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Abstract

Background Maintaining the structural and functional integrity of the blood—brain barrier (BBB) is vital for neuronal
equilibrium and optimal brain function. Disruptions to BBB performance are implicated in the pathology of neurode-
generative diseases.

Main body Early indicators of multiple neurodegenerative disorders in humans and animal models include impaired
BBB stability, regional cerebral blood flow shortfalls, and vascular inflammation associated with BBB dysfunction.
Understanding the cellular and molecular mechanisms of BBB dysfunction in brain disorders is crucial for elucidating
the sustenance of neural computations under pathological conditions and for developing treatments for these dis-
eases. This paper initially explores the cellular and molecular definition of the BBB, along with the signaling pathways
regulating BBB stability, cerebral blood flow, and vascular inflammation. Subsequently, we review current insights

into BBB dynamics in Alzheimer's disease, Parkinson'’s disease, amyotrophic lateral sclerosis, and multiple sclerosis. The
paper concludes by proposing a unified mechanism whereby BBB dysfunction contributes to neurodegenerative
disorders, highlights potential BBB-focused therapeutic strategies and targets, and outlines lessons learned and future
research directions.

Conclusions BBB breakdown significantly impacts the development and progression of neurodegenerative diseases,
and unraveling the cellular and molecular mechanisms underlying BBB dysfunction is vital to elucidate how neural
computations are sustained under pathological conditions and to devise therapeutic approaches.

Keywords Blood-brain barrier, Cerebrovascular blood flow, Vascular inflammation, Neurodegenerative diseases,
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Background
The blood—brain barrier (BBB) serves as a crucial physi-
cal barrier separating peripheral blood circulation from
the central nervous system (CNS). It safeguards the brain
parenchyma by preventing the entry of exogenous patho-
gens and neurotoxic plasma components. Additionally,
the BBB regulates substance transport into and out of
the CNS, ensuring the chemical stability of the neuronal
milieu and supporting normal neuronal metabolism,
which is vital for the optimal functioning of the brain’s
86 billion neurons. Impairments to the BBB disrupt the
brain’s microenvironment homeostasis, ultimately result-
ing in neuronal injury and functional anomalies, a phe-
nomenon extensively documented in neurodegenerative
disease studies [1]. The establishment and preservation
of the BBB are intricate cooperative processes, hinging
on the synergistic actions among the constituent cells of
the neurovascular unit (NVU)—endothelial cells (ECs),
pericytes, astrocytes, extracellular matrix, and neu-
rons (Fig. 1). These cells, through complex interactions,
guarantee the BBB’s integrity and the normal metabolic
state of neurons [2, 3].

To uphold the BBB’s integrity and support healthy
neuronal metabolism, a continuous and sufficient blood
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supply is essential for the proper functioning of the brain.
Adequate blood supply relies on an efficiently regulated
vasculature and the NVU. ECs, pericytes, astrocytes, and
neurons, among other cell types, collectively modulate
cerebral blood flow (CBF) to cater to the high-energy
demands of highly active brain regions [2, 3]. Impaired
BBB integrity, such as the loss or degeneration of peri-
cytes, disturbs regional CBF, disrupting the delicate
balance required for optimal neural function [4—6]. Con-
versely, abnormal CBF also stresses the BBB, potentially
contributing to its dysfunction and exacerbating the
challenges faced by the vasculature. This intricate inter-
play between blood supply and brain health underscores
the dual nature of the circulatory system’s task: while it
serves as a vital conduit for nourishment, it simultane-
ously manages the influx of potential toxins and mitigates
the effects of oxidative stress. The process of nourishing
the brain through the peripheral bloodstream inevita-
bly involves the transport of not only essential nutrients
but also potentially harmful elements. Simultaneously,
the vasculature is confronted with managing oxidative
stress products originating from both the peripheral cir-
culation and the metabolic processes within the brain
tissue. When confronted with harmful substances such
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Fig. 1 The NVU (capillary level). The NVU at the capillary level consists of vascular cells (ECs, pericytes, glial cells) and neurons. ECs, situated

on the luminal side of blood vessels, are continuously sealed by intercellular junctional molecules like ZO proteins and claudins. The abluminal
surface of ECs is enveloped by a basement membrane that incorporates pericytes and their projections. Astrocytic processes culminate in end-feet
encircling the abluminal surface of the capillary vessel wall. The BBB functions to preserve neuronal health by preventing the unregulated

influx of peripheral cells (such as red blood cells, leukocytes, and lymphocytes) and plasma proteins (e.g., fibrinogen, IgG). It also maintains low
paracellular and transcellular permeability for molecules and ions while facilitating the delivery of essential oxygen and nutrients to the brain.
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as toxins or byproducts of oxidative stress in the periph-
ery or brain tissue, the vascular system flexibly initiates
defensive mechanisms to mitigate potential harm, dem-
onstrating an adaptive response that protects the BBB’s
protective function. However, excessive or persistent
vascular inflammatory response may cause damage to
blood vessels and surrounding tissues, affecting the BBB
integrity and thus adversely affecting brain function. This
involves immediate responses and refined coordination
among various parts of the vasculature, underpinned by
intricate signaling pathways and intercellular communi-
cation [7, 8]. The BBB’s regulation exhibits a high sensi-
tivity and responsiveness to energy requirements and
environmental changes. The role of BBB in the pathogen-
esis of human neurodegenerative disorders highlights the
importance of healthy blood vessels [9, 10]. Existing stud-
ies on neurodegenerative diseases reveal impairments
related to BBB dysfunction, including compromised vas-
cular stability, disrupted CBE, and vascular inflammation.
However, in-depth investigations into the pathology of
neurodegenerative diseases from the three perspectives,
despite being crucial aspects, remain limited. There is an
urgent need for a comprehensive review of the mecha-
nisms of the BBB impairment, especially when consid-
ering the trio of crucial aspects in the context of various
neurodegenerative conditions.

In this review, we initially explore the cellular and
molecular mechanisms that underpin the formation of
the BBB. Subsequently, our focus shifts to the pivotal
pathways that maintain BBB integrity and regulate CBE,
as well as vascular inflammation. Further, we investigate
the connection between BBB dysfunction and neurode-
generative diseases, predominantly in Alzheimer’s Dis-
ease (AD), Parkinson’s Disease (PD), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS). Finally, we
examine potential BBB-based therapeutic strategies
and targets. The review concludes by summarizing key
insights and future research directions.

The NVU

EC

Specialized brain ECs construct the primary barrier
interface of the BBB, maintaining physiological homeo-
stasis by overseeing transport logistics, regulating vas-
cular permeability, and controlling vascular tone [11]. In
contrast to the highly permeable vasculature in periph-
eral organs, adjacent ECs in the brain are characterized
by high trans-endothelial electrical resistance (TEER),
low rates of transcytosis, and restricted paracellular
permeability, which is primarily governed by junctional
molecules [12]. The brain junctional molecules include
tight junctions (TJs), adherens junctions (AJs), and gap
junctions, which collectively impede the paracellular
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movement of solutes [13-16]. TJs, composed of claudins,
occludin, junctional adhesion molecules (JAMs), and
the zonula occludin (ZO) family, are believed to regu-
late vascular paracellular transport by forming a high-
resistance electrical barrier [17]. Adherens junctions,
primarily made up of vascular endothelial (VE)-cadherin,
catenin, and platelet endothelial cell adhesion molecule-1
(PECAM-1), are located on the basolateral side of EC TJs
[18]. They play a crucial role in trans-endothelial migra-
tion of lymphocytes, monocytes, and neutrophils, as well
as in cell signaling and transcriptional regulation [19—
21]. Gap junctions facilitate intercellular communica-
tion among ECs through ion currents, second messenger
signals, and small metabolites. They are instrumental in
vascular angiogenesis and modulating brain endothelial
barrier hyperpermeability by influencing TJs. Nonethe-
less, a more comprehensive understanding of gap junc-
tions concerning the BBB in neurodegenerative diseases
is still required.

Transcellular permeability

Given the integrity of cellular structures and junctional
proteins between ECs, it is typical for gases and small
lipid-soluble molecules with molecular weights under
400 Da to be able to passively diffuse across the BBB
[22]. The BBB employs various transport systems, such
as carrier-mediated transport (CMT), receptor-mediated
transport (RMT), active efflux transport, vesicular traf-
ficking by transcytosis, and ion transport, to facilitate the
entry of essential substances into the brain parenchyma
and the efflux of metabolic waste and endogenous neu-
rotoxins [19, 23]. The endothelial solute CMT facilitates
the crossing of specific solutes across the BBB via sub-
strate-specific transporters, with docosahexaenoic acid
(DHA) being transported by major facilitator superfamily
domain containing 2a (Mfsd2a) and glucose by glucose
transporter 1 (Glutl), ensuring targeted delivery of these
vital nutrients to the brain [19, 24—-27]. RMT allows pro-
tein movement in and out of the brain, depending on the
ligand’s binding to specific plasma membrane receptors,
such as the interaction between lipoprotein receptors
1 and 2 (LRP1/2) and advanced glycation end products
(RAGE) [28, 29]. The ATP-binding cassette (ABC) trans-
porters, including P-glycoprotein (P-gp) and breast can-
cer resistance protein (BCRP), expressed on the luminal
endothelial plasma membrane, are pivotal in CNS phar-
maco-resistance [24, 30-32]. Vesicular trafficking by
transcytosis, exemplified by albumin’s caveolae-mediated
vesicular transport, allows molecules to traverse the BBB
based on charged interactions with the ECs’ glycocalyx
[33]. Ion transporters, such as sodium pumps, calcium
transporters, and potassium channels, are essential in
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regulating neuronal cell electrophysiological activity and
maintaining CNS ion concentration gradients [24].

Leukocyte adhesion molecules

As vital constituents of the immune system, ECs act as
conduits for migrating immune cells. Notably, ECs dis-
play considerably reduced levels of intercellular adhesion
molecules (ICAMs) in comparison to ECs in periph-
eral organs, thereby imposing stringent limitations on
immune cell ingress into the brain tissue [34, 35]. The
traversal of immune cells from the circulation across the
BBB is a meticulously orchestrated dance of molecular
engagement between leukocytes and ECs. This intri-
cate process, applicable to monocytes and neutrophils,
includes initial capture and rolling along the EC lining,
followed by integrin activation, adhesion, crawling, and
eventual passage either transcellularly or paracellularly
[36].

Under inflammatory cues, ECs instigate the expres-
sion of P-selectin, causing incoming immune cells to
decelerate and roll. Under the orchestration of integrins
and their ligands ICAM and VCAM, these cells firmly
anchor to the EC surface, undergo polarization, and
crawl in preparation for crossing. They then navigate
across the endothelial layer either by traversing the TJs
or by forming transient pores in the endothelium without
compromising the structural integrity of complex TJs.
Importantly, monocytes possess the capability to stimu-
late ECs directly, which may lead to decreased occludin
levels and a heightened influx of immune cells into the
inflamed site [27].

The leukocyte adhesion molecules located on the api-
cal surface of ECs play a pivotal role in initiating leuko-
cyte attachment, marking the onset of tissue infiltration.
In a healthy state, ECs in the CNS exhibit significantly
reduced expression of these molecules compared to
their peripheral counterparts, further tightly controlling
the infiltration of immune cells entry into the brain tis-
sue [34, 35]. Conversely, in pathological conditions, an
upsurge in leukocyte adhesion molecule expression on
ECs eases the passage of leukocytes across the BBB, cul-
minating in a local buildup of immune cells and inten-
sifying both inflammatory and immune reactions. This
amplification exacerbates harm to neurons [37, 38].

Pericyte

Pericytes occupy a central position in the NVU, situated
between ECs, astrocytes, and neurons [39]. Embedded
in the basement membrane (BM), they are distinguished
by their protruding ovoid cell bodies and elongated, slen-
der processes that partly form an incomplete layer over
the surface of CNS capillaries [40, 41]. Pericytes are
instrumental in regulating several critical neurovascular
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functions. These include the formation and permeabil-
ity of the BBB, angiogenesis, CBE, the clearance of toxic
cellular metabolites, vascular remodeling, and tone, all
of which are essential for the normal functioning of the
CNS [39].

Pericytes, responsive to signals from neighboring cells,
generate functional responses essential for CNS integrity
[39]. During CNS development, pericyte-EC interactions
regulate angiogenesis, vascular stability, and remodeling
[42, 43]. Pericytes influence vascular permeability by
modulating the expression and organization of intercel-
lular junction proteins and vesicular transport [44]. They
regulate capillary tone and diameter, thereby controlling
CBE, a topic further elaborated in the subsequent section
of this review. In multiple neurological disorders, includ-
ing AD, ALS, and PD, pericyte loss and degeneration are
evident [19, 45, 46]. Pericyte deficiency intensifies amy-
loid-beta (AP) and tau pathology and accelerates neu-
ronal loss in the absence of AB-precursor protein, leading
to cognitive decline [45]. Moreover, pericytes’ enhanced
expression of adhesion molecules, which guides and
facilitates leukocyte activation and transmigration into
the CNS, underscores their role in mediating inflam-
matory signals within the NVU [47]. Neuronal activity
drives insulin-like growth factor 2 expression from peri-
cytes to form long-term memory [48].

Astrocyte

Perivascular astrocytic end-feet cover approximately
70-100% of the vascular perimeter [49]. About a third
of astrocyte soma directly contacts blood vessels [50].
As integral components of the NVU, perivascular astro-
cytes maintain BBB characteristics by contributing to
basement membrane formation, regulating pericyte dif-
ferentiation, and modulating EC functions by regulating
the expression of TJs such as claudin-5, occludin, and
Z0O-1 [49, 51-53]. Astrocytes, also serving as pivotal
relay cells within the NVU, facilitate communication
between neurons and cerebral blood vessels [54]. Beyond
neurotransmitter-mediated signaling and pericyte
involvement, astrocytes regulate CBF through mecha-
nisms linked to increased intracellular Ca®* levels [7, 54].
Shifts in understanding CBF control will be elaborated
upon in the following section. Additionally, heterogene-
ous astrocytes distributed throughout the brain exac-
erbate disease progression and compromise the BBB by
releasing inflammatory factors and chemokines [55, 56].
Aquaporin-4 (AQP4), predominantly expressed in astro-
cytic end-feet, regulates the flux of cerebrospinal fluid,
clearance of amyloid-beta, and inflammation [57, 58]. In
intramural periarterial drainage, astrocytic end-feet are
hypothesized to facilitate waste clearance by modulating
functional hyperemia and cerebrovascular tone [59, 60].
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AQP4 deficiency in mice leads to severe neuroinflamma-
tion, increased microglial activity, and neuronal damage
[61].

Basement membrane

The BM encompasses the abluminal surface of ECs and
pericytes, delineating these cells from neurons and
glial cells [62, 63]. BM components form a meshwork
that facilitates the diffusion and binding of molecules
and serves as an interface for cell adhesion and migra-
tion [64]. Comprising a structural matrix of extracel-
lular matrix molecules, including collagens, laminins,
fibronectin, heparan sulfate, and proteoglycans, the BM
is synthesized and deposited by ECs, astrocytes, and peri-
cytes [41, 65]. Its composition is tissue-specific and varies
in response to different neurological diseases. Emerging
evidence from human and animal studies of neurologi-
cal diseases indicates that BBB disruption is associated
with changes in BM component synthesis and degrada-
tion [64]. In the CNS, laminin deficiency leads to BBB
breakdown, characterized by reduced pericyte coverage,
leukocyte extravasation, and altered expressions of VE-
cadherin, claudin-5, and occludin, underscoring laminin’s
role in maintaining BBB integrity [51, 66—68]. Collagen
IV is essential for BBB structural integrity and func-
tion during later developmental stages [69]. Perlecan, a
prominent heparan sulfate proteoglycan in BM, is crucial
in BBB maintenance and repair, particularly in pericyte
interactions following brain injuries like ischemic strokes
[70-72]. Further research into BM’s role in neurological
disorders is critically necessary.

Pathways regulating the BBB stability

The structural stability of the BBB is a prerequisite for
its normal functional performance, and anomalies in its
structure may impact its selective permeability, thereby
influencing the stability of the brain’s internal environ-
ment and the health status of neurons. The stability of the
BBB largely depends on its vascular integrity and selec-
tive permeability. Interactions among ECs, pericytes, and
astrocytes are crucial for vascular maintenance. Interven-
tions targeting the processes of survival, proliferation,
migration, differentiation, and permeability of vascular
components, as well as the signaling pathways governing
these processes, all have significant impacts on the stabil-
ity of BBB. Disruptions to these may result in structural
abnormalities, vessel leakage, and BBB functional impair-
ments, consequently affecting brain functioning. The reg-
ulation of BBB permeability by various transporters has
been extensively discussed elsewhere [31]. Figure 2 pro-
vides a summary of the key cellular and molecular path-
ways underlying BBB stability.
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Platelet-derived growth factor-BB (PDGF-BB), upon
binding to its receptor PDGF receptor-p (PDGERp), trig-
gers receptor dimerization, autophosphorylation, and
activation [39]. The PDGF-BB-PDGEFRp pathway and its
downstream signaling mechanisms regulate BBB main-
tenance by promoting pericyte survival, proliferation,
migration, differentiation, adherence to the vascular wall,
and leukocyte trafficking [42, 73]. Endothelial-derived
impaired PDGEFRp signaling results in microvascular
reductions, decreased CBF, and accumulation of neuro-
toxic molecules from the blood, contributing to second-
ary neurodegeneration [45, 74]. Endothelium-derived
Notch ligands binding to pericyte Notch3 receptors pro-
mote pericyte survival. Pericyte-originated Notch ligands
attaching to endothelial Notchl/4 receptors enhance
N-cadherin expression and regulate PDGF-BB in ECs,
reinforcing BBB integrity [39]. The vascular endothelial
growth factor-A (VEGF-A)-VEGEFR2 signaling cascade is
critical for cell survival, angiogenesis, and vascular per-
meability [42, 75]. However, aberrant activation of this
pathway disrupts T7Js, causing increased BBB leakage in
CNS diseases [76, 77]. The transforming growth factor-p
(TGE-B)-TGE-P receptor 2 (TGEPR2) signaling path-
way regulates differentiation, maturation, proliferation,
migration, and attachment of both ECs and pericytes
[78, 79]. The angiopoietin-1 (Angl)-Tie2 and Ang2-
Tie2 signaling pathways, involved in angiogenesis and
BBB permeability regulation, have varying effects on EC
functions.

Transporters in ECs play a pivotal role in maintaining
BBB stability. For example, Mfsd2a, an essential omega-3
fatty acid transporter in ECs vital for BBB formation,
maintains BBB integrity by suppressing caveolae-medi-
ated transcytosis [80, 81]. The brain’s uptake of glucose
is facilitated by Glutl. Significantly, deletion of a single
allele encoding Glutl markedly reduces glucose uptake,
leading to BBB disruption, a decline in CBF, and ulti-
mately, neuronal death and loss [27].

Beyond the previously mentioned pathways, perivas-
cular microglia and astrocytes are critical in sustaining
BBB stability. These cells release cytokines that interact
with the BBB. Proinflammatory cytokines compromise
ECs, stimulate the release of ICAM, and enhance the
adhesion and infiltration of immune cells. This process
amplifies inflammatory responses, contributing to the
onset of CNS disorders [82]. Moreover, activated micro-
glia phagocytose astrocytic end-feet, lead to the loss of
astrocyte-vascular connections and subsequent BBB dis-
ruption [83, 84].

Pathways regulating the CBF
The BBB’s primary role is to regulate the exchange of
substances between blood and brain tissues, ensuring
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Fig. 2 Major signaling pathways regulating BBB stability. Pericyte-EC communications. PDGF-BB-PDGFRB pathways regulate various pericyte
functions (survival, migration, proliferation, differentiation) by activating phosphoinositide 3-Kinase (PI3K) and Src homology-2 domain-containing
protein tyrosine phosphatase-2 (SHP-2). In ECs, TGF-3-TGFBR2 activates different cascades: Alk5-Smad2/3/4 complex boosts differentiation,

curbs proliferation, Alk1-Smad1/5/8 complex enhances proliferation; and Alk1-PI3K-Akt pathway fortifies survival and BBB stability. In pericytes,

Smad2/3 activation restrains proliferation and migration, promoting differentiation. Notch3 receptor engagement by Notch ligands strengthens
BBB stability through Notch-regulated ankyrin repeat protein (Nrarp) or Notch intracellular domain (NICD) pathways when binding to Notch1

or Notch4. Excessive VEGF-A from pericytes and astrocytes weakens BBB by interacting with EC's VEGFR2. Ang1 binding to Tie2 receptors activates
PI3K-Akt and inhibits 3-catenin, supporting BBB stability, whereas Ang2 antagonizes this effect. Astrocyte-Pericyte/ EC communications. Astrocytes
secrete APOE2 and APOE3 (not APOE4), which bind to pericyte LRP1 receptors, inhibiting the CypA-NFkB-MMP-9 pathway and bolstering BBB
stability. Moreover, astrocytic Shh binds to PTCH1 receptors on ECs, playing a critical role in BBB stabilization. Astrocyte-derived laminin significantly
supports BBB integrity. Neuron-EC communications. Neurons release Wnt, which upon binding to frizzled (FZD) receptors on ECs stimulates their

differentiation. Microglia-EC Communications. Microglia release TNF-a and IL-1(3, which cumulatively diminish the stability of BBB. Other factors
influencing BBB integrity. Additional factors include MFSD2A's role in BBB formation and hyperglycemia-induced pericyte apoptosis via ROS

that essential nutrients reach neurons while exclud-
ing potential toxins and pathogens. CBF delivers the
necessary oxygen and nutrients to the brain cells, and
its regulation is dynamically adjusted according to the
metabolic needs of the neurons. The integrity of the
BBB is fundamental to this progress since it affects the

vascular response and the overall efficiency of blood
delivery. The human brain’s blood supply is managed
through a vascular network of arteries, arterioles, cap-
illaries, and venules [26]. Given the predominance of
capillaries in the brain’s vasculature, their significant
role in vascular resistance, and the extensive review
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of CBF control by smooth muscle cells (SMCs) else-
where [54], this discussion focuses on capillary-based
CBF regulation [26]. The NVU upholds BBB integrity
and modulates CBF. Disruptions in the NVU, leading
to BBB dysfunction and reduced CBE, are early events
in various neurodegenerative diseases, including AD,
PD, and ALS [85]. Indeed, the cellular components of
the NVU play a crucial role in physiologically regulat-
ing CBE. This review explores how the brain modulates
CBF in response to different information-processing
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tasks. Figure 3 presents the key cellular and molecular
pathways involved in capillary-based CBF regulation.

Neuron-mediated regulation of CBF

Neurons release chemical signals that directly or indi-
rectly influence receptors on pericytes and astrocytes,
resulting in either decreased CBF due to depolarization
and cell contraction or increased CBF through hyper-
polarization and cell relaxation. Earlier studies posited
that CBF is contingent on the energy demands of local
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Fig. 3 Major signaling pathways regulating CBF (capillary level). Increased CBF. Neuronal ATP and glutamate activate P2X receptors

and metabotropic glutamate receptors (mGluRs) on astrocytes respectively, triggering Ca®* influx. Elevated cytoplasmic Ca®* stimulates COX-2
activity, leading to the conversion of AA into prostaglandin E2 (PGE2). PGE2 induces pericyte relaxation by binding to its receptor EP4 (EP4R),
causing pericyte hyperpolarization. Similarly, acetylcholine released by neurons and adenosine from neurons and astrocytes target pericytes
and ECs through muscarinic receptors and A,Rs respectively, resulting in hyperpolarization and relaxation, thereby increasing CBF. Furthermore,
high extracellular K* from neurons activates VGCCs, causing pericyte depolarization and contraction. Conversely, activation of channels

like the inward rectifier potassium channel and KCa or K, channels leads to K* efflux and pericyte hyperpolarization, reducing Ca?* entry

through VGCCs. ACh or high extracellular K* can stimulate K or K¢, channels on ECs, causing endothelial hyperpolarization that propagates via gap
junctions between ECs, enhancing CBF in a retrograde manner. Decreased CBF. Neurogenic ATP or NA binds to P2X or a2A receptors, respectively,
on pericytes, resulting in cell depolarization and constriction, thereby reducing CBF. In astrocytes, AA is synthesized and then enters smooth muscle
cells and pericytes where it transforms into 20-HETE, leading to pericyte depolarization, contraction, and a subsequent decrease in CBF. In AD
models, excess AB triggers ROS generation in pericytes, upping ET-1 levels and inducing pericyte contraction and capillary constriction via ET-1
type A receptor (ETAR). Concurrently, EC-released PDGFB and blood-borne IGF1 interact with PDGFRB and IGF 1R, respectively, causing Ca?t influx
and pericyte depolarization. Moreover, brain pericyte AT1 receptors (AT1R) respond to neurogenic angiotensin Il, amplifying contractile ability
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neuronal activities. Following the generation of synap-
tic and action potentials, neurons use ATP released by
glutamate to restore ion gradients, creating a metabolic
signal that elevates CBF to meet energy requirements
[86]. Recent research indicates that neuronal ATP and
adenosine interact with their respective receptors-P2X
and P2Y for ATP, and adenosine A,, receptors (A,,R) for
adenosine-leading to pericyte contraction, which reduces
CBE, or membrane hyperpolarization, which increases
CBF [26, 87-89]. Additionally, neuronal noradrenaline
(NA) and angiotensin II act on a2-adrenergic receptors
(a2A) for NA and AT1 for angiotensin II on pericytes.
This action causes local Ca®" elevations in pericytes,
leading to depolarization and reduced CBF [90, 91]. Ace-
tylcholine (ACh) released from neurons activates mus-
carinic ACh receptors (MRs) on ECs, increasing nitric
oxide (NO) production, EC hyperpolarization, and con-
sequently, elevated CBF [92]. NO released by neurons
influences pericytes, causing hyperpolarization and
exerting vasodilatory effects, further impacting CBF [93].

Astrocyte-mediated regulation of CBF

Perivascular astrocytes, located near synapses, are stim-
ulated by neuronal activity, while their end-feet envelop
blood vessels and communicate with SMCs and peri-
cytes, which regulate CBF. The strategic positioning of
perivascular astrocytes enables their function as relay
cells in the NVU [54]. These astrocytes respond to neu-
ronal glutamate via metabotropic glutamate receptors
(mGIluR), leading to an increase in intracellular Ca*.
This elevation triggers the synthesis of arachidonic acid
(AA) in astrocytes. AA then enters SMCs and pericytes
and is converted to 20-hydroxy-eicosatetraenoic acid
(20-HETE), causing pericyte depolarization and contrac-
tion, ultimately reducing CBF [94]. Additionally, elevated
extracellular Ca?" and K* levels, either from neuronal
activities or astrocytic end-feet, can activate Ca®>"-gated
K* channels, leading to intracellular KT efflux. A mod-
erate increase in extracellular Kt concentration (above
10 mM) results in pericyte depolarization and vaso-
constriction [8]. AQP4 on astrocytic end-feet relocates
towards the soma, causing astrocyte swelling, capillary
compression, and decreased CBF [95-97]. The deletion
of AQP4 has been shown to improve CBF distribution in
cases of brain edema, highlighting its significance in CBF
dynamics [98].

Pericytes-mediated regulation of CBF

Brain pericytes express contractile and cytoskeletal pro-
teins that can modify CBF by adjusting their contractile
tone and diameter [39, 99]. The degree of pericyte loss or
degeneration directly correlates with the magnitude of
functional changes in the vasculature, underscoring their
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critical role in preserving cerebral homeostasis. Selective
optical ablation of individual capillary pericytes leads to
sustained local capillary dilation and a twofold increase
in blood cell flux until pericyte contact is regained [5, 4].
Pericyte degeneration reduces both global and individual
capillary CBF responses to neuronal and astrocytic stim-
uli, resulting in abnormal blood perfusion [4, 100]. Peri-
cyte ablation thoroughly leads to acute BBB breakdown
and severe loss of CBF [101].

The brain capillary pericytes respond to neuronal and
astrocytic signals by regulating intracellular Ca** and K™,
leading to either hyperpolarization or depolarization,
thereby influencing CBF. Neuronal transmitters such as
ACh and adenosine bind to their respective receptors
on pericytes—MRs for ACh and adenosine A,, recep-
tors for adenosine—causing pericyte hyperpolarization
and increased CBE. Activation of large-conductance
(BK(,) and small-conductance (K¢,) K* channels, as well
as ATP-sensitive K™ (K,pp) channels, induces K* efflux,
reducing Ca?" entry through voltage-gated calcium
channels (VGCCs), leading to pericyte hyperpolariza-
tion and increased CBF [93]. Increases in extracellular
K* mediated by neuronal activities, along with vasocon-
strictors such as endothelin 1 (ET1), PDGFB, and blood-
derived insulin-like growth factor 1 (IGF1), trigger Ca*"
entry into pericytes through VGCCs, causing depolari-
zation and contraction [7, 93]. Depolarization of peri-
cytes can also result from neuronal transmitters like NA,
ATP, and Ang2 binding to their corresponding recep-
tors on pericytes, as well as from astrocytic AA enter-
ing pericytes [102, 103]. Excessive Ca®" entry into the
cytosol leads to pericyte calcium overload and contrac-
tion, causing microvascular constriction. The resulting
death of pericytes leaves the microvasculature continu-
ously constricted, leading to microcirculatory failure and
long-term cerebral hypoperfusion due to the contractile
apparatus remaining in rigor upon pericyte death, thus
reducing capillary diameter [94, 104].

Endothelium-mediated regulation of CBF

ECs receive signals from the blood and perivascular cells,
including neurons, astrocytes, and pericytes, and play a
critical role in regulating CBE. When ACh released from
neurons or blood activates endothelial MRs, it triggers an
increase in NO production in ECs, leading to cell hyper-
polarization and relaxation. ECs contain two types of K*
channels: Ca*"-activated K* channels (Kc,) and inward-
rectifier KT channels from the Kir2 family (Ky). K¢,
channels respond to signals from activated MRs, facilitat-
ing K* influx. On the other hand, Kjz channels, activated
by elevated external K* during neural activity, primarily
mediate K* influx without causing cellular hyperpolari-
zation [105]. Instead, they initiate a rapidly propagating
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retrograde hyperpolarization, transmitting electrical
signals to upstream small arteries. This process results
in the dilation of these arteries, consequently increasing
blood supply to the capillary bed [26, 106].

Vascular inflammation
The vasculature serves as a vital conduit for nourishment,
it inevitably involves the transportation of not only essen-
tial nutrients but also potentially harmful substances.
Concurrently, the vascular system also grapples with
managing the byproducts of oxidative stress generated
from both the peripheral circulation and metabolic pro-
cesses within the brain tissue. An instant vascular inflam-
matory response, though initially protective against
such threats, can become detrimental if excessive or
chronic. For example, preconditioning with low doses of
lipopolysaccharides (LPS), a component of bacteria cell
walls known to trigger an immune response, has dem-
onstrated neuroprotective effects including enhancing
cellular resilience, supporting neuronal health, and pro-
moting a monocyte phenotype that aids in tissue repair
rather than causing damage [27, 107, 108]. The BBB can
resist leakage during systemic inflammation, especially at
low levels, which is partly attributed to its robust efflux
system, which plays a crucial role in maintaining the
brain’s protected environment [109, 110]. These obser-
vations suggest that mild inflammatory stimuli can acti-
vate endogenous defense mechanisms that strengthen
the BBB and the overall CNS resilience. However, when
inflammation escalates beyond a certain threshold, vas-
cular inflammation can compromise the structure and
function of the BBB, playing a pathological role in mul-
tiple CNS diseases [110]. The following section will
examine how vascular inflammation induced by BBB dis-
ruption manifests in various CNS disorders (Fig. 4).
Inflammation adversely affects the BBB and neu-
ral transmission by escalating “inflammatory” signals
such as cytokines and chemokines, and by mobilizing

(See figure on next page.)
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“inflammatory” cells including macrophages, neutro-
phils, and lymphocytes. These elements disrupt homeo-
stasis and exert inflammatory effects on ECs. As the
primary barrier, ECs are pivotal targets for peripheral
inflammatory factors. These factors, including lipopoly-
saccharide (LPS), tumor necrosis factor-alpha (TNF-
a), and interleukin-1 beta (IL-1(), may impede P-gp
activity, activate the mitogen-activated protein kinase
(MAPK) signaling pathway, and increase nuclear fac-
tor kappa-light-chain-enhancer of activated B cells
(NF-kB) expression in ECs. This cascade induces endo-
plasmic reticulum stress and mitochondrial damage in
ECs, leading to apoptosis [111, 112]. Additionally, ECs
can respond to IL-1f in the bloodstream by synthesizing
and releasing prostaglandin E2, which influences prosta-
glandin receptors on neurons and glial cells, potentially
leading to CNS diseases [113]. Enhanced BBB perme-
ability can be seen as a result of peripheral inflamma-
tion, mediated by alterations in the expression of TJs and
transporters. “Inflammatory” signals, including IL-1(,
IL-6, IL-9, IL-17, interferon-gamma (IFN-y), TNF-a, and
chemokine ligand 2 (CCL2), contribute to diminished
TJs expression or misallocation [114—119]. Additionally,
there are indirect factors influencing T7Js, such as matrix
metalloproteinases (MMPs), NO, ROS, Rho-associated
protein kinase (ROCK), and NF-kB signaling pathways
[120-124]. In addition to ECs, pericytes and astrocytes
are also activated in response to peripheral inflammation,
significantly impacting BBB permeability. These “inflam-
matory” signals further affect BBB transport systems,
which regulate molecular exchanges between the blood
and the brain. Specifically, certain efflux transporters like
P-gp on astrocytic end-feet, as well as transporters for
anions, amino acids, and f-amyloid, are downregulated.
Conversely, influx transporters for insulin, monoamines,
and lysosomal enzymes undergo upregulation [125].
Additionally, inflammatory signals lead to increased
expression of adhesive molecules on ECs, including

Fig. 4 Vascular inflammation. A Changes in TJs. Immune cells and molecules like LPS, TNF-q, IL-13, ROS, and MMPs break TJs, while VEGF

from astrocytes weakens them via PLCy/PKCa/eNOS or PI3K/Akt/eNOS pathways when interacting with VEGFR on ECs. B Inflammation affects ECs.
ROS disrupts the cytoskeleton, impairs Ca>* influx, and damages membrane proteins, causing EC dysfunction. LPS harms ECs by inhibiting P-gp,
promoting prostaglandin E2 synthesis, and triggering EC apoptosis through the MAPK pathway alongside TNF. Microglia recruited by CCL5-CCR5
signaling phagocytose ECs under chronic inflammation, worsening BBB breakdown. Activated T cells target ECs for apoptosis via the Fas pathway.
C Modifications of transport pathways and receptors. Peripheral inflammation significantly impacts various transport pathways. Efflux transporters
(e.g., P-gp) decrease, while influx transporters for insulin, monoamines, and lysosomal enzymes increase. Endothelium displays heightened IL-1,
IL-6, RAGE, and TNF-a receptors, and reduced LRP, P-gp, and glutamate transporters. Pericytes downregulate LRP but upregulate PDGF(3 and TLR.
D Activation of Astrocyte and microglia. Astrocytes and microglia react to inflammation differently. Microglia polarize into pro-inflammatory M1

or anti-inflammatory M2 types, affecting synaptic function and neurogenesis. Reactive astrocytes triggered by M1 microglia cytokines lose their
regulatory control over microglia, while M2 microglia-secreted cytokines dampen inflammation. Inflammatory cytokines released by microglia

induce AQP4 upregulation, causing astrocytic end-feet swelling. E Infiltration of immune cells. Immune cell infiltration follows a multistep process
involving capture, rolling, adhesion, crawling, and migration. Once infiltrated, lymphocytes adopt pro- or anti-inflammatory roles based on secreted
cytokines
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Fig. 4 (Seelegend on previous page.)

vascular cell adhesion molecule 1 (VCAM-1), intercellu-
lar adhesion molecule 1 (ICAM-1), and E-selectin. This
elevation facilitates the entry of peripheral immune cells
into the CNS, a process observed in aging and chronic
inflammation [126—129]. Another adverse effect involves
the leakage of toxic blood substances such as albumin,
fibrinogen, thrombin, and immunoglobulin G (IgG) into

the brain. This extravasation alters the neural environ-
ment, potentially triggering CNS diseases. For instance,
blood-borne fibrin is known to activate neurotoxic innate
immune responses in multiple sclerosis mice and to stim-
ulate neurotoxic microglial programs in AD mice [130].
Leaky vascular signals and immune cells serve as
potential activators of the innate immune response in
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CNS diseases. Innate immune cells, including microglia,
effectively integrate and rapidly respond to environmen-
tal cues. Microglia possess the capability to detect micro-
organisms, leukocytes, and their metabolites, such as
LPS, granulocyte—macrophage colony-stimulating factor
(GM-CSF), and can swiftly initiate an immune response
by secreting IL-1B, IFN-y, and TNF-a. These cells are
drawn towards blood vessels by the chemokine CCLS5,
released by ECs, which also plays a role in the production
of claudin-5. Activation of glial cells leads to the release
of inflammatory cytokines, including IL-1f, IL-6, and
TNEF-a. This process induces the upregulation of AQP4
and causes swelling in the astrocytic end-feet [131]. Fur-
thermore, IL-1a, TNF-a, and complement component
subunit 1q (C1q) encourage the transformation of astro-
cytes into reactive astrocytes (Al), subsequently impair-
ing the astrocytic capacity to regulate microglial activity
[132]. Following this, activated microglial cells adhere to
ECs, a process mediated by macrophage-1 antigen (Mac-
1). The release of IL-1p and TNF-a can lead to a reduc-
tion in the expression of TJs and facilitate the engulfment
of ECs by microglial cells [133, 134]. In the later stages
of stroke, microglial cells contribute to the remodeling
of the ECM by secreting MMPs such as MMP-3, MMP-
9, and MMP-19 [135]. The breakdown of the BBB allows
infiltrating leukocytes, including monocytes, B cells, T
cells, and neutrophils, to be recruited to the CNS [136].
These leukocytes secrete various cytokines that can
either exacerbate or mitigate inflammatory responses.

BBB dysfunction in neurodegenerative diseases

AD

In the early stages of AD, there is clear evidence of both
disruption and dysfunction within the BBB [26]. Disrup-
tion of the BBB including compromised BBB integrity
and subsequent leakage of plasma constituents into the
brain parenchyma, and impaired BBB dysfunction con-
sisting of compromised transport system, reduced CBE,
and heightened vascular inflammatory response at the
BBB level, which are closely interlinked with the accumu-
lation of AP and the presence of neurofibrillary tangles
[137]. Emerging evidence suggests that declines in CBF
and vascular dysfunction may precede other established
AD biomarkers, including AP, amyloid, and tau proteins
(Fig. 5) [26, 138].

Impaired BBB integrity

Postmortem studies of AD patients and animal models
have revealed cellular infiltration, including red blood
cells [139], macrophages [140], and neutrophils [141],
as well as capillary leakage of blood-derived compo-
nents such as fibrin(ogen), IgG, albumin, thrombin,
and hemosiderin [142-145]. These findings indicate
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compromised integrity of the BBB. Before obvious clini-
cal symptoms appear in AD patients, increased BBB
permeability occurs in many brain regions, including
the hippocampus, cortex, deep gray matter, and white
matter by Dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) [146-149]. The deteriora-
tion of BBB integrity is further correlated with pericyte
degeneration and apoptosis, as evidenced by the pres-
ence of CSF PDGFRp, a pericyte marker, and the detach-
ment of PDGFR-P from pericytes [146]. As a significant
genetic risk factor for sporadic AD, the Apolipoprotein E
(APOE4) allele demonstrates a reduced affinity for LRP1
in pericytes. This reduction activates the Cyclophilin A
(CypA)-MMP-9 pathway, which is responsible for the
breakdown of the BBB, degeneration of pericytes, and
loss of CBF [143, 150—152]. Furthermore, APOE4 is asso-
ciated with a decrease in the basal membrane area and an
increase in thrombin concentrations in the vessel walls
[144, 153].

Impaired transport system

Impaired glucose metabolism is a prominent character-
istic of AD [154, 155]. A reduction in Glut in the ECs
of AD patients highlights the compromised function of
the BBB [156—158]. Patients with mild cognitive impair-
ment (MCI) exhibit decreased glucose absorption [159].
Fluorodeoxyglucose-PET imaging shows characteris-
tic hypo-metabolism in the posterior cingulate cortex
and precuneus in the early stages of Alzheimer’s dis-
ease, with temporoparietal hypo-metabolism manifest-
ing before structural changes [160]. As AD progresses,
this diminished uptake of glucose becomes increasingly
apparent in regions such as the hippocampus, parietal
cortex, cingulate cortex, and temporal cortex [161, 162].
Glutldeficiency suppresses the expression of low-density
LRP1 and reduces CBE, suggesting a connection between
CBE, AP clearance, and glucose metabolism disturbances
[163]. While phosphorylated tau (p-tau) does not directly
affect Glutl, it triggers widespread neuronal death,
leading to a decline in D-glucose transport in p25 mice
[164]. Tau-induced activation of glial cells increases the
expression of EC adhesion molecules, facilitating leuko-
cyte migration across the BBB [165]. Although a specific
transporter for p-tau has yet to be identified, the involve-
ment of tau pathology in BBB dysfunction necessitates
further investigation.

AP is primarily cleared through transport-mediated
processes, notably via the low-density LRP [166].
Apolipoprotein J (APOJ) binds to AP, facilitating its
transport across the BBB through the LRP2 receptor
[167]. P-gp not only exports AP from BBB endothe-
lium but also plays a role in clearing it from neurons
[168]. Accumulated AP peptides can disrupt these
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Fig. 5 BBB dysfunction in AD. BBB breakdown in AD is characterized by TJ disruption, pericyte degeneration, and imbalanced AB clearance/
production, impacting neuronal activity. ECs express receptors (LRP1, RAGE, FCRN) and transporters (P-gp, ABCA1) facilitating AB transcytosis
across the BBB. AR complexes with APOE or IgG for enhanced recognition and clearance, with AB-APOE4-VLDLR interaction slowing endocytosis.
Reduced AR clearance due to downregulated LRP1/P-gp and upregulated RAGE coincides with lower Glut1 expression, suggesting EC clearance
impairment. Loss of AQP4 in perivascular astrocytes is associated with AB accumulation. Astrocytes, neutrophils, and BACE1 regulate AB secretion,
while APOE4, ASC, fibrinogen, and Tregs contribute to AR plaque formation. Microglia cluster around plaques forming a protective barrier,
influenced by fibrinogen, which activates EC IL-8. Infiltrated fibrinogen/IgG trigger microglia/astrocyte proliferation and release of various factors,
including APOE, C1g, TNF-a, ROS, NO, and TGF@, with IL-13 potentially phosphorylating tau. Neutrophils infiltrating the brain cause neurotoxicity
via IL-17, NETs, and MPO. AR-specific CD** T cells exacerbate AB accumulation, microgliosis, inflammation, and cognition decline. Hemosiderin
deposits from microhemorrhages boost ROS and vascular permeability, attracting inflammatory monocytes to amyloid deposits, and contributing
to CAA. Pericyte-derived TNF-a/IL-1 reduces claudin-5, amplifies infiltration of vasoconstrictors Ang-2/EDNT1, and constricts pericytes. Infiltration
of Ang-2/EDN1, EC-derived Willebrand Factor (VWF), and pericyte loss reduce CBF. APOE4, mainly from astrocytes/pericytes, weakens APOE2/3
binding to LRP1 and activates CypA-MMP9 pathway, exacerbating BBB instability

clearance processes by reducing P-gp expression and  CBF reductions

activity [169-171]. Additionally, AP can be eliminated Individuals and animals with AD exhibit reductions
through interstitial fluid (ISF) flow in perivascular in CBF and impaired cerebrovascular reactivity, par-
spaces [172]. However, AP plaques in these spaces can ticularly in the hippocampus, thalamus, frontal, and
lead to reduced expression of AQP4 at the astrocytic  occipital cortices, as assessed by arterial spin labeling
end-feet, adversely affecting AB efflux with the ISF  magnetic resonance imaging [157, 177, 178]. Decreased
and exacerbating intraparenchymal AP deposition [58, = CBF precedes the detectable changes of classical AB and
173, 174]. Other factors that can hinder A clearance tau biomarkers, as well as brain atrophy, suggesting that
include extracellular proprotein convertase subtili- reduced CBF could be a valuable biomarker in preclinical
sin/kexin type 9 (PCSK9) impacting LRP1 on ECs and  AD [138, 179]. Pericyte degeneration, which can dimin-
altered expression of B-site amyloid precursor protein ish capillary CBF responses to neuronal stimulation, has
cleaving enzyme 1 (BACE1) [175, 176]. been reported. Furthermore, pericyte degeneration and
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apoptosis, as evidenced by the detachment of PDGFR-f3
from pericytes, are induced by accumulated Af and
impaired Ap clearance, leading to reduced CBF [45, 74,
146, 180]. In human brain cortex slices from AD patients,
excessive AP triggers the production of ROS, conse-
quently elevating intracellular ET1 levels. This elevation
activates the endothelin-A receptor on pericytes, caus-
ing pericyte contraction and capillary constriction, which
ultimately leads to decreased CBF [15]. AP also stimu-
lates the activation of NADPH oxidases (NOXs), integrin
Iib-3, and ROS, promoting platelet adhesion, increasing
levels of the endogenous inhibitors plasminogen activa-
tor inhibitor-1 and endothelin-1 (ET-1), and resulting in
thrombosis, capillary constriction, and impaired blood
flow [99, 181, 182]. There is evidence of a negative cor-
relation between tau protein expression and CBF [183].
Blood vessels in AD exhibit structural irregularities, such
as twisting and varying diameters, and may develop cer-
ebral amyloid angiopathy (CAA), significantly contrib-
uting to BBB disruption, diminished CBEF, and cognitive
deficits [19, 94, 184-186]. Furthermore, chronic overpro-
duction of TGFP1 from astrocytes and microglia leads to
decreased pericyte coverage, facilitating vascular remod-
eling and suboptimal brain perfusion [187-189].

Cerebrovascular reactivity is indicative of the cerebro-
vascular system’s capacity for contraction and dilatation
in response to stimuli, such as variations in cerebral per-
fusion pressure and arterial CO, partial pressure levels.
This reactivity reflects the overall functionality of the
cerebrovascular system [190]. The reduction in CBF and
the diminished vasodilatory response of cerebral vessels
to CO,, due to the accumulation of A, suggest compro-
mised cerebrovascular reactivity examined by transcra-
nial Doppler and the blood oxygenation level-dependent
(BOLD) functional MRI (fMRI) [191-193]. MRI research
has disclosed a diminished CBF response to visual
stimulation and during memory encoding processes
specifically in the hippocampal region of AD patients
[194, 195]. Additionally, pathogenic soluble tau proteins
impair endothelium-dependent CBF responses, leading
to microvascular deficits. These deficits are mediated by
EC senescence and inhibited activation of endothelial
nitric oxide synthase (eNOS), which is exacerbated by the
internalization of soluble tau [196].

Vascular inflammatory response

The disruption of the BBB can lead to inflammation that
exhibits a dual nature. In acute inflammation phases, this
disruption may offer protection in microglial cells, but
it becomes detrimental during chronic responses [84].
In the early stages of AD, heightened immune responses
facilitate the clearance of AP [197, 198]. However, pro-
longed inflammation impairs the microglial cells’ ability
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to bind and phagocytose AP, diminishes the activity of
ApB-degrading enzymes, and weakens their capacity to
disintegrate AP plaques [199, 200]. Peripheral mac-
rophages, attracted to AP plaque deposition sites by
CCL2, assist in A clearance, but CCL2 simultaneously
exacerbates NVU injury [201-203]. M1 microglia release
cytokines such as CCL2, CXCL10, TNF-«, IL-1f, and
IL-6, which lead to a decreased expression of TJs in blood
vessels [203-206]. While TNF-a does not affect P-gp
protein levels, it inhibits its efflux transport activity [207,
208].

Extravasated plasma components act as potent stimu-
lators of inflammatory chemokines, triggering the activa-
tion of microglia and astrocytes. Conversely, they damage
the BBB and exacerbate the pathology [209-212]. Fibrin-
ogen infiltration, co-localizing with AP, promotes IL-8
release by ECs. This alters EC properties through the pro-
duction of a broad spectrum of proteases and coagulation
factors, which disrupt NVU cells and contribute to BBB
dysfunction, leading to prolonged inflammation [211,
213-215]. The complexities of how BBB dysfunction is
linked with extravasated plasma components, including
fibrinogen, IgG, albumin, thrombin, and hemosiderin,
remain to be fully elucidated [216].

PD

PD is primarily attributed to the degeneration and death
of dopaminergic neurons in the substantia nigra pars
compacta, accompanied by the accumulation of Lewy
bodies and Lewy neurites, predominantly comprising
a-synuclein, in degenerating neurons [217]. Vascular risk
factors have been identified as accelerating the onset and
severity of motor and cognitive impairments in PD [19].
Clinical investigations using DCE-MRI reveal a stark
contrast in BBB performance between healthy individu-
als and patients diagnosed with PD. PD patients exhibit
pronounced BBB dysfunction, evidenced by heightened
leakage, notably in the substantia nigra and striatum
pivotal to the disease’s pathology [218, 219]. This BBB
dysfunction in PD is linked to the degeneration of dopa-
minergic neurons, which release alpha-synuclein (aSyn)
into the brain parenchyma, exacerbating BBB dysfunc-
tion (Fig. 6) [220].

In patients with PD, ECs in the basal ganglia undergo
degeneration, accompanied by a reduction in the
expression of TJs including occludin, and ZO-1 [221].
Decreased expression of P-gp, which participates in
the clearance of toxic substances, has been observed
in PD patients’ ECs, with dysfunction linked to mem-
brane LRP1 [222, 223]. In PD mouse models, the intra-
cellular domain of LRP1 (LRP1-ICD), released through
y-secretase and matrix metalloproteinase cleavage,
accumulates within cells. This leads to the entry and
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Fig. 6 BBB dysfunction in PD. BBB breakdown and dysfunction exist in the basal ganglia of PD patients. In ECs, excessive a-Syn PFFs induce

the upregulation of LRP1-ICD, which, in turn, exacerbates aSyn PFF accumulation, and reduces the expression of endothelial TJs such as ZO-1

and occludin, and P-gp. Additionally, endothelial LRP1-ICD increases the expression of protease-activated receptor (PAR), leading to the release

of proBDNF, which affects dopaminergic neurons and contributes to early neuronal apoptosis. Enhanced expression of the COL4A2 gene, encoding
a subunit of type IV collagen, may alter the morphology and function of the basement membrane. Activated astrocytes secrete VEGFA and NO,
causing downregulation of TJs. aSyn PFFs activate pericytes, microglia, and astrocytes, promoting the release of cytokines (IL-1-q, IL-1-3, IL-6, TNF-q,
IFN-y), MMP-9, and ROS, triggering inflammatory reactions and cellular degeneration in ECs, thereby increasing BBB permeability. Upregulated
pro-inflammatory chemokines (CCL2, CCL10, CCL20, CXCL2) released by astrocytes attract immune cells from the peripheral circulation

into the CNS, exacerbating the inflammatory response. Microglia activated by aSyn PFFs exhibit elevated expression of chemokine receptor CXCR4
and its ligand CXCL12, promoting dopaminergic neuron apoptosis. Furthermore, activated microglia release ROS, leading to pericyte necrosis.

The disruption of the BBB allows the entry of plasma fibrinogen, RBCs, and other substances into the brain parenchyma, aggravating pathological

processes

aggregation of alpha-synuclein-preformed fibrils (aSyn
PFFs), resulting in the loss of occludin and decreased
P-gp expression [224]. Under the influence of aSyn PFFs,
LRP1-ICD interacts with poly (adenosine 5’-diphosphate-
ribose) polymerase 1 (PARP1), upregulating PAR expres-
sion and promoting the secretion of pro-brain-derived
neurotrophic factor (proBDNF) by ECs into dopamin-
ergic neurons. This interaction accelerates the damage
caused by aSyn PFFs to both ECs and neurons [225, 226].
As an important mechanism of PD neurogenesis, LRP1-
ICD/PARP1 provides a vascular perspective for PD treat-
ment. Pericytes activated by aSyn in PD patients express
high levels of IL-1p, IL-6, TNF-a, and MMP-9, exacerbat-
ing BBB disruption [227-229]. Alpha-synuclein induces
activated astrocytes to release VEGF-A and NO, leading
to vascular damage and the downregulation of TJs [228,
229]. Elevated expression levels of collagen IV in the BM

have been identified in the post-mortem brains of PD
patients. Early-stage PD patients and 6-hydroxydopa-
mine (6-OHDA)-treated rodent models exhibit aberrant
angiogenesis [230, 231]. This correlates with the signifi-
cant disruption of the capillary network observed in the
substantia nigra [232]. The BBB disruption, indicated by
microhemorrhages [26], allows the entry of fibrinogen,
plasma proteins, RBC, and other toxic substances into
the brain parenchyma, further damaging neurons [233].
Furthermore, MRI studies have revealed microbleeds in
both gray and white matter regions of PD patients [234].
Clinical research has demonstrated that a reduction in
CBF occurs during the initial phases of the disease, sug-
gesting a connection to aSyn pathology and the aberrant
activation of pericytes [27, 235, 236].

The aggregation of aSyn activates microglia and astro-
cytes, promoting the release of inflammatory mediators
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and contributing to the degeneration of ECs and neu-
rons. Direct injection of aSyn into the substantia nigra
of model rats induces microglial activation, upregulates
inflammatory mediators, and increases the expression of
chemokine receptor CXCR4 and its ligand CXCL12. This
CXCR4-CXCL12 signaling pathway activates Caspase-3,
leading to apoptotic neuronal death [237]. Additionally,
activated microglia promote pericyte apoptosis through
the production of ROS [238]. In the astrocytes of patients
with PD, aSyn predominantly accumulates in astrocytic
end-feet, particularly within lysosomes. These activated
astrocytes secrete numerous inflammatory factors,
including TNF-«, IL-1p, and IL-6 [188]. In response to
inflammatory mediators, ECs produce pro-inflammatory
cytokines and chemokines such as IL-1f3, IL-6, CCL2, and
CXCL1, and synthesize ICAM-1 and VCAM-1, facilitat-
ing the infiltration of immune cells [239].

ALS

ALS is characterized by the degeneration of motor
neurons in the spinal cord, brainstem, and brain, pro-
gressively weakening voluntary skeletal muscles and
ultimately leading to paralysis [240]. Disrupted BBB and
the blood-cerebrospinal fluid barrier are evident in both
sporadic and familial ALS, occurring before the onset of
motor neuron degeneration (Fig. 7). Research involving
ALS patients and model mice has revealed EC degen-
eration, characterized by cellular damage, swelling, and
cytoplasmic vacuolization, along with diminished levels
of TJs such as ZO-1, claudin-V, and occluding [241]. ALS
patients exhibit increased expression of BM components
like collagen IV, whereas model mice show a reduction in
collagen IV [241, 242]. The BBB disruption is associated
with leakage of blood-derived proteins, including IgG,
thrombin, hemoglobin, hemosiderin, and fibrinogen into
the parenchyma, and increased IgG, albumin, and com-
plement protein C3a levels in the CSF of ALS patients
[46, 240]. MRI examinations have uncovered microbleeds
in the deep layers of the motor cortex in ALS patients,
while the precise mechanisms driving this BBB impair-
ment in ALS remain elusive [243]. Iron (Fe**) derived
from hemoglobin metabolism and immune responses,
implicated in early ALS pathogenesis via oxidative stress,
contributes to motor neuron damage, exacerbating BBB
permeability changes [244, 245].

Significant alterations in the BBB transport systems
have been observed in ALS. Increased expression and
activity of P-gp in ECs and BCRP in reactive astrocytes
are evident in the motor cortex of ALS patients, poten-
tially contributing to multidrug resistance [246]. Nota-
bly, a reduction in the potassium channel Kir4.1 and
an increase in AQP4 in the astrocyte end-feet of ALS
model rats indicate challenges in maintaining water and
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potassium balance, further compromising BBB stability
[247].

Astrocytes surrounding degenerating motor neurons
show increased expression of inflammatory markers,
notably cyclooxygenase-2 (COX-2) and inducible nitric
oxide synthase (iNOS) [248]. TDP-43, accumulating in
glial and neuronal cytoplasm, is associated with immune
and neuroinflammatory processes [249]. In cultured
astrocytes, TDP-43 elevates IL-1f3, IL-6, and TNF-« lev-
els, mirroring ALS patient blood profiles and stimulating
microglial proliferation via NF-kB activation [250, 251].
Overexpression of TDP-43 in ALS results in the infiltra-
tion of immune cells such as CD*" T cells, CD** T cells,
and monocytes, along with IgG leakage, activation of EC
and pericyte [240, 252, 253]. Activated microglia release
IL-1B, which stimulates astrocytes to secrete VEGF and
proinflammatory chemokines like CXCL2, CCL2, and
CCL20, further exacerbating BBB dysfunction [240].
Additionally, activated microglia contribute to oxidative
stress through the release of ROS, NO, and pro-inflam-
matory cytokines such as TNF-a, IL-6, and IL-1f, induc-
ing motor neuron death [254].

Peripheral immune cells, initially activated within
the peripheral immune system, subsequently transi-
tion to the CNS, facilitating the proinflammatory milieu
together with the CNS resident immune cells [255].
Beyond the astrocytic activation by TDP-43, pericytes,
astrocytes, and microglia regulate the infiltration of
peripheral immune cells. Inflammatory reactive pericytes
promote neutrophil transmigration through the release
of IL-8 and MMP-9 [256]. Astrocytes secrete monocyte
chemoattractant protein-1 (MCP-1), mediating mono-
cyte migration and amplifying neuroinflammation [257].
Activated microglia release IL-6, CCL5, and TNF-a con-
tributing to the activation and infiltration of mast cells
[258]. Interactions between resident immune cells in the
CNS and peripheral immune cells through immune mol-
ecules render inflammation systemic, ultimately leading
to the dysfunction of neuromuscular junctions, damage
to motor neuron axons, and motor neuron death [255].

In conclusion, impairment of the BBB in ALS involves
reduced TJs, degeneration of pericytes and ECs, infiltra-
tion of peripheral immune cells, and accumulation of
plasma-derived toxic proteins. These changes often pre-
cede and exacerbate ALS symptoms.

MS

Multiple sclerosis is an autoimmune, chronic inflam-
matory disease of the CNS, hallmarked by demyelina-
tion and inflammation due to immune cell invasion
into the brain parenchyma via a disrupted BBB [259].
Characteristic hyperintense lesions within white mat-
ter, discernible on T2-weighted MRI scans, signify
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Fig. 7 BBB dysfunction in ALS. Hallmark features of ALS include vascular dysfunction and motor neuron degeneration. The BBB breakdown

in ALS is characterized by the loss of TJs including ZO-1, claudin-5, and occludin, along with degeneration of pericytes and ECs. This degeneration
also involves swelling and detachment of astrocytic end-feet from vessels, elevated levels of BM components such as collagen IV and fibrin deposits,
leading to the infiltration of blood-borne cells (red blood cells, neutrophils, monocytes, and mast cells), and plasma-derived proteins (fibrinogen,
IgG, and thrombin) into the CNS. In ALS patients, augmented expression and activity of P-gp and BCRP on ECs have been observed. Decreased
expression of the potassium channel Kir4.1 and an increased level of AQP4 in astrocytic end-feet are implicated in the swelling of these structures
and detachment from the endothelium. Upregulation of TDP-43 in astrocytes promotes microgliosis through the NF-kB pathway. Activated
microglia secrete IL-1(3, which in turn stimulates astrocytes to release VEGF and pro-inflammatory chemokines including CXCL2, CCL2, and CCL20,
resulting in BBB breakdown. Activated microglia contribute to oxidative stress in neurons through the release of ROS, NO, and pro-inflammatory
cytokines (TNF-q, IL-6, and IL-13), leading to motor neuron degeneration. COX-2 and iNOS released by astrocytes surrounding motor neurons,

as well as free iron (Fe?*) and subsequent ROS production induced by extravasated RBCs, also contribute to this degeneration. Inflammatory
reactive pericytes promote neutrophil transmigration via the release of IL-8 and MMP-9. Astrocytes secrete MCP-1, mediating monocyte migration
into the CNS. Additionally, activated microglia release IL-6, CCL5, and TNF-a, which lead to the activation and infiltration of mast cells into the CNS

core pathological markers of MS [260]. Gadolinium-
enhanced neuroimaging has illuminated that BBB dys-
function is a foundational event in MS pathogenesis,
occurring early in the disease process [261]. Intrigu-
ingly, MRI evidence of BBB disruption has been noted
in seemingly normal white matter even before the
emergence of enhancing lesions, as well as in non-
enhancing regions, implying that BBB impairment pre-
cedes both clinical symptoms and other MRI-evident
changes in the disease course.

Indicative markers of BBB breakdown, including ele-
vated albumin quotient (Qalb), increased MMP-9 activ-
ity in CSF and serum, and a higher CSF leukocyte count,
have been documented across various stages of MS [19].
Inflammation is a constant feature across all MS stages,
with immune cell-mediated inflammation being particu-
larly pronounced during the initial acute phases. The
infiltration of leukocytes across the BBB necessitates
intricate molecular interactions between these cells and
ECs [19]. T and B lymphocytes, along with monocytes,
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are activated in the peripheral compartment before infil-
trating the CNS [19, 259]. Recent research employing
radiolabeled MMP PET has revealed that heightened
MMP activity is localized around active lesions, which
are linked to leukocyte infiltration [262]. The transmi-
gration of immune cells across the BBB involves interac-
tions with ECs, changes in endothelial transcellular and
paracellular transport, and morphological alterations of
the immune cells. Upon entry into the parenchyma, these
cells initiate a secondary immune response, releasing
inflammatory mediators such as cytokines, chemokines,
proteases, and toxic substances, aggravating myelin and
axonal damage [263]. Resident glial cells become acti-
vated, aiding in antigen presentation to T helper cells.
Macrophages, upon activation by Thl cells, release vari-
ous cytokines and inflammatory molecules, including
TNE-q, proteases, NO, and oxygen-free radicals, causing
myelin damage [264]. Th17 and Th1 cells influence astro-
cyte functions, downregulating neurotrophic factors and
upregulating inflammatory cytokines and chemokines
[265]. Furthermore, TH17 cells impede the maturation
and survival of oligodendrocytes (OLs), as well as induce
their apoptosis [266, 267]. CD®" cytotoxic T lympho-
cytes, activated by antigens presented by oligodendro-
cytes and neurons, are implicated in demyelination and
axonal/neuronal damage [268]. Lymphocytes activate
ECs and affect BBB permeability through cytokines like
IL-6, IL-17, IL-22, and IFN-y [266]. Pericytes secrete
inflammatory factors and physically detach from ECs,
thereby creating a local inflammatory milieu that facili-
tates the recruitment of peripheral immune cells across
the BBB [269]. In the early stages of experimental auto-
immune encephalomyelitis (EAE), astrocytes within
demyelinating lesions become activated before leukocyte
infiltration. They release various factors including TNF-«,
IL-1pB, IL-6, glutamate, and NO, contributing to oligoden-
drocyte injury and axonal degeneration. IL-17-mediated
signaling in astrocytes promotes the secretion of MMP-3
and MMP-9, further compromising BBB integrity. Acti-
vated microglia inflict damage on oligodendrocytes
through the release of pro-inflammatory cytokines such
as IL-1, IL-6, TNF-a, and interferons, alongside phago-
cytic activity, and antigen presentation to CD*" T cells
via MHC class II [270]. Furthermore, neurons are directly
impaired by reactive oxygen and nitrogen species (ROS/
NRs) and inflammatory cytokines [270].

MRI studies have revealed global cerebral hypoper-
fusion at all stages of MS, suggesting a link to hypoxic
conditions [271]. Imaging studies using SPECT, PET,
and ASL have shown reduced CBF in MS patients
across all major subtypes, without reaching ischemic
severity [271, 272]. The mechanisms behind this hypop-
erfusion may involve astrocyte energy metabolism
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compromise due to lacking P2-adrenergic receptors,
and increased vasoconstriction from elevated ET-1
[273-275]. Excess NO production and associated cel-
lular desensitization, along with vascular inflammation
and structural changes, also contribute to the com-
plex vasculature-related pathology of MS [276, 277].
Oligodendrocytes are notably susceptible to hypoxia
[278], and the oxidative stress resulting from chronic
hypoxia is a critical mechanism in neurodegeneration
and axonal loss in multiple sclerosis. Extravasation of
plasma albumin, occurring before cellular inflamma-
tion and clinical symptoms, contributes to damage in
myelin and oligodendrocytes [279]. Albumin triggers
inflammatory responses through astrocytic and micro-
glial expression of IL-1B, CXCL3, and NO. Additionally,
albumin’s interaction with TGF-P receptors on astro-
cytes affects calcium concentrations [280] and leads to
the downregulation of Kir4.1. Albumin uptake in neu-
rons heightens NMDA receptor excitability, provok-
ing glutamate excitotoxicity that exacerbates myelin
and oligodendrocyte injury, culminating in neuronal
apoptosis [281, 282]. Glutamate accumulation, caused
by release from activated microglia and lymphocytes
and impaired clearance by resident cells like astro-
cytes, further exacerbates neuronal damage [283]. In
the CNS, zinc released from nerve endings activates the
MAPK pathway, inducing neuronal apoptosis, MMP-
9-dependent BBB disruption, and microglial activation,
which in turn releases proinflammatory cytokines, ulti-
mately damaging the myelin sheath [284].

Mechanisms affecting BBB to neurodegeneration
Neurodegenerative diseases such as AD, PD, ALS, and
MS, while distinct in clinical presentation, share a con-
vergence on impaired BBB stability, CBF reduction, and
vascular inflammation, reflecting parallel paths of pro-
gressive neurodegeneration distinct from acute brain
injuries.

Impaired BBB stability

DCE-MRI has exposed increased regional BBB permea-
bility in the cortex and hippocampus in AD, basal ganglia
in PD, and white matter in MS. Increased BBB perme-
ability suggests loss of BBB integrity evidenced by EC
degeneration, TJs decrease, and pericyte deterioration
and detachment from ECs. Enhanced permeability of the
BBB and subsequent leakage of blood contents exacer-
bate BBB disruption, fueling a vicious cycle detrimental
to the imbalance of the CNS, ultimately contributing to
neuronal degeneration, and driving neurodegenerative
disorders pathophysiology.
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CBF reduction

ASL-MRI studies indicated region-specific decreased
CBF in neurodegenerative disorders like AD, PD, and
MS. Decreased CBF observed in the early stages of AD,
non-demented PD patients, ALS cases before cognitive
decline, and in normally appearing white matter of MS
patients without cognitive impairments, implies that CBF
reduction may serve as an early biomarker, preceding
neurodegenerative changes. Perfusion abnormalities hin-
der the clearance of metabolic byproducts, compromis-
ing cerebrovascular health, and enhancing vulnerability
to disease initiation. Moreover, CBF reduction directly
damages the cerebrovascular system, as evidenced by
the widespread degeneration, detachment, and loss of
pericytes, phenomena that are consistently observed in
regions experiencing reduced CBF in various neurode-
generative diseases [94].

Vascular inflammation

A ubiquitous feature among neurodegenerative diseases
is vascular inflammation, triggered by advancing pathol-
ogy, BBB compromise, and oxygen deficiency. The vascu-
lature is persistently challenged by blood-borne toxins,
leukocytes, and metabolic waste from both the circu-
latory and the brain. When the integrity of the BBB is
breached, infiltrating blood components and immune
cells activate perivascular glia, igniting an inflammatory
cascade that accelerates neuronal damage. The disease-
specific mechanisms stimulate atypical glial cell activity,
releasing a cascade of inflammatory mediators that tar-
get blood vessels, further deteriorating the BBB. In later
stages, heightened central nervous system inflammation
fuels disease progression and exacerbates BBB dysfunc-
tion, with heightened levels of enzymes like MMP-9
exacerbating this breakdown.

The distinctive clinical manifestations and singu-
lar pathophysiological mechanisms underpinning AD,
PD, ALS, and MS engender unique profiles of BBB dys-
function tailored to each disorder. In AD, the excessive
accumulation of AP overwhelms clearance mechanisms,
leading to an imbalance implicated in BBB impairment.
The APOE &4 allele, a significant genetic risk factor for
sporadic AD, contributes to BBB dysfunction and exac-
erbates AD pathogenesis through the APOE4-CypA-
MMP9 pathway. In PD, disruptions to the BBB facilitate
the spread of aSyn within the brain, while aSyn aggre-
gates reciprocally worsen BBB damage by instigat-
ing immune reactions or compromising BBB integrity,
perpetuating a detrimental feedback loop that acceler-
ates PD’s pathology. The progression of ALS is driven
by a complex interplay among astrocyte abnormalities,
chronic neuroinflammation, and TDP-43 aggregation,
forming a unique web of interconnected pathologies.
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Astrocyte dysfunction, beyond disrupting water and
potassium homeostasis through altered AQP4 and Kir4.1
expression, amplifies neuroinflammation around degen-
erating motor neurons, exacerbating their deteriora-
tion. MS is marked by persistent, chronic inflammation
throughout its progression, characterized by immune cell
attacks on the myelin sheath. Leukocytes, T lymphocytes,
B lymphocytes, and macrophages infiltrate the CNS via
a compromised BBB, targeting myelin and perpetuating
the cycle of inflammation and demyelination.

Therapeutic implications and future directions
Currently, the available evidence demonstrates that
region-specific BBB dysfunction including reduced CBF
(shortfalls and dysregulations), impaired BBB integrity
(increased BBB permeability and transport system), and
vascular inflammation (extravasated plasma components
and peri-vascular inflammatory responses) contributes
to the onset and progression of multiple neurodegenera-
tive disorders. Undoubtedly, treatment for BBB disrup-
tion shows great potential for neurodegenerative diseases
by regulating the pathological processes [24]. The subse-
quent sections elucidate methods for restoring the struc-
tural and functional BBB.

Normalizing barrier function

Various pharmacological agents have shown efficacy
in protecting against neurodegenerative diseases by
enhancing BBB integrity. Activated Protein C (APC),
which cleaves protease-activated receptor 1 in brain
endothelium and targets Racl GTPase, strengthens the
BBB via the [-arrestin-2-dependent biased signaling
pathway [285]. APC has also demonstrated therapeutic
potential in models of AD, ALS, and multiple sclerosis by
reducing BBB breakdown, inflammatory responses, and
neuronal damage [286-290]. In murine models, cyclo-
sporine, functioning as a CypA inhibitor, diminishes the
CypA-NF-kB-MMP-9 pathway associated with BBB deg-
radation and neurodegenerative changes. This results in
the restoration of BBB integrity and the reversal of neu-
ronal dysfunction and degeneration [291].

BBB breakdown is often accompanied by the loss of
TJs. Several pharmacological agents targeting TJs have
demonstrated their efficacy in enhancing BBB functions.
10-O-(N, N-dimethylaminoethyl) ginkgolide B meth-
anesulfonate (XQ-1H) has been shown to normalize the
expression of claudin-5, occludin, ZO-1, and B-catenin
in ischemic stroke model mice, leading to reduced BBB
permeability and protection against oxygen—glucose
deprivation/reoxygenation injuries [292]. In intracer-
ebral hemorrhage mouse models, the normalization
of tight junction proteins ZO-1 and occludin by fibro-
blasts has been observed to enhance BBB integrity [293].
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Additionally, emerging research on gut-derived microbial
metabolites and induced pluripotent stem cells (iPSCs)
offers new therapeutic directions. For instance, mouse
models lacking gut microbiota exhibit diminished expres-
sion of occludin and claudin-5, along with increased BBB
permeability [294]. Mesenchymal cell transplantation
has also shown promise in vascular regeneration therapy
and BBB repair [295, 296]. Importantly, methods for drug
delivery involving transient disruption of TJs are emerg-
ing as potential treatment strategies.

Normalizing clearance function

The BBB serves as a crucial clearance site for various
brain-originated toxic substances within the CNS, par-
ticularly for the removal of AP in AD and a-synuclein
in PD. Low-density LRP1 on ECs facilitates the trans-
endothelial clearance of these neurotoxins [297].
Enhanced A clearance, achieved through the delivery
of the LRP1 minigene to the BBB via viral vectors, has
been shown to reduce the accumulation of AP in the
brain parenchyma and alleviate A pathology [19]. Addi-
tionally, a-synuclein, found in Lewy bodies of both Lewy
body dementia and PD, can also be cleared from the brain
via LRP1-mediated transcytosis [298]. Animal studies
have revealed that allopregnanolone promotes the clear-
ance of AP and cholesterol [299]. Inhibiting RAGE may
suppress AP accumulation in the brain parenchyma, and
small molecule RAGE inhibitors are currently advancing
to clinical trials [19, 300]. Thus, enhancing the BBB’s abil-
ity to eliminate pathogenic factors that accumulate in the
CNS holds considerable promise for improving outcomes
in neurodegenerative diseases.

Targeting vascular inflammation

A crucial approach for treating vascular inflammation
involves controlling pro-inflammatory cytokines, MMPs,
and infiltrating leukocytes [301]. Glucocorticoids, long
regarded as the frontline therapy for inflammatory con-
ditions, bolster BBB integrity by enhancing TJs and
suppressing MMPs and inflammation [302]. Resolvin
D (RvD) has demonstrated promise in reducing inflam-
mation by decreasing leukocyte-EC interactions [303].
Furthermore, astrocytes and microglia are gaining rec-
ognition as pivotal therapeutic targets in neuroinflamma-
tion. Regulating astrocyte reactivity through metabolic
pathways has proven effective. For instance, glucosyl-
ceramide synthase inhibitors can mitigate neuroinflam-
mation by interrupting immunometabolic pathways in
pathogenic astrocytes [304]. Minocycline acts by inhib-
iting MMP-9 and the p38 mitogen-activated protein
kinase signaling pathways, thereby reducing the pro-
duction of glutamate, IL-1p, and NO by microglia [305].
Despite these advances, it is imperative to recognize the
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limitations encountered in clinical trials of anti-inflam-
matory medications aimed at vascular inflammation.
High doses of glucocorticoids have adverse outcomes in
stroke interventions, as they impair EC barrier function
[306]. Similarly, endeavors in clinical research to mend
the BBB through attenuation of brain inflammation or
the targeting of cerebral AP in AD patients have, to date,
proven unsuccessful [307]. These setbacks may stem
from the swift degeneration of neurons, supportive glial
cells, and cerebral vasculature post-trauma, complicating
the management of inflammation in injured brains [308].
Navigating the landscape of vascular inflammation ther-
apy is fraught with obstacles, yet it concurrently harbors
untapped molecular pathways brimming with potential.

Recent advancements in research have greatly
enhanced our comprehension of BBB dysfunction and
furnished us with strategies aiming at restoring the
structural and functional BBB in neurodegenerative dis-
eases. Nonetheless, opportunities and challenges remain
regarding the BBB in the context of diseases. First, how
can we identify the degree of BBB breakdown and its
intricate connection to neurodegenerative diseases
within a clinical setting? The bulk of clinical evidence
about BBB breakdown is derived from postmortem
human brain tissue analyses, which inherently limits our
ability to assess real-time dysfunction or track disease
progression [27, 309]. Moreover, there is an inadequate
availability of preclinical models effectively exhibiting
BBB dysfunction characteristics akin to those observed
in neurodegenerative conditions [12, 310]. This defi-
ciency poses an obstacle to monitoring or discerning
such dysfunction as a measurable outcome in vivo stud-
ies concerning pathology. Besides, the precise correla-
tion between varied functional alterations in distinct
brain regions affected by different neurodegenerative
disorders and the corresponding modifications in brain
vasculature and CBF within those areas remains elusive
and not clearly defined. As for the research of inflamma-
tory response, how significant is the role of the BBB in
mediating the effects of systemic inflammation on neu-
rological disease progression needs more evidence to
demonstrate. Despite there are quantity of BBB-targeted
treatment strategies based on animal models, the situa-
tion is disappointing when used in clinical trials for the
limited rate of success. The specificity and effectiveness
of related treatment strategies should be strengthened in
the subsequent research.

Conclusion

The recognition of BBB dysfunction as a common feature
in multiple neurodegenerative disorders has underscored
the importance of maintaining healthy blood vessels
for optimal neural function. Understanding the specific
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manifestations and shared mechanisms of BBB break-
down in prevalent neurodegenerative diseases opens
new research and therapeutic opportunities. This review
provides a comprehensive overview of the interplay
between vascular stability, CBF regulation, and vascular
inflammation in the context of the BBB, with a particu-
lar emphasis on the dysfunction of these mechanisms in
the pathophysiology of neurodegenerative diseases such
as AD, PD, ALS, and MS. It underscores the critical role
these factors play in disease progression and highlights
the importance of understanding their complex interac-
tions for the development of novel therapeutic strategies
aimed at preserving BBB integrity and mitigating neu-
rodegeneration. Recent therapeutic strategies targeting
BBB deterioration and related neurodegenerative condi-
tions focus on enhancing drug delivery to the CNS and
restoring BBB integrity. However, current research on
the BBB and methods for repairing it are predominantly
limited to animal models. Future studies are needed to
elucidate the molecular and cellular aspects of human
brain vasculature in health and disease. The application
of single-cell RNA sequencing and advancements in neu-
roimaging, such as PET imaging and MRI, are invaluable
for understanding the molecular and cellular underpin-
nings of BBB dysfunction. These approaches also aid in
identifying novel vascular biomarkers and are essential
in developing effective therapies for various neurological
diseases.
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BBB Blood-brain barrier

CNS Central nervous system
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ECs Endothelial cells
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VEGF-A Vascular endothelial growth factor-A
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SMCs Smooth muscle cells
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APOJ Apolipoprotein J
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