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Abstract: Alzheimer’s disease (AD) pathogenesis is increasingly recognized as involving blood-brain barrier (BBB) and neurovas-
cular unit (NVU) destabilization. The brain endothelial glycocalyx—a blood-facing glycan-rich interface—represents a critical but
under-characterized determinant of BBB dysfunction in AD. In this review, we systematically reappraised glycocalyx abnormality
mechanisms, distinguishing robust causal evidence from murine models from limited human observational data. We propose a four-
dimensional interface-state framework (structural, glycosylation, transport, inflammatory) to stratify patients beyond binary “leaky
versus intact” classifications. Glycocalyx deterioration in AD reflects compartmentalized remodeling (early mucin-domain depletion)
rather than uniform shedding. A reversible therapeutic window exists in APOE4 carriers and mild cognitive impairment, but collapses
with concurrent cerebral amyloid angiopathy (CAA) or amyloid-related imaging abnormalities (ARIA). Pathological glycocalyx
disruption amplifies nonproductive vascular retention rather than parenchymal penetration. We advocate a hierarchical “repair-first,
transport-engineering-second, exploitation-last” strategy. This repositions the glycocalyx as a decisive arbiter governing BBB-targeted
interventions in AD, not merely a structural appendage.
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Introduction
The pathological framework of Alzheimer’s disease (AD) is transitioning from a mono-centric model focused on
neuronal damage and amyloid-beta/tau pathological aggregation toward an interface-pathology model incorporating
blood-brain barrier (BBB) and neurovascular unit (NVU) destabilization. Current evidence indicates that increased
BBB permeability may not represent a mere passive accompaniment to AD but rather actively participates in patholo-
gical cascades involving neuroinflammation and microcirculatory disturbances by facilitating the entry of blood-derived
proteins and inflammatory mediators into brain parenchyma.'”’

Population-based imaging studies further reveal hippocampal BBB leakage at early cognitive impairment stages,
partially independent of amyloid-beta/tau biomarker abnormalities.' >’ This suggests vascular interface alterations may

progress in parallel with, rather than merely downstream of, classical proteinopathies.
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Currently, AD vascular pathology discussions remain focused on structural abnormalities within the endothelial cell
layer itself: tight junction disruption, pericyte loss, basement membrane remodeling, and transcytosis imbalance.' ¢’
The glycocalyx, by contrast, remains systemically under-characterized.

In vivo two-photon imaging has directly visualized the cerebral endothelial glycocalyx in murine cerebral vessels;"
ultrastructural studies further demonstrate that brain capillary glycocalyx exhibits greater density compared to continuous
capillaries in the heart and lungs;” while in vivo imaging and transport analyses indicate that the glycocalyx, endothelial
layer, and perivascular compartment collectively determine the passive barrier properties of the BBB.'? These findings
establish that the brain endothelial glycocalyx constitutes an integral component of the blood-facing structural organiza-
tion of the BBB.®'°

Functionally, the glycocalyx forms a negatively charged surface layer through its mesh-like structure enriched in
glycosaminoglycans (GAGs)—including heparan sulfate (HS) and hyaluronic acid (HA)—and glycoproteins.'''* It
participates in mechanotransduction, shear sensing, and molecular sieving, and it regulates leukocyte adhesion while
maintaining permeability.

In BBB research, fluid shear stress can induce upregulation of extracellular matrix (ECM) and glycocalyx-associated
genes and pathways, enhancing negative surface charge in brain-like endothelial cells, thereby suggesting a functional
association between glycocalyx status and BBB phenotype maintenance.'* Concurrently, studies examining brain
endothelial surface charge and adsorptive-mediated transcytosis suggest that blood-facing surface chemical properties
may influence initial interaction modalities between cationic drugs, protein therapeutics, nanocarriers, and the BBB.'>!°
From the perspectives of pharmaceutical design and delivery, the brain endothelial glycocalyx potentially constitutes
a blood-facing functional interface connecting hemodynamics, inflammatory adhesion, microcirculatory homeostasis,
BBB integrity, and interface behaviors of delivery systems, yet its potential as a “translational interface” requires further
validation.

This conceptualization is beginning to acquire more direct evidentiary support in AD research. A 2024 review on AD
proposed that cerebrovascular glycocalyx dysfunction may participate in pathological events underlying neurovascular
imbalance and neurodegenerative progression.'” More critically, recent studies demonstrate extensive dysregulation of
brain endothelial glycocalyx in aging and neurodegenerative disease contexts, with significant downregulation of mucin-
domain glycoproteins and their associated mucin-type O-glycosylation pathways. In aged murine models, these altera-
tions correlate with BBB functional impairment and may induce cerebral hemorrhage phenotypes. Analogous molecular
signatures have been observed in brain microvasculature from human AD patients.'®

Furthermore, preclinical studies employing endothelial/glycocalyx-targeted nanoparticles indicate that interventions
targeting the blood-facing interface can reversibly modulate BBB permeability and enhance cerebral accumulation in
animal models, suggesting that the glycocalyx may serve not merely as a disease severity biomarker but also as
a candidate intervention target, though its targetability and safety in human AD remain uncharacterized.'® Combined
with recent BBB repair/rejuvenation frameworks, blood-facing interface mechanisms are transitioning from pathological
phenomena to potential intervention entry points. However, robust mechanistic and interventional evidence currently
derives primarily from murine aging and disease-associated models; direct demonstration that specific glycocalyx defects
drive BBB collapse in human AD remains incomplete.*

Building upon the evidence outlined above, this review advances three interrelated conceptual propositions that
constitute its core novelty (Figure 1): (i) The brain endothelial glycocalyx should be repositioned as a blood-facing
translational interface in AD—not merely a structural accessory, but a functional frontier governing mechanotransduc-
tion, inflammatory adhesion, and transcytosis. (i) We introduce a four-dimensional interface-state framework (structural,
glycosylation, transport, inflammatory) that operationalizes patient stratification beyond binary “leaky versus intact”
classifications. (iii) We advocate a hierarchical “repair-first, transport-engineering-second, exploitation-last” strategic
sequence, explicitly distinguishing robust murine causal evidence from limited human observational data. This frame-
work is particularly timely given the expanding clinical use of anti-amyloid immunotherapies, in which amyloid-related
imaging abnormalities (ARIA) have underscored the fragility of the cerebrovascular substrate and the urgent need for
blood-facing interface stratification to guide safe therapeutic delivery.
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Figure | Impairment and Repair of the Cerebral Endothelial Glycocalyx in Alzheimer’s Disease and Its Implications for Drug Delivery. (A) The cerebral endothelial
glycocalyx as the primary blood-facing interface of the blood-brain barrier. The cerebral endothelial glycocalyx coats the luminal surface of cerebral microvascular endothelial
cells, serving as the first physical and biochemical interface encountered by circulating therapeutic cargoes—including antibodies, protein therapeutics, and nano-delivery
systems. Blue arrows indicate the approach of therapeutic cargoes toward the endothelial luminal surface and their initial contact with the cerebral endothelial glycocalyx;
yellow arrows indicate the subsequent binding of certain cargoes to luminal surface receptors; green arrows and intracellular vesicles denote receptor-mediated endocytosis,
intracellular vesicular trafficking, and basolateral release, i.e., regulated transcytosis. This pathway does not imply that cargoes directly penetrate endothelial cells or cross
intact tight junctions to enter brain tissue. (B) Structural composition of the healthy cerebral endothelial glycocalyx and its barrier microenvironment. Under healthy
conditions, the cerebral endothelial glycocalyx is composed primarily of proteoglycans, glycoproteins, and glycolipids, forming a dense coating over the luminal surface of
cerebral microvascular endothelial cells. Cerebral endothelial cells, tight junctions, the basement membrane, pericytes, and astrocytic endfeet collectively constitute the
neurovascular unit and maintain the structural and functional integrity of the blood-brain barrier. RBC denotes red blood cells; microglia are depicted in a homeostatic state.
(C) Glycocalyx injury and blood-brain barrier dysfunction. Under pathological conditions associated with aging and Alzheimer’s disease, the cerebral endothelial glycocalyx
undergoes structural disruption and glycosylation abnormalities, manifested as mucin-domain fragmentation, reduced mucin-type O-glycosylation, and downregulation of
relevant glycosylation regulators including CIGALT| and B3GNT3. Glycocalyx injury increases luminal surface exposure and leukocyte adhesion, accompanied by elevated
blood-brain barrier permeability and extravasation of blood-derived components such as albumin and IgG into the brain, thereby promoting cerebrovascular interface
dysfunction. Red arrows indicate increased BBB permeability; yellow arrows indicate albumin and IgG extravasation. (D) Glycocalyx repair and improvement of vascular
luminal barrier function. Restoration of glycocalyx-associated mucin-domain proteins and O-glycosylation programs promotes reconstruction of the cerebral endothelial
glycocalyx. Glycocalyx repair helps reduce abnormal endothelial surface exposure and inflammatory cell adhesion, and improves the continuity and integrity of the vascular
luminal barrier. Green arrows indicate the sequential process from reduced endothelial exposure and decreased inflammatory adhesion to improved luminal barrier function
following glycocalyx reconstruction. Central magnified schematic: Summarizes the major constituents of the healthy cerebral endothelial glycocalyx, including proteoglycans,
glycoproteins, and glycolipids. The bottom arc transitioning from red to green represents the dynamic shift between glycocalyx injury and repair: from pathological states
characterized by glycocalyx disruption, elevated BBB permeability, and plasma protein extravasation, toward glycocalyx restoration and improved vascular luminal barrier
function.

Notes: This is an author-drawn mechanistic schematic illustrating the composition, pathological injury, and repair process of the cerebral endothelial glycocalyx, and their
relationship to trans-BBB drug delivery.

Abbreviations: BBB, blood-brain barrier; IgG, immunoglobulin G; RBC, red blood cell.
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Brain Endothelial Glycocalyx in AD: From Blood-Facing Frontline to
Translational Interface

Brain Endothelial Glycocalyx as the Blood-Facing Frontline Interface of the BBB
Traditionally, the blood-brain barrier (BBB) has been defined primarily through the endothelial cell layer, emphasizing
tight junctions, low-level nonspecific transcytosis, and efflux transport systems.”'*> However, from the blood-facing
perspective, circulating components first encounter the endothelial glycocalyx covering the luminal surface of brain
endothelium. As illustrated in Figure 2, the brain endothelial glycocalyx resides at the foremost frontier where circulating
components contact cerebral vascular endothelium, constituting the blood-facing frontline interface rather than an
accessory layer external to classical barrier structures. Existing imaging and diffusion analyses suggest that the BBB
can be conceptualized as a multi-layered resistance system comprising the glycocalyx, endothelial layer, and abluminal
compartments, wherein the glycocalyx provides the primary diffusion resistance.'*?!

The specificity of brain endothelial glycocalyx lies in its not being a simple replication of general microvascular
glycocalyx within the brain. Ultrastructural studies demonstrate that brain capillary glycocalyx exhibits superior coverage
and length compared to cardiac and pulmonary capillaries, retaining more residual structure following lipopolysaccharide
(LPS) injury.” Subsequent reviews further indicate that brain endothelial glycocalyx is generally thicker, denser, and
more negatively charged—characteristics consistent with the highly selective barrier function of the BBB.*>> Recent
studies suggest that brain endothelial glycocalyx integrity may be associated with mucin-domain glycoproteins and
mucin-type O-glycosylation; under aging and disease-associated states, dysregulation of this program may accompany
glycocalyx thinning, elevated BBB permeability, and impaired tight junction formation.'® These characteristics suggest
adaptive specialization between brain endothelial glycocalyx and BBB physiological demands.

The “frontline” nature of the glycocalyx manifests not merely spatially through preferential exposure, but functionally
through pre-positioned regulation. As an initial sieving layer, the glycocalyx influences local distribution of molecules
before they reach the endothelial membrane, with differential accessibility for molecules of varying sizes within its
volume.'® As a blood-facing charge interface, its negative charge influences initial interactions between macromolecules,
particles, and drugs with the BBB. As a frontline regulatory layer for inflammatory and mechanical signaling, the
glycocalyx participates in shear stress transduction and, under inflammatory conditions, alters contact conditions between
blood cells, cytokines, and endothelial adhesion molecules through structural degradation.'**%*” Therefore, while the
glycocalyx does not singularly determine BBB integrity or selectivity, it can execute early contact, sieving, and gating of
material, mechanical, and inflammatory signals prior to their action on endothelial programs. Importantly, positioning the
glycocalyx at the blood-facing frontline of the BBB does not imply its substitutability for endothelial cell layers, tight
junctions, low-background transcytosis, basement membranes, or pericyte/astrocyte-associated structures. Accordingly,
the BBB can be viewed as a continuous multi-layered functional system extending from the blood-facing side toward the
brain parenchymal side, with the glycocalyx defining the interface engaging in early interactions with circulating

. 10,21,22,28
components (Figure 2).'%%12%

BBB/NVU Destabilization in AD: Re-Focusing Attention on Blood-Facing Glycocalyx

The glycocalyx merits renewed attention in AD because the pathological framework of AD has progressively shifted
from a purely neuron-centric narrative toward an integrated model encompassing cerebrovascular pathology, the
neurovascular unit (NVU), and BBB destabilization. Previous reviews have proposed that BBB dysfunction, cerebral
blood flow reduction, hypoxia, and entry of blood-derived toxic molecules into the brain may precede, occur in parallel
with, or interact reciprocally with cognitive decline, amyloid-beta deposition, and brain atrophy in certain individuals,
forming mutually amplifying pathological loops with amyloid-beta clearance impairment, neuroinflammation, and
neurodegenerative changes.*’ Thus, the BBB/NVU perspective does not negate amyloid-beta/tau mechanisms but rather
indicates that early AD pathogenesis and individual heterogeneity cannot be adequately explained by classical proteino-
pathy-centric linear models alone. Human studies provide crucial support for this conceptualization. Dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) studies demonstrate that hippocampal BBB disruption increases with
age, is more pronounced in mild cognitive impairment (MCI) individuals, and exhibits brain-region selectivity.”’
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Figure 2 Layered Architecture of the Normal Blood-Brain Barrier. This figure illustrates the layered architecture of the normal blood-brain barrier from the vascular lumen
to the brain parenchyma, emphasizing that the endothelial luminal glycocalyx is the frontline interface facing circulating blood, rather than an accessory layer external to
classical barrier structures. The glycocalyx, together with the endothelial layer and abluminal compartments, constitutes a continuous multi-layered resistance system and

collectively participates in blood-brain barrier homeostasis.
Notes: This schematic was hand-drawn by the authors using Adobe lllu

strator; no Al image generation tools were used.

Abbreviations: RBC, red blood cell; ICAM-1, intercellular adhesion molecule-1; VCAM-I, vascular cell adhesion molecule-1.
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Subsequent studies suggest that early AD may be accompanied by reduced cerebral blood flow or regional blood volume
and increased BBB leakage, indicating that cerebrovascular destabilization may simultaneously manifest as perfusion
dysregulation and barrier functional abnormalities, rather than singular structural loosening.>* Moreover, early cognitive
decline individuals may exhibit capillary injury and BBB disruption in the hippocampus and parahippocampal gyrus, and
in certain studies, these changes can occur independently of amyloid-beta and tau biomarker status.? Apolipoprotein E €4
(APOE4) carriers may exhibit BBB dysfunction in the hippocampus and medial temporal lobe even at pre-symptomatic
cognitive stages, correlating with subsequent cognitive decline.®' Elevated cerebrospinal fluid (CSF) angiopoietin-2
(ANGPT-2) in association with BBB leakage, soluble platelet-derived growth factor receptor-f (sPDGFRp), and
neuroinjury-associated markers further supports the presence of vascular activation or destabilization states in
early AD.*? Building upon these foundations, multi-omics studies further indicate that BBB abnormalities in AD should
not be oversimplified as mere “leakage.” Human brain vascular atlas studies reveal significant expression of AD risk
genes in cerebrovascular cells, with enrichment in endothelial protein transport, immune response, and ECM-related
pathways.** Single-nuclear transcriptomic studies further demonstrate that AD cerebrovascular abnormalities involve cell
type-specific state reprogramming, including alterations in endothelial transport programs, pericyte homeostasis, and
vascular-associated cellular interactions.**>® Therefore, within the AD context, BBB impairment is more appropriately
understood as cerebrovascular interface reprogramming rather than merely elevated static permeability.

Nevertheless, existing evidence remains insufficient to characterize AD as a unified “early BBB leakage disease.” On
one hand, not all cohorts support BBB changes consistently preceding amyloid-beta/tau pathology; on the other hand,
different technologies define “BBB abnormalities” disparately, potentially corresponding to distinct dimensions including
permeability, transcytosis, vascular activation, pericyte injury, or regional perfusion coupling.** %738 Consequently,
a more circumspect conclusion holds that cerebrovascular/NVU/BBB destabilization constitutes an important patholo-
gical axis in AD that may be exposed relatively early in certain individuals, yet its dominant forms, temporal relation-
ships, and magnitudes are inconsistent; existing evidence better supports its progression prior to or in parallel with
classical amyloid/tau pathologies across different populations, rather than universally constituting a singular upstream
event. Against this backdrop, discussion priorities have expanded beyond whether the BBB ultimately leaks to
encompass where vascular interface destabilization may initiate and how it progressively expands into endothelial
activation, inflammatory amplification, and transport abnormalities. Following this logic, the brain endothelial glycocalyx
at the foremost frontier ceases to be merely a structural nomenclature, becoming instead a critical blood-facing interface
meriting separate discussion in AD.

Brain Endothelial Glycocalyx as a Blood-Facing Translational Interface in AD

Based on the foregoing discussion, brain endothelial glycocalyx in AD is more appropriately situated within an analytical
framework of “blood-facing translational interface” rather than merely as an accessory component in BBB structural
inventories. Within this framework, brain endothelial glycocalyx in AD may be better defined as a blood-facing
functional interface connecting pathological drivers, therapeutic plasticity, and delivery boundaries. Located at the
foremost frontier before peripheral blood-derived information enters the cerebrovascular wall, the glycocalyx may pre-
positionally influence how the BBB perceives hemodynamic forces, circulating inflammatory mediators, blood cells, and
exogenous therapeutic inputs. Consequently, the glycocalyx may represent not merely a concomitant phenotype follow-
ing BBB damage, but an important preceding state variable influencing how blood-derived perturbations are translated
into endothelial activation, inflammatory amplification, and barrier destabilization.

It must be noted that currently robust mechanistic and interventional evidence derives primarily from animal and
aging/disease-associated models rather than human AD per se. Recent studies demonstrate that intervening upon brain
endothelial mucin-type O-glycosylation can induce or ameliorate glycocalyx thinning, BBB functional impairment,
neuroinflammation, and behavioral phenotypic changes in mice. These findings enhance the credibility that “glycocalyx
abnormalities may reside upstream of BBB destabilization,” yet remain insufficient to support the conclusion that
“specific glycocalyx defects have been directly demonstrated to drive BBB collapse in human AD.”'®*° Therefore, at
current evidence levels, brain endothelial glycocalyx has qualified as a candidate interface for BBB repair, though its
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causal status in human AD-specific pathology remains unproven. All intervention evidence cited below derives primarily
from murine aging or disease-associated models; direct human AD validation is currently lacking.'®*°

This interface positioning carries methodological significance for drug development, though at this stage it is more
appropriate to consider brain endothelial glycocalyx as an interface of conceptual importance yet experimentally under-
explored in aging/AD brain drug delivery. Existing evidence suggests that glycocalyx status may alter initial contact
conditions on the blood-facing side of the BBB, thereby influencing subsequent interactions between therapeutic inputs
and the barrier. This understanding currently rests more upon BBB surface biology and general nanomedicine principles
rather than abundant AD-specific delivery data.'*'”**%> In this sense, brain endothelial glycocalyx represents not merely
an important component of BBB biology, but a candidate frontline interface connecting pathological mechanisms, barrier
repair, and brain delivery strategies. Accordingly, Table 1 demonstrates that current evidence from human imaging, fluid
biomarkers, multi-omics, and model studies sufficiently supports incorporating brain endothelial glycocalyx into AD
BBB/NVU discussion frameworks and considering it as a blood-facing frontline interface meriting separate attention;
however, this support currently manifests primarily as framework-level and translational relevance rather than completed
causal closure at the human level.

Evidence Hierarchy of Brain Endothelial Glycocalyx Abnormalities in
Alzheimer’s Disease BBB Injury

Distinct from Brain Endothelial Glycocalyx in AD: From Blood-Facing Frontline to Translational Interface, which
primarily elucidates why brain endothelial glycocalyx should be incorporated into AD BBB/NVU discussion frameworks
from an evidence-source perspective, this section further focuses on glycocalyx abnormalities themselves, evaluating

Table | Evidence Hierarchy, Inferential Boundaries, and Critical Gaps Regarding BBB/NVU Destabilization and Translational
Significance of Brain Endothelial Glycocalyx in AD

Evidence

Source

Primary Readout

Supportable Conclusions

Glycocalyx Specificity

Key Limitations

Human imaging

Human fluid

biomarkers

Multi-omics
/single-nuclear

transcriptomics

Animal and
aging/disease-
associated

models

Interface
biology and
delivery

research

DCE-MRI, CBF/CBY,

regional perfusion

ANGPT-2, sPDGFRB, etc.

Endothelial transport,
immune response, ECM,
cellular interaction
programs

Glycocalyx thinning,
mucin-domain
glycoprotein
abnormalities, mucin-type
O-glycosylation
imbalance

Surface charge
interactions, particle
residence, entry

opportunities

Early or parallel BBB/NVU
abnormalities in AD and its
prodromal stages in certain
individuals***'

Support vascular activation,
pericyte-associated injury, and

barrier homeostasis disturbance3>3’

BBB abnormalities closer to
“cerebrovascular interface
reprogramming” than simple
leakage33¢

Glycocalyx abnormalities may
participate in BBB destabilization,
inflammatory amplification, and
interface remodeling with certain

upstream characteristics'®3°

Glycocalyx may influence initial

contact conditions for BBB repair

and brain delivery'*'7242%

Indirect: suggests attention
to blood-facing interface
without directly localizing
glycocalyx??°=3!
Weak-to-moderate: reflect
general vascular interface
abnormalities without
glycocalyx-specific
readouts®>*”

Moderate: suggest blood-
facing surface biology and
ECM warrant attention®>~
36

Strong: currently closest to
mechanistic causal

chains '3

Strong conceptual support:
supports status as
translational

interface'4"7‘24’25

High heterogeneity across
cohorts, brain regions, time

windows, and readouts®?°~

31,37,38
Insufficient specificity;
difficult to distinguish
contributions from
endothelium, pericytes, and
glycocalyx*>%”

Cannot yet prove glycocalyx
uniformly resides

ups.tream3 336

Primarily derived from
animals or disease-
associated models; cautious
extrapolation to human AD

required 18,39

AD-specific delivery data

remain markedly

insufficient' #7242

Abbreviations: DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; CBF, cerebral blood flow; CBYV, cerebral blood volume; ANGPT-2, angiopoietin-2;
sPDGFRB, soluble platelet-derived growth factor receptor-f; ECM, extracellular matrix.
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evidence strength and inferential boundaries at structural, molecular, functional, and causal levels. In the AD/aging
context, brain endothelial glycocalyx abnormalities should not be defined merely as glycocalyx shedding or thickness
reduction, but more appropriately understood as stratified remodeling occurring at the BBB luminal interface. This
concept encompasses at least three dimensions: structural-level thinning, coverage reduction, or continuity impairment;
molecular-level alterations in component composition, spatial distribution, and glycosylation programs; and BBB
functional abnormalities including elevated permeability, decreased tight junction continuity, enhanced inflammatory
adhesion, and impaired shear stress responsiveness. Only when both perturbation and rescue evidence exist can such
alterations further support their possession of pathological driver significance.

Under this premise, Table 2 stratifies by “direct structural evidence—direct molecular evidence—functional associa-
tion evidence—causal intervention evidence—human translational evidence” to delineate evidence strength and

Table 2 Evidence Stratification of AD-Associated Brain Endothelial Glycocalyx Abnormalities and BBB Injury

Evidence Key Criteria Representative Findings Supportable Conclusions Primary Boundaries
Level
Direct Direct visualization of Endothelial glycocalyx signal Protective interface at brain Lack of integrated
structural thickness, coverage, decline;40 mucin-domain endothelial luminal surface correspondence between
evidence continuity, or ultrastructural staining decline'® compromised' &4 thickness/continuity, specific
alterations in brain endothelial glycan composition, and
luminal glycocalyx endothelial transcriptional
programs within identical
samples; insufficient to
demonstrate “general
thinning” or “uniform
detachment”'84°
Direct Direct demonstration of CIGALTI downregulation; Compartmentalized, Different glycoconjugates
molecular glycocalyx component mucin-type O-glycan component-selective cannot be treated as
evidence composition, spatial biosynthetic pathway remodeling, with luminal synonymous; unified
distribution, or glycosylation downregulation; FUT1 | mucin-domain glycoprotein- compartmental gain/loss
program abnormalities downregulation; HA/HS associated mucin-type O- models not yet
alterations compartment- glycosylation axis weakening established'®40—2
dependent'840-*2 most prominent' 8402
Functional Glycocalyx abnormalities Permeability increase; tight Biological coherence exists Primarily mechanistic
association directionally consistent with junction continuity decline; between glycocalyx association evidence; cannot
evidence BBB functional readouts shear response decline; HA/ abnormalities and BBB alone demonstrate upstream
CD44-related barrier destabilization'"!72>434 driver status'!"'7:254346
dysregulation'"!72543-46
Causal Possessing “perturbation— Mucin-domain disruption Mucin-type O-glycosylation Evidence primarily from
intervention | phenotype emergence— leading to glycocalyx loss and | axis constitutes current animals and mechanistic
evidence rescue reversal” chain BBB leakage; Clgaltl loss strongest causal chain'® studies; cannot be directly
leading to extravasation extrapolated as completed
increase; CIGALTI/B3GNT3 causal closure in human AD
rescue leading to leakage full disease course'®
decrease'®
Human Establishing reproducible DCE-MRI detects BBB At human level, most robust | There is a lack of within-
translational | connections between disruption; APOE4-related support is for BBB outcome subject, longitudinal, multi-
evidence glycocalyx/glycosylation early BBB injury; CSF markers | abnormalities, with modal alignment; glycosylation
abnormalities and BBB reflect age/inflammation more | glycosylation abnormalities readouts, BBB leakage,
leakage, inflammation, and than diagnosis; human indicating translational inflammation, and cognitive
cognitive phenotypes in microvessel CIGALT I/mucin- | relevance'®3"37 phenotypes have not yet been
humans domain abnormalities show simultaneously and serially
higher specificity'®3'37 assessed within the same
individual'®3'37

Abbreviations: HA, hyaluronic acid; HS, heparan sulfate; FUTI |, fucosyltransferase | |; CD44, cluster of differentiation 44; IgG, immunoglobulin G.
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inferential boundaries for different findings. To facilitate holistic comprehension of this section’s evidence hierarchy
framework and logical relationships between levels, Figure 3 provides schematic summarization of this stratification
approach. Table 3 further illustrates the actual distribution of each evidence level across specific glycocalyx components,
compartments, and research scenarios, demonstrating that current evidence strength concentrates most heavily on damage
to the luminal mucin-domain glycoprotein-associated mucin-type O-glycosylation axis. In contrast, characterizing AD-
associated brain endothelial glycocalyx abnormalities as uniform, holistic detachment currently rests primarily on
inference, lacking direct evidentiary support.

Structural and Compositional Evidence: Brain Endothelial Glycocalyx Abnormalities

Indicate Compartmentalized Remodeling Rather Than Uniform Loss

AD-associated brain endothelial glycocalyx structural and compositional alterations are more appropriately characterized
as compartmentalized, component-selective remodeling rather than holistic detachment as conceptualized in peripheral
vascular contexts. Currently, more direct evidence primarily points to impaired luminal protective mucin-domain
glycoprotein-associated mucin-type O-glycosylation networks (Figure 4A and B).”'®%° Shi et al confirmed in AD
patient-derived brain microvasculature that both C/GALT! and mucin-domain glycoprotein staining were reduced;
reanalysis of existing human cerebrovascular single-nuclear transcriptome data further revealed that the mucin-type O-
glycan biosynthetic pathway represents a shared downregulated pathway in AD brain endothelium, with decreased
expression of multiple mucin-type O-glycan biosynthetic enzymes.'® Smyth et al also observed in AD patient middle
temporal gyrus vasculature that Ulex europaeus agglutinin 1 (UEA1l)-marked endothelial glycocalyx signals were
markedly weakened, persisting after correction for vascular density differences using collagen IV as a total vascular
marker; concurrently, downregulated fucosyltransferase 11 (FUTI1) expression in AD cerebrovascular endothelial cells
further supports impaired glycocalyx generation and maintenance programs. However, direct structural evidence
regarding AD luminal glycocalyx damage remains currently limited, particularly lacking studies integrating
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Figure 3 Evidence Hierarchy of Brain Endothelial Glycocalyx Abnormalities in Aging and Alzheimer’s Disease. This schematic illustrates the evidence hierarchy for
Alzheimer’s disease-associated brain endothelial glycocalyx abnormalities and blood-brain barrier injury. The left panel summarizes major categories of glycocalyx
abnormalities; subsequent columns present direct structural evidence, direct molecular evidence, functional association evidence, causal intervention evidence, and
human translational evidence. Arrows indicate logical or causal links between evidence tiers; solid lines indicate directly supported links, dashed lines indicate inferred or
incomplete links, and gray shading indicates associations that have not yet been mechanistically closed within the same human subjects. Colored boxes indicate different
evidence sources: blue for structural/molecular evidence, red for functional/causal intervention evidence, and gray for human translational evidence.

Notes: This schematic was hand-drawn by the authors using Adobe lllustrator; no Al image generation tools were used.

Abbreviations: AD, Alzheimer’s disease; BBB, blood-brain barrier; CSF, cerebrospinal fluid; IgG, immunoglobulin G; AAV, adeno-associated viral vector; CIGALTI, core |
B1,3-galactosyltransferase.
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Table 3 Extended Evidence Matrix of AD-Associated Brain Endothelial Glycocalyx Abnormalities and BBB Injury

Evidence Module

Study Object/Level

Key Observations

Significance for
Mechanistic Judgment

Over-Extrapolation Risks

Luminal glycocalyx-
associated signal

weakening

Mucin-domain
glycoprotein-
associated mucin-
type O-glycosylation
axis synthesis
program

downregulation

HA elevation

HS redistribution

BBB functional

association

Perturbation
evidence

Genetic loss and

rescue

Developmental

support evidence

Human AD brain
microvascular

histology

Human brain
microvascular
molecular level;
human
cerebrovascular
single-nuclear
transcriptome
reanalysis
Human AD brain
tissue/vascular-
associated

microenvironment

Cerebrovascular
compartments in AD
with severe CAA

Cerebrovascular/BBB
models

In vitro/in vivo

mechanistic models

Brain endothelial-
specific genetic

intervention models

CNS vascular

development models

UEAI lectin-marked
endothelial glycocalyx signal
weakening;*® mucin-domain
glycoprotein staining decline'®
CIGALTI downregulation;
shared downregulation of
mucin-type O-glycan
biosynthetic pathway; multiple
related enzyme expression
declines; FUTI |
downregulation' &

Total HA elevation with HAS2,
TSG-6 upregulation;
distribution involving
vasculature, neurons, and
microglia*'

HS alterations more significant
in severe CAA; endothelial
compartment HS elevation;
enhanced AP colocalization;
reversal of inner/outer polarity
distribution*?

Glycocalyx damage
accompanied by elevated
permeability, tight junction
continuity decline, shear stress
response impairment; HA/
CD44-related barrier
homeostasis

disruption' !+17:25:4346
Selective mucin-domain
disruption can rapidly induce
brain endothelial glycocalyx
degradation and BBB leakage'®
Downregulation of Clgaltl
induces albumin and IgG
extravasation increase with
tight junction continuity
impairment; restoration of
CIGALTI or B3GNT3 can
alleviate BBB leakage; B3GNT3
restoration also accompanied
by inflammation reduction and
behavioral improvement'®
Core |-derived O-glycans
deficiency causes lethal CNS
hemorrhage and
cerebrovascular network

abnormalities*’"*8

Directly supports protective
interface damage at brain
endothelial luminal
surface'®4°

Points to brain endothelial
glycocalyx not merely
“shedding” but suffering
synthesis/maintenance

program impairmentlg'40

More consistent with matrix
remodeling and inflammation-
associated changes rather
than simple luminal glycocalyx
enhancement*'

Supports glycoconjugate
alterations with
compartment specificity and
coupling to CAA-related
pathology42

Supports biological
coherence between
glycocalyx abnormalities and

BBB destabilization'""'7-2543~
46

Directly connects mucin-
domain integrity to barrier
phenotypesI8

Constitutes current most
complete “perturbation—
phenotype—rescue” chain,
supporting pathological
driver significance of mucin-
type O-glycosylation axis'®

Demonstrates fundamental

role of this pathway for

cerebrovascular integrity**®

Cannot yet confirm uniform
thinning or holistic

detachment of glycocalyx '8

Still lacks strict pairing with
same-subject structural

readouts'®*°

Cannot equate HA elevation
directly with luminal

glycocalyx enhancement®'

Cannot extrapolate that
all AD cerebrovascular
vessels exhibit identical
directional HS changes*?

Correlation and directional
consistency do not equal
upstream driver

status' 1,17,25,43—46

Single manipulation models
do not equal natural
evolution of full AD disease
course'®

Evidence primarily from
animals and mechanistic
studies; causal closure loop
not yet completed in
human AD'®

Developmental period
pathogenic mechanisms
cannot be directly equated

with aging/AD context*/ 48

(Continued)

I o https:

Drug Design, Development and Therapy 2026:20




Zhang et al

Table 3 (Continued).

Evidence Module

Study Object/Level

Key Observations

Significance for
Mechanistic Judgment

Over-Extrapolation Risks

Human imaging

evidence

Fluid biomarker

evidence

Human brain
translational bridging

evidence

DCE-MRI; high-risk
/AD spectrum

populations

CSF biomarkers

Human brain
microvascular
histology +

transcriptomics

BBB disruption visible in
cognitive decline and AD
spectrum; can appear earlier
than or independent of Ap/tau
indicators in certain high-risk
populations; APOE4 carriers
exhibit hippocampal and
medial temporal lobe BBB
damage predicting subsequent
cognitive decline®'

CSF sPDGFRp associated with
age and inflammation but
cannot stably distinguish
normal cognition, MCI,

and AD¥

CIGALTI and mucin-domain
staining decline in human AD
brain microvasculature, more
directly localizing core |
mucin-type O-glycan defects
to BBB luminal interface'®

Provides most robust human-
level support for BBB
outcome abnormalities,
indicating association with
subsequent cognitive

deterioration®'

Supports “outcomes stronger
than mechanisms” evidence

pattern in humans?374

Provides molecular
observability at human
cerebrovascular level for
“glycosylation abnormality—
BBB destabilization”” 18*

Imaging conclusions primarily
reside at BBB outcome level;
cannot directly prove
upstream glycosylation
defects®'

Cannot serve as surrogate
readout for brain endothelial

O-glycosylation decline®”

Still lacks same-subject,
longitudinal, multimodal
alignment; insufficient to
conclude that mechanistic
chain has completed causal
closure in human AD'®

Abbreviations: UEAI, Ulex europaeus agglutinin |; HAS2, hyaluronan synthase 2; TSG-6, tumor necrosis factor-stimulated gene-6; CAA, cerebral amyloid angiopathy; A,
amyloid-beta; CSF, cerebrospinal fluid.

ultrastructural thickness changes, specific glycan composition, and endothelial transcriptional programs within identical
human brain samples. Therefore, definitive judgments regarding “luminal glycocalyx thinning” remain premature at this
stage.

Concurrently, evidence for increased glycoconjugates in AD should not be directly interpreted as “luminal glycocalyx
enhancement.” Reed et al reported elevated total hyaluronic acid (HA) in brain tissue with high AD neuropathological
burden, accompanied by upregulation of hyaluronan synthase 2 (HAS2) and tumor necrosis factor-stimulated gene-6
(TSG-6); however, relevant molecules distribute across vasculature, neuronal nuclei (NeuN)-positive neurons, and
ionized calcium-binding adapter molecule 1 (Ibal)-positive microglia, suggesting these more likely reflect matrix
remodeling and inflammation-associated changes in AD brain tissue and vascular-associated microenvironments rather
than simple luminal glycocalyx enhancement.*' Similarly, McMillan et al found that cerebrovascular heparan sulfate
(HS) alterations do not demonstrate uniform enhancement in overall AD versus control comparisons, but are more
significant in AD with severe cerebral amyloid angiopathy (CAA), manifesting as endothelial compartment HS elevation,
enhanced HS-AP colocalization, and reversal of inner/outer polarity distribution (Figure 4C).** Therefore, the currently
more appropriate generalization is that AD cerebrovascular glycoconjugate alterations exhibit clear compartment
specificity, with luminal protective mucin-domain glycoprotein-associated mucin-type O-glycosylation network weak-
ening demonstrating the greatest consistency, while certain HA/HS alterations more reflect vascular-associated, vascular
wall, or CAA-related compartment remodeling.

This evidence pattern suggests that AD-associated brain endothelial glycocalyx abnormalities should be understood as
remodeling processes occurring across different vascular compartments and glycoconjugate levels rather than uniform,

unidirectional holistic detachment; conceptual schematics are illustrated in Figure 4.
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Figure 4 Compartmentalized Remodeling of the Brain Endothelial Luminal Glycocalyx. (A) Brain microvascular interface under glycocalyx homeostasis. Under normal
conditions, the brain endothelial glycocalyx covers the endothelial luminal surface, maintains endothelial homeostasis and blood-brain barrier integrity, and participates in
neurovascular unit homeostasis together with tight junctions, basement membrane, pericytes, and astrocytic end-feet. (B) Vascular wall compartment remodeling in aging or
Alzheimer’s disease. In aging and Alzheimer’s disease-associated states, luminal protective mucin-domain glycoproteins and their mucin-type O-glycosylation networks are
weakened, accompanied by C/GALT| downregulation, increased endothelial exposure, enhanced leukocyte adhesion, focal tight junction abnormalities, and increased albumin
and IgG extravasation. Red arrows indicate directions of inflammatory cell adhesion and plasma protein extravasation. (C) Vascular wall compartment remodeling in
Alzheimer’s disease with severe cerebral amyloid angiopathy. In Alzheimer’s disease with severe cerebral amyloid angiopathy, enhanced HS-AB colocalization and altered
polarity distribution are observed, suggesting further glycocalyx injury or spatial remodeling. Yellow/brown deposit-like signals indicate AB/CAA-related vascular wall
deposition; luminal cyan brush-like structures indicate the brain endothelial glycocalyx.

Notes: This schematic was hand-drawn by the authors using Adobe lllustrator; no Al image generation tools were used.

Abbreviations: AD, Alzheimer’s disease; AP, amyloid-beta; CAA, cerebral amyloid angiopathy; CIGALTI, core | Bl,3-galactosyltransferase |I; HS, heparan sulfate; IgG,
immunoglobulin G; RBC, red blood cell.

Functional and Interventional Evidence: The Mucin-Type O-Glycosylation Axis
Constitutes the Current Strongest Causal Chain

Cerebrovascular and BBB model studies demonstrate that glycocalyx abnormalities can influence BBB function through
elevated permeability, impaired shear stress responsiveness, and HA/CD44-related barrier homeostasis
disruption.'"'7->34374¢ Buyilding upon this foundation, abnormality types with relatively complete evidentiary chains
currently concentrate primarily on the brain endothelial mucin-domain glycoprotein-associated mucin-type O-
glycosylation axis. Selective mucin-domain disruption can rapidly induce brain endothelial glycocalyx degradation and
BBB leakage; brain endothelial-specific downregulation of C/galtl not only reduces luminal mucin-domain glycoprotein
markers but also induces albumin and immunoglobulin G (IgG) extravasation with impaired tight junction continuity;
conversely, restoration of C/GALTI or B3GNT3 expression in aged mice significantly alleviates BBB leakage, with
B3GNT3 restoration additionally accompanied by reduced inflammation indicators and behavioral improvements.'®
Earlier developmental studies further demonstrated that core 1-derived O-glycan deficiency causes lethal central nervous
system hemorrhage and cerebrovascular network abnormalities, indicating fundamental roles for this pathway in
cerebrovascular integrity.*’*®

Synthesizing existing evidence, brain endothelial mucin-type O-glycosylation downregulation should no longer be
viewed merely as an accompanying alteration, but more likely represents a relatively upstream component in the
currently most complete causal chain (Figure 5).'**”*® However, it must also be recognized that this judgment remains

primarily established upon animal experiments and mechanistic studies, insufficient for direct extrapolation as completed

12 https: Drug Design, Development and Therapy 2026:20



Zhang et al

Upstream glycosylation Luminal mucin-domain Interface BBB Brain consequences
program downregulation glycoprotein depletion destabilization dysfunction and rescue

Gene-program

DN

s OAlbumin < AAV-C1GALT1
/ 19G -\ ) X AAV-B3GNT3
95 \ Neuroinflammation

’1 H \H increase w——Jp-

Luminal protective

Reduced | = _
C1GALT1/B3GNT3 \— :*Io - /
expression N ©° o 02/ Restored barrier stability
mucin-type O-glycan endothelial C1galt1 Bere| e ool et Con reduced leakage
biosynthesis| Kknockdown oca_ tig t-‘]ynctlon focal leakage ) og_nltlve reduced inflammation
instability hotspots impairment improved behavior
Human brain Human BBB Missing same-subject
microvessel evidence endpoint evidence mechanistic linkage
aé ______ > U
C1GALT1 down . Glycosylation__ BBB _, Inflammation
in- i ini readout iti
mucin-domain staining BBB leakage Mg : Ieaklagel 4cogn|t|on
sPDGFRR Medial temporal Not yet linked longitudinally in the same
Neuroinflammatory association individuals

Figure 5 Causal Chain from Mucin-Type O-Glycosylation Dysregulation to BBB Dysfunction and Its Translational Gap. This figure summarizes the mechanistic chain linking
cerebral endothelial mucin-type O-glycosylation dysregulation to blood-brain barrier dysfunction, and the translational gap at the human level. Upper panel: Experimental
causal chain. Downregulation of glycosylation programs leads to luminal mucin-domain glycoprotein depletion, interface destabilization, and BBB leakage, whereas
restoration of CIGALT| or B3GNT3 expression partially reverses these abnormalities. The DNA icon is a conceptual schematic representing upstream downregulation
of glycosylation-related gene programs; downward arrows indicate reduced expression of CIGALT I/B3GNT3 and downregulation of mucin-type O-glycosylation programs.
Circular borders are used to demarcate distinct mechanistic modules or pathological stages; black arrows denote dynamic regulatory or pathological progression nodes.
Lower panel: Cerebral microvascular abnormalities and BBB endpoint evidence at the human level, highlighting the current lack of direct mechanistic evidence longitudinally
linking glycosylation abnormalities, BBB leakage, and inflammatory or cognitive phenotypes within the same subjects. Solid arrows indicate causality directly validated by
experimental evidence; dashed arrows indicate inferred or incomplete connections.

Abbreviations: BBB, blood-brain barrier; 1gG, immunoglobulin G; AAV-CIGALT I, adeno-associated viral vector expressing CIGALT|; AAV-B3GNT3, adeno-associated
viral vector expressing BIGNT3; CIGALTI, core | Bl,3-galactosyltransferase |; B3GNT3, B1,3-N-acetylglucosaminyltransferase 3; SPDGFR, stromal platelet-derived
growth factor receptor B (vascular wall marker).

causal closure in the full course of human AD.'”'® The chain of “glycosylation program downregulation—luminal
mucin-domain depletion—interface destabilization—BBB leakage—brain consequences” constitutes the currently rela-
tively complete mechanistic evidence; however, obvious gaps remain between this and human translational evidence
(Figure 5).

Translational Evidence: Human Studies Support BBB Abnormalities But Have Not Yet

Formed Complete Mechanistic Closure
At the human evidence level, the most robust support currently remains for the outcome level of BBB functional
abnormalities rather than upstream brain endothelial glycosylation mechanisms themselves. DCE-MRI and related
studies suggest that BBB disruption is visible in cognitive decline and AD spectrum populations, and can appear earlier
than or independent of typical amyloid-beta/tau indicators in certain high-risk populations.>’ This demonstrates that
blood-brain barrier destabilization represents a relatively robust observational endpoint in human AD-associated vascular
pathology, though it cannot directly prove brain endothelial glycocalyx abnormalities, particularly not definitively
establishing whether these derive from O-glycosylation defects. Fluid biomarkers also support this “outcomes stronger
than mechanisms” evidence pattern: for example, CSF sPDGFR correlates with age and inflammation-related indicators
but cannot stably distinguish normal cognition, MCI, and AD, and is insufficient as a surrogate readout for brain
endothelial O-glycosylation decline.?’

In contrast, direct human evidence pointing to cerebrovascular glycosylation abnormalities, though less abundant,
exhibits higher specificity. Histological and transcriptomic results at the brain microvascular level suggest that aging
and AD are accompanied not merely by vague vascular glycocalyx damage, but more prominently by endothelial
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glycocalyx abnormalities rich in mucin-type O-glycosylation; in human AD brain microvasculature, both C/GALT! and
mucin-domain staining exhibit decline, thereby more directly localizing core 1 mucin-type O-glycan defects to the BBB
endothelial luminal interface.'® Consistently, Yang et al’s established human cerebrovascular single-nuclear atlas reveals
systematic transcriptional remodeling in cerebrovascular and perivascular cells under AD backgrounds; previous
reanalysis upon this foundation further suggests possible overall downregulation of mucin-type O-glycan biosynthetic
pathways.'® The significance of these studies lies in their transformation of “glycosylation abnormalities” from specula-
tion to molecular observability at the human cerebrovascular level.

However, from the perspective of human translational evidence completeness, the current true boundary lies not in
whether relevant phenomena exist, but in the lack of same-subject, longitudinal, multimodal mechanistic alignment.
Currently, evidence capable of connecting BBB leakage to clinical phenotypes in vivo derives primarily from imaging
and fluid biomarkers rather than synchronous correspondence with glycosylation readout indicators. Montagne et al
discovered that APOE4 carriers exhibit BBB disruption in the hippocampus and medial temporal lobe, with baseline
BBB injury indicators predicting subsequent cognitive decline independent of amyloid-beta and tau pathology.’' Preis
et al further demonstrated in cross-sectional studies that hippocampal BBB leakage is primarily observed in AD dementia
stages rather than MCI stages, with CSF sPDGFRf increasing with age and correlating with chitinase-3-like protein 1
(YKL-40) and other neuroinflammation indicators, but not consistently with overall AD biomarker positivity status.?’

Therefore, existing human studies more strongly support biological coherence among “vascular surface glycosylation
abnormalities—BBB destabilization—inflammation/cognitive deterioration,” yet lack direct evidence longitudinally
aligning glycosylation readout indicators, BBB leakage, and inflammatory or cognitive phenotypes within identical
subjects, remaining insufficient to conclude that this mechanistic chain has completed causal closure in human AD.
Overall, brain endothelial glycocalyx abnormalities in AD better fit the characterization of interface imbalance centered
on luminal mucin-domain glycoprotein-associated mucin-type O-glycosylation axis weakening; causal evidence derives
primarily from animal and mechanistic studies, while human AD evidence currently provides primarily pathological
correlation and translational feasibility support.

Theoretical Basis and Translational Value of Brain Endothelial Glycocalyx

Repair as an Intervention Strategy in Alzheimer’s Disease

If brain endothelial glycocalyx abnormalities in Alzheimer’s disease (AD) represent not merely concomitant phenomena
but rather frontline interface abnormalities associated with BBB destabilization, neuroinflammatory amplification, and
deterioration of the brain microenvironment, then the question requiring further answer shifts from merely “is the
glycocalyx important” to “can the glycocalyx become an actionable intervention target.” Regarding existing research,
interventions targeting brain endothelial glycocalyx do not manifest as single pathways but rather divide into three main
categories: one focusing on preventing continued destabilization of the blood-facing interface, another aiming to restore
endogenous glycosylation programs and promote glycocalyx reconstruction, and a third attempting surface remodeling
through exogenous interface write-back. Concurrently, “utilizing existing BBB gaps to enhance drug delivery,” while
strategically intuitive, follows a translational logic distinct from the aforementioned repair pathways. Based upon these
distinctions, Table 4 provides parallel summarization of core positioning, primary potential benefits, and translational
judgments for different strategic pathways.

Preventing Blood-Facing Interface Destabilization: Glycocalyx Protection Should

Precede Gap Exploitation

AD brain endothelial glycocalyx should no longer be characterized as a dispensable “surface decorative layer” beyond
the BBB, but rather defined as the first interface that first withstands pathological impact and first determines endothelial
homeostasis maintenance at the blood-facing side of the BBB (Figure 6A and B). Important support for this under-
standing derives from 2025 research demonstrating abnormalities in mucin-domain glycoproteins and core 1 mucin-type
O-glycan axes in AD-associated brain endothelium and human AD brain microvasculature, with restoration of this
glycosylation program improving BBB function, alleviating neuroinflammation, and partially improving relevant
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Table 4 Translational Positioning and Application Boundaries of Brain Endothelial Glycocalyx Intervention Strategies in Alzheimer’s

Disease

Strategy Pathway

Core Positioning

Primary Potential Benefits

Translational Judgment

Blood-facing interface
homeostasis
maintenance (anti-
shedding)

Endogenous O-
glycosylation
restoration (CIGALTI/
B3GNT3 axis)
Exogenous biomimetic
glycocalyx/interface
write-back

Exploiting existing BBB
gaps to enhance
delivery

Pre-positioned interface
protection rather than gap

exploitation 18.2223,49-53

Therapeutic repair mainline
for glycocalyx

reconstruction' #2223

Engineerable interface

reconstruction®’ "¢

Pathological gap

exploit:ation20

Reduced endothelial activation,
leukocyte adhesion, capillary stall,
49-53

and BBB leakage amplification

BBB stabilization, neuroinflammation
alleviation, and partial cognitive
benefits'®

Short-time window barrier
protection, local interface shielding,
pre-operative pretreatment>’ °'

) . 20
Theoretically increased exposure

Early-to-mid stage priority strategy; should be

limited to reversible windows of brain

endothelial blood-facing side'822234%-53

Currently strongest evidence; yet requires AD-

specific model, delivery selectivity, and critical

mechanism validation'85*5¢

More suitable for tool platform positioning;

temporarily inappropriate to extrapolate as

long-term maintenance therapyzz’"w’62

Currently inappropriate as mainline
recommendation; evidence and logic weaker

than “repair-first, then exploit”?°

Abbreviations: AAV, adeno-associated virus; B3GNT3, UDP-GIcNAc:betaGal beta- |,3-N-acetylglucosaminyltransferase 3.

behavioral phenotypes, suggesting that glycocalyx abnormalities represent not merely concomitant phenomena following
BBB destruction, but constituent links in BBB destabilization chains.'® Combined with recent BBB/glycocalyx reviews,
it becomes further apparent that AD cerebrovascular pathology may not primarily manifest as terminal tight junction
loosening, but more likely first occurs as thinning, disruption, and disorder of the low-adhesion, low-inflammation, low-
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Figure 6 Pathological Destabilization of the Blood-Facing Endothelial Interface in Alzheimer’s Disease and Strategic Implications. (A) Protective blood-facing interface under
homeostasis. The glycocalyx covers the endothelial luminal surface, maintaining low adhesion, low inflammatory activation, and restricted leakage. Gray arrows indicate
blood flow direction and movement paths of cells or circulating components at the blood-facing interface. (B) Pathological interface destabilization and leakage amplification.
Ap-associated stress, inflammatory-protease axes, and VEGF-A activation can drive glycocalyx depletion, accompanied by VCAM-I/ICAM-1 upregulation, enhanced
leukocyte adhesion, and capillary stalling. Black arrows indicate causal pathological flow directions. (C) Strategic options within early-to-mid-stage reversible windows.
Intervention strategies may prioritize interface protection (anti-shedding, anti-inflammatory, anti-adhesion) to reduce sustained destabilization. Branching arrows indicate
strategic choice directions; dashed arrows indicate inferred mechanisms.

Notes: This schematic was hand-drawn by the authors using Adobe lllustrator; no Al image generation tools were used.

Abbreviations: AD, Alzheimer’s disease; AP, amyloid-beta; BBB, blood-brain barrier; ICAM-1, intercellular adhesion molecule-1; VEGF-A, vascular endothelial growth
factor A; VCAM-I, vascular cell adhesion molecule-1.
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permeability interface at the blood-facing side (Figure 6B).”*** Therefore, the primary goal of AD-associated glyco-
calyx intervention should not be “exploiting already-formed gaps,” but must be preventing continued collapse of this
initial interface.

Furthermore, in AD, glycocalyx dilution and endothelial activation are not two parallel events, but continuous links in
the same pathological circuit. Clinical studies demonstrate that cerebrospinal fluid vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) are already significantly elevated in early AD patients,
correlating with tau pathology, cortical thinning, and subsequent cognitive deterioration, indicating that cerebrovascular
endothelial activation has already entered early disease stages.*”>® At the mechanistic level, amyloid-beta 42 can directly
induce BBB endothelial VCAM-1 upregulation, promoting transition of the blood-facing surface toward more adherent
activated states.”’ At the pathological level, enhanced leukocyte-cerebrovascular interactions are visible in both AD
patients and model animals, with glycocalyx reduction likely constituting one of the interface bases enabling such
abnormal adhesion.”*”® More critically, this blood-facing activated interface represents not a static marker, but
a reversible pathological surface with clear functional consequences: in AD mice, whether relieving neutrophil adhesion
or inhibiting blood-facing vascular endothelial growth factor A (VEGF-A)-related pro-adhesion, pro-permeability
signals, both can reduce capillary stall, enhance cerebral blood flow, and improve BBB integrity within short
timeframes.”*>*> Correspondingly, elevated peripheral VCAM-1/activated leukocyte cell adhesion molecule (ALCAM)
also accompany AD cognitive decline, inflammatory burden, and brain atrophy phenotypes.’® This indicates that what
truly requires priority cessation in AD is not merely “barrier gaps” in the simple sense, but the pathological endothelial
surface that is being continuously rewritten toward high-adhesion, high-permeability, and inflammation-amplification
susceptibility at the blood-facing interface (Figure 6C). Although amyloid-beta-RAGE, DR6/Wnt imbalance, and blood-
facing VEGF-A abnormalities all suggest brain endothelial activation reversibility, existing evidence also indicates
obvious compartment and stage dependencies for relevant pathways; therefore, the anti-shedding proposition establish-
able in AD should be strictly limited within reversible windows of brain endothelial blood-facing side, disease early-to-
mid stages: priority suppression of inflammation-protease axes continuously driving shedding, blocking amplification
chains of leukocyte adhesion, microcirculatory stagnation, and BBB leakage, and preserving stable starting surfaces for
subsequent glycocalyx reconstruction. This logic can be further generalized as: within early-to-mid stage reversible
windows of AD, what truly requires priority cessation is not exploitation of existing gaps, but continued destabilization
of the blood-facing luminal interface; pathological expansion and strategic implications are illustrated in Figure 6.

Driving Glycocalyx Reconstruction Through O-Glycosylation Restoration: Brain

Functional Benefits and Translational Limitations
Alterations in brain endothelial glycocalyx represent not isolated morphological phenomena, but structural imbalances
anchorable at the molecular level. Therefore, glycocalyx reconstruction should be understood as repair of plastic
structural units at the blood-facing side of the BBB, rather than simple transposition of peripheral experiences into the
brain.”* Previous glycocalyx injury research concentrated primarily on heparan sulfate (HS)/heparan sulfate proteogly-
cans (HSPGs), syndecans, hyaluronic acid (HA)/CD44, and shedding, emphasizing inflammation, adhesion, and elevated
permeability.”***4>3 Recent key advances further localize aged brain endothelial glycocalyx abnormalities to mucin-
domain glycoproteins and their dependent core 1 mucin-type O-glycosylation axis. Aged cerebrovasculature exhibits
selective weakening of mucin-domain signals, not primarily due to universal glycoprotein scaffold loss, but more
consistent with O-glycosylation program attenuation: downregulation of mucin-type O-glycan biosynthesis-related
genes, with Galnt10, B3gnt3, Galnt2, and Clgalt] most prominent; concurrently, CIGALT1 and B3GNT3 protein levels
decline, correlating positively with mucin-domain marker intensity.'® This signifies that the focus of brain endothelial
glycocalyx reconstruction is not exogenous supplementation of specific components, but restoration of endogenous O-
glycosylation capacity supporting mucin-like interfaces.

Further causal evidence demonstrates that brain endothelial-specific downregulation of C/galt! can directly induce
albumin and IgG extravasation, indicating that core 1 O-glycosylation decline itself is sufficient to induce BBB
leakage.'® Acute cleavage of blood-facing mucin-domain glycoproteins with mucinase (StcE mucinase) similarly
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increases BBB permeability, with sustained injury even producing meningeal and intraventricular hemorrhage. This
process accompanies claudin-5 (CLDNSY) decline and oxidative stress enhancement, consistent with previous findings of
glycocalyx destruction-induced permeability increases through caveolin-1 (CAV1)-dependent transcytosis.'®** Earlier
studies also demonstrated that core 1-derived O-glycan deficiency can cause embryonic cerebral hemorrhage and
vascular structural abnormalities.*”** These results indicate that restoring brain endothelial O-glycosylation may not
merely correct molecular markers, but may directly translate into therapeutic repair effects of BBB stabilization.

Concurrently, O-glycosylation restoration currently forms relatively complete in vivo rescue evidence. In 17-month-
old mice, brain endothelial-specific overexpression of C/GALTI or B3GNT3 can enhance mucin-domain glycoprotein
markers, significantly reduce whole-brain sulfo-NHS-biotin extravasation, and bring BBB status closer to young
controls.'® Notably, B3GNTS3 effects further extend to brain functional levels: improving Y-maze spontaneous alternation
and contextual fear conditioning, suggesting spatial working memory and hippocampus-dependent learning and memory
benefits, while reducing CD68-positive microglial activation and shifting excitatory neurons, oligodendrocytes, and glial
inflammation-associated transcriptional states toward younger directions.'® This indicates that brain endothelial glyco-
calyx reconstruction is not limited to reducing vascular leakage, but can translate into brain functional improvements
through BBB stabilization, neuroinflammation mitigation, and optimization of the brain microenvironment.'®

At this stage, this pathway more closely approaches therapeutic repair rather than pathological exploitation of
damaged barriers. Compared with “enhancing delivery through glycocalyx alterations,” O-glycosylation reconstruction
merits priority advancement precisely because it already possesses continuous evidentiary chains of “targeted interven-
tion—BBB restoration—inflammation alleviation—partial cognitive improvement.”'®** However, current strongest
evidence derives primarily from aging models, with human AD evidence still dominated by post-mortem samples and
transcriptomic associations.'®* Employed adeno-associated virus (AAV) delivery systems also retain cross-species
applicability and brain endothelial specificity limitations.* > Furthermore, truly efficacy-critical substrates and down-
stream pathways remain incompletely characterized.'® Therefore, brain endothelial O-glycosylation reconstruction
satisfies proof-of-concept standards, yet three translational gaps constrain immediate clinical applicability. First, murine
cerebrovascular glycosylation programs differ quantitatively from human brain microvascular transcriptomes in baseline
enzyme expression and substrate specificity. Second, adeno-associated virus (AAV) vectors employed in preclinical
rescue studies face unresolved challenges in brain endothelial tropism, immunogenicity, and scalable manufacturing for
human CNS delivery. Third, the precise glycoprotein substrates whose O-glycan restoration is both necessary and
sufficient for BBB stabilization in human AD remain incompletely mapped. Until these gaps are closed, O-
glycosylation reconstruction should be regarded as a high-priority mechanistic target rather than an imminent clinical
intervention.

Brain Endothelial Glycocalyx Interface Engineering: From Mechanistic Inspiration to

Application Boundaries

The core of glycocalyx engineering in AD lies not in vague “thickening” or “preserving remaining glycocalyx,” but in
treating brain endothelial glycocalyx as a programmable molecular interface at the blood-facing side of the BBB,
rewriting specific glycosylation modules to reshape its functions governing adhesion restriction, mechanosensation,
and inflammatory regulation.'®**>* Molecular modules associated with mucin-type O-glycosylation can be viewed as
“programmable units” not merely because they are passively damaged during disease progression, but because their
upstream expression can be directionally manipulated while their downstream effects can link to barrier stability and
inflammatory status—such glycosylation units are simultaneously interface structural components and intervention nodes
determining interface functional outputs.'® Therefore, glycocalyx engineering significance in AD extends beyond merely
“preserving remaining glycocalyx” to reshaping functional rules of the BBB blood-facing interface through rewriting
specific glycosylation modules. However, existing evidence simultaneously indicates that engineering priorities do not
involve abstract “glycocalyx thickening.” Although both C/GALT! and B3GNT3 can improve BBB integrity, cognitive
behavior and neuroglial inflammatory program improvements concentrate more prominently in the B3GNT3 axis,
indicating that critical determinants of therapeutic effects may be which glycan classes are restored, assembled onto
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which mucin-domain carrier classes, and how these structures participate in adhesion restriction, shear stress sensing,
inflammatory regulation, and barrier homeostasis coupling.'® Glycocalyx functions should not be simplified as singular
physical permeability barriers, but understood as composite interfaces integrating mechanosensation, leukocyte adhesion,
endothelial activation thresholds, and local inflammatory amplification/attenuation.?*->2

If brain endothelial glycocalyx is regarded as a remodelable BBB blood-facing interface, then one of the most direct
intervention pathways involves “writing back” exogenous biomimetic interfaces onto cell surfaces. Distinct from
prioritizing endogenous glycan synthesis restoration, this strategy attempts to reconstruct interface spatial exclusion,
surface electronegativity, and molecular crowding through glycopolymer shielding, synthetic mucin display, or glycosa-
minoglycan (GAG) mimetic coating. Relevant methods have been incorporated into broader glycoengineering frame-
works, including metabolic glycoengineering, bioorthogonal functionalization, synthetic glycopolymers, mucin-mimetic
materials, and enzymatic glycan editing.”>>* However, in AD and BBB research, such exogenous “physical layer
reconstruction” should currently be characterized as mechanistic inspiration and technical reserve rather than mature
therapeutic pathways.?>?*>* The most compelling proof-of-concept for this direction derives from transplantation fields
rather than BBB research. Siren et al reported that immunosuppressive glycopolymers can be enzymatically connected
in situ to vascular graft endothelial surfaces under cold ischemia conditions, thereby protecting glycocalyx and alleviating
acute and chronic rejection in the absence of systemic immunosuppression.>’ Notably, this surface engineering not only
improved endothelial morphology but altered functional outcomes, including reduced ischemia-reperfusion injury,
decreased immune cell adhesion and immune-mediated cytotoxicity, and ultimately improved graft fate.”’ Its significance
for the BBB field lies in first explicitly demonstrating that endothelial glycocalyx itself can serve as an engineerable
therapeutic target surface, with in situ re-coating capable of reshaping inflammation and injury processes.’’
Correspondingly, synthetic mucin research further provides platform-level support. Wardzala et al demonstrated that
synthetic mucins with cholesterol amide anchor terminals can effectively insert into diverse cell membranes, enabling
quantitative assessment of surface density, residence time, half-life, and cellular tolerance.’® These artificial mucins
maintain detectable signals on cell surfaces for several days, with half-lives of approximately 20—62 hours, without
significant cytotoxicity.”® Although such results cannot be directly extrapolated to BBB therapeutics, they at least
demonstrate that key physical properties of glycocalyx including spatial volume, molecular crowding, and surface
exclusion can be directly conferred onto cell surfaces through exogenous materials.”® In other words, glycocalyx
represents not merely an endogenously synthesized product, but an engineerable interface structure.

However, boundaries for this strategy within the BBB are equally clear. First, whether exogenous biomimetic layers
can stably reside in brain microvascular high-shear, continuous perfusion environments remains without direct evidence.
Second, BBB glycocalyx exhibits significant organ specificity, while its precise composition and microdomain distribu-
tion remain incompletely characterized; with native templates yet unclear, any biomimetic write-back can only approx-
imate reconstruction rather than precise replication. Third, glycocalyx is not merely a protective layer—it simultaneously
determines membrane receptor exposure states. Studies have indicated that cell surface glycocalyx can significantly
influence drug delivery system accessibility to membrane receptors.’® Therefore, glycocalyx reconstruction may on one
hand enhance BBB stability and suppress endothelial activation, while on the other hand may weaken receptor-mediated
transport or targeted nanocarrier binding due to spatial occlusion.®” In the BBB, this more closely resembles interface
functional reallocation rather than unidirectional gain. Accordingly, exogenous biomimetic glycocalyx in AD is more
appropriately positioned as mechanism and tool platform rather than long-term chronic disease treatment. Its practical
value primarily lies in demonstrating that brain endothelial surfaces can be re-coated, re-shielded, and re-orchestrated,
providing methodological foundations for more refined local interface editing, such as short-time window barrier
protection, acute or peri-operative BBB stabilization, and blood-facing pretreatment before local delivery.*>%=% In
contrast, direct extrapolation as long-term maintenance therapy remains obviously limited by residence time, repeated
dosing, receptor occlusion, material immunocompatibility, and chronic safety factors.>>-60-62 Therefore, at least at current
stages, exogenous biomimetic glycocalyx will more likely first serve short-time window interface protection and local
intervention rather than long-term maintenance therapy for AD.

Synthesizing existing evidence, brain endothelial glycocalyx in AD is more appropriately positioned as a pathogenic
interface for priority repair. Centered on mucin-domain glycoproteins and core 1 mucin-type O-glycosylation axis,
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preliminary continuous evidentiary chains have formed from structural imbalance, BBB destabilization, to in vivo rescue
and partial brain functional improvement. In comparison, exploiting existing interface gaps to enhance delivery or long-
term exogenous biomimetic coating implementation currently remain primarily at stages of mechanistic rationality but

translational pending verification.

Remodeling of BBB Delivery Rules by Brain Endothelial Glycocalyx

Alterations in AD
Changing the Starting Boundary: How Glycocalyx Redefines BBB Luminal Contact

Conditions

In AD-associated BBB research, brain endothelial glycocalyx alterations may be misread as “the vasculature is leakier,
therefore more favorable for drug delivery.” However, from a delivery perspective, consequences of brain endothelial
glycocalyx abnormalities in AD may not be a simply “leakier” BBB, but rather a systematic rewriting of the entire
delivery logic from luminal contact, target recognition, trans-endothelial pathways, to brain distribution allocation.
Specifically, glycocalyx remodeling may first influence initial contact conditions between blood-facing cargo and
endothelial membranes rather than directly altering terminal flux; subsequently, it may further influence receptor
recognition, trans-endothelial route selection, brain distribution, and corresponding toxicity costs.** Therefore, the
significance of glycocalyx abnormalities in AD may be inappropriately simplified as “more entry,” but should be
understood as front-positioned alterations in BBB recognition and shunting rules for therapeutic inputs (Figure 7).
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Figure 7 Hypothetical Model of How Brain Endothelial Glycocalyx Remodeling Rewires the BBB Blood-Facing Delivery Interface. This hypothetical working model
illustrates how brain endothelial glycocalyx abnormalities alter the blood-brain barrier blood-facing delivery interface and influence the trans-barrier behavior of delivery
particles. Glycocalyx thinning, fracture, shedding, and mucin-type O-glycosylation changes may expose abnormal endothelial surfaces and alter particle interactions with the
blood-facing interface. These changes may lead to increased near-wall probability, prolonged adhesion, altered surface Corona language, failed receptor recognition,
erroneous directionality, increased nonspecific uptake, and enhanced endothelial intracellular retention. Subsequent outcomes may include lysosomal degradation, vascular
wall accumulation, decreased blood-brain barrier delivery efficiency, and reduced deep brain parenchymal penetration. Conversely, under conditions of relatively normal
interface recognition and transport pathways, delivery particles can cross the vascular wall in the correct direction and enter the brain parenchyma. Black arrows indicate
movement directions or potential transport pathways of delivery particles; arrows pointing into endothelial cells indicate particle uptake or endothelial retention; arrows
pointing to lysosome-like structures indicate possible degradation pathways; arrows crossing the vascular wall toward the brain parenchyma side indicate relatively effective
blood-brain barrier delivery; arrows within or around the vascular wall indicate possible vascular wall accumulation or off-target deviation. Red asterisks indicate lysosomal
degradation or ineffective delivery outcomes. Particles, cells, and glycocalyx structures are schematic and not to scale.

Notes: This schematic was hand-drawn by the authors using Adobe lllustrator; no Al image generation tools were used.

Abbreviation: BBB, blood-brain barrier.
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For any antibody, protein therapeutic, or nanocarrier, BBB delivery first confronts not a bare endothelial membrane,
but the near-wall luminal environment defined by the glycocalyx. Existing studies indicate that brain endothelial
glycocalyx resides at the foremost frontier between blood and cerebrovascular vessels, participating in blood-facing
processes including signal transduction, adhesion, transport, and membrane morphology.'® This suggests that therapeutic
inputs must first experience near-wall contact, local residence, and spatial sieving established by the glycocalyx before
effective interaction with membrane receptors can occur. This point carries particular importance for drug delivery.
Imaging and diffusion studies suggest that the glycocalyx itself serves as a macromolecular pre-sieving layer at the BBB
luminal surface, with differential accessibility for different-sized molecules into its effective volume.'® Simultaneously,
restrictive properties of healthy BBB manifest not merely as tight junction closure, but include exceptionally low levels
of nonspecific fluid-phase/vesicular transcytosis.®*

Therefore, when glycocalyx thinning, continuity impairment, or mucin-type O-glycosylation abnormalities occur
in AD, what may be rewritten first are “near-wall probabilities” for cargo reaching membrane surfaces, effective collision
frequencies with receptors, and background conditions for shunting toward nonspecific channels, without necessarily
waiting for obvious tight junction destruction to manifest delivery differences.'® Glycocalyx abnormalities bring not
a simply “more open” BBB, but a BBB with adjusted luminal contact rules. For certain cargo, such changes may increase
membrane surface exposure and initial adhesion opportunities; for others, they may increase nonspecific adsorption,
abnormal retention, erroneous shunting, or vascular wall deposition risks. Therefore, discussing BBB delivery boundaries
in AD contexts, evaluation priorities should appropriately balance “whether brain entry is easier” with “how cargo first
approaches endothelium, in what manner it is recognized, and at what cost it traverses this starting interface” (Figure 7).

Overall, AD-associated brain endothelial glycocalyx remodeling alters not single permeability indicators, but the
entire delivery rule system from starting contact, trans-endothelial route selection, to brain distribution allocation. For
comparison convenience, these adjusted levels and their impacts on delivery design and evaluation are summarized in
Table 5.

Remodeling of the Luminal Recognition Interface: Coupled Changes in Target

Accessibility, Recognition Efficiency, and Transport Outcomes
Active targeting across the BBB rests on three assumptions. First, target molecules must remain accessible on the
vascular luminal surface. Second, exogenous ligands must bind these targets stably despite systemic circulation

Table 5 How Brain Endothelial Glycocalyx Remodeling in AD Rewrites BBB Delivery Rules

Interface
Dimension

Healthy BBB State

Early AD State (MCI,
APOE4 carriers)

Advanced AD State
(CAA, ARIA risk)

Implication for Delivery
Design

Luminal contact

Route selection

Brain
distribution
Luminal

recognition

Physicochemical

ranking

Dense mucin-domain barrier;

high negative charge'®'82*

RMT-dominant; low caveolar

64
flux

Parenchymal penetration
favored® 73

Target accessibility,
recognizability, and
transportability
coordinated'%?+7+77
Size, charge, ligand, and
corona empirical rules

relatively stable'®**

Mucin-domain thinning; charge

redistribution'®

Shift toward caveolar/

nonselective uptake'#¢*¢8

Mixed parenchymal/PVS
partitioning(’g’73
Receptor occupancy,

glycosylation, and inflammation

perturb accessibility?*¢¢74~77

Pathological glycocalyx rewrites

parameter priorities'o"g‘24

Fragmented glycocalyx;
exposed basement
membrane'®'#2*
Further loss of
selectivity; vascular
retention®*%®
Perivascular/CSF bias;
ARIA risk zones*>”
“High expression” does
not equal “available

tar,getn66.74—77

Old heuristics may fail

or even reverse'o' 18.24

Repair-first to restore

physiological contact

r_uIeSIO,I8.24.64

Engineer productive

pathways rather than exploit

64-68
leaks

Stratify by CAA/microbleed

status before dosing®®™"?

Shift from single-receptor to
interface-level

assessment>+¢67477

Optimize holistic interface

behavior rather than single

10,18,24
param eters

Abbreviations: MCI, mild cognitive impairment; APOE4, apolipoprotein E £4; ARIA, amyloid-related imaging abnormalities; RMT, receptor-mediated transcytosis; PVS,

perivascular space.
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complexity. Third, binding must trigger productive endocytosis or transcytosis rather than surface trapping or lysosomal
degradation. However, this assumption does not necessarily hold in AD contexts. Whether active delivery can be
achieved may depend upon at least three prerequisites: first, targets must be continuously exposed on the vascular
luminal side, maintaining accessibility for circulating delivery systems; second, exogenous antibodies or ligands must
maintain sufficient recognition efficiency and binding capacity in complex physiological environments; third, target-
binding-formed complexes must enter effective trans-endothelial transport programs rather than remaining on cell
surfaces, stagnating in endosomal systems, or diverting into lysosomal degradation pathways. Existing studies have
indicated that BBB physiological barrier properties and disease-associated alterations can significantly influence precise
delivery of therapeutics following systemic administration.”* Therefore, when evaluating whether a BBB target possesses
delivery value in AD, judgments should not be based solely upon expression levels, but rather upon whether it remains in
a functional state that is accessible, recognizable, and transportable for blood-facing delivery systems. BBB target
“availability” represents not merely an expression issue, but an interface issue with obvious state dependence.

As the first interface between blood and cerebrovascular vessels, brain endothelial glycocalyx is encountered before
receptors. Previous studies suggest that brain endothelial glycocalyx and its negative surface charge constitute important
BBB defense system components, capable of influencing interactions between macromolecules, nanoparticles, and drugs
with endothelial surfaces.'®** When AD-associated glycocalyx remodeling occurs, what is altered is not merely “whether
pathways exist,” but “what is first encountered,” “at what distance and angle contact occurs,” and “whether charge and
hydration layers cause repulsion or capture.” Receptor exposure is not a static fact nakedly exposed to blood flow, but
a result continuously defined and sieved by the glycocalyx. Therefore, glycocalyx and receptor extracellular domains
should not be viewed in isolation. The glycocalyx determines “what is first encountered”; receptor extracellular domains
determine “whether recognition occurs after contact.” But these two steps are not independent. Drugs truly face not an
isolated naked receptor, but a continuous interface jointly constituted by glycocalyx thickness and composition, receptor
extracellular domain integrity, glycosylation status, inflammatory environment, and endogenous ligand competition.
Notably, the glycocalyx may physically shield or modulate the accessibility of luminal receptors such as LRP1. By
governing the near-wall molecular crowding and charge environment, an intact glycocalyx can limit or direct ligand
access to the LRP1 ectodomain; conversely, glycocalyx shedding or thinning may expose cryptic epitopes or accelerate
ectodomain shedding, thereby altering the balance between productive transcytosis and decoy receptor competition.
Finally, this review does not systematically address.

BBB targeting confronts not merely a specific receptor, but a “luminal recognition interface.” Failure of traditional
BBB targeting strategies often does not mean receptors have completely disappeared, but more commonly indicates
luminal recognition interface remodeling. Taking transferrin receptor (TfR) as an example: circulating transferrin can
continuously occupy receptors, influencing effective binding of exogenous ligands or antibodies; simultaneously,
different epitopes and affinities alter intracellular sorting, causing decreased transcytosis efficiency.”> Furthermore, low-
density lipoprotein receptor-related protein 1 (LRP1) and other receptors, following ectodomain shedding, can generate
soluble fragments acting as “decoy receptors” competitively binding ligands, reducing membrane surface available target
density while weakening transport function.®®’® Under inflammatory or disease states, glycocalyx shedding, glycosyla-
tion abnormalities, and epitope conformational changes further perturb initial contact and subsequent recognition, even
causing “false targets” or functional target loss.>>’” This explains why some traditional targeting strategies fail—not
because receptors have completely vanished, but because the external “recognition environment” has changed. Therefore,
BBB drug design must expand from “single receptor nomenclature” to holistic assessment of luminal recognition
interfaces.

How Glycocalyx Damage Reorganizes Trans-Endothelial Pathways

A key consequence of AD-associated glycocalyx abnormalities is not that all cargo more easily traverses the BBB, but
that endothelial route choice for different cargoes is rewritten: originally highly selective, controlled trans-endothelial
transport weakens, while low-selectivity uptake, erroneous endocytosis, and abnormal shunting proportionally rise.®*
Consistently, brain endothelial proteomics research demonstrates that vesicle-mediated transport globally declines during
aging, accompanied by systematic imbalances across multiple vesicular pathways including endocytosis, receptor
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recycling, macropinocytosis, and lysosomal degradation.®® Human brain single-nuclear transcriptomics and NVU studies
also suggest that AD vascular pathology involves not merely barrier homeostasis impairment, but concurrent rearrange-
ment of endothelial transport, pericyte support, angiogenic responses, and gliovascular signaling.”®>*3® Therefore, AD-
associated BBB abnormalities are more appropriately understood as “transport pathway disorder” rather than a natural
delivery window arbitrarily exploitable by any cargo.?®-**-6:64-63

This point is particularly clear in LRP1-related research. Lee et al demonstrated that brain endothelial ANKS1A
(ankyrin repeat and SAM domain-containing protein 1A) deficiency reduces cell surface LRP1, impairs amyloid-beta
clearance across the BBB, and exacerbates amyloid-beta pathology and cognitive impairment in AD mice.®® Conversely,
Chen et al, utilizing LRP1-targeting polymersomes with different multivalencies, discovered that cargo size and multi-
valency can determine sorting fate even when targeting identical receptors; by biasing LRP1 pathways toward productive
transcytosis, researchers enhanced amyloid-beta efflux and improved cognitive performance.®’ This suggests that what is
truly damaged in AD is not merely “barrier tightness,” but whether cargo can be directed into correct, transport-task-
completing pathways. Similarly, Moyer et al further demonstrated that alkaline phosphatase (ALPL) can serve as
a cerebrovascular receptor for engineered AAV vectors crossing the BBB.®® Therefore, the same BBB may exhibit
certain endogenous clearance route impairments under pathological states, yet provide new route handles for specific
cargoes in engineering designs; keys determining delivery success lie not in whether the BBB is “leakier,” but which
pathway cargo is directed toward, where it ultimately arrives, and whether that pathway remains productive.®’-%®

Therefore, AD-associated glycocalyx damage functions more as a “pathway reorganizer” than a simple “permeability
amplifier.” Its results are not uniform increases for all inputs, but gradual attenuation of high-fidelity receptor-dependent
transport and amyloid-beta clearance networks, with rising proportions of low-selectivity uptake, erroneous endocytosis,
and abnormal shunting, subsequently amplified by endothelial activation and NVU abnormalities. From a drug design
perspective, this implies that delivery strategies should not default to “entering through leaks,” but rather focus on how to
restore or reconstruct productive pathways, or engineer cargoes according to existing pathway logic.'®*”%® However, it
must be cautiously noted that current research still lacks studies directly completing closed-loop verification of
“glycocalyx damage—decreased RMT/increased pathological caveolar flux—specific cargo flux rewriting” within
standardized AD systems using identical cargoes. Yet pathway selection changes are not endpoints. Different pathways
possess therapeutic implications not merely because they determine whether crossing occurs, but because they further
shape cargo deposition locations within the brain.

Brain Distribution Reallocation: How Glycocalyx Remodeling Influences Parenchymal

versus Vascular-Associated Exposure

In BBB delivery research, crossing the endothelium is not an endpoint but a starting point for drug redistribution within
the brain. For macromolecular therapeutics, “brain entry” involves two distinct processes: completing trans-endothelial
transport, and determining final localization after crossing. The critical question is not whether drugs entered the brain,
but where they ultimately deposit—vascular walls, perivascular spaces (PVS), cerebrospinal fluid (CSF)-related regions,
or deeper brain parenchyma approaching pathological targets. For Alzheimer’s disease (AD), this distinction carries
particular importance, because elevated total brain exposure does not necessarily equate to elevated effective parench-
ymal exposure; conversely, it may imply increased vascular-associated or perivascular exposure, which more directly
associates with cerebral amyloid angiopathy (CAA), vascular inflammation, and amyloid-related imaging abnormalities
(ARIA). Therefore, in AD BBB delivery evaluation, spatial distribution often carries greater explanatory power than
simple total brain entry quantity.®® "

This conceptual shift—from “how much entered” to “where it settled after entering”—has received direct support
from recent BBB shuttle protein research. Pizzo et al’s 2025 Science study demonstrated that transferrin receptor (TfR)-
mediated anti-amyloid-beta constructs not only increased brain antibody levels approximately 5-8-fold, but more
critically, shifted brain distribution from peri-arterial/vascular-associated enrichment characteristic of traditional anti-
amyloid-beta antibodies toward broader parenchymal distribution, accompanied by marked reductions in vascular

69

inflammation and ARIA-like pathology.” A concurrent Science review further noted that safety improvements likely
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derived not merely from “reduced effective dosimetric burden,” but rather from altered brain entry pathways reducing
spatial encounters between antibodies and vascular wall amyloid-beta/CAA while increasing contact with parenchymal
targets.”” Khoury et al’s study provided powerful comparison: even under matched total brain exposure conditions, BBB
transport vehicles demonstrated higher parenchymal distribution, while non-BBB-targeted IgG primarily localized to
meninges, choroid plexus, and perivascular/CSF-related regions, barely entering deep parenchymal cells.”' Similarly,
TfR1 shuttle fused with Aducanumab not only enhanced brain delivery but improved distribution uniformity and reduced
peri-arterial bias, suggesting that altering entry mechanisms carries greater importance than simply increasing dosage.””
Wells et al further demonstrated that receptor types and affinities simultaneously influence brain concentration, exposure
kinetics, cellular association, and intracellular processing, indicating that BBB entry functions not as a simple “open or
closed” gate, but rather as an active program shaping brain distribution trajectories.”

Within this context, the importance of brain endothelial glycocalyx becomes pronounced—not merely as a BBB
structural component, but as a functional regulatory unit. Recent studies demonstrate that AD-associated pathological
backgrounds induce significant glycocalyx dysregulation, thereby influencing BBB function and neuroinflammatory
processes.'® Earlier ultrastructural studies also indicated relatively prominent glycocalyx structures on brain capillary
endothelium, suggesting a special interface with charge-sieving and spatial organization functions on the BBB blood-
facing surface.” Furthermore, accumulating research suggests glycocalyx functions not merely as a “mucus layer”
passively coating endothelial surfaces, but as an active structural factor regulating how circulating drug carriers approach
endothelial receptors and enter endocytic/transcytotic pathways.”® Therefore, in AD, if brain endothelial glycocalyx
undergoes remodeling, its most likely consequence is not simply uniform elevation or reduction in total brain entry, but
first rewriting the “distribution allocation rules” for drugs after brain entry.

Mechanistically, glycocalyx alterations can likely rewrite at least four categories of brain “distribution allocation
rules.”

First, it may alter the balance between blood-facing surface residence and effective transcytosis. Glycocalyx directly
participates in initial contact, charge sieving, and nanoscale receptor accessibility regulation for drugs at the blood-facing
side. Therefore, when glycocalyx thinning or negative charge barrier weakening occurs, drug residence time on
endothelial luminal surfaces and nonproductive adhesion may both increase, causing more exposure to remain on
vascular walls or endothelial surfaces rather than effective transport into brain parenchyma.

Second, it may alter route selection between capillary-brain parenchyma pathways and plasma-CSF/perivascular
pathways. Existing BBB shuttle protein research clearly demonstrates that different brain entry pathways correspond to
distinctly different spatial outcomes: nontargeted antibodies more easily distribute to brain surfaces, CSF, or perivascular
regions, while optimized BBB carriers more favor parenchymal delivery.®®”"* If glycocalyx remodeling alters receptor
accessibility, endocytic preferences, or surface microenvironments, the same cargo may be redirected from originally
capillary-dominated parenchymal delivery pathways toward more CSF- or perivascular-biased pathways.

Third, it may alter regional distribution preferences, particularly the balance between peri-arterial/vascular-associated
enrichment and more uniform brain parenchymal distribution. This carries particular importance in AD because vascular
wall amyloid-beta and CAA themselves constitute high-risk “anatomical traps” for anti-amyloid-beta drugs. If glycoca-
lyx abnormalities cause drugs to more easily deposit on vascular walls or peri-arterial regions, then even without
significant total brain exposure changes, vascular inflammation, microhemorrhage tendencies, and ARIA risks may be
amplified; conversely, if drug distribution becomes more uniform with greater deposition in brain parenchyma, target
utilization efficiency may improve and safety windows may narrow.

Fourth, it may also influence post-entry fates, including intracellular transport, catabolism, residence time, and cell
homing. Studies have demonstrated that different receptor platforms and affinity combinations alter whether drugs
exhibit “rapid entry but faster decomposition” or “slower entry but more persistent brain residence.””* Upon this
foundation, if glycocalyx further alters receptor presentation modes, membrane surface organization states, or post-
endocytic sorting processes, it will likely continue influencing whether drugs remain at vascular interfaces, stagnate in
PVS, or ultimately enter deeper brain parenchyma approaching true cellular and pathological targets.

From a translational research perspective, these “distribution allocation rules” collectively point to a core judgment:
in AD therapeutics, what is truly critical is not abstract “brain exposure,” but the ratio between brain parenchymal
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exposure and vascular wall/PVS exposure. Amyloid-beta exists both in brain parenchymal plaques and deposited on
cerebrovascular walls forming CAA, while ARIA risk is highly associated with vascular fragility, inflammatory
activation, and spatial contact with CAA. Therefore, even if a drug “enters the brain,” if it is primarily directed toward
vascular-associated or peri-arterial regions, therapeutic efficacy may remain limited or even toxicity may rise; conversely,
even if total brain entry increase magnitudes are modest, as long as distribution is redirected toward brain parenchyma
and away from vascular walls, more efficient target engagement and improved safety may result.>’* This also suggests
that future AD BBB delivery evaluation should no longer remain at single brain uptake indicators, but should shift
toward distribution frameworks simultaneously examining parenchymal delivery, vascular/PVS burden, and correspond-
ing inflammation or hemorrhage-associated readouts. Table 6 further summarizes upstream determinants of “distribution
allocation.” Overall, the key lies not merely in different transport pathways corresponding to different intracellular
destinations, but in whether cargo can be effectively contacted, specifically recognized, and entered into productive
transcytosis programs on the blood-facing side. Therefore, if brain spatial distribution differences are further traced
upstream, their root still points toward alterations in luminal recognition interfaces. Based upon this, “increased total
brain entry” cannot substitute for judgments regarding parenchymal exposure and vascular-associated burden.

Physicochemical Parameter Re-Ranking Under Pathological Glycocalyx: Size, Charge,

Ligands, and Protein Corona

The brain endothelial glycocalyx contains glycosaminoglycans (GAGs), proteoglycans, sialylated glycans, and their
hydration layers. It is electronegative and spatially sieving. Consequently, cargo properties—hydrated particle size,
surface charge, and ligand presentation—are re-stratified at the luminal surface before the cargo reaches membrane
receptors.'%** If glycocalyx thickness, negative charge density, and mucin-type O-glycosylation undergo rearrangement
in AD, many empirical rules summarized on healthy BBB may fail—not merely “efficiency reduction.”'%'%**
Regarding size, in vivo two-photon imaging suggests that glycocalyx itself serves as a pre-positioned sieving layer at

the blood-facing side, with small molecules more easily entering while larger molecules are more restricted.'’ This

Table 6 Representative Studies Supporting “Pathway Reorganization and Spatial Redistribution” Rather Than “Simple Leakage
Increase”

Experimental
Model and
Delivery System

Entry Receptor/
Transport Vehicle

Key Variables

Primary Results

AD Delivery Significance

ANKS | A-deficient
brain
endothelium®®
LRPI-targeting
polymersomes®’

Engineered AAV®®

TfR-mediated anti-
amyloid-beta
shuttle®®7°

BBB transport
vehicle vs non-
targeted 1gG”"
TfRI shuttle-
Aducanumab
fusion construct’?
Different receptor/
affinity platforms”>

LRPI

LRPI

ALPL

TR

BBB shuttle

TRI

Multiple BBB
receptors

Cell surface
receptor
availability

Size, multivalency

Cerebrovascular
receptor
utilization

Entry mechanism

Whether
possessing BBB
transport vehicle
Shuttle fusion
design

Receptor types,
affinities

Decreased LRPI surface levels; impaired amyloid-beta
clearance; exacerbated pathology®®

Trafficking fate can be rewritten under identical receptor;
enhanced amyloid-beta efflux®’

ALPL can serve as BBB-crossing receptor®®

Increased brain antibody levels; distribution shifted from
perivascular bias to broader parenchymal distribution;
decreased ARIA-like risk®®”°

Under similar total brain exposure, former more
parenchymal-biased; latter more meningeal/choroid plexus/
PVS/CSF region-biased”'

Enhanced delivery; more uniform distribution; reduced peri-
arterial bias”>

Brain concentration, exposure kinetics, cellular association,
. . ) 7
and intracellular processing change simultaneously 3

The issue is not merely barrier
tightness, but impaired productive
clearance routes®®

Same target does not necessarily
lead to identical transport
outcomes®’

Even in pathological BBB, new
engineerable entry points may
exist®®

Changing entry mechanisms can
simultaneously rewrite efficacy and
safety®®7°

“Entered the brain” does not equal
“entered the parenchyma”’'

Improving dosage is less important
than reshaping entry mechanisms’>

BBB entry actively shapes brain
fate, not merely determining
whether entry occurs’?

Abbreviations: ANKSIA, ankyrin repeat and SAM domain-containing protein |A; LRPI, low-density lipoprotein receptor-related protein |; TfR, transferrin receptor;
ALPL, alkaline phos phatase, liver/bone/kidney.
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implies that what determines whether nanocarriers have opportunities to approach membrane surfaces involves not
merely nominal particle size, but also hydrated size, outer layer flexibility, and early adsorption layers.

Regarding charge, classical BBB delivery often posits that positively charged systems more easily engage in
adsorptive interactions with endothelium, but this heuristic assumes stable glycocalyx electronegativity; glycocalyx is
precisely an important source of BBB negative surface charge, so when sialic acid or heparan sulfate (HS) and other
anionic glycans change, nanosystems face no longer the same “electric field.”** Existing evidence also suggests charge
effects are not linear. In vitro endothelial studies demonstrate that mature glycocalyx can reduce cytotoxicity of certain
cationic nanosystems, while some anionic systems display more obvious interactions only after glycan degradation.”®
Brain endothelial-related research also indicates that removing surface sialic acid can alter cellular uptake of mildly
negatively charged nanosystems.?* Therefore, “cations are more easily taken up” or “anions are safer” are not universal
propositions; their validity depends upon glycocalyx maturity and composition.

Ligand modifications are similarly not exemption certificates. Porous silicon nanoparticle studies demonstrate that
BBB crossing efficiency does not increase unidirectionally with ligand density, but is optimal under smaller particle sizes
and moderate ligand density; excessive ligand density may instead limit crossing.”’ The cARLA human BBB model
demonstrates that BBB closer to in vivo phenotypes simultaneously possess higher glycocalyx density, stronger efflux
activity, and lower endocytosis levels, therefore providing more reliable predictions for brain penetration of drugs and
targeted nanoparticles.®® This implies that in models with more mature or in vivo-like glycocalyx states, many “high
uptake” designs do not necessarily correspond to truly effective trans-BBB delivery.

Protein coronas are also not static backgrounds. ACS Nano research has demonstrated that nanoparticles undergo
significant corona remodeling during BBB crossing, with blood-facing initial coronas not directly predictive of brain-side
fates.®! If glycocalyx is further incorporated, issues become more complex: glycocalyx influences not merely particle
near-wall residence and contact geometry, but may also alter corona exchange, adsorption, and desorption temporal
sequences.'“?*®! Against this background, traditional design variables including size, charge, ligand density, protein
corona, and intracellular fate should no longer be treated as independent parameters, but understood as a set of coupled
factors re-ranked on pathological glycocalyx interfaces. Corresponding potential failure points and recommended
evaluation readouts are summarized in Table 7. This signifies that AD-associated glycocalyx abnormalities alter not
isolated steps, but the entire delivery logic chain from first contact to brain landing. Therefore, future BBB delivery
design under AD conditions should not target exploiting “more leaky” barriers as objectives, but should focus on parsing
and reconstructing recognition logic and transport programs of luminal interfaces following pathological glycocalyx
remodeling.

The foregoing analysis indicates that AD-associated glycocalyx remodeling does not create a uniform delivery
window, but instead differentially rewrites the feasibility, distribution, and risk profiles of distinct BBB-crossing
strategies. Table 8 provides a comparative summary of representative delivery modalities under glycocalyx-remodeled
conditions, integrating their core mechanisms, required BBB states, brain distribution patterns, ARIA/vascular risk
implications, and current translational stages. This comparison underscores why a one-size-fits-all exploitation of
“leaky” barriers is untenable, and sets the stage for the risk-stratified, sequencing-based framework discussed in the
following section.

Interface State Interpretation, Risk Stratification, and Translational
Thresholds: Conversion Boundaries of Brain Endothelial Glycocalyx
Abnormalities in AD

No Unified “Glycocalyx Delivery Window” Exists in Alzheimer’s Disease

Understanding damaged glycocalyx in AD as a unified, statically existing, brain-wide delivery window does not conform
to existing evidence. This is because glycocalyx does not function in isolation, but is embedded within a dynamic
interface shaped by endothelial subtypes, local fluid mechanics, brain region differences, disease stage, and neurovascular
unit status. First, AD cerebrovascular endothelial cells themselves exhibit significant heterogeneity. Single-nuclear
transcriptomics and multi-brain region vascular atlas studies demonstrate that endothelium, pericytes, and other vascular-
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Table 7 Design Variable Re-Ranking for BBB Targeting and Nanodelivery Under Pathological Glycocalyx Backgrounds

Surface charge

Ligand
density/
valency
Receptor

accessibility

Protein
corona
Intracellular
fate

Spatial
biodistribution

Safety linkage

endothelium

Cations more easily
adsorb, anions relatively
milder

More ligands, stronger
targeting

High receptor expression

qualifies as target

Initial corona can predict
subsequent fate
Increased uptake often

viewed as positive signal

Brain uptake commonly
serves as primary
endpoint

Delivery enhancement
often viewed as net

benefit

Design Common Empirical Potential Failure Points Under Pathological Recommended Readouts
Variable Rules Under Healthy Glycocalyx Backgrounds

BBB
Size/hydrated Smaller particle size more | What is truly “interpreted” is hydrated size, flexible | Glycocalyx penetration; near-wall
size easily approaches outer layer, and early adsorption layers'®>* residence'®**

Electric field rearranges with glycocalyx anionic
component changes; toxicity/uptake relationships
may reverse?*7®

Excessive density may reduce productive transport,

: . s 67,79
increase surface retention or erroneous shuntlng

Occupancy, shedding, glycosylation, and inflammation
can convert “high expression” to “low
availability”¢¢7477

Coronas can be dynamically remodeled before/after
BBB, altering routes and destinations®'

High uptake does not necessarily equal high
transcytosis; may divert into endosomes/
lysosomes®*73

Total brain entry and parenchymal exposure can

decouple(’g’73

Vascular wall/peri-arterial enrichment can amplify
CAA/ARIA risks®>®?

Effective zeta under serum conditions;

combined adsorption/toxicity/uptake

measurement524'78

Receptor binding vs transcytosis

decoupling®””’

Luminal accessibility; competitive

occupancy®7+77

Pre-/post-BBB corona profiling®'

Endosomal sorting; lysosomal routing‘{""73

Parenchymal vs vascular/PVS exposure"g_73

Vascular inflammation; microbleed/ARIA

readouts®”%?

Table 8 Comparative Summary of BBB Delivery Strategies Under AD-Associated Glycocalyx Remodeling

glycosylation

restoration)

barrier

stabilization

imbalance; absence
of CAA/ARIA

homeostasis'®

Delivery Core Required Brain Distribution Pattern ARIA/Vascular Risk | Translational
Strategy Mechanism Glycocalyx/BBB Stage
State
TfR shuttle RMT Relatively intact Increased parenchymal delivery; Reduced ARIA-like Clinical-stage
(eg., TfR- BBB; functional TfR | decreased peri-arterial bias; improved pathology; controlled (rodent to
aducanumab) luminal plaque engagement or microglial by transport NHP to
exposureé""72 signalingé""72 engineeringé""72 human)é""72
ATV:TREM2 Engineered Intact RMT Microglial engagement; enhanced Controlled by Preclinical/early
transcytosis via machinery; low parenchymal signaling; improved transport engineering®® | clinical®
TREM2 neuroinflammation | biodistribution®
activation
FUS-BBBO + Focused Focal, monitored Focal enhancement; heterogeneous Hemorrhage risk if Proof-of-
anti-Ap ultrasound— opening; exclusion | distribution®* CAA/microbleeds concept (small
mediated tight of fragile present® human trials)®*
junction opening substrates®*
Exploiting Passive Assumes global Nonproductive vascular retention; Increased ARIA risk; Conceptual;
pathological extravasation via | BBB permeability perivascular/CSF bias®*® amplifies vascular lacks
“gaps” leaky barrier increase toxicity“’a5 controlled
evidence®*®
Glycocalyx CIGALTI/ Reversible Improved parenchymal access via Reduced risk by Murine proof-
repair (O- B3GNTS3 rescue; | interface restored RMT selectivity'® restoring of-concept'®

Abbreviations: FUS-BBBO, focused ultrasound blood-brain barrier opening; NHP, non-human primate.
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associated cells present different inflammation, transport, aging, and angiogenic imbalance patterns across different brain
regions, vascular segments, and genetic backgrounds.***® Therefore, glycocalyx is not the same coat covering “identical
endothelium,” and its delivery consequences are inherently region- and vascular segment-specific.

Second, mechanical microenvironments further rewrite BBB and glycocalyx phenotypes. Shear stress, pulsatile strain,
and substrate stiffness can all influence BBB integrity; flow closer to physiological conditions often enhances barrier
properties, induces glycocalyx-related genes and more negative surface charge, while abnormally high shear or pulsatile
flow, elevated substrate stiffness may impair barriers and promote inflammatory phenotypes.'**¢® In AD, cerebral
blood flow reduction, capillary constriction, immune cell stalling, and hypoxia further amplify this local mechanical
heterogeneity.® This implies that identical delivery systems face different glycocalyx operating points across different
microcirculatory regions.

Third, brain region and vascular segment differences determine which luminal faces delivery systems first encounter.
Human cerebrovascular single-cell atlases suggest extensive molecular program and endothelial-perivascular cell inter-
action differences across different vascular segments and brain regions.”® Imaging and pathology studies regarding AD
also demonstrate that hippocampus, precuneus, parietal white matter and other regions exhibit inconsistent relationships
between BBB injury, hypoperfusion, pericyte marker loss, and amyloid-beta burden.”*”*' These results collectively
negate simple narratives of “unified BBB/glycocalyx window existing in AD.”

Finally, disease progression is not linearly “later equals more open.” Early stages may already exhibit local BBB
functional abnormalities and pericyte injury signals, while later stages more likely manifest as imageable leakage,
inflammatory amplification, and elevated vascular fragility.”’ Therefore, what is continuously switched in AD is not the
size of the same window, but local rules regarding “which molecular classes more easily approach—adhere—cross—
retain.” Based upon this inference, what is more meaningful is not “whether AD has a glycocalyx window,” but rather:
which brain region classes, which vascular segments, which disease stages, and which vascular cell state/molecular
subtype glycocalyx alterations will produce reproducible, directionally clear, and predictable impacts upon specific

delivery systems.

Brain Endothelial Glycocalyx Abnormalities Should Be Interpreted Through

Multidimensional Interface States

Incorporating brain endothelial glycocalyx abnormalities in AD into blood-brain barrier discussions occurs not because
once damaged it leaves a simple gap for drug delivery “drilling,” but because it resides at the frontline of BBB-blood
contact, simultaneously influencing physical/charge barriers, inflammatory adhesion thresholds, membrane morphology,
trans-endothelial transport behaviors, and fluid mechanical perception.'®?!*>5¢ Recent studies have defined brain
endothelial glycocalyx as the first interface between blood and cerebrovascular vessels,'® noting that within BBB
hierarchical structures, endothelial glycocalyx resides before tight junctions.?! Concurrently, reviews regarding BBB
mechanobiology further emphasize that shear stress, cyclic strain, tissue stiffness, and ECM remodeling actively rewrite
BBB states, with glycocalyx representing one of the foremost blood-facing mechanosensory layers.***® Therefore, if
“whether BBB leaks” remains the core question, it becomes difficult to accommodate new evidence suggesting active
remodeling of BBB frontline interfaces.

Previous extensive BBB literature indeed tended to approximate barrier abnormalities as tight junction destruction, or
to employ gadolinium, sucrose, or albumin extravasation as primary readouts.”'®?> However, for brain endothelial
glycocalyx, elevated permeability should be viewed as one outcome of interface abnormalities rather than the interface
state itself. When the glycocalyx thins, sheds, or undergoes glycosylation program rewriting, the earliest changes may not
be large-scale extravasation. Instead, the interface rules change: which molecules can approach the endothelium; which
transport pathways are mobilized; which inflammatory cells adhere more easily; and which mechanical stimuli are
amplified into endothelial signals.'®?'**%¢ In other words, from an evaluative perspective, “leakage” is merely
a downstream readout rather than the sole standard for adjudicating blood-facing interface states.'®'**%¢ This also
aids in re-understanding long-standing opposing conclusions in the AD-BBB field. Some human studies suggest BBB

changes can appear at preclinical or mild cognitive impairment (MCI) stages, partially independent of classical amyloid-
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beta and tau biomarkers, with DCE-MRI studies reporting hippocampal and medial temporal lobe-predominant BBB
disruption or leakage burden increases in normal aging, MCI, early AD, and APOE4 carriers.>**>"*> However, other
cohorts do not support “AD necessarily accompanied by extensive, brain-wide, passive leakage”: some studies only
observed hippocampal K™ elevation in AD dementia stages rather than MCI stages, with CSF sPDGFRp more
associated with age and neuroinflammation rather than directly corresponding to cognitive groupings.’”*> In Tg2576
models, stable isotope-labeled ['*C,,]sucrose also showed no significantly enhanced small molecule passive paracellular
flux in whole brain or hippocampus, cortex, or cerebellum regions.®® These results suggest that rather than mechanically
questioning “whether AD BBB leaks or not,” it is better to further question which layer, stage, and pathological substrate
of BBB destabilization different studies actually measured.

The above divergences first arise because measured objects are not identical. K™" in DCE-MRI reflects contrast

agent slow extravasation kinetics in specific regions.>"*

sPDGFRp more closely approximates fluid biomarkers for BBB-
associated pericyte injury rather than simple equivalents of barrier permeability at arbitrary molecular scales.*”*** CSF/
serum albumin ratio (QAlb) biases toward larger molecule-level barrier abnormalities, inherently insensitive to low-
grade, subtle paracellular leakage.®* ['*C),]sucrose primarily tests small hydrophilic molecule passive trans-barrier

EEINT3

flux.>”®> Therefore, equating “pericyte injury,” “regional gadolinium extravasation,” “large molecule plasma protein

leakage,” and “small molecule passive paracellular flux changes” as synonymous expressions is not rigorous.*>"**
Second, spatial scales also alter answers. Existing human evidence more commonly suggests regional, low-grade, chronic
BBB destabilization rather than brain-wide synchronous, dramatic, passive “permeabilization.”>?%*"*> Conversely,
Tg2576 research primarily negates “significantly enhanced passive flux for sucrose in whole brain range or plaque-
adjacent regions,” rather than all vascular pathological changes.®® Therefore, “focal hotspot destabilization” and “global
small molecule passive integrity maintenance” can simultaneously hold.*>®> Third, AD itself is not a vascular-level
homogeneous disease label. Age, APOE4, cerebral amyloid angiopathy (CAA), inflammatory background, metabolic
comorbidities, and disease stage may all shape different BBB dysfunction phenotypes, so different cohorts or models
likely are not converging toward identical BBB endpoints. Finally, glycocalyx “invisibility” itself is a bias source. Brain
endothelial glycocalyx is extremely fragile and often difficult to preserve faithfully under conventional fixation and
staining conditions; studies have noted that under conditions lacking lanthanum nitrate staining, brain capillary luminal
glycocalyx is nearly invisible, while modified perfusion fixation combined with lanthanum staining renders its position
and morphology clearly visible.” Therefore, at the glycocalyx level, “abnormalities not observed” does not necessarily
equal “glycocalyx truly without abnormalities.”

Consequently, the discussion object needs to be elevated from single permeability readout indicators to “interface
states.” Table 9 summarizes the interface state interpretation framework and translational implications for brain
endothelial glycocalyx abnormalities in AD.

Table 9 Interface State Interpretation Framework and Translational Implications for Brain Endothelial Glycocalyx Abnormalities in AD

Interpretation | Primary Readouts Supportable Translational Major Boundaries
Level Conclusions Implications
Structural state Thickness, coverage, continuity™'® Blood-facing protective First-contact conditions Does not equal holistic
interface compromised”'® | altered”'® fenestration™'®
Glycosylation Mucin-domain glycoprotein-associated Interface program Recognition rules Should not be
state mucin-type O-glycosylation axis, rewritten'® altered'® synonymized with other
related components|8 glycoconjugates|8
Transport state Route choice, endocytosis/transcytosis | High-fidelity pathways Focus on productive Does not equal total flux
shunting'g'64 weakened'#¢* transport'a'“ elevation'®¢*
Inflammation/ Adhesion, extravasation, inflammatory | Interface shifting from Indicates elevated Cannot be directly
adhesion state amplification'8438¢ homeostasis toward fragility'8438¢ characterized as delivery
vulnerability'84%8¢ opportunity 8438
Overall Combined interface state Glycocalyx abnormalities Interpret state before Do not substitute “more
interpretation assessment'32!37:85.92.93 primarily represent rule discussing leaky” for
rewriting! 8214386 exploitation'#237859293 | o jysions!82!:37859293
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For brain endothelial glycocalyx abnormalities, at least four classes of mutually related yet translationally distinct
interface phenotypes can be distinguished. The first class is structural phenotypes, namely glycocalyx thinning, coverage
decline, and continuity impairment. Studies have demonstrated that brain capillary glycocalyx under physiological
conditions already possesses relatively high coverage and longer fiber structures, suggesting it undertakes stronger pre-
positioned sieving functions in BBB than peripheral organs.” Under aging backgrounds, both brain endothelial glyco-
calyx thickness and area significantly decline.'® Such structural thinning implies that plasma proteins, circulating
inflammatory mediators, and cell surface adhesion molecules more easily approach endothelial membranes.”'®
However, it does not automatically equate to immediate tight junction collapse, nor can it be directly extrapolated as
“safely exploitable delivery opportunity.””'® The second class is glycosylation phenotypes, namely glycosylation
program rewriting, particularly mucin-type O-glycosylation downregulation. Related studies demonstrate downregulation
of Clgaltl, B3gnt3, and other pathways related to glycan extension in aged cerebrovascular endothelium, while
CIGALT! and various mucin-domain glycoproteins are simultaneously reduced in human AD brain
microvasculature.'® The significance of this change extends beyond mere “glycan reduction” to qualitative rewriting
of luminal interface molecular grammar: mucin-domain glycoproteins constitute not merely passive gel layers, but
participate in cell signaling, cell-cell interactions, and membrane morphology maintenance.'® Therefore, O-glycosylation
decline likely causes qualitative changes in interface recognition rules, exclusion rules, and response rules rather than
merely quantitative thickness loss.'® The third class is transport phenotypes, namely shifts from relatively specific trans-
endothelial transport toward low-selectivity endocytosis/pinocytosis spectra. Aged BBB has been demonstrated to shift
from receptor-mediated transcytosis (RMT) dominant states toward more caveolar transcytosis-dependent nonspecific
trans-endothelial entry.** Under glycocalyx imbalance backgrounds, ALPL and caveolin-1 (CAV1) upregulation also
suggest glycocalyx abnormalities may reside in the same pathological chain as this transport spectrum shift.'"® From
a delivery perspective, this point requires particularly cautious interpretation: more entry does not automatically equal
higher therapeutic index, because when entry depends on enhanced low-specificity pinocytosis/endocytosis, drugs,
plasma proteins, inflammatory mediators, and potential toxicity burdens may synchronously increase.'®* In contrast,
redirecting BBB delivery through transport engineering rather than passively relying on pathological damage may more
favorably improve brain distribution and reduce risk while overall BBB structure remains relatively intact.®” The fourth
class is inflammation/adhesion phenotypes, namely leukocyte approach to endothelium, plasma protein extravasation,
and decreased inflammatory amplification thresholds. Glycocalyx resides at the blood-facing first line, with its integrity
determining the distance and probability of circulating cells and proteins approaching endothelial membranes.'®** In
related models, whether brain endothelial-specific downregulation of Clgalt! or exogenous cleavage of mucin-domain
glycocalyx, both can induce albumin and IgG extravasation, tight junction abnormalities, and neuroinflammation; under
more severe injury conditions, this can further progress to cerebral hemorrhage.'® This suggests glycocalyx abnormalities
represent not merely “pore enlargement,” but rather a process beginning at the blood-facing side and progressively
lowering thresholds for inflammation and injury entry.'®*

Based upon these four phenotype classes, it can be further understood why “local destabilization” does not equal
“global rupture,” and why not all forms of BBB abnormalities can be equated as exploitable delivery windows.
Experimental studies suggest that short-term removal of mucin-domain glycoproteins can cause BBB permeability
increase, but sustained injury is required before more extensive BBB dysfunction or even cerebral hemorrhage
occurs.'® In population studies, early cognitive impairment and early AD can exhibit BBB leakage in hippocampus
and other regions.>***> However, this temporal sequence has not been consistently repeated in all subsequent cohorts,
with some studies instead only observing relatively clear hippocampal leakage in AD dementia stages, and sSPDGFRf3
showing stronger associations with age and neuroinflammation than with cognitive subgrouping.®”** Therefore, regional
hotspot leakage, pericyte injury, glycocalyx remodeling, transport spectrum shifts, and extensive barrier collapse do not
possess necessary synchronous relationships.®>”">%® This point carries particular importance when coexistent with CAA,
microhemorrhages, or amyloid-related imaging abnormalities (ARIA) susceptibility backgrounds. CAA is characterized
by vascular wall amyloid-beta deposition, small vessel remodeling, and hemorrhage tendencies, constituting important
underlying pathology for lobar hemorrhage in aged brains.**** ARIA, particularly hemorrhagic ARIA-H, indicates that
under anti-amyloid immunotherapy backgrounds, vulnerable balances exist among vascular wall stress-bearing capacity,
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perivascular inflammation, and amyloid clearance dynamics.®> Under such circumstances, any phenomenon appearing as
“more entry” should first be interpreted as interface plasticity alteration or vascular wall homeostasis reserve decline; the
latter typically represents not opportunity expansion, but safety boundary reduction.

It must be emphasized that brain endothelial glycocalyx in AD is no longer merely a speculative concept, yet current-
stage human evidence should still be expressed cautiously. Existing studies have observed C/GALTI and mucin-domain
glycoprotein staining declines in AD group brain microvascular samples, and observed downregulation of endothelial
mucin-type O-glycan biosynthetic pathways in independent human brain single-nuclear RNA sequencing datasets.'® This
renders brain endothelial glycocalyx abnormalities sufficient to be regarded as strong mechanistic candidates in AD-BBB
research.'® However, causal manipulations remain primarily completed at animal levels, with brain endothelial-specific
downregulation of Clgalt] causing albumin and IgG leakage; conversely, restoring core 1 mucin O-glycans can improve
aged mouse BBB function, alleviate neuroinflammation, and ameliorate cognitive deficits.'® Therefore, current brain
endothelial glycocalyx abnormalities have entered the core mechanistic layer of AD-BBB research, yet “human causal
closure loop” remains uncompleted; animal functional causal results should not be directly extrapolated as human clinical
conclusions.

In summary, under this framework, brain endothelial glycocalyx abnormalities in AD should not be simply equated
with “BBB already opened,” but more accurately stated as glycocalyx abnormalities primarily meaning BBB blood-
facing interface rule rewriting. Consequently, so-called “opportunities” do not equate to any form of BBB permeability
elevation, but specifically refer to interface imbalance states still possessing reversibility, dominated by endothelial
glycocalyx, not yet evolving into hemorrhagic vascular fragility. Correspondingly, subsequent discussion priorities are no
longer general judgments of whether BBB is more leaky, but further distinctions: which glycocalyx abnormalities can
still be incorporated into repair and transport engineering frameworks, and which abnormalities should rather be
interpreted as risk stratification and contraindication identification signals.

When Brain Endothelial Glycocalyx Abnormalities Constitute Treatment/Delivery

Opportunities versus Merely Indicating Vascular Fragility

Whether AD brain endothelial glycocalyx abnormalities should be defined as treatment/delivery opportunities depends
not upon whether the blood-brain barrier is “more leaky,” but rather upon whether the corresponding vascular substrate
still belongs to plastic, reversible interface imbalance, or has already entered structurally fragile and hemorrhage-prone
states. Based upon previous characterizations of brain endothelial glycocalyx and BBB dysfunction heterogeneity,'®
the key to so-called “glycocalyx opportunity windows” in AD lies not in seeking locations with largest barrier gaps, but
in recognizing which patients and stages remain dominated by endothelial interface imbalance, and whether such
imbalance still possesses repairability and translational significance.

The first layer of basis supporting “opportunity validity” is that in certain populations, BBB abnormalities can appear
earlier than, or at least partially independent of, classical amyloid-beta/tau readouts. DCE-MRI studies demonstrate that
hippocampal BBB permeability can elevate in aged populations, further worsening in mild cognitive impairment (MCI),
correlating with BBB-associated pericyte injury indicators.>' Subsequent human studies further suggest that early
cognitive function decline individuals already exhibit hippocampal and parahippocampal gyrus capillary injury and
BBB disruption, and this change does not attach to cerebrospinal fluid (CSF) amyloid-beta or tau alterations.” Additional
studies demonstrate that apolipoprotein E €4 (APOE4) carriers exhibit hippocampal and medial temporal lobe BBB
disruption even at pre-symptomatic cognitive stages, with baseline CSF sPDGFRf elevation predicting subsequent
cognitive decline, this predictive effect statistically independent of amyloid-beta and tau burdens.’' These results
collectively suggest that in considerable individual subsets, BBB destabilization is not merely a late-stage concomitant
phenomenon, but may enter disease courses earlier.>*°*'-*> However, this conclusion should not be absolutized. Another
population study demonstrated that hippocampal BBB disruption is primarily observed in dementia stages rather than
MCI stages, with SPDGFR more obviously increasing with age and neuroinflammation, without significant correspon-
dence with overall AD biomarker positivity status or APOE status.>” Therefore, at early AD stages, BBB abnormalities
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do not manifest as homogeneous changes experienced by all patients, but more tend to constitute vascular phenotypes
enriched in specific subgroups across the aging-APOE4-MCl-early AD continuum.

The second layer, and more critically, basis supporting “opportunity validity” lies in glycocalyx abnormalities
representing not merely passive concomitant changes, but possessing causal plasticity and a certain degree of reversi-
bility. Shi et al’s research on brain endothelial glycocalyx structural and compositional changes suggests that glycocalyx
abnormalities represent not “already leaked, therefore exploitable,” but rather “blood-facing interface imbalance can still
be upstream-reshaped, and this reshaping can reciprocally influence BBB, inflammation, and partial cognitive
readouts”.'® However, it must be equally emphasized that current strongest “glycocalyx reversibility” evidence derives
primarily from aging models rather than specifically typical AD pathology load-designed treatment models; the more
circumspect current conclusion is that brain endothelial glycocalyx may constitute a key axis for AD vascular pathology,
yet remains insufficient to be regarded as a mature target fully validated in AD treatment models.

This judgment receives lateral support from multiple parallel recent studies. Different studies, though not all directly
pointing to glycocalyx, converge from different sections toward the same conclusion: that “endothelial interface repair”
itself may be one of the main axes for disease course intervention. For example, endothelial ANGPT2 elevation in
patient AD endothelium correlates with disease severity, with endothelial-specific deletion of Angpt2 in 5xFAD mice
alleviating amyloid-beta burden and improving cognition, while its overexpression exacerbates plaque load and memory
damage.”® In APP/PS1 models and in vitro brain endothelial systems, death receptor 6 (DR6) overexpression can rescue
amyloid-beta-induced barrier dysfunction through Wnt/B-catenin and JNK pathways, and upregulate claudin-5, glucose
transporter 1 (Glut-1), and ZO-1."" During natural aging, gap junction protein 43 (CX43) decline in Cdh5+ cerebrovas-
cular cells constitutes an important node in BBB aging networks, with NAD+ supplementation or PARP1 inhibition
capable of reversing related injuries.”® Human AD cerebrovascular cell single-nuclear transcriptome analysis demon-
strates that endothelial cells are enriched for AD susceptibility genes, amyloid-beta increase accompanies BBB injury,
angiogenic failure, vascular inflammatory activation, aging and apoptosis, accordingly proposing that reducing vascular
inflammatory activation and restoring effective angiogenesis may alleviate early AD vascular dysfunction.®* These
results do not possess uniform evidentiary strength, nor can they substitute for one another, but their directional
consistency suggests: in at least certain AD/aging-associated cerebrovascular phenotypes, what is truly worth exploiting
is not “gaps,” but repairable endothelial interfaces.>*%¢ %%

Therefore, conditions under which brain endothelial glycocalyx abnormalities constitute treatment/delivery opportu-
nities should be more strictly defined as following scenarios: first, abnormalities appear early and superficially, primarily
manifesting as blood-facing interface imbalance and endothelial plasticity decline, rather than already entering vascular
wall structural fragility stages; second, related changes still possess reversibility, meaning glycocalyx/glycosylation
repair can improve BBB integrity, alleviate inflammation, and bring system-level benefits.'® Third, delivery design
does not premise upon “exploiting pathological leakages,” but can rewrite entry rules upon relatively intact BBB, thereby
improving effective brain parenchymal exposure and maintaining acceptable safety boundaries.”*®° This also implies that
for AD, so-called delivery benefits cannot be defined by “whether permeability is elevated,” but should be defined by
“whether drugs can reach effective brain parenchymal exposure in controllable, reproducible, low-hemorrhage-risk
manners, and thereby enhance therapeutic index.”

This point carries importance because the most common misjudgment in AD is precisely misreading “interface
imbalance” as “channel amplification.” Core changes in aged BBB may not be simply “more leaky,” but rather trans-
endothelial transport rule rewriting. Previous studies suggest that trans-endothelial transport can shift from ligand-
specific receptor-mediated transport toward nonspecific caveolar transcytosis, while healthy brain physiological uptake
of endogenous plasma proteins actually declines during aging.®* For brain endothelial glycocalyx, this implies that after
O-glycosylation abnormalities, what is first rewritten may be recognition and sorting logic for circulating ligands,
antibodies, or carriers, rather than an abstract “leakiness” indicator.'®%* Similarly, small molecule tracer extravasation
cannot be directly extrapolated as controllable brain entry for macromolecular drugs, therapeutic antibodies, or nano-
carriers. Tg2576 model studies applying stable isotope-labeled ['*C;,]sucrose demonstrate that even with amyloid-beta
deposition and CAA, BBB passive sucrose crossing remains extremely low overall; local amyloid-beta-associated tight
junction morphological abnormalities do not automatically convert to elevated sucrose concentrations in vascular
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amyloid-beta deposition regions.®> Therefore, glycocalyx abnormalities, tight junction abnormalities, plasma protein
extravasation, and therapeutic antibody exposure do not belong to the same evidentiary hierarchy, and cannot be
generically compressed as “BBB more open, therefore delivery more favorable.”'®®*% Similarly, focal, short-term,
rigorously monitored artificial opening cannot be extrapolated as routine windows safely callable long-term and
repeatedly. Focused ultrasound (FUS) combined with aducanumab human proof-of-concept studies indeed demonstrate
the feasibility of focal BBB opening combined with anti-amyloid therapy, but this study possesses extremely small
sample sizes, and implements strict risk control through excluding APOE &4 carriers and limiting aducanumab dosages,
therefore proving “focal enhancement feasible” rather than “AD possesses universally, safely, and repeatedly exploitable
pathological window-opening opportunity.”®* Conversely, recent engineered trans-BBB transport studies suggest that
under many scenarios, maintaining relatively intact BBB and rewriting entry rules through receptor-mediated transport
may obtain higher therapeutic indices than exploiting pathological leakages. TfR-targeting anti-amyloid-beta antibodies
can improve brain distribution, enhance parenchymal target engagement, and reduce ARIA-like pathology and vascular
inflammation in mice.®” ATV:TREM2 research similarly does not rely upon pathological extravasation, but improves
brain biodistribution and enhances TREM2 signaling through enhanced trans-BBB transcytosis.®® Such results collec-
tively suggest that glycocalyx significance extends beyond merely “whether passive gaps appear after damage,” to
whether the interface rules it represents can be repaired or rewritten. Relative to “opportunity validity,” core scenarios
where glycocalyx abnormalities merely indicate fragility rather than exploitable windows are vascular substrates already
dominated by CAA, hemorrhage-prone, or inflammation-prone states. For this, the most important clinical reference is
not general BBB leakage, but amyloid-related imaging abnormalities (ARIA) under anti-amyloid immunotherapy back-
grounds. Nature Reviews Neurology in 2025 has defined ARIA as one of the most influential adverse reactions for anti-
amyloid immunotherapy, noting that imaging manifestations, risk factors, neuropathology, and animal model evidence
collectively point to the central position of CAA.? This implies that once AD cerebrovascular pathology has shifted from
“endothelial interface imbalance” to “vascular walls themselves becoming primary lesions,” then “more entry” no longer
automatically means “more favorable therapy,” because barrier abnormalities at this stage primarily represent declining
vascular wall stress-bearing capacity rather than rising delivery efficiency.®? Differences in amyloid-beta antibody
binding to human CAA fibrils among different drugs also provide directional support: when therapeutic targets couple
more strongly with vascular wall amyloid substrates, clinical benefits and vascular side effects often may amplify
simultaneously.”® It must be emphasized that ARIA incidence rates among different drugs are not head-to-head
comparisons, and cannot be interpreted as strict risk rankings, but their overall direction suggests that CAA presence
substantially rewrites the meaning of interface abnormalities, bringing them closer to vascular fragility characterization
rather than delivery advantages.

Against this background, baseline microbleeds (cerebral microbleeds, CMBs), cortical superficial siderosis (cSS),
convexity subarachnoid hemorrhage (cSAH), APOE &4 homozygous backgrounds, and previous/potential ARIA suscept-
ibility should not be understood as “minor, acceptable concomitant abnormalities,” but rather as visible edges of occult
microvascular disease and fragile substrates. FDA prescription information regarding lecanemab and donanemab both
indicate that baseline presence of at least 2 microbleeds or at least 1 ¢SS location has been identified as ARIA risk
factors, while >4 microbleeds, previous larger cerebral hemorrhage, obvious ¢SS, or vasogenic edema and other imaging
manifestations are typically regarded as exclusion criteria.'®'*> More importantly, case pathology demonstrates that
clinically observed MRI microbleeds may represent only the lowest visible expression of microvascular disease burden,
not reflecting true scope; in a lecanemab-related fatal B-amyloid-related arteritis case, 4 cortical microbleeds and possible
CAA evidence existed before treatment, with rapid progression to extensive ARIA-E/ARIA-H and eventual death post-
treatment.'°® From a population perspective, CMB prevalence co-enriches with age, amyloid pathology, cognitive status,
and APOE &4 copy number.'®” Therefore, among AD true vascular substrates, microbleeds should not be interpreted as
“higher endothelial permeability,” but should be prioritized as “vascular wall integrity has been eroded.”

ARIA and related vasculitis-like reactions further demonstrate that certain BBB abnormalities, the more obvious they
are, the less they should be treated as delivery windows. Although most ARIA events are mild or asymptomatic,
approximately 5% can be severe enough to cause hospitalization, permanent disability, or even death.* Autopsy and
multi-omics studies suggest that some lecanemab-related ARIA contain not merely passive leakage, but may be
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accompanied by obvious vasculitic injuries, cytotoxic CD8+ T cell clonal expansion, glycolytic reprogramming, and
vascular tropism immune characteristics.'’'% These results are insufficient to alone rewrite clinical stratification
standards, but they clearly demonstrate: when fragile vascular substrates encounter superposition of antigen clearance,
amyloid-beta mobilization, and immune activation, outcomes involve not merely “barrier more open,” but possibly
“vasculitic injuries and hemorrhage risks amplified.”*'%%!% This clinical chain and Shi et al’s mechanistic results echo
each other directionally: the extreme endpoint of brain endothelial glycocalyx/O-glycosylation abnormalities is not
“easier drug delivery,” but BBB dysfunction, inflammatory amplification, and cerebral hemorrhage.'® Therefore, the
terminal boundary of glycocalyx abnormalities is not a larger opportunity window, but danger signals after threshold
collapse.

In summary, brain endothelial glycocalyx abnormalities can be regarded as treatment/delivery opportunities only
under conditions of “still early, still superficial, still reversible.” Conversely, when abnormalities are superimposed with
CAA, baseline microbleeds, cSS/cSAH, APOE &4 high-risk backgrounds, ARIA susceptibility, or vasculitis-like reaction
tendencies, their primary meaning is no longer “drugs more easily enter,” but rather “vasculature more easily develops
problems.” Based upon this stratification, this review further discusses translational thresholds and strategy sequencing:
when repair should be prioritized, and when cautious exploitation may be permitted.

Translational Thresholds and Strategy Sequencing: When to Prioritize Repair, When
Cautious Exploitation May Be Permitted

As previously indicated, the translational significance of AD brain endothelial glycocalyx abnormalities does not depend
upon whether the BBB exhibits higher “leakiness,” but rather upon whether the corresponding vascular substrate still
belongs to plastic, reversible interface imbalance, or has already entered stages characterized by structural fragility,
inflammatory amplification, and hemorrhage susceptibility. In other words, what truly requires answering is not “whether
drugs more easily enter after glycocalyx damage,” but rather: does this abnormality still belong to upstream-dominated,
reversible, and reshapeable blood-facing pathology, or has it already entered dangerous stages characterized by vascular
wall structural fragility, inflammatory amplification, and hemorrhage susceptibility. Only under the former scenario can
glycocalyx abnormalities constitute therapeutic targets, and even under strictly constrained conditions provide clues for
delivery design; once coupled with CAA, microbleeds, or ARIA susceptibility, their primary meaning shifts from “more
entry” to “higher risk.” Thus, the translational significance of AD brain endothelial glycocalyx abnormalities should be
established upon comprehensive interpretation of interface states, vascular substrates, and safety boundaries; accordingly,
distinctions can be made regarding whether they are more suitable to be regarded as repair targets, delivery clues, or
high-risk states inappropriate for further exploitation.

Minimum Validity Conditions for Repair-Type Research

To define brain endothelial glycocalyx abnormalities as repair targets worth prioritizing in AD, the first threshold is that
evidence must fall upon brain endothelium itself, and cannot miswrite peripheral circulating glycocalyx shedding as brain
interface pathology. Syndecan-1 (Sdc-1), heparan sulfate (HS), and hyaluronic acid (HA) and other molecules do not
possess brain specificity; their elevations can only first indicate systemic endothelial stress, not directly proving brain
endothelial glycocalyx as the primary lesion site for BBB destabilization. The methodological representativeness of Shi
et al lies precisely in evidence simultaneously falling upon brain microvascular imaging, acute brain microvascular
isolation staining, brain endothelial transcriptomics, and endothelial-specific AAV manipulation levels, thereby more
clearly distinguishing “brain endothelial glycocalyx abnormality” and “systemic endothelial injury” as non-equivalent
propositions.'®'° 1 Therefore, any repair-type research relying solely upon peripheral blood shedding biomarker
elevation to rise to the level of “brain glycocalyx repair” still possesses insufficient evidentiary chains.

The second threshold requires that research cannot vaguely generalize “barrier damage” to summarize BBB
phenotypes, but must specifically clarify which layer glycocalyx abnormalities have rewritten in the BBB. As previously
noted, BBB destabilization does not possess only one form, manifesting potentially as paracellular leakage, transcellular
transport spectrum reprogramming, enhanced leukocyte adhesion, decreased inflammatory thresholds, or fluid mechan-

18,20,21,43,

ical perception and shear response imbalances. 6486 For brain endothelial glycocalyx, its pathological
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consequences may not be immediately forming a “gap,” but more likely first rewriting blood-facing interface structural
order, molecular recognition rules, and membrane response logic, subsequently influencing BBB function, inflammatory
recruitment, and later-stage hemorrhage phenotypes.'® Therefore, glycocalyx-directed repair should not be characterized
as vague “improving barrier integrity,” but should be more precisely defined as restoring glycocalyx shielding and anti-
adhesion functions, correcting abnormal transcellular transport shifts, alleviating inflammatory adhesion amplification,
and reconstructing interfaces with mechanosensation closer to physiological states.

The third threshold requires that disease stage and vascular substrate must be simultaneously stratified, rather than
merely using “AD patients” as a homogeneous label. Existing human evidence suggests that hippocampal and medial
temporal lobe BBB-associated changes can appear in aging, APOE4 carriers, MCI, and even early AD spectra, but other
studies demonstrate that relatively clear hippocampal leakage is primarily observed in AD dementia stages, with
sPDGFRp more obviously associated with age and neuroinflammation.>*!*” Therefore, so-called “repairable interfaces”
do not synchronously exist in all AD patients, but more likely enrich in specific vascular phenotypes across the aging-
APOE4-MCl-early AD continuum. Correspondingly, repair-type research should at minimum distinguish two substrate
classes: one primarily characterized by endothelial interface imbalance, pericyte stress, and local BBB functional
abnormalities, not yet entering obvious hemorrhagic fragility states of early spectra; the other being high-risk vascular
spectra already merged with CAA, microbleeds, cSS/cSAH, or anti-amyloid immunotherapy-related fragility.%>’
Without first distinguishing vascular substrates, so-called “glycocalyx repair” can easily conceptually point toward two
completely different pathological objects simultaneously.

The fourth threshold requires that repair-type research cannot remain merely at glycocalyx molecule or BBB indicator
improvements, but must establish “interface improvement—brain outcome improvement” dual-endpoint closure. In other
words, if an intervention can only restore glycan-related molecular expression, reduce local leakage, or improve single
BBB readout indicators, but cannot synchronously alleviate neuroinflammation, improve brain network function, or bring
behavioral/cognitive benefits, then its translational significance remains incomplete. The importance of Shi et al lies not
merely in demonstrating that core 1 mucin-type O-glycan restoration can improve BBB function, but further showing that
it can reduce neuroinflammation and alleviate cognitive deficits, thereby connecting “interface repair” and ‘“brain
outcome” as a relatively complete functional chain.'® For AD, such closure is particularly necessary because BBB
repair itself is not an endpoint, but merely one link in systematic brain pathology intervention chains.*°

The fifth threshold lies in avoiding “interface centralism.” While brain endothelial glycocalyx abnormalities may
represent key amplifiers in AD vascular pathology, their repair cannot be characterized as a “master key” sufficient to
independently resolve AD complex disease courses. Increasingly more studies suggest that cerebrovascular endothelial
interface repair may indeed be one of the important axes for disease course intervention: for example, ANGPT2
upregulation correlates with AD brain endothelial abnormalities and disease severity, with endothelial-specific deletion
of Angpt2 alleviating amyloid-beta burden and improving cognition.”® DR6 overexpression can rescue amyloid-beta-
induced barrier dysfunction in APP/PS1 models and in vitro brain endothelial systems, and improve multiple barrier-
related molecular expressions.”” CX43 decline in cerebrovascular cells constitutes an important node in BBB aging
networks, with NAD+ supplementation or PARP1 inhibition capable of reversing related injuries.98 Human AD cere-
brovascular single-nuclear transcriptomes also suggest that endothelial inflammatory activation, aging, apoptosis, and
angiogenic imbalance may collectively participate in vascular dysfunction.** The common direction of these evidences is
not “interface determines everything,” but rather suggesting that brain endothelial interface repair should be incorporated
into AD comprehensive treatment frameworks, considered synergistically with amyloid-beta/tau-targeted therapies, anti-
inflammatory interventions, vascular risk factor management, and trans-BBB transport platforms, rather than being
isolatedly elevated as a single central strategy.

Additional Safety Thresholds for Exploitation/Delivery-Type Research

Compared with repair-type research, if one further asserts that AD brain endothelial glycocalyx abnormalities constitute
“exploitation-type” or “delivery-type” opportunities, then required evidentiary thresholds should be markedly higher. The
core does not lie in proving certain molecules “enter more,” but in proving that such entry can be converted into
controllable, reproducible, low-hemorrhage-risk effective brain parenchymal exposure, thereby enhancing therapeutic
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indices rather than synchronously amplifying inflammatory burdens, vascular toxicity, or local hemorrhage
risks. 2004698385 Therefore, delivery-type propositions must logically pass at least three additional screenings.

First, obvious hemorrhage-prone substrates must be excluded. AD is not merely neuronal pathology, but often
superimposes CAA, lobar microbleeds, cortical superficial siderosis (cSS), and varying degrees of ARIA
susceptibility.**?7'%7 Under these fragile vascular backgrounds, “more entry” often primarily means declining vascular
wall stress-bearing capacity and contracting safety margins, rather than stably exploitable pharmacokinetic advantages.
Particularly under anti-amyloid immunotherapy backgrounds, ARIA has been explicitly regarded as one of the most
influential adverse reactions, with imaging, neuropathology, and animal model evidence all pointing to the central role of
CAA.** Thus, once glycocalyx abnormalities are superimposed with CAA, baseline microbleeds, cSS/cSAH, APOE
€4 high-risk backgrounds, or previous/potential ARIA susceptibility, their most important clinical meaning should shift
from “window” to “fragility marker.” Under such conditions, continued emphasis on exploitation can easily misjudge
safety boundary decline as delivery opportunity expansion.

Second, exploitation-type research must utilize real cargo, and cannot substitute single tracer or low-dose tracer
molecule results for actual exposure under therapeutic doses and therapeutic configurations. Brain delivery success
highly depends upon molecular size, valency, affinity, dosage, administration frequency, and distribution patterns within
brain parenchyma.''? Therefore, local extravasation of small molecule tracers, slow extravasation of local imaging
contrast agents, or even extravasation of certain plasma proteins cannot be directly extrapolated as controllable,
optimized brain parenchymal exposure for therapeutic antibodies, bispecific molecules, or nanocarriers.***> This is
also why the result that ['*C;,]sucrose passive flux remains extremely low overall in Tg2576 models® constitutes an
important restriction to the narrative that “pathological window-opening naturally favors delivery”: even with amyloid-
beta deposition, CAA, or local tight junction morphological abnormalities, different cargo classes do not automatically
obtain therapeutically meaningful entry advantages. Conversely, TfR-targeting anti-amyloid-beta cargo studies suggest
that improving brain parenchymal distribution through engineered trans-BBB transport under conditions of relatively
intact overall BBB structure is more likely to simultaneously improve target engagement and reduce ARIA-like
pathology.®

Third, any delivery scheme exploiting pathological interface abnormalities should be compared head-to-head with
engineered trans-BBB transport strategies, rather than defaulting that “pathological gaps” are naturally superior to
transport engineering. For a period within the BBB field, a common misjudgment involved directly translating “interface
imbalance” as “channel amplification,” yet more common changes under aging and AD backgrounds may not be simply
“more leaky,” but rather trans-endothelial transport rule rewriting, manifesting as weakened RMT advantages, enhanced
nonspecific caveolar transcytosis, lost selectivity, and uncertain therapeutic indices.'®® Under such circumstances, even
if certain pathological backgrounds do have more molecules entering, this does not indicate such entry possesses superior
therapeutic value. In contrast, engineered TfR shuttles, ATV:TREM2 and other strategies demonstrate that under
conditions not relying upon pathological extravasation, entry rules can be rewritten to improve brain distribution and
control vascular side reactions.®”** Thus, for AD, exploitation-type research that cannot prove non-inferiority in effective
exposure, safety, and reproducibility compared with transport engineering should not prematurely rise to priority
conversion pathways.

Additionally, it should be emphasized that single or small-sample proof-of-concept studies cannot be directly
extrapolated as long-term, repeatedly, safely callable platform strategies. Focused ultrasound (FUS) combined with
aducanumab human studies indeed demonstrate the feasibility of focal BBB opening combined with anti-amyloid
therapy,® but this result is established under strict screening and rigorous monitoring conditions with extremely small
sample sizes, and cannot be used to derive that “AD possesses a universally callable, long-term, repeatedly exploitable
pathological window-opening platform.”® Thus, for exploitation/delivery-type research, “whether it can be done short-
term” and “whether it can be converted to routine pathways” remain questions at two different levels.

Biomarkers and Patient Stratification Frameworks
Based upon the above thresholds, if AD brain endothelial glycocalyx abnormalities are to enter clinical translational
contexts, they cannot rely upon single readout indicators, but must construct a multi-level patient stratification
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framework. This is because glycocalyx abnormalities essentially represent rewrites of BBB blood-facing interface rules,
and such rewrites can manifest as either focal, low-grade, chronic interface imbalances, or further progress toward
inflammatory amplification, plasma protein extravasation, and even hemorrhagic fragility.'®?%#3-648¢ Therefore, any
single peripheral blood indicator is insufficient to independently represent brain glycocalyx states, and even more
insufficient to alone adjudicate whether patients should enter “repair” or “exploitation” pathways.

More reasonable approaches should establish combinatorial interpretations from at least four levels. The first level is
BBB/NVU imaging, including DCE-MRI or other BBB quantitative methods, to capture regional, low-grade, chronic
leakage burdens and their brain region distributions.>*°*'"-%2 The second level is cerebrospinal fluid or fluid biomarker
levels, such as QAlb, sSPDGFR, etc., to indicate BBB/NVU-related abnormalities and pericyte injury backgrounds, but
their interpretations must return to specific disease course and brain region contexts rather than being directly equated
with “elevated permeability.”*”*°>?* The third level is vascular fragility levels, including baseline microbleeds, cSS,
cSAH, CAA burden, and ARIA risk backgrounds—this level is particularly critical when determining “whether
exploitation can be discussed.”®*'%°'%7 The fourth level is clinical staging and treatment exposure contexts, meaning
at minimum distinguishing aging, preclinical AD, MCI, early AD dementia, and anti-amyloid therapy exposure states,
because identical glycocalyx/BBB readout indicators carry different risk-benefit implications across different
stages. 220:29:31:37:82.95

Under this framework, peripheral shedding biomarkers such as Sdc-1, HA, and HS are more appropriately positioned
as auxiliary signals for systemic endothelial stress or interface stress, rather than independent diagnostic bases for brain
glycocalyx injury.'® "' Only when imaging, CSF/NVU biomarkers, vascular fragility readouts, and clinical staging
contexts are jointly incorporated can “brain endothelial glycocalyx abnormality” potentially convert from a mechanistic
concept to a truly discriminative clinical stratification tool.

Strategy Sequencing: Why AD Should Adhere to Repair-First

Synthesizing existing evidence, the most important translational value of AD brain endothelial glycocalyx abnormalities
does not lie in providing a pathological delivery window that can be directly called upon, but rather in serving as
a discriminator for BBB blood-facing interface states, helping distinguish which patients remain at stages dominated by
plastic, reversible, endothelial interface imbalance, and which patients have already entered stages characterized by
vascular wall fragility exposure, inflammatory amplification, and elevated hemorrhage risk. The key task for the former is
repairing glycocalyx/glycosylation, reducing inflammatory adhesion thresholds, reconstructing transport and mechanical
response rules closer to physiology, thereby improving effective brain parenchymal exposure while maintaining BBB
structural integrity; the key task for the latter is no longer improving entry, but identifying risks, contracting exposure,
and avoiding further triggering ARIA, vasculitis-like injuries, or hemorrhagic outcomes. More reasonable strategy
sequencing in AD should be: repair-first, transport-engineering-second, opening/exploitation-last. This is not because
the latter two are absolutely infeasible under any conditions, but because brain endothelial glycocalyx abnormalities
essentially represent dynamic interface pathology rather than naturally favorable structural leaks. Only when interface
abnormalities remain early, superficial, reversible, and without obvious CAA, microbleeds, ¢SS/cSAH, or ARIA high-
risk backgrounds can delivery systems potentially discuss “exploitation” issues within strict safety boundaries; once
abnormalities are coupled with fragile vascular substrates, their translational significance should retreat from “opportu-
nity” back to “contraindication identification.”

It is precisely in this sense that the most promising direction in AD is not actively amplifying pathological gaps, but
further rewriting entry rules through engineered trans-BBB transport upon the foundation of BBB blood-facing interface
repair. Existing studies suggest that TfR shuttles, ATV:TREM2 and other pathways represent not reliance upon
pathological gaps, but rather improving parenchymal target engagement, brain distribution, and control of ARIA-like
pathology upon foundations of relatively intact overall BBB structure, thereby enhancing therapeutic indices.®®** This
pathway conceptually connects with glycocalyx-directed repair-first logic without conflict: the former is responsible for
restoring or maintaining interface homeostasis, the latter responsible for rewriting entry rules upon this basis, rather than
treating the most fragile vascular substrates as default channels. Integrating the “opportunity-fragility” interpretation
framework, research thresholds, and strategy sequencing reveals that only when related abnormalities still belong to
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Table 10 Opportunity-Fragility Stratification, Translational Thresholds, and Strategy Sequencing for Brain Endothelial Glycocalyx
Abnormalities in AD

Module

Key Information

Major Restrictions/High-Risk
Signals

Translational Positioning

Disease stage

Vascular
substrate
BBB/NVU
manifestations
Delivery
consequences
Repair-type
research

Exploitation/

Early, focal, low-grade

s 2,18,20,29,31,37,95
destabilization

Primarily endothelial interface imbalance-

dominated'®%°

Regional, chronic, low-grade
abnormalities>?%337:85:92:%3

. 20,6983
Controllable exposure can be discussed

Clear brain endothelial evidence; clear interface

; 18.20,21,43,64,86,109-111
hierarchy; outcome closure

Prove effective parenchymal exposure with

Late-stage inflammatory

amplification and vascular
fragilit:y”‘az‘93

CAA, microbleeds, cSS/cSAH, ARIA
susceptibilityez'c)“"w’'07

Extensive extravasation, structural

destruction®”62853

More entry accompanies rising

r_isksé4,69.82,84.85

Cannot rely solely upon peripheral
biomarkers'8'0%-!!!

Cannot substitute tracers for real

Opportunities limited to specific

2,18,20,29,31,37,95
stages

Key lies in reversibility or high-

risk status'82082

Focal abnormalities do not equal
global collapse?2%31:37.85.9293
Cannot focus only on

uptake64.69,85

Priority mainline'®%°

High-threshold

delivery-type controllable risks2*¢+6%:83:84 cargo®*8>!12 direction?%6469:83-85

research

Patient Combined interpretation of imaging, fluids, and Single readout insufficient®37¢4 Prerequisite for clinical

stratification staging®2?:3!:3743.64.86 translation?2?3'37

Risk exclusion Pre-positioned identification of high-risk vascular CAA, microbleeds, ARIA Safety boundaries
substrates®2?7107 susceptibility require prior priorit:izedgz'gg_'o7

exclusion®77-1%7
Strategy Repair-first'820:69 Do not default opening as Transport-engineering-second;
sequencing favorable20:6469.8485 opening ast20-6%:83.84

Abbreviations: ¢SS, cortical superficial siderosis; cSAH, convexity subarachnoid haemorrhage.

plastic, reversible interface imbalances and are not coupled with obviously high-risk vascular substrates can cautious
translational exploitation be discussed; once entering structural fragility and hemorrhage-prone states, their meaning
shifts from “opportunity” to “risk identification” (Table 10).

Therefore, AD brain endothelial glycocalyx abnormalities should not be generalized as “the worse, the more
favorable” delivery shortcuts. They are first BBB repair and patient stratification targets, and second, under conditions
of sufficient evidence and controllable safety boundaries, provide design bases for engineered trans-BBB delivery; as for
direct exploitation of pathological gaps, they should remain at the last position, and should not be characterized as routine
conversion pathways for AD. In other words, brain endothelial glycocalyx in AD functions more like an interface
adjudicator determining when repair is worthwhile, when transport can be designed, and when BBB-targeting interven-
tions must be halted, rather than a universally callable therapeutic shortcut.

Limitations
This review is subject to several limitations inherent to the current evidence base and review scope.

First, the strongest mechanistic and interventional evidence for brain endothelial glycocalyx dysfunction in AD
derives primarily from murine aging models and endothelial-specific genetic manipulations (eg., Clgalt! deletion/
restoration).'®*”*® Direct demonstration that identical O-glycosylation defects drive BBB collapse in human AD remains
incomplete. Consequently, all causal chains proposed here should be interpreted as cross-species hypotheses requiring
prospective human validation.

Second, human evidence currently relies heavily on post-mortem brain microvascular staining and single-nuclear
transcriptomic reanalysis.'®** These approaches cannot capture longitudinal glycocalyx dynamics within the same
subject, nor can they resolve luminal glycocalyx ultrastructure with the fidelity achievable in vivo. The “invisibility”

of glycocalyx under conventional fixation introduces additional observational bias.
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Third, preclinical repair strategies—particularly adeno-associated virus (AAV)-mediated C/GALT1/B3GNT3 delivery
—face unresolved translational barriers, including brain endothelial tropism, immunogenicity, and scalable manufactur-
ing for human CNS delivery.**® Exogenous biomimetic glycocalyx engineering remains at the proof-of-concept stage
and lacks chronic safety data in neurodegenerative disease contexts.

Fourth, the four-dimensional interface-state framework proposed herein awaits prospective clinical stratification. No
existing human cohort has simultaneously acquired glycocalyx-specific readouts, multimodal BBB imaging (eg., DCE-
MRI), fluid biomarkers, and cognitive trajectories in a longitudinal design. Therefore, the framework currently serves as
a conceptual stratification tool rather than a validated clinical algorithm. To bridge these gaps, future clinical strategies
should prioritize same-subject, multimodal, longitudinal designs. Advancements in dynamic contrast-enhanced MRI
protocols, novel PET tracers targeting glycosylation pathways or endothelial activation markers, and multiplex fluid
biomarker panels could enable longitudinal tracking of glycocalyx alterations, BBB dysfunction, and cognitive decline
within individual patients, thereby moving the field from cross-sectional inference to prospective mechanistic validation.

Finally, this review does not systematically address peripheral glycocalyx shedding biomarkers (eg., syndecan-1,
heparan sulfate) as direct surrogates for brain endothelial pathology, given their lack of CNS specificity.'**'"! Future
studies should prioritize same-subject, multimodal, longitudinal designs to close these gaps.

Conclusion

In summary, brain endothelial glycocalyx in AD should no longer be regarded as a peripheral accessory structure of the
BBB, but positioned as a key translational interface residing at the blood-facing frontline, connecting vascular pathology,
barrier homeostasis, and brain delivery design. Existing evidence suggests that AD-associated glycocalyx abnormalities
align more closely with interface remodeling centered on luminal protective mucin-domain glycoproteins and mucin-type
O-glycosylation program impairment, rather than uniform holistic detachment; among these, the brain endothelial O-
glycosylation axis has formed the currently most convincing mechanistic chain, indicating that glycocalyx abnormalities
are not merely associated with BBB leakage, inflammatory amplification, and neurofunctional abnormalities, but may
reside upstream of BBB destabilization. Based upon this, the primary translational positioning of glycocalyx in AD
should be as a pathogenic interface for priority repair, rather than a delivery “gap” directly exploitable, because its
pathological significance lies not in simply increasing brain entry flux, but in front-positionedly rewriting BBB starting
contact conditions, receptor recognition environments, trans-endothelial pathway selection, and brain distribution alloca-
tion. Concurrently, current evidence does not support the existence of a unified, brain-wide, static “glycocalyx delivery
window” in AD; the translational significance of glycocalyx abnormalities is highly dependent upon brain regions,
vascular segments, disease stages, and accompanying vascular substrates, particularly in contexts merged with CAA,
microbleeds, or ARIA susceptibility, where they first indicate vascular fragility rather than delivery advantages.
Therefore, future research should shift from single judgments of “whether BBB leaks” toward multidimensional interface
stratification of glycocalyx structure, glycosylation, transport, and inflammation/adhesion phenotypes, and further estab-
lish same-subject, multimodal, and longitudinal evidentiary chains between glycocalyx alterations, BBB functional
abnormalities, and clinical outcomes in human AD. Overall, the most rational strategy sequencing at current evidence
levels is repair-first, transport-engineering-second, and exploitation-last. In AD, the glycocalyx functions not as
a universally callable delivery shortcut, but as an interface arbiter: it determines when repair is warranted, when transport
can be engineered, and when BBB-targeting interventions must be halted to avoid vascular catastrophe.

Abbreviations

5xFAD, five familial Alzheimer’s disease mutations (mouse model); AP, amyloid-beta; AAV, adeno-associated
virus; AD, Alzheimer’s disease; ALCAM, activated leukocyte cell adhesion molecule; ALPL, alkaline phosphatase,
liver/bone/kidney; ANGPT-2, angiopoietin-2; ANKSI1A, ankyrin repeat and SAM domain-containing protein 1A;
APOE4, apolipoprotein E €4; APP, amyloid precursor protein; APP/PS1, amyloid precursor protein/presenilin 1
(mouse model); ARIA, amyloid-related imaging abnormalities; ATV, transport vehicle; B3GNT3, UDP-GIcNAc:
betaGal beta-1,3-N-acetylglucosaminyltransferase 3; BBB, blood-brain barrier; C1GALT1, core 1 betal,3-
galactosyltransferase 1; CAA, cerebral amyloid angiopathy; CAV1, caveolin-1; CBF, cerebral blood flow; CBYV, cerebral
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blood volume; CD8+, cluster of differentiation 8 positive; CD44, cluster of differentiation 44; CD68, cluster of
differentiation 68; Cdh5, cadherin-5 (VE-cadherin); CLDNS, claudin-5; CMBs, cerebral microbleeds; CNS, central
nervous system; CSF, cerebrospinal fluid; cSAH, convexity subarachnoid haemorrhage; cSS, cortical superficial side-
rosis; CX43, connexin 43 (gap junction protein 43); DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging;
DR6, death receptor 6; ECM, extracellular matrix; FUS, focused ultrasound; FUT11, fucosyltransferase 11; GAGs,
glycosaminoglycans; Galnt2, polypeptide N-acetylgalactosaminyltransferase 2; Galntl0, polypeptide N-
acetylgalactosaminyltransferase 10; GLUTI1, glucose transporter 1; HA, hyaluronic acid; HAS2, hyaluronan synthase
2; HS, heparan sulfate; HSPGs, heparan sulfate proteoglycans; Ibal, ionized calcium-binding adapter molecule 1; ICAM-
1, intercellular adhesion molecule-1; IgG, immunoglobulin G; K" trans”, volume transfer constant; LPS, lipopolysacchar-
ide; LRP1, low-density lipoprotein receptor-related protein 1; MCI, mild cognitive impairment; NAD+, nicotinamide
adenine dinucleotide (oxidized form); NeuN, neuronal nuclei; NVU, neurovascular unit; PARPI, poly(ADP-ribose)
polymerase 1; PDGFRp, platelet-derived growth factor receptor-p; PSEN1, presenilin 1; PVS, perivascular space; QAlb,
cerebrospinal fluid/serum albumin ratio; RAGE, receptor for advanced glycation end-products; RMT, receptor-mediated
transcytosis; SDCI, syndecan-1; sPDGFR, soluble platelet-derived growth factor receptor-f3; StcE, *E. coli* secreted
and surface-associated mucinase; Tg2576, transgenic mouse model expressing human APP with Swedish mutation; TR,
transferrin receptor; TfR1, transferrin receptor 1; TREM2, triggering receptor expressed on myeloid cells 2; TSG-6,
tumor necrosis factor-stimulated gene-6; UEA1, *Ulex europacus* agglutinin 1; VCAM-1, vascular cell adhesion
molecule-1; VEGF-A, vascular endothelial growth factor A; Wnt, Wingless-related integration site (signaling pathway);
Z0-1, zonula occludens-1.
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