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The brain is the most stringently safeguarded organ in the human body. The 7-mm-thick cra-
nial vault shields the central nervous system (CNS) from external damage, while the blood-
brain barrier (BBB) functions as a specific physiological barrier, successfully safeguarding it
from circulating toxins and pathogens. BBB disruption is closely linked to the emergence and
development of various CNS disorders, and the strong constraints of BBB on substance ex-
change present a considerable obstacle to medicine administration for the treatment of neur-
ological diseases. Aromatic orifice-opening agents (AOOAs), a specific class of traditional
Chinese medicine (TCM), exhibit a unique bidirectional interaction with BBB. Such agents can
loosen the BBB junctions, transiently enhance its permeability, and ease the passage of medic-
ations into the brain, a phenomenon referred to as the “permeability-promoting” effect on
BBB. In contrast, under pathological conditions, AOOAs can preserve BBB integrity and exert
a “permeability-restricting” effect by reducing inflammatory responses and alleviating oxidat-
ive stress. This review systematically analyzes the regulatory factors affecting BBB permeabil-
ity, investigates the dual mechanisms by which AOOAs protect and penetrate the BBB, and
highlights the innovative opportunities and significant potential these agents present for
treating CNS disorders.

1. Introduction

The blood-brain barrier (BBB) is a highly selective, semi-per-
meable interface between the bloodstream and the brain. Its se-
lectivity and permeability are predominantly influenced by the
properties of brain microvascular endothelial cells (BMECs).
Tight junctions (TJs) limit the paracellular transport of hydrophil-
ic substances, whereas the transcytosis and leukocyte migratory
mechanisms are rigorously controlled. Meanwhile, a range of
transport proteins help maintain ionic homeostasis within the
brain. BMECs additionally express several metabolic enzymes,
thereby decomposing drugs or deleterious substances. Although
BMECs are fundamental constituents of the BBB, they are part of
a broader neurovascular unit (NVU). This unit comprises neur-
ons, pericytes, astrocytes, microglia, oligodendrocytes, and base-
ment membrane, together regulating the function of the BBB .
While BBB disruption is a consequence of pathological altera-
tions in the brain parenchyma, such as inflammatory response
and oxidative stress, it can also enable the influx of pro-inflam-
matory mediators, plasma proteins, and excitatory neurotrans-
mitters into brain tissue, resulting in vasogenic edema and sec-
ondary brain injury °. Moreover, the highly selective nature of the
BBB under normal conditions, along with the permeability altera-
tions during pathology, poses considerable challenges for central
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nervous system (CNS) drug delivery.

Pharmaceuticals that predominantly enhance consciousness
are termed orifice-opening agents. Owing to their aromatic char-
acteristics, they are referred to as aromatic orifice-opening
agents (AOOAs). The principal active components of AOOAs typic-
ally exhibit high lipophilicity and low molecular weight, facilitat-
ing rapid BBB penetration and access to cerebral tissue via pass-
ive diffusion *. When delivering such medications, the issue of
barrier transport is not prominent. Furthermore, AOOAs admin-
istration can effectively regulate BBB permeability by temporar-
ily and reversibly breaking the TJs or augmenting the expression
of certain transporters, thereby enabling the ingress of co-admin-
istered medications into brain tissue, which broadens the range
of pharmaceuticals accessible for addressing CNS disorders. Un-
der pathological statement, AOOAs can reduce barrier permeabil-
ity, maintain structural integrity, protect the damaged BBB, and
enhance the efficacy of pharmacological treatments *, Last but not
least, the distinctive fragrance of AOOAs suggests a high probabil-
ity of direct entry into the brain via the olfactory bulb, later
spreading to other cerebral areas via the olfactory nerve path-
way °. This method circumvents the hepatic first-pass effect, re-
duces the drug’s onset time, and provides an efficient and
straightforward alternative for managing acute CNS diseases.
This review systematically categorizes and analyzes the regulat-
ory mechanisms of BBB permeability and investigates the dual
action mechanisms of AOOAs in modifying the BBB. This not only
establishes novel theoretical frameworks for comprehending the

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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physiological and pathological mechanisms of BBB, but also
paves the way for innovative treatments of CNS disorders.

2.Blood-brain barrier: the robust fortification of human
brain

2.1. Brain microvascular endothelial cells

BMECs, integral to the BBB, create a trifecta of barriers: the
cellular barrier, the transport barrier, and the metabolic barrier.
The cellular barrier refers to the capability of BMECs to form
highly specialised intercellular connections. This feature allows
the BBB to effectively regulate paracellular transport pathways,
markedly limiting the nonspecific diffusion of substances through
the intercellular space. The transport barrier, an essential ele-
ment of the transcellular transport pathway, comprises complex
and exact molecular transport mechanisms. It selectively absorbs
nutrients and vital chemicals required by the CNS while expelling
metabolic waste and extraneous molecules that disturb CNS
homeostasis. BMECs include many drug-metabolizing enzymes,
notably the CYP450 enzyme system, which constitutes the meta-
bolic barrier. These enzymes act as metabolic barriers by meta-
bolising molecules that cross the BBB, hence affecting the quant-
ity and rate of these substances’ entry into the CNS.

2.1.1. Cellular barrier

The junctional complexes of BMECs consist of TJs, adherens
junctions (AJs), and gap junctions (GJs) (Fig. 1). Claudin and oc-
cludin, as vital transmembrane components of TJs, tightly link ad-
jacent BMECs, significantly reducing paracellular permeability.
Junction adhesion molecule (JAM) and endothelial selective adhe-
sion molecule (ESAM) are also essential components of TJs, play-
ing a pivotal role in TJs’ assembly and stability preservation.
Zonula occludens (Z0), the auxiliary proteins of TJs, functions as
a connector by securely attaching one end to the intracellular do-
mains of claudin and occludin, while the other end binds to the
actin cytoskeleton (AC), thereby firmly anchoring TJs to AC. Di-
verse isoforms of protein kinase C (PKC) and other cytoplasmic
auxiliary proteins facilitate the precise regulation of TJs functions.
The primary protein of AJs is vascular endothelial cadherin (VE-
cadherin). By binding to the extracellular EF-hand motif of VE-
cadherin, Ca*" induces its conversion to a stretch-active conform-
ation and the formation of a cis-dimer, forming the essential
structure of AJs. BMECs bind homologously to platelet endotheli-
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Fig. 1 Schematic representation of the endothelial cell junctions, including tight
junctions, adherens junctions and gap junctions. Tight junctions comprise claudin,
occludin, JAM, ESAM, among others; the auxiliary protein ZO links their intracellu-
lar domains with AC, ensuring strong anchorage. Adhesive junctions consist
mostly of VE-cadherin and PECAM-1; - and y-catenin associate with their intra-
cellular domains, while a-catenin links them to AC, so establishing a stable com-
plex. Gap junctions primarily refer to Cx43.

770

Chinese Journal of Natural Medicines 24 (2026) 769-790

al cell adhesion molecule-1 (PECAM-1) on the surface of leuko-
cytes, mediating leukocyte-endothelial cell adhesion and its
transendothelial migration in inflammatory states. Catenins are
cytoplasmic auxiliary proteins linked to AJs. f-Catenin and y-
catenin firmly bind to the intracellular domain of VE-cadherin,
whereas a-catenin connects S-catenin or y-catenin to AC, form-
ing a resilient complex that provides substantial mechanical sta-
bility to AJs. GJs are typically identified by connexin 43 (Cx43).
Adjacent BMECs employ Cx43 to form channels that enable the
transfer of small-molecule signaling elements, thus enhancing ef-
ficient and direct intercellular communication. AC is an essential
element for the operation of cell junctions. AC substantially inter-
acts with various TJs and AJs, providing strong mechanical sup-
port for these junctional complexes. Through the assembly, de-
polymerization, and rearrangement of actin filaments, AC can in-
fluence the permeability of TJs, the adhesion strength of AJs, and
the functional status of GJs.
2.1.1.1 Tight junction

Claudin participates in homotypic interactions with claudin
on adjacent endothelial cells, with its carboxyl terminus associ-
ated with ZO, constituting the primary sealing layer of TJs. Among
the 27 claudin genes in mammals, claudin-5 is the principal com-
ponent in the establishment of TJs in the BBB, exhibiting an ex-
pression level that surpasses other claudins by a factor of one
hundred. Mice possessing doxycycline-inducible shRNA genes
targeting claudin-5 exhibit death three weeks after the onset of
protein knockdown °. After the initiation of chimeric endothelial-
specific claudin-5 gene ablation in adult mice, BBB permeability
to tracers increased from the 6™ day of induction, leading to mor-
tality 10 days post-induction ’. The analysis of the gene expres-
sion profile of claudin proteins in human and mouse BMECs in-
dicates that claudin-5 mRNA is only one of six other notably
abundant transmembrane TJs transcripts. The mRNA levels of
claudins-11, -12, and -25, as well as occludin (pertinent to both
humans and mice), and claudins-1 and -27 (exclusive to humans)
are comparable within the same organism °. Single-cell RNA se-
quencing in mice reveals that claudin-5 is solely expressed in en-
dothelial cells; claudin-3 is found in four cell types, including en-
dothelial cells; whereas claudin-12 and -25 demonstrate wide-
spread expression *. In human brain slice capillaries, claudin-11
and claudin-5 display partial expression overlap, indicating a
level of synergy and mutual compensation * ', Studies demon-
strate that increased concentrations of claudin-25 interact with
occludin, hence indirectly affecting the TJs functionality . Claud-
ins do not constantly operate synergistically. Research demon-
strates that claudin-1 is upregulated at both the mRNA and pro-
tein levels post-stroke and competes with claudin-5 for binding
Z0-1, leading to BBB permeability and impaired recovery "*.

Occludin belongs to the family of tight junction-associated
MARVEL proteins (TAMPs). Occludin is often referred to as mar-
velD1, with the same family of marvelD2, known as tricellulin,
and marvelD3. Occludin penetrates the extracellular loop into the
intercellular space of the endothelium, interacting with corres-
ponding segments on adjacent BMECs, so promoting the fusion of
adjoining cell membranes that restricts paracellular diffusion .
Tricellulin is markedly localized in the tricellular contact area,
where it plays a vital role in regulating the paracellular permeab-
ility of macromolecules '°. When primary TJs are impaired or
their expression reduced due to pathological conditions, mar-
velD3 can interact with the remaining TJs to form a more stable
complex, thereby reducing intercellular gaps and compensating
for functional deficiencies. TAMPs is crucial for maintaining the
permeability characteristics of BBB . Studies on both animals
and humans have shown that occludin degradation is common in
ischemic stroke, leading to BBB disruption . The levels of blood
occludin fragments during the early phase of cerebral ischemia
were found to be positively correlated with the degree of BBB
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disruption in a middle cerebral artery occlusion (MCAO) rat mod-
el °. Shenmai Injection promotes the correct incorporation of oc-
cludin into lipid rafts, hence maintaining the BBB integrity dur-
ing focal cerebral ischemic injury *’.

JAMs and ESAM play a regulatory role in the formation and
remodelling of other TJs. Studies demonstrate that JAM-A in-
creases claudin-5 expression through exchange protein directly
activated by cAMP, hence reducing endothelial permeability *'.
After the administration of anti-JAMs monoclonal antibodies, JAM-
A faces difficulties in forming TJs, and the redistribution of oc-
cludin is obstructed **. Furthermore, JAM-A can regulate the tran-
scellular migration of leukocytes. In cerebral ischemia/reperfu-
sion injury (CIRI) injury, targeting JAM-A can reduce leukocyte
infiltration and alleviate inflammation-induced cerebral damage.
The JAM-A antagonist peptide inhibits the interaction between
the C2 domain of JAM-A and lymphocyte function-associated anti-
gen on neutrophils and monocytes/macrophages, thereby redu-
cing the binding of JAM-A to leukocytes and lessening the infiltra-
tion of neutrophils and monocytes into the brain parenchyma in-
duced by CIRI °. Metastatic breast cancer cells in the brain utilize
the proteolytic activity of cathepsin S to cleave the extracellular
domain of JAM-B, indicating that JAM-B inhibits tumor cell pas-
sage across the BBB **. Homozygous mutations in the gene that
encodes JAM-C might cause abnormal mRNA splicing, resulting in
premature stop codons that may lead to cerebral hemorrhage
(CH) *. ESAM’s precise co-localization with occludin, claudin-5,
and ZO-1 indicates its presence on TJs *°. The vascular system
barrier in ESAM-deficient mice displays anomalies, evidenced by
Evans blue leakage *'.

The ZO family interlinks and connects with several TJs and
anchors to AC through the SH3 domain. Only Z0O-1 and Z0O-2 can
connect TJs to AC. Studies demonstrate that fluctuations in Z0-1
protein concentrations are significantly associated with the de-
gree of BBB compromise “°. Post-cerebral IR injury, ZO-1 expres-
sion changes can affect the BBB structure and permeability, lead-
ing to cerebral edema. Repeated transcranial magnetic stimula-
tion *’, systemic supplementation of S-hydroxybutyrate *°, extra-
cellular vesicles (EVs) derived from mesenchymal stem cells and
brain endothelial cells ¥, USP14-specific inhibitor 1U1 * Rho-
diola rosea
(EDB) * can all effectively maintain BBB integrity by enhancing
Z0-1 expression.

PKC participates in the regulation of TJs functionality. The
suppression of NF1 enhances the PKCS signaling, diminishing the
protective impact of MLN4924 on BBB. PKC$ inhibitor rottlerin
can significantly obstruct the increase in BBB permeability
caused by NF1 silencing *°. The PKCS-TAT peptide inhibitor
demonstrates therapeutic potential in preventing or alleviating
sepsis-induced cerebrovascular injury *’. The suppression of PKC-
 may reduce oxidative stress, AC remodeling, and cell apoptosis,
thereby alleviating the harm caused by oxygen-glucose depriva-
tion (OGD) to the integrity and function of the BBB formed by hu-
man brain microvascular endothelial cells (HBMECs) *. During
ischemic stroke (IS), hyperglycemia-induced BBB impairment is
primarily driven by the activation of PKC-B ** *. After hypoxia
treatment, the distribution of nPKC-8 in cortical microvessels un-
dergoes morphological changes, the protein expression of nPKC-6
and aPKC-( increases, and nPKC-0 (Thr538) and aPKC-{ (Thr410)
residues are activated by phosphorylation *'.
2.1.1.2 Adherens junction

BMECs simultaneously express N-cadherin and VE-cadherin,
the latter being specific to endothelial cells. The use of antibodies
that block the function of the extracellular domain of VE-cadher-
inin adult mice can lead to impaired angiogenesis and exacer-
bated microvascular dysfunction **. Diverse signalings influence
the VE-cadherin endocytosis process, including Class I PI3Ka,

* rhubarb extract **, and edaravone dexborneol
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which destabilizes VE-cadherin via TNFa signaling *; interleukin-
1B (IL-1B) binding to its receptor initiates the MYD88-ARNO-
ARF6 cascade, hence modifying VE-cadherin localization **. Re-
cent discoveries demonstrate that the interaction of p120 with
VE-cadherin can inhibit its induced endocytosis ** **. In CNS
pathological state, inflammatory cytokines and oxidative stress
mediators can facilitate the phosphorylation of VE-cadherin, lead-
ing to the disassociation of the VE-cadherin/catenin complex and
increased vascular permeability *’. Five possible phosphorylated
tyrosine residues (Y645, Y658, Y685, Y731, and Y733) under-
mine the integrity of endothelial cell monolayer, while the phos-
phorylation of serine at VE-cadherin (S665) is involved in the
regulation of AJs assembly "**', Tissue inhibitor of metallopro-
teinases-2 (TIMP2) interacts with a3B1 integrin on endothelial
cells, inhibiting Src-dependent phosphorylation of VE-cadherin,
destabilization of complexes, and internalization processes, thus
promoting the localization of VE-cadherin to the membrane and
maintaining TIMP2-mediated barrier integrity. TIMP2 simultan-
eously promotes the membrane localization of VE-cadherin,
which can increase active Racl levels and inhibit stress fibre
formation **.

PECAM-1, also known as cluster of differentiation 31 (CD31),
is essential for the attachment of leukocytes to BMECs. Studies
demonstrate a homophilic interaction between leukocytes and
CD31 on the surface of BMECs, promoting adhesion and sub-
sequently influencing leukocyte transendothelial migration to
brain tissue *’. PECAM-1 is also essential for regulating T cell
translocation across the BBB **.

Catenin is a cytoplasmic auxiliary protein of AJs. Wnt/f-
catenin signaling is crucial for the BBB formation and mainten-
ance. CNS-specific ligands Wnt7a, Wnt7b, and Norrin, secreted by
glial cells, engage with Frizzled4 and LRP6 on BMECs, activating
the receptors and promoting the translocation of -catenin to the
nucleus, which in turn activates the transcription factors TCF and
LEF1. These transcription factors regulate the gene expression
profile unique to the BBB by enhancing the expression of TJs,
solute transporters, and efflux transporters *°. Initial study sug-
gests that the suppression of the immunoproteasome subunit
LMP2 in rats can stimulate Wnt/f-catenin signaling, therefore
mitigating BBB impairment caused by ischemia and hypoxia >
Overexpression of f-catenin improved the BBB defects in Unc5B
mutant rats by activating this pathway *°. In the study of atten-
tion deficit disorder, innovative optogenetic tools were utilized to
manipulate the upstream regulator LRP6, activate the Wnt/f-
catenin pathway, promote BBB repair, and alleviate related
pathology *’. Activation of the Wnt/S-catenin signaling can rein-
state the reduced expression of ZO-1 and the transcytosis-inhibit-
ing factor Mfsd2a in BMECs of endotoxemic mice, consequently
impeding both paracellular and transcellular permeability of
BBB °’. Teriflunomide augments claudin-1 expression by this
pathway in multiple sclerosis, hence strengthening BBB integ-
rity *’. y-Glutamylcysteine increases BBB permeability and pro-
motes neutrophil extracellular traps (NETs) formation after IS in
mice by regulating Wnt/p-catenin signaling *’. Researchers have
recently engineered the Wnt7a ligand as a BBB-specific Wnt ac-
tivator, employing the Gpr124/Reck receptor complex to protect
BBB “'. The precise delivery of Wnt7aK190A to the cerebral vas-
culature maintained BBB integrity in mice infected with SARS-
CoV-2, while concurrently reducing T cell infiltration and mi-
croglial activation in the brain, hence improving learning and
memory deficits **.
2.1.1.3  Gap junction

BMECs express Cx37, Cx40, and Cx43, with Cx43 being cru-
cial for maintaining the structural and functional integrity of the
BBB. Research demonstrates that recombinant tissue-type plas-
minogen activator (rt-PA)-induced hemorrhage is substantially
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associated with increased phosphorylation of Cx43 . Further in-
vestigation reveals that during OGD and reduced extracellular
calcium concentrations, pannexin 1 (Px1) and Cx43 hemichan-
nels in BMECs are activated, leading to the release of intracellu-
lar taurine and adenosine triphosphate (ATP), which ultimately
results in the impairment of BBB transport **®. In familial cereb-
ral cavernous malformation type III (fCCM3) lesions, Cx43 pro-
tein is aberrantly raised, whereas fCCM3 lesions are character-
ized by high BBB permeability. In vitro evidence indicates that
Cx43 regulates the localization of Z0-1, consequently limiting the
formation of TJs and their trans-interactions, which contributes
to BBB disruption; however, the Cx43 inhibitor GAP27 can ob-
struct these changes *
2.1.1.4  Actin cytoskeleton

Filamentous actin (F-actin) is a crucial component of AC that
engages with the transmembrane proteins of T]s and AJs through
cytoplasmic attachment proteins, thereby playing a vital role in
their stability. During the early stage of stroke, the rupture of
BBB transpires independently of MMPs, resulting from the rapid
rearrangement of AC in BMECs. In response to specific stressors,
BMECs rapidly polymerize globular actin (G-actin), initially exist-
ing as short filaments and dispersed monomers, into F-actin,
leading to the development of linear stress fibres. The polymer-
isation process is linked to actin contraction and increased cyto-
skeletal tension, resulting in the morphological contraction of
BMECs. By linking accessory proteins, TJs and AJs are promoted
to be damaged, ultimately leading to BBB impairment *’. Mild hy-
perthermia mitigates BBB permeability. RNA sequencing data
from microvessels indicated that mild hyperthermia diminished
the transcription of pathways associated with actin polymeriza-
tion, attenuated the ROCK1/MLC pathway, and impeded the con-
version of G-actin to F-actin . Astragalus purpurascens signific-
antly enhanced the expression of non-phosphorylated actin de-
polymerization factor (ADF) during the early CIRI phase, facilitat-
ing the depolymerization of stress fibers and preservation of
AC “. In the late CIRI phase, it activated the Wnt pathway, sup-
pressed MMP-9 expression, diminished extracellular basement
membrane (BM) degradation, and elevated connexin expression.
In an in vitro OGD model, endothelial overexpression of heat
shock protein B8 suppresses abnormal actin polymerization,
therefore preserving BBB integrity .
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2.1.2. Transport barrier

The transport barrier of BBB is the essential mechanism for
enabling transcellular selective transport of substances, compris-
ing complex molecular transport networks (Fig. 2). Carrier-medi-
ated transport (CMT) relies on specialist transporters. These
transporters may precisely recognize and bind certain nutrients
or substances, then translocating them across the membrane to
the CNS through conformational alterations, so satisfying the
metabolic demands of neurons and other brain cells. In receptor-
mediated transcytosis (RMT), specific receptors on the cell mem-
brane bind to ligands, forming a receptor-ligand complex that
subsequently moves throughout the CNS through endocytosis
and exocytosis. This approach has high specificity and efficiency.
Adsorptive-mediated transcytosis (AMT) relies on the interac-
tion of cell surface charges, allowing positively charged mo-
lecules to attach to the cell surface and then facilitate transcellu-
lar transport through endocytosis and exocytosis. It can recog-
nize and bind to several endogenous and exogenous substances.
Ion pumps enable the movement of ions against their concentra-
tion gradient by active transport, hence playing a crucial role in
maintaining ionic balance. The efflux pump actively expels harm-
ful substances and excess materials from the cell to the outside,
thereby preserving a clean and stable CNS internal environment.
2.1.2.1 Carrier-mediated transport

The glucose transporter 1 (GLUT1) primarily enables the
passage of glucose over the BBB into the brain. Inhibition of
GLUT1 in mice can reduce the proliferation rate of the brain-de-
rived endothelium bEND.3 cell line by 40% and delay angiogenes-
is ', In Alzheimer’s disease (AD) murine models, the lack of en-
dothelial cell GLUT1 can result in plasma protein extravasation,
compromised TJs, and premature disruption of the BBB ’°. The
knockout of GLUT1 in mice diminishes lactate production in en-
dothelial cells, leading to reduced pericyte coverage in the retina
and cerebral vasculature, which subsequently increases BBB per-
meability ”’. Pharmaceuticals can be conjugated with glucose to
enhance their absorption in the brain, utilizing the characterist-
ics of GLUT1. Studies formulated a lipophilic thiamine disulphide
system that conjugates ibuprofen with L-ascorbicacid to pro-
duce a prodrug, demonstrating significant permeability across
the BBB via GLUT1 and the sodium-dependent vitamin C trans-
porter SVCT2 ’*. The researchers developed a galactose-modified

Adsorptive-mediated
transcytosis

Ton pump

Efflux pump

Fig. 2 Schematic representation of the transport systems across endothelial cells in the BBB. Lipophilic diffusion enables lipophilic compounds to permeate membranes ac-
cording with the concentration gradient. Paracellular diffusion denotes the movement of substances through intercellular connections, governed by the integrity of these
junctions. Receptor-mediated transcytosis entails the interaction of certain receptors on the membrane with ligands to create a complex, subsequently transferred through
endocytosis and exocytosis. Carrier-mediated transport depends on transport proteins to selectively identify and bind substances, facilitating transport via conformational
alterations. lon pumps actively transport ions against their concentration gradient to sustain ionic equilibrium. Efflux pumps actively remove deleterious and surplus sub-
stances. Adsorptive-mediated transcytosis employs interactions with cell surface charges to attach positively charged molecules, subsequently transporting them through

endocytosis and exocytosis.
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nano-delivery system, employing GLUT1 to transport BACE1
siRNA across the BBB, therefore effectively reducing BACE1 ex-
pression in APP/PS1 transgenic mice "°. Three major amino acid
transport systems are present in the BBB: large neutral amino
acid transporter (LAT), cationic amino acid transporter (CAT),
and cysteine/glutamate exchange (system Xc-). LAT1 can trans-
port only small molecule drugs that are coupled with natural
amino acids or structurally similar molecules across blood-brain
endothelial cells BMECs "°. L-DOPA, a treatment for Parkinson’s
disease (PD), associates with the LAT1 recognition site and is
transported into BMECs via LAT1 ’*”’. Furthermore, LAT1 can ef-
fectively enable the trans-BBB transport of several clinical CNS
pharmaceuticals and prodrugs, such as baclofen, a-methyl-dopa,
and gabapentin ’°. SLC22A17 belongs to the solute carrier family
22 (SLC22). After in vivo brain ischemia, the endothelial expres-
sion of SLC22A17 in the brains of both humans and mice in-
creases with BBB permeability. In cultures of HBMECs, short in-
terfering RNA (siRNA) targeting SLC22A17 can impede TNF-a-in-
duced ferroptosis and the downregulation of TJs, significantly im-
proving BBB integrity in a localized cerebral ischemia animal
model ”°. Multi-omics research demonstrates that Slc22a8 is
downregulated in the BBB subsequent to middle cerebral artery
occlusion (MCAO). The overexpression of the Slc22a8 markedly
preserves BBB integrity after MCAO *. Organic cation transport-
ers (OCTs), members of SLC22 family, enable the transport of or-
ganic cations. OCT1 and OCT?2 are situated on the luminal surface
of the BBB and facilitate the translocation of cationic medicines,
such as memantine and metformin, into the CNS *".
2.1.2.2 Receptor-mediated transcytosis

The transferrin receptor (TfR) is crucial for the iron absorp-
tion facilitated by transferrin (Tf). In the early 21 century, drugs
such as doxorubicin and cisplatin were utilised in cancer therapy
through direct covalent linkage to Tf *’. Subsequently, the aca-
demic community investigated the coupling methodologies of
Tf/TfR with nanocarriers ***. T7 is a peptide that associates with
TfR. In a rat model of intracranial glioblastoma, tail vein injection
of T7 peptide-modified exosomes containing microRNA-21 antis-
ense oligonucleotides demonstrated efficient delivery of microR-
NA-21 antisense, leading to a reduction in tumour volume *. The
amalgamation of Tf with the anti-S-secretase 1 antigen-binding
fragment (ATV:BACE1) leads to increased levels of ATV:BACE1 in
the brains of rodents and non-human primates, and intravenous
injection causes a dose-dependent reduction in S-amyloid (Ap)
levels in CNS *°. Recently, researchers engineered the adeno-asso-
ciated virus BI-hTFR1, which can specifically bind to human TfR1.
BI-hTFR1 can be actively transported by HBMECs, and relative to
AAV9, the observed gene expression level in the CNS of human
TFRC knock-in mice increased by 40 to 50 times *’. Japan has ap-
proved Pabinafusp alfa (JR-141) from JCR Pharmaceutical Com-
pany, a fusion protein that combines an anti-TfR antibody with
human iduronate-2-sulfatase (IDS), for the treatment of muco-
polysaccharidosis II . The insulin-like growth factor 1 receptor
(IGF1R), insulin-like growth factor 2 receptor (IGF2R), and in-
sulin receptor (INSR) are involved in the RMT mechanism at BBB.
Research demonstrates that the ablation of INSR significantly al-
ters the expression of TJs and several transport proteins in
hCMEC/D3 cells *. The amalgamation of IGF-1 and methotrexate
has successfully completed a Phase I trial targeting late-stage tu-
mours that express IGF1R (NCT02045368). ABL Bio’s bispecific
antibody ABL301 targets IGF1R for trafficking across the BBB and
aggregated a-synuclein (a-Syn). It is now in the preclinical devel-
opment stage for the treatment of PD *’. Scavenger receptors (SR)
include SR-A, SR-B1, and SR-B2, among others. Researchers have
engineered a biomimetic nanoparticle that enhances transport
across the BBB by specifically targeting SR-B1 and CD15. This
method combines apolipoprotein A1l and anti-CD15 to enhance
the delivery effectiveness of sonic hedgehog (SHH) subtype
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medulloblastoma treatments . A distinct study created a peptide-
based carrier altered with the targeting ligand angiopep-2 for the
transport of plasmid DNA across the BBB through low-density
lipoprotein receptor-related protein-1 (LRP-1). This carrier can
be given to BMECs by LRP-1 and can also infiltrate BMECs
through SR-A and SR-B1 *. A separate research team developed a
truncated mini LRP1 to function as a liposome carrier. This carri-
er can penetrate the BBB and transport the y-secretase modulat-
or BB25 from the luminal to the basolateral side, therefore redu-
cing the expression of neurotoxic AB42 peptides *.
2.1.2.3 Adsorptive-mediated transcytosis

Cell-penetrating peptides (CPPs) are a class of membrane
transduction tools consisting of short amino acid sequences that
can be modified to enhance the efficiency of transport of exogen-
ous drugs across the BBB. CPPs are principally classified into
three categories according to their physicochemical characterist-
ics: hydrophobic peptides, cationic peptides, and amphipathic
peptides *. In vitro studies indicate that specific amphiphilic CPPs
had enhanced the BBB permeability; nevertheless, in vivo re-
search shows that the penetration of cationic CPPs into brain par-
enchyma is significantly higher than that of amphiphilic CPPs *°.
Cationic cell-penetrating peptides are efficiently internalised by
intracellular organelles through electrostatic interactions. Clas-
sical CPPs, such as the human immunodeficiency virus TAT pep-
tide (YGRKKRRQRRR), bindto acetylheparan sulfate pro-
teoglycans (HSPGs) on the surface of BBB endothelial cells via ar-
ginine-rich cationic sequences and enter the cells via adsorption-
mediated endocytosis (AMT). It was shown that Ang and TAT
dual peptide -modified sEVs not only show glioma cell and BBB
selectivity but also can significantly enhance BBB permeation and
glioma tumor penetration in the brain *°. PepH3 is a cationic pep-
tide derived from the capsid protein of Dengue Virus Type 2
(DENV-2) 7. Research demonstrates that PepH3 exhibits a 24-h
migration rate of 67.2% in an in vitro BBB migration assay and a
brain biodistribution of 0.31% after 5 min in an in vivo context.
Studies on endocytosis inhibitors suggest that the action mechan-
ism of PepH3 corresponds with AMT .
2.1.2.4 Ilon pump

Sodium-hydrogen exchanger isoform 1 (NHE1) is closely
linked to BBB integrity. NHE1 dysregulation may affect the BBB
integrity during cortical spreading depression events *°. NKAa1l
maintains BMECs functioning by inhibiting ferroptosis and regu-
lating the autophagy-lysosome degradation pathway. Hamaudol,
an NKAal activator, shows promise in improving endothelial
dysfunction in diabetes '’. During the early stage of ischemic
stroke, the KCa3.1 inhibitor TRAM-34 significantly diminished
edema formation and Na" accumulation in the rat brain "', A defi-
ciency in TWIK-associated potassium channel-1 (TREK1) leads to
increased synthesis of adhesion molecules, hence promoting im-
mune cell migration and exacerbating symptoms of experimental
autoimmune encephalomyelitis (EAE) '”*.
2.1.2.5 Efflux pump

P-gp is the most well-known efflux pump. Notwithstanding
possible threats to the integrity of the BBB, P-gp in the vascu-
lature will persist in obstructing drug distribution and reducing
therapeutic efficacy, impacting anticancer agents such as paclit-
axel, doxorubicin, methotrexate, and vincristine; -lactam antibi-
otics like ceftriaxone; and peptide therapeutics including pepstat-
in and valinomycin '**"%. To improve the efficiency of CNS drug
delivery, chemical modifications can be made to reduce the affin-
ity of the drug for the efflux transporter or in combination with
efflux pump inhibitors. Preclinical studies demonstrate that the
inhibition of P-gp can significantly increase the brain permeabil-
ity of P-gp substrate drugs by a factor of 2 to 100 '”’. However, in
clinical applications, the majority of commercially available P-gp
inhibitors, even at maximum dosages, demonstrate an inhibition
rate of less than 50%, and the augmentation of therapeutic drug
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permeability in the brain is under twice. Focused ultrasound
(FUS) can enable limited and reversible disruption of the BBB.
After ultrasonic therapy, the expression of P-gp in both the
treated area and the contralateral brain region continues to de-
crease for up to three days '*’. The chemical derivative TX-67 of
paclitaxel exhibits enhanced ability to penetrate the BBB relative
to paclitaxel and can reduce the efflux activity of BMECs '”’. Ana-
logues generated by the incorporation of carboxyl or amino
groups at the C7 position of paclitaxel can likewise reduce P-gp
efflux activity ''’. The multidrug resistance-associated protein
(MRP) family and breast cancer resistance protein (BCRP) have
analogous roles.The MRP family facilitates the movement of vari-
ous endogenous and exogenous chemicals from cells, including
intracellular glutathione conjugates, glucuronide conjugates, and
numerous other compounds. These conjugates typically repres-
ent detoxified variants of intracellular metabolites or deleterious
compounds, and the transporter function of the MRP family facil-
itates the expulsion of these substances from the cell, hence pre-
serving the stability of the intracellular milieu '"'. BCRP facilit-
ates the transfer of certain chemotherapeutic agents, riboflavin,
and additional chemicals from intracellular to extracellular envir-
onments "% In tumor therapy, the presence of BCRP may induce
resistance of tumor cells to chemotherapeutic agents; neverthe-
less, under normal physiological settings, it also participates in
the metabolism and transport of chemicals, safeguarding the CNS
from potentially deleterious compounds. Through collaborative
function, the efflux pumps maintain the purity and stability of the
CNS'’s internal environment, hence ensuring the normal opera-
tion of the nervous system.

2.1.3. Metabolic barrier

Phase I and Phase II drug-metabolizing enzymes expressed in
BBB endothelial cells further limit CNS drug exposure by prescav-
enging drugs that enter the brain. The metabolizing enzymes syn-
ergize with ABC transporter proteins to reverse the efflux of drug
metabolites out of the BBB, forming a “metabolism-exfiltration”
double barrier. Phase 1 drug-metabolizing enzymes predomin-
antly include various oxidoreductases and hydrolases, which in-
troduce/expose polar groups of drugs primarily through oxida-
tion, reduction, or hydrolysis to increase their water solubility.
The most often expressed Phase I enzyme is CYP450. In recent
years, more than twenty variations of CYP450 have been dis-
covered in the brain. Research indicates that metabolites from
CYP1B1, particularly hydroxyeicosatetraenoic acids (HETESs), re-
duce the inhibitory effect of manganese on TJs via PPARY activa-
tion, while epoxyeicosatrienoic acids (EETs) alleviate manganese-
induced oxidative stress by regulating the KLF/MAO-B axis and
NRF2 expression '". Additionally, retinoic acid and 20-hy-
droxyeicosatetraenoic acid produced by CYP1B1 might respect-
ively affect P-gp and TJs, hence modifying the characteristics of
BBB. Inhibition of CYP1B1 in vivo increases BBB permeability,
consistent with the downregulation of CYP1B1 in glioma en-
dothelial cells ™. The reduced expression of CYP2D4 in the
brains of epileptic rats may alter the pharmacokinetics and phar-
macodynamics of several medications in the brain '**. The expres-
sion of CYP3A4 in the epileptic brain is associated with seizure
frequency and is influenced by the combination of antiepileptic
drugs (AEDs). The simultaneous injection of multiple CYP3A4
substrates significantly increases CYP3A4 expression. Fluctu-
ations in CYP3A4 expression may serve as a criterion for adjust-
ing AEDs therapy regimens ''°. CYP3A inhibitors may lead to the
accumulation of the multi-target receptor tyrosine kinase inhibit-
or ponatinib and its active metabolite N-desmethyl ponatinib in
the brain '"’. Phase II drug-metabolizing enzymes operate as con-
jugating enzymes, which catalyze the binding of drugs or Phase I
metabolites to endogenous molecules to further facilitate excre-
tion. Reports show that phase Il drug-metabolizing enzymes in
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the brain include uridine 5'-diphosphate-glucuronosyltrans-
ferases (UGTs) and glutathione S-transferases (GSTs). Reports
suggest that UGT1A can enhance the glucuronidation of various
medicines, neurotransmitters, and neurosteroids in multiple
brain regions of rats, hence altering the pharmacological actions
of these compounds in brain "

2.2. Non-endothelial components

2.2.1. Pericytes

Pericytes (PCs) and BMECs are linked by a common base-
ment membrane, facilitating direct interaction via N-cadherin
and GJs '"". BMECs secrete platelet-derived growth factor-BB
(PDGF-BB), which engages with the heparan sulphate pro-
teoglycans in BM, influencing PC proliferation, migration, and re-
cruitment to the vascular wall through PDGFR receptors in PCs.
Mice lacking PDGF-B or PDGFR@ exhibit a complete absence of
PCs, leading to CNS microvascular rupture, the formation of mi-
croaneurysms, and embryonic mortality '*’. Conversely, PCs can
also release signaling molecules that affect the BBB. The PCs re-
spond within 1 h after ischemic stroke, before the deterioration
of endothelial TJs, the death of BMECs, and the compromise of
BBB '*!. In the AP oligomer stereotaxic injection animal model, el-
evated pro-inflammatory cytokine levels hinder the development
of TJs in BMECs '*>. A deficiency in PCs will lead to the loss
of components generated from the foot activities of astrocytes
(ACs) '”. Compared to mice expressing apolipoprotein E3
(APOE3), mice expressing APOE4 demonstrate reduced levels of
type IV collagen, indicating that E4-type PCs may impair BBB in-
tegrity by altering the extracellular matrix (ECM) *’.

In aging or pathological conditions, elevated levels of PDGF-
BB induce PDGFRf to detach from the PCs cell membrane via
MMP-14 '*, The lack of PCs leads to heightened endothelial tran-
scytosis, allowing toxins to infiltrate the brain parenchyma and
causing damage to the BBB '*°. The deficiency of phosphocreat-
ine may precipitate dementia by the disruption of BBB and insuf-
ficient perfusion '”’. APOE4 accelerates PCs loss and enhances the
activation of the LRP1-dependent CypA-MMP-9 pathway, thus ex-
acerbating the BBB disruption '**. In traumatic brain injury (TBI),
the suppression of the ETS transcription factor Fli-1 can reduce
BBB compromise '*’. Furthermore, Foxf2 is solely expressed in
PCs, and Foxf2”~ mice have intracranial hemorrhage, perivascu-
lar edema, weakening of BM, increased endothelial cell caveolae,
and disruption of BBB. The adult inactivation of Foxf2 leads to the
disruption of BBB, hypertrophy of endothelial cells, and in-
creased transendothelial vesicular transport *’. Mice deficient in
activin receptor-like kinase 5 (ALKS5) within PCs exhibit pro-
nounced germinal matrix hemorrhage (GMH) throughout devel-
opment, characterized by heightened endothelial cell prolifera-
tion, arterial dilation, and reduced PCs coverage. A deficiency of
ALKS5 in PCs diminishes TIMP3 expression, while the introduc-
tion of TIMP3 can improve endothelial cell morphogenesis, in-
crease PCs coverage of endothelial cells, and alleviate GMH.

In terms of pharmacological intervention strategies, atorvast-
atin promotes the maturation of the BBB in newly created blood
vessels, with its mechanism associated with the regulation of en-
dothelial TJs formation by proliferating NG2-positive PCs **'. EDB
improves PCs coverage and prevents BBB disruption during CIRI
through the laminin-integrin and PDGFB/PDGFR-B pathways "**.
Imatinib inhibits the conversion of progenitor cells into fibro-
blasts and reduces inflammation and vascular permeability after
spinal cord injury (SCI) by blocking the PDGF-BB/PDGFR-f3 sig-
naling . PC-derived EVs reduce hypoxia-induced permeability
in BMECs by upregulating the expression of ZO-1 and clau-
din5 "**. Proteomic analysis indicates the presence of angiopoiet-
in-1 (Ang-1) in the vesicles . Ang-1 is continuously secreted by
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PCs, engages the Tie2 receptor, activates the PI3K/Akt pathway,
promotes the synthesis of proteins such as occludin and VE-cad-
herin, and stabilizes endothelial cells “****’. miR-27a, released by
PC-EVs, targets VE-cadherin, undermining BBB integrity, while
miR-27b promotes interaction between BMECs and PCs,
strengthening the endothelial barrier by targeting semaphorin
6A/D "** ¥ Exosomes containing miR-210-5p can influence en-
dothelial barrier function by inhibiting JAK1/STAT3 '*’. In vivo
and in vitro models indicate that the mitochondrial-targeted anti-
oxidant Mito-TEMPO can reduce mitochondrial oxidative stress,
prevent PCs apoptosis, and alleviate BBB leakage '*'. Tunnelling
nanotubes enable the transfer of mitochondria from healthy PCs
and BMECs to damaged ACs, thereby protecting them from
ischemia-induced apoptosis and aiding in the repair of BBB in
neurological disorders '**.

2.2.2. Astrocytes

In physiological conditions, AC terminals connect to BM
through aquaporin 1V, dystroglycan-dystrophin complexes, and
agrin. Research demonstrates that transforming growth factor-1
(TGF-B1) secreted by ACs can enhance Z0O-1 expression and aug-
ment endothelial barrier function through the non-canonical
hedgehog signaling "**. ACs can also influence BBB integrity and
permeability through the Slc4a4-CCL2 and endothelial CCR2
pathways "**.

Quiescent ACs can transform into the Al phenotype when
stimulated by pro-inflammatory stimuli **°. Semaglutide can ob-
struct this transition, hence reducing BBB damage '*°. Al-type
ACs can directly undermine the integrity of the BBB by upregulat-
ing cytokines, chemokines, proteases, and reactive oxygen spe-
cies (ROS) '“’. In PD, oligomeric a-Syn activates adenylate cyclase,
leading to increased production and release of VEGF-A and nitric
oxide, which causes BBB disruption '*°. RNA sequencing of react-
ive ACs revealed that CCL5 is one of the most significantly upreg-
ulated genes. CCL5 deletion in ACs can reduce CD8" T cell inva-
sion, increase Z0-1 and occludin expression, and decrease Evans
blue leakage '*’. In multiple sclerosis (MS), fingolimod and sipon-
imod can inhibit the transendothelial migration of peripheral
blood mononuclear cells (PBMCs) by decreasing the release of
CCL2 . Post-stroke, polymerase &-interacting protein 2
(POLDIP2) is elevated in ACs, augmenting BBB permeability by
facilitating the secretion of IL-6, chemokine (C-C motif) ligand 2
(CCL2), TNF-a, VEGF, and MMPs "', Inhibiting MMP3 in vitro or
specifically reducing MMP3 in vivo in reactive ACs, can both alle-
viate hemorrhagic BBB breach '*>. Moreover, Exenatide can re-
duce the levels of ACs-derived VEGF-A, MMP-9, chemokine lig-
and 1 (CXCL-1), and monocyte chemoattractant protein 1 (MCP-
1) in the cerebral tissue of MCAO rats, with the reduction in VEGF-
A and MMP-9 associated with an increase in TJs expression *’.
ROS can directly promote the production of Al-type ACs, and the
ROS produced by microglia can exacerbate this change ***. In con-
trast, A2-type ACs secrete growth factors, cytokines, and other
compounds that can accelerate the anti-inflammatory response.
IGF-1released by ACs can promote the transformation of im-
mune cells into an anti-inflammatory phenotype, hence maintain-
ing BBB integrity following stroke *°. In a rat photothrombotic
stroke model, the synthesis of TGF- and VEGF in A2-type ACs in-
creased, leading to reduced BBB permeability, improved vascu-
lar integrity, and heightened angiogenesis .

Various factors influence the effect of ACs on the BBB. Stud-
ies demonstrate that APOE4 disrupts BBB integrity through an
ACs-specific mechanism. Eradicating APOE4 produced by ACs can
restore the integrity of the BBB "*°. ACs-expressing dentin matrix
protein 1 (Dmp1) can transport mitochondria to BMECs. Inhibit-
ing the mitofusin 2 (Mfn2) gene in Dmp1-positive ACs will ob-
struct mitochondrial transport and undermine BBB integrity '’
The glycosylation of Dmp1 can maintain the integrity and func-
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tionality of BBB by regulating the expression of ECM constitu-
ents '*°. The absence of neogenin-1 (NEO1) in ACs leads to in-
creased proliferation of BMECs and modifications in BBB struc-
ture. Hepcidin treatment can effectively improve endothelial dys-
function and restore BBB integrity in NEO1 deletion models and
subarachnoid hemorrhage (SAH) models '*’. A recent study indic-
ates that ACs can maintain vascular coverage in the brain. An isol-
ated ACs ablation triggers a replacement mechanism of ACs
end-feet, with pSTAT3 playing a crucial role in this process. In-
hibiting its phosphorylation reduces the replacement process '’
However, after tamoxifen-induced ACs ablation, disruption of the
BBB persists for several weeks. Adjacent astrocytes display elev-
ated GFAP levels and morphological changes; nevertheless, a sig-
nificant proliferative response is not observed '*'. Post-MCAO, the
expression of N-Myc downstream-regulated gene 2 (NDRG2) in
ACs increases, potentially influencing BBB permeability via en-
hancing MMPs expression following cerebral ischemia '*’. Gluta-
thione (GSH) released by ACs can alleviate damage-induced en-
dothelial permeability, while exogenous GSH can prevent the dis-
ruption of TJs '*’. In NHE1 gene knockout rats in ACs, occludin ex-
pression is increased, MMP-9 is reduced, BBB disruption is mitig-
ated, and 24 h post-MCAO, cerebral blood flow in the ischemic re-
gion significantly increases '*'. Mutant superoxide dismutase 1
(SOD1) and sporadic amyotrophic lateral sclerosis (ALS) inappro-
priately release glutamate, which can increase the expression of P-
gp in endothelial cells via N-methyl-D-aspartate receptor (NM-
DAR) activation '**. TIMP1 can protect the BBB during SAH by in-
hibiting the ubiquitination of AC B1 integrin "*°. The ACs p75
neurotrophin receptor (p75NTR) enhances NF-kB and hypoxia-
inducible factor-1a (HIF-1a) signaling, leading to the upregula-
tion of MMP-9 and VEGF production, which subsequently results
in TJs disruption following ischemia '*’. EVs derived from OGD-
activated ACs influence the ARHGAP25/Wnt/f-catenin pathway
and alleviate BBB damage by transferring miR-27a-3p to bEnd.3
cells ',

2.2.3. Basement membrane

Reports indicate that leukocytes take approximately 5 min to
cross the endothelial layer, whereas penetrating the underlying
BM requires 20 to 30 min '*’. BM, a unique acellular component
of the neurovascular unit, is a highly dynamic portion of the BBB,
synthesized and deposited by several cell types, including BMECs,
ACs, and PCs '°. The principal proteins of BM are laminin, colla-
gen type IV, nidogen, and perlecan. These components operate as
ligands, binding to two ECM receptors, talin and integrins,
thereby initiating a signaling cascade that regulates barrier func-
tion '”". The human IgG monoclonal antibody L13 significantly re-
duces BBB disruption in two stroke models, specifically cerebral
IR and intracerebral hemorrhage (ICH), by inhibiting the break-
down of BM and TJs facilitated by MMP-9 activity '’°.

Laminin is a key ECM protein in the BM, composed of three
subunits: a, B, and y. Currently, five types of a subunits, four
types of B subunits, and three types of y subunits have been iden-
tified, which can combine to generate up to 20 unique laminin
isoforms ’°. Research shows that nestin-Cre-mediated laminin y1
conditional knockout (y1-NKO) mice exhibit considera-
ble breakdown of BBB and spontaneous ICH, primarily in deep
brain regions such as the hypothalamus, thalamus, and basal
ganglia "% ""*. Subsequent mechanistic studies demonstrated that
the absence of AC-derived laminin-yl impedes smooth muscle
cell maturation, leading to vascular rupture, while facilitating the
differentiation of PCs from a quiescent to a contractile state,
thereby transforming their function from protecting the BBB to
undermining it "’* "7, A recent in vivo study revealed that the con-
ditional deletion of Dab1 in BMECs leads to BBB permeability and
reduced coverage of AC endfeet on cerebral capillaries. This in-
dicates that Dabl-activated BMECs engage with ACs through



X. Yang et al.

laminin a4 to maintain the barrier '°. A distinct study created a
dual mutant lacking laminin-a5 in both BMECs and mural cells
(a5-TPKO). Endothelial-specific conditional knockout (a5-TKO)
and selective mural cells laminin-a5 knockout (a«5-PKO) mice ex-
hibited no significant BBB impairment, but a5-TPKO mice
demonstrated BBB disruption 7%, This indicates that BMECs
and mural cells-derived laminin-a5 actively maintain neurovas-
cular integrity through a transcellular mechanism rather than a
paracellular one. Although a5-TKO and a5-PKO animals exhibit
no significant impairments under homeostatic conditions, both
models display increased BBB permeability and leukocyte infilt-
ration during ICH and IR events 7" 7" ', Subsequent research
demonstrated that mural cell-derived laminin obstructs transcel-
lular transport by reducing caveolin-1 expression in BMECs,
hence alleviating BBB damage '*". In a mixed FVB/C57Bl6 back-
ground, pericyte-specific conditional knockout (y1-PKO) mice ex-
hibited BBB dysfunction and hydrocephalus ‘**. Due to the poten-
tial disruption of BBB integrity by hydrocephalus, y1-PKO mice
were subsequently crossbred with pure C57Bl6 background
mice. y1-PKO rats exhibited little disruption of BBB in advanced
age rather than in youth, and in the absence of hydrocephalus, in-
dicating that PC-derived laminin-y1 is crucial for maintaining
BBB integrity '*’. Mutant mice lacking laminin y1 in oligodendro-
cyte lineage cells (y1-OKO) exhibit signs of BBB breakdown. In
these mutations, transcellular transport is enhanced, while para-
cellular transport is erratic '*. Mice lacking laminin-a2 thro-
ughout the brain (lama2™") exhibit BBB disruption and vascular
abnormalities at three weeks of age, marked by compromised
TJs, reduced PCs coverage, and hypertrophy of AC endfeet '*°.

Collagen type IV is also a predominant element of BM, com-
prising three a chains. Currently, six varieties of collagen type IV
a-chains (COL4A1-6) have been identified, with COL4A1 and
COL4A2 present in almost all BM. The deletion of exon 41 from
COL4A1 in ACs leads to negligible intracerebral bleeding;
however, the same mutation in BMECs or PCs causes fully pen-
etrant ICH and incompletely penetrant hole malformations "*. In
Fgfbp1 knockout mice, the buildup of collagen type IV in BM is re-
duced, leading to compromised connections between BMECs and
PCs, along with increased neurovascular permeability '*’. Nido-
gen can stabilize networks of collagen type IV and laminin. Cur-
rently, two isoforms of nidogen (nidogen-1 and nidogen-2) have
been identified; however, the exact processes by which they bol-
ster BBB integrity remain unclear '*. Perlecan is a macromolecu-
lar protein found in most BM. Studies have demonstrated that
perlecan promotes the endocytosis of FGF in endothelial cells of
the BBB, with FGF considered an essential soluble factor for
maintaining the integrity of the BBB '*’. Studies demonstrate that
the proteolysis of ECM components post-stroke produces ECM
protein fragments, notably the C-terminal domain V (DV) of per-
lecan, which may enhance angiogenesis '*’. Further research
demonstrates that the DV segment of perlecan enhances the
phosphorylation of PDGFR, SHP-2, and FAK, induced by PDGF-
BB through integrin a5f31, hence promoting PCs migration and
contributing to the maintenance and recovery of BBB after
ischemic stroke '*.

2.2.4. Neurons

Neurons secrete GDNF, which enhances the expression of
claudin-5 and VE-cadherin, hence augmenting BBB integrity '*.
In ischemic stroke, zinc transporter 3 (ZnT3) promotes the ex-
cessive release of Zn from neurons into the synaptic cleft, where
Zn interacts with MMP-2, enhancing its activity and leading to the
degradation of TJs and compromise of BBB '**. Neurons were co-
cultured with BMECs and ACs after a 3-h OGD treatment. The
findings suggested that ischemic neurons activate ACs to aug-
ment VEGF synthesis, consequently resulting in the disruption of
the endothelial barrier '**. Serpina3n, a serine protease inhibitor,
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was significantly elevated in ischemic brain neurons, diminished
the activities of granzyme B and neutrophil elastase released by T
cells and neutrophils, and alleviated BBB disruption and immune
cell infiltration post-stroke '*°. In herpes simplex virus (HSV)-1
encephalitis, the IL-1-dependent chemokine CXCL1, produced by
perivascular ACs and neurons, is essential for the CXCR2-medi-
ated migration of neutrophils across the endothelium into the
brain, resulting in their accumulation in the lacunae; these neut-
rophils may substantially enhance the permeability of BBB '*°. In
the cerebral tissue of mice infected with the rabies virus, the ex-
pression of chemokine CXCL10 was first detected in neurons
three days post-infection, resulting in the activation of microglia
(MG) and ACs, infiltration of inflammatory cells, upregulation of
chemokines and cytokines, diminished expression of TJs, and in-
creased permeability of BBB '”. Adenosine produced by neurons
and adenylyl cyclase increases BBB permeability through Al and
A2A adenosine receptor signaling located on BBB cells. Selective
agonist-induced adrenergic receptor signaling transiently en-
hances BBB permeability, allowing macromolecules to enter the
CNS; antagonism of adrenergic receptor signaling prevents the in-
filtration of inflammatory cells and soluble substances into the
brain '*’. Furthermore, neuronal activity regulates the expres-
sion of circadian rhythm genes in BMECs, hence affecting the

function of BBB efflux transporters '*’.

2.2.5. Microglia

Multiple studies demonstrate that quiescent microglia play a
role in maintaining the BBB phenotype. Co-culturing mouse
BMECs with quiescent MG can enhance the expression of occlud-
in and Z0-1 **. In vivo tests indicate that MG can directly provide
claudin-5 to BMECs, promoting the establishment of TJs *’". The
maintenance of the BBB in adult mice depends on the secretion of
PDGFB by MG. The sudden loss of microglial PDGFB markedly
compromises BBB integrity, leading to the death of mice exposed
to lipopolysaccharide (LPS) stimulation *”*.

In a chronic inflammatory state, MG phagocytose AC endfeet,
compromising the integrity of BBB *°". The introduction of LPS-
activated MG to the luminal surface of the BBB model may lead to
BBB rupture, accompanied by a significant increase in 19 types of
cytokines and chemokines on the luminal side *”*. Pro-inflammat-
ory cytokines produced by M1-type MG can promote the excess-
ive generation of ROS and nitric oxide (NO), together with the ac-
tivation of MMP-9, therefore undermining the integrity of
BBB *****, IL-1B increases BBB permeability via reducing the ex-
pression of Z0-1, occludin, and claudin-5 ****”’. TNF-a stimulates
PCs to release MMP-9 ***, Moreover, TNF-a therapy can eliminate
the efflux activity of P-gp mediated by the endothelin B rece-
ptor *”. Interferon-y (IFN-y) compromises the integrity of the
BBB and promotes the migration of CD4 T cells *'’. IL-6 can re-
duce the levels of claudin-5 and occludin in isolated ovine cereb-
ral microvessels *'". Increased secretion of CCL2 promotes the mi-
gration of monocytes and macrophages across the BBB. CXCL10
can promote the migration of monocytes and macrophages over
the BBB, a phenomenon noted in ischemic stroke *'*, AD ***, and
TBI ", Research indicates that the NLRP3 inflammasome in-
creases the expression of MMP-2 and MMP-9, reduces the expres-
sion of TJs, and raises endothelial cell permeability **°. Acteoside
can inhibit inflammation and pyroptosis through the HMGB1/
TLR4/NLRP3 pathway, hence safeguarding the BBB from ischem-
ic stroke injury **°. Fibrinogen triggers the NLRP3 inflammasome
in MG and transmits pro-inflammatory signals through EVs,
thereby affecting BBB integrity *'’. Research indicates significant
alterations in circadian rhythms affecting inflammation-induced
disruption of the BBB, demonstrating that the exacerbation of
barrier damage at night is alleviated by microglial clearance or
housing mice in a constant dark environment ***. Conversely, ROS
operate as a ubiquitous activator for several downstream path-
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ways that directly impact and undermine the BBB *"°. ROS transi-
ently stimulates the PI3K/AKT pathway through its upstream
mediator Rho, resulting in the breakdown of TJs **’. Inducible
nitric oxide synthase (iNOS) promotes the production of NO and
peroxynitrite during the reoxygenation phase after stroke,
thereby reducing Z0O-1 expression **. In murine models of CIRI,
pharmacological inhibition of iNOS can attenuate the activity of
MMP-2/-9, hence mitigating BBB disruption ***. Activation of can-
nabinoid receptor 2 (CB2R) on MG may reduce the number of
p44/P42" /Iba-1") MG, decrease evans blue extravasation, and
inhibit the activities of MMP-9/-12. CB2R stimulation has been
shown to inhibit MG/macrophage migration, which may be in-
volved in thrombin-induced cerebral edema and in reducing BBB
damage **’. Further research indicates that M1 microglia, through
the activation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, induce P-gp dysfunction in BMECs, resulting in
the accumulation of neurotoxic chemicals in the brain ***. The re-
moval or inactivation of MG can prevent the activation of MMP-2/-
9 induced by celastrol, significantly reducing the increase in BBB
permeability resulting from celastrol **°.

M2 microglia can synthesize many anti-inflammatory cy-
tokines “****’. IL-10 exerts its anti-inflammatory actions by sup-
pressing NF-kB, reducing harmful ROS-producing enzymes, and
promoting antioxidant pathways, so preserving the integrity of
BBB function “*’. Promoting M2 microglial polarization in EAE
model mice helps maintain the functional integrity of the blood-
spinal cord barrier “*’. Recent research has developed lipid nano-
particles targeting M2 microglia (MLNP), which can selectively
deliver mRNA encoding the phenotypic switch mIL-10 to the
ischemic brain, thereby facilitating microglial polarization to-
wards the protective M2 phenotype and enhancing the delivery of
mlL-10-loaded MLNP to the ischemic region. The intravenous de-
livery of mIL-10@MLNPs in MCAO mice restored the impaired
BBB and exhibited considerable potential to extend the post-
stroke treatment window to at least 72 h “*. Furthermore, miR-
23a-5p derived from M2 microglial EVs may reduce the synthesis
of TNF, MMP-3, and NFkB p65 in ACs under conditions of OGD,
hence promoting the expression of Z0-1 and claudin-5 in bEnd.3

cells **",

2.2.6. Oligodendrocyte precursor cells

In physiological conditions, oligodendrocyte precursor cells
(OPCs) support the maintenance of BBB integrity and promote
the development of TJs ***. OPCs possess several processes, and in
the brains of juvenile C57BL/6] mice, a single OPC process can in-
teract with several blood vessels **’. In the CNS development,
OPCs can activate the TGF-B signaling in BMECs, leading to the
overexpression of occludin and claudin, so improving the integ-
rity of BBB “*". Further study has shown that OPCs can migrate to
cerebral blood vessels, hence influencing endothelial cell per-
meability and the TJs between ACs and BMECs “*> **, Simultan-
eously, OPCs can enhance BBB integrity through the PDGF-
BB/PDGFRa signaling “*. Variations in the number of OPCs in-
side the white matter can lead to significant changes in vascular
density, as OPCs interact with endothelial cells through Wnt-de-
pendent signaling and other mechanisms **’.

In certain active lesions of MS, aberrantly clustered OPCs en-
circling blood vessels can compromise the integrity of AC endfeet
and endothelial TJs, leading to changes in vascular permeability
and subsequently provoking CNS inflammation “*’. In diabetes,
OPCs can activate Wnt/f-catenin signaling, increase MMP-9 ex-
pression, and compromise TJs, resulting in the deterioration of
the structure and function of the BBB “**. In the white matter in-
jury model induced by extended cerebral hypoperfusion, OPCs
can rapidly respond before the disruption of the BBB, releasing
MMP-9 to promote neutrophil infiltration **. Studies demon-
strate that cerebral hypoperfusion causes hypoxia in deep cortic-

777

Chinese Journal of Natural Medicines 24 (2026) 769-790

al areas, affecting OPCs and promoting the synthesis of VEGFA,
which increases BBB permeability through HIFla and EPAS1
pathways **’. OPC transplantation can significantly reduce cereb-
ral infarction volume and the degree of brain edema after
ischemia, while maintaining BBB integrity **'. Moreover, OPCs
are crucial for maintaining MG homeostasis and have the ability
to differentiate into reactive ACs after prolonged cerebral
ischemia, providing new insights for related therapies *****,

2.2.7. Oligodendrocytes

In the pathological state of neuronal demyelination, isolated
oligodendrocytes (OLs) lesions often occur before the disruption
of BBB “*. Recent in vivo studies demonstrate that HIF-« in OLs
regulates CNS angiogenesis through Wnt-independent and VEGF-
dependent pathways **’; furthermore, OLs can improve BBB func-
tion in vitro by releasing soluble chemicals **. Co-culturing rat
BMECs with OPCs and OLs at different densities led to a signific-
ant decrease in the permeability of BMECs to Na-F, a behavior as-
sociated with cell density. The study demonstrated that OLs may
enhance BBB function through different mechanisms outside the
non-PDGF-BB/PDGFRa signaling **°. A distinct investigation re-
vealed that WNT/B-catenin signaling promotes the interaction
between BMECs and OLs as well as OPCs. Disruption of this con-
nection may hinder the remyelination of white matter lesions
(WML) and lead to BBB permeability **°. The MMP-9 produced by
OLs after WML alters vascular architecture, indicating that the in-
fluence of these OLs on angiogenesis may pertain to damaged
white matter *,

OLs release EVs that convey proteins, including myelin-asso-
ciated proteins, to neurons. EVs can improve the integrity of the
BBB by regulating neurovascular coupling ***. The regulation net-
work of numerous non-endothelial components on the BBB is
summarized in Fig. 3.

3. Aromatic “orifice-opening” agents: special opponents of
blood-brain barrier

Natural musk is obtained from the dried secretion of the ma-
ture male musk glands of Moschus berezovskii flerov, Moschus si-
fanicus przewalski, and Moschus moschiferus linnaeus. Musk is
mostly obtained from Asia, with China as the main producer, and
it is also found in North Korea, India, and the Eastern regions of
Russia. The chemical composition of musk includes macrocyclic
ketones, polypeptide proteins, and steroid compounds. Muscone,
the primary component responsible for the pharmacological
properties of musk, is officially required by the Chinese Pharma-
copoeia to contain a minimum of 2% in musk, calculated on a dry
weight basis. Muscone possesses a unique hydrophobic pocket
and high lipid solubility, facilitating its effortless traversal of the
BBB. Experimental tests have indicated that peak muscone con-
centration in the brain was attained 5 min post-injection into the
tail vein of rats. Utilizing the gavage approach, the concentration
of muscone in the brain tissue peaked at 1.5 h **°. Muscone read-
ily traverses the BBB, and its concentration in brain tissue dimin-
ishes gradually, resulting in prolonged accumulation. Pharmaco-
logical study indicates that musk has a bidirectional regulatory
effect on the CNS: it stimulates the CNS at low doses, while at high
concentrations, it suppresses CNS activity, and at the same time
enhances tolerance to hypoxia and improves cerebral circulation.
Moreover, musk has exhibited significant effects in cardiotonic,
anti-inflammatory, anti-fertility, anti-tumor, and immunological
regulation. By the end of the 20™ century, the musk deer popula-
tion in China had sharply decreased to fewer than 100 000. As a
result, musk has been classified in Appendix II of the Convention
on International Trade in Endangered Species of Wild Fauna and
Flora and designated as a first-level protected species in China’s
List of Key Protected Wild Animals.
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Fig. 3 The various types of cells in the NVU and their associated molecular regulatory networks that regulate the BBB. The cells include neurons, pericytes, astrocytes, mi-
croglia, oligodendrocytes, and oligodendrocyte precursor cells. The boxes encompass the relevant targets or signaling pathways.

Natural borneol is derived by the extraction and processing
of the fresh branches and leaves of Cinnamomum camphora. This
species is native to Southeast Asian countries such as Malaysia,
Brunei, and Indonesia, and it also exists in limited quantities in
China. Natural borneol consists of two varieties: (+)-borneol and
(-)-borneol. Traditionally, (+)-borneol is extracted from the res-
in of Dipterocarpus aromatica, primarily found in Southeast Asia.
Owing to the restricted availability of Dipterocarpus aromatica re-
sources, essential oil extracted from the fresh branches and
leaves of Cinnamomum camphora has been widely employed as
an alternative source of borneol. Levomenthol is extracted from
the fresh leaves of Blumea balsamifera, a traditional medicinal
plant extensively employed by the Miao people in China. Borneol
is a small-molecule bicyclic terpenoid, characterized by its ability
to traverse the BBB efficiently. It was identified in mice brain tis-
sue within 5 min post-gavage, with concentrations reaching a
peak approximately 1 h later, indicating that borneol can readily
penetrate the BBB “*’. Pharmacological studies indicate that
borneol has a dual regulating effect on the CNS, eliciting both sed-
ative and activating responses. Moreover, borneol demonstrates
significant pharmacological properties, such as anti-inflammat-
ory analgesia, anti-myocardial ischemia, inhibition of pathogenic
microorganisms, prevention of thrombus formation, enhance-
ment of transdermal drug absorption, and reversal of multidrug
resistance in tumors. In the last thirty years, the population of
camphor trees has significantly decreased by as much as 50% ow-
ing to deforestation and the timber industry. As a result, cam-
phor trees have been listed in the International Union for Conser-
vation of Nature (IUCN) Red List of Threatened Species. The
Chinese Pharmacopoeia stipulates that the purity of (+)-borneol
must be no less than 96.0%, the purity of (-)-borneol must be no
less than 85.0%, and the purity of (+)-borneol must be no less
than 55.0%.

Acori Tatarinowii Rhizoma is the dried rhizome of a plant in
the Araceae family. Geographically, it is widely distributed in
Southeast Asia, extending from Northeastern India to Northern
Thailand, and is cultivated in many locations in China. Volatile oil
is the principal active component of Acori Tatarinowii Rhizoma,
with B-asarone, a-asarone, and elemicin as significant constitu-
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ents exhibiting pharmacological activity. The Chinese Pharmaco-
poeia mandates that the volatile oil concentration of Acori
Tatarinowii Rhizoma must be at least 1.0%. Employing the GC-MS
technique, f- and a-asarone were identified in rat brain tissue 5
min post gavage administration of Acori Tatarinowii Rhizoma
volatile oil, suggesting their ability to traverse the BBB **'. Phar-
macological study indicates that Acori Tatarinowii Rhizoma has a
variety of effects. In the CNS, it protects neurons, regulates neuro-
transmission, and thereby improves cognitive performance; in
the cardiovascular system, it exhibits effects such as anti-myocar-
dial ischemia and cholesterol reduction through the modulation
of vascular dynamics and cardiac function. Furthermore, Acori
Tatarinowii Rhizoma offers significant medicinal advantages,
such as mitigating asthma and allergies, decreasing gastrointest-
inal smooth muscle contraction, displaying antibacterial proper-
ties, exhibiting anti-tumor effects, avoiding osteoporosis, and en-
suring fetal protection.

Storax is obtained from the aromatic resin exuded by the
trunk of Liquidambar orientalis. Historically, it was mostly pro-
duced in regions including Africa, India, and Turkey. Artificial cul-
tivation has begun in Guangxi, China. Storax’s chemical composi-
tion is intricate, mostly consisting of cinnamic acid, benzoic acid,
benzyl benzoate, and benzyl cinnamate. The Chinese Pharmaco-
poeia mandates that the cinnamic acid concentration in storax
must be at least 5%, contingent upon the dried product. Pharma-
cological studies indicate that storax has significant medicinal po-
tential. In the CNS, it can effectively combat brain ischemia and
hypoxia; in the cardiovascular system, it may alleviate symptoms
of myocardial ischemia; simultaneously, storax exhibits signific-
ant efficacy in antibacterial and anti-inflammatory areas. Non-
etheless, rampant deforestation and environmental degradation
have severely impacted the storax tree population. Since the mid-
20™ century, the area of storax forests has drastically decreased
from 7000 hectares to a little over 1000 hectares now. The stor-
ax tree has been classified as an endangered species.

Benzoin is derived from the dried resin of Styrax tonkinensis.
Historically, benzoin primarily relied on imports. Research con-
ducted by the Institute of Medicinal Plant Development at the
Chinese Academy of Medical Sciences indicates that Chinese spe-
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cies, such as Styrax hypoglaucus, Styrax chingii, and Styrax tonkin-
ensis, have the ability to produce benzoin. The principal volatile
components of benzoin are benzoic acid and cinnamic acid. Also,
benzoin contains aromatic aldehydes as well as esters. The
Chinese Pharmacopoeia mandates that benzoin must have a total
resin acid, quantified as benzoic acid, of at least 27.0%. Current
pharmacological research indicates that benzoin possesses sever-
al pharmacological characteristics. In the CNS, it provides a pro-
tective effect against cerebral ischemia and hypoxia, and it exhib-
its anti-inflammatory and antipyretic properties in immune and
inflammatory responses. Additionally, benzoin shows significant
anti-tumor activity and promotes oestrogen secretion. Fig. 4 con-
tains general information regarding AOOAs. The chemical details
of the main components of AOOAs are presented in Table S1.

4. Mechanism of aromatic “orifice-opening” agents in blood-
brain barrier integrity protection

4.1. Musk

In an in vitro BBB model, established by co-culturing rat ACs
with human umbilical vein endothelial cells, muscone was ob-
served to modify the model’s permeability after OGD treatment,
with the mechanism related to inhibition of MMP-9-mediated TJs
degradation ***. Furthermore, muscone and (+)-borneol can sub-
stantially decrease cerebrovascular permeability, and protect
claudin5 in mice following stroke. This mostly stems from their
inhibition of ROS formation and modulation of MG inflammatory
infiltration ***. A research team has just developed an inducible
transgenic technique employing muscone, called AAVMUSE. The
method enabled the continuous and controlled synthesis of thera-

Acori Tatarinowii Rhizoma Storax

Dry rhizome of Acorus tatarinowii

Resin exuded from Liquidambar orientalis
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peutic proteins in the liver or lungs of mice via the inhalation of
muscone. The AAVMUSE system demonstrated significant thera-
peutic efficacy and showed acceptable safety and biocompatibil-
ity in animal models of non-alcoholic fatty liver disease and aller-
gic asthma “°“. This intranasal route offers a fresh approach for
applying muscone in addressing BBB dysfunction.

4.2. Borneol

Borneol has demonstrated considerable synergistic enhance-
ment and detoxifying effects in combination therapy. EDB, a po-
tent new neuroprotective compound, comprises edaravone and
(+)-borneol in a 5:1 ratio. Research indicates that Y-2 Sublingual
Tablets at doses of 1, 3, and 6 mg-kg ™' can markedly maintain the
BBB integrity in rats affected by ICH. The mechanism may be re-
lated to reduced inflammatory response and oxidative stress near
the haematoma core **. Similar studies have shown that EDB can
activate the Keapl/Nrf2 signaling, alleviating oxidative stress
and damage to the BBB in the murine model of SAH. In the study
of ischemic stroke, EDB alleviates BBB damage by preserving
TJs integrity and reducing the accumulation of peripheral leuko-
cytes °*7. Morover, EDB can improve PCs coverage through vit-
ronectin-integrin and PDGFB/PDGFR-f signaling, hence prevent-
ing the BBB disruption "*. A study has developed a nasal thermo-
sensitive hydrogel (EDA-BP TSGS) that integrates an edaravone
and borneol inclusion complex, which can both overcome the oc-
clusion of BBB and avoid the impracticality and delay of intraven-
ous administration, thereby enhancing the drug delivery effi-
ciency to the ischemic lesions **°. Ligusticum chuanxiong is widely
employed in China for the treatment of ischemic stroke, with sig-
nificant efficacy. Chuanxiong predominantly promotes the prolif-
eration of neural stem cells, neurogenesis, and the preservation

Benzoin

Dry resin of Styrax tonkinensis

—=-" Antibacterial effect

Anti-osteoporosis
effect
Anti-abortion effect

% Relieve gastrointestinal Yo
. spasm

Moschus

Dry secretion of the mature male moschus” musk sac

+ Muscone + Muscopyridine
+ Normuscone * Testosterone
* Muscol + Cholesterin

CNS’ bidirectional .
. Anti-tumor effect
regulatory effect

Invigorate ‘ Anti-inflammation
the heart effect

m Contraceptive \ & '
effect 1 Immune regulation

<, Cerebral protection % ‘b Cerebral protection
- p-Asarone ; effect ENCCCD
* a-Asarone ’ t Anti-myocardial t Anti-myocardial
0 Methyleugenol" ischemia effect ischemia effect
+ y-Asarone N : K
o bt b e e o5 Antibacterial effect
+ Caryophyllene i-i i
il @ e P ‘ Antl—lgﬂammatlon effect
+ cis-Methylisoeugenol b &

+ Benzoic acid
+ Cinnamic acid

+ Benzoic acid

- Benzyl benzoate AR
+ Vanillic acid

« Isoptopylbenzoate

+ Benzyl cinnamate

+ Cinnamyl cinnamate s‘%‘

% Cerebral protection

& cffect S N

Y Immune regulation . %

' Anti-inflammation -
cffect 3

Anti-tumor effect

Promoting estrogen secretion

Borneol
Extraction of fresh branches and leaves of Cinnamomum camphora

e
s
@

b roctionzy 22 Inhibit pathogenic microorganisms
regulatory effect Se pathog &

Anti-myocardial

Promote the transdermal absorption
ischemia effect

’ Antithrombotic effect

Anti-inflammation effect

Reverse multldrug resistance

+ D-Borneol

+ Oleanolic acid

+ Humulene + Alphitolic acid
B + p-Elemene - Asiatic acid
+ Caryophyllene -+ Dipterocarpol

Fig. 4 Schematic representation of the main information on the five AOOAs. The AOOAs include musk, borneol, Acori Tatarinowii Rhizoma, storax andbenzoin. The main in-
formation covers their zoological /botanical sources, geographical distributions, main active components, corresponding pharmacological effects, etc.

779



X. Yang et al.

of mature neurons; in contrast, borneol underscores the mainten-
ance of BBB integrity. The concurrent use of the two not only en-
hances the previously mentioned therapeutic effects but also pro-
duces other advantages, including the lowering of evans blue per-
meability and the improvement of TEER values ****°, Ultrasound-
targeted microbubble destruction (UTMD) and borneol both aug-
ment the delivery of therapeutic medicines to cerebral lesions.
The research indicated that the application of UTMD intensified
evans blue leakage, microvascular ultrastructural changes, cereb-
ral edema, and even precipitated CH in ischemic stroke mice.
However, pre-treatment with borneol markedly mitigated the
aforementioned detrimental effects induced by UTMD on the
BBB. The concurrent application of UTMD and borneol in the
treatment of ischemic stroke may be a safer approach for BBB
permeability than the exclusive use of UTMD *°',

4.3. Acori Tatarinowii Rhizoma

Transmission electron microscopy analysis indicates that
Acori Tatarinowii Rhizoma can synergistically interact with Kaix-
in San to repair the impaired BBB in mice with AD °*’. After the
administration of a-asarone and Acorus calamus extract, the BBB
integrity showed a dose-dependent recovery **’. Research indic-
ates that a-asarone, when converted into a dry powder and ad-
ministered intranasally, can access the brain by two pathways:
the systemic circulation and the olfactory bulb. In the systemic
circulation pathway, a-asarone is absorbed into the bloodstream
and later crosses the BBB to reach the brain; in the olfactory bulb
channel, a-asarone travels from the nasal olfactory epithelium
through the olfactory bulb directly to the brain tissue. Intranasal
delivery of a-asarone in dry powder form promotes rapid absorp-
tion, averting overly high drug levels in the blood and liver, while
attaining brain concentrations similar to those achieved with in-
travenous injection and oral administration ***,

4.4. Storax and benzoin
Research indicates that a dosage of 0.4 g-kg™' storax can sig-

nificantly reduce the intensity of fluorescent albumin expression
in the brain parenchyma and decrease the number of caveolae in
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endothelial cells. 6 h after stroke onset, this dose of storax sub-
stantially reduced damage to the ultrastructure of BBB ***. Benzo-
ic acid obtained from benzoin can augment the expression of
claudin5, maintain the integrity of the BBB and substantially re-
duce ischemic injury “*’. Research on the neuroprotective effects
of vanillin against hypoxic-ischemic injury in neonatal rats
demonstrates that vanillin treatment vanillin partially inhibited
the activation of MMP-2 and MMP-9 induced by hypoxia-
ischemia. Compared to the model group, vanillin significantly in-
creased the levels of Z0O-1, occludin, and claudin-5, hence further
stabilizing the BBB structure *’. The mechanism by which AOOAs
protect BBB integrity is shown in Fig. 5.

5. Mechanism of aromatic “orifice-opening” agents in blood-
brain barrier permeability enhancement

5.1. Muscone

Muscone can inhibit the expression of P-gp under both nor-
mal and OGD conditions “*’. Inhibition of P-gp expression results
in a significant increase in the muscone concentration in brain. It
can be inferred that the translocation of muscone via BBB is
closely linked to the P-gp transport system. The absorption effi-
ciency of geniposide across the BBB is somewhat inadequate.
Muscone as a potent absorption enhancer, may significantly
boost the absorption efficiency of geniposide by facilitating trans-
cellular and paracellular transport **’. The research team co-mod-
ified docetaxel (DTX) liposomes with muscone and the mouse
monoclonal antibody RI7217, which demonstrates superior affin-
ity and specificity for the transferrin receptor (TfR). The modi-
fied liposomes significantly improved the absorption of DTX by
hCMEC/D3 and U87-MG cells, enhanced the drug’s penetration
into the deeper areas of U87-MG tumour spheroids, increased in
vivo brain targeting, and markedly extended the survival of tumor-
bearing nude mice *’°. Consequently, the team created dual-modi-
fied liposomes combining lactoferrin (Lf) receptors and muscone
(Lf-LP-Mu-DTX). The Lf-LP-Mu-DTX further increased the appar-
ent permeability coefficient of the in vitro BBB model to 51.0%,
which was 1.6 times higher than that of the Lf-LP-DTX group, and
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Fig. 5 Schematic representation of the molecular mechanisms by which the five AOOAs protect the BBB integrity. The AOOAs include musk, borneol, Acorus Tatarinowii
Radix, storax and benzoin. TJs degradation, ROS, IL, NETs, MMP-9 activation, etc., can all lead to endothelial dysfunction and BBB disruption. In addition, A1-type astrocytes
and M1-type microglia can damage the BBB integrity. The red arrows indicate the inhibitory effect of the main active components of AOOAs on these processes. The trans-
formation of M2-type microglia and the enhancement of PC coverage are beneficial to BBB permeability. The green arrows indicate the promoting effect of the main active

components of AOOAs on these processes.
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resulted in more than 2-fold the efficiency of tumor sphere penet-
ration and cellular uptake of the Lf-LP-DTX group *’".

5.2. Borneol

Additional research has investigated the effects and pro-
cesses of borneol in various brain areas. Following the adminis-
tration of a 0.2 g-kg™" dose of borneol to the experimental sub-
jects, the architecture of the TJs was compromised, resulting in
the formation of gaps between the endothelium and thylakoid
cells. Pharmacokinetic studies indicate that borneol is predomin-
antly distributed in the cerebral cortex, minimally in the stri-
atum, with intermediate distribution in the hippocampus and hy-
pothalamus. The regulation of the ultrastructure of the hippo-
campus and hypothalamus by borneol is coupled with the modu-
lation of the expression of multidrug resistance gene 1a (Mdrla),
multidrug resistance gene 1b (Mdr1b), and multidrug resistance-
associated protein 1 (Mrp1) *%.

Borneol has been thoroughly investigated for its capacity to
facilitate medication permeation across the BBB and to augment
therapeutic outcomes in neurological disorders. In the domain of
CNS ischemic disorders, the concurrent administration of
edaravone and (+)-borneol can provide a synergistic effect.
Borneol can improve the transport of edaravone across the BBB
by promoting transcellular transport facilitated by P-gp and
0AT1/3 *”°. Grapefruit extracellular vesicles (GEVs) were utilised
to encapsulate Xingnaojing Microemulsion (XNJM), with borneol
(Bo) employed for modification, yielding Bo-GEVs/XNJM having
neuro-targeting capabilities. Both in vivo and in vitro studies have
validated its substantial effects in preserving the BBB *’*. A novel
tanshinone IIA (TSA) loaded nanoparticles, Bo-TSA-NP, has been
developed, with its surface modified by borneol. The Bo-TSA-NP
showed sustained release and P-gp inhibition property. It demon-
strated a significantly higher uptake by 16HBE cells in vitro *”".
The research developed borneol-modified ginkgolide liposomes
(GGB-LPs). Borneol markedly enhanced the transport of gin-
kgolide across the BBB, while greatly optimising the pharma-
cokinetic properties of GGB-LPs “’°. Puerarin (PUE) and tetra-
methylpyrazine (TMP) are potential CNS pharmacological agents
for the treatment of cerebral ischemic disorders. The combined
delivery of borneol and a-asarone during oral intake markedly
enhances the accumulation of PUE and TMP across the BBB.
Borneol and a-asarone concurrently diminish the expression of
Z0-1 at the BBB, while augmenting the expression of A1 aden-
osine receptors and A2A adenosine receptors “”’.Recent re-
search utilised borneol as a functional component to synthesise
an amphiphilic borneol-based copolymer p(PB)10/(TB)30. In the
MCAO mouse model, this nanoformulation can facilitate revers-
ible disruption of the BBB. 3 h post-injection, the brain bio-distri-
bution level attained 12.7% ID/g of the total administered
dose *’%.

Borneol is pivotal in the domain of medication delivery for
brain tumours. Glioma is the most prevalent primary brain tu-
mour. Research has prompted the creation of a dual-functional
carmustine-loaded micelle (Pep-1/Bor/CMS-M). This micelle im-
proves BBB permeability through camphor and specifically tar-
gets glioma cells via Pep-1. This effectively addresses the issues of
carmustine’s brief half-life, limited selectivity, and the obstacle of
big molecules traversing the BBB *”°. A separate study developed
a dual-functional doxorubicin glioma-targeted delivery system
utilising PAMAM G5 dendritic polymer (FA-BO-PAMAM/DOX).
This approach markedly diminishes the cytotoxicity of PAMAM to
HBMECs and Cé6 cells by conjugating borneol to the carrier’s sur-
face, while substantially improving BBB permeability. In compar-
ison to the unaltered borneol conjugate, its transport ratio has
doubled **’. The combined action of borneol and CGKRK peptide-
modified paclitaxel prodrug self-assembled redox-responsive
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nanoparticles (CGKRK-PSNPs) significantly improves the nano-
particles’ capacity to penetrate the BBB and enhances the effic-
acy of targeted tumour delivery. In a nude mouse model with
cerebral implantation of U87MG glioma, real-time fluorescence
imaging demonstrated that the accumulation of nanoparticles at
the tumour site markedly increased following the simultaneous
administration of borneol **. DTX is a prospective therapeutic
agent for brain tumours; however, its bioavailability is limited,
and it readily causes resistance in tumour cells. Tetrahydropal-
matine (TET) can mitigate tumour cell resistance to chemothera-
peutic agents. A study developed borneol-modified DTX plus TET
micelles to address chemotherapy resistance. The micelles pro-
moted drug uptake in bEnd.3 cells, contributing to drug passage
across the BBB in vitro **”. Studies demonstrate that natural
borneol can facilitate the cellular uptake of doxorubicin in vitro,
hence synergistically augmenting the anticancer efficacy of dox-
orubicin **’, Glioblastoma is the most aggressive variant of glio-
mas. Doxorubicin-loaded nanomicelles (DOX BO-PMs) were sub-
sequently synthesised utilising DSPE-PEG2000-BO via electro-
static interactions. DOX BO-PMs markedly improved the trans-
port efficiency of doxorubicin across the BBB, resulting in its fast
accumulation in cerebral tissue “**. Paediatric brainstem glioma
(PBSG) arises in the brainstem. Nonetheless, the tumor’s hypoxic
microenvironment and the existence of BBB significantly restrict
the efficacy of cisplatin in the treatment of PBSG. The research
documented the nasal delivery of borneol/R8dGR peptide-modi-
fied poly nanoparticles, which simultaneously encapsulated
curcumin and cisplatin. The modification of borneol improves the
brain penetration capacity of nanoparticles by decreasing the ex-
pression of ZO-1 and occludin in the nasal mucosa; the RBdGR
peptide modification facilitates the binding of nanoparticles to
the integrin avf33 receptor on paediatric brainstem glioma cells,
enabling targeted delivery **°. Metastatic brain tumours repres-
ent the predominant form of cerebral malignancy. Studies indic-
ate that the bioactive compounds borneol and tetrandrine can
augment the permeability of the chemotherapeutic agent 5-fluor-
ouracil (5-FU) across the BBB and blood-tumor barrier (BTB)
models. It can partially impede the efflux pump activity of
P-gp “*. Dioleoylphosphatidylethanolamine (DOPE) is a crucial
constituent of liposomes and serves to encapsulate anticancer
pharmaceuticals. Chemically altering DOPE with borneol and em-
ploying it as a lipid component for solid lipid nanoparticles (SLN).
SLN with chemically modified borneol (BO-SLN/CM) demon-
strate reduced cytotoxicity, enhanced cellular uptake rates, and
superior BBB permeability compared to SLN with physically
modified borneol (BO-SLN/PM) and SLN **’,

In neurodegenerative disease research, the clinical manage-
ment of PD encounters significant obstacles. Exenatide, a peptide
medication with potential disease-modifying properties, encoun-
ters challenges in traversing the BBB owing to its substantial mo-
lecular weight. Related study has developed multifunctional Lpc-
BoSA/CSO with BBB targeting, improved permeability, and re-
sponsive release capabilities. Camphor and stearic acid are chem-
ically bonded to improve BBB permeability. Immunofluorescence
tests conducted on the brain tissues of 15-month-old C57BL/6
mice revealed that Lpc-BoSA/CSO penetrated the BBB and dif-
fused into the brain parenchyma 4.21 times more effectively than
typical lipid nanoparticles “*’. The limited permeability of octa-
hedral palladium nanoparticles (Pd NPs) across the BBB con-
strains their application in AD treatment. A study has developed a
borneol-modified octahedral palladium nanoenzyme platform
that effectively eliminates intracellular ROS and improves the
permeability of epithelial cells. Research has demonstrated that
this nanoenzyme can swiftly accumulate in the brains of AD mice,
mitigating pathogenic characteristics such as Ap plaque depos-
ition, neuronal degeneration, and neuroinflammation **’. Kaemp-
ferol (KA) exhibits a notable anti-AD action, is safeguarded by the
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BBB, and its concentration in the brain is exceedingly little. The
combination of 15 and 30 mg-kg™" of borneol markedly enhances
the brain bioavailability and delivery of KA. The area under the
drug-time curve of KA in the brain increased by 1.84-fold and
2.19-fold, respectively, while the maximum blood concentration
rose by 2.09-fold and 3.18-fold, respectively, in comparison to the
absence of ice tablets. The cerebral blood distribution ratio of KA
rose by 48.68% and 57.97%, respectively, compared to the ab-
sence of borneol **. A separate study detailed a novel mesopor-
ous selenium (MSe) release delivery system (MSe-Res/Fc-3-
CD/Bor) developed with a borneol-targeted B-cyclodextrin nano-
valve (Fc-B-CD) encapsulating resveratrol (Res). MSe-Res/Fc-§3-
CD/Bor initially engages with esterases in the bloodstream or in-
tracellularly, liberating borneol, thereby facilitating the nanosys-
tem’s traversal of BBB. Consequently, Fc-B-CD reacts to redox
agents and undergoes a conformational change, thereby releas-
ing resveratrol at the site of injury *’". Salvianolic acid A (SAA)
and puerarin exhibit potential efficacy in the management of
neurodegenerative disorders. Research indicates that the SAA
borneol ester (SBE) demonstrates considerable benefits by en-
hancing BBB permeability and by the prolonged inhibitory action
of borneol on P-gp efflux ***. Puerarin exhibits low water solubil-
ity, leading to inadequate oral absorption and challenges in tra-
versing the BBB. Related studies employed borneol as an oral
brain-targeting enhancer to formulate three types of puerarin or-
al preparations: nanocrystal suspensions (NCS), inclusion com-
plex solutions (ICS), and self-microemulsifying drug delivery sys-
tems (SMEDDS). In vitro BBB modeling studies revealed a sub-
stantial increase in geraniol permeability and a notable decrease
in trans-epithelial resistance at 2 h when the borneol concentra-
tion surpassed 12.5 pg-mL™". Pharmacokinetic findings indicated
that the intestinal absorption and intracerebral penetration of
geraniol were markedly improved when the borneol dosage sur-
passed 50 mg-kg™". When administered simultaneously with 100
mg-kg™ borneol, the area under the drug-time curve in plasma
and the area under the drug-time curve in the brain of puerarin in
SMEDDS were significantly elevated compared to the NCS and ICS
groups *”,

Depression, a persistent mental condition that poses a sub-
stantial risk to human health and life, is strongly impeded by the
BBB, which markedly limits the penetration of pharmaceuticals
into the brain, leading to inadequate distribution of antidepress-
ants inside this organ. The research team has created an innovat-
ive brain-targeted medication delivery system utilising borneol-
modified polyethylene glycol-graphene oxide (GO-PEG-BO). The
incorporation of borneol enables GO-PEG-BO to efficiently tra-
verse the BBB by disrupting TJs and suppressing the efflux mech-
anism. Administering ginsenoside Rgl (GRgl) onto GO-PEG-BO
markedly enhanced anhedonia, despair, and anxiety elicited by
stress in a rat model of depression, thoroughly mitigating de-
pressive symptoms °*'. Aripiprazole (ARP) is an antipsychotic
medication sanctioned for the management of schizophrenia. Rel-
evant investigations utilised Soluplus and D-a-tocopheryl poly-
ethylene glycol 1000 succinate (TPGS) to construct aripiprazole
micelles (ARP-MM), and furthermore developed micelles using
borneol as a permeation enhancer (ARP-B-MM). In the parallel
artificial membrane permeability assay BBB model, ARP-MM and
ARP-B-MM augmented the effective permeability of aripiprazole
by approximately twofold. ARP-B-MM decreased P-gp-mediated
efflux by roughly fourfold compared to ARP that was not encap-
sulated in micelles. Pharmacokinetic parameters demonstrated
that the peak plasma concentration, area under the plasma con-
centration-time curve, and half-life all elevated, substantiating
that both formulations of mixed micelles containing ARP signific-
antly enhanced the bioavailability of ARP **.

Itraconazole (ITZ) is an efficacious medication for the treat-
ment of cryptococcal meningitis and aspergilloma. The hydro-
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phobicity of ITZ and the existence of BBB significantly restrict its
use. Researchers encapsulated ITZ within bovine serum albumin
nanoparticles (ITZ-NPs) and subsequently modified these nano-
particles with borneol and polyethylene glycol (PEG), resulting in
the successful synthesis of PEG/BO-ITZ-NPs. The outcomes of cel-
lular uptake assays indicated that the absorption of PEG/BO-ITZ-
NPs in bEnd.3 cells was markedly higher than that of ITZ-NPs,
and the cellular uptake of the nanoparticles correspondingly in-
creased with the concentration of borneol. Moreover, following
intravenous administration, the area under the drug-time curve
of PEG/BO-ITZ-NPs in rats was roughly 3.5 times greater than
that of sporanox spironolactone (ITZ solubilised by hydroxylpro-
pyl-B-cyclodextrin), while the distribution in the mouse brain
was approximately doubled **°.

Research on the treatment of other diseases has demon-
strated that the combination of borneol with self-emulsifying
agents (SE) has led to the successful preparation of borneol-di-
methylbiguanide hydrochloride water/oil/water composite sub-
microemulsions (B-Met-W/0/W SE). This composite submicr-
oemulsion can efficiently facilitate the drug’s traversal of BBB,
markedly enhancing the distribution of metformin (Met) in the
brain. Mechanistic investigations demonstrate that B-Met-W/0/W
SE can markedly reduce the expression levels of occludin, ZO-1,
and P-gp . Furthermore, borneol in in vitro models can facilit-
ate the translocation of verapamil and digoxin across the BBB and
diminish the expression levels of mdrla and P-gp. The applicati-
ons of borneol in enhancing BBB permeability are shown in Fig. 6.

5.3. Acori Tatarinowii Rhizoma

Acori Tatarinowii Rhizoma facilitated the transfer of GRgl,
GRb1, and farnesolone III across the BBB in Kaixin San, resulting
in the elevation of their levels in the cerebrospinal fluid by 1.47-
fold, 1.39-fold and 2.02-fold, respectively. Mechanistic studies re-
vealed that Acori Tatarinowii Rhizoma enhanced the expression
of claudin5, occludin, and ZO-1 proteins, dramatically up-regu-
lated the expression of OCT3/OATP2 uptake transporter pro-
teins, and down-regulated the expression of P-gp/MRP1 efflux
transporter proteins in AD mice **°. Levodopa (L-DOPA), a highly
successful pharmacological agent for PD, exhibits a permeability
of less than 5% across the BBB. Following the co-administration
of f-asarone and L-DOPA, the concentrations of L-DOPA, dopam-
ine, 3,4-dihydroxyphenylacetic acid, and homovanillic acid in the
striatum, together with the level of S100f protein in plasma,
were assessed. Concurrently, the concentrations of neuron-spe-
cific enolase, P-gp, Z0-1, occludin, and claudin-5 in the cerebral
cortex were diminished, leading to disruptions at the TJs between
striatal BMECs. Furthermore, in the combination therapy cohort
and the f-asarone treatment cohort, a strong inverse connection
was seen between L-DOPA or dopamine and P-gp or TJs **. f-As-
arone can facilitate the transmembrane passage of temozolomide
(TMZ) into human glioma U251 cells. In contrast to monotherapy,
the combination of f-asarone with TMZ has enhanced inhibitory
effects on cell growth in U251 and C6 cells, concurrently dimin-
ishing the expression of P-gp and MDR1 °*’. A separate study in-
tegrated liposomes with Tf and included the cell membrane pro-
teins of RG2 glioma cells into the liposomes, successfully formu-
lating eleutherol (ELE) and cabazitaxel (CTX) actively targeted
biomimetic liposomes (Tf-ELE/CTX@BLIP). These liposomes
demonstrate high-efficiency penetration of the BBB and target-
ing capabilities for gliomas. In vitro tests demonstrated that it had
markedly substantial homologous targeting and immune evasion
capabilities. Bioluminescence imaging revealed augmented drug
accumulation in the brain and improved tumour penetration of Tf-
ELE/CTX@BLIP in nude mice, a model of glioma in situ. The met-
hod of action involves the suppression of P-gp, enhancing BBB
permeability and facilitating the entry of CTX into the brain *”’.
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Fig. 6 Specific applications of borneol in CNS drug delivery systems. These applications cover CNS ischemic diseases, cerebral tumor, neurodegenerative diseases, psychiat-

ric disorders, CNS infectious diseases and other diseases.

6. Conclusion and perspective

The pharmacological history of AOOAs is well-documented,
featuring a variety of bioactive compounds including muscone,
borneol, a-asarone, benzoic acid, vanillin, and etc. These com-
pounds exhibit diverse pharmacological effects, including anti-
cerebral ischemia, anti-myocardial ischemia, anti-inflammatory
properties, immunological modulation, and etc., highlighting the
importance of AOOAs in disease prevention and treatment. Espe-
cially, on the one hand, AOOAs can swiftly penetrate the BBB and
exhibit significant therapeutic effectiveness on the impaired bar-
rier in CNS disorders; on the other hand, AOOAs enhance the pen-
etration of other medications into the brain, exhibiting consider-
able potential in CNS drug delivery. Current preclinical research
has predominantly investigated single occurrences, but the mech-
anisms and targets of this bidirectional regulatory role remain
largely unexamined. TJs are the central focus of most pharmaco-
logical researches; however, transport proteins and other cellu-
lar elements of the BBB remain insufficiently studied. The struc-
tural alteration of the key active components of AOOAs to en-
hance efficacy, reduce toxicity, or improve pharmacokinetics
represents a significant research direction, which may provide
a solid basis for new drug development. As science advances,
it is highly expected that these powerful natural compounds
will become a great treasure for the development of new medica-
tions.

Funding

This work was supported by the Key Projects of Shandong
Natural Science Fund (Nos. ZR2020KH003 and ZR2025MS1325) ,
the Traditional Chinese Medicine Special Project of China Associ-
ation of Chinese Medicine (No. CACMREZZ2025-A-26), and the
Scientific Research Fund of Shandong University of Traditional
Chinese Medicine (No. KYZK2024MO01).

Declaration of competing interest

These authors have no conflict of interest to declare.

783

10

11

12

13

References

Langen UH, Ayloo S, Gu C. Development and cell biology of the blood-brain
barrier. Annu Rev Cell Dev Biol. 2019;35:591-613. https://doi.org/10.1146/
annurev-cellbio-100617-062608.

Abdullahi W, Tripathi D, Ronaldson PT. Blood-brain barrier dysfunction in
ischemic stroke: targeting tight junctions and transporters for vascular
protection. Am J Physiol Cell Physiol. 2018;315(3):C343-C356. https://doi.
org/10.1152 /ajpcell.00095.2018.

Xie ], Shen Z, Anraku Y, et al. Nanomaterial-based blood-brain-barrier (BBB)
crossing strategies. Biomaterials. 2019;224:119491. https://doi.org/10.
1016/j.biomaterials.2019.119491.

Tan X, Zhang K, Shi W, et al. Research progress on the regulation and
mechanism of borneol on the blood-brain barrier in pathological states: a
narrative review focused on ischemic stroke and cerebral glioma. Transl
Cancer Res. 2023;12(11):3198-3209. https://doi.org/10.21037 /tcr-23-
1487.

Chatterjee B, Gorain B, Mohananaidu K, et al. Targeted drug delivery to the
brain via intranasal nanoemulsion: available proof of concept and existing
challenges. Int | Pharm. 2019;565:258-268. https://doi.org/10.1016/j.
ijpharm.2019.05.032.

Greene C, Kealy J, Humphries MM, et al. Dose-dependent expression of
claudin-5 is a modifying factor in schizophrenia. Mol Psychiatry. 2018;23
(11):2156-2166. https://doi.org/10.1038/mp.2017.156.

Vazquez-Liébanas E, Mocci G, Li W, et al. Mosaic deletion of claudin-5
reveals rapid non-cell-autonomous consequences of blood-brain barrier
leakage. Cell Rep. 2024;43(3):113911. https://doi.org/10.1016/j.celrep.
2024.113911.

Berndt P, Winkler L, Cording ], et al. Tight junction proteins at the blood-
brain barrier: far more than claudin-5. Cell Mol Life Sci. 2019;76(10):1987-
2002. https://doi.org/10.1007/s00018-019-03030-7.

Kalucka ], de Rooij LPMH, Goveia ], et al. Single-Cell transcriptome atlas of
murine endothelial cells. Cell. 2020;180(4):764-779.e20. https://doi.org/
10.1016/j.cell.2020.01.015.

He L, Vanlandewijck M, Mde MA, et al. Single-cell RNA sequencing of mouse
brain and lung vascular and vessel-associated cell types. Sci Data. 2018;5
(1):180160. https://doi.org/10.1038/sdata.2018.160.

Vanlandewijck M, He L, Mde MA, et al. A molecular atlas of cell types and
zonation in the brain vasculature. Nature. 2018;554(7693):475-480. https:/
/doi.org/10.1038/nature25739.

Uchida Y, Sumiya T, Tachikawa M, et al. Involvement of claudin-11 in
disruption of blood-brain, -spinal cord, and -arachnoid barriers in multiple
sclerosis. Mol Neurobiol. 2019;56(3):2039-2056. https://doi.org/10.1007/
s12035-018-1207-5.

Dithmer S, Blasig IE, Fraser PA, et al. The basic requirement of tight
junction proteins in blood-brain barrier function and their role in
pathologies. Int | Mol Sci. 2024;25(11):5601. https://doi.org/10.3390/
ijms25115601.


https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1152/ajpcell.00095.2018
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.21037/tcr-23-1487
https://doi.org/10.1016/j.ijpharm.2019.05.032
https://doi.org/10.1016/j.ijpharm.2019.05.032
https://doi.org/10.1016/j.ijpharm.2019.05.032
https://doi.org/10.1038/mp.2017.156
https://doi.org/10.1038/mp.2017.156
https://doi.org/10.1016/j.celrep.2024.113911
https://doi.org/10.1016/j.celrep.2024.113911
https://doi.org/10.1016/j.celrep.2024.113911
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1007/s00018-019-03030-7
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1016/j.cell.2020.01.015
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.1038/nature25739
https://doi.org/10.1038/nature25739
https://doi.org/10.1038/nature25739
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.3390/ijms25115601
https://doi.org/10.3390/ijms25115601
https://doi.org/10.3390/ijms25115601

X Yang etal.

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Sladojevic N, Stamatovic SM, Johnson AM, et al. Claudin-1-dependent
destabilization of the blood-brain barrier in chronic stroke. J Neurosci.
2019;39:743-757. https://doi.org/10.1523 /JNEUROSCI.1432-18.2018.
McCaffrey G, Davis TP. Physiology and pathophysiology of the blood-brain
barrier: P-glycoprotein and occludin trafficking as therapeutic targets to
optimize central nervous system drug delivery. J Investig Med. 2012;60(8):
1131-1140. https://doi.org/10.2310/JIM.0b013e318276de79.

Heinemann U, Schuetz A. Structural features of tight-junction proteins. Int J
Mol Sci. 2019;20(23):6020. https://doi.org/10.3390/ijms20236020.
Torices S, Daire L, Simon S, et al. Occludin: a gatekeeper of brain Infection
by HIV-1. Fluids Barriers CNS. 2023;20(1):73. https://doi.org/10.1186/
$12987-023-00476-7.

Yuan S, Liu K], Qi Z. Occludin regulation of blood-brain barrier and
potential therapeutic target in ischemic stroke. Brain Circ. 2020;6(3):152-
162. https://doi.org/10.4103 /bc.bc_29_20.

Pan R, Yu K, Weatherwax T, et al. Blood occludin level as a potential
biomarker for early blood brain barrier damage following ischemic stroke.
Sci Rep. 2017;7:40331. https://doi.org/10.1038/srep40331.

Xu H, Liu Y, Wang D, et al. Shenmai Injection maintains blood-brain barrier
integrity following focal cerebral ischemia via modulating the expression
and trafficking of occludin in lipid rafts. ] Ethnopharmacol. 2019;237:55-63.
https://doi.org/10.1016/j.jep.2019.03.034.

Kakogiannos N, Ferrari L, Giampietro C, et al. JAM-A acts via C/EBP-a to
promote claudin-5 expression and enhance endothelial barrier function.
Circ Res. 2020;127(8):1056-1073. https://doi.org/10.1161/CIRCRESAHA.
120.316742.

Wang XS, Fang HL, Chen Y, et al. Idazoxan reduces blood-brain barrier
damage during experimental autoimmune encephalomyelitis in mouse. Eur
J Pharmacol. 2014;736:70-76. https://doi.org/10.1016/j.ejphar.2014.04.
034.

Sladojevic N, Stamatovic SM, Keep RF, et al. Inhibition of junctional
adhesion molecule-A/LFA interaction attenuates leukocyte trafficking and
inflammation in brain ischemia/reperfusion injury. Neurobiol Dis. 2014;67:
57-70. https://doi.org/10.1016/j.nbd.2014.03.010.

Sevenich L, Bowman RL, Mason SD, et al. Analysis of tumour- and stroma-
supplied proteolytic networks reveals a brain-metastasis-promoting role
for cathepsin S. Nat Cell Biol. 2014;16(9):876-888. https://doi.org/10.1038
/ncb3011.

Mochida GH, Ganesh VS, Felie M, et al. A homozygous mutation in the tight-
junction protein JAM3 causes hemorrhagic destruction of the brain,
subependymal calcification, and congenital cataracts. Am J Hum Genet.
2010;87(6):882-889. https://doi.org/10.1016/j.ajhg.2010.10.026.

Nasdala I, Wolburg-Buchholz K, Wolburg H, et al. A transmembrane tight
junction protein selectively expressed on endothelial cells and platelets. ]
Biol Chem. 2002;277(18):16294-16303. https://doi.org/10.1074/jbc.
M111999200.

Wegmann F, Petri B, Khandoga AG, et al. ESAM supports neutrophil
extravasation, activation of Rho, and VEGF-induced vascular permeability.
Exp Med. 2006;203(7):1671-1677. https://doi.org/10.1084/jem.20060565.
Yang Y, Li C, Yang S, et al. Cepharanthine maintains integrity of the blood-
brain barrier (BBB) in stroke via the VEGF/VEGFR2/ZO-1 signaling
pathway. Aging (Albany NY). 2024;16(7):5905-5915. https://doi.org/10.
18632/aging.205678.

Zong X, Li Y, Liu C, et al. Theta-burst transcranial magnetic stimulation
promotes stroke recovery by vascular protection and neovascularization.
Theranostics. 2020;10(26):12090-12110. https://doi.org/10.7150/thno.
51573.

Li R, Liu Y, Wu J, et al. Adaptive metabolic responses facilitate blood-brain
barrier repair in ischemic stroke via BHB-mediated epigenetic modification
of ZO-1 expression. Adv Sci (Weinh). 2024;11(25):e2400426. https://doi.
org/10.1002/advs.202400426.

LiY, Liu B, Zhao T, et al. Comparative study of extracellular vesicles derived
from mesenchymal stem cells and brain endothelial cells attenuating blood-
brain barrier permeability via regulating caveolin-1-dependent ZO-1 and
claudin-5 endocytosis in acute ischemic stroke. /] Nanobiotechnol. 2023;21
(1):70. https://doi.org/10.1186/s12951-023-01828-z.

Hou W, Yao J, Liu J, et al. USP14 inhibition promotes recovery by protecting
BBB integrity and attenuating neuroinflammation in MCAO mice. CNS
Neurosci  Ther. 2023;29(11):3612-3623. https://doi.org/10.1111/cns.
14292.

Hou Y, Fan F, Xie N, et al. Rhodiola crenulata alleviates hypobaric hypoxia-
induced brain injury by maintaining BBB integrity and balancing energy
metabolism dysfunction. Phytomedicine. 2024;128:155529. https://doi.org
/10.1016/j.phymed.2024.155529.

Mao M, Cao X, Liang Y, et al. Neuroprotection of rhubarb extract against
cerebral ischaemia-reperfusion injury via the gut-brain axis pathway.
Phytomedicine. 2024;126:155254. https://doi.org/10.1016/j.phymed.2023.
155254.

Xiao P, Huang H, Zhao H, et al. Edaravone dexborneol protects against
cerebral ischemia/reperfusion-induced blood-brain barrier damage by
inhibiting ferroptosis via activation of NRF-2/H0-1/GPX4 signaling. Free
Radic ~ Biol =~ Med. 2024;217:116-125.  https://doi.org/10.1016/].
freeradbiomed.2024.03.019.

784

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Chinese Journal of Natural Medicines 24 (2026) 769-790

Yu H, Luo H, Chang L, et al. The NEDD8-activating enzyme inhibitor
MLN4924 reduces ischemic brain injury in mice. Proc Natl Acad Sci U S A.
2022;119(6):€21118961109. https://doi.org/10.1073 /pnas.2111896119.
Tang Y, Soroush F, Sun S, et al. Protein kinase C-delta inhibition protects
blood-brain  barrier from sepsis-induced vascular damage. J
Neuroinflammation. 2018;15(1):309. https://doi.org/10.1186/s12974-018-
1342-y.

Kadir RRA, Alwjwaj M, Bayraktutan U. Protein kinase C-B distinctly
regulates blood-brain barrier-forming capacity of brain microvascular
endothelial cells and outgrowth endothelial cells. Metab Brain Dis. 2022;37
(6):1815-1827. https://doi.org/10.1007/s11011-022-01041-1.

Srivastava K, Shao B, Bayraktutan U. PKC-B exacerbates in vitro brain
barrier damage in hyperglycemic settings via regulation of RhoA/Rho-
kinase/MLC2 pathway. ] Cereb Blood Flow Metab. 2013;33(12):1928-1936.
https://doi.org/10.1038/jcbfm.2013.151.

Shao B, Bayraktutan U. Hyperglycaemia promotes cerebral barrier
dysfunction through activation of protein kinase C-B. Diabetes Obes Metab.
2013;15(11):993-999. https://doi.org/10.1111/dom.12120.

Willis CL, Meske DS, Davis TP. Protein kinase C activation modulates
reversible increase in cortical blood-brain barrier permeability and tight
junction protein expression during hypoxia and posthypoxic reoxygenation.
J Cereb Blood Flow Metab. 2010;30(11):1847-1859. https://doi.org/10.
1038/jcbfm.2010.119.

Corada M, Zanetta L, Orsenigo F, et al. A monoclonal antibody to vascular
endothelial-cadherin inhibits tumor angiogenesis without side effects on
endothelial permeability. Blood. 2002;100(3):905-911. https://doi.org/10.
1182 /blood.v100.3.905.

Cain RJ, Vanhaesebroeck B, Ridley AJ. The PI3K pl10alpha isoform
regulates endothelial adherens junctions via Pyk2 and Racl. J Cell Biol.
2010;188(6):863-876. https://doi.org/10.1083/jcb.200907135.

Zhu W, London NR, Gibson CC, et al. Interleukin receptor activates a MYD88-
ARNO-ARF6 cascade to disrupt vascular stability. Nature. 2012;492(7428):
252-255. https://doi.org/10.1038 /nature11603.

Chiasson CM, Wittich KB, Vincent PA, et al. p120-catenin inhibits VE-
cadherin internalization through a Rho-independent mechanism. Mol Biol
Cell. 2009;20(7):1970-1980. https://doi.org/10.1091/mbc.e08-07-0735.
Nanes BA, Chiasson-MacKenzie C, Lowery AM, et al. p120-catenin binding
masks an endocytic signal conserved in classical cadherins. J Cell Biol.
2012;199(2):365-380. https://doi.org/10.1083/jcb.201205029.

Gavard ]. Breaking the VE-cadherin bonds. FEBS Lett. 2009;583(1):1-6.
https://doi.org/10.1016/j.febslet.2008.11.032.

Potter MD, Barbero S, Cheresh DA. Tyrosine phosphorylation of VE-
cadherin prevents binding of p120- and p-catenin and maintains the
cellular mesenchymal state. ] Biol Chem. 2005;280(36):31906-31912. https:
//doi.org/10.1074/jbc.M505568200.

Wallez Y, Cand F, Cruzalegui F, et al. Src kinase phosphorylates vascular
endothelial-cadherin in response to vascular endothelial growth factor:
identification of tyrosine 685 as the unique target site. Oncogene. 2007;26
(7):1067-1077. https://doi.org/10.1038/sj.onc.1209855.

Gavard ], Gutkind JS. VEGF controls endothelial-cell permeability by
promoting the S-arrestin-dependent endocytosis of VE-cadherin. Nat Cell
Biol. 2006;8(11):1223-1234. https://doi.org/10.1038/ncb1486.

Spring K, Chabot C, Langlois S, et al. Tyrosine phosphorylation of DEP-1/
CD148 as a mechanism controlling Src kinase activation, endothelial cell
permeability, invasion, and capillary formation. Blood. 2012;120(13):2745-
2756. https://doi.org/10.1182/blood-2011-12-398040.

Tang ], Kang Y, Zhou Y, et al. TIMP2 ameliorates blood-brain barrier
disruption in traumatic brain injury by inhibiting Src-dependent VE-
cadherin internalization. J Clin Invest. 2023;134(3):e164199. https://doi.
org/10.1172/]CI1164199.

Zhang Z, Gan Q, Han J, et al. CD31 as a probable responding and gate-
keeping protein of the blood-brain barrier and the risk of Alzheimer’s
disease. ] Cereb Blood Flow Metab. 2023;43(7):1027-1041. https://doi.org/
10.1177/0271678X231170041.

Wimmer I, Tietz S, Nishihara H, et al. PECAM-1 stabilizes blood-brain
barrier integrity and favors paracellular T-cell diapedesis across the blood-
brain barrier during neuroinflammation. Front Immunol. 2019;10:711.
https://doi.org/10.3389 /fimmu.2019.00711.

Boyé K, Geraldo LH, Furtado ], et al. Endothelial Unc5B controls blood-brain
barrier integrity. Nat Commun. 2022;13(1):1169. https://doi.org/10.1038/
s41467-022-28785-9.

Chen XY, Wan SF, Yao NN, et al. Inhibition of the immunoproteasome LMP2
ameliorates ischemia/hypoxia-induced blood-brain barrier injury through
the Wnt/f-catenin signalling pathway. Mil Med Res. 2021;8(1):62. https://
doi.org/10.1186/s40779-021-00356-x.

Wang Q, Huang X, Su Y, et al. Activation of Wnt/f-catenin pathway
mitigates blood-brain barrier dysfunction in Alzheimer’s disease. Brain.
2022;145(12):4474-4488. https://doi.org/10.1093 /brain/awac236.
Huang X, Wei P, Fang C, et al. Compromised endothelial Wnt/fS-catenin
signaling mediates the blood-brain barrier disruption and leads to
neuroinflammation in endotoxemia. /] Neuroinflammation. 2024;21(1):265.
https://doi.org/10.1186/s12974-024-03261-x.

Zhao Y, Chen C, Xiao X, et al. Teriflunomide promotes blood-brain barrier


https://doi.org/10.1523/JNEUROSCI.1432-18.2018
https://doi.org/10.1523/JNEUROSCI.1432-18.2018
https://doi.org/10.1523/JNEUROSCI.1432-18.2018
https://doi.org/10.1523/JNEUROSCI.1432-18.2018
https://doi.org/10.2310/JIM.0b013e318276de79
https://doi.org/10.2310/JIM.0b013e318276de79
https://doi.org/10.3390/ijms20236020
https://doi.org/10.3390/ijms20236020
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.1186/s12987-023-00476-7
https://doi.org/10.4103/bc.bc_29_20
https://doi.org/10.4103/bc.bc_29_20
https://doi.org/10.1038/srep40331
https://doi.org/10.1038/srep40331
https://doi.org/10.1016/j.jep.2019.03.034
https://doi.org/10.1161/CIRCRESAHA.120.316742
https://doi.org/10.1161/CIRCRESAHA.120.316742
https://doi.org/10.1161/CIRCRESAHA.120.316742
https://doi.org/10.1016/j.ejphar.2014.04.034
https://doi.org/10.1016/j.ejphar.2014.04.034
https://doi.org/10.1016/j.ejphar.2014.04.034
https://doi.org/10.1016/j.nbd.2014.03.010
https://doi.org/10.1016/j.nbd.2014.03.010
https://doi.org/10.1038/ncb3011
https://doi.org/10.1038/ncb3011
https://doi.org/10.1038/ncb3011
https://doi.org/10.1016/j.ajhg.2010.10.026
https://doi.org/10.1016/j.ajhg.2010.10.026
https://doi.org/10.1074/jbc.M111999200
https://doi.org/10.1074/jbc.M111999200
https://doi.org/10.1074/jbc.M111999200
https://doi.org/10.1084/jem.20060565
https://doi.org/10.1084/jem.20060565
https://doi.org/10.18632/aging.205678
https://doi.org/10.18632/aging.205678
https://doi.org/10.18632/aging.205678
https://doi.org/10.7150/thno.51573
https://doi.org/10.7150/thno.51573
https://doi.org/10.7150/thno.51573
https://doi.org/10.1002/advs.202400426
https://doi.org/10.1002/advs.202400426
https://doi.org/10.1002/advs.202400426
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1111/cns.14292
https://doi.org/10.1111/cns.14292
https://doi.org/10.1111/cns.14292
https://doi.org/10.1016/j.phymed.2024.155529
https://doi.org/10.1016/j.phymed.2024.155529
https://doi.org/10.1016/j.phymed.2024.155529
https://doi.org/10.1016/j.phymed.2023.155254
https://doi.org/10.1016/j.phymed.2023.155254
https://doi.org/10.1016/j.phymed.2023.155254
https://doi.org/10.1016/j.freeradbiomed.2024.03.019
https://doi.org/10.1016/j.freeradbiomed.2024.03.019
https://doi.org/10.1016/j.freeradbiomed.2024.03.019
https://doi.org/10.1073/pnas.2111896119
https://doi.org/10.1073/pnas.2111896119
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1186/s12974-018-1342-y
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1007/s11011-022-01041-1
https://doi.org/10.1038/jcbfm.2013.151
https://doi.org/10.1111/dom.12120
https://doi.org/10.1111/dom.12120
https://doi.org/10.1038/jcbfm.2010.119
https://doi.org/10.1038/jcbfm.2010.119
https://doi.org/10.1038/jcbfm.2010.119
https://doi.org/10.1182/blood.v100.3.905
https://doi.org/10.1182/blood.v100.3.905
https://doi.org/10.1182/blood.v100.3.905
https://doi.org/10.1083/jcb.200907135
https://doi.org/10.1083/jcb.200907135
https://doi.org/10.1038/nature11603
https://doi.org/10.1038/nature11603
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1091/mbc.e08-07-0735
https://doi.org/10.1083/jcb.201205029
https://doi.org/10.1083/jcb.201205029
https://doi.org/10.1016/j.febslet.2008.11.032
https://doi.org/10.1074/jbc.M505568200
https://doi.org/10.1074/jbc.M505568200
https://doi.org/10.1074/jbc.M505568200
https://doi.org/10.1038/sj.onc.1209855
https://doi.org/10.1038/sj.onc.1209855
https://doi.org/10.1038/ncb1486
https://doi.org/10.1038/ncb1486
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1182/blood-2011-12-398040
https://doi.org/10.1172/JCI164199
https://doi.org/10.1172/JCI164199
https://doi.org/10.1172/JCI164199
https://doi.org/10.1177/0271678X231170041
https://doi.org/10.1177/0271678X231170041
https://doi.org/10.1177/0271678X231170041
https://doi.org/10.3389/fimmu.2019.00711
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1038/s41467-022-28785-9
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1186/s40779-021-00356-x
https://doi.org/10.1093/brain/awac236
https://doi.org/10.1093/brain/awac236
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x
https://doi.org/10.1186/s12974-024-03261-x

X. Yang et al,

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

integrity by upregulating claudin-1 via the Wnt/B-catenin signaling
pathway in multiple sclerosis. Mol Neurobiol. 2024;61(4):1936-1952. https:
//doi.org/10.1007/s12035-023-03655-7.

Gu X, Dong M, Xia S, et al. y-Glutamylcysteine ameliorates blood-brain
barrier permeability and neutrophil extracellular traps formation after
ischemic stroke by modulating Wnt/fS-catenin signalling in mice. Eur J
Pharmacol.  2024;969:176409.  https://doi.org/10.1016/j.ejphar.2024.
176409.

Martin M, Vermeiren S, Bostaille N, et al. Engineered Wnt ligands enable
blood-brain barrier repair in neurological disorders. Science. 2022;375
(6582):eabm4459. https://doi.org/10.1126/science.abm4459.

Trevino TN, Fogel AB, Otkiran G, et al. Engineered Wnt7a ligands rescue
blood-brain barrier and cognitive deficits in a COVID-19 mouse model.
Brain. 2024;147(5):1636-1643. https://doi.org/10.1093 /brain/awae031.
Yang X, Chu H, Tang Y, et al. The role of connexin43 in hemorrhagic
transformation after thrombolysis in vivo and in vitro. Neuroscience.
2016;329:54-65. https://doi.org/10.1016/j.neuroscience.2016.04.040.
Kaneko Y, Tachikawa M, Akaogi R, et al. Contribution of pannexin 1 and
connexin 43 hemichannels to extracellular calcium-dependent transport
dynamics in human blood-brain barrier endothelial cells. ] Pharmacol Exp
Ther. 2015;353(1):192-200. https://doi.org/10.1124 /jpet.114.220210.
Tachikawa M, Murakami K, Akaogi R, et al. Polarized hemichannel opening
of pannexin 1/connexin 43 contributes to dysregulation of transport
function in blood-brain barrier endothelial cells. Neurochem Int. 2020;132:
104600. https://doi.org/10.1016/j.neuint.2019.104600.

Johnson AM, Roach JP, Hu A, et al. Connexin 43 gap junctions contribute to
brain endothelial barrier hyperpermeability in familial cerebral cavernous
malformations type III by modulating tight junction structure. FASEB ].
2018;32(5):2615-2629. https://doi.org/10.1096/fj.201700699R.

Shi Y, Zhang L, Pu H, et al. Rapid endothelial cytoskeletal reorganization
enables early blood-brain barrier disruption and long-term ischaemic
reperfusion brain injury. Nat Commun. 2016;7:10523. https://doi.org/10.
1038/ncomms10523.

Xu Y, Duan Y, Xu S, et al. Mild hypothermia therapy attenuates early BBB
leakage in acute ischemic stroke. / Cereb Blood Flow Metab. 2025;45(2):292-
305. https://doi.org/10.1177/0271678X241275761.

Yang ZH, Liu Y], Ban WK, et al. Pterostilbene alleviated cerebral ischemia/
reperfusion-induced blood-brain barrier dysfunction via inhibiting early
endothelial cytoskeleton reorganization and late basement membrane
degradation. Food Funct. 2023;14(18):8291-8308. https://doi.org/10.1039
/d3fo02639f.

Zhou F, Li F, Hou Y, et al. HSPB8-mediated actin filament reorganization by
promoting autophagic flux confers resilience to blood-brain barrier (BBB)
injury in an in vitro model of ischemic stroke. ACS Chem Neurosci. 2023;14
(16):2868-2875. https://doi.org/10.1021 /acschemneuro.3c00194.

Veys K, Fan Z, Ghobrial M, et al. Role of the GLUT1 glucose transporter in
postnatal CNS angiogenesis and blood-brain barrier integrity. Circ Res.
2020;127(4):466-482. https://doi.org/10.1161/CIRCRESAHA.119.316463.
Winkler EA, Nishida Y, Sagare AP, et al. GLUT1 reductions exacerbate
Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat
Neurosci. 2015;18(4):521-530. https://doi.org/10.1038/nn.3966.

Lee HW, Xu Y, Zhu X, et al. Endothelium-derived lactate is required for
pericyte function and blood-brain barrier maintenance. EMBO J. 2022;41(9):
€109890. https://doi.org/10.15252/embj.2021109890.

Zhao Y, Qu B, Wu X, et al. Design, synthesis and biological evaluation of
brain targeting l-ascorbic acid prodrugs of ibuprofen with “lock-in” function.
Eur ] Med Chem. 2014;82:314-323. https://doi.org/10.1016/j.ejmech.2014.
05.072.

Zhou Y, Zhu F, Liu Y, et al. Blood-brain barrier-penetrating siRNA
nanomedicine for Alzheimer’s disease therapy. Sci Adv. 2020;6(41):
eabc7031. https://doi.org/10.1126/sciadv.abc7031.

Singh N, Ecker GF. Insights into the structure, function, and ligand
discovery of the large neutral amino acid transporter 1, LAT1. Int ] Mol Sci.
2018;19(5):1278. https://doi.org/10.3390/ijms19051278.

Haddad F, Sawalha M, Khawaja Y, et al. Dopamine and levodopa prodrugs
for the treatment of Parkinson’s disease. Molecules. 2017;23(1):40. https://
doi.org/10.3390/molecules23010040.

Puris E, Gynther M, Auriola S, et al. L-Type amino acid transporter 1 as a
target for drug delivery. Pharm Res. 2020;37(5):88. https://doi.org/10.
1007/s11095-020-02826-8.

Li W, Shi ], Yu Z, et al. SLC22A17 as a cell death-linked regulator of tight
junctions in cerebral ischemia. Stroke. 2024;55(6):1650-1659. https://doi.
org/10.1161/STROKEAHA.124.046736.

Liu Y, Li X, Cao C, et al. Critical role of Slc22a8 in maintaining blood-brain
barrier integrity after experimental cerebral ischemia-reperfusion. J Cereb
Blood Flow Metab. 2025;45(1):85-101. https://doi.org/10.1177/
0271678X241264401.

Stanton JA, Williams EI, Betterton RD, et al. Targeting organic cation
transporters at the blood-brain barrier to treat ischemic stroke in rats. Exp
Neurol.  2022;357:114181.  https://doi.org/10.1016/j.expneurol.2022.
114181.

Tortorella S, Karagiannis TC. Transferrin receptor-mediated endocytosis: a
useful target for cancer therapy. | Membr Biol. 2014;247(4):291-307. https:

785

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

Chinese Journal of Natural Medicines 24 (2026) 769-790

//doi.org/10.1007/s00232-014-9637-0.

Kawak P, Sawaftah NMA, Pitt WG, et al. Transferrin-targeted liposomes in
glioblastoma therapy: a review. Int | Mol Sci. 2023;24(17):13262. https://
doi.org/10.3390/ijms241713262.

Jhaveri A, Deshpande P, Pattni B, et al. Transferrin-targeted, resveratrol-
loaded liposomes for the treatment of glioblastoma. / Control Release.
2018;277:89-101. https://doi.org/10.1016/j.jconrel.2018.03.006.

Kim G, Kim M, Lee Y, et al. Systemic delivery of microRNA-21 antisense
oligonucleotides to the brain using T7-peptide decorated exosomes. ]
Control Release. 2020;317:273-281. https://doi.org/10.1016/j.jconrel.2019.
11.009.

Kariolis MS, Wells RC, Getz JA, et al. Brain delivery of therapeutic proteins
using an Fc fragment blood-brain barrier transport vehicle in mice and
monkeys. Sci Transl Med. 2020;12(545):eaay1359. https://doi.org/10.1126
/scitranslmed.aay1359.

Huang Q, Chan KY, Wu J, et al. An AAV capsid reprogrammed to bind human
transferrin receptor mediates brain-wide gene delivery. Science. 2024;384
(6701):1220-1227. https://doi.org/10.1126/science.adm8386.

Okuyama T, Eto Y, Sakai N, et al. A phase 2/3 trial of pabinafusp Alfa, IDS
fused with anti-human transferrin receptor antibody, targeting
neurodegeneration in MPS-II. Mol Ther. 2021;29(2):671-679. https://doi.
org/10.1016/j.ymthe.2020.09.039.

Nagano H, Ito S, Masuda T, et al. Effect of insulin receptor-knockdown on
the expression levels of blood-brain barrier functional proteins in human
brain microvascular endothelial cells. Pharm Res. 2022;39(7):1561-1574.
https://doi.org/10.1007/s11095-021-03131-8.

Praschberger R, Kuenen S, Schoovaerts N, et al. Neuronal identity defines a-
synuclein and tau toxicity. Neuron. 2023;111(10):1577-1590.e11. https://
doi.org/10.1016/j.neuron.2023.02.033.

Kim ], Dey A, Malhotra A, et al. Engineered biomimetic nanoparticle for dual
targeting of the cancer stem-like cell population in sonic hedgehog
medulloblastoma. Proc Natl Acad Sci U S A. 2020;117(39):24205-24212.
https://doi.org/10.1073/pnas.1911229117.

Srimanee A, Regberg ], Hallbrink M, et al. Role of scavenger receptors in
peptide-based delivery of plasmid DNA across a blood-brain barrier model.
Int ] Pharm. 2016;500(1-2):128-135. https://doi.org/10.1016/j.ijpharm.
2016.01.014.

Fritzen L, Wienken K, Wagner L, et al. Truncated mini LRP1 transports
cargo from luminal to basolateral side across the blood brain barrier. Fluids
Barriers CNS. 2024;7;21(1):74. https://doi.org/10.1186/s12987-024-
00573-1.

Guidotti G, Brambilla L, Rossi D. Cell-penetrating peptides: from basic
research to clinics. Trends Pharmacol Sci. 2017;38(4):406-424. https://doi.
org/10.1016/j.tips.2017.01.003.

Komin A, Russell LM, Hristova KA, et al. Peptide-based strategies for
enhanced cell uptake, transcellular transport, and circulation: mechanisms
and challenges. Adv Drug Deliv Rev. 2017;110-111:52-64. https://doi.org/
10.1016/j.addr.2016.06.002.

Zhu Z, Zhai Y, Hao Y, et al. Specific anti-glioma targeted-delivery strategy of
engineered small extracellular vesicles dual-functionalised by Angiopep-2
and TAT peptides. ] Extracell Vesicles. 2022;11(8):e12255. https://doi.org/
10.1002/jev2.12255.

Neves V, Aires-da-Silva F, Morais M, et al. Novel peptides derived from
Dengue Virus capsid protein translocate reversibly the blood-brain barrier
through a receptor-free mechanism. ACS Chem Biol. 2017;12(5):1257-1268.
https://doi.org/10.1021/acschembio.7b00087.

Cavaco M, Valle ], da Silva R, et al. DPepH3, an improved peptide shuttle for
receptor-independent transport across the blood-brain barrier. Curr Pharm
Des. 2020;26(13):1495-1506. https://doi.org/10.2174/138161282666620
0213094556.

Liktor-Busa E, Blawn KT, Kellohen KL, et al. Functional NHE1 expression is
critical to blood brain barrier integrity and sumatriptan blood to brain
uptake. PLoS One. 2020;15(5):e0227463. https://doi.org/10.1371 /journal.
pone.0227463.

Zhu XX, Su JB, Wang FM, et al. Sodium pump subunit NKAal protects
against diabetic endothelial dysfunction by inhibiting ferroptosis through
the autophagy-lysosome degradation of ACSL4. Clin Transl Med. 2025;15(2):
e70221. https://doi.org/10.1002/ctm2.70221.

Chen Y], Wallace BK, Yuen N, et al. Blood-brain barrier KCa3.1 channels:
evidence for a role in brain Na uptake and edema in ischemic stroke. Stroke.
2015;46(1):237-244. https://doi.org/10.1161/STROKEAHA.114.007445.
Bittner S, Ruck T, Schuhmann MK, et al. Endothelial TWIK-related
potassium channel-1 (TREK1) regulates immune-cell trafficking into the
CNS. Nat Med. 2013;19(9):1161-1165. https://doi.org/10.1038/nm.3303.
de Gooijer MC, Kemper EM, Buil LCM, et al. ATP-binding cassette
transporters restrict drug delivery and efficacy against brain tumors even
when blood-brain barrier integrity is lost. Cell Rep Med. 2021;2(1):100184.
https://doi.org/10.1016/j.xcrm.2020.100184.

Eckford PD, Sharom FJ. ABC efflux pump-based resistance to chemotherapy
drugs. Chem Rev. 2009;109(7):2989-3011. https://doi.org/10.1021/
cr9000226.

Sharom FJ]. ABC multidrug transporters: structure, function and role in
chemoresistance. Pharmacogenomics. 2008;9(1):105-127. https://doi.org/


https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1007/s12035-023-03655-7
https://doi.org/10.1016/j.ejphar.2024.176409
https://doi.org/10.1016/j.ejphar.2024.176409
https://doi.org/10.1016/j.ejphar.2024.176409
https://doi.org/10.1126/science.abm4459
https://doi.org/10.1126/science.abm4459
https://doi.org/10.1093/brain/awae031
https://doi.org/10.1093/brain/awae031
https://doi.org/10.1016/j.neuroscience.2016.04.040
https://doi.org/10.1016/j.neuroscience.2016.04.040
https://doi.org/10.1124/jpet.114.220210
https://doi.org/10.1124/jpet.114.220210
https://doi.org/10.1016/j.neuint.2019.104600
https://doi.org/10.1016/j.neuint.2019.104600
https://doi.org/10.1096/fj.201700699R
https://doi.org/10.1096/fj.201700699R
https://doi.org/10.1038/ncomms10523
https://doi.org/10.1038/ncomms10523
https://doi.org/10.1038/ncomms10523
https://doi.org/10.1177/0271678X241275761
https://doi.org/10.1177/0271678X241275761
https://doi.org/10.1039/d3fo02639f
https://doi.org/10.1039/d3fo02639f
https://doi.org/10.1039/d3fo02639f
https://doi.org/10.1021/acschemneuro.3c00194
https://doi.org/10.1021/acschemneuro.3c00194
https://doi.org/10.1161/CIRCRESAHA.119.316463
https://doi.org/10.1161/CIRCRESAHA.119.316463
https://doi.org/10.1038/nn.3966
https://doi.org/10.1038/nn.3966
https://doi.org/10.15252/embj.2021109890
https://doi.org/10.15252/embj.2021109890
https://doi.org/10.1016/j.ejmech.2014.05.072
https://doi.org/10.1016/j.ejmech.2014.05.072
https://doi.org/10.1016/j.ejmech.2014.05.072
https://doi.org/10.1126/sciadv.abc7031
https://doi.org/10.1126/sciadv.abc7031
https://doi.org/10.3390/ijms19051278
https://doi.org/10.3390/ijms19051278
https://doi.org/10.3390/molecules23010040
https://doi.org/10.3390/molecules23010040
https://doi.org/10.3390/molecules23010040
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1007/s11095-020-02826-8
https://doi.org/10.1161/STROKEAHA.124.046736
https://doi.org/10.1161/STROKEAHA.124.046736
https://doi.org/10.1161/STROKEAHA.124.046736
https://doi.org/10.1177/0271678X241264401
https://doi.org/10.1177/0271678X241264401
https://doi.org/10.1177/0271678X241264401
https://doi.org/10.1016/j.expneurol.2022.114181
https://doi.org/10.1016/j.expneurol.2022.114181
https://doi.org/10.1016/j.expneurol.2022.114181
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.1007/s00232-014-9637-0
https://doi.org/10.3390/ijms241713262
https://doi.org/10.3390/ijms241713262
https://doi.org/10.3390/ijms241713262
https://doi.org/10.1016/j.jconrel.2018.03.006
https://doi.org/10.1016/j.jconrel.2018.03.006
https://doi.org/10.1016/j.jconrel.2019.11.009
https://doi.org/10.1016/j.jconrel.2019.11.009
https://doi.org/10.1016/j.jconrel.2019.11.009
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1126/science.adm8386
https://doi.org/10.1126/science.adm8386
https://doi.org/10.1016/j.ymthe.2020.09.039
https://doi.org/10.1016/j.ymthe.2020.09.039
https://doi.org/10.1016/j.ymthe.2020.09.039
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1007/s11095-021-03131-8
https://doi.org/10.1016/j.neuron.2023.02.033
https://doi.org/10.1016/j.neuron.2023.02.033
https://doi.org/10.1016/j.neuron.2023.02.033
https://doi.org/10.1073/pnas.1911229117
https://doi.org/10.1016/j.ijpharm.2016.01.014
https://doi.org/10.1016/j.ijpharm.2016.01.014
https://doi.org/10.1016/j.ijpharm.2016.01.014
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1186/s12987-024-00573-1
https://doi.org/10.1016/j.tips.2017.01.003
https://doi.org/10.1016/j.tips.2017.01.003
https://doi.org/10.1016/j.tips.2017.01.003
https://doi.org/10.1016/j.addr.2016.06.002
https://doi.org/10.1016/j.addr.2016.06.002
https://doi.org/10.1016/j.addr.2016.06.002
https://doi.org/10.1002/jev2.12255
https://doi.org/10.1002/jev2.12255
https://doi.org/10.1002/jev2.12255
https://doi.org/10.1021/acschembio.7b00087
https://doi.org/10.2174/1381612826666200213094556
https://doi.org/10.2174/1381612826666200213094556
https://doi.org/10.2174/1381612826666200213094556
https://doi.org/10.1371/journal.pone.0227463
https://doi.org/10.1371/journal.pone.0227463
https://doi.org/10.1371/journal.pone.0227463
https://doi.org/10.1002/ctm2.70221
https://doi.org/10.1002/ctm2.70221
https://doi.org/10.1161/STROKEAHA.114.007445
https://doi.org/10.1161/STROKEAHA.114.007445
https://doi.org/10.1038/nm.3303
https://doi.org/10.1038/nm.3303
https://doi.org/10.1016/j.xcrm.2020.100184
https://doi.org/10.1021/cr9000226
https://doi.org/10.1021/cr9000226
https://doi.org/10.1021/cr9000226
https://doi.org/10.2217/14622416.9.1.105
https://doi.org/10.2217/14622416.9.1.105

X Yang etal.

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

10.2217/14622416.9.1.105.

Shan Y, Cen Y, Zhang Y, et al. Effect of P-glycoprotein inhibition on the
penetration of ceftriaxone across the blood-brain barrier. Neurochem Res.
2022;47(3):634-643. https://doi.org/10.1007/511064-021-03472-1.
Kalvass JC, Polli JW, Bourdet DL, et al. Why clinical modulation of efflux
transport at the human blood-brain barrier is unlikely: the ITC evidence-
based position. Clin Pharmacol Ther. 2013;94(1):80-94. https://doi.org/10.
1038/clpt.2013.34.

Conti A, Geffroy F, Kamimura HAS, et al. Regulation of P-glycoprotein and
breast cancer resistance protein expression induced by focused ultrasound-
mediated blood-brain barrier disruption: a pilot study. Int ] Mol Sci. 2022;
23(24):15488. https://doi.org/10.3390/ijms232415488.

Rice A, Liu Y, Michaelis ML, et al. Chemical modification of paclitaxel (taxol)
reduces P-glycoprotein interactions and increases permeation across the
blood-brain barrier in vitro and in situ. ] Med Chem. 2005;48(3):832-838.
https://doi.org/10.1021/jm040114b.

Ndungu JM, Lu Y], Zhu S, et al. Targeted delivery of paclitaxel to tumor cells:
synthesis and in vitro evaluation. ] Med Chem. 2010;53(8):3127-3132. https:
//doi.org/10.1021/jm901763f.

Neuser |, Fraccarollo D, Wick M, et al. Multidrug resistance associated
protein-1 (MRP1) deficiency attenuates endothelial dysfunction in diabetes.
J Diabetes Complications. 2016;30(4):623-627. https://doi.org/10.1016/j.
jdiacomp.2016.02.002.

Garg P, Dhakne R, Belekar V. Role of breast cancer resistance protein (BCRP)
as active efflux transporter on blood-brain barrier (BBB) permeability. Mol
Divers. 2015;19(1):163-172. https://doi.org/10.1007/s11030-014-9562-2.
Wu J, Li Y, Tian S, et al. CYP1B1 affects the integrity of the blood-brain
barrier and oxidative stress in the striatum: an investigation of manganese-
induced neurotoxicity. CNS Neurosci Ther. 2024;30(3):e14633. https://doi.
org/10.1111/cns.14633.

Ziegler N, Awwad K, Fisslthaler B, et al. f-Catenin is required for
endothelial Cyplbl regulation influencing metabolic barrier function. J
Neurosci.  2016;36(34):8921-8935.  https://doi.org/10.1523 /jneurosci.
0148-16.2016.

Asai Y, Tanaka H, Nadai M, et al. Status epilepticus decreases brain
cytochrome P450 2D4 expression in rats. / Pharm Sci. 2018;107(4):975-978.
https://doi.org/10.1016/j.xphs.2017.11.010.

Williams S, Hossain M, Ferguson L, et al. Neurovascular drug
biotransformation machinery in focal human epilepsies: brain CYP3A4
correlates with seizure frequency and antiepileptic drug therapy. Mol
Neurobiol. 2019;56(12):8392-8407. https://doi.org/10.1007/s12035-019-
01673-y.

Kort A, van Hoppe S, Sparidans RW, et al. Brain accumulation of ponatinib
and its active metabolite, N-desmethyl ponatinib, is limited by P-
glycoprotein (P-GP/ABCB1) and breast cancer resistance protein (BCRP/
ABCG2). Mol Pharm. 2017;14(10):3258-3268. https://doi.org/10.1021 /acs.
molpharmaceut.7b00257.

Sakakibara Y, Katoh M, Imai K, et al. Expression of UGT1A subfamily in rat
brain. Biopharm Drug Dispos. 2016;37(5):314-319. https://doi.org/10.1002
/bdd.2012.

Cheng ], Korte N, Nortley R, et al. Targeting pericytes for therapeutic
approaches to neurological disorders. Acta Neuropathol. 2018;136(4):507-
523. https://doi.org/10.1007/s00401-018-1893-0.

Lindahl P, Johansson BR, Levéen P, et al. Pericyte loss and microaneurysm
formation in PDGF-B-deficient mice. Science. 1997;277(5323):242-245.
https://doi.org/10.1126/science.277.5323.242.

Roth M, Carlsson R, Buizza C, et al. Pericyte response to ischemic stroke
precedes endothelial cell death and blood-brain barrier breakdown. J Cereb
Blood Flow Metab. 2025;45(4):617-629. https://doi.org/10.1177/
0271678X241261946.

Chen S, Guo D, Zhu Y, et al. Amyloid B oligomer induces cerebral
vasculopathy via pericyte-mediated endothelial dysfunction. Alzheimers Res
Ther. 2024;16(1):56. https://doi.org/10.1186/s13195-024-01423-w.
Keaney ], Campbell M. The dynamic blood-brain barrier. FEBS J. 2015;282
(21):4067-4079. https://doi.org/10.1111 /febs.13412.

Johnson LA. APOE at the BBB: pericyte-derived apolipoprotein E4
diminishes endothelial cell barrier function. Arterioscler Thromb Vasc Biol.
2020;40(1):14-16. https://doi.org/10.1161/ATVBAHA.119.313627.

Liu G, Wang ], Wei Z, et al. Elevated PDGF-BB from bone impairs
hippocampal vasculature by inducing PDGFR shedding from pericytes. Adv
Sci (Weinh).  2023;10(20):e2206938.  https://doi.org/10.1002/advs.
202206938.

Sun Z, Gao C, Gao D, et al. Reduction in pericyte coverage leads to blood-
brain barrier dysfunction via endothelial transcytosis following chronic
cerebral hypoperfusion. Fluids Barriers CNS. 2021;18(1):21. https://doi.org
/10.1186/512987-021-00255-2.

Yuan H, Sun D, Ji Y, et al. Pericyte loss impairs the blood-brain barrier and
cognitive function in aged mice after anesthesia/surgery. Brain Res Bull.
2023;204:110799. https://doi.org/10.1016/j.brainresbull.2023.110799.
Halliday MR, Rege SV, Ma Q, et al. Accelerated pericyte degeneration and
blood-brain barrier breakdown in apolipoprotein E4 carriers with
Alzheimer’s disease. ] Cereb Blood Flow Metab. 2016;36(1):216-227. https:/
/doi.org/10.1038/jcbfm.2015.44.

786

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Chinese Journal of Natural Medicines 24 (2026) 769-790

Li J, Du M, Dong G, et al. Early intervention with pericyte Fli-1 post-TBI
attenuates hippocampal BBB disruption and subsequent neuroin-
flammation with neurological deficits. Biochim Biophys Acta Mol Basis Dis.
2025;1871(3):167671. https://doi.org/10.1016/j.bbadis.2025.167671.
Reyahi A, Nik AM, Ghiami M, et al. Foxf2 is required for brain pericyte
differentiation and development and maintenance of the blood-brain
barrier. Dev Cell. 2015;34(1):19-32. https://doi.org/10.1016/j.devcel.2015.
05.008.

Yang Y, Yang LY, Salayandia VM, et al. Treatment with atorvastatin during
vascular remodeling promotes pericyte-mediated blood-brain barrier
maturation following ischemic stroke. Transl Stroke Res. 2021;12(5):905-
922. https://doi.org/10.1007 /s12975-020-00883-0.

Sun Z, Zhao H, Yang S, et al. Edaravone dexborneol protects against blood-
brain barrier disruption following cerebral ischemia/reperfusion by
upregulating pericyte coverage via vitronectin-integrin and PDGFB/PDGFR-
B signaling. Free Radic Biol Med. 2024;225:758-766. https://doi.org/10.
1016/j.freeradbiomed.2024.10.309.

Yao F, Luo Y, Liu YC, et al. Imatinib inhibits pericyte-fibroblast transition
and inflammation and promotes axon regeneration by blocking the PDGF-
BB/PDGFR@ pathway in spinal cord injury. Inflamm Regen. 2022;42(1):44.
https://doi.org/10.1186/s41232-022-00223-9.

Yuan X, Wu Q, Wang P, et al. Exosomes derived from pericytes improve
microcirculation and protect blood-spinal cord barrier after spinal cord
injury in mice. Front Neurosci. 2019;13:319. https://doi.org/10.3389 /fnins.
2019.00319.

Zhou H, Zheng D, Wang H, et al. The protective effects of pericyte-derived
microvesicles on vascular endothelial functions via CTGF delivery in sepsis.
Cell Commun Signal. 2021;19(1):115. https://doi.org/10.1186 /s12964-021-
00795-y.

David S, Kiimpers P, van Slyke P, et al. Mending leaky blood vessels: the
angiopoietin-Tie2 pathway in sepsis. ] Pharmacol Exp Ther. 2013;345(1):2-
6. https://doi.org/10.1124 /jpet.112.201061.

Ye K, Li ], Li X, et al. Ang1/Tie2 induces cell proliferation and migration in
human papillary thyroid carcinoma via the PI3K/AKT pathway. Oncol Lett.
2018;15(1):1313-1318. https://doi.org/10.3892/0l.2017.7367.

Wu Q, Yuan X, Li B, et al. Differential miRNA expression analysis of
extracellular vesicles from brain microvascular pericytes in spontaneous
hypertensive rats. Biotechnol Lett. 2020;42(3):389-401. https://doi.org/10.
1007/s10529-019-02788-x.

Demolli S, Doddaballapur A, Devraj K, et al. Shear stress-regulated miR-27b
controls pericyte recruitment by repressing SEMA6A and SEMAG6D.
Cardiovasc  Res. 2017;113(6):681-691. https://doi.org/10.1093/cvr/
cvx032.

Gao P, Yi J, Chen W, et al. Pericyte-derived exosomal miR-210 improves
mitochondrial function and inhibits lipid peroxidation in vascular
endothelial cells after traumatic spinal cord injury by activating JAK1/
STAT3 signaling pathway. J Nanobiotechnol. 2023;21(1):452. https://doi.
org/10.1186/s12951-023-02110-y.

Lin L, Chen Z, Huang C, et al. Mito-TEMPO, a mitochondria-targeted
antioxidant, improves cognitive dysfunction due to hypoglycemia: an
association with reduced pericyte loss and blood-brain barrier leakage. Mol
Neurobiol. 2023;60(2):672-686. https://doi.org/10.1007/s12035-022-
03101-0.

Pisani F, Castagnola V, Simone L, et al. Role of pericytes in blood-brain
barrier preservation during ischemia through tunneling nanotubes. Cell
Death Dis. 2022;13(7):582. https://doi.org/10.1038/s41419-022-05025-y.
Fu J, Li L, Huo D, et al. Astrocyte-derived TGFf1 facilitates blood-brain
barrier function via non-canonical hedgehog signaling in brain
microvascular endothelial cells. Brain Sci. 2021;11(1):77. https://doi.org/
10.3390/brainsci11010077.

Ye Q, Jo J, Wang CY, et al. Astrocytic Slc4a4 regulates blood-brain barrier
integrity in healthy and stroke brains via a CCL2-CCR2 pathway and NO
dysregulation. Cell Rep. 2024;43(5):114193. https://doi.org/10.1016/j.
celrep.2024.114193.

Liddelow SA, Barres BA. Reactive astrocytes: production, function, and
therapeutic potential. Immunity. 2017;46(6):957-967. https://doi.org/10.
1016/j.immuni.2017.06.006.

Zhang Q, Liu C, Shi R, et al. Blocking C3d"/GFAP" A1 astrocyte conversion
with semaglutide attenuates blood-brain barrier disruption in mice after
ischemic stroke. Aging Dis. 2022;13(3):943-959. https://doi.org/10.14336/
AD.2021.1029.

Li R, Zhou Y, Zhang S, et al. The natural (poly)phenols as modulators of
microglia polarization via TLR4/NF-kB pathway exert anti-inflammatory
activity in ischemic stroke. Eur | Pharmacol. 2022;914:174660. https://doi.
org/10.1016/j.ejphar.2021.174660.

Lan G, Wang P, Chan RB, et al. Astrocytic VEGFA: an essential mediator in
blood-brain-barrier disruption in Parkinson’s disease. Glia. 2022;70(2):337-
353. https://doi.org/10.1002/glia.24109.

Zhou S, Liu C, Wang ], et al. CCL5 mediated astrocyte-T cell interaction
disrupts blood-brain barrier in mice after hemorrhagic stroke. J Cereb Blood
Flow Metab. 2024;44(3):367-383. https://doi.org/10.1177/0271678X
231214838.

Spampinato SF, Merlo S, Costantino G, et al. Decreased astrocytic CCL2


https://doi.org/10.2217/14622416.9.1.105
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1007/s11064-021-03472-1
https://doi.org/10.1038/clpt.2013.34
https://doi.org/10.1038/clpt.2013.34
https://doi.org/10.1038/clpt.2013.34
https://doi.org/10.3390/ijms232415488
https://doi.org/10.3390/ijms232415488
https://doi.org/10.1021/jm040114b
https://doi.org/10.1021/jm901763f
https://doi.org/10.1021/jm901763f
https://doi.org/10.1021/jm901763f
https://doi.org/10.1016/j.jdiacomp.2016.02.002
https://doi.org/10.1016/j.jdiacomp.2016.02.002
https://doi.org/10.1016/j.jdiacomp.2016.02.002
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1007/s11030-014-9562-2
https://doi.org/10.1111/cns.14633
https://doi.org/10.1111/cns.14633
https://doi.org/10.1111/cns.14633
https://doi.org/10.1523/jneurosci.0148-16.2016
https://doi.org/10.1523/jneurosci.0148-16.2016
https://doi.org/10.1523/jneurosci.0148-16.2016
https://doi.org/10.1523/jneurosci.0148-16.2016
https://doi.org/10.1523/jneurosci.0148-16.2016
https://doi.org/10.1016/j.xphs.2017.11.010
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1007/s12035-019-01673-y
https://doi.org/10.1021/acs.molpharmaceut.7b00257
https://doi.org/10.1021/acs.molpharmaceut.7b00257
https://doi.org/10.1021/acs.molpharmaceut.7b00257
https://doi.org/10.1002/bdd.2012
https://doi.org/10.1002/bdd.2012
https://doi.org/10.1002/bdd.2012
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1007/s00401-018-1893-0
https://doi.org/10.1126/science.277.5323.242
https://doi.org/10.1177/0271678X241261946
https://doi.org/10.1177/0271678X241261946
https://doi.org/10.1177/0271678X241261946
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1186/s13195-024-01423-w
https://doi.org/10.1111/febs.13412
https://doi.org/10.1111/febs.13412
https://doi.org/10.1161/ATVBAHA.119.313627
https://doi.org/10.1161/ATVBAHA.119.313627
https://doi.org/10.1002/advs.202206938
https://doi.org/10.1002/advs.202206938
https://doi.org/10.1002/advs.202206938
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1186/s12987-021-00255-2
https://doi.org/10.1016/j.brainresbull.2023.110799
https://doi.org/10.1016/j.brainresbull.2023.110799
https://doi.org/10.1038/jcbfm.2015.44
https://doi.org/10.1038/jcbfm.2015.44
https://doi.org/10.1038/jcbfm.2015.44
https://doi.org/10.1016/j.bbadis.2025.167671
https://doi.org/10.1016/j.bbadis.2025.167671
https://doi.org/10.1016/j.devcel.2015.05.008
https://doi.org/10.1016/j.devcel.2015.05.008
https://doi.org/10.1016/j.devcel.2015.05.008
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1007/s12975-020-00883-0
https://doi.org/10.1016/j.freeradbiomed.2024.10.309
https://doi.org/10.1016/j.freeradbiomed.2024.10.309
https://doi.org/10.1016/j.freeradbiomed.2024.10.309
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.1186/s41232-022-00223-9
https://doi.org/10.3389/fnins.2019.00319
https://doi.org/10.3389/fnins.2019.00319
https://doi.org/10.3389/fnins.2019.00319
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1186/s12964-021-00795-y
https://doi.org/10.1124/jpet.112.201061
https://doi.org/10.1124/jpet.112.201061
https://doi.org/10.3892/ol.2017.7367
https://doi.org/10.3892/ol.2017.7367
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1007/s10529-019-02788-x
https://doi.org/10.1093/cvr/cvx032
https://doi.org/10.1093/cvr/cvx032
https://doi.org/10.1093/cvr/cvx032
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1007/s12035-022-03101-0
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.1038/s41419-022-05025-y
https://doi.org/10.3390/brainsci11010077
https://doi.org/10.3390/brainsci11010077
https://doi.org/10.3390/brainsci11010077
https://doi.org/10.1016/j.celrep.2024.114193
https://doi.org/10.1016/j.celrep.2024.114193
https://doi.org/10.1016/j.celrep.2024.114193
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.14336/AD.2021.1029
https://doi.org/10.14336/AD.2021.1029
https://doi.org/10.14336/AD.2021.1029
https://doi.org/10.1016/j.ejphar.2021.174660
https://doi.org/10.1016/j.ejphar.2021.174660
https://doi.org/10.1016/j.ejphar.2021.174660
https://doi.org/10.1002/glia.24109
https://doi.org/10.1002/glia.24109
https://doi.org/10.1177/0271678X231214838
https://doi.org/10.1177/0271678X231214838
https://doi.org/10.1177/0271678X231214838

X. Yang et al,

151

152

154

155

156

157

159

160

161

162

164

165

166

167

168

169

170

171

172

173

174

accounts for BAF-312 effect on pbmcs transendothelial migration through a
blood brain barrier in vitro model. ] Neuroimmune Pharmacol. 2022;17(3-4):
427-436. https://doi.org/10.1007/s11481-021-10016-5.

Hernandes MS, Lassegue B, Hilenski LL, et al. Polymerase delta-interacting
protein 2 deficiency protects against blood-brain barrier permeability in
the ischemic brain. ] Neuroinflammation. 2018;15(1):45. https://doi.org/10.
1186/s12974-017-1032-1.

Liu C, Guo Y, Deng S, et al. Hemorrhagic stroke-induced subtype of
inflammatory reactive astrocytes disrupts blood-brain barrier. J Cereb
Blood Flow Metab. 2024;44(7):1102-1116. https://doi.org/10.1177/
0271678X241235008.

Shan Y, Tan S, Lin Y, et al. The glucagon-like peptide-1 receptor agonist
reduces inflammation and blood-brain barrier breakdown in an astrocyte-
dependent manner in experimental stroke. /] Neuroinflammation. 2019;16
(1):242. https://doi.org/10.1186/s12974-019-1638-6.

Zheng ], Lu ], Mei S, et al. Ceria nanoparticles ameliorate white matter
injury after intracerebral hemorrhage: microglia-astrocyte involvement in
remyelination. J Neuroinflammation. 2021;18(1):43. https://doi.org/10.
1186/512974-021-02101-6.

Okoreeh AK, Bake S, Sohrabji F. Astrocyte-specific insulin-like growth
factor-1 gene transfer in aging female rats improves stroke outcomes. Glia.
2017;65(7):1043-1058. https://doi.org/10.1002/glia.23142.

Jackson RJ], Meltzer JC, Nguyen H, et al. APOE4 derived from astrocytes
leads to blood-brain barrier impairment. Brain. 2022;145(10):3582-3593.
https://doi.org/10.1093 /brain/awab478.

Liu D, Liao P, Li H, et al. Regulation of blood-brain barrier integrity by
Dmp1l-expressing astrocytes through mitochondrial transfer. Sci Adv.
2024;10(26):eadk2913. https://doi.org/10.1126/sciadv.adk2913.

Jing B, Zhang C, Liu X, et al. Glycosylation of dentin matrix protein 1 is a
novel key element for astrocyte maturation and BBB integrity. Protein Cell.
2018;9(3):298-309. https://doi.org/10.1007/513238-017-0449-8.

Wei B, Liu W, Jin L, et al. Hepcidin depending on astrocytic NEO1
ameliorates  blood-brain  barrier dysfunction after subarachnoid
hemorrhage. Cell Death Dis. 2024;15(8):569. https://doi.org/10.1038/
$41419-024-06909-x.

Mills WA 3rd, Woo AM, Jiang S, et al. Astrocyte plasticity in mice ensures
continued endfoot coverage of cerebral blood vessels following injury and
declines with age. Nat Commun. 2022;13(1):1794. https://doi.org/10.1038
/s41467-022-29475-2.

Heithoff BP, George KK, Phares AN, et al. Astrocytes are necessary for blood-
brain barrier maintenance in the adult mouse brain. Glia. 2021;69(2):436-
472. https://doi.org/10.1002/glia.23908.

Takarada-lemata M, Yoshikawa A, Ta HM, et al. N-Myc downstream-
regulated gene 2 protects blood-brain barrier integrity following cerebral
ischemia. Glia. 2018;66(7):1432-1446. https://doi.org/10.1002 /glia.23315.
Huang SF, Othman A, Koshkin A, et al. Astrocyte glutathione maintains
endothelial barrier stability. Redox Biol. 2020;34:101576. https://doi.org/
10.1016/j.redox.2020.101576.

Begum G, Song S, Wang S, et al. Selective knockout of astrocytic Na*/H"
exchanger isoform 1 reduces astrogliosis, BBB damage, infarction, and
improves neurological function after ischemic stroke. Glia. 2018;66(1):126-
144. https://doi.org/10.1002/glia.23232.

Mohamed LA, Markandaiah SS, Bonanno S, et al. Excess glutamate secreted
from astrocytes drives upregulation of P-glycoprotein in endothelial cells in
amyotrophic lateral sclerosis. Exp Neurol. 2019;316:27-38. https://doi.org/
10.1016/j.expneurol.2019.04.002.

Tang T, Chen H, Hu L, et al. TIMP1 protects against blood-brain barrier
disruption after subarachnoid haemorrhage by inhibiting ubiquitination of
astrocytic f1-integrin. Stroke Vasc Neurol. 2024;9(6):671-684. https://doi.
org/10.1136/svn-2023-002956.

Qin X, Wang J, Chen S, et al. Astrocytic p75"" expression provoked by
ischemic stroke exacerbates the blood-brain barrier disruption. Glia.
2022;70(5):892-912. https://doi.org/10.1002/glia.24146.

Hou Y, Xie Y, Liu X, et al. Oxygen glucose deprivation-pretreated astrocyte-
derived exosomes attenuates intracerebral hemorrhage (ICH)-induced BBB
disruption through miR-27a-3p /ARHGAP25/Wnt/B-catenin axis. Fluids
Barriers CNS. 2024;21(1):8. https://doi.org/10.1186/512987-024-00510-2.
Yao Y. Basement membrane and stroke. J Cereb Blood Flow Metab. 2019;39
(1):3-19. https://doi.org/10.1177/0271678X18801467.

Seeger DR, Golovko SA, Golovko MY. Blood-brain barrier is the major site
for a rapid and dramatic prostanoid increase upon brain global ischemia.
Lipids. 2020;55(1):79-85. https://doi.org/10.1002/lipd.12205.

Ceafalan LC, Fertig TE, Gheorghe TC, et al. Age-related ultrastructural
changes of the basement membrane in the mouse blood-brain barrier. J Cell
Mol Med. 2019;23(2):819-827. https://doi.org/10.1111/jcmm.13980.

Ji Y, Gao Q, Ma Y, et al. An MMP-9 exclusive neutralizing antibody
attenuates blood-brain barrier breakdown in mice with stroke and reduces
stroke patient-derived MMP-9 activity. Pharmacol Res. 2023;190:106720.
https://doi.org/10.1016/j.phrs.2023.106720.

Kang M, Yao Y. Laminin regulates oligodendrocyte development and
myelination. Glia. 2022;70(3):414-429. https://doi.org/10.1002/glia.
24117.

Yao Y, Chen ZL, Norris EH, et al. Astrocytic laminin regulates pericyte

787

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Chinese Journal of Natural Medicines 24 (2026) 769-790

differentiation and maintains blood brain barrier integrity. Nat Commun.
2014;5:3413. https://doi.org/10.1038/ncomms4413.

Chen ZL, Yao Y, Norris EH, et al. Ablation of astrocytic laminin impairs
vascular smooth muscle cell function and leads to hemorrhagic stroke. J Cell
Biol. 2013;202(2):381-395. https://doi.org/10.1083/jcb.201212032.
Segarra M, Aburto MR, Cop F, et al. Endothelial Dab1 signaling orchestrates
neuro-glia-vessel communication in the central nervous system. Science.
2018;361(6404):eaa02861. https://doi.org/10.1126/science.aao2861.
Nirwane A, Johnson |, Nguyen B, et al. Mural cell-derived laminin-a5 plays a
detrimental role in ischemic stroke. Acta Neuropathol Commun. 2019;7(1):
23. https://doi.org/10.1186/s40478-019-0676-8.

Nirwane A, Kang M, Adithan A, et al. Endothelial and mural laminin-a5
contributes to neurovascular integrity maintenance. Fluids Barriers CNS.
2024;21(1):18. https://doi.org/10.1186/s12987-024-00521-z.

Gautam J, Miner JH, Yao Y. Loss of endothelial laminin a5 exacerbates
hemorrhagic brain injury. Transl Stroke Res. 2019;10(6):705-718. https://
doi.org/10.1007/s12975-019-0688-5.

Ruan ], Kang M, Nirwane A, et al. A dispensable role of mural cell-derived
laminin-a5 in intracerebral hemorrhage. J Cereb Blood Flow Metab. 2024;44
(9):1677-1690. https://doi.org/10.1177/0271678X241264083.

Gautam ], Xu L, Nirwane A, et al. Loss of mural cell-derived laminin
aggravates hemorrhagic brain injury. / Neuroinflammation. 2020;17(1):103.
https://doi.org/10.1186/s12974-020-01788-3.

Gautam ], Zhang X, Yao Y. The role of pericytic laminin in blood brain
barrier integrity maintenance. Sci Rep. 2016;6:36450. https://doi.org/10.
1038/srep36450.

Gautam J, Cao Y, Yao Y. Pericytic laminin maintains blood-brain barrier
integrity in an age-dependent manner. Transl Stroke Res. 2020;11(2):228-
242. https://doi.org/10.1007/s12975-019-00709-8.

Kang M, Yao Y. Oligodendrocyte-derived laminin-y1 regulates the blood-
brain barrier and CNS myelination in mice. Cell Rep. 2024;43(5):114123.
https://doi.org/10.1016/j.celrep.2024.114123.

Menezes MJ, McClenahan FK, Leiton CV, et al. The extracellular matrix
protein laminin a2 regulates the maturation and function of the blood-
brain barrier. / Neurosci. 2014;34(46):15260-15280. https://doi.org/10.
1523/JNEUROSCI.3678-13.2014.

Jeanne M, Jorgensen ], Gould DB. Molecular and genetic analyses of collagen
type IV mutant mouse models of spontaneous intracerebral hemorrhage
identify mechanisms for stroke prevention. Circulation. 2015;131:1555-
1565. https://doi.org/10.1161/CIRCULATIONAHA.114.013395.

Cottarelli A, Corada M, Beznoussenko GV, et al. Fgfbpl promotes blood-
brain barrier development by regulating collagen IV deposition and
maintaining Wnt/S-catenin  signaling. Development. 2020;147(16):
dev185140. https://doi.org/10.1242/dev.185140.

Xu L, Nirwane A, Yao Y. Basement membrane and blood-brain barrier.
Stroke Vasc Neurol. 2018;4(2):78-82. https://doi.org/10.1136/svn-2018-
000198.

Deguchi Y, Okutsu H, Okura T, et al. Internalization of basic fibroblast
growth factor at the mouse blood-brain barrier involves perlecan, a
heparan sulfate proteoglycan. /] Neurochem. 2002;83(2):381-389. https://
doi.org/10.1046/j.1471-4159.2002.01129.x.

Roberts ], Kahle MP, Bix GJ. Perlecan and the blood-brain barrier: beneficial
proteolysis? Front Pharmacol. 2012;3:155. https://doi.org/10.3389/fphar.
2012.00155.

Nakamura K, Ikeuchi T, Nara K, et al. Perlecan regulates pericyte dynamics
in the maintenance and repair of the blood-brain barrier. J Cell Biol.
2019;218(10):3506-3525. https://doi.org/10.1083/jcb.201807178.

Yang L, Lin Z, Mu R, et al. Neurons enhance blood-brain barrier function via
upregulating claudin-5 and VE-cadherin expression due to glial cell line-
derived neurotrophic factor secretion. eLife. 2024;13:RP96161. https://doi.
org/10.7554 /eLife.96161.

Qi Z, Zhou X, Dong W, et al. Neuronal zinc transporter ZnT3 modulates
cerebral ischemia-induced blood-brain barrier disruption. Aging Dis.
2023;15(6):2727-2741. https://doi.org/10.14336/AD.2023.1011.

Li YN, Pan R, Qin XJ, et al. Ischemic neurons activate astrocytes to disrupt
endothelial barrier via increasing VEGF expression. | Neurochem. 2014;129
(1):120-129. https://doi.org/10.1111/jnc.12611.

Li F, Zhang Y, Li R, et al. Neuronal Serpina3n is an endogenous protector
against blood brain barrier damage following cerebral ischemic stroke. J
Cereb Blood Flow Metab. 2023;43(2):241-257. https://doi.org/10.1177/
0271678X221113897.

Michael BD, Bricio-Moreno L, Sorensen EW, et al. Astrocyte- and neuron-
derived CXCL1 drives neutrophil transmigration and blood-brain barrier
permeability in viral encephalitis. Cell Rep. 2020;32(11):108150. https://
doi.org/10.1016/j.celrep.2020.108150.

Chai Q, She R, Huang Y, et al. Expression of neuronal CXCL10 induced by
rabies virus infection initiates infiltration of inflammatory cells, production
of chemokines and cytokines, and enhancement of blood-brain barrier
permeability. J Virol. 2015;89(1):870-876. https://doi.org/10.1128/JVL.
02154-14.

Bynoe MS, Viret C, Yan A, et al. Adenosine receptor signaling: a key to
opening the blood-brain door. Fluids Barriers CNS. 2015;12:20. https://doi.
org/10.1186/s12987-015-0017-7.


https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1007/s11481-021-10016-5
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1186/s12974-017-1032-1
https://doi.org/10.1177/0271678X241235008
https://doi.org/10.1177/0271678X241235008
https://doi.org/10.1177/0271678X241235008
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-019-1638-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1186/s12974-021-02101-6
https://doi.org/10.1002/glia.23142
https://doi.org/10.1002/glia.23142
https://doi.org/10.1093/brain/awab478
https://doi.org/10.1126/sciadv.adk2913
https://doi.org/10.1126/sciadv.adk2913
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1007/s13238-017-0449-8
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41419-024-06909-x
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1038/s41467-022-29475-2
https://doi.org/10.1002/glia.23908
https://doi.org/10.1002/glia.23908
https://doi.org/10.1002/glia.23315
https://doi.org/10.1002/glia.23315
https://doi.org/10.1016/j.redox.2020.101576
https://doi.org/10.1016/j.redox.2020.101576
https://doi.org/10.1016/j.redox.2020.101576
https://doi.org/10.1002/glia.23232
https://doi.org/10.1002/glia.23232
https://doi.org/10.1016/j.expneurol.2019.04.002
https://doi.org/10.1016/j.expneurol.2019.04.002
https://doi.org/10.1016/j.expneurol.2019.04.002
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1136/svn-2023-002956
https://doi.org/10.1002/glia.24146
https://doi.org/10.1002/glia.24146
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1186/s12987-024-00510-2
https://doi.org/10.1177/0271678X18801467
https://doi.org/10.1177/0271678X18801467
https://doi.org/10.1002/lipd.12205
https://doi.org/10.1002/lipd.12205
https://doi.org/10.1111/jcmm.13980
https://doi.org/10.1111/jcmm.13980
https://doi.org/10.1016/j.phrs.2023.106720
https://doi.org/10.1002/glia.24117
https://doi.org/10.1002/glia.24117
https://doi.org/10.1002/glia.24117
https://doi.org/10.1038/ncomms4413
https://doi.org/10.1038/ncomms4413
https://doi.org/10.1083/jcb.201212032
https://doi.org/10.1083/jcb.201212032
https://doi.org/10.1126/science.aao2861
https://doi.org/10.1126/science.aao2861
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s40478-019-0676-8
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1186/s12987-024-00521-z
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1007/s12975-019-0688-5
https://doi.org/10.1177/0271678X241264083
https://doi.org/10.1177/0271678X241264083
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1186/s12974-020-01788-3
https://doi.org/10.1038/srep36450
https://doi.org/10.1038/srep36450
https://doi.org/10.1038/srep36450
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1016/j.celrep.2024.114123
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1523/JNEUROSCI.3678-13.2014
https://doi.org/10.1161/CIRCULATIONAHA.114.013395
https://doi.org/10.1161/CIRCULATIONAHA.114.013395
https://doi.org/10.1242/dev.185140
https://doi.org/10.1242/dev.185140
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1136/svn-2018-000198
https://doi.org/10.1046/j.1471-4159.2002.01129.x
https://doi.org/10.1046/j.1471-4159.2002.01129.x
https://doi.org/10.1046/j.1471-4159.2002.01129.x
https://doi.org/10.1046/j.1471-4159.2002.01129.x
https://doi.org/10.1046/j.1471-4159.2002.01129.x
https://doi.org/10.3389/fphar.2012.00155
https://doi.org/10.3389/fphar.2012.00155
https://doi.org/10.3389/fphar.2012.00155
https://doi.org/10.1083/jcb.201807178
https://doi.org/10.1083/jcb.201807178
https://doi.org/10.7554/eLife.96161
https://doi.org/10.7554/eLife.96161
https://doi.org/10.7554/eLife.96161
https://doi.org/10.14336/AD.2023.1011
https://doi.org/10.14336/AD.2023.1011
https://doi.org/10.1111/jnc.12611
https://doi.org/10.1111/jnc.12611
https://doi.org/10.1177/0271678X221113897
https://doi.org/10.1177/0271678X221113897
https://doi.org/10.1177/0271678X221113897
https://doi.org/10.1016/j.celrep.2020.108150
https://doi.org/10.1016/j.celrep.2020.108150
https://doi.org/10.1016/j.celrep.2020.108150
https://doi.org/10.1128/JVI.02154-14
https://doi.org/10.1128/JVI.02154-14
https://doi.org/10.1128/JVI.02154-14
https://doi.org/10.1128/JVI.02154-14
https://doi.org/10.1128/JVI.02154-14
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7
https://doi.org/10.1186/s12987-015-0017-7

X Yang etal.

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

Pulido RS, Munji RN, Chan TC, et al. Neuronal activity regulates blood-brain
barrier efflux transport through endothelial circadian genes. Neuron.
2020;108(5):937-952.e7. https://doi.org/10.1016/j.neuron.2020.09.002.
Mehrabadi AR, Korolainen MA, Odero G, et al. Poly(ADP-ribose)
polymerase-1 regulates microglia mediated decrease of endothelial tight
junction integrity. Neurochem Int. 2017;108:266-271. https://doi.org/10.
1016/j.neuint.2017.04.014.

Haruwaka K, Ikegami A, Tachibana Y, et al. Dual microglia effects on blood
brain barrier permeability induced by systemic inflammation. Nat Commun.
2019;10(1):5816. https://doi.org/10.1038/s41467-019-13812-z

Weng Y, Chen N, Zhang R, et al. An integral blood-brain barrier in
adulthood relies on microglia-derived PDGFB. Brain Behav Immun.
2024;115:705-717. https://doi.org/10.1016/j.bbi.2023.11.023.
Shigemoto-Mogami Y, Hoshikawa K, Sato K. Activated microglia disrupt the
blood-brain barrier and induce chemokines and cytokines in a rat in vitro
model. Front Cell Neurosci. 2018;12:494. https://doi.org/10.3389 /fncel.
2018.00494.

Cherry JD, Olschowka JA, O'Banion MK. Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. /| Neuroinflammation.
2014;11:98. https://doi.org/10.1186/1742-2094-11-98.

Yu Z, Su G, Zhang L, et al. Icaritin inhibits neuroinflammation in a rat
cerebral ischemia model by regulating microglial polarization through the
GPER-ERK-NF-«B signaling pathway. Mol Med. 2022;28(1):142. https://doi.
org/10.1186/s10020-022-00573-7.

Kangwantas K, Pinteaux E, Penny ]. The extracellular matrix protein
laminin-10 promotes blood-brain barrier repair after hypoxia and
inflammation in vitro. ] Neuroinflammation. 2016;13:25. https://doi.org/10.
1186/s12974-016-0495-9.

Labus ], Woltje K, Stolte KN, et al. IL-18 promotes transendothelial
migration of PBMCs by upregulation of the FN/a5f1 signalling pathway in
immortalised human brain microvascular endothelial cells. Exp Cell Res.
2018;373(1-2):99-111. https://doi.org/10.1016/j.yexcr.2018.10.002.
Takata F, Dohgu S, Matsumoto ], et al. Brain pericytes among cells
constituting the blood-brain barrier are highly sensitive to tumor necrosis
factor-a, releasing matrix metalloproteinase-9 and migrating in vitro. |
Neuroinflammation. 2011;8:106. https://doi.org/10.1186/1742-2094-8-
106.

Hartz AM, Bauer B, Fricker G, et al. Rapid modulation of P-glycoprotein-
mediated transport at the blood-brain barrier by tumor necrosis factor-
alpha and lipopolysaccharide. Mol Pharmacol. 2006;69(2):462-470. https:/
/doi.org/10.1124/mol.105.017954.

Sonar SA, Shaikh S, Joshi N, et al. IFN-y promotes transendothelial
migration of CD4" T cells across the blood-brain barrier. Immunol Cell Biol.
2017;95(9):843-853. https://doi.org/10.1038/icb.2017.56.

Rochfort KD, Cummins PM. The blood-brain barrier endothelium: a target
for pro-inflammatory cytokines. Biochem Soc Trans. 2015;43(4):702-706.
https://doi.org/10.1042/BST20140319.

Zhang Y, Gao Z, Wang D, et al. Accumulation of natural killer cells in
ischemic brain tissues and the chemotactic effect of IP-10. J
Neuroinflammation. 2014;11:79. https://doi.org/10.1186/1742-2094-11-
79.

Guedes JR, Lao T, Cardoso AL, et al. Roles of microglial and monocyte
chemokines and their receptors in regulating Alzheimer’s disease-
associated amyloid-f and Tau pathologies. Front Neurol. 2018;9:549. https:
//doi.org/10.3389/fneur.2018.00549.

Israelsson C, Bengtsson H, Lobell A, et al. Appearance of Cxcl10-expressing
cell clusters is common for traumatic brain injury and neurodegenerative
disorders. Eur J Neurosci. 2010;31(5):852-863. https://doi.org/10.1111/j.
1460-9568.2010.07105.x.

Yang F, Wang Z, Wei X, et al. NLRP3 deficiency ameliorates neurovascular
damage in experimental ischemic stroke. / Cereb Blood Flow Metab. 2014;34
(4):660-667. https://doi.org/10.1038/jcbfm.2013.242.

Liao Y, Hu J, Guo C, et al. Acteoside alleviates blood-brain barrier damage
induced by ischemic stroke through inhibiting microglia HMGB1/TLR4/
NLRP3 signaling. Biochem Pharmacol. 2024;220:115968. https://doi.org/
10.1016/j.bcp.2023.115968.

Roseborough AD, Zhu Y, Zhao L, et al. Fibrinogen primes the microglial
NLRP3 inflammasome and propagates pro-inflammatory signaling via
extracellular vesicles: implications for blood-brain barrier dysfunction.
Neurobiol Dis. 2023;177:106001. https://doi.org/10.1016/j.nbd.2023.
106001.

Lawrence JH, Patel A, King MW, et al. Microglia drive diurnal variation in
susceptibility to inflammatory blood-brain barrier breakdown. JCI Insight.
2024;9(21):e180081. https://doi.org/10.1101/2024.04.10.588924.

Thiel VE, Audus KL. Nitric oxide and blood-brain barrier integrity. Antioxid
Redox Signal. 2001;3(2):273-278. https://doi.org/10.1089/152308601300
185223.

Schreibelt G, Kooij G, Reijerkerk A, et al. Reactive oxygen species alter brain
endothelial tight junction dynamics via RhoA, P13 kinase, and PKB signaling.
FASEB . 2007;21(13):3666-3676. https://doi.org/10.1096/fj.07-8329com.
Khan M, Dhammu TS, Sakakima H, et al. The inhibitory effect of S-
nitrosoglutathione on blood-brain barrier disruption and peroxynitrite
formation in a rat model of experimental stroke. ] Neurochem. 2012;123

788

222

223

224

225

226

227

228

229

230

231

232

233

234

236

237

238

239

240

241

242

243

Chinese Journal of Natural Medicines 24 (2026) 769-790

(Suppl.2):86-97. https://doi.org/10.1111/j.1471-4159.2012.07947 x.

Gu Y, Zheng G, Xu M, et al. Caveolin-1 regulates nitric oxide-mediated
matrix metalloproteinases activity and blood-brain barrier permeability in
focal cerebral ischemia and reperfusion injury. /] Neurochem. 2012;120(1):
147-156. https://doi.org/10.1111/j.1471-4159.2011.07542.x.

Li L, Tao Y, Tang ], et al. A cannabinoid receptor 2 agonist prevents
thrombin-induced blood-brain barrier damage via the inhibition of
microglial activation and matrix metalloproteinase expression in rats.
Transl Stroke Res. 2015;6(6):467-477. https://doi.org/10.1007/s12975-
015-0425-7.

Jiang X, Andjelkovic AV, Zhu L, et al. Blood-brain barrier dysfunction and
recovery after ischemic stroke. Prog Neurobiol. 2018;163-164:144-171.
https://doi.org/10.1016/j.pneurobio.2017.10.001.

Guo Z, Ruan Z, Zhang D, et al. Rotenone impairs learning and memory in
mice through microglia-mediated blood brain barrier disruption and
neuronal apoptosis. Chemosphere. 2022;291(Pt2):132982. https://doi.org/
10.1016/j.chemosphere.2021.132982.

Hu X, Leak RK, Shi Y, et al. Microglial and macrophage polarization-new
prospects for brain repair. Nat Rev Neurol. 2015;11(1):56-64. https://doi.
org/10.1038/nrneurol.2014.207.

Zheng ZV, Lyu H, Lam SYE, et al. The dynamics of microglial polarization
reveal the resident neuroinflammatory responses after subarachnoid
hemorrhage. Transl Stroke Res. 2019;11:433-449. https://doi.org/10.1007/
512975-019-00728-5.

Garcia JM, Stillings SA, Leclerc JL, et al. Role of interleukin-10 in acute brain
injuries. Front Neurol. 2017;8:244. https://doi.org/10.3389/fneur.2017.
00244.

Zhang L, Lu X, Gong L, et al. Tetramethylpyrazine protects blood-spinal
cord barrier integrity by modulating microglia polarization through
activation of STAT3/SOCS3 and inhibition of NF-kB signaling pathways in
experimental autoimmune encephalomyelitis mice. Cell Mol Neurobiol.
2021;41(4):717-731. https://doi.org/10.1007/s10571-020-00878-3.

Gao M, Li Y, Ho W, et al. Targeted mRNA nanoparticles ameliorate blood-
brain barrier disruption postischemic stroke by modulating microglia
polarization. ACS Nano. 2024;18(4):3260-3275. https://doi.org/10.1021/
acsnano.3c09817.

Pan JJ, Qi L, Wang L, et al. M2 microglial extracellular vesicles attenuated
blood-brain barrier disruption via MiR-23a-5p in cerebral ischemic mice.
Aging Dis. 2024;15(3):1344-1356. https://doi.org/10.14336/AD.2023.
0714.

Li F, Liu WC, Wang Q, et al. NG2-glia cell proliferation and differentiation by
glial growth factor 2 (GGF2), a strategy to promote functional recovery
after ischemic stroke. Biochem Pharmacol. 2020;171:113720. https://doi.
org/10.1016//j.bcp.2019.113720.

Pfeiffer F, Sherafat A, Nishiyama A. The impact of fixation on the detection
of oligodendrocyte precursor cell morphology and vascular associations.
Cells. 2021;10(6):1302. https://doi.org/10.3390/cells10061302.

Girolamo F, Errede M, Longo G, et al. Defining the role of NG2-expressing
cells in experimental models of multiple sclerosis. A biofunctional analysis
of the neurovascular unit in wild type and NG2 null mice. PLoS One. 2019;
14(3):e0213508. https://doi.org/10.1371/journal.pone.0213508.

Niu J, Tsai HH, Hoi KK, et al. Aberrant oligodendroglial-vascular
interactions disrupt the blood-brain barrier, triggering CNS inflammation.
Nat Neurosci. 2019;22(5):709-718. https://doi.org/10.1038/s41593-019-
0369-4.

Kimura I, Dohgu S, Takata F, et al. Oligodendrocytes upregulate blood-brain
barrier function through mechanisms other than the PDGF-BB/PDGFRa
pathway in the barrier-tightening effect of oligodendrocyte progenitor cells.
Neurosci Lett. 2020;715:134594. https://doi.org/10.1016/j.neulet.2019.
134594.

Chavali M, Ulloa-Navas M], Pérez-Borreda P, et al. Wnt-dependent
oligodendroglial-endothelial  interactions regulate = white  matter
vascularization and attenuate injury. Neuron. 2020;108(6):1130-1145.e5.
https://doi.org/10.1016/j.neuron.2020.09.033.

Li X, Cai Y, Zhong Z, et al. NG2-glia cause diabetic blood-brain barrier
disruption by secreting MMP-9. Diabetes Metab ]. 2026;50(1):47-61. https:/
/doi.org/10.4093/dm;j.2023.0342.

Zhang Y, Liu Y, Zhang X, et al. Omarigliptin protects the integrity of the
blood-brain barrier after intracerebral hemorrhage in mice. J Inflamm Res.
2023;16:2535-2548. https://doi.org/10.2147/]IR.S411017.

Manukjan N, Majcher D, Leenders P, et al. Hypoxic oligodendrocyte
precursor cell-derived VEGFA is associated with blood-brain barrier
impairment. Acta Neuropathol Commun. 2023;11(1):128. https://doi.org/
10.1186/s40478-023-01627-5.

Wang L, Geng J, Qu M, Oligodendrocyte precursor cells
transplantation protects blood-brain barrier in a mouse model of brain
ischemia via Wnt/p-catenin signaling. Cell Death Dis. 2020;11(1):9. https://
doi.org/10.1038/s41419-019-2206-9.

Liu Y, Aguzzi A. NG2 glia are required for maintaining microglia
homeostatic state. Glia. 2020;68(2):345-355. https://doi.org/10.1002/glia.
23721.

Kirdajova D, Valihrach L, Valny M, et al. Transient astrocyte-like NG2 glia
subpopulation emerges solely following permanent brain ischemia. Glia.

et al


https://doi.org/10.1016/j.neuron.2020.09.002
https://doi.org/10.1016/j.neuron.2020.09.002
https://doi.org/10.1016/j.neuint.2017.04.014
https://doi.org/10.1016/j.neuint.2017.04.014
https://doi.org/10.1016/j.neuint.2017.04.014
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1016/j.bbi.2023.11.023
https://doi.org/10.1016/j.bbi.2023.11.023
https://doi.org/10.3389/fncel.2018.00494
https://doi.org/10.3389/fncel.2018.00494
https://doi.org/10.3389/fncel.2018.00494
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s10020-022-00573-7
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1186/s12974-016-0495-9
https://doi.org/10.1016/j.yexcr.2018.10.002
https://doi.org/10.1016/j.yexcr.2018.10.002
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1124/mol.105.017954
https://doi.org/10.1124/mol.105.017954
https://doi.org/10.1124/mol.105.017954
https://doi.org/10.1038/icb.2017.56
https://doi.org/10.1038/icb.2017.56
https://doi.org/10.1042/BST20140319
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.1186/1742-2094-11-79
https://doi.org/10.3389/fneur.2018.00549
https://doi.org/10.3389/fneur.2018.00549
https://doi.org/10.3389/fneur.2018.00549
https://doi.org/10.1111/j.1460-9568.2010.07105.x
https://doi.org/10.1111/j.1460-9568.2010.07105.x
https://doi.org/10.1111/j.1460-9568.2010.07105.x
https://doi.org/10.1111/j.1460-9568.2010.07105.x
https://doi.org/10.1111/j.1460-9568.2010.07105.x
https://doi.org/10.1038/jcbfm.2013.242
https://doi.org/10.1038/jcbfm.2013.242
https://doi.org/10.1016/j.bcp.2023.115968
https://doi.org/10.1016/j.bcp.2023.115968
https://doi.org/10.1016/j.bcp.2023.115968
https://doi.org/10.1016/j.nbd.2023.106001
https://doi.org/10.1016/j.nbd.2023.106001
https://doi.org/10.1016/j.nbd.2023.106001
https://doi.org/10.1101/2024.04.10.588924
https://doi.org/10.1101/2024.04.10.588924
https://doi.org/10.1089/152308601300185223
https://doi.org/10.1089/152308601300185223
https://doi.org/10.1089/152308601300185223
https://doi.org/10.1096/fj.07-8329com
https://doi.org/10.1096/fj.07-8329com
https://doi.org/10.1096/fj.07-8329com
https://doi.org/10.1096/fj.07-8329com
https://doi.org/10.1111/j.1471-4159.2012.07947.x
https://doi.org/10.1111/j.1471-4159.2012.07947.x
https://doi.org/10.1111/j.1471-4159.2012.07947.x
https://doi.org/10.1111/j.1471-4159.2012.07947.x
https://doi.org/10.1111/j.1471-4159.2011.07542.x
https://doi.org/10.1111/j.1471-4159.2011.07542.x
https://doi.org/10.1111/j.1471-4159.2011.07542.x
https://doi.org/10.1111/j.1471-4159.2011.07542.x
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1007/s12975-015-0425-7
https://doi.org/10.1016/j.pneurobio.2017.10.001
https://doi.org/10.1016/j.chemosphere.2021.132982
https://doi.org/10.1016/j.chemosphere.2021.132982
https://doi.org/10.1016/j.chemosphere.2021.132982
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1038/nrneurol.2014.207
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.1007/s12975-019-00728-5
https://doi.org/10.3389/fneur.2017.00244
https://doi.org/10.3389/fneur.2017.00244
https://doi.org/10.3389/fneur.2017.00244
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1007/s10571-020-00878-3
https://doi.org/10.1021/acsnano.3c09817
https://doi.org/10.1021/acsnano.3c09817
https://doi.org/10.1021/acsnano.3c09817
https://doi.org/10.14336/AD.2023.0714
https://doi.org/10.14336/AD.2023.0714
https://doi.org/10.14336/AD.2023.0714
https://doi.org/10.1016/j.bcp.2019.113720
https://doi.org/10.1016/j.bcp.2019.113720
https://doi.org/10.1016/j.bcp.2019.113720
https://doi.org/10.3390/cells10061302
https://doi.org/10.3390/cells10061302
https://doi.org/10.1371/journal.pone.0213508
https://doi.org/10.1371/journal.pone.0213508
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1016/j.neulet.2019.134594
https://doi.org/10.1016/j.neulet.2019.134594
https://doi.org/10.1016/j.neulet.2019.134594
https://doi.org/10.1016/j.neuron.2020.09.033
https://doi.org/10.4093/dmj.2023.0342
https://doi.org/10.4093/dmj.2023.0342
https://doi.org/10.4093/dmj.2023.0342
https://doi.org/10.2147/JIR.S411017
https://doi.org/10.2147/JIR.S411017
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1186/s40478-023-01627-5
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1038/s41419-019-2206-9
https://doi.org/10.1002/glia.23721
https://doi.org/10.1002/glia.23721
https://doi.org/10.1002/glia.23721

X. Yang et al,

244

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

2021;69(11):2658-2681. https://doi.org/10.1002 /glia.24064.

Bouchat ], Couturier B, Marneffe C, et al. Regional oligodendrocytopathy
and astrocytopathy precede myelin loss and blood-brain barrier disruption
in a murine model of osmotic demyelination syndrome. Glia. 2018;66(3):
606-622. https://doi.org/10.1002 /glia.23268.

Zhang S, Kim B, Zhu X, et al. Glial type specific regulation of CNS
angiogenesis by HIFa-activated different signaling pathways. Nat Commun.
2020;11(1):2027. https://doi.org/10.1038/s41467-020-15656-4.
Manukjan N, Ahmed Z, Fulton D, et al. A systematic review of WNT
signaling in endothelial cell oligodendrocyte interactions: potential
relevance to cerebral small vessel disease. Cells. 2020;9(6):1545. https://
doi.org/10.3390/cells9061545.

Hamanaka G, Ohtomo R, Takase H, et al. White-matter repair: Interaction
between oligodendrocytes and the neurovascular unit. Brain Circ. 2018;4
(3):118-123. https://doi.org/10.4103 /bc.bc_15_18.

Rufino-Ramos D, Albuquerque PR, Carmona V, et al. Extracellular vesicles:
novel promising delivery systems for therapy of brain diseases. J Control
Release. 2017;262:247-258. https://doi.org/10.1016/j.jconrel.2017.07.001.
Li JF, Wang NS, Lu HW, et al. Pharmacokinetic study of muscone in rats.
Tradit Chin Drug Res Clin Pharmacol. 2000;11(4):208-210. https://doi.org/
10.19378/j.issn.1003-9783.2000.04.005.

Li WR, Chen RY, Huang TL, et al. Effect of natural borneol on cerebral amino
acid neurotransmitters contents in mice. Tradit Chin Drug Res Clin
Pharmacol. 2011;22(2):164-167. https://doi.org/10.19378/j.issn.1003-
9783.2011.02.010.

Sheng M, Hoogenraad CC. The postsynaptic architecture of excitatory
synapses: a more quantitative view. Annu Rev Biochem. 2007;76:823-847.
https://doi.org/10.1146 /annurev.biochem.76.060805.160029.

Wang GY, Wang N, Liao HN. Effects of muscone on the expression of P-gp,
MMP-9 on blood-brain barrier model in vitro. Cell Mol Neurobiol. 2015;35
(8):1105-1115. https://doi.org/10.1007/s10571-015-0204-8.

Li YC, Li Y, Zhang YN, et al. Muscone and (+)-borneol cooperatively
strengthen CREB induction of claudin 5 in IL-1p-induced endothelium
injury. Antioxidants (Basel). 2022;11(8):1455. https://doi.org/10.3390/
antiox11081455.

Wu X, Yu Y, Wang M, et al. AAV-delivered muscone-induced transgene
system for treating chronic diseases in mice via inhalation. Nat Commun.
2024;15(1):1122. https://doi.org/10.1038/s41467-024-45383-z.

HuaY, Zhou L, Yang W, et al. Y-2 reduces oxidative stress and inflammation
and improves neurological function of collagenase-induced intracerebral
hemorrhage rats. Eur | Pharmacol. 2021;910:174507. https://doi.org/10.
1016/j.ejphar.2021.174507.

Huang Y, Zhang X, Zhang C, et al. Edaravone dexborneol downregulates
neutrophil extracellular trap expression and ameliorates blood-brain
barrier permeability in acute ischemic stroke. Mediators Inflamm.
2022;2022:3855698. https://doi.org/10.1155/2022/3855698.

Wang D, Wang Y, Shi ], et al. Edaravone dexborneol alleviates ischemic
injury and neuroinflammation by modulating microglial and astrocyte
polarization while inhibiting leukocyte infiltration. Int Immunopharmacol.
2024;130:111700. https://doi.org/10.1016/j.intimp.2024.111700.

Teng C, Lv W, Chen Y, et al. Enhanced the treatment of ischemic stroke
through intranasal temperature-sensitive hydrogels of edaravone and
borneol inclusion complex. Int | Pharm. 2024;651:123748. https://doi.org/
10.1016/j.ijpharm.2023.123748.

Song X, Xing W, Zhang X, et al. Exploring the synergic mechanism of
Ligusticum striatum DC. and borneol in attenuating BMECs injury and
maintaining tight junctions against cerebral ischaemia based on the HIF-1a/
VEGF signalling pathway. ] Ethnopharmacol. 2023;301:115764. https://doi.
org/10.1016/j.jep.2022.115764.

Yu B, Yao Y, Zhang X, et al. Synergic neuroprotection between Ligusticum
chuanxiong Hort and borneol against ischemic stroke by neurogenesis via
modulating reactive astrogliosis and maintaining the blood-brain barrier.
Front Pharmacol. 2021;12:666790. https://doi.org/10.3389/fphar.2021.
666790.

Zhang XG, Song Y, Shan C, et al. Borneol attenuates ultrasound-targeted
microbubble destruction-induced blood-brain barrier opening in focal
cerebral ischemia. Front Neurol. 2017;8:704. https://doi.org/10.3389/
fneur.2017.00704.

LiJ, Shan X, Gao Y, et al. Acori Tatarinowii Rhizoma regulates OCT3/0ATP2
and P-gp/MRP1 to “guide medicines upwards” in Kai-Xin-San to treat
Alzheimer’s disease. | Ethnopharmacol. 2025;343:119484. https://doi.org/
10.1016/j.jep.2025.119484.

Kalra S, Sachdeva H, Pant AB, et al. Neuroprotection in traumatic brain
injury: effects of a-asarone and Acorus calamus extract in mice using weight
drop model. Naunyn Schmiedebergs Arch Pharmacol. 2025;398(9):11855-
11867. https://doi.org/10.1007/s00210-025-03977-4.

LuJ, Fu T, Qian Y, et al. Distribution of a-asarone in brain following three
different routes of administration in rats. Eur J Pharm Sci. 2014;63:63-70.
https://doi.org/10.1016/j.ejps.2014.06.006.

Zhou M, Li D, Shen Q, et al. Storax inhibits caveolae-mediated transcytosis
at blood-brain barrier after ischemic stroke in rats. Front Pharmacol.
2022;13:876235. https://doi.org/10.3389 /fphar.2022.876235.

Xie Q, Ma R, Guo X, et al. Benzoinum from Styrax tonkinensis (Pierre) Craib

789

267

268

269

270

271

272

273

274

275

276

277

279

280

281

282

283

284

285

286

287

Chinese Journal of Natural Medicines 24 (2026) 769-790

ex Hart exerts a NVU protective effect by inhibiting cell apoptosis in
cerebral ischaemia rats. /] Ethnopharmacol. 2021;265:113355. https://doi.
org/10.1016/j.jep.2020.113355.

Lan XB, Wang Q, Yang JM, et al. Neuroprotective effect of vanillin on
hypoxic-ischemic brain damage in neonatal rats. Biomed Pharmacother.
2019;118:109196. https://doi.org/10.1016/j.biopha.2019.109196.

Wang SX, Tan N, Ma CC, et al. Inhibitory effects of benzaldehyde, vanillin,
muscone and borneol on P-glycoprotein in Caco-2 cells and everted gut sac.
Pharmacology. 2018;101(5-6):269-277. https://doi.org/10.1159/000487
144.

Chen ZZ, Lu Y, Du SY, et al. Influence of borneol and muscone on geniposide
transport through MDCK and MDCK-MDRT1 cells as blood-brain barrier in
vitro model. Int | Pharm. 2013;456(1):73-79. https://doi.org/10.1016/j.
ijpharm.2013.08.017.

Kang S, Duan W, Zhang S, et al. Muscone/RI7217 co-modified upward
messenger DTX liposomes enhanced permeability of blood-brain barrier
and targeting glioma. Theranostics. 2020;10(10):4308-4322. https://doi.
org/10.7150/thno.41322.

Qi N, Duan W, Gao D, et al. “Guide” of muscone modification enhanced brain-
targeting efficacy and anti-glioma effect of lactoferrin modified DTX
liposomes. Bioeng Transl Med. 2022;8(2):e10393. https://doi.org/10.1002/
btm2.10393.

Yu B, Ruan M, Dong X, et al. The mechanism of the opening of the blood-
brain barrier by borneol: a pharmacodynamics and pharmacokinetics
combination study. J Ethnopharmacol. 2013;150(3):1096-1108. https://doi.
org/10.1016/j.jep.2013.10.028.

Wang X, Liu J], Zheng XR, et al. (+)-Borneol enhances the protective effect of
edaravone against cerebral ischemia/reperfusion injury by targeting
OAT3/P-gp transporters for drug delivery into the brain. Phytomedicine.
2025;139:156521. https://doi.org/10.1016/j.phymed.2025.156521.

Li N, Zhu A, Chen W, et al. Nasal administration of Xingnaojing biomimetic
nanoparticles for the treatment of ischemic stroke. Int ] Pharm. 2024;666:
124830. https://doi.org/10.1016/j.ijpharm.2024.124830.

Wang L, Xu L, Du J, et al. Nose-to-brain delivery of borneol modified
tanshinone IIA nanoparticles in prevention of cerebral ischemia/
reperfusion injury. Drug Deliv. 2021;28(1):1363-1375. https://doi.org/10.
1080/10717544.2021.1943058.

Lv Z, Yang Y, Wang ], et al. Optimization of the preparation conditions of
borneol-modified ginkgolide liposomes by response surface methodology
and study of their blood brain barrier permeability. Molecules. 2018;23(2):
303. https://doi.org/10.3390/molecules23020303.

Wu JY, Li Y], Yang L, et al. Borneol and A-asarone as adjuvant agents for
improving blood-brain  barrier permeability of puerarin and
tetramethylpyrazine by activating adenosine receptors. Drug Deliv. 2018;25
(1):1858-1864. https://doi.org/10.1080/10717544.2018.1516005.

Wang Y, Ma X, Wang X, et al. Traditional Chinese medicine borneol-based
polymeric micelles intracerebral drug delivery system for precisely
pathogenesis-adaptive treatment of ischemic stroke. Adv Sci (Weinh).
2025;12(9):e2410889. https://doi.org/10.1002 /advs.202410889.

Guo X, Wu G, Wang H, et al. Pep-1 & borneol-bifunctionalized carmustine-
loaded micelles enhance anti-glioma efficacy through tumor-targeting and
BBB-penetrating. / Pharm Sci. 2019;108(5):1726-1735. https://doi.org/10.
1016/j.xphs.2018.11.046.

Xu X, Li ], Han S, et al. A novel doxorubicin loaded folic acid conjugated
PAMAM modified with borneol, a nature dual-functional product of
reducing PAMAM toxicity and boosting BBB penetration. Eur ] Pharm Sci.
2016;88:178-190. https://doi.org/10.1016/j.ejps.2016.02.015.

Lv L, Li X, Qian W, et al. Enhanced anti-glioma efficacy by borneol combined
with  CGKRK-modified paclitaxel self-assembled redox-sensitive
nanoparticles. Front Pharmacol. 2020;11:558. https://doi.org/10.3389/
fphar.2020.00558.

Liu Y, Cai JY, Liu Y, et al. Borneol-modified docetaxel plus tetrandrine
micelles for treatment of drug-resistant brain glioma. Drug Dev Ind Pharm.
2024;50(2):135-149. https://doi.org/10.1080/03639045.2024.2302886.
Cao WQ, Li Y, Hou Y], et al. Enhanced anticancer efficiency of doxorubicin
against human glioma by natural borneol through triggering ROS-mediated
signal. Biomed Pharmacother. 2019;118:109261. https://doi.org/10.1016/j.
biopha.2019.109261.

Meng L, Chu X, Xing H, et al. Improving glioblastoma therapeutic outcomes
via doxorubicin-loaded nanomicelles modified with borneol. Int ] Pharm.
2019;567:118485. https://doi.org/10.1016/j.ijpharm.2019.118485.

Zhao X, Ni S, Song Y, et al. Intranasal delivery of borneol/R8dGR peptide
modified PLGA nanoparticles co-loaded with curcumin and cisplatin
alleviate hypoxia in pediatric brainstem glioma which improves the
synergistic therapy. J Control Release. 2023;362:121-137. https://doi.org/
10.1016/j.jconrel.2023.08.048.

Lin JF, Liu YS, Huang YC, et al. Borneol and tetrandrine modulate the blood-
brain barrier and blood-tumor barrier to improve the therapeutic efficacy
of 5-fluorouracil in brain metastasis. Integr Cancer Ther. 2022;21:
15347354221077682. https://doi.org/10.1177/15347354221077682.
Song H, Wei M, Zhang N, et al. Enhanced permeability of blood-brain
barrier and targeting function of brain via borneol-modified chemically
solid lipid nanoparticle. Int /] Nanomedicine. 2018;13:1869-1879. https://


https://doi.org/10.1002/glia.24064
https://doi.org/10.1002/glia.24064
https://doi.org/10.1002/glia.23268
https://doi.org/10.1002/glia.23268
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.1038/s41467-020-15656-4
https://doi.org/10.3390/cells9061545
https://doi.org/10.3390/cells9061545
https://doi.org/10.3390/cells9061545
https://doi.org/10.4103/bc.bc_15_18
https://doi.org/10.4103/bc.bc_15_18
https://doi.org/10.1016/j.jconrel.2017.07.001
https://doi.org/10.1016/j.jconrel.2017.07.001
https://doi.org/10.19378/j.issn.1003-9783.2000.04.005
https://doi.org/10.19378/j.issn.1003-9783.2000.04.005
https://doi.org/10.19378/j.issn.1003-9783.2000.04.005
https://doi.org/10.19378/j.issn.1003-9783.2000.04.005
https://doi.org/10.19378/j.issn.1003-9783.2000.04.005
https://doi.org/10.19378/j.issn.1003-9783.2011.02.010
https://doi.org/10.19378/j.issn.1003-9783.2011.02.010
https://doi.org/10.19378/j.issn.1003-9783.2011.02.010
https://doi.org/10.19378/j.issn.1003-9783.2011.02.010
https://doi.org/10.1146/annurev.biochem.76.060805.160029
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.1007/s10571-015-0204-8
https://doi.org/10.3390/antiox11081455
https://doi.org/10.3390/antiox11081455
https://doi.org/10.3390/antiox11081455
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1038/s41467-024-45383-z
https://doi.org/10.1016/j.ejphar.2021.174507
https://doi.org/10.1016/j.ejphar.2021.174507
https://doi.org/10.1016/j.ejphar.2021.174507
https://doi.org/10.1155/2022/3855698
https://doi.org/10.1155/2022/3855698
https://doi.org/10.1016/j.intimp.2024.111700
https://doi.org/10.1016/j.intimp.2024.111700
https://doi.org/10.1016/j.ijpharm.2023.123748
https://doi.org/10.1016/j.ijpharm.2023.123748
https://doi.org/10.1016/j.ijpharm.2023.123748
https://doi.org/10.1016/j.jep.2022.115764
https://doi.org/10.1016/j.jep.2022.115764
https://doi.org/10.1016/j.jep.2022.115764
https://doi.org/10.3389/fphar.2021.666790
https://doi.org/10.3389/fphar.2021.666790
https://doi.org/10.3389/fphar.2021.666790
https://doi.org/10.3389/fneur.2017.00704
https://doi.org/10.3389/fneur.2017.00704
https://doi.org/10.3389/fneur.2017.00704
https://doi.org/10.1016/j.jep.2025.119484
https://doi.org/10.1016/j.jep.2025.119484
https://doi.org/10.1016/j.jep.2025.119484
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1007/s00210-025-03977-4
https://doi.org/10.1016/j.ejps.2014.06.006
https://doi.org/10.3389/fphar.2022.876235
https://doi.org/10.3389/fphar.2022.876235
https://doi.org/10.1016/j.jep.2020.113355
https://doi.org/10.1016/j.jep.2020.113355
https://doi.org/10.1016/j.jep.2020.113355
https://doi.org/10.1016/j.biopha.2019.109196
https://doi.org/10.1016/j.biopha.2019.109196
https://doi.org/10.1159/000487144
https://doi.org/10.1159/000487144
https://doi.org/10.1159/000487144
https://doi.org/10.1016/j.ijpharm.2013.08.017
https://doi.org/10.1016/j.ijpharm.2013.08.017
https://doi.org/10.1016/j.ijpharm.2013.08.017
https://doi.org/10.7150/thno.41322
https://doi.org/10.7150/thno.41322
https://doi.org/10.7150/thno.41322
https://doi.org/10.1002/btm2.10393
https://doi.org/10.1002/btm2.10393
https://doi.org/10.1002/btm2.10393
https://doi.org/10.1016/j.jep.2013.10.028
https://doi.org/10.1016/j.jep.2013.10.028
https://doi.org/10.1016/j.jep.2013.10.028
https://doi.org/10.1016/j.phymed.2025.156521
https://doi.org/10.1016/j.phymed.2025.156521
https://doi.org/10.1016/j.ijpharm.2024.124830
https://doi.org/10.1016/j.ijpharm.2024.124830
https://doi.org/10.1080/10717544.2021.1943058
https://doi.org/10.1080/10717544.2021.1943058
https://doi.org/10.1080/10717544.2021.1943058
https://doi.org/10.3390/molecules23020303
https://doi.org/10.3390/molecules23020303
https://doi.org/10.1080/10717544.2018.1516005
https://doi.org/10.1080/10717544.2018.1516005
https://doi.org/10.1002/advs.202410889
https://doi.org/10.1002/advs.202410889
https://doi.org/10.1016/j.xphs.2018.11.046
https://doi.org/10.1016/j.xphs.2018.11.046
https://doi.org/10.1016/j.xphs.2018.11.046
https://doi.org/10.1016/j.ejps.2016.02.015
https://doi.org/10.1016/j.ejps.2016.02.015
https://doi.org/10.3389/fphar.2020.00558
https://doi.org/10.3389/fphar.2020.00558
https://doi.org/10.3389/fphar.2020.00558
https://doi.org/10.1080/03639045.2024.2302886
https://doi.org/10.1080/03639045.2024.2302886
https://doi.org/10.1016/j.biopha.2019.109261
https://doi.org/10.1016/j.biopha.2019.109261
https://doi.org/10.1016/j.biopha.2019.109261
https://doi.org/10.1016/j.ijpharm.2019.118485
https://doi.org/10.1016/j.ijpharm.2019.118485
https://doi.org/10.1016/j.jconrel.2023.08.048
https://doi.org/10.1016/j.jconrel.2023.08.048
https://doi.org/10.1016/j.jconrel.2023.08.048
https://doi.org/10.1177/15347354221077682
https://doi.org/10.1177/15347354221077682
https://doi.org/10.2147/IJN.S161237
https://doi.org/10.2147/IJN.S161237

X Yang etal.

288

289

290

291

292

293

294

doi.org/10.2147/1JN.S161237.

Wu X, Yuan R, Xu Y, et al. Functionalized lipid nanoparticles modulate the
blood-brain barrier and eliminate a-synuclein to repair dopamine neurons.
Asian | Pharm Sci. 2024;19(2):100904. https://doi.org/10.1016/].ajps.2024.
100904.

Jia Z, Yuan X, Wei JA, et al. A functionalized octahedral palladium nanozyme
as a radical scavenger for ameliorating Alzheimer’s disease. ACS Appl Mater
Interfaces. 2021;13(42):49602-49613. https://doi.org/10.1021/acsami.
1c06687.

Zhang Q, Wu D, Wu ], et al. Improved blood-brain barrier distribution:
effect of borneol on the brain pharmacokinetics of kaempferol in rats by in
vivo microdialysis sampling. /] Ethnopharmacol. 2015;162:270-277. https://
doi.org/10.1016/j.jep.2015.01.003.

Sun J, Wei C, Liu Y, et al. Progressive release of mesoporous nano-selenium
delivery system for the multi-channel synergistic treatment of Alzheimer’s
disease. Biomaterials. 2019;197:417-431. https://doi.org/10.1016/].
biomaterials.2018.12.027.

Hui AL, Zhang Z, Wang JH, et al. Enhanced brain targeting delivery of
salvianic acid using borneol as a promoter of blood/brain transport and
regulator of P-gp. Curr Drug Deliv. 2024;21(5):726-733 https://doi.org/10.
2174/1567201820666230119120314.

Yi T, Tang D, Wang F, et al. Enhancing both oral bioavailability and brain
penetration of puerarin using borneol in combination with preparation
technologies. Drug Deliv. 2017;24(1):422-429. https://doi.org/10.1080/
10717544.2016.1259372.

Yu S, Wang X, Lv L, et al. Borneol-modified PEGylated graphene oxide as a
nanocarrier for brain-targeted delivery of ginsenoside Rgl against

790

295

296

297

298

299

300

Chinese Journal of Natural Medicines 24 (2026) 769-790

depression. Int | Pharm. 2023;643:123284. https://doi.org/10.1016/j.
ijpharm.2023.123284.

Piazzini V, Landucci E, Urru M, et al. Enhanced dissolution, permeation and
oral bioavailability of aripiprazole mixed micelles: in vitro and in vivo
evaluation. Int J Pharm. 2020;583:119361. https://doi.org/10.1016/j.
ijpharm.2020.119361.

Zhang S, Asghar S, Yang L, et al. Borneol and poly (ethylene glycol) dual
modified BSA nanoparticles as an itraconazole vehicle for brain targeting.
Int | Pharm. 2020;575:119002. https://doi.org/10.1016/j.ijpharm.2019.
119002.

Fang L, Li J, Cheng H, et al. Dual fluorescence images, transport pathway,
and blood-brain barrier penetration of B-Met-W/O/W SE. Int | Pharm.
2024;652:123854. https://doi.org/10.1016/j.ijpharm.2024.123854.

Huang L, Deng M, He Y, et al. f-Asarone and levodopa co-administration
increase striatal dopamine level in 6-hydroxydopamine induced rats by
modulating P-glycoprotein and tight junction proteins at the blood-brain
barrier and promoting levodopa into the brain. Clin Exp Pharmacol Physiol.
2016;43(6):634-643. https://doi.org/10.1111/1440-1681.12570.

Wang N, Zhang Q, Ning B, et al. f-Asarone promotes Temozolomide’s entry
into glioma cells and decreases the expression of P-glycoprotein and MDR1.
Biomed Pharmacother. 2017;90:368-374. https://doi.org/10.1016/j.biopha.
2017.03.083.

Li J, Zeng H, You Y, et al. Active targeting of orthotopic glioma using
biomimetic liposomes co-loaded elemene and cabazitaxel modified by
transferritin. J Nanobiotechnology. 2021;19(1):289. https://doi.org/10.
1186/s12951-021-01048-3.


https://doi.org/10.2147/IJN.S161237
https://doi.org/10.1016/j.ajps.2024.100904
https://doi.org/10.1016/j.ajps.2024.100904
https://doi.org/10.1016/j.ajps.2024.100904
https://doi.org/10.1021/acsami.1c06687
https://doi.org/10.1021/acsami.1c06687
https://doi.org/10.1021/acsami.1c06687
https://doi.org/10.1016/j.jep.2015.01.003
https://doi.org/10.1016/j.jep.2015.01.003
https://doi.org/10.1016/j.jep.2015.01.003
https://doi.org/10.1016/j.biomaterials.2018.12.027
https://doi.org/10.1016/j.biomaterials.2018.12.027
https://doi.org/10.1016/j.biomaterials.2018.12.027
https://doi.org/10.2174/1567201820666230119120314
https://doi.org/10.2174/1567201820666230119120314
https://doi.org/10.2174/1567201820666230119120314
https://doi.org/10.1080/10717544.2016.1259372
https://doi.org/10.1080/10717544.2016.1259372
https://doi.org/10.1080/10717544.2016.1259372
https://doi.org/10.1016/j.ijpharm.2023.123284
https://doi.org/10.1016/j.ijpharm.2023.123284
https://doi.org/10.1016/j.ijpharm.2023.123284
https://doi.org/10.1016/j.ijpharm.2020.119361
https://doi.org/10.1016/j.ijpharm.2020.119361
https://doi.org/10.1016/j.ijpharm.2020.119361
https://doi.org/10.1016/j.ijpharm.2019.119002
https://doi.org/10.1016/j.ijpharm.2019.119002
https://doi.org/10.1016/j.ijpharm.2019.119002
https://doi.org/10.1016/j.ijpharm.2024.123854
https://doi.org/10.1016/j.ijpharm.2024.123854
https://doi.org/10.1111/1440-1681.12570
https://doi.org/10.1111/1440-1681.12570
https://doi.org/10.1111/1440-1681.12570
https://doi.org/10.1111/1440-1681.12570
https://doi.org/10.1016/j.biopha.2017.03.083
https://doi.org/10.1016/j.biopha.2017.03.083
https://doi.org/10.1016/j.biopha.2017.03.083
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3
https://doi.org/10.1186/s12951-021-01048-3

	1 Introduction
	2 Blood-brain barrier: the robust fortification of human brain
	2.1 Brain microvascular endothelial cells
	2.1.1 Cellular barrier
	2.1.1.1 Tight junction
	2.1.1.2 Adherens junction
	2.1.1.3 Gap junction
	2.1.1.4 Actin cytoskeleton

	2.1.2 Transport barrier
	2.1.2.1 Carrier-mediated transport
	2.1.2.2 Receptor-mediated transcytosis
	2.1.2.3 Adsorptive-mediated transcytosis
	2.1.2.4 Ion pump
	2.1.2.5 Efflux pump

	2.1.3 Metabolic barrier

	2.2 Non-endothelial components
	2.2.1 Pericytes
	2.2.2 Astrocytes
	2.2.3 Basement membrane
	2.2.4 Neurons
	2.2.5 Microglia
	2.2.6 Oligodendrocyte precursor cells
	2.2.7 Oligodendrocytes


	3 Aromatic “orifice-opening” agents: special opponents of blood-brain barrier
	4 Mechanism of aromatic “orifice-opening” agents in blood-brain barrier integrity protection
	4.1 Musk
	4.2 Borneol
	4.3 Acori Tatarinowii Rhizoma
	4.4 Storax and benzoin

	5 Mechanism of aromatic “orifice-opening” agents in blood-brain barrier permeability enhancement
	5.1 Muscone
	5.2 Borneol
	5.3 Acori Tatarinowii Rhizoma

	6 Conclusion and perspective
	Funding
	Declaration of competing interest
	References

