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of cognitive decline?
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Abstract

Cognitive decline covers a broad spectrum of disorders, not only resulting from brain diseases but also from
systemic diseases, which seriously influence the quality of life and life expectancy of patients. As a highly selective
anatomical and functional interface between the brain and systemic circulation, the blood-brain barrier (BBB)

plays a pivotal role in maintaining brain homeostasis and normal function. The pathogenesis underlying cognitive
decline may vary, nevertheless, accumulating evidences support the role of BBB disruption as the most prevalent
contributing factor. This may mainly be attributed to inflammation, metabolic dysfunction, cell senescence,
oxidative/nitrosative stress and excitotoxicity. However, direct evidence showing that BBB disruption causes
cognitive decline is scarce, and interestingly, manipulation of the BBB opening alone may exert beneficial or
detrimental neurological effects. A broad overview of the present literature shows a close relationship between
BBB disruption and cognitive decline, the risk factors of BBB disruption, as well as the cellular and molecular
mechanisms underlying BBB disruption. Additionally, we discussed the possible causes leading to cognitive decline
by BBB disruption and potential therapeutic strategies to prevent BBB disruption or enhance BBB repair. This review
aims to foster more investigations on early diagnosis, effective therapeutics, and rapid restoration against BBB
disruption, which would yield better cognitive outcomes in patients with dysregulated BBB function, although their
causative relationship has not yet been completely established.
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Introduction

The blood-brain barrier (BBB) is a semi-permeable bar-
rier between the central nervous system (CNS) and the
bloodstream, which dynamically and tightly regulates the
bidirectional exchange of fluid, molecules, extracellular
vesicles (EVs), and cells. Consequently, the BBB protects
the CNS from harmful insults by selective substance per-
meation to prevent the passage of harmful substances
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into the brain parenchyma, and thereby provides a stable
environment essential for maintaining brain homeostasis
and function. Since the BBB plays a key role in the com-
munication between the two sides during the physiologi-
cal processes, its structural and functional damage may
influence brain homeostasis, leading to brain dysfunction
including cognitive decline.

Cellular components of the BBB

The BBB comprises a cerebrovascular network that forms
a structural and chemical barrier. Histologically, it con-
sists of non-fenestrated endothelial cells (ECs), pericytes,
astrocyte endfeet, perivascular macrophages, and endo-
thelial and parenchymal basal membranes [1]. Anatomi-
cally, the components of the BBB are defined as a part of
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neurovascular unit (NVU), consisting mainly of special-
ized ECs that establish intimate interactions with astro-
cytes and pericytes via basal lamina [2]. The basal lamina,
a thin, dense cross-linked network of extracellular matrix
proteins, is synthesized by ECs, astrocytes, and pericytes.
Its components mainly include laminin, collagen IV,
nidogen/entactin, and heparin sulfate proteoglycans. As
a scaffold, it adheres those cellular components to pro-
vide a structural support for BBB integrity. These cellular
components of the NVU can be activated in pathological
conditions, which triggers BBB instability and severely
damages its integrity. Figure 1 shows an intact BBB
structure.

Cerebrovascular ECs comprise around 5% of brain
cells, which constitute the most important component
of the BBB. Unlike that in peripheral ECs, the unique
lipid composition in cerebrovascular ECs underlies
the specific function of the BBB [3]. The ECs maintain
BBB integrity through its interactions with astrocytes
and pericytes, and regulate cerebral blood flow (CBF)
respond to changes in neural activities via the release of
vasoactive substances.

Astrocytes are the most abundant cells in the brain,
with long processes that form endfeet. These astrocytic
endfeet are intimate with the ECs and form a tightly over-
lapping barrier, which limits paracellular communica-
tion and diffusion [4, 5]. The astrocyte-EC complex, as
the anatomical support of the BBB, controls the influx
and efflux of biological substances at extremely low rates,
driving transcellular vesicular transport. This process
depends on the glycolytic metabolism of ECs [6]. Inter-
estingly, a specific subset of Dmpl-expressing astro-
cytes can transfer mitochondria to ECs via their endfeet
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for maintaining BBB integrity [7]. Astrocytes are also
reported to control the vascular tone, and hence CBF,
through complex signaling cascades involving calcium
elevation, release of arachidonic acid, and production of
vasodilatory mediators such as prostaglandin E2 (PGE2),
epoxyeicosatrienoic acids, and vasoconstrictive media-
tor 20-hydroxyeicosatetraenoic acid [8]. Therefore they
appear to be essential during the early BBB development,
and BBB maintenance and repair later in life.

Pericytes are located on the abluminal side of ECs and
embedded in the basement membrane. Although they
exist throughout the vascular network, pericytes are most
abundantly present in the brain and are recruited during
brain development for the stabilization of newly formed
blood vessels and the integrity of the BBB. Pericyte-EC
interaction is also essential during the BBB development.
Initially, adhesion molecule CD146 is expressed in the
ECs of immature capillaries in the absence of pericytes;
however, once pericytes coverage occurs, CD146 is only
detected in the pericytes while not in the ECs. Knock-
down of CDI46 in mouse ECs results in lower brain
endothelial claudin-5 expression and BBB breakdown,
whereas conditional deletion of CD146 in pericytes leads
to defects in pericyte coverage and BBB integrity [9],
suggesting its role in coordinating the pericyte-EC inter-
action. Furthermore, pericyte-EC interaction via endo-
thelial nitric oxide (NO) synthase (eNOS)-derived NO
can promote formation of functional vascular networks
[10], implying that restoring pericyte-EC interaction after
a stroke may improve brain functional recovery. Pericytes
can regulate the BBB-specific gene expression patterns
in ECs, promote oligodendrocyte progenitor cell (OPC)
differentiation, and induce polarization of astrocytic
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Fig. 1 Schematic representation of the cellular and molecular structure of an intact BBB. The molecular and cellular components constitute an intact BBB
which maintain brain homeostasis and function. The distribution of blood vessels and cells are shown on the left, a schematic cross-section of a blood
vessel is shown in the center, and the molecular connections between endothelial cells are shown on the right. JAM: junctional adhesion molecule;

PECAM: platelet endothelial cell adhesion molecule
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endfeet [11]. Pericyte-deficient adult brains display ongo-
ing angiogenic sprouting without concomitant cell prolif-
eration, whereas a lack of pericytes recruitment results in
increased BBB permeability and rupture of microaneu-
rysms associated with cerebral hemorrhage [12]. Platelet-
derived growth factor B (PDGFB) released from ECs is
indispensable for the recruitment of pericytes expressing
the PDGEFB receptor beta (PDGFRp) during angiogen-
esis and maintenance of pericyte longitudinal capillary
coverage via PDGFB-PDGEFR signaling. Interestingly, a
recent study showed that PDGFB released from ECs in
neonatal mice was converted to release from microglia
in adult mice [13]. Acute deletion of microglial PDGFB
greatly impairs BBB integrity in adult mice but not in
newborn ones. In contrast, acute knockdown of endothe-
lial PDGEFB severely influences CNS microvasculature in
neonatal mice but not the BBB in adult ones [13], sug-
gesting a role of microglia in maintaining the BBB integ-
rity during adulthood, although they are not regarded as
a component of the BBB. PDGFB deficiency can lead to
an impaired BBB, characterized by a pericyte hypoplasia
and a sparse, dilated, and venous-shifted brain microvas-
culature, as well as the formation of microvascular calci-
fication [14]. Similarly, PDGFRp knockout models exhibit
pericyte deficiency and progressive BBB damage second-
ary to hemodynamic disturbances [15].

Molecular formation of the BBB

ECs are interconnected via the integral membrane pro-
teins tight junctions (TJs) and adherens junctions (AJs).
Intercellular adaptors link these TJs (e.g., occludin and
claudin) and A]J (e.g., the cadherin—catenin and nectin—
afadin complexes) proteins to the cytoskeleton (such as
zonula occludens) for the BBB construction at the ultra-
structural level [16]. The TJs between adjacent ECs are
responsible for the intercellular restrictive barrier proper-
ties, the so-called “fence function” Using direct stochastic
optical reconstruction super-resolution microscopy, Sas-
son et al. revealed the nanoscale architecture of TJs and
found sparse occluding and clustered zonula occludens
1(ZO-1)/claudin-5 molecular architecture in the normal
cortical BBB of mice, and claudin-5 levels were inversely
correlated with TJ functionality [17]. The AJs contain
vascular endothelial cadherin (VE-cadherin), which con-
nects neighboring ECs through its extracellular domain
during homeostasis, whereas inflammatory mediators,
such as histamine, thrombin, or vascular endothelial
growth factor (VEGF) can disrupt endothelial barrier by
affecting the VE-cadherin adhesion and distabilizing the
AJ complexes.

As a dynamic structure covering the luminal side of
the microvascular ECs, the cerebral endothelial glyco-
calyx (CeGC), consisting of proteoglycans, glycoproteins,
and glycolipids, is also a significant determinant of BBB
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function. The CeGC is thicker in the cerebral microvas-
culature, suggesting its functional specialization as the
first physical barrier of the BBB. Therefore CeGC degra-
dation may initiate BBB dysfunction, leading to BBB per-
meability associated with cognitive impairment [18]; and
plasma CeGC thus is considered a potential diagnostic
biomarker of BBB breakdown.

Several endothelial proteins are also essential for BBB
integrity. A recent study indicated that deletion of endo-
thelial autophagy related 7 (Atg7) led to astrocytic end-
feet detachment from the microvasculature through
downregulation of fibronectin expression, a major
basement membrane component of the BBB [19]. This
resulted in insufficient coverage of astrocytic endfeet
along the cerebral microvasculature, suggesting a role of
endothelial Atg7 in astrocyte-EC interaction to maintain
the BBB integrity. Additionally, endothelial B1 integrin
blockade is reported to be associated with EC disinteg-
rity and TJ disruption [20], which may account for BBB
breakdown. Similarly, bone morphogenetic protein
(BMP) is reported pro-angiogenic. A conditional knock-
out neonatal mouse model verified that BMP affected
cerebral angiogenesis through its receptor BMP type IA
(Bmprla) [21], suggesting a role of BMP signaling in BBB
formation. Furthermore, astrocytic Bmprla knockout
significantly decreased cerebral microvasculature density
and VEGF level, leading to astrocytic endfeet failure to
encircle the cerebral microvasculature. However, Bmprla
blockade at the site of BBB breakdown can rescue the
inhibitory effects of remyelination and promote OPC
differentiation into myelinating oligodendrocytes [22].
Therefore, the overall effects of BMP signaling on func-
tional recovery after BBB disruption remain unclear.

As a specific endothelial marker of the BBB, major
facilitator superfamily domain-containing 2a (Mfsd2a) is
regulated by pericytes to facilitate BBB integrity and lyso-
phosphatidylcholine transport across the brain. Mfsd2a is
also essential for sphingosine-1-phosphate (S1P) export
from ECs into the brain, whereas the S1P-rich micro-
environment in the cerebrovascular ECs modulates the
formation and integrity of the BBB [23] through phospha-
tase and tensin homolog (PTEN)/Akt/Nedd4-2/Mfsd2a
signaling [24]. Animal studies have shown that although
normal patterning of vascular networks and TJ proteins
are preserved, genetic ablation of Mfsd2a can result in a
leaky BBB from the embryonic stage through to adult-
hood in mice, causing neural deficits and brain edema
after intracerebral hemorrhage [25]. Conversely, Mfsd2a
overexpression can rescue BBB disruption [26]. Further
studies have indicated that Mfsd2a maintains BBB func-
tion by inhibiting caveolae-mediated transcellular trans-
port [3, 26]. These data suggest Mfsd2a is a potential
target for modulating BBB permeability. Similarly, mono-
carboxylate transporter 8 (MCTS8), a transmembrane
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transporter, is expressed at the BBB. MCT8-deficient
adult mouse brains are characterized by increased BBB
permeability, transcytotic flux, and decreased blood ves-
sel density [27].

Functions of the BBB

Physical barrier

Except small, nonpolar molecules, an intact BBB pre-
vents the influx of most blood-borne substances into the
brain. First, specialized TJs prevent paracellular passage
of water-soluble molecules from the circulatory system to
the brain parenchyma. Second, ECs exhibit extremely low
levels of vesicle trafficking, known as transcytosis. There-
fore, when the BBB is disrupted, blood-borne substances
can enter the brain at sufficiently high concentrations
through an un-saturable mechanism to trigger harm-
ful events. However, the BBB can also act as an obstacle
to impede large molecules (such as drugs, peptides, and
proteins) delivery into the brain. Different therapeutic
strategies, including osmotic disruption, physical inter-
ventions such as focused ultrasound (FUS), and chemical
modification of drugs such as nanoparticles, have been
used to transfer chemotherapeutic agents across the BBB
to treat brain disorders, i.e., neurodegenerative diseases
and brain tumors. Although BBB disruption promotes
drug transport across into the brain, it may also exacer-
bate the transport of other molecules, as described below.

Substance transport

The BBB facilitates the supply of nutrients (influx, i.e.,
glucose and oxygen) and disposal of metabolites (efflux,
i.e., amyloid beta, AP) via the expression of transport-
ers and transcytotic receptors at the surface of the ECs.
Transport routes across the BBB include paracellular and
transcellular diffusion, and receptor-, cell-, transporter-,
and absorptive-mediated transcytosis [28, 29]. In general,
steroid hormones cross the BBB via a un-saturable pro-
cess, transcellular diffusion, whereas thyroid hormones
and many other peptides and regulatory proteins cross
the BBB using transporters, a saturable process [30]. The
endogenous transporters for omega-3 fatty acids [31] and
reduced folic acid [32] are also located in the BBB. For
example, Mfsd2a is a lysophosphatidylcholine transporter
that mediates Na*-dependent uptake of w-3 fatty acids
into the brain. MCT8 is responsive to thyroid hormone
transport, and transport of the active form of T3 across
the BBB is strongly diminished in Mct8-knockdown ani-
mals [33]. In contrast, the BBB is also a major pathway
for the clearance of brain AP. This process requires spe-
cific transporter proteins such as low-density lipopro-
tein receptor-related protein 1 (LRP1), very low-density
lipoprotein receptor, and P-glycoprotein [34]. Therefore,
the activity of these polarized efflux transporters can
alter the BBB permeability, which affects the relationship
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between Alzheimer’s disease (AD)-associated biomarkers
in the brain and blood. Interestingly, in individuals with
high BBB permeability, the plasma AP, level can be
better identified the A, level in cerebrospinal fluid
(CSF) and ApB-positron emission tomography (PET) posi-
tivity. In contrast, BBB permeability does not alter the
relationship between brain and plasma phosphorylated
tau (p-tau) levels [35].

Immune privilege

The BBB strictly regulates the entry of proinflamma-
tory substances and blood-borne immune cells into the
brain [36]. Damage to the BBB can facilitate the entry
of peripheral macrophages into the brain and activate
resident immunocytes-microglia in the brain. Prenatal
damage to the BBB is an important cause of maternal
inflammation-induced brain injury in the offspring [37].
A recent study demonstrated that gestational mater-
nal immune activation induces disruption of BBB for-
mation through the proliferation of cyclooxygenase-2
(COX2)-expressing microglia in the brain parenchyma
and perivascular spaces of fetal mice, leading to persis-
tent neuroinflammation in adult offspring. In contrast,
inhibition of COX2 expression prevents microglial prolif-
eration and BBB breakdown [38], may leading to a reduc-
tion in the incidence of neuropsychiatric disorders. These
data suggest that the BBB formation is important for
brain development.

Regulation of CBF

The CBF is controlled by various neurophysiological
mechanisms via the cerebrovascular network, including
cerebral perfusion pressure, intracranial pressure, arte-
rial blood gases, neural activity, and metabolic demand.
CBF is important for the maintenance of brain homeo-
stasis and function, while its dysregulation has been
implicated in neurodegenerative diseases. The pericytes
play important role in controlling neurovascular func-
tions through modulation of CBF [39], specifically, cere-
brovascular contraction and relaxation in response to
neuronal activities are used to regulate the CBF, known
as neurovascular coupling. Vasoactive substances such
as NO and prostaglandins may contribute to this regu-
lation. Age-dependent chronic pericytes loss can trigger
capillary rarefaction, leading to CBF reduction. A recent
study revealed that a subset of microglia may be associ-
ated with pericytes lacking astroglial endfeet coverage,
and if pericytes lose such microglia, capillary width is
decreased and CBF regulation is affected [40], which is
commonly found in AD.

Neuroendocrine function
The BBB also plays a role in neuroendocrine effects. As an
endocrine tissue, BBB can secrete several hormone-like
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substances. For example, ECs release NO, prostaglan-
dins, and adrenomedullin [41], which may influence
brain functions by acting on neuroendocrine nuclei in
the brain. NO signaling is involved in controlling neu-
roendocrine cells in the hypothalamus, whereas PGE2
is regarded as a mediator of fever. Peripherally released
pyrogenic substances (i.e., proinflammatory cytokines)
bind to their receptors on cerebral microvascular ECs,
which elicits COX-2-catalyzed PGE2 synthesis to evoke
fever through their binding in the preoptic hypothalamus
[42]. Adrenomedullin, another hormone released by ECs,
plays multiple roles during brain injuries and neurode-
generative diseases. Endothelial dysfunction significantly
increases adrenomedullin expression, and adrenomedul-
lin levels are also elevated in human AD brains and trans-
genic mouse models of AD.

As BBB disruption is commonly found in many brain
disorders, reliable and sensitive methods to detect BBB
disruption are of great clinical interest. The established
methods for preclinical and clinical assessments of BBB
integrity are summarized in Table 1. Recently, several
plasma EC proteins associated with cerebral small vessel
disease (cSVD) have been analyzed, and show promise
for quantifying BBB disruption. For example, the AJ pro-
tein cadherin-5 is associated with preserved BBB integ-
rity [43], whereas glycoprotein 1b platelet subunit beta is
positively associated with a permeable BBB [44].

BBB disruption in cognitive impairments

Cognitive decline commonly refers to impairments in a
single or multiple cognitive domains, including executive
abilities, attention, visuospatial abilities, and memory.
Since the BBB closely controls the microenvironment in
the brain parenchyma, several brain disorders that cause
cognitive decline have been linked to widespread BBB
disruption. In turn, cerebrovascular damage can promote
neurodegenerative diseases, which adversely influence
cognitive functions [45]. These typical disorders can be
divided into three categories: (1) primary neurodegen-
erative diseases such as AD, (2) primary cerebrovascular
lesions such as acute stroke, and (3) secondary to sys-
temic disorders (i.e., sepsis and diabetes). Here, we exem-
plify several clinically common scenarios to show a close
link between BBB disruption and cognitive decline.

Neurodegenerative diseases

Neurodegenerative diseases are a wide range of neuro-
logical disorders, characterized by abnormal behavioral
and cognitive changes. Human neuroimaging and bio-
marker studies have demonstrated that BBB breakdown
is a common feature in AD, Parkinson’s disease (PD),
Huntington’s disease (HD), amyotrophic lateral sclero-
sis (ALS), multiple sclerosis, human immunodeficiency
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virus-1-associated dementia, and chronic traumatic

encephalopathy [46].

Alzheimer’s disease

AD is the most common type of dementia, characterized
by the formation of amyloid plaques and neurofibrillary
tangles in the brain. Several clinical studies have demon-
strated BBB disruption in AD via autopsy [47] or neuro-
imaging method [48]. BBB disruption is found to precede
AP deposition, p-tau accumulation, microglial activa-
tion, and neuronal cell death. Tau protein can trigger
BBB structural and functional damage driven by chronic
neuroinflammation, as evidenced by low levels of inflam-
matory cytokines in the brain. In an amyloid precursor
protein (APP) knock-in mouse model of AD, initial AP
accumulation is sufficient to change basement mem-
brane-associated and ribosomal protein expression at
the BBB, until advanced AB accumulation alters protein
expression in the brain parenchyma [49]. In patients with
early AD, endothelial angiopoietin-2 (Ang2) is elevated
in CSF, correlated strongly with the CSF/serum albumin
ratio (Q-Alb), an indicator of BBB disruption [50], and
BBB breakdown in the hippocampus occurs prior to the
onset of brain atrophy and cognitive dysfunction [51].
Autopsy also provides direct evidence of BBB destruc-
tion, including pericytes loss, endothelial degeneration,
and cell leakage in these patients [52]. Conversely, Ap
overexpression in animal AD models triggers pathogenic
cerebrovascular neoangiogenesis, leading to hypervascu-
larity, coincident TJs disruption, and BBB leakage [53].
However, when pro-angiogenic Ap level decrease, amy-
loid plaque burden and cerebrovascular pathogenesis
subside. While these pathological changes can be con-
siderably relieved by an anti-cancer drug Axitinib, which
effectively restores memory and cognitive performance in
a preclinical model of AD. Furthermore, CSF biomarker
studies have confirmed BBB breakdown in patients with
AD by measuring the Q-Alb and soluble PDGERp (a
pericyte injury marker) levels both in the CSF and plasma
[54, 55]. Interestingly, BBB permeability to small mol-
ecules (i.e., water) rather than to large molecules (i.e.,
albumin) may have a greater impact on cognitive perfor-
mance [54]. In patients with mild cognitive impairment
or dementia, higher cortical BBB permeability is associ-
ated with a higher CSF A, ratio and lower hippo-
campal volume and cognitive scores in AB-PET positive
patients; BBB breakdown is positively related to CSF total
tau level but negatively related to p-tau level [56]. These
evidences address the relationship among BBB perme-
ability, AD-specific biomarkers, and cognition, although
this relationship varies in the presence of AP accumula-
tion. Taken together, BBB breakdown likely plays an early
and important role in the pathogenesis of AD.
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Table 1 Assessments of BBB disruption
Method Biomarker Principle References
Clinical Biomarkers  Concentrations plasma proteins do not pass through an intact BBB into the CSF [387,388]
measurements in the blood of albumin, IgG,
or CSF PDGFRB, fibrino-
gen in the CSF,
and CSF/plasma
albumin ratio
Serum S10083 calcium-binding protein found in astrocytes, oligodendrocytes, ventricular tract [389]
cells, and a few neuronal populations, is virtually absent from serum in healthy state
MMPs MMP-9 is associated with BBB disruption, and it is a major component in the degra-  [390]
dation of basement membranes and TJ proteins
UCH-L1 widely distributed in the nervous system, serum UCH-L1 concentration increases [391]
following BBB damage
BBB structural BBB structural proteins are broken down and released into the serum after BBB [392,393]
proteins destruction.
Serum non- served as diagnostic and prognostic biomarkers for BBB breakdown in various CNS  [394]
coding RNAs diseases
Neuro- DCE-MRI gadolinium-containing contrast agent does not pass through the intact BBB [395, 396]
imaging ASL-MRI use radiofrequency pulses to electromagnetically mark the arterial blood entering ~ [397]
assessment the brain to measure water exchange over the BBB.
DCE-CT injected iodine contrast agent does not pass through an intact BBB [398]
PET-CT the passage of 68-Ga-EDTA as a tracer across the BBB can be measured by using [399]
multiple graphical analysis.
Laboratory In-vitro TEER assess TJs integrity in a monolayer cell culture model of the endothelial layer by [400]
tests assessment measuring electrical resistance
FITC-dextran transcardial perfusion of a 10,000 Da FITC-labeled dextran molecule and its visual- ~ [401]
ization to determine the degree of extravasation from brain microvessels
Chip technology  two-layered microfluidic devices to characterize the surface potential of brain [402]
endothelial cell monolayers based on flow potentials; electrochemical or pho-
tochemical oxygen sensors; molecularly imprinted polymer chemosensors; and
optical biosensors
In-vivo Evans blue dye intravascular infusion of Evans blue dye and subsequent detection of the extrava- ~ [403]
tracers sated tracer in the brain tissue
Sodium intravascular infusion of sodium fluorescein and subsequent detection of the [404]
fluorescein extravasated tracer in the brain tissue
HRP intravascular infusion of HRP and subsequent detection of the extravasated tracer ~ [405]
in the brain tissue
Radioisotope- metabolically stable and do not cross through an intact BBB [406, 407]
labeled sucrose
and insulin
PAI intracortical leakage of contrast agent by dual wavelength photoacoustic micros-  [403]
copy after tail vein injection of exogenous contrast agent
Biomarkers ~ Serum levels biomarkers of pericyte injury in the blood [408]
of PDGF and
PDGFRB,
BMECs and EPCs  CD146*(endothelial marker)/S100R* (brain marker) cBMECs and CD133*[progenitor  [409]
cell marker]/CD146" EPCs in the blood
Blood compo- albumin, fibrin, fibrinogen and immunoglobulins [410]
nents in the brain
parenchyma

BBB: brain blood barrier; CSF: cerebrospinal Fluid; S1008: S100 calcium binding protein B; MMPs: matrix metalloproteinases; UCH-L1: Ubiquitin carboxy-terminal
hydrolase isoenzyme L1;TJ: tight junction; ASL: arterial spin labeling; DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging; DCE-CT: dynamic contrast-
enhanced computed tomography; SPECT: Single photon emission computed tomography; FITC-dextran: Fluorescein isothiocyanate-dextran; TEER: transendothelial
electrical resistance; HRP: horseradish peroxidase; PAl: photoacoustic imaging; PDGF: platelet-derived growth factor; PDGFRB: platelet-derived growth factor
receptor-f; cBMECs: circulating brain microvascular endothelial cells; EPCs: endothelial progenitor cells



Che et al. Fluids and Barriers of the CNS (2024) 21:63

Parkinson’s disease

PD is characterized by abnormal accumulation of
alpha-synuclein (aSyn) aggregates, loss of dopaminer-
gic neurons, and gliosis of the substantia nigra. The risk
of cognitive impairment in patients with PD increases
with disease progression, the spectrum including sub-
jective cognitive decline, mild cognitive impairment,
and dementia [57]. In vivo and in vitro PD models have
been reported BBB disruption. In a rotenone-induced
mouse PD model, rotenone dose-dependently induced
nigral dopaminergic neurodegeneration via decreasing
the expression of the TJ proteins ZO-1, claudin-5, and
occludin, and increasing Evans blue content, fibrinogen
accumulation, and microglial activation [58]. Inhibition
of microglial activation in a mouse PD model can attenu-
ate the activation of matrix metallopeptidase (MMP)-2/9
and BBB disruption, thereby improving dopaminergic
neurodegeneration and motor dysfunction [59]. Using
dynamic contrast-enhanced magnetic resonance imag-
ing (DCE-MRI), PD patients have also been found to
have significantly higher BBB leakage [60]. The Q-Alb
and plasma protein markers reflect BBB disruption in
patients with idiopathic PD and patients with PD demen-
tia and/or dementia with Lewy bodies, whereas greater
BBB breakdown is seen in Lewy body disease with cogni-
tive impairments [61].

Huntington’s disease

HD is an inherited neurodegenerative disease which
causes involuntary movement, severe emotional
disturbances, and cognitive decline. The clinical
cognitive features include executive dysfunction, psycho-
motor symptoms, visuospatial deficits, perceptual defi-
cits, memory loss, and learning difficulty. Experimental
studies have demonstrated that BBB permeability pro-
gressively increases in multiple brain regions in HD mod-
els using sodium fluorescein staining [62], suggesting that
BBB hyperpermeability is a driving factor in HD, leading
to disease progression [63]. Increased MMP-9 expression
may contribute to striatal BBB disruption in a HD animal
model, as evidenced by high Evans blue extravasation and
low expression of BBB markers: endothelial brain barrier
antigen, ZO-1, and laminin [64].

Overall, BBB disruption is evident in these neurode-
generative diseases. A longitudinal study in a memory
unit showed that increased BBB disruption contributed
to deterioration in cognitive decline in patients with pre-
existing cognitive impairment [65], further linking the
BBB disruption to cognitive dysfunction. Therefore, the
BBB may be a promising target for the treatment of neu-
rodegenerative diseases.
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Psychotic disorders

Patients with psychiatric disorders, such as schizophre-
nia (SZ), bipolar disorder (BD), and depression have
more social cognitive and nonsocial cognitive impair-
ments than healthy individuals [66]. Several studies sug-
gest that BBB disruption contributes to the pathogenesis
of these psychiatric disorders [67]. To determine whether
BBB deficits are intrinsic to brain microvascular ECs or
arise via the effects of peripheral inflammatory cyto-
kines, Lizano et al. examined T] proteins expression and
BBB permeability in brain microvascular ECs (BMECs)
derived from induced pluripotent stem cells from SZ, BD,
and healthy control individuals, and found that BMECs
from patients with psychotic disorders did not show dif-
ferences in BBB integrity or permeability compared to
control BMECs [68]. However, those patients with SZ
and BD showed a BBB-deficit subtype with reduced clau-
din-5 level and barrier function, increased MMP-1 activ-
ity and barrier permeability [68]. In particular, the Q-Alb
is higher in patients with SZ than in healthy controls.
Furthermore, subgroup analyse showed that patients
in partial symptom remission had a higher Q-Alb than
those patients in full symptom remission [69]. The meta-
analysis also indicates that neuroinflammation and BBB
permeability are found in patients with unipolar depres-
sion [70]. These studies support the contribution of
BBB hyperpermeability to the development of psychotic
disorders.

Claudin-5 is downregulated in numerous depres-
sion models. Reduced endothelial claudin-5 expression
and abnormal microvessel morphology in the nucleus
accumbens (NAc), a brain region associated with mood
regulation, are found in chronic social defeat stress mod-
els. Knockdown of claudin-5 in the NAc is sufficient to
induce depression-like behaviors through promoting
peripheral interleukin-6 (IL-6) across the BBB into the
brain, whereas chronic antidepressant treatment can
reverse the claudin-5 loss [71]. Further, low claudin-5 lev-
els at the BBB is associated with depression in a chronic
unpredictable mild stress model, whereas increased clau-
din-5 expression can alleviate hippocampal tumor necro-
sis factor alpha (TNFa) expression, and depression-like
behaviors [72]. Similarly, a prolonged learned helpless-
ness depression model presents higher levels of hippo-
campal glycogen synthase kinase-3 and proinflammatory
factors, lower levels of TJ] proteins, and BBB hyperper-
meability [73]. Similarly, Peng et al. showed that chronic
restraint stress-induced depression exhibited BBB dis-
ruption in the mouse dorsal striatum [74]. TNFa/nuclear
factor kappa B (NF-kB) signaling and histone deacetylase
1 (HDAC1) have been identified as mediators of clau-
din-5 and occludin loss [75]. Furthermore, inhibitors of
TNFa, MMP-1, and HDACI1 can ameliorate BBB deficits
in these depression models, suggesting that prolonged
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exposure to peripheral inflammation may contribute to
BBB disruption in psychotic disorders. The convergent
evidence indicates that BBB disruption may contribute
to behavioral and cognitive symptoms of psychotic dis-
orders via affecting brain perfusion and homeostasis [76],
however, whether BBB disruption causally triggers cogni-
tive impairments in psychiatric disorders is still not clear.

Cerebrovascular diseases

The neuroinflammation and BBB damage can result in
disruption of brain homeostasis, both contributing to the
pathogenesis of cerebrovascular diseases [77]. Gadolin-
ium-based imaging studies in humans have demonstrated
active BBB breakdown in patients with subcortical isch-
emic vascular disease, vascular cognitive impairment,
and chronic cortical ischemic stroke lesions, therefore
loss of BBB integrity in cerebrovascular diseases may be
an early biomarker of human cognitive decline [78].

Acute cerebrovascular diseases

BBB disruption develops during ischemic and hemor-
rhagic strokes, which increases the influx of water mol-
ecules and blood components into the brain extracellular
space. This results in angiogenic edema and further hem-
orrhage, thus exacerbating brain homeostasis and neuro-
nal damage [79, 80]. Therefore, BBB disruption in stroke
may induce cognitive impairments.

Hemorrhagic stroke or aneurysmal subarachnoid
hemorrhage (SAH) is associated with disrupted T] pro-
teins levels, and increased BBB permeability and cerebral
edema. The C-C motif chemokine receptor 5 (CCR5)
expression increases in the acute phase after cerebral
ischemia, and contributes to BBB disruption and neuro-
inflammation [81]. The matricellular protein tenascin-
C is induced when mice are subjected to SAH, while its
knockout prevents BBB disruption, brain edema, and
neurological impairments following SAH [82]. These
neuroprotective effects appear to be associated with the
MMP-9 inhibition and ZO-1 degradation. A recent pre-
clinical study has showed that overexpression of MMP-9
derived from reactive astrocytes after SAH plays a del-
eterious role in the BBB permeability. Deletion of astro-
cytic N-myc downstream-regulated gene 2 can greatly
decrease MMP-9 production, resulting in improvement
of BBB damage [83]. SAH-induced BBB disruption can
promote further hematoma expansion [84], therefore,
markers of BBB remodeling can be used to predict the
occurrence of hematoma expansion [85]. In acute cere-
brovascular diseases, hypoxia induces BBB breakdown
and a subsequent inflammatory response, as evidenced
by increases in hypoxia inducible factor-a (HIF-a) and
cytokine levels in the stroke area [86]. Thus, to control
the onset of BBB disruption in acute cerebrovascular
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disease may assist in reducing adverse neurological out-
comes, including long-term cognitive decline.

Chronic cerebrovascular diseases

Vascular damage owing to aging, hypertension, and dia-
betes can also trigger cognitive impairments, known as
vascular cognitive impairment. BBB damage has been
found in the course of these chronic cerebrovascular
diseases, as evidenced by changes in CSF biochemi-
cal indicators and neuroimaging findings [87]. This
BBB destruction is caused by microvascular injury and
appears to be secondary to hypoxia-associated MMPs
overexpression [88]. For example, in patients with
reversible cerebral vasoconstriction syndrome, dynamic
changes in BBB permeability are associated with impaired
cerebral microvascular compliance [89], whereas regional
BBB changes are associated with a reduction in the local
CBE. Through activation of signaling pathways related
to excitotoxicity, oxidative/nitrosative stress, inflamma-
tion, and MMPs overexpression, downstream perivascu-
lar damage and leukocyte infiltration are exacerbated in
the brain. This chronic cerebral hypoperfusion initiates a
vicious cycle of BBB damage, and contributes to further
damage to brain homeostasis, leading to vascular cogni-
tive impairment [90]. A recent genome-wide transcrip-
tomic analysis of cerebral microvessels revealed vascular
damage (e.g., serpinel/plasminogen activator inhibitor-1
and hemoxygenase-1), endothelial activation (e.g., Ang2),
and sphingolipid signaling (e.g., S1P receptor 2) -associ-
ated molecular features in a mouse model of stroke and
human chronic stroke lesions [91]. These molecular alter-
ations provide novel insights into the mechanisms under-
lying BBB disruption and the therapeutic potential for
BBB protection in stroke.

Traumatic brain injury (TBI)

Numerous studies have indicated that BBB disruption
is a core component of TBI pathophysiology. Excessive
neuroinflammation after the acute phase of TBI triggers
the MMPs overexpression, which proteolytically degrade
TJ proteins and disrupt BBB integrity not only in focal
lesions, but also in peri-lesional and non-lesional regions
[89]. Consequently, BBB hyperpermeability in turn leads
to secondary long-term neuropsychiatric symptoms after
TBI. Supplementation with vitamin D3 or ethyl pyru-
vate can attenuate TBI-induced brain edema and neu-
robehavioral deficits [92, 93]. DCE-MRI can confirm
that BBB permeability is remarkably elevated in associa-
tion with focal traumatic lesions during a median of 23
days after hospitalization for TBI, and significant BBB
disruption remained several months later [94]. Further
neuroimaging study showed a subtle yet significant BBB
disruption up to 1.5 years following TBI, validated by his-
tological examination [95]; whereas microdialysis study



Che et al. Fluids and Barriers of the CNS (2024) 21:63

demonstrated that BBB disruption after TBI could cause
long-term neurotoxic dysregulation, including glutamate
excitotoxicity, excessive free radical generation, and neu-
roinflammatory responses, leading to further BBB dam-
age and secondary brain injury [96]. Although the BBB
disruption is most frequently observed in the anterior
and posterior brain regions in a spatial distribution, the
correlation between BBB disruption and cognitive func-
tions such as verbal learning is inconsistent [94, 97].

ECs are an important regulator of the cerebrovascular
response to TBI. Conditional knockout of the EC-specific
ephrin receptor A4 can protect BBB integrity from TBI,
including increases in the expression of TJs and actin
cytoskeletal regulators, and a decrease in Ang2 expres-
sion, which correlates with motor improvement and CBF
recovery in a controlled cortical impact mouse model
[98]. Intriguingly, because soluble Ang?2 is also increased
in individuals with acute TBI, it may be a promising
serum biomarker indicating an early BBB disruption.
Apoptosis signal-regulating kinase 1 (ASK1) plays a key
role in the degradation of T] proteins and disruption of
BBB integrity, leading to the infiltration of peripheral
immune cells into the brain parenchyma and increased
number of proinflammatory microglia/macrophages fol-
lowing TBI [99], suggesting the importance of the BBB
in the evolution of TBI. While ASK1 inhibition displayed
better recognition memory, social novelty recognition
ability, and spatial cognitive function 25-35 days post-
TBI in TBI model mice [99], indicating ASK1 could be a
therapeutic target for improvement of TBI-induced long-
term cognitive deficits.

Sleep disorders

Sleep disorders, such as chronic sleep restriction and
fragmentation, are becoming increasingly a common
health problem. Since circadian oscillations dynamically
regulates specific properties of the BBB, there is a link
between sleep or circadian disturbances and neurode-
generative diseases including AD [100]. Sleep deprivation
(SD) can induce deterioration in mental and cognitive
performance, and BBB disruption has been found in
animals and patients with SD [101, 102]. For example,
SD can diminish expressions of eNOS and inducible
NOS, endothelinl, and glucose transporter in cerebral
microvessels, and consequently, SD mice have lower
expression of TJ proteins and impairment of BBB trans-
port [103], while exhibiting an elevated BBB catabolism
[101].

Sleep restriction can promote astrocyte phagocytosis
and microglial activation, which may be associated with
abnormal slow-wave electroencephalographic activity
during sleep [104]. This leads to altered vascular reactiv-
ity, BBB inflammation, endothelial detachment from peri-
cytes, and thus BBB destruction [102, 103, 105]. Studies
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have demonstrated that loss of rapid eye movement sleep
can induce disturbances in brain homeostasis second-
ary to BBB breakdown, whereas sleep replenishment via
rebound sleep or administration of gaboxadol can rapidly
and effectively normalize BBB permeability [106], sug-
gesting this effect of SD on the BBB is reversible. Sleep
disorders lead to a systemic low-level but sustained
inflammatory status that promotes BBB disruption [107].
However, in prolonged SD, prostaglandin D2 is overpro-
duced in the brain and effused to the bloodstream across
the BBB to induce a cytokine storm, leading to multi-
organ dysfunction and death [108]. Sleep disorders also
increase caveolae formation in cerebral microvascular
ECs, inducing BBB hyperpermeability. Conversely, alter-
ing BBB permeability through moody G protein-coupled
receptor signaling can induce robust sleep in Drosophila
[109], indicating an interesting role of the BBB in sleep
regulation. Moreover, sleep disorders-induced BBB dis-
ruption appears age-related, for instance, sleep fragmen-
tation disrupts the BBB and increase TNF-a transport in
aged rather than young mice [110]. Further, deletion of a
major circadian clock transcriptional activator, brain and
muscle aryl hydrocarbon receptor nuclear translocator-
like protein 1, can also cause an age-dependent loss of
vascular pericyte coverage and BBB breakdown in the
mouse brain [111]. These data suggest that an older BBB
may be more susceptible to sleep disorders.

Systemic diseases

Numerous systemic diseases also contribute to BBB dis-
ruption. Here, we illustrate the link between BBB disrup-
tion and systemic disease-associated cognitive decline.

Infectious diseases

Sepsis-associated encephalopathy (SAE) Diffuse cere-
bral dysfunction is often secondary to acute sepsis, com-
monly manifesting as delirium [112], also known as SAE.
Approximately one in six patients with sepsis have long-
term cognitive, motor, and mental impairments [113].
Increased cytokines production and BBB disruption are
involved in the pathogenesis of SAE. MRI investigation
has shown increased brain permeability in rodent sepsis
models [114]. Specially, cellular components of the BBB
are damaged or altered during sepsis [115-117]. As BBB
impairment has an impact on sepsis-induced long-term
cognitive function, targeting BBB damage could limit
the progression of neurological deficits, including cog-
nitive decline. Recent studies also suggest regulation of
intestinal flora plays an important role in SAE. The key
microbial mediators in the brain-gut axis have been found
to maintain BBB integrity and prevent cognitive decline
in SAE. In vitro studies have shown that enterobacterial
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metabolites alter the cytoskeletal arrangement of brain
ECs, thus increasing TJ proteins [118, 119].

Bacterial meningitis One defining feature of bacterial
meningitis is elevated BBB permeability. This BBB break-
down is mediated by a combination of increased bacte-
rial virulence factors (including bacterial surface struc-
tures, hemolysins, and associated enzymes) and signals
from the host that regulate the BBB (including cytokines,
angiogenic factors, apoptotic factors, transcription fac-
tors, metalloproteinases, and non-coding RNAs) [120].
A recent study showed that streptococcal M family pro-
tein SzM released during streptococcal meningitis forms
SzM-bound membrane vesicles, and endocytosis of these
vesicles by human brain microvascular ECs could lead to
BBB disruption [121]. While PTEN-activated autopha-
gic EC death contributes to SzM-induced cytotoxicity in
microvascular cells. Therefore, targeting the pathological
factors that contribute to BBB hyperpermeability could
be an effective therapeutic complement to antimicrobial
therapy against bacterial meningitis.

Prion disease Most of cognitive domains, especially the
frontal executive, language, and parietal functions are
impaired in patients with prion disease. BBB disruption
in a prion disease model was reported three decades ago.
In an in vitro BBB model, the prion protein reduced the
expression of T| proteins and the ratio of cytoskeletal pro-
teins F-actin/G-actin [122], suggesting a prion-induced
BBB disruption. A recent in vivo study showed that in
prion-infected mice, the loss of ECs and downregulation
of TJ and AJ proteins, including occludin, claudin-5, and
VE-cadherin, appeared to be driven by reactive astro-
cytes prior to disease onset [123]. However, aquaporin 4
(AQP4) expression in astrocytic processes is significantly
increased while its expression in astrocytic endfeet is
remarkedly decreased at the BBB, suggesting a detach-
ment of astrocytic endfeet from ECs and a loss of BBB
integrity. In vitro experiments further showed that reac-
tive astrocytes from prion-infected mice impaired inter-
cellular adhesion and barrier function of primary mouse
brain ECs. This may be attributed to proinflammatory fac-
tor IL-6 secreted from reactive astrocytes.

COVID-19 infection Coronavirus disease 2019
(COVID-19) has been reported to affect brain structure
and function via direct or indirect immune activation
[124, 125]. Because ECs, pericytes, and astrocytes highly
express angiotensin converting enzyme 2 (ACE2), severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
may disturb BBB components, including cells and T] and
A]J proteins. Furthermore, viruses can cross microvascu-
lar ECs through the ACE2 receptor-mediated pathway
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and trigger a neuroinflammatory response. In contrast, by
using a BBB-alveolus chip system, Wang et al. found that
SARS-CoV-2 caused mild BBB changes, whereas condi-
tioned medium from the infected alveolus could trigger
more severe BBB damage, resulting from endothelial dys-
function, pericyte detachment, and neuroinflammation
[126]. Lung infection with a low viral load can induce early
cerebral microvascular damage in the transgenic mice
expressing human ACE2, suggesting systemic inflamma-
tion rather than direct viral neural invasion may contribute
to neuropathogenesis. SARS-CoV-2-induced cytokines
release and systemic inflammation can disrupt the BBB
integrity by reducing T] proteins expression [127]. BBB
disruption has been detected in patients with COVID-19,
along with encephalopathy and CSF abnormalities [128].
Interestingly, sustained systemic inflammation and BBB
disruption have been found in patients with long COVID,
so-called “brain fog” [129]. Serum from patients with long
COVID can induce increases in inflammatory markers in
brain ECs, which provides an insight into the mechanism
underlying long COVID. The link between BBB disrup-
tion and COVID-19-associated cognitive deficits has
been discussed elsewhere [130, 131].

Vital organ dysfunction

End-stage diseases typically have CNS involvement,
manifesting as cognitive dysfunction. BBB breakdown,
including TJ proteins reduction and endothelial disrup-
tion, can be observed in animal models and patients with
chronic hepatic encephalopathy and fulminant hepati-
tis, which is associated with increased MMP-9 activity
[132-134]. In addition, common neuropathological fea-
tures in acute liver failure, such as astrocytes swelling
and microglial activation, can lead to BBB abnormali-
ties [135]. In patients with chronic kidney disease, ure-
mic toxins such as indoxyl sulfate, may play a role in the
development of cognitive impairment. An increase in
serum indoxyl sulfate concentrations is associated with
higher BBB permeability and a stronger impairment in
several cognition domains. This can be explained by the
fact that most of uremic toxins are agonists of the tran-
scription factor aryl hydrocarbon receptor (AhR) widely
expressed in cerebrovascular ECs. An experimental study
has shown that AhR knockout could protect against
indoxyl sulfate-induced BBB disruption and cognitive
impairments [136].

Postoperative neurocognitive disorders (PND)

Anesthesia/surgery can induce PND, predisposing
patients to long-term cognitive impairment, especially
in elderly patients and those with pre-existing cognitive
disorders. Several MRI studies have indicated that neuro-
vascular rather than neurodegenerative changes, are con-
sistently associated with postoperative delirium (POD),
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characterized by disturbances in awareness, attention,
and cognition [137, 138].

Intravenous anesthetic propofol is reported to trig-
ger excessive production of inflammatory factors (IL-1p,
IL-8, and monocyte chemoattractant protein-1 [MCP-1]),
adhesion molecules (ICAM-1 and VCAM-1) and MMP-2
in human brain microvascular ECs, which increases per-
meability of an in vitro BBB model [139]. Inhalational
anesthetics isoflurane and sevoflurane can also induce
BBB opening, leading to cognitive decline. Plasma immu-
noglobulin G leakage from cortical microvessels is found
to be significantly increased in rat exposed to 3% sevo-
flurane or isoflurane for 3 h, which is associated with
brain microvascular ECs death [140]. Moreover, the BBB
in immature and aged brains may be more susceptible to
anesthetic-induced neurotoxicity [141, 142]. Inflamma-
tion and oxidative stress may be responsible for this anes-
thetic-induced BBB damage and thus memory loss [143].

Surgical trauma can elicit a systemic inflammatory
response. The upregulated proinflammatory cytokines
IL-1p and IL-6 levels can promote BBB damage, microg-
lial activation, and peripheral immune cells infiltration,
leading to delirium-like behavior in mice [144, 145]. In
an animal model of delirium, impaired astrocytic-T]
interaction is found after orthopedic surgery [146]. BBB
impairment in PND is also reported to be inflammation-
mediated and age-dependent [147].

The patients undergoing coronary artery bypass graft-
ing under cardiopulmonary bypass have a significant
increase in BBB disruption, evidenced by frontal per-
meability and peripheral immune cells infiltration into
the brain parenchyma, resulting in neuroinflammation,
and cognitive impairments [147, 148]. In these patients,
the postoperative global cognitive score is reduced, pre-
dominantly in executive and attention frontal functions.
Furthermore, the intensity of BBB permeability is corre-
lated with the magnitude of cognitive impairment. The
biomarkers of BBB disruption can also be found in post-
surgical CSF biochemical tests [149]. In a recent clinical
trial, for example, in older adults undergoing non-cardiac
surgery, the Q-Alb increased in both patients with and
without POD, however, preoperative to postoperative
change in Q-Alb was greater in patients with POD [150],
suggesting that postoperative BBB hyperpermeability is
independently associated with POD. Similarly, in a small
sample-size clinical study, a change in cortical BBB per-
meability was most strongly associated with a lower com-
posite cognitive score 6 weeks after surgery, and patients
with lower cognitive scores had the BBB in a greater
number of brain regions involved, including the cortex,
deep gray, and cerebellum [151]. Moreover, pre-existing
BBB damage can increase the incidence of POD [152].

Current data suggests a contributing role of BBB dis-
ruption in PND, therefore several investigators have
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claimed that POD or PND is mainly mediated by BBB
dysfunction [148, 153, 154]. However, other studies indi-
cated that early transient increases in the astroglial bio-
markers S-100p and glial fibrillary acidic protein in the
CSE, or Q-Alb, failed to predict long-term cognitive
decline following major surgery [155]; and the BBB integ-
rity was found similar between baseline and 1 month
postoperatively [156]. Therefore, it appears too arbitrary
to consider BBB disruption as the sole pathogenesis of
PND.

Cancer/cancer treatment-related cognitive impairments
Cognitive complications associated with cancer and
cancer treatment have become an increasing concern.
Numerous studies support the notion that a certain sub-
set of cancer survivors is vulnerable to cognitive impair-
ments after treatment [157]. One of the mechanisms is
BBB disruption associated with neuroinflammation and
oxidative stress [158].

Chemotherapy-induced cognitive impairment (also
known as “chemobrain”) is a common neurological com-
plication in treatment for the control of malignancies.
Cognitive impairments, including deficits in learning,
memory, attention, executive function, and processing
speed, have been observed in cancer survivors receiving
chemotherapy. Therefore, chemobrain places a signifi-
cant psychosocial burden on cancer survivors and has a
considerable impact on their daily activities. Several
chemotherapeutic agents, including oxaliplatin and iri-
notecan, can directly alter BBB permeability, while oth-
ers such as adriamycin do not directly cross the BBB,
but they disrupt BBB integrity may through microbiota-
gut-brain axis [159] or peripheral immune cells-released
cytokines and reactive oxygen species (ROS) [160]. In
particular, TNF-a causes neuronal death and eventu-
ally cognitive impairment by binding to its receptors at
the BBB and being translocated to the parenchyma via
receptor-mediated endocytosis [160]. Chemotherapy can
also promote cerebrovascular senescence. For example,
paclitaxel-induced ECs senescence can drive neuroin-
flammation, consequently, decrease microvascular den-
sity, dysregulate neurovascular coupling and increase
BBB permeability. These changes impair spatial memory
performance in paclitaxel-treated mice [161]. Therefore,
elimination of senescent ECs may be a promising treat-
ment for “chemobrain”

Radiotherapy, another therapeutic paradigm for cancer
patients, can induce adverse neurological consequences.
Cognitive decline after partial or whole-brain irradiation
for primary brain tumors and metastases has been dem-
onstrated in clinical trials and experimental studies [162,
163], marked by reduced verbal and spatial memory,
attention, and novel problem-solving abilities. Whole-
brain irradiation-induced cognitive deficits is considered
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associated with cerebrovascular damage [164]. Preclini-
cal studies also demonstrate that irradiation-induced
cognitive deficits is related to neuroinflammation, BBB
disruption, demyelination, and a decline in neurogenesis.
In a mouse model, radiation-induced decreases in BBB
integrity and cerebral perfusion are attributed to the loss
of pericytes secondary to decreased PDGFR expression
[165], endothelial damage [166] and senescence [167].
Standard radiation therapy commonly elicits short-term
BBB damage by disrupting supportive cells, vasculature
volume, and TJ proteins such as occludin and claudin-5.
A newly developed modality of irradiation can preserve
cerebral microvasculature integrity by optimizing physi-
cal parameters to minimize cognitive impairment [168].
Emerging evidence has shown that tumor-secreted exo-
somes induce microvascular ECs damage to disrupt BBB
integrity, and have an impact on the formation of brain
metastases. The components of exosomes, such as non-
coding RNAs, may mediate loss of TJs, whereas inhibit-
ing these non-coding RNAs can alleviate tumor-secreted

Genetic factors .

Environmental
factors
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exosomes-induced BBB hyperpermeability [169]. Sev-
eral studies have suggested that patients with extracra-
nial cancers while without brain metastases experience
cognitive deficits. For example, cognitive impairment in
patients with advanced lung cancer is mainly character-
ized by impaired visuospatial/executive function and
delayed recall [170, 171]. These cognitive changes may
be associated with tumor-induced immune activation,
chronic neuroinflammation, and BBB breakdown.

Risk factors of BBB disruption

Cognitive decline owing to BBB disruption is influenced
by a variety of genetic, physiological, vascular, metabolic,
and environmental factors. Therefore, early recognition
of certain risk factors may be helpful in identifying those
patients at a high risk of cognitive impairments. Figure 2
summarizes the risk factors related to BBB disruption.

Aging

Vascular
factors

Metabolic factors

Fig. 2 The risk factors attributing to BBB disruption
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Genetic factors

Several genotypes may be directly associated with micro-
vascular impairment. The €4 allele of apolipoprotein E 4
(APOE4) is a genetic risk factor for AD, independent of
AD pathology. APOE4-related cognitive dysfunction is
associated with BBB disruption [172]. More severe peri-
cyte degeneration and BBB breakdown are observed in
APOE4 than in APOE3 carriers [172, 173], which begins
from middle age, although this difference is subtle [174].
This change in BBB permeability is associated with acti-
vation of the cyclophilin A (CypA)-MMP-9 pathway in
cerebral microvessels [175]. Furthermore, activation of
CypA-NFkB-MMP-9 pathway has been reported to be
associated with the degradation of TJs and basement
membrane proteins at the BBB. APOE4 can also exacer-
bate astrocyte activity, leading to BBB impairment in the
aging brain, which is associated with vascular cognitive
impairment and dementia [176]. Interestingly, peripheral
but not cerebral APOE4 expression also compromises
synaptic plasticity and cognitive function. In an amy-
loid mouse model, liver-expressed APOE4 exacerbated
AD pathology by impairing cerebrovascular ECs func-
tion, whereas liver-expressed APOE3 reduced Af depos-
its [177]. Another genetic factor, presenilin 1 (PSEN1),
encodes an aspartate protease that promotes AB accu-
mulation by cleaving the APP [178]. PSEN1 mutation
or knockout can lead to vascular lesions, including a
reduced number of microvessels, BBB breakdown, peri-
cytes degeneration, and A deposits in small arteries
[179]. Furthermore, genetic mutation of PDGFRp is an
etiology of primary familial brain calcification, presenting
as a variety of neuropsychiatric disorders [180]. PDGFRf
knockout model exhibits pericyte deficiency and pro-
gressive BBB damage secondary to hemodynamic distur-
bances [15], causing vascular and perivascular calcium
accumulation. In turn, cerebrovascular damage can pro-
mote neurodegenerative diseases, which adversely influ-
ence cognitive function [45].

Aging

Aging induces molecular, cellular, and functional changes
in the brain, which increases brain vulnerability and
drives cognitive decline. BBB components are also
subject to changes with aging [181], single-cell RNA-
sequencing analysis has shown age-related changes in
brain ECs and other cellular components at the BBB
[182]. Clinical neuroimaging study measuring water
exchange across the BBB with arterial spin labeling (ASL)
technique has shown that BBB permeability increases
in the aging brain [35, 183]. Vascular senescence is con-
sidered a feature of early BBB disruption in AD [184].
Accumulation of senescent ECs and pericytes is associ-
ated with damaged BBB integrity and increased periph-
eral immunocytes aggregation, displaying decreases in
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T7Js expression and transcytosis capacity, and region- and
segment-specific increases in inflammatory mediators in
the cerebral microvessels [185, 186]. While the astrocytes
reduce their mitochondrial transfer efficiency to ECs,
leading to the age-associated decrease in BBB integrity
[7]. And in the aging brain ligand-specific receptor-medi-
ated transport shifts to non-specific caveolar transcyto-
sis. Consequently, AP clearance via BBB transport and/
or proteolysis significantly declines [187]. Heterochronic
parabiosis, a robust method to improve the function of
aging tissues, regulates aging profiles in a cell-type-spe-
cific manner. Cerebral ECs appear to be especially mal-
leable to this intervention when compared to other brain
cell types [188]. The decreased pericytes coverage and
increased neuronal senescence during brain aging also
affect the BBB integrity by activating neuroinflammatory
response [189].

Several molecular events may drive aging-related
changes in the BBB integrity: (1) increases in neuronal
CREB-regulated transcription co-activator 1/COX-2
expression with aging may be responsible for neuroin-
flammation and ECs senescence, leading to BBB break-
down; (2) decreases in connexin 43 (CX43) expression
in cadherin-5* cerebral vascular cells in the aging brain
promotes BBB disruption owing to mitochondrial dys-
function through nicotinamide adenine dinucleotide
(NAD%)-dependent sirtuin 3, whereas nicotinamide
mononucleotide supplementation rescues NAD* levels
to alleviate aging-associated BBB leakage [190]; (3) age-
related activation of vasoactive mediators, astrocytes and
monocytes, upregulation of ion channels and downreg-
ulation of ECs surface carriers are also associated with
age-related BBB hyperpermeability [191]; (4) injured
pericytes release PDGFRp into the CSF during aging,
whereas a higher PDGFRpP concentration in the CSF is
associated with poorer BBB integrity and higher neuro-
inflammatory biomarkers [192]. In addition, aging also
alters the calcium coupling of astrocytic endfeet to the
cerebrovascular system, which may directly or indirectly
trigger BBB dysfunction [193].

Vascular factors

Increase in cerebrovascular risk has been shown to pro-
mote the onset and progression of cognitive dysfunc-
tion [194, 195]. Hypertension can affect cerebrovascular
structure as well as CBF regulation, leading to hypoper-
fusion. The BBB hyperpermeability has been observed
in animal models of hypertension, characterized by a
decrease in TJ proteins at EC junctions, including clau-
din-5, ZO-1, and occludin [196, 197]. And hypertensive
patients with early signs of BBB impairment show cogni-
tive impairments [198]. Moreover, transient extremes of
hypertension, hypoxemia, and hypercapnia can induce
vascular injury. For example, in neurosurgical patients
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intraoperative hypertension or hemodynamic fluctua-
tions can open the BBB and raise intracranial pressure;
or in divers breath-holding-induced hypoxemia increases
BBB permeability [199].

Spontaneous intracerebral hemorrhage is commonly
attributed to cerebrovascular abnormalities, such as
aneurysms, arteriovenous malformations, and cavernous
hemangiomas. Intracerebral hemorrhage compromises
the BBB integrity, leading to subsequent infiltration of
blood-bore components and aggravation of brain injury.
Therefore, targeting the BBB may improve brain edema
and neurological injury [200]. In contrast, Moyamoya
disease, a rare cerebrovasular disorder, can cause recur-
rent transient ischemic attack or stroke. Ring finger
protein 213 (RNF213) is a genetic factor that increases
susceptibility to Moyamoya disease. Since Rnf213 knock-
out causes significant decreases in the density of peri-
cytes and TJ proteins occludin, claudin-5, and ZO-1
[201], Rnf213-deficient mice have a disrupted BBB.

cSVD is the most common chronic and progressive
vascular disease, which affects the arterioles, capillar-
ies, and small veins supplying the white matter and deep
brain structures. Disruption of the BBB is one key feature
of cSVD that has been linked to cognitive impairment
[202]. Neuroimaging studies using DCE-MRI and ASL
techniques have measured the BBB impairments in cSVD
[203], providing an insight into the mechanisms underly-
ing this cerebrovascular disorder.

Metabolic factors

Metabolic disorders, including type 1 and 2 diabetes and
chronic obesity, are primary risk factors for AD. Dia-
betes is also a major vascular risk factor for cognitive
dysfunction after stroke. Increased BBB permeability
has been demonstrated in patients with type 2 diabetes
and in animal models [204, 205]. Hyperglycemia signifi-
cantly promotes the release of proinflammatory cyto-
kines, mitochondrial dysfunction, and the accumulation
of ROS and nitrogen species. Cerebral microvascular
inflammation and oxidative/nitrosative stress activate
NF-kB, MMPs, Toll-like receptors (TLRs) and recep-
tors for advanced glycation end-products(RAGE), which
promote BBB damage, including basement membrane
thickening, TJs degrade, pericyte loss, and astrocyte dys-
function [206]. In vivo study has shown that high glucose
level increases glycation of basal occludin and accumu-
lation of methylglyoxal, a carbonyl stressor, leading to
fewer occludin-positive microvessels in the diabetic brain
[207], suggesting hyperglycemia can exacerbate brain
microvascular endothelial dysfunction. However, a recent
experimental study indicated that prolonged systemic
hyperglycemia did not lead to BBB leakage, as evidenced
by the unaffected transcriptional and morphological pro-
files of the BBB and its supporting cellular components
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[208]. Therefore, cognitive impairments found in diabetes
may be caused by other mechanisms.

Consumption of a high-fat diet can promote the pro-
inflammatory cytokines TNFa and IL-6 release and
increase BBB permeability in the hippocampus [209].
Structural and functional impairments of the BBB
promote leukocytes across the BBB, which activates
microglia to initiate a neuroinflammatory response.
Hyperlipidemia is another risk factor that promotes BBB
damage. Hyperlipidemic animal models with APOE defi-
ciency exhibit a significant increase in BBB permeability
[210]. Furthermore, hyperlipidemia can exacerbate BBB
breakdown after ischemic brain injury [211]. Cellular and
molecular mechanisms underlying the deterioration of
BBB catabolism include ECs impairment, MMP activa-
tion, and oxidative/nitrosative stress [212-214]. There-
fore, improving the BBB integrity may alleviate metabolic
disorder-associated cognitive decline.

Environmental factors
Environmental factors, including heavy metal and chemi-
cal substance pollution, may contribute to BBB damage.
Here, we focus on the effects of cadmium, lead, and fine
particulate matter (PM2.5) exposure on the BBB integrity.
PM2.5 PM2.5 is defined as inhalable particles gener-
ally<2.5 pM in diameter. Owing to their special physi-
cochemical properties, recent studies have shown that
ambient PM2.5 can cause neurodegenerative diseases
including AD and PD via direct crossing of the BBB or the
indirect nasal olfactory pathway [215]. Chronic PM2.5
exposure leads to cognitive decline in mice, as detected
using the Morris water maze test [216]. The etiologies
of PM2.5 pollution-associated neurological disorders
include activation of microglia, increased ROS levels,
and neuronal loss in the CNS. The relationship between
neuroinflammation and learning, memory, and behav-
ioral impairments was investigated in a mouse model
exposed to PM2.5. PM2.5-induced microglial activation
occurred earlier in the hypothalamus and olfactory bulb
than in other brain regions, characterized by the release
of proinflammatory cytokines such as IL-1B and TNFa.
PM2.5-induced peripheral inflammatory mediators also
easily cross the BBB and enter the brain parenchyma
to stimulate innate immune responses. Dependent on
P-glycoprotein transport activity, PM2.5-mediated T]
proteins downregulation and MMP-2/9 upregulation
in the vasculature increase BBB permeability in animal
models and human exposure studies [217]. This may be
related to the lectin-like oxidized low-density lipoprotein
receptor 1-mediated signaling pathway, as evidenced by
increased oxidative stress and proinflammatory cytokine
expression of MCP-1, VCAM-1, and ICAM-1 in brain
microvessels [218], which may eventually lead to stroke
and AD. Generally, PM2.5 can cross the BBB into the
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brain to trigger neuroinflammation and neurodegenera-
tion, leading to progressive cognitive decline.

Heavy metals Cadmium (Cd) is a highly toxic envi-
ronmental pollutant, and its toxicity is associated with
neurodegenerative diseases such as AD and PD, typi-
cally presenting with cognitive impairments. Cd-induced
pathogenesis of neurodegenerative diseases is related to
dysfunction of the BBB. In an in vitro rat brain EC line
model, Cd-induced dose- and time-dependent ROS
increases, coincident with reduced expression of T] pro-
teins ZO-1, F-actin, and vimentin [219]. Lead has been
demonstrated to decrease the expressions of T] proteins
occludin and ZO-1 at the BBB, mediated by the intracel-
lular non-receptor protein tyrosine kinase Src, whereas
redistribution of glucose regulatory protein 78 con-
tributed to lead-induced Src activation and the ensuing
reduction in occludin level [220]. A human study showed
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that patients with high blood lead concentration had a
higher serum S100B concentration [221], suggesting a
BBB hyperpermeability.

Mechanisms underlying BBB disruption

Impairments of cellular and molecular components at
the BBB greatly affect BBB integrity. Understanding the
mechanisms underlying BBB disruption can help develop
novel therapeutic modalities to prevent or repair BBB
damage, accordingly, to potentially slow or improve cog-
nitive decline. The underlying mechanisms are illustrated
in Fig. 3.

Tight junction proteins

Destruction of TJs can directly lead to BBB breakdown.
Many proinflammatory factors including IL-1(, IL-6,
IL-9, IL-17, and interferon y (IFN-y) directly or indirectly
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Fig. 3 The possible mechanisms underlying the BBB disruption. (a) Inflammatory factors can lead to down-regulation and degradation of TJs, mediated
by VEGF and NO. MMPs, ROS and others can also induce a decrease in TJ protein expression. (b) A variety of factors including inflammation, ischemia and
insulin resistance can lead to disintegration and death of ECs, leading to loss of ECs. Overexpression of endothelial adhesion molecules induces migration
of leukocyte; activation of Adora2a decreases TJs expression; down-regulation of glucose transport proteins affects endothelial metabolism and inhibits
LRP1 transcription, which disrupts the BBB integrity; and activation of TREM2 triggers endothelial oxidative stress. (c) Stress factors induce pericyte con-
traction and apoptosis, and hypoxia and inflammation trigger pericytes detachment from the basal lamina, leading to loss of pericytes. (d) Pathologic
factors trigger astrocytes destruction and endfeet loss, and induce reactive astrocytes to secrete MMPs, proinflammatory cytokines, VEGF-A, ECGF1, and
extracellular vesicles (EVs) containing inflammation-related proteins. (e) Activated microglia release proinflammatory factors, promote phagocytosis of
astrocytic perivascular endfeet, and lower the expression of TJs. These mechanisms greatly impair molecular and cellular components and dysregulate
cell-cell interaction, which underlie BBB disruption. BBB: blood brain barrier; TJs: tight junctions; ECs: endothelial cells; VEGF: vascular endothelial growth
factor; ECGF1: endothelial cell growth factor 1; NO: nitrous oxide; MMPs: matrix metalloproteinases; ROS: reactive oxygen species; Adora2a: adenosine
receptor 2a; LRP1: low-denisity lipoprotein receptor-related protein 1; TREM2: triggering receptor expressed on myeloid cells 2
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degrade TJs or reduce their expressions [222-224]. While
inflammatory signaling, including the NF-kB pathway,
can lead to downregulation and denaturation of the
most important T] protein, claudin-5 [225, 226]. Two
cytokines, TNFa and IL-1f, are reported to increase
endolysosomal protein degradation and stroke-induced
TJ strand disassembly through activating endothelial
small GTPase Rab7a. This greatly promotes paracellular
BBB permeability and exacerbates neuronal outcomes
[227]. Furthermore, hypoxia-induced T] reorganization
appears to be mediated by VEGF and NO [228]. Unlike
that derived from ECs, VEGF-A released from hypoxic
OPCs is linked to BBB impairment by affecting OPC-EC
interaction in mouse cortical areas during cerebral hypo-
perfusion [229]. In contrast, a compensatory increase in
VEGF expression in macrophages at the BBB in response
to a high-fat diet-induced decrease in glucose transporter
protein isoform 1 (GLUT1) expression and brain glucose
uptake, can restore cerebral glucose metabolism, limit
neurodegeneration and preserve cognitive function. And
myeloid cell-specific deletion of VEGF exaggerates neu-
roinflammation and cognitive decline in obesity [230].
Therefore, the role of VEGF in BBB integrity may depend
on the cell type in a context-dependent manner.

During the neuroinflammatory response, MMPs, ROS,
and aspartic proteinases (Saps), also play the role in
decreasing T] proteins expression [231-233], through:
(1) the activity of permeability glycoprotein, one of the
main efflux transporters, can be inhibited to increase
MMPs secretion and ROS overproduction, mediated by
HIFla-dependent mechanism [234, 235]. Meanwhile,
decreases in MMPs inhibitors - tissue inhibitors of
metalloproteases (TIMPs) is also the main cause of BBB
breakdown [236]; (2) ECs and recruited leukocytes can
also secrete MMP-9 to proteolyze neurovascular base-
ment membrane proteins and TJ proteins, and thus deg-
radate basal lamina and TJs. Therefore, MMP inhibitors
can prevent the TJs loss, further indicating a key role of
MMPs in the BBB disruption; (3) cell-cell interactions are
affected through downregulating AJs, which promotes
extravasation of peripheral immune cells [237, 238]; (4)
Saps, especially Sap2, secreted from Candida albicans
could degrade endothelial T] protein occludin-1, to per-
mit fungal invasion into the brain parenchyma from the
blood through the disrupted BBB [239]. Interestingly,
after fungi enter the mouse brain, Saps cleave neuronally
expressed APP into AP-like peptides that bind to TLR4 to
activate microglia, promoting neuroinflammation.

Integrins are transmembrane glycoprotein receptors in
the extracellular matrix that physiologically interact with
the basement membrane components and regulate BBB
permeability. They are also upregulated by cytokines to
alter cell-matrix junctions [240]. Integrin a3 expressed in
CNS-infiltrating Th17 cells can promote BBB disruption
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and Thl7 cells transmigration into the brain, while
knockout of integrin a3 enhances the retention of CD4*
T cells in the perivascular space and maintains the BBB
integrity [241]. Furthermore, IL-17 A secreted from Th17
cells can induce NADPH oxidase- or xanthine oxidase-
dependent ROS production, and activate the endothelial
contractile machinery, leading to occludin downregula-
tion and BBB disruption [242]. Furthermore, vascular
B-site APP-cleaving enzyme 1 (BACE1) may be involved
in cerebral microvessel injury. BACE1 can induce mem-
brane accumulation of caveolin-1 and caveolin-1-me-
diated endocytosis through cleaving the endothelial TJ
protein occludin, thus resulting in the lysosomal degra-
dation of other TJ proteins, and finally BBB breakdown.
In contrast, inhibition of BACEI activity can ameliorate
TJs loss, endothelial dysfunction, and cognitive deficits
[243].

Endothelial cells
ECs are another important target of BBB damage. Pro-
inflammatory and other toxic factors can directly cause
structural disintegration and even ECs death. Apoptosis
of ECs and downregulation of T] proteins, together with
the overexpression of EC adhesion molecules and leuko-
cyte transmigration, are mediated by astrocyte-derived
VEGFs, MMPs, NO, and endothelins [244]. High mobil-
ity group box 1 (HMGB1), acting as a damage-associated
molecular pattern, can induce vascular inflammation
by activating the Nod-like receptor protein 3 (NLRP3)
inflammasome, thereby initiate the ECs pyroptosis and
disrupt the BBB integrity [245]. Wei et al. found cytosolic
lipopolysaccharide (LPS) sensor caspase-11 could acti-
vate endothelial pore-forming protein GSDMD, which
induced pyroptotic endothelia, abnormal TJs and vas-
culature detachment from the basement membrane in
vitro and in mice. GSDMD-neutralizing nanobody can
block this inflammatory BBB disruption [246]. Further,
in obesity and insulin resistance, activation of endothe-
lial adenosine receptor 2a (Adora2a) disrupts the TJs
between the microvascular ECs, whereas inhibition of
Adora2a prevents BBB breakdown via decrease in vascu-
lar inflammation, thus improves synaptic plasticity and
hippocampus-dependent memory [247]. Similarly, loss
of ECs expressing transforming growth factor B1 type I
(TGE-PB1) receptor, activin receptor-like kinase (ALK)-1,
and ALK-5, increases vascular permeability, whereas the
administration of TGF-P1 protects BBB integrity [248].
GLUT1 is the main glucose transporter that supports
ECs metabolism. Surgery-induced GLUT1 reduction in
the hippocampal microvasculature, along with down-
regulation of T] proteins, significantly contributes to
postoperative cognitive deficits in aged mice [249]. Simi-
larly, GLUT1 deficiency in an AD mouse model leads to
cerebral microvascular degeneration, CBF reduction,
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BBB disruption, and AP pathology progression [250].
Mechanistically, GLUT1 deficiency induces transcrip-
tional repression of LRP1 in cerebrovascular ECs, and
adenovirus-mediated re-expression of GLUT1 restores
LRP1 levels [250], and increases transvascular clearance
of 70-85% AP under physiological conditions [251]. A
significant reduction in LRP1 expression in the AD brain
microvascular ECs has also been validated in several
clinical studies [251-253]. Conversely, inhibition of LRP1
expression accelerates AP accumulation in the brain,
thereby worsening microvascular damage [254]. Loss
of endothelial LRP1 in the brain leads to BBB disrup-
tion, neuronal loss, and cognitive deficits in mice, all of
which can be reversed by endothelial-specific LRP1 gene
therapy [255]. Furthermore, LRP1 oxidation significantly
reduces AP binding and efflux from the brain [256]. A
recent study provides another mechanism underlying
the role of GLUT1 in ECs. EC-derived lactate partici-
pates in EC-pericyte interactions. EC-derived lactate is
transported into pericytes to support their functions.
TBI can disrupt EC-pericyte crosstalk and increase BBB
permeability [257]. Deletion of GLUT1 in ECs reduces
lactate production, which significantly impairs pericyte
metabolism including energy generation and amino acid
biosynthesis. Inhibition of EC-derived lactate production
in mice results in loss of pericyte coverage in the brain
vasculature and BBB hyperpermeability [258], suggesting
that ECs metabolic support for pericytes may be essential
for maintenance of BBB integrity. However, in an earlier
study, Veys et al. found that GLUT1 knockout in adult
animal ECs neither disrupted BBB integrity nor altered
the expression of T] genes [259]. Moreover, during isch-
emic stroke, endothelial Ca?*-permeable non-selective
cation channel transient receptor potential melastatin 2
(TRPM2) can be activated, whereas inhibition or dele-
tion of TRPM2 greatly attenuates BBB hyperpermeability
by inhibiting endothelial oxidative stress and Ca** over-
load [260]. Therefore, endothelial dysfunction is an early
and typical pathology of neurodegenerative and cerebral
microvascular diseases.

Pericytes

Pericytes play a key role in maintenance of the BBB
integrity. Bohannon et al. identified two subsets of brain
microvascular pericytes in rhesus macaques: type 1 in
young adults and type 2 in older adults. There is a strong
positive correlation between the degree of BBB disrup-
tion and the percentage of type 2 pericytes regardless of
age [261]. Compared with ECs, pericytes are more sus-
ceptible to stress conditions, such as aging, diabetes, or
ischemia. Hypoxia/ischemia can increase the expres-
sion of several vasoactive mediators, including PDGERp,
adenosine, and NO in the pericytes to induce contrac-
tion. During prolonged hypoxia and LPS-induced sepsis,
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pericytes can detach from the basal lamina, leading to
BBB disruption [262, 263]. In addition, pericytes medi-
ate hypoxia-induced leukocyte infiltration, which exac-
erbates BBB destruction via the inflammatory response
[264]. Concurrently, pericytes may differentiate into
microglia and increase phagocytosis under hypoxia,
which participates in the inflammatory response [265].
Although the role of pericytes in neurodegenerative dis-
eases has not been completely elucidated, several studies
have shown that the morphology, function, and PDGFRp
signaling of pericytes are altered in AD [266]. The loss of
pericytes results in a significant increase in BBB leakage,
brain AP levels, tau pathology, and neuronal loss in the
AD mouse model [267]. The number of pericytes is also
decreased in the white matter in post-stroke dementia
and vascular dementia [268].

Recently, Liu et al. investigated the relationship
between bone aging and neurodegenerative diseases,
and found that bone preosteoclast-derived PDGF-BB in
aged mice promoted hippocampal vascular impairment
[269]. A high circulating PDGE-BB level is responsible
for capillary reduction, pericyte loss, and BBB hyper-
permeability in the hippocampus of aged mice, whereas
preosteoclast-specific Pdgfb knockout reduces this BBB
impairment. Exposure of brain pericytes to high concen-
tration PDGEF-BB in vitro upregulates MMP-14, which
promotes PDGFRp shedding from the pericyte surface,
while MMP inhibition alleviates hippocampal pericyte
loss in conditional Pdgfb transgenic mice and BBB hyper-
permeability in aged mice. Surprisingly, PDGF-BB is also
reported to promote the pericytes proliferation and pro-
tects pericytes against apoptosis through extracellular
signal-regulated kinase signaling, whereas PDGF aug-
ments pericyte-derived inflammatory secretions through
Akt pathway [270].

Astrocytes

Astrocytes interact closely with the cerebral vasculature
through perivascular endfeet, where the transmembrane
protein AQP4 and the gap junction protein CX43 exhibit
high expressions. Deletion of CX43 in the astrocytes
induces a significant reduction in AQP4 levels, followed
by edema formation and BBB disruption. In contrast,
deletion of AQP4 does not alter the ECs ultrastructure,
TJs expression, and BBB permeability [271]. Therefore,
astrocytes play a significant role in the BBB formation
and maintenance [272, 273], thus astrocytes destruc-
tion is associated with BBB disruption. Furthermore,
astrocytes modulate EC permeability by direct cell-cell
interactions, soluble factors secretion, or mitochon-
drial transfer, endothelial dysfunction in turn activates
astrocyte, which directly influences the astrocyte-EC
interaction and BBB hyperpermeability [274]. Astro-
cytes modulate BBB development and function under
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pathophysiological conditions also by secreting a series of
molecules that regulate immune responses, and release
of EVs containing inflammation-related proteins and
miRNAs. Triggered by inflammation, activated astro-
cytes disrupt the BBB structural components by secret-
ing MMP-9 and proinflammatory cytokines IL-1p, IL-6,
and TNFa [83, 273].

In a PD model, oligomeric aSyn, but not monomeric
or fibrillar aSyn, results in a significant BBB breakdown
[275]. This process involves the expression and release of
VEGEF-A in astrocytes, suggesting that astrocyte-derived
VEGE-A may be an essential mediator of PD-associated
BBB disruption. Another key astrocyte-derived factor
endothelial cell growth factor 1 (ECGF1), co-localizing
with VEGF-A in reactive astrocytes, also correlates with
BBB permeability [276]. Interestingly, inactivating VEGE-
A induces an increase in ECGF1 expression. The interac-
tion between the ECGF1 product 2-deoxy-d-ribose and
VEGF-A cooperatively inhibits T] proteins expression
and drives BBB permeability. Inhibiting either of them
can reduce BBB disruption. For example, the anti-VEGF
antibody bevacizumab can block VEGF binding to its
receptors, which effectively reverses the BBB damage
and vascular smooth muscle contraction. This eventually
improves memory performance in a mouse AD model
[277]. While antagonizing both of them enhances BBB
preservation and alleviates neurological pathology [276],
suggesting that astrocytic ECGF1 and VEGF-A co-opera-
tively promote BBB disruption.

Microglia

Microglia can interact with the vascular components
at the BBB. Microglia-BBB interactions are critical in
microglial response to NVU damage [278]; however,
depletion of microglia alone does not alter BBB permea-
bility [279], but increases LPS-induced BBB permeability
in adult mice [280]. Systemic inflammatory factors can
activate both of microglial pro- and anti-inflammatory
responses. Proinflammatory microglia promote further
release of inflammatory cytokines which augment BBB
damage by increasing paracellular permeability and acti-
vating adsorptive endocytosis. Microglial activation also
promotes phagocytosis of astrocytic perivascular endfeet
and lowers the expression of two TJ proteins: occludin
and claudin 5. These changes aid leukocyte infiltration
across the BBB, and further exacerbate neuroinflamma-
tion and neurodegeneration [281]. Therefore, increased
BBB permeability following prolonged systemic inflam-
mation may contribute to cognitive dysfunction. In
contrast, anti-inflammatory microglia protect the BBB
from inflammatory attacks by elevating the levels of anti-
inflammatory factors, including I1L-10, IL-4, IL-13, and
TGE-P [282, 283]. Therefore, depending on the perivas-
cular microenvironment, the highly dynamic switch of
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microglial phenotype between pro- and anti-inflamma-
tory states relates to their impact on BBB integrity. Inter-
estingly, during systemic inflammation induced by LPS
or IEN-a, microglia migrate to the cerebral vasculature
through a C-C motif chemokine ligand 5/CCR5-depen-
dent mechanism. These microglia initially maintain BBB
integrity via expressing TJ protein claudin-5 and contact-
ing with ECs. However, sustained inflammation facilitates
microglial phagocytosis of astrocytic endfeet and impairs
BBB function [280], suggesting a dual role of microglia in
maintaining BBB integrity.

Molecular mechanisms

Several molecular events that are included but not lim-
ited to these participate in BBB disruption: (1) plasma
insulin-like growth factor-1 (IGF-1) level is associated
with brain microvascular dysfunction and cognitive
impairments. Endothelial loss of IGF1 receptor impairs
neurovascular coupling, increases senescent ECs and
BBB disruption in mice [284]. Further, knockdown of
astrocytic IGF-1 receptor in cerebral ischemic mice
can trigger greater BBB disruption and larger ischemic
lesions. These evidences suggest IGF-1 signaling plays
a crucial role in preserving the BBB integrity. (2) in the
absence of ischemia, recurrent seizures induced by local
potassium channel blocker 4-AP or y-aminobutyric acid
subtype A (GABA,) receptor blocker PTX can promote
vascular permeability via N-methyl-D-aspartate (NMDA)
receptors-mediated excessive release of glutamate in the
cerebral cortex of rat. Furthermore, in a focal cerebral
ischemia animal model, GABA 4 receptors inhibitor bicu-
culline enhances BBB disruption, although it increases
regional CBF [285]. Similarly, exposure of cultured brain
ECs to glutamate can result in NMDA receptor-mediated
decreases in the TJ protein occludin levels and cellular
redistribution, as well as increases in BBB permeability.
Conversely, NMDA receptor antagonists reduce BBB
permeability of the peri-ischemic cortical region in the
stroke photothrombosis rat model [286], suggesting a
role of NMDA receptor activation in BBB disruption; (3)
mitochondrial protein polymerase delta-interacting pro-
tein 2 (Poldip2), a multifunctional protein, is necessary
for vascular integrity and function. In a transient middle
cerebral artery occlusion model, cerebral ischemia signif-
icantly upregulated Poldip2 expression; however, deletion
of Poldip2 inhibited the expressions of TNFq, IL-6, MCP-
1, VEGE, and MMPs, and thus BBB hyperpermeability
[287]. Similarly, in an SAE model, LPS induced increases
in Poldip2 expression, proinflammatory cytokines, and
thus BBB permeability [288]. Further, alterations in BBB
integrity were preceded by the induction of Poldip2,
whereas silencing of Poldip2 inhibited LPS-mediated
NF-kB subunit p65 translocation and COX-2 induction
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in rat brain microvascular ECs, which effectively allevi-
ated BBB disruption.

Overall, these data suggest that under pathological
conditions, the ultrastructural degradation between cells,
dysregulated cell-cell interactions, as well as metabolic,
angiotrophic, supportive, immune changes at the BBB
contribute to barrier disruption, whereas neuroinflam-
mation appears to play a central role in this process.
However, whether changes in different BBB properties
leads to specific cognitive impairment is not known.

Protection against BBB disruption

BBB disruption is commonly presumed reversible after
harmful insults are removed; however, re-establishment
of the BBB integrity after stroke is incomplete [289],
and could influence rehabilitation, increase the risk of
repeated stroke, and further develop to vascular demen-
tia. Therefore there is an urgent need for new therapies to
protect and restore BBB structure and function. Several
strategies to stabilize the BBB and promote its restoration
have been developed.

Anti-inflammatory agents

In clinical practice, steroidal glucocorticoids (GCs) are
still the mainstream agents used to treat BBB damage.
Preclinical data has shown that GCs could significantly
reduce BBB permeability and successive brain edema
formation in a stroke animal model [290], through limit-
ing the inflammatory cascade and immune system over-
activation at the BBB. These findings have also extended
to their role in BBB repair, including partial reversal of
TJ proteins downregulation and MMP-9 upregulation
[291], increase in anti-inflammatory protein membrane
association protein Al (Annexin Al) expression to pro-
tect inter-endothelial junctions [292, 293], and decrease
in astrocytic VEGF level to reverse reduced T] proteins
expression through elevated endothelial NOS production
[294]. However, GCs are largely ineffective in patients
with acute ischemic stroke [295], although they may be
effective in treating acute multiple sclerosis. Preoperative
administration of dexamethasone has been reported to
reduce the proinflammatory response, thereby decrease
the risk of early postoperative cognitive dysfunction after
cardiac surgery [296]. However, the latest evidence fails to
support the idea that GCs can prevent BBB disruption in
patients undergoing surgery. Although preventive treat-
ment with high-dose methylprednisolone could attenuate
the systemic inflammatory response in open-heart sur-
gery under cardiopulmonary bypass, it does not prevent
BBB hyperpermeability or neuroinflammatory responses
[148]. Similarly, intraoperative use of dexamethasone
in pediatric cardiac surgery also does not reduce major
neurological complications within postoperative 30 days
[297]. These findings question the effectiveness of GCs in
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the BBB restoration and cognitive improvement; there-
fore, it is not justified to recommend the use of GCs dur-
ing the perioperative period for preventing postoperative
cognitive dysfunction.

In addition to GCs, there are other effective medica-
tions to reduce neuroinflammation by inhibiting the
immune response in the brain, including the gas mol-
ecules hydrogen and hydrogen sulfide. Minocycline,
an inhibitor of microglial/macrophage activation, can
reduce BBB permeability by inhibiting the expressions
of MMP-9 and inflammatory mediators [298]. Alterna-
tively, dexmedetomidine, a sedative agent, can also exert
neuroprotective effects by inhibiting the release of pro-
inflammatory HMGB1 from astrocytes and microglia
in response to a variety of stressors, including hypoxia,
ischemia, and cytokines [299]. Other drugs including
Tanshinone II, Berberine, and Ginsenosides that target
HMGB-1, can also stabilize the BBB [300]. NF-kB/NLRP3
signaling plays an important role in the inflammatory
response. Direct inhibition of NF-kB/NLRP3 pathway
can modulate neuroinflammation to maintain BBB integ-
rity in an animal study [288]. In addition, statins also
have an anti-inflammatory effect, in vitro experiment has
revealed that statins could inhibit AB-induced inflamma-
tory and cytotoxic effects on cultured cerebral ECs and
astrocytes [301], suggesting their protective role in BBB
integrity.

Anti-oxidative agents have also been reported to pre-
vent BBB injury via inhibiting peripheral inflamma-
tion. These anti-oxidative agents, including resveratrol,
curcumin, and apigenin, exhibit an anti-inflammatory
property and thus provide neuroprotective effects by
inhibiting inflammatory pathways (i.e, TLR4/NF-kB)
and BBB breakdown. Similarly, administration of antifi-
brinolytic drugs, including tranexamic acid, can provide
acute anti-inflammatory protection and alleviate BBB
damage following TBI [302, 303]. The proinflammatory
cytokines IL-1p and TNF-a are considered etiologic
triggers for BBB breakdown; therefore, IL-1 receptor
antagonists [304], or TNF-« inhibitors [73] can reduce
BBB damage and thus prevent neurobehavioral impair-
ments in the BBB-disrupted animal models. Collec-
tively, although anti-inflammatory agents protect the
BBB integrity against neuroinflammation, it is not clear
whether this BBB protection can translate into cognitive
improvement.

Vascular dysfunction blockers

Several vascular leakage blockers have been developed.
CU06-1004, an EC dysfunction blocker, prevents vascu-
lar leakage and enhances vascular integrity in a cerebral
ischemia/reperfusion injury model [305]. Furthermore,
long-term administration of CU06-1004 also allevi-
ates age-associated cerebral microvascular senescence
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and BBB damage in in vitro and in vivo models, signifi-
cantly improving cognitive function in aged mice [306].
Another vascular leakage blocker, Sac-1004, can also
rescue TJ-related proteins, decrease BBB leakage, and
inhibit inflammation, and thus effectively ameliorate
ischemic damage and neurological deficits in a cerebral
ischemia/reperfusion injury model [307]. Nevertheless,
these vascular leakage blockers have not been validated
or approved for clinical use.

Mitochondrial protectants

A novel target for BBB protection is the mitochondrion.
Impaired mitochondrial energy metabolism directly
affects BBB structure and function, and dynamin-related
protein 1 (Drpl)-mitochondrial fission protein 1 (Fisl)-
mediated mitochondrial dysfunction can lead to BBB
disruption, which can be ameliorated by Drp1-Fis1 inhib-
itors [308]. In fact, rotenone, a mitochondrial electron
transport inhibitor, impairs learning and memory in mice
via microglia-mediated BBB disruption and neuronal
apoptosis [309]. Methylene blue (MB), a clinically avail-
able mitochondrial protectant, is neuroprotective and
potentially effective against neurodegenerative diseases.
Our study revealed that the intravenous administration
of 2 mg/kg MB during major surgical procedures could
decrease the incidence of early PND in elderly patients
[310]. A single intravenous injection of MB (1 mg/kg)
30 min after TBI was shown to significantly reduce the
TBI-induced increase in S100p expression and BBB per-
meability [311], and thus improved cognitive and motor
functions [312]. Recently, a mitochondrial-targeting flu-
orescent small molecule, IR-780, was shown to reduce
neuroinflammation and restore TJs expression at the
BBB, leading to cognitive improvement after whole-brain
irradiation [313]. These studies suggest that targeting
mitochondrial metabolism may promote the recovery of
BBB and brain function.

Maintenance of tight junction proteins

Preventing degradation of T] proteins and promoting T]
proteins expression after their destruction can acceler-
ate BBB repair [294]. The T] complex is a dynamic struc-
ture that maintains the rigid structure of the barrier. This
dynamic structure is regulated by many transport pro-
teins and signaling pathways in the BBB, which may facil-
itate the rapid localization of nascent TJs and promote
BBB repair [314]. As the role of MMPs in degradation
of microvascular basal lamina and TJs, MMPs inhibitors
are assumed to protect against BBB disruption. Recent
pre-clinical and clinical studies have demonstrated that
several compounds with specific or non-specific MMP-9
inhibitory properties have potential as therapeutic agents
for inhibiting BBB breakdown after TBI [315].
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One study found that astrocytes were enriched in genes
for laminin and laminin receptors, and knockdown of
these genes could reduce the expressions of T] proteins
claudin 5 and ZO-1. Therefore, it is essential to main-
tain astrocytic function during BBB repair [316]. In vitro
experiment has shown estrogen upregulates claudin-5
and has a protective effect against BBB damage, with
its target site located at T] proteins and their regulators
[317]. Cortistatin is a neuropeptide that exerts benefi-
cial effects on the cerebral ECs. Endogenous cortistatin
deficiency predisposes TJs to breakdown and leads to
the weakening of brain ECs, BBB hyperpermeability and
inflammatory response, whereas exogenous cortistatin
supplementation can reverse the TJs disruption, hyper-
permeability, and immune activity in murine brain ECs,
and reduce BBB leakage in LPS-treated adult mice [318].

Outgrowth ECs
The outgrowth ECs, derived from peripheral blood pro-
genitor cells or moncytes, have a high proliferative and
expansion potential in vitro, stable phenotype and abil-
ity to expand in vivo with no apparent toxicity [319]. A
in vitro study revealed that treatment with outgrowth
ECs effectively restored BBB integrity and function in an
oxygen-glucose deprivation (OGD) human BBB model
through inhibiting oxidative stress [320]. While in a triple
culture model of BBB with astrocytes, pericytes and ECs,
adding exogenous outgrowth ECs effectively repaired
the damaged BBB induced by OGD treatment [321].
Similarly, administration of outgrowth ECs provides bet-
ter BBB protection in rats subjected to middle cerebral
artery occlusion [322]. Finally, factors that promote BBB
integrity by restricting transcytotic flux and maintaining
the ECs stability, including angiopoietin-1, S1P, activa-
tor protein C, water channel AQP4, MMP inhibitors, and
omega-3 fatty acids are under preclinical examination.
Endothelial senescence results in chronic BBB disrup-
tion and microvascular rarefaction. Therefore, clearance
of senescent ECs may improve BBB integrity and cogni-
tive function. When mice subjected to whole-brain irra-
diation are treated with ABT263, a well-known senolytic
drug, for 3 months, senescent ECs are selectively and
effectively removed, BBB permeability decreases, and
cortical microvascular density tends to increase [166].
Similarly, when aged rats are administered ABT263 for
6 months, this senolytic drug can preserve BBB integrity,
prevent hippocampal NMDA receptor hypofunction,
accordingly, rescue memory and cognitive impairments
[189]. In a “chemobrain” model, genetic (ganciclovir) or
pharmacological (senolytic drug ABT263) treatments
effectively eliminate senescent ECs, and likewise rescue
BBB integrity and capillarization, leading to improved
neurovascular coupling and cognitive performance [161],
suggesting a causal relationship between clearance of



Che et al. Fluids and Barriers of the CNS (2024) 21:63

senescent ECs, improved BBB integrity, and better cogni-
tive functions.

Cellular and gene therapies
Mesenchymal stromal cells (MSCs) is another thera-
peutic with great potential for BBB reparation. MSCs
are multipotent, non-hematopoietic cells found in the
perivascular area and serve as immunomodulators and
regenerative agents [323]. MSCs can promote angiogen-
esis and barrier repair in animal stroke models. Intra-
venous administration of MSCs to animals which have
had an induced-stroke could reduce BBB hyperper-
meability, increase vascular remodeling, and improve
functional deficiency through secretion of VEGF and
angiopoietin-1 [324]. The immunoreactivity of the
mitogenic factor PDGFRP from MSCs can be induced
by salubrinal, a small molecular activator of the inte-
grated stress response, which can inhibit the activation
of immune cells at the BBB and promote restoration of
the BBB integrity [325]. Recently, MSC-derived and cere-
bral EC-derived exosomes have been used to treat BBB
disruption-associated cognitive dysfunction by inhibit-
ing neuroinflammation. The exosome-treated animals
had a significantly shorter time to complete neurologi-
cal recovery. Williams et al. found that early single-dose
treatment with MSC-derived exosomes after TBI or
hemorrhagic shock enhanced T] proteins expression
and improved BBB integrity in a swine model [326]. This
enhanced recovery of BBB integrity may accelerate neu-
rocognitive rehabilitation [327]. In two rat stroke models,
serum-derived exosomes [328] and bone marrow MSC-
derived exosomes [329] improved neurological outcomes
by reducing microvascular EC apoptosis and reversing
autophagy-mediated T] proteins degradation. In addi-
tion, inducible pluripotent stem cell-derived small EVs
could significantly attenuate damage to the BBB integrity
via activation of the eNOS-Sirtl axis [330]. Non-coding
RNAs, including miRNAs, IncRNAs, and circRNAs
encapsulated in exosomes, have been implicated in the
modulation of BBB structure and function, and play a
role in BBB breakdown or repair. It is essential to identify
potential candidate miRNAs to establish novel therapeu-
tics for BBB recovery [331]. For example, Campbell et al.
used miRNA directed against claudin-5 loss to decrease
BBB breakdown after TBI, which eventually improved
focal cerebral edema and cognitive function [332].
Recent studies indicate that gene therapy plays an
important role in the development of safe, efficient,
and specifically targeted vectors. For example, the brain
microvascular EC-specific viral vector AAV-BR1 can be
successfully expressed in ECs [333]. As previously men-
tioned, GLUT1-mediated glycolysis plays an impor-
tant role in the metabolism of ECs and pericytes [334],
therefore their GLUT1 levels in AD patients may be a
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novel target to rescue BBB dysfunction. Using the AAV-
BR1 vector to upregulate endothelial GLUT1 levels may
improve metabolism in ECs and, thereby, BBB integrity.
Another innovative gene therapy is the development of a
nanoparticle or engineered ligand targeting those brain
regions with reduced expression of BBB molecules, such
as claudin-1 and PB-catenin. The nanoparticles can accu-
mulate and remain in the brain NVU, and promote clau-
din-1 expression [335]. Newly synthesized claudin-1 is
present on the cell membrane and can be incorporated
into the T] complex with established interactions with
Z0O-1 [336]. Since Wnt-mediated BBB maintenance,
upregulation of Wnt/B-catenin signaling can reduce BBB
disruption and immune cell infiltration in the brain [337,
338], while delivery of cerebrovascular-targeted, engi-
neered Wnt7a ligands can protect BBB integrity, reduce
T-cell infiltration and microglial activation in SARS-
CoV-2-infected brain, and improve cognitive deficits in
SARS-CoV-2-infected mouse brain through enhancing
Wnt/B-catenin activity [339]. It is expected that these
gene therapies can be used as a precision and safe tool for
BBB restoration.

Other preclinical strategies

To provide innovative therapeutics for BBB restoration,
investigators have also identified other experimental
strategies for maintenance and repair of the BBB integ-
rity, including: (1) application of new materials, such as
biomimetic oxygen-boosted hybrid membrane nanoves-
icles, to promote angiogenesis and inhibit T] proteins
degradation [340]; (2) use of vitamin B12 to restore BBB
integrity in AD through reducing homocysteine lev-
els [341]; (3) administration of selective TGF-B recep-
tor inhibitors to prevent BBB opening caused by cortical
spreading depolarization after mild TBI [342]; (4) RAGE-
specific inhibitors such as FPS-ZM1 and azeiragon,
which control AP accumulation in the animal brain, can
inhibit sustained cellular perturbation and vascular dis-
ruption [343]. Furthermore, soluble RAGE (sRAGE) is
also available as a decoy to attenuate the adverse effects
of AP and may improve CBEF, BBB integrity, and neuro-
inflammation in animals [344]; (5) the non-immuno-
suppressive CypA inhibitor Debio-025 shows significant
improvement in BBB integrity and neurobehavioral defi-
cits independent of AD pathological alterations [345];
and (6) the fibroblast and fibroblast growth factor-21 are
used to improve BBB permeability through a TIMP2-
dependent pathway [346] or an Nrf2-dependent pathway
[347]. TIMP2 has been reported to inhibit VEGF-induced
vascular hyperpermeability and hypoxic plus inflamma-
tory insult-induced TJs degradation and translocation to
reduce paracellular permeability in human brain micro-
vascular ECs through an MMP-independent mechanism
[348]. Unlike TIMP2, TIMP1 has been found protects
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TJs dependent on an MMP-mediated degradation [349].
Although these promising strategies for BBB restora-
tion, they are still at the bench and lack specificity toward
brain regions.

Although restoration of the BBB integrity serves as
a robust hallmark for better neurocognitive outcomes
in animal studies, how endogenous signals induce BBB
repair, and whether recovery of the BBB integrity caus-
ally improve cognitive impairments in patients are not
fully understood. Therefore clinically effective BBB pro-
tectants and strategies for restoring the BBB are lacking.

Medications undergoing clinical trials

Thalidomide is used today to effectively treat inflam-
matory and cancer conditions, which initially acted as a
sedative and an antiemetic until the discovery of its tera-
togenicity. Recently, it is found to treat radiation-induced
brain injury (RIBI). In a clinical phase 2 study, thalido-
mide could reduce cerebral edema on fluid-attenuated
inversion recovery-MRI in patients with RIBI, and 62.1%
patients experienced cognitive improvement based on
the Montreal cognitive assessment scores [164]. Fur-
ther, in a mouse model of RIBI, thalidomide increased
PDGEFRp expression to rescue pericytes loss and thus
restored the BBB integrity and cerebral perfusion.

Another medication is ongoing examined in clinical
phase II trial is bevacizumab, an anti-VEGF antibody.
It is used in adult patients with steroid-refractory RIBI
after their BBB disruption. The results showed that beva-
cizumab significantly reduced volume of brain edema
and brain necrosis induced by radiation, while improved
white matter recovery and neurocognitive scores [350].
Similarly, in animal study, bevacizumab is found to alle-
viate the BBB dysfunction and improve cognitive func-
tion through inhibiting VEGF signaling in AD mice [277].
Natalizumab, targeting the a4 integrin on immune cells,
can prevent their interaction with endothelial VCAM-1,
greatly reduces BBB disruption and thus new lesion for-
mation in MS.

Although large-size sample, randomized controlled
trials are needed, these novel therapies have provided
an promising insight into treatment of cognitive impair-
ments through improvement of BBB disruption.

Perspectives

Why BBB disruption can lead to cognitive decline?

BBB disruption is critical for initiation and perpetua-
tion of diverse diseases at the concomitance with other
neuropathological changes, therefore this disruption has
been demonstrated to be an early biomarker in human
cognitive impairment. Some evidences suggest sepsis
or chemotherapy disrupts the BBB while directly affects
brain function. However, several studies have suggested
that BBB disruption is sufficient but not necessary for
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cognitive decline. For example, in stroke patients, the
massive death of neurons can directly lead to cognitive
deficits, while subsequent BBB disruption only plays a
role as a deteriorating factor. Another example is AD.
Those AD individuals with BBB breakdown suffer from
early impairments in memory, attention/executive func-
tion and language, global cognition dependent of AD-
specific biomarkers AP and tau [351]; In contrast, other
studies have indicated that the severity of BBB permeabil-
ity does not parallel AD pathology, such as brain Ap and
tau levels, in cognitively normal or impaired patients [35,
192, 352], suggesting that BBB dysfunction may only rep-
resent cerebrovascular damage but is not inherent to AD
and cognitive impairments. Further, a clinical study indi-
cated that a more intact barrier was associated with more
prominent neurodegeneration, as reflected by higher CSF
macrophage inflammatory protein-1a and TNFa levels in
patients with mild cognitive impairment or early AD [46].
Therefore it is not clear that BBB disruption is the cause
or result of these neuropathological changes. However,
the BBB has combined functions of several physiological
properties, thus critical for neural function and protec-
tion. Several reasons why BBB disruption can cause cog-
nitive decline directly and indirectly can be speculated.

1. The BBB disruption facilitates xenobiotics and blood-
borne substances entering into the brain. The numerous
molecules including toxins, drugs, and other xenobiotics
can enter brain parenchyma and directly influence neu-
ral fates. Further, the immune cells migration and plasma
proteins infiltration into the brain could induce neuroin-
flammatory response [353]. The activated immune cells,
including macrophage, mast cells and T cells, release
proinflammatory factors by themselves, concurrently,
they recruit the innate immune cells microglia/astrocytes
in the brain, which triggers their activation to further
release proinflammatory factors such as IL-1p, IL-6 and
TNFaq, leading to inflammatory cascade and significant
neuroinflammation. While neuroinflammation-induced
cognitive decline is well known.The circulating proin-
flammatory factors can also cross the disrupted BBB,
and trigger neuroinflammatory response. Several plasma
proteins fibrinogen and fibrin can enter and deposit in
the CNS after BBB disruption, which bind to CD11b and
CD11c on innate immune cells, triggering an inflamma-
tory response that is toxic to neurons [354], while fibrin
depletion protects against cognitive deficits. Plasma albu-
min is also reported to activate microglia and astrocytes
when leaking through the disrupted BBB, which induces
neuronal apoptosis, neuroinflammation, and increased
tau phosphorylation, eventually impairing the spatial
learning and memory abilities [355].Other plasma pro-
teins such as sclerostin across the BBB in the 22-month
rather than 10-month mice, can increase Af produc-
tion through p-catenin-BACE1L signalling, accordingly,
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high sclerostin levels in AD patients are associated with
severe cognitive impairment [356]. Further, pathological
proteins such as p-amyloid, Tau and a-synuclein can pro-
mote BBB disruption, which conversely exacerbates brain
damage [357]. Since the BBB maintains the chemical
composition of the neuronal “milieu’, which is required
for normal neural circuits, synaptic transmission and
remodeling, and neurogenesis in the brain, therefore BBB
breakdown would disrupt brain homeostasis, regardless
of the intracerebral or systemic causes, thereby affecting
brain cognitive performance.

2. The BBB facilitates the supply of nutrients for the
brain. Several endogenous transporters and receptors
expressed in the ECs and pericytes at the BBB, for exam-
ple, GLUT1 mediates the transport of glucose, Mfsd2a
for transport of omega-3 fatty acids, LAT1 for amino
acids, MCT1 for lactate while MCT8 for thyroid hor-
mone, transferrin receptor for iron, and proton-coupled
folate transporterr for folate [358] across the BBB into
the brain. And latest studies confirm that endothelial
FLVCR?2 (also known as MFSD7C) is a BBB transorter of
choline and responsible for the majority of choline uptake
into the brain [359, 360]. Disruption of these nutrient
transporters would affect the entry of components criti-
cal for brain function, development and repair, as well as
BBB integrity [25, 361]. For example, Mfsd2a deficiency
could reduce docosahexaenoic acid level in the brain,
leading to microcephaly and hypomyelination; impaired
cerebral folate transport is associated with various types
of neurological and neurodevelopmental complications,
while FLVCR2 deficiency may influence choline uptake
into the brain, which could alter membrane synthesis,
methylation of DNA and protein, and acetylcholine for-
mation, a neurotransmitter that drives cognition and
memory. Physiological blood-brain transport is impaired
with age, these age-dependent changes could adversely
influence cognitive function. However, whether changes
in different BBB properties cause damage in specific cog-
nitive domain is not known.

On the other side, BBB is one of routes for the clear-
ance of waste metabolites out of the brain. The accumula-
tion of waste metabolites around the vasculatures are the
neuropathological findings of p-tau protein in cerebral
amyloid angiopathy and aggregation of Ap in AD. These
observations clearly indicate that BBB may directly par-
ticipates in the clearance of p-tau protein and A protein
accumulated in the brain. LRP1 is a critical transporter
for eliminating AP protein. It is reported that BBB-medi-
ated transport accounts for 54% of brain AB40 clearance
or 80% AP protein clearance through trans-vascular
transcytosis [362]. Although such findings are based on
clearance of small AP peptide in normal physiological
condition, since these waste metabolites aggregation is
detrimental to neurological function, it is expected that
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BBB damage would impair the clearance of metabolites
out of the brain, and consequently leading to abnormal
accumulation of p-tau and AP, which eventually cause
cognitive dysfunction.

3. The dysfunctional BBB themselves have cumulative
effects of inflammation, oxidative stress, and metabolic
dysfunction, which can produce structural and bio-
chemical alterations to the nervous system. For example,
senescence of cerebral ECs can upregulate proinflamma-
tory cell adhesion molecules and cytokines [254]. Fur-
ther, dysfunctional ECs secrete heat shock protein 90q,
which blocks oligodendroglial differentiation, contribut-
ing to impaired myelination in ¢SVD [363].The injured
pericytes at the BBB release PDGFRf into the CSF [192],
loss of vascular PDGFRp is found significantly associ-
ated with increased vascular AB40 and AP42 burden in
mild cognitive impairment (MCI) and AD human donors
compared to cognitively normal controls [364]. While
RAGE can stimulate TGF-f release by pericytes as well as
VEGF and MMP-2 release by ECs to disrupt BBB [365].
Further, normal ECs express low levels of leukocyte
adhesion molecules, instead, upregulation of leukocyte
adhesion molecules on ECs surface after their damage
can initiate binding of leukocytes, the first step of their
entrance into the brain parenchyma. Moreover, damaged
BBB can serve as a CNS entry route for certain virus, for
example, SARS-Cov-2 through Neuropilin-1-mediated
transport [366]. Therefore the BBB dysfunction may be
the first change in development of certain brain disorders
and cognitive impairments.

4. The BBB is also responsible for neurovascular devel-
opment, angiogenesis and CBF regulation. ECs, pericytes
and astrocyte endfeet all have a major role in the control
of CBF, therefore BBB is important for the coordination
of neurovascular coupling and maintenance of brain
function, and its dysregulation can cause brain hypoper-
fusion or hyperemia, namely, loss of CBF autoregulation,
which has been implicated in AD.The BBB disruption
induced by stroke not only recruits immune cells into
ischemic region, but also increases water exchange, lead-
ing vasogenic edema. This can greatly decrease CBF and
increase neuronal damage, which potentially impairs the
cognitive function. While protecting against BBB disrup-
tion can maintain microcirculation and cerebral perfu-
sion, contributing to cognitive improvement [367]. On
other hand, by stimulating vessel growth, angiogenesis
may stabilize brain perfusion, thereby promoting neu-
ronal survival, brain plasticity, and neurologic recovery
after ischemic stroke [368].

Whether BBB disruption definitely cause cognitive decline?

This question may be answered from the relationship
between deliberate BBB opening and cognitive func-
tion. FUS coupled with intravenous administration of



Che et al. Fluids and Barriers of the CNS (2024) 21:63

microbubbles is a noninvasive technique that has been
shown to open the BBB reliably and reversibly in rodents
and non-human primates (NHP). This technique is
promising for drug or gene delivery into the brain. The
potential neural effects of long-term FUS application
have been investigated. In mice, repeated BBB opening
for up to 6 months does not cause motor impairment,
morphological and behavioral changes [369], similarly,
treatment with FUS combined with microbubbles for
up to 20 months induces neither significant edema nor
microhemorrhage in most of the NHP brains assessed by
MRI, nor visual, cognitive, motivational, and motor dys-
functions detected by quantitative cognitive testing [370].
In several small sample-size clinical trials, FUS-mediated
BBB disruption showed no significant effect on cognition
evolution in patients with mild AD [371, 372], whereas in
a larger clinical trial, FUS-based repeated BBB opening in
multiple cortical and deep brain regions decreased amy-
loid plaque burden without worsening cognitive func-
tion in patients with mild AD at 1 year follow-up [373].
These data suggest that the repeated BBB opening using
FUS with microbubbles is clinically safe. Further studies
have shown that the safety (lack of edema or microhem-
orrhage) of FUS was improved in awake NHP compared
to those anesthetized [374]. Interestingly, FUS-mediated
transient BBB opening significantly increased the expres-
sion of brain-derived neurotrophic factor and early
growth response protein 1, neurogenesis in the hippo-
campus, and acetylcholinesterase activity in the frontal
cortex and hippocampus of adult rats, leading to spatial
memory improvement [375]. Furthermore, FUS-medi-
ated BBB opening modulates tau hyperphosphorylation
and AP accumulation to alleviate behavioral deficits in
AD animal models [376, 377].

Another suggested approach to open BBB is to inhibit
endothelial S1P receptor-1. This transient BBB open-
ing can be used for the delivery of small molecules into
the CNS. However, in endothelial S1P receptor-1 knock-
out mice, chronic BBB leakiness can induce cognitive
impairments through TJ proteins subcellular redistribu-
tion rather than neuroinflammation [378]. This may be
the first evidence showing that BBB disruption alone can
directly lead to cognitive decline. Several studies sug-
gest that the cerebral effects of short-term controlled
BBB opening by FUS may be related to changes in neu-
ral metabolism and activity, as well as proteomic profiles,
but not the BBB opening itself [379, 380]. Similarly, scan-
ning ultrasound for BBB opening is effective not only for
restoring long-term potential but also for ameliorating
spatial learning deficits in aged mice [381]. Recently, a
pilot study examined the effects of low-intensity transcra-
nial FUS on hippocampal BBB opening, regional cerebral
glucose metabolic rate, and cognition in patients with
AD, and found that FUS did not activate BBB opening,
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but could improve cerebral metabolism and cognitive
function [382]. Therefore, BBB opening adversely influ-
ences cognitive function or not seems dependent on
whether the structural components of BBB are disrupted.

Interestingly, severity of BBB permeability is not a key
to cognitive impairment. A recent clinical study showed
that BBB permeability to water rather than large mol-
ecule albumin was related to AD markers AP and p-tau
levels in CSF, and was a predictor of cognitive function
in the patients with mild cognitive impairment [54]. Fur-
ther, the regional heterogeneity of the BBB permeability
may also matter. Several studies have revealed that BBB
permeability among brain regions differs during aging.
The study showed that the water exchange rate (kw) in
the frontoparietal brain regions was positively associated
with cognitive performance in elder people, whereas the
kw in the basal ganglia was negatively associated with
cognitive performance [383]. In terms of cognitive func-
tion, the clinical relevance of BBB disruption in regional
heterogeneity remains unclear. Nevertheless, given that
BBB leakage in the hippocampal region is most rel-
evant to cognitive function, age-dependent breakdown
of hippocampal BBB is considered to exacerbate cogni-
tive function [384].Therefore, dependent on the brain
region where the BBB is disrupted, cognitive status does
not necessarily deteriorate, although BBB permeability
increases with aging.

Summary

As a physical, transport, and metabolic interface between
the CNS and circulatory blood flow, BBB plays a criti-
cal role in maintaining homeostasis and function of the
brain. And the role of the BBB has now been extended
to the delivery of neuroprotective and antitumor drugs
to improve neurological outcomes [385]. BBB disrup-
tion predisposes to edema, excitotoxicity, and infiltra-
tion of blood-borne components, and an impaired BBB
is often accompanied by neuroinflammation and neuro-
degeneration, which greatly influences cognitive brain
function. Although the neural mechanisms underly-
ing cognitive decline are diverse and complex, BBB dis-
ruption is increasingly being seen as a key event and
early biomarker in various brain and systemic disor-
ders leading to cognitive decline. It is not clear whether
such changes in the BBB are initial etiology of cognitive
impairments, and if so, how much of BBB dysfunction
directly accounts for cognitive decline. As severity of BBB
disruption and cognitive decline commonly both tend to
increase with disease progression, few direct evidence
confirms that BBB disruption causally leads to cognitive
decline, however, current data appears to indirectly sup-
port the notion that BBB integrity is essential for normal
cognitive function. Therefore, although many questions
remain unanswered [386], targeting BBB disruption has
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important clinical implications for cognitive improve-
ment if it can be detected and identified early. Clarifying
the cellular and molecular mechanisms underlying BBB
disruption may provide multiple opportunities to obtain
a desirable therapy for cognitive decline. To date, there is
limited efficacy of therapy to prevent or repair BBB dam-
age at the cerebral microvascular level. Novel strategies
targeting BBB disruption and restoration are still await-
ing development.Therefore, further studies should focus
on clinically effective and safe interventions to protect
and restore the structural and functional integrity of
the BBB in patients with cognitive decline, followed by
reverse homeostatic imbalance in the brain, which will
finally improve their cognitive functions regardless of the
pathogenesis.
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