing OPCs to brain microvessels during experimental autoimmune encephalomyeli-
tis (EAE), a model for multiple sclerosis associated with BBB disruption, particularly at
vessels showing altered claudin-5 and occludin expression and BBB leakage [185]. In
contrast, NG2-deficient mice showed reduced vessel-associated OPCs and better-preserved
tight junctions and BBB integrity, supporting a role for NG2 in tight-junction regulation
during BBB development and dysfunction. Li et al. demonstrated that NG2-glia contribute
to diabetic BBB disruption through activation of Wnt/ 3-catenin signaling and increased
MMP-9 secretion, leading to tight-junction protein degradation [186]. Conversely, pericyte-
specific NG2 deletion revealed specific deficits in tumor vessels, including reduced pericyte
coverage of endothelial cells, diminished basement membrane assembly, and increased
vessel leakiness, suggesting a context-dependent role for NG2 in maintaining vascular in-
tegrity [182,187]. Together, these findings suggest that the effects of NG2 on vascular barrier
integrity are highly dependent on the NG2-expressing cell type and pathological context.

6. Therapeutic Approaches Targeting the Endothelial Glycocalyx

Despite the structural complexity and remaining gaps in our understanding of the
role of the brain endothelial glycocalyx in CNS diseases, it has emerged as a promising
therapeutic target. Several strategies have been explored, including leveraging the glyco-
calyx for targeted delivery of therapeutics to the CNS, modulation of its components to
preserve barrier integrity and, in certain contexts, transient disruption of the glycocalyx to
enhance drug permeability.

The BBB presents a major challenge for the delivery of therapeutic agents to the CNS
due to its highly selective regulation of molecular exchange between the bloodstream and
brain tissue. In recent years, nanocarrier-based delivery systems have emerged as promising
strategies to overcome this limitation by facilitating drug transport across the BBB via
mechanisms such as transcytosis. Among these approaches, naturally derived nanovesicles,
particularly exosomes, have gained considerable attention as potential biological vehicles
for drug delivery [188].

Exosomes derived from C17.2 neural stem cells (NSCs) have been shown to efficiently
transport protein cargo across an in vitro BBB model composed of human brain microvas-
cular endothelial cells [189]. These vesicles are primarily internalized by endothelial cells
through endocytic pathways, with HSPGs functioning as key surface receptors mediating
their uptake [190]. Immunohistochemical analyses have demonstrated that the HSPG
syndecan-2 is abundantly expressed on brain endothelial cells and may facilitate exo-
some internalization through interactions involving its heparan sulfate chains [189,191].
Furthermore, we previously demonstrated that cell-surface heparan sulfate chains can
mediate exosome uptake through interactions with fibronectin present on the exosomal
surface [192]. However, whether syndecan-2 on brain endothelial cells specifically mediates
exosome uptake via binding to exosomal fibronectin remains to be determined. Collectively,
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these findings suggest that NSC-derived exosomes may represent promising nanocarriers
for drug delivery across the BBB, and that HSPG-mediated pathways, including those
involving syndecans, may provide potential targets for enhancing therapeutic transport
into the brain.

Another potential approach for enhancing therapeutic delivery across the BBB is the
use of GAG-binding peptides. Véahatupa et al. demonstrated that the vascular homing
peptide CAR (CARSKNKDC), which requires HSPGs for cell binding and tissue penetra-
tion [193], selectively targeted pathological retinal neovasculature and penetrated retinal
tissue in a mouse model of oxygen-induced retinopathy [194]. Importantly, CAR has been
shown to induce a “bystander effect,” facilitating the tissue penetration of co-administered
drugs [195]. Given that the blood-retinal barrier, similar to the BBB, restricts the entry of
many therapeutic agents, these findings raise the possibility that targeting specific HSPGs or
HS structural motifs may provide a novel strategy for tissue-selective therapeutic delivery
across the BBB.

Stabilization of the endothelial glycocalyx has also been proposed as a potential
strategy for preserving endothelial barrier integrity. For example, loss of the endothelial
glycocalyx following ischemia has been associated with increased capillary permeabil-
ity [196]. Therefore, preservation of glycocalyx, particularly through inhibition of the
proteases responsible for its shedding, represents a promising therapeutic approach. Pro-
tease inhibitors such as antithrombin have been shown to reduce glycocalyx degradation,
thereby preserving its structural integrity and supporting vascular barrier function [196].
Collectively, these findings suggest that preventing glycocalyx shedding, including through
antithrombin-mediated mechanisms, may represent a potential strategy for maintaining
BBB integrity.

Several additional approaches have been investigated to preserve the endothelial
glycocalyx. Chappell et al. demonstrated that both hydrocortisone and antithrombin can
prevent TNF-o-induced shedding of the endothelial glycocalyx [197]. Protease inhibitors
such as doxycycline and zinc chelators have been shown to inhibit glycocalyx shedding
by suppressing metalloproteinase activity [198,199], while volatile anesthetics such as
sevoflurane have also been reported to reduce glycocalyx shedding [200]. Additional
therapeutic strategies aimed at ameliorating glycocalyx dysfunction are discussed in a
previous review [201]. Together, these multifaceted approaches highlight the potential of
glycocalyx-preserving strategies to preserve glycocalyx integrity, reduce vascular damage
and sustain endothelial barrier function.

Conversely, disruption of the endothelial glycocalyx has also been explored as a strat-
egy to enhance BBB permeability. In vitro studies have shown that the use of transcranial
direct current stimulation can disrupt the endothelial glycocalyx and increase BBB per-
meability [202]. In vivo studies have further demonstrated that enzymatic degradation of
the endothelial glycocalyx by hyaluronidase (which degrades hyaluronan) and heparinase
(which degrades the heparan sulfate chains), can enhance BBB permeability and facilitate
substance transport across the BBB in mice [203]. Although this represents a potential
strategy for transporting pharmaceutical agents across the BBB, it is associated with inher-
ent risks related to increased BBB permeability. Endothelial glycocalyx degradation has
been linked not only to increased BBB permeability but also to greater brain injury and the
potential development of brain edema [88,203]. While there is evidence that the glycocalyx
may recover after injury, any approach involving deliberate disruption of the glycocalyx
must carefully consider the associated safety risks.
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Nanoparticles and BBB Permeability

Nanoparticles have emerged as promising platforms for targeted drug delivery, of-
fering the potential to enhance therapeutic efficacy while minimizing systemic side ef-
fects [204]. Numerous clinical trials are currently evaluating nanomedicines, particularly
in oncology. Nanoparticles are also increasingly being investigated as delivery vehicles
capable of crossing the BBB to target the CNS [205,206]. The interaction of nanoparticles
with the BBB is strongly influenced by their physicochemical properties, including size,
shape, functionalization, and charge, all of which collectively affect cellular uptake and per-
meability [4,205]. However, these properties alone may not be sufficient to ensure efficient
CNS delivery. The intrinsic surface charge of brain endothelial cells plays a critical role in
modulating nanoparticle permeability. Experimental evidence has shown that shifting the
negative surface charge of brain endothelial cells toward a more positive state using cationic
lipids or enzymatically removing terminal sialic acid residues from endothelial surface
glycoproteins and glycolipids with neuraminidase enhances nanoparticle uptake [207].

In addition, strategies that exploit glycocalyx disruption have been explored to im-
prove therapeutic delivery. Glycocalyx degradation under pathological conditions, such
as ischemia and reperfusion injury, has been shown to enhance nanoparticle-endothelial
interactions and facilitate nanoparticle penetration into underlying tissues [208]. These
findings suggest that endothelial surface charge at the BBB is a key regulator of charged
nanoparticle uptake and that modulation of this charge can influence internalization ef-
ficiency [208]. Moreover, the endothelial glycocalyx exerts complex, context-dependent
effects on nanoparticle interactions. While glycocalyx degradation may enhance nanoparti-
cle permeability, specific components of the glycocalyx, such as HSPGs, may also actively
facilitate the transport of biologically derived nanoparticles, including exosomes across the
BBB.

Together, these observations highlight the critical role of the glycocalyx and en-
dothelial surface charge in regulating nanoparticle delivery to the CNS and underscore
the need for further studies to elucidate these mechanisms and optimize BBB-targeted
therapeutic strategies.

7. Conclusions and Future Directions

The blood-brain barrier is a highly specialized and dynamic interface that is essential
for preserving central nervous system homeostasis, regulating molecular exchange, and
protecting neural tissue from circulating toxins, pathogens, and inflammatory mediators.
While extensive research has traditionally focused on endothelial tight junctions, transport
systems, and cellular components of the neurovascular unit, growing evidence indicates
that the endothelial glycocalyx represents an important, yet underrecognized, regulator
of BBB integrity. As the first point of contact between circulating blood and the brain
endothelium, the glycocalyx functions not only as a physical and electrostatic barrier
but also serves as an important regulator of mechanotransduction, vascular permeability,
leukocyte trafficking, and inflammatory signaling. Among its major constituents, HA-
CD44 signaling and proteoglycans such as PRG4, agrin, syndecans, glypicans, perlecan,
PRELP, and NG2 have emerged as active regulators of BBB homeostasis through distinct
yet interconnected mechanisms that coordinate vascular stability, extracellular matrix
organization, immune cell trafficking, and neurovascular signaling.

Despite these advances, significant knowledge gaps remain. The precise molecular
composition of the brain endothelial glycocalyx, its regional heterogeneity across the cere-
brovasculature, and the mechanistic roles of individual proteoglycans under physiological
and pathological conditions remain poorly defined. Further studies should also prioritize
the identification of glycocalyx- and proteoglycan-derived biomarkers of BBB dysfunction,
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the elucidation of mechanisms driving glycocalyx remodeling during neurological diseases,
and the development of therapeutic strategies aimed at preserving or restoring glycocalyx
integrity. In addition, exploiting glycocalyx-associated pathways for targeted CNS drug
delivery represents a promising and relatively untapped area of translational research.

More broadly, future investigations of BBB biology should more fully integrate glycobi-
ology into neurovascular research. The remarkable structural diversity of glycans, sulfation
patterns, and proteoglycan-mediated signaling networks represents a sophisticated regula-
tory layer of BBB function that remains incompletely understood. Integrating glycobiology
with vascular biology, immunology, neuroscience, bioengineering, and computational
biology will likely uncover novel mechanisms underlying BBB regulation and identify new
therapeutic avenues for neurological disorders.

Collectively, the evidence presented in this review supports the emerging importance
of these underrecognized proteoglycan regulators and glycocalyx-associated signaling
pathways in BBB development, homeostasis, remodeling, and repair. Taken together,
these findings support the concept that the endothelial glycocalyx and its proteoglycan
components should no longer be viewed merely as structural elements of the BBB but
rather as dynamic regulators of neurovascular homeostasis, vascular signaling, immune
interactions, and barrier function. As our understanding of glycocalyx biology continues
to evolve, these molecules may emerge as novel biomarkers and therapeutic targets for
a broad spectrum of neurological diseases characterized by BBB dysfunction. Ultimately,
advancing our knowledge of the molecular organization and functional roles of endothelial
proteoglycans may improve our understanding of how BBB dysfunction can be diagnosed,
monitored, and therapeutically targeted, opening new avenues for precision diagnostics
and therapeutics in neurological diseases.
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CNS Central nervous system

CSF Cerebrospinal fluid

LAM Leukocyte adhesion molecule
PRG4 Proteoglycan 4

HS Heparan sulfate
HA Hyaluronan

CS Chondroitin sulfate
KS Keratan sulfate
ECM Extracellular matrix

MMP Matrix metalloproteinase
HSPG Heparan sulfate proteoglycan

NP Nanoparticle
TBI Traumatic brain injury
TLR Toll-like receptor

PRELP  Proline/arginine-rich end leucine-rich repeat protein
SLRP Small leucine-rich repeat proteoglycan

VEGF Vascular endothelial growth factor

PDGF Platelet-derived growth factor

TGFp Transforming growth factor

FGF Fibroblast growth factor

FAK Focal adhesion kinase

GPI Glycosylphosphatidylinositol
JAM Junctional adhesion molecule
ZO Zona Occludens

NG2 Neural/Glial Antigen 2

OPCs Oligodendrocyte precursor cells
SDC Syndecan

GPC Glypican
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