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Small Extracellular Vesicles From Hypoxia-
Neuron Maintain Blood-Brain Barrier Integrity

Wei Chen, MD*; Yousheng Wu, MD; Ying Liang, MSc”; Xuanlin Su®, MD*; Man Ke, MSc; Die Deng, MD; Jiankun Zang, MD;
Jielin Zhu, MSc; Hongcheng Mai, MD, PhD; Anding Xu®2, MD, PhD; Dan Lu, MD, PhD

BACKGROUND: Acute ischemic stroke disrupts communication between neurons and blood vessels in penumbral areas.
How neurons and blood vessels cooperate to achieve blood-brain barrier repair remains unclear. Here, we reveal crosstalk
between ischemic penumbral neurons and endothelial cells (ECs) mediated by circular RNA originating from oxoglutarate
dehydrogenase (CircOGDH).

METHODS: We analyzed clinical data from patients with acute ischemic stroke to explore the relationship between CircOGDH
levels and hemorrhagic transformation events. In addition, a middle cerebral artery occlusion and reperfusion mouse model
with neuronal CircOGDH suppression was used to assess endothelial permeability. ECs with increased CircOGDH expression
were analyzed for changes in COL4A4 (collagen type IV alpha 4) levels, and in vitro coculture experiments were conducted
to examine small extracellular vesicle-mediated CircOGDH transfer between neurons and ECs.

RESULTS: Clinical data indicated that reduced CircOGDH levels were correlated with increased hemorrhagic transformation
in patients with acute ischemic stroke. In the middle cerebral artery occlusion and reperfusion model, neuronal CircOGDH
suppression impaired the restoration of endothelial permeability. ECs with increased CircOGDH expression exhibited higher
COL4AA4 levels, which helped maintain vascular stability. In vitro, hypoxic neurons transferred CircOGDH to ECs via small
extracellular vesicles, leading to elevated COL4A4 expression and enhanced endothelial integrity.

CONCLUSIONS: Our findings highlight the significance of CircOGDH in neuron-EC crosstalk via small extracellular vesicles in
the ischemic penumbra, emphasizing the need for balanced intervention strategies in acute ischemic stroke management.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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he primary goal of therapeutic interventions for acute ~ rescuing neurons in these areas is essential, maintain-

ischemic stroke (AIS) is to rescue hypoxic neurons in ing adequate blood oxygen levels for penumbral hypoxia
the penumbra.'? Recent advancements have identi-  recovery relies on proper blood supply via neurovascular
fied circular RNA originating from oxoglutarate dehydro-  coupling*® Recent evidence underscores the pivotal role
genase (CircOGDH), a hypoxia-induced high expression  of penumbra hypoxic neurons in neurovascular commu-
in neurons circular RNA, as a crucial target for allevi-  nication,®” as CircOGDH, originating from these neu-

ating neuronal hypoxia in penumbral regions® While  rons, interacts not only within neurons but also with the
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Nonstandard Abbreviations and Acronyms

AAV adeno-associated virus

AlIS acute ischemic stroke

BBB blood-brain barrier

CircOGDH circular RNA originating from
oxoglutarate dehydrogenase

COL4A4 collagen type IV alpha 4

EC endothelial cell

H/R hypoxia/reoxygenation

HBMEC human brain microvascular endothelial
cell

HT hemorrhagic transformation

MCAO/R  middle cerebral artery occlusion and
reperfusion

sEV small extracellular vesicle

T tight junction

blood-brain barrier (BBB) and is released into circulation.
This suggests that solely targeting penumbra CircOGDH
in neurons may overlook critical aspects of neural-BBB
recovery and coupling. However, the intricate mecha-
nisms through which penumbra CircOGDH affects BBB
function in cell-cell communication under hypoxic condi-
tions remain largely unexplored.

Within the central nervous system, cell-cell com-
munication is facilitated by small extracellular vesicles
(sEVs).*® Recent studies on neurovascular coupling
have highlighted neuron-derived sEVs as carriers of
bioactive molecules such as RNAs, including miRNAs
and circRNAs, potentially facilitating interactions with
BBB endothelial cells (ECs).>"'? Our prior investigation
revealed that hypoxic neuronal sEVs release CircOGDH,
influencing downstream extracellular matrix—related pro-
teins such as COL4A4 (collagen type IV alpha 4).3 This
suggests that neuron-derived sEVs might transport Cir-
cOGDH to the BBB during hypoxic stress, modulating
brain vascular integrity.

This study aimed to investigate the association
between CircOGDH levels and poststroke hemorrhagic
transformations (HTs) in patients with AIS to understand
the link between CircOGDH and BBB integrity. In addi-
tion, we assessed the impact of inhibiting CircOGDH on
BBB function using a mouse stroke model. Furthermore,
in vitro studies have allowed us to investigate the impact
of hypoxic neurons on EC function, providing additional
insight into the interaction between neurons and ECs.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Methodological details beyond the description in the following
are provided in the Supplemental Material.
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Human Plasma Collection

Patients with AIS with or without HT were recruited from the
Department of Neurology and Stroke Center, First Affiliated
Hospital of Jinan University, from August 2020 to February
2021 (ethics approval number: KY-2022-205). AIS was con-
firmed by magnetic resonance imaging, and HT was confirmed
by computed tomography. Eighteen patients with AIS without
HT were matched with patients with AIS with HT by age, sex,
and infarction size. Noncerebrovascular disease controls were
also included. Blood samples were collected in ethylenediami-
netetraacetic acid (EDTA)-coated tubes, centrifuged at 3000g
for 156 minutes at 4 °C within 1 hour, and plasma was stored
at —80 °C for RNA extraction. Clinical details are presented in
Table S9.

Human Brain Tissue Samples

Brain tissue samples were collected from patients with
AIS+HT or spontaneous intracerebral hemorrhage. The inclu-
sion criteria for AIS and spontaneous intracerebral hemorrhage
were the same as for plasma collection. All procedures were
approved by the Medical Ethics Committee of Jinan University
(KY-2022-205).

Determination of Penumbra Size

HT was evaluated using computed tomography scans, and
hematoma volume was calculated using 3D Slicer software.
Hematoma regions were identified and quantified by thresh-
olding, with analysis performed by a blinded investigator.

Immunohistochemistry

Paraffin-embedded brain sections were incubated with primary
antibodies (Table S2) and visualized using the poly-horseradish
peroxidase (HRP) Anti-Rabbit/Mouse IgG Detection System
(Elabscience).

Animals

Adult male C57BL/6J mice (6—-8 weeks old, 20-24 g) were
housed in a temperature- and humidity-controlled environment
with free access to food and water. All procedures adhered
to ARRIVE guidelines (Animal Research: Reporting of In Vivo
Experiments)'® and were approved by the Experimental Animal
Ethics Committee of Jinan University (project ID: 0201028-03).

Middle Cerebral Artery Occlusion and

Reperfusion

Middle cerebral artery occlusion surgery was performed as
described previously,' always within consistent daytime hours.
Mice were anesthetized with isoflurane, and the left middle
cerebral artery was occluded with a silicone-coated nylon fila-
ment for 60 minutes. After reperfusion, the skin was sutured,
and the animals were allowed to recover. The operation time
was always maintained between 9 am and 12 am.

AAV Construction and Microinjection

Neuron-specific adeno-associated virus (AAV)-human syn-
apsin | promoter (hSyn)-EGFP-shRNA-CircOGDH and AAV-
hSyn-EGFP-shRNA-CircCtrl were constructed by Brainvta
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(Wuhan, China). Mice were microinjected with 2 pL of AAV
(1x10" vg/pL) into the left lateral ventricle. After 21 days,
mice were assigned to groups for middle cerebral artery occlu-
sion and reperfusion (MCAO/R) surgery.

Magnetic Resonance Imaging

Mice underwent a magnetic resonance imaging using a 9.4T
scanner. Diffusion-weighted imaging and fluid-attenuated
inversion recovery were performed at 3 and 24 hours post-
middle cerebral artery occlusion. Quantitative analysis of diffusion-
weighted imaging and fluid-attenuated inversion recovery was
conducted using Imaged and RadiAnt software. Infarct volumes
were calculated using the modified ABC/2 method.?

Prussian Blue Staining

Prussian blue staining was performed to detect iron in brain
sections. Sections were incubated with potassium ferrocyanide,
washed, and counterstained with Nuclear Fast Red.

BBB Integrity

BBB permeability was assessed using 2% Evans blue dye
injected into the tail vein. After 1 hour, mice were perfused
with PBS, and brain tissue was homogenized for spectropho-
tometric measurement at 620 nm. Sulfo-N-hydroxy succin-
imide (NHS)-biotin perfusion and immunofluorescence with
streptavidin-fluorescein isothiocyanate (FITC) were used to
assess BBB integrity in frozen brain sections.

Transmission Electron Microscopy

Brain samples from the ischemic penumbra were fixed in glu-
taraldehyde and processed for transmission electron micros-
copy to assess ultrastructural changes in the BBB.

Cell Cultures and Treatments

SH-SYBY neuroblastoma cells and human brain microvascu-
lar ECs (HBMECs; https://www.atcc.org/products/crl-3245)
were cultured in Dulbecco's Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12) with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Cells were exposed to
hypoxic conditions for 3 hours in a hypoxia chamber and then
returned to normoxic conditions for reoxygenation.

Western Blotting

Proteins were extracted using radio immunoprecipitation assay
lysis buffer (RIPA) buffer, separated by SDS-PAGE, and trans-
ferred to nitrocellulose membranes. Membranes were incubated
with primary antibodies (eg, COL4A4, 3-actin, CD34, and CD63)
followed by horseradish peroxidase (HRP)-conjugated second-
ary antibodies. Chemiluminescence was used for detection.

Quantitative Reverse Transcription Polymerase

Chain Reaction

RNA was extracted from cells, sEVs, and brain tissues using
TRIzol. Reverse transcription was performed using PrimeScript
RT Master Mix (Takara). Quantitative reverse transcription
polymerase chain reaction was conducted using SYBR Green
(Roche) and analyzed with the 2-* €T method.

Stroke. 2025;56:1569-15680. DOI: 10.1161/STROKEAHA.124.048446
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sEV Isolation and Characterization

sEVs were isolated from cell culture supernatants and plasma
using ultracentrifugation or polymer precipitation. sEVs
were characterized by transmission electron microscopy and
nanoparticle tracking analysis.

Statistical Analysis

Data were analyzed using SPSS (Windows, version 27.0) or
GraphPad Prism 8.01. For n<6, nonparametric tests were used.
For normally distributed data, the Student ¢test or ANOVA was
applied. Significance was set at £<0.05.

RESULTS

Blood CircOGDH Levels Are Negatively
Correlated With HT After Stroke in Patients

To explore the association between CircOGDH and the
BBB, we conducted a matched observational case-
control study involving 18 patients with AIS within 24
hours of onset, with and without hemorrhage (Figure 1A
and 1B). Our analysis revealed that CircOGDH expression
in plasma was lower in patients with AIS with HT than in
those without HT (Figure 1C). Interestingly, we observed
a negative correlation between CircOGDH levels and
hematoma volume in patients with AIS with HT (lower Cir-
cOGDH levels with higher hematoma volume; Figure 1D;
correlation coefficient =—0.629; A=0.014). Furthermore,
to investigate the specificity of CircOGDH expression
related to hypoxia-induced HT, we compared CircOGDH
staining in human brain tissues from patients with AIS with
HT and from patients with spontaneous intracerebral hem-
orrhage without hypoxia. CircOGDH expression was =4x
higher than in tissues from patients with AIS with HT (Fig-
ure 1E and 1F). The relationship between hypoxia-related
neuronal CircOGDH and HT in patients with AIS suggests
a potential influence of CircOGDH on BBB integrity.

Reduced Hypoxic Neuronal CircOGDH Levels
Result in Higher BBB Permeability Following
Ischemic Stroke in Mice

Building on previous evidence suggesting that inhibiting
neuronal CircOGDH could enhance stroke outcomes,?
we administered an AAV-mediated CircOGDH knock-
down with neuron-specific targeting using the human
synapsin | promoter (hSyn) into the lateral ventricle of
mice following middle cerebral artery occlusion surgery
and reperfusion for 24 hours (Figure 2A). Baseline
cerebral blood flow measurements showed no signifi-
cant differences between the sham, hSynsh-crct and
hSynsh-Ce0ElH groups (Figures S1 and S2). Our analyses
showed reduced CircOGDH expression in the ischemic
brain of hSyns"-C0&P" mice compared with that of hSyns"-
creCl mice, confirmed by fluorescence in situ hybrid-
ization staining (Figure 2B and 2C) and quantitative
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Figure 1. Lower circular RNA originating from oxoglutarate dehydrogenase (CircOGDH) expression in patients with acute
ischemic stroke (AIS) with hemorrhage compared with those without hemorrhage.

A, Experimental scheme for identifying CircOGDH in the plasma of patients. Patients with AIS with hemorrhagic transformation (HT) and patients
with AIS without HT were used to identify the relationship between CircOGDH and HT. Created in BioRender. B, Representative data from a
patient with AIS with HT showing computed tomography (CT) images and relative CircOGDH expression levels (fold change). High-density
areas (highlighted by yellow dashed lines) in CT images indicate the presence of hemorrhagic regions, with hematoma volume calculated using
3D Slicer software. The histogram depicts relative CircOGDH expression in patients with AIS with HT on the day of CT diagnosis of HT (day 1
of onset) compared with patients with AIS without HT (day 1) and those with noncerebrovascular disease (NCD; n=1). Data are presented as
meanstSD, nonparametric tests with the Mann-Whitney U test. C, Quantitative reverse transcription polymerase chain reaction of CircOGDH
expression levels in the plasma of patients with AIS with or without HT (n=18) on the day of CT diagnosis of HT (within 24 hours). Data are
presented as meanstSEM; the Student ¢ test was used. D, Spearman correlation between hematoma volume and CircOGDH expression levels
in 15 patients with AIS with HT, controlled for age, sex, and TOAST criteria (Trial of ORG 10172 in Acute Stroke Treatment), partial correlation
coefficient =—0.629; P=0.014). E and F, Images of CircOGDH (red) and their quantification (integrated optical density) in spontaneous
intracerebral hemorrhage (sICH) and patients with AIS+HT (n=4). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Scale bar, 20
pm. Data are presented as means£SD (F); the Mann-Whitney U test was used.

reverse transcription polymerase chain reaction (Fig- in neuronal nuclear antigen levels within the infarct core
ure 2D). Although CircOGDH is conserved in hypoxic ~ between the hSyns"-Cr08H and hSyns"-CreCt! groups.
neurons and linked to their survival in the penumbra, However, in the ischemic penumbra, the hSynsh-Cie0GbH
our analysis of neuronal nuclear antigen expression in group exhibited a notable increase in neuronal nuclear
brain tissue proteins showed no significant difference  antigen expression by at least 1.4-fold (Figure S3).
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Figure 2. Deficiency of neuronal circular RNA originating from oxoglutarate dehydrogenase (CircOGDH) exacerbates blood-
brain barrier (BBB) permeability following middle cerebral artery occlusion and reperfusion (MCAO/R).

A, Schematic illustration of the experimental procedure in mice. Neuron-specific knockdown of CircOGDH was achieved by administering
adeno-associated virus (AAV)-hSyns"-Cic080H intg the lateral ventricles of the mice, with expression in the brain tissue after 21 days. Subsequently,
the mice underwent middle cerebral artery occlusion (MCAOQ) for 1 hour, followed by a 24-hour reperfusion. The brains were then harvested

after various treatments. Created in BioRender. B and C, Fluorescence in situ hybridization (FISH) showing CircOGDH localization (red) in the
penumbra tissue (PEN; n=6). Scale bar, 20 pm. D, Quantitative reverse transcription polymerase chain reaction analysis of CircOGDH abundance
in PEN tissues of mouse brains (n=6). E and F, Representative image showing Evans blue extravasation throughout the mouse brain, with red
arrows indicating areas of leakage. Scale bar, 4 mm. Data are presented as meanstSD; the Student ¢ test (C, D, and F) was used.

In addition, the hSynsh-Cr0d" group showed a 10%
reduction in infarct size compared with the hSynsh-Cirectr
group (Figure S4), indicating a modest improvement
in cerebral infarct size and partial mitigation of neuro-
nal injury in the ischemic penumbra following targeted
CircOGDH knockdown. However, consistent with clini-
cal data, lower neuronal CircOGDH levels were asso-
ciated with BBB damage and an increased HT rate.

Stroke. 2025;56:1569-15680. DOI: 10.1161/STROKEAHA.124.048446

Specifically, we observed increased Prussian blue stain-
ing (1.62+0.16-fold; Figure Sb), Evans blue intensity
(8.7410.38-fold; Figure 2E and 2F), and NHS-biotin
leakage (3.2520.29-fold; Figure S6) in the hSynsh-Crr0&DH
group compared with the hSyns"-CrCt group. These
findings suggest that targeted CircOGDH knockdown
affects the biological homeostasis of the neurovascular
unit under hypoxic conditions.
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Inhibition of Neuronal CircOGDH Leads to
Lower Expression of Tight Junction (TJ) Proteins
and Changes in BBB Structure After MCAO/R

To explore the impact of reduced neuronal CircOGDH on
BBB permeability, we investigated its relationship with
BBB component proteins, specifically TJ proteins. Immu-
nofluorescence staining of mouse brains after MCAO/R
revealed decreased expression of zonula occludens-1
(Z0-1) and occludin in the hSynsh-Cr0dH group com-
pared with the hSyn*-¢! group (Figure 3A and 3B).
This reduction was further confirmed by the Western blot
analysis, which showed an average 31% decrease in
Z0-1, a 15% decrease in occludin, and a 12% decrease
in claudin-5 expression in the ischemic penumbra of
the hSynsh-Cre08PH group (Figure 3C and 3D). More-
over, there was no significant difference in CD105 and
CD34 protein expression, indicating no major changes in

Hypoxia-Neuron Vesicles Preserve BBB Integrity

angiogenesis between the 2 groups in either the core or
penumbra region (Figure S7).

To assess the effects of CircOGDH on BBB ultra-
structure after ischemic stroke, we examined EC gaps
using transmission electron microscopy (Figure 3E). The
hSynsh-Cre06PH group exhibited clear gaps in the BBB
structure (indicated by red arrows), while the hSynsh-Crect!
group displayed fewer disruptions in TJs. The hSynsh-c"
OGP group showed a higher proportion of TJs with gaps,
averaging ~21%, with each TJ strand containing >10
gaps (Figure 3F).

Inhibition of Neuronal CircOGDH Leads to
Increased Transcytosis and Endocytosis in BBB
ECs in the Mouse Brain After MCAO/R

The role of CircOGDH in regulating transcytosis
and endocytosis, contributing to increased BBB

Figure 3. Circular RNA originating
from oxoglutarate dehydrogenase

(CircOGDH) regulates TJ (tight
junction) expression in the blood-
brain barrier (BBB) after middle
cerebral artery occlusion and
reperfusion (MCAO/R).

A and B, Protein levels of zonula

occludens-1 (ZO-1; yellow; left) and
occludin (yellow; right) were determined
using immunofluorescence (IF; A) in the
penumbra tissue (PEN) of MCAO/R mice
(n=6), quantified by measuring ZO-1 and
occludin IF signal density normalized by
CD34 (magenta) signal area. Scale bar,
20 um. € and D, Representative image
and statistical analysis of the Western
blot for the expression of ZO-1, occludin,
T and claudin-5 in the PEN and core of
‘ MCAOQO/R mice (n=6). E, Transmission

\ electron microscopy image of the BBB

in MCAO/R mice. The red box highlights
typical TJ gaps. Structurally abnormal TJs
containing large gaps are indicated by red
arrows. F, Statistical analysis of E, showing
the fraction of TJ strands with gaps, and
the number of TJ gaps (n=6). Data are

2 presented as meanstSD; the Student ¢
test (B and D) or the Mann-Whitney U test
(F) was used. A (blue) indicates astrocyte
end foot; BM, basement membrane; EC
(red), endothelial cell; L, lumen; P (green),
pericyte; and R, red blood cell.
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permeability after ischemic stroke, remains unexplored.
We measured caveolin-1'®"® and albumin-Alexab94'”
uptake to assess transcytosis and endocytosis (Figure
S8). The Western blot analysis revealed significantly
higher caveolin-1 expression in the penumbra of the
hSynsh-Circ0GPH group than in the hSyn="-Cr" group (Fig-
ure S9). Immunofluorescence staining also showed a
2.66+1.23-fold increase in caveolin-1 abundance in
the hSyns"-Cre0dH groyup (Figure S10). Subsequently,
we administered 1% Alb-Alexab94 to examine endo-
cytosis levels. Our findings showed a higher propor-
tion of positive cells in the hSyns"-Cre0&PH group than
in the hSynsh-creCt group (18% versus 9.56%; Figure
S11). These results suggest that reduced neuronal
CircOGDH leads to upregulated EC endocytosis and
transcytosis, contributing to impaired BBB function
during reperfusion.

Neuronal CircOGDH Delivered to HBMECs via
sEVs Increases HBMEC Survival by Elevating
CircOGDH Levels After H/R Injury

Previous studies have shown that CircOGDH is
enriched in sEVs and released into the bloodstream
as a biomarker® We analyzed CircOGDH levels in
plasma and plasma sEVs from ischemic stroke mice.
In the hSynsn-Cir<06DH groyup, CircOGDH levels in plasma
were #30% of those in the hSyns-CreC group, while
levels in plasma sEVs in the hSyns"-Cr<Ct group were
50% of those in the hSyns"-cr<0EH group (Figure 4A).
Because neuronal CircOGDH likely facilitates intercel-
lular communication within the neurovascular unit via
sEVs, we delivered neuronal sEVs to ECs and exam-
ined CircOGDH expression changes in HBMECs.
We conducted experiments using HBMECs and SH-
SYBY (neurons) cells cultured separately after 3 hours
of hypoxia and 24 hours of reoxygenation, which
induced elevation in CircOGDH expression in SH-
SYBY cells (Figure S12). Later setting the coculture
system, CircOGDH expression in HBMECs increased
by 1.705+0.245-fold. However, when using the sEV
inhibitor GW4869 in neuronal regions, CircOGDH lev-
els did not increase in HBMECs after hypoxia/reoxy-
genation (H/R; Figure 4B).

We further confirmed the uptake of extracted
hypoxic SH-SYBY sEVs in HBMECs over 24 hours
using live cell monitoring (Figure 4C). Hypoxia-induced
sEVs were collected (Figure S13) from SH-SYBY cells
treated with GW4869 (sEV inhibitor), CircOGDH over-
expression, or CircOGDH knockdown and cocultured
with hypoxia HBMECs (Figure 4D). CircOGDH levels in
sEV were analyzed, showing an increase after H/R with
or without CircOGDH overexpression but a decrease
with GW4869 treatment or CircOGDH knockdown (Fig-
ure 4D). When these sEVs were entered into HBMECs,
similar changes were observed in the recipient cells
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(Figure 4D), indicating that CircOGDH from SH-SYBY
sEVs is taken up by HBMECs, influencing CircOGDH
expression.

Next, we investigated the potential effect of Cir-
cOGDH regulation on the functionality of HBMECs. We
found that sEVs derived from hypoxic SH-SYBY cells,
with or without CircOGDH overexpression, reduced
HBMEC apoptosis compared with normoxic HBMEC:s.
This effect was nullified by GW4869-treated sEVs (Fig-
ure S14). ECs pretreated with CircOGDH knockdown
to eliminate endogenous CircOGDH effects produced
similar results in transepithelial electric resistance
experiments (Figure 4E and 4F). The results were con-
sistent with CircOGDH regulation directly in HBMECs
(Figure S15).

In addition, sEVs from SH-SYBY cells overexpressing
CircOGDH enhanced the migratory capacity of ECs pre-
treated with sh_CircOGDH AAV transfection, enabling
them to cover >65% of the distance during 24 hours;
ECs in the H/R group only covered ~44%. Conversely,
sEVs with CircOGDH knockdown exhibited a marked
reduction in migratory ability, covering only about 14% of
the distance (Figure S16).

We also examined whether sEVs carrying CircOGDH
could maintain TJ protein levels in ECs. To highlight the
significance of CircOGDH, sEVs isolated from SH-SYBY
cells with CircOGDH knockdown or overexpression were
introduced to HBMECs after H/R, and we observed
changes in ZO-1 and occludin expression levels. ZO-1
expression in the OE_CircOGDH group was =12%
higher than in the H/R group (Figure S17A and S17B),
while occludin expression was roughly 20% higher
(Figure S17A and S17C), with corresponding fluores-
cence images (Figure S18). Claudin-5 expression also
increased by over 10% (Figure S17A and S17D). These
results suggest that sEVs overexpressing CircOGDH
can partially restore HBMEC migratory function and TJ
protein expression.

CircOGDH Regulates the Expression of Its
Downstream Protein COL4A4 in Neurons and
ECs After H/R

Our previous research identified COL4A4 as a key down-
stream protein in the CircOGDH neuronal pathway.2 To
confirm COL4A4 as the target gene of CircOGDH in
ECs after ischemic stroke, we performed RNA-seq anal-
ysis comparing control and CircOGDH-overexpressing
HBMECs. This analysis identified 328 significantly
upregulated genes (Figure bA; log2-fold change >2).
The Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathway enrichment analysis revealed that
most genes were associated with the collagen-containing
extracellular matrix pathway (Figure S19). COL4A4
emerged as a key gene in this pathway, with a 6.9-
fold increase in expression, demonstrating consistent
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Figure 4. Neuronal circular RNA originating from oxoglutarate dehydrogenase (CircOGDH) modulates human brain
microvascular endothelial cell (HBMEC) function after hypoxia/reoxygenation (H/R) by influencing HBMEC CircOGDH levels
through small extracellular vesicles (sEVs).

A, Quantitative reverse transcription polymerase chain reaction analysis of CircOGDH levels in mouse plasma or plasma sEVs (n=4). B, Schematic
of the in vitro blood-brain barrier (BBB) model. Created in BioRender. SH-SYBY cells were seeded on the inside of collagen-coated 0.4-um pore
poly-(tetrafluoroethylene; PTFE) membrane Transwell inserts and allowed to adhere. HBMECs were seeded in the bottom dishes. Quantitative
reverse transcription polymerase chain reaction was performed for CircOGDH levels in cocultured HBMECs with or without GW4869 (exosome
inhibitor) treatment in SH-SYBY cells (n=4). C, Live cell workstation used to observe the internalization of PKH26-labeled SH-SY5Y H/R

sEVs into HBMECs at different time points. Scale bar, 20 ym. D, Schematic: sEVs from SH-SYBY cells treated under different conditions were
extracted and added to the culture medium of HBMECs for coincubation. sEVs from SH-SYBY cells treated with H/R (sEVH/R), H/R+GW4869
(sEVH/R+eW) ' H/R+OE_CircOGDH (sEV™/R+98) or H/R+sh_CircOGDH (sEV*/R+") were extracted, and CircOGDH levels in the sEVs were
measured. sEVs from different sEVs were added to HBMECs for coincubation, and CircOGDH expression levels in HBMECs were measured
(n=4). E and F, Transepithelial electric resistance (TEER) of HBMECs treated with different sEVs during reoxygenation (n=4). sEV*/?: sEV

from primary neurons cell after hypxia/reoxygenation; sEV"*"R+sh: sEV from primary neurons under hypxia/reoxygenation after sh_CircOGDH
treatment. Data are presented as means£SD; the Mann-Whitney U test (B, D, E, and F) was used.
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Figure 5. Circular RNA originating from oxoglutarate dehydrogenase (CircOGDH) regulates COL4A4 (collagen type IV alpha 4)
expression in neurons and endothelial cells (ECs).

A, Volcano plots showing differentially expressed genes (DEGs) in hypoxic human brain microvascular endothelial cells (HBMECs) transfected
with either OE_CircCtrl or OE_CircOGDH (log,-fold change >2). B and C, Representative image and statistical analysis of the Western blot for
COL4A4 expression in HBMECs (n=3) after transfection with OE_CircOGDH or sh_CircOGDH. D, Representative images showing COL4A4
(red) staining in mouse brain sections, with green fluorescence indicating hSyns"-Cr<c" or hSynsh-Cr<0&dH virys (left). Colocalization of CircOGDH
(red) with CD34 (yellow) in ECs of the mouse brain (middle) and COL4A4 (yellow) with CD34 (red) in ECs (right). Scale bar, 200 um. E and
F, Representative image and statistical analysis of the Western blot for COL4A4 in penumbra tissue (PEN) of the mouse brain (n=6). Data are

presented as meanstSD; the Kruskal-Wallis test (C) and the Mann-Whitney U test (F) were used.

biological reproducibility across 3 replicates (Figure S20).
The Western blot analysis confirmed COL4A4 upregula-
tion in CircOGDH-overexpressing HBMECs (Figure 5B
and bC). We also observed COL4A4 localization in brain
tissue from patients with AIS+HT, colocalized with CD31
(Figure S21). In MCAO/R mice, neuronal CircOGDH
knockdown (hSynsh-Cre06oH) reduced COL4A4 expres-
sion in brain penumbra tissue (Figure 5D). Colocalization
of CircOGDH and CD34 was significantly reduced in
the hSyns"-Ce0&PH group compared with the hSynsh-Crrect!
group (Figure 5D). COL4A4 expression followed
the same trend as CircOGDH expression (Figure bE
and bF).

To further validate the role of neuronal sEVs deliver-
ing CircOGDH to regulate COL4A4 in ECs, we estab-
lished an in vitro neurovascular unit interaction model
using a coculture system. The Western blot analysis
revealed a delayed increase in COL4A4 expression in
HBMECs, peaking at 24 hours after reoxygenation (Fig-
ure S22), while CircOGDH levels in recipient HBMECs
peaked earlier, following 3 hours of hypoxia treatment in

Stroke. 2025;56:1569-15680. DOI: 10.1161/STROKEAHA.124.048446

cocultured SH-SYDY cells. As COL4A4 levels increased,
TJ proteins also showed increased expression after 24
and 48 hours of reoxygenation. Blocking sEV release
with GW4869 in the Transwell system suppressed Cir-
cOGDH expression in HBMECs (Figure 4B) and inhib-
ited COL4A4 expression (Figure S23). These dynamic
changes in CircOGDH and COL4A4 over time suggest
that neuronal CircOGDH is transported to ECs, regulat-
ing COL4A4 expression.

Regulation of HBMEC Function by CircOGDH Is
Mediated Through COL4A4

We further verified the influence of the CircOGDH/
COL4A4 axis on HBMEC function during hypoxia.
While TJ protein expression in ECs decreased after H/R
stimulation, it increased with CircOGDH overexpression
(Figure S24) but could not restore TJ proteins when
COL4A4 was knocked down. Conversely, overexpres-
sion of COL4A4 maintained TJ protein levels even when
CircOGDH was inhibited in hypoxic ECs (Figure 6A and
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Figure 6. Regulation of human brain microvascular endothelial

cell (HBMEC) function by circular RNA originating from

oxoglutarate dehydrogenase (CircOGDH) is mediated through COL4A4 (collagen type IV alpha 4).

A and B, Representative image and statistical analysis of the Western blot for ZO-1/occludin/claudin-56/COL4A4 expression in normoxic and
hypoxic HBMECs after transfection with OE_CircOGDH, siCOL4A4, or sh_CircOGDH and OE_COL4A4 (n=3). C and D, Migration of HBMECs
in a scratch assay. Quantitative analysis of the distance covered by HBMECs (D; n=6). Data are presented as means£SD; the Kruskal-Wallis test
(B) and 1-way ANOVA with the Dunnett multiple comparisons test (D) were used. E, Schematic diagram illustrating the neuronal regulation of
endothelial cells (ECs) via the release of small extracellular vesicles (sEVs). Created in BioRender.

6B). Migration assays yielded similar results, emphasiz-
ing CircOGDH's regulatory role through COL4A4 in EC
function during hypoxia (Figure 6C and 6D). These find-
ings suggest that CircOGDH, delivered by hypoxic neu-
rons via sEVs, enhances EC function and morphology by
increasing COL4A4 expression (Figure 6E).
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DISCUSSION

This study delves into the role of CircOGDH, a circular
RNA in penumbra neurons, concerning HT in AlS. Ele-
vating hypoxic neuronal sEVs increases CircOGDH lev-
els in ECs along with the expression of its downstream
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protein COL4A4, enhancing EC function and TJ protein
expression. This underscores a novel regulatory mecha-
nism in stroke pathology.

We observed lower CircOGDH expression in hemor-
rhagic patients with AIS compared with nonhemorrhagic
patients with AlS, with a negative correlation between
CircOGDH levels and hematoma volume in patients
with HT. This suggests a potential protective role of Cir-
cOGDH against HT in the BBB after AlS. Measuring Cir-
cOGDH levels could serve as a valuable biomarker for
predicting hemorrhagic risk in patients with AlS, guiding
therapeutic decisions to mitigate risk factors associated
with HT in the clinical setting.

The delivery of CircOGDH from hypoxic neurons
influences BBB integrity for several reasons. Targeted
knockdown of neuronal CircOGDH in mouse models
exacerbated BBB permeability, disrupting TJs crucial for
the barrier properties of the BBB and leading to increased
vascular permeability.'®'® Because CircOGDH regulates
COL4A4 expression in ECs, it indicates a strategy for
enhancing the extracellular matrix and maintaining TJ
proteins in ECs to preserve vascular wall integrity.?* In
addition, the interaction of CircOGDH with endothelial
caveolae, marked by Cav-1, suggests its role in modulat-
ing BBB permeability by regulating endothelial transcyto-
sis and endocytosis, contributing to BBB integrity after
a stroke?®?® In addition, the lower levels of CircOGDH
in the ischemic brain may facilitate BBB disruption and
subsequent HT following stroke. As the BBB becomes
changed, CircOGDH can more easily leak into the blood-
stream, increasing its levels in plasma. Future studies could
explore the mechanisms of CircOGDH in plasma related
to BBB disruption or changes in endothelial transport.

Neuronal sEVs carrying CircOGDH impact ECs, high-
lighting the importance of ECs in neuron-vascular communi-
cation. Recently, brain cell-derived sEVs have been detected
in peripheral blood and identified as a biomarker for several
neurodegenerative diseases,?* % suggesting a targeting of
ECs by neuronal cell-derived sEVs.2°% Increased neuronal
activity leads to heightened sEV release®?! especially as
vascularization and mature BBB formation occur concur-
rently in the developing brain.' 323 |nvestigating how neu-
ronal sEVs carrying CircOGDH affect neurovascular units in
brain development could yield valuable insights.

We elucidated the biological process of hypoxic neu-
rons releasing CircOGDH to the BBB, facilitating molec-
ular communication with the blood. Administering sEVs
containing CircOGDH via peripheral blood may be a
therapeutic strategy for maintaining BBB integrity under
hypoxic conditions. Future research should aim to eluci-
date the specific molecules within sEVs and their impact
on neurovascular communication.

A limitation of this study is our focus on the acute
phase of stroke-induced BBB damage. Longitudinal
research on CircOGDH levels throughout stroke pro-
gression and recovery phases, as well as its impact on

Stroke. 2025;56:1569-15680. DOI: 10.1161/STROKEAHA.124.048446
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neurovascular coupling, is necessary for a comprehen-
sive understanding.

In conclusion, we discovered the vital role of neuronal
CircOGDH under hypoxia in influencing ECs through
sEVs, crucial for COL4A4 expression in ECs and pre-
serving BBB integrity. Pharmacologically, developing a
neuronal-specific CircOGDH inhibitor for hypoxic neu-
rons and an endothelial-targeted CircOGDH agonist
(Figure BE) could be beneficial in AlS treatment. Alter-
natively, modulating hypoxia-induced neuronal sEVs
release targeting ECs may offer a rational therapeutic
approach. Our findings shed light on neurovascular
interactions in hypoxia, emphasizing the significance of
neuronal sEVs in regulating cerebral vascular diseases.
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