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Abstract
Blood-brain barrier (BBB) disruption can induce further hemorrhagic transformation in ischemic stroke (IS). miR-671-5p, 
a micro-RNA, is abundant in the cortex of mammalian brains. Herein, we investigated the roles and potential mechanisms 
for the effects of miR-671-5p on BBB permeability in IS. Results showed that miR-671-5p levels were significantly down-
regulated in the cerebral cortex of middle cerebral artery occlusion/reperfusion (MCAO/R) C57/BL6 mice in vivo. miR-
671-5p agomir administration via right intracerebroventricular injection significantly reduced infarct volume, improved 
neurological deficits, the axon of neurons and nerve fiber, attenuated cell injury and apoptosis, as well as reduced BBB 
permeability in MCAO/R mice. Treatment with miR-671-5p agomir alleviated tight junction proteins degradation, including 
claudin, occludin, and ZO-1 in MCAO/R mice, and these effects were reversed following NF-κB overexpression. Bend.3 
brain endothelial cells were subjected to oxygen and glucose deprivation/reoxygenation (OGD/R) treatment in vivo, and 
then miR-671-5p agomir was transfected into the cells. This resulted in reduction of cytotoxicity, improved cell viability, 
trans-endothelial electrical resistance, reduced fluorescein sodium permeability, and inhibited tight junction degradation in 
Bend.3 OGD/R cells. However, these effects were reversed following NF-κB overexpression. These results demonstrated 
that upregulation of miR-671-5p in IS models in vivo and in vitro alleviated BBB permeability by targeting NF-κB/MMP-
9. In summary, miR-671-5p is a potential therapeutic target for protecting BBB permeability in IS to minimize cerebral 
hemorrhage transformation.
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Introduction

Stroke refers to the loss of neurological functions caused 
by sudden obstruction of blood supply due to thrombosis or 
embolism in the cerebra, resulting in cerebral ischemia and 
hypoxia which further cause cerebral injuries [1–3]. Stroke 
is a life-threatening disease associated with high morbid-
ity, mortality, and disability rates [4]. Intravenous throm-
bolysis using recombinant tissue-type plasminogen activator 

(RT-PA) is recommended for IS. However, this method has 
a narrow therapeutic time window (< 4.5 h) and high risk of 
hemorrhagic transformation [1]. Therefore, there is a need 
to identify novel treatments for IS that do not increases the 
risk of hemorrhagic transformation.

The blood-brain barrier (BBB) is an important physical 
barrier that modulates cerebral homeostasis and protects 
the brain tissue from exposure to potentially hazardous 
substances [5]. After IS, pathophysiological changes trig-
ger BBB disruption, further causing life-threatening edema 
and hemorrhagic transformation [6]. Brain hemorrhage is a 
significant manifestation of BBB destruction, and a severe 
complication of RT-PA in IS treatment [7].

MicroRNAs (miRNAs) are small endogenous RNAs 
with a length of fewer than 25 nucleotides involved in the 
regulation of gene expression. Non-coding RNAs are also 
involved in the transcriptional and post-transcriptional regu-
lation of genes [8, 9]. Reports indicate that miRNAs mediate 
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the pathological processes of IS [10–12]. miR-671 is highly 
abundant in mammalian brain regions, including the cortex, 
hippocampus, cerebellum, and olfactory bulbs; moreover, 
it binds to circular RNA (circRNA) Cdr1, to regulate neu-
ronal activities in human and mouse brains [13, 14]. miR-
671-5p inhibits osteosarcoma development by downregulat-
ing TUFT1 levels [15]. It also potentially prevents tumor 
migration and cancer stem cell characteristics by inhibiting 
the post-transcriptional activities of TRAF2 [16].

Tight junctions (TJs), including occludin, claudins, and 
zonula occludens (ZO-1, ZO-2, ZO-3) between endothelial 
cells are important components of the BBB. The integrity 
of TJs is lost after stroke, which may improve paracellular 
permeability, thereby promoting edema and hemorrhagic 
transformation [17]. Matrix metalloproteinase-9 (MMP-9) is 
activated during IS, leading to the induction of BBB disrup-
tion and TJs degradation [18]. MMP-9 expression are regu-
lated by NF-κB, which is involved in inflammation [19, 20]. 
NF-κB is a target of miR-671-5p by dual luciferase reporter 
assay [21]. In this study, we evaluated the roles and potential 
mechanisms of miR-671-5p on BBB permeability in IS.

We hypothesized that upregulation of miR-671-5p can 
attenuate TJ-loss-induced permeability of the BBB in 
ischemia by targeting NF-кB/MMP-9.

Materials and Methods

Establishment of the MCAO/R Model

Male C57BL/6 mice (8–10 weeks old, 20-25 g) were kept 
at the Animal Experiment Center of Chongqing Medical 
University with free access to food and water, in a room 
with a 12 h light/dark cycle, 25 °C ± 2 °C temperature, and 
60% − 70% relative humidity. All animal operation proce-
dures were approved by The Institutional Animal Ethics 
Committee of Chongqing Medical University. Animal suf-
fering was minimized whenever possible.

Before surgery, mice were subjected to fasting for 12 h but 
were allowed free access to drinking water. The MCAO/R 
surgery was performed as described in previously docu-
mented protocols [22]. Mice were intraperitoneally anes-
thetized with pentobarbital sodium (40 mg/kg, Sunlidabio, 
Nanjing, China) and fixed on supine position. Subsequently, 
their right common carotid arteries (CCA), right internal 
carotid arteries (ICA), and right external carotid arter-
ies (ECA) were surgically exposed. Further, the ECA was 
ligated and a silicone nylon monofilament suture (0.21 mm 
in diameter; Fengteng Biology, Xi’an, China) with a blunted 
tip coated gently inserted from CCA into ICA until occlu-
sion of the middle cerebral artery for 60 min, approximately 
12.0 mm from the distal bifurcation of the carotid artery. 
The sham group mice were subjected to the same surgical 

procedures as MCAO mice, except that nylon filaments were 
not inserted.

Mice with neurological deficit score greater than 1 were 
evaluated for MCAO success based on a modified version of 
Bederson’s method [23]. Neurological deficit scores of mice 
were blinded as follows: mice tails were suspended to assess 
forelimb flexions. 0 score, mice were actively normal, with-
out neurological dysfunctions; 1 score, mice did not fully 
extend their left forelimbs when excluded; 2 scores, mice 
were unable to extend their contralateral forelimbs; 3 scores, 
mice unilaterally rotated when walking freely; 4 scores, mice 
could not spontaneously walk; 5 scores, mice were rolling to 
the contralateral side or death.

Experimental Protocol

Experimental protocols for both in vitro and in vivo assays 
are provided in Fig. S1 in Additional File 1. The miR-671-5p 
agomir and miR-671-5p antagomir were bought from Sagon 
Biotech, Shanghai, China. Plasmid pcDNA3.1 NF-κB was 
bought from GenePharma, Shanghai, China. Vectors or plas-
mids were transfected into Bend.3 cells using the riboFECT 
CP reagent (RIBBIO, Guangzhou, China). Next, the cells 
were subjected to OGD/R treatment and cultured under nor-
mal conditions for 24 h.

Right intracerebroventricular injection protocol: Mice 
were anesthetized through intraperitoneal administration of 
pentobarbital sodium and laced on a stereotaxic apparatus 
(San Diego, USA) in prone positions. The miR-671-5p ago-
mir, miR-671-5p antagomir, and plasmid pcDNA3.1 NF-κB 
were injected into the right lateral ventricle (1.0 mm right 
lateral, 0.5 mm posterior, and 3.0 mm below the horizontal 
plane of the bregma) [24] using a 5 μL mini-pump syringe 
(RWD, Ningbo, China).

Fluorescence in Situ Hybridization (FISH)

The miR-671-5p probe signals were detected using the Fluo-
rescent in Situ Hybridization Kit (Sagon Biotech, Shang-
hai, China), following the manufacturer’s instructions. The 
sequence of the mir-671-5p probe was -DIG-CTC​CAG​CCC​
CTC​CAGGG.

CTT​CCT​-3’. Platelet endothelial cell adhesion mol-
ecule-1 (PECAM-1; CD31, Servicebio, Wuhan, China), 
Glial fibrillary acidic protein (GFAP, Servicebio, Wuhan, 
China), and Neuronal nuclei (Neun, Servicebio, Wuhan, 
China) were used to label brain microvascular endothelial 
cells (BMVEC), astrocytes, and neurons of mice cortex by 
immunofluorescent staining. 4, ′6-diamidino-2-phenylin-
dole (DAPI) was used to stain the cell nucleus. The cells 
were imaged using a fluorescence microscope (Nikon, 
Tokyo, Japan).



3826	 Molecular Neurobiology (2023) 60:3824–3838

1 3

High‑throughput RNA Sequencing Data Analysis

Total RNA was extracted from mice brains using the Tri-
zol reagent (Sagon Biotech, Shanghai, China), following 
the manufacturer’s instructions. Thereafter, the RNA qual-
ity was evaluated using the Qubit RNA detection Kit (Life, 
Q32855). High-throughput RNA sequencing was conducted 
by Illumina Nexseq500 SE75 (Illumina, San Diego, CA, 
USA) to sequence the miRNA library. Genes were consid-
ered to be significantly differentially expressed between 
sham and MCAO/R groups when p < 0.05 and fold change 
cutoff as |log2 ratio|≥ 0.5. A heatmap of 30 miRNAs was 
plotted using Multi Experiment Viewer 4.9.0 software.

Rota‑rod Test

Coordination and fatigue resistance in mice were evaluated 
using a Rota-rod cylinder (Ugo Basile, Italy). Before MCAO 
surgery, all mice were subjected to single baseline test train-
ing. Mice that could last for 160 s on the Rota-rod cylinder 
as the speed slowly increased from 4 to 40 rpm within 5 min 
were selected for further experiments. At 24 h after MCAO, 
the fall latency time of mice was recorded under similar 
training speeds.

Measurement of the Infarct Area

At 24  h after MCAO/R surgery, mice brains were har-
vested, sliced into coronal sections, and stained using 2% 
2,3,5-triphenyl tetrazolium chloride (TTC, Sigma, St Louis, 
MO, USA) for 15 min at 37 °C. The infarcted area of the 
brain appeared white, whereas the other area was red. The 
infracted area was detected using ImageJ, and the propor-
tion of infracted area to the total area was determined as 
follows: infarct area (%) = (infarct area – [ipsilateral hemi-
sphere area – intact contralateral hemisphere area]) × 100/
intact contralateral hemisphere area [21].

Hematoxylin and Eosin (H&E) Staining

At 24 h after MCAO/R surgery, mice were anesthetized and 
transcardially perfused with heparinized saline and 4% para-
formaldehyde (Servicebio, Wuhan, China). The whole brain 
was obtained, embedded in paraffin wax, sliced into coronal 
sections, stained with H&E staining, and imaged by light 
microscopy (Nikon, Tokyo, Japan). Percentage of injured 
cells (%) = injured cell counts × 100/total cell counts [25].

Glycine Silver Staining

Axonal degeneration was evaluated through glycine silver 
staining [26]. The sliced sections were dewaxed and rehy-
drated with xylol I for 20 min, xylol I for 20 min, ethyl 

alcohol for 15 min, 75% ethyl alcohol for 5 min, and washed 
using ddH2O. Subsequently, the sections were orderly treated 
with glycine silver stain C, glycine silver stain B, and glycine 
silver stain A (G1052, Servicebio, Wuhan, China) in line 
with the manufacturer’s protocol. Thereafter, the sections 
were dehydrated and sealed with a sheet soaked in ethyl 
alcohol and xylol and then imaged under a light microscope 
(Nikon, Tokyo, Japan).

Evans Blue Extravasation

The integrity of blood-brain barrier permeability was 
evaluated using the Evans blue extravasation as previously 
reported [27]. At 24 h after MCAO, 2% Evans blue (4 ml/
kg, Xiya Chemical Industries, Shandong) was administered 
to every group of mice via intravenous injection through 
the tail. After 3 h, animals were euthanized and perfused 
with PBS. The right hemispheres were collected and homog-
enized in 50% trichloroacetic acid. The homogenate was 
centrifuged at 12,000 rpm, and 4 °C for 15 min. Then, the 
supernatant was double diluted with ethanol overnight at 
4 °C in the dark. Evans blue concentration in the super-
natant was quantitatively determined using a fluorescence 
plate reader (Thermo Scientific, USA) at an absorbance of 
610 nm. The results are recorded as (μg of Evans blue leak-
age)/ (g of tissue).

The Terminal Deoxynucleotidyl Transferase dUTP 
Nick End Labeling (TUNEL) Staining

TUNEL staining (G1051, Servicebio, Wuhan, China) was 
performed to detect cell apoptosis based on the instructions. 
Briefly, the paraffin-embedded samples were incubated with 
proteinase K (G1234-1ML, Servicebio, Wuhan, China) solu-
tion at 37 °C for 30 min and 2 rinses with PBS. Triton 0.1% 
(G1204-100ML, Servicebio, Wuhan, China) solution was 
added, incubated for 30 min at 37 °C, and washed twice 
with PBS. DAPI was added, incubated for 10 min, drop-
wise added glycerol, cover-slipped, and imaged under a 
light microscope (Nikon, Tokyo, Japan). The percentage of 
TUNEL-positive cells was counted as follows: (TUNEL-
positive cells)/ (total cells) × 100%.

Quantitative Real‑time Polymerase Chain Reaction 
(qRT‑PCR)

Total RNA in mice brains was extracted using the Trizol 
reagent (Sagon Biotech, Shanghai, China) as instructed by 
the manufacturer. The all-in-one cDNA Synthesis SuperMix 
reagent (Bimake, Shanghai, China) was used to reverse tran-
scribe the RNA of mRNA into cDNA, based on the manu-
facturer’s guidelines. The miRNA 1st-Strand cDNA Synthe-
sis Kit tailing reaction reagent (Sagon Biotech, Shanghai, 
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China) was used to reverse transcribe the RNA of micro-
RNA into cDNA, according to product specifications. qRT-
PCR was performed using the SYBR Green qPCR Master 
Mix reagent (Bimake, Shanghai, China). miR-671-5p, U6, 
mRNA NF-κB, and β-actin expressions were evaluated using 
The Bio-Rad CFX Manager 3.1 system (Bio-Rad, Hercu-
les, CA, USA). The primers used in this assay are shown 
in Table 1.

Cell Culture and OGD/R Treatment

Brain endothelial Bend.3 cells were cultured in Dulbecco's 
Modified Eagle’s Medium (DMEM, Saimike, Chongqing, 
China) with 10% FBS (Hyclone, Logan, Utah, USA) and 
incubated at 37 °C in a humidified 95% air and 5% CO2 
atmosphere.

OGD/R treatment: Cells were matured in a normal com-
plete culture medium and thereafter transferred into glucose-
free DMEM (Gibco, Waltham, MA, USA) culture medium 
in hypoxic conditions (1.0% O2, 93.5% N2, 5.0% CO2, 37 °C) 
for 2 h. Followed, the OGD-treated cells were cultured in a 
normal complete culture medium under normal conditions 
(95% air, 5% CO2) for 24 h of reperfusion.

Cell Viability Assay

Cell viability was assessed using the methyl-thiazolyl diphe-
nyl-tetrazolium bromide (MTT, Sigma, St. Louis, MO, USA) 
assay kit. Briefly, Bend.3 cells were seeded into 96-well 
plates. After cells of every group had been treated, they were 
supplemented with 20 μL MTT (5 mg/mL) and incubated at 
37 °C for 2.5 h in the dark. Then, 150 μL of dimethyl sulfox-
ide (DMSO; Sigma, St. Louis, MO, USA) was added to the 
wells to dissolve the purple formazan crystals. The absorb-
ance of the solvent in the wells was measured at 560 nm 
using a fluorescence plate reader (Thermo Fisher Scientific, 
Waltham, MA, USA).

Lactate Dehydrogenase (LDH) Leakage Assay

The release of cytoplasmic LDH from the intracellular envi-
ronment into the cell culture medium was used to assess 

cell membrane integrity to inform on cell cytotoxicity. Cell 
cytotoxicity was evaluated using the LDH Assay Kit (Ser-
vicebio, Wuhan, China), following the manufacturer’s guide-
lines. Absorbance intensity was measured at 490 nm using a 
fluorescence plate reader (Thermo Scientific, Waltham, MA, 
USA). LDH release (%) = LDH release of the experimental 
group × 100 /maximum LDH release.

Measurement of Trans‑endothelial Electrical 
Resistance (TEER) and Fluorescein Sodium 
Permeability

The Bend.3 cells (3 × 104) were seeded on 24-well Transwell 
permeable membranes with 0.4 μm pore sizes for 7 days. 
After group treatments, the TEER of every group cell was 
measured using Millicell-ERS-2 (Millipore, USA). TEER 
values are shown as Ω × cm2 based on culture inserts.

After group treatments, 100 μg/mL sodium fluorescein 
(Shanghai Aladdin biochemical technology, shanghai, 
China) was added into the top chamber of a 24-well Tran-
swell and incubated for 30 min. The concentration of sodium 
fluorescein in the culture medium of the underlayer Tran-
swell was determined at 37 °C using a fluorescence plate 
reader (Thermo Fisher Scientific, Waltham, MA, USA) 
at a 485 nm excitation and 520 nm emission. The sodium 
fluorescein leakage values are shown in every group /of the 
control group.

Western Blotting

Total proteins were extracted from mice cortex or cells by 
radioimmunoprecipitation assay (RIPA) lysis buffer (Ding-
guo, Beijing, China), separated by 10% SDS-PAGE gel fast 
preparation kit (Servicebio, Wuhan, China) and transferred 
onto polyvinylidene fluoride (PVDF) membranes (Millipore, 
Shanghai, China). The PVDF membranes were blocked with 
5% bovine serum albumin (Thermo Fisher Scientific, Shang-
hai, China) for 1 h, and incubated with primary antibodies 
against β-actin (1:3000, Beyotime, Shanghai, China Service-
bio, Wuhan, China), NF-κB (p65, 1:1000, Cell Signaling 
Technology, USA), MMP-9 (1:2000, Cell Signaling Tech-
nology, USA), ZO-1 (1:1000, Beyotime, Shanghai, China), 

Table1   The sequence of primer 
for qRT-PCR

name sequence

NF-κB Forword: 5’-TGC​GAT​TCC​GCT​ATA​AAT​GCG-3’
Reverse: 5’-ACA​AGT​TCA​TGT​GGA​TGA​GGC-3’

β-actin Forward:5’-GTG​CTA​TGT​TGC​TCT​AGA​CTTCG-3’
Reverse: 5’-ATG​CCA​CAG​GAT​TCC​ATA​CC-3’

mmu-miR-671-5p sense: 5’-TAT​AGG​AAG​CCC​TGG​AGG​GG-3’
universal U6 primer sense: 5’-CTC​GCT​TCG​GCA​GCACA-3’

antisense: 5’-AAC​GCT​TCA​CGA​ATT-3’
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occludin (1:1000, Beyotime, Shanghai, China), claudin 5 
(1:1000, Affinity Biosciences, USA, 23 kDa) at 4 °C for 
24 h. Then, they were incubated with Biotin-conjugated 
affinipure goat anti-rabbit IgG (H + L) (1:4000, Beyotime, 
Shanghai, China) for 40 min. Imaging of PVDF membranes 
was performed using the Image Lab3.0 software (Bio-Rad, 
Hercules, CA, USA) after exposure by using an ECL Femto-
Light Chemiluminescence Kit (Epizyme, Shanghai, China).

Immunofluorescence Staining

Every group of cells was fixed in 4% paraformaldehyde for 
20 min to prepare for immunofluorescence staining. Par-
affin sections were prepared from obtained mice brains. 
Slices and cells were dipped in 0.2% Triton X for 30 min 
and blocked with 5% bovine serum albumin for 2 h. Samples 
were then incubated at 4° C for 24 h with anti-NF-κB (1:200, 
Cell Signaling Technology, USA), CD31 (1:100, Servicebio, 
Wuhan, China), and stained with Cy3-labeled Goat Anti-
Rabbit IgG (H + L) (Beyotime, Shanghai, China) as well 
as FITC-labeled Goat Anti-Rabbit IgG (H + L) (Beyotime, 
Shanghai, China). DAPI (Beyotime, Shanghai, China) was 
used to stain the cell nucleus. A fluorescence microscope 
(Nikon, Tokyo, Japan) was used for imaging. Fluorescence 
intensities were analyzed using ImageJ.

Statistical Analysis

Data were presented as mean ± SEM. One-way ANOVA 
followed by Tukey's test for multiple comparisons was 

performed using GraphPad Prism 6.01. Neurological score 
analysis was performed using the Kruskal–Wallis H test 
(SPSS, IBM, Chicago, IL, USA). p < 0.05 was the threshold 
for significance.

Results

miR‑671‑5p Levels were Suppressed in the Cortex 
of MCAO/R Mice

The FISH assay revealed the presence of miR-671-5p in 
brain microvascular endothelial cells (BMVECs), astro-
cytes, and neurons (Fig. 1). The expressions of miR-671-5p 
were suppressed in the cortex of MCAO/R mice (Fig. 2). 
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis revealed that the enrichment of the NF-κB signal-
ing pathway was higher in MCAO/R mice than in the sham 
group (Fig. 3A). Gene Ontology (GO) analysis of molecular 
functions showed that enzyme binding (GO:0019899) that 
included MMP-9 showed higher enrichment in MCAO/R 
mice than in the sham group (Fig. 3B). The miRNA-mRNA 
network revealed relationships between and among miR-
671-5p, NF-κB, and MMP-9 (Fig. 3C).

Upregulated miR‑671‑5p Protects OGD/ R Bend.3 
Cell Permeability

Unlike the normal controls, miR-671-5p expressions were 
significantly upregulated by miR-671-5p agomir (p < 0.05; 

Fig. 1   The expression miR-671-5p in BBB was determined through the FISH. magnification, 400 × ; Blue: DAPI; green: CD31(noted brain 
microvessel endothelial cells (BMVEC); GFAP (noted astrocytes); Neun (noted neurons); red: miR-671-5p; yellowish: merge
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Fig. 4A), and significantly suppressed by miR-671-5p antag-
omir treatments of OGD/R cells (p < 0.05; Fig. 4B). These 
findings indicated successful transfection of the miR-671-5p 
agomir or miR-671-5p antagomir. The viabilities of cells 
were lower in the OGD/R group compared to the control 
group (p < 0.05), and were increased by miR-671-5p agomir 
treatment (p < 0.05). However, miR-671-5p antagomir treat-
ment decreased the cell viability (p < 0.05; Fig. 4C). Cell 
toxicity levels were increased in the OGD/R group compared 
with the control group (p < 0.05), but were reduced by miR-
671-5p agomir treatment (p < 0.05; Fig. 4D). TEER level 
results demonstrated that the integrity of Bend.3 cells in the 
OGD/R group was impaired unlike that in the control group 
(p < 0.05), but was improved by miR-671-5p agomir treat-
ment (p < 0.05; Fig. 4E). Fluorescein sodium permeability 
results revealed increased permeability of OGD/R Bend.3 
cells compared to the control group (p < 0.05), which was 
reduced by miR-671-5p agomir treatment (p < 0.05; Fig. 4F). 
These results suggest that upregulated miR-671-5p protected 
OGD/ R Bend.3 cell permeability.

Upregulated miR‑671‑5p Alleviates OGD/ R Bend.3 
Cell Permeability by Suppressing NF‑κB Expressions

The mRNA expression of NF-κB were significantly 
increased in the OGD/R group, compared to that in the 
control group (p < 0.05), but were reduced by miR-671-5p 
agomir treatment (p < 0.05; Fig.  5A). Immunofluores-
cence analysis showed suppressed NF-κB expression in the 
OGD/R + miR-671-5p agomir group compared to that in the 
OGD/R group (p < 0.05; Fig. 5B, C). Therefore, upregulated 
miR-671-5p inhibited NF-κB expression in OGD/ R Bend.3 
cells.

The mRNA expression of NF-κB was significantly 
increased in the OGD/R + pcDNA3.1 NF-κB group 
unlike that in the OGD/R group (p < 0.05), suggest-
ing successful NF-κB overexpression by transfection 
of the pcDNA3.1- NF-κB plasmid (Fig. 5D). Treatment 
with the miR-671-5p agomir significantly increased the 
cell viabilities of OGD/R cells, which were reduced by 
overexpressed NF-κB (Fig. 5E). The miR-671-5p agomir 

Fig. 2   Hierarchical clustering 
showing the top 30 downregu-
lated or upregulated miRNAs in 
the MCAO/R group relative to 
the control group
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significantly reduced OGD/R cell cytotoxicity, which was 
reduced by overexpressed NF-κB (Fig. 5F). TEER level 
results demonstrated that the miR-671-5p agomir signifi-
cantly improved OGD/R cell integrity, which was reduced 
by overexpressed NF-κB (Fig. 5G). The permeability of 
OGD/R cells was reduced by the miR-671-5p agomir, 

whereas diminished by overexpressed NF-κB (Fig. 5H). 
Moreover, the miR-671-5p agomir significantly suppressed 
the protein levels of NF-κB and MMP-9 but increased the 
protein levels of tight junctions (occludin, claudin 5, and 
ZO-1), but were reduced by overexpressed NF-κB (Fig. 5I, 
J).

Fig. 3   Some related results of bioinformatics analysis. (A) Analy-
sis of important KEGG pathways showed that the ko04064 NF-
kappa B signaling pathway was enriched in MCAO/R mice. (B) The 
GO (Gene Ontology) analysis of molecular function, showed that 
enzyme binding (GO:0,019,899) that included MMP-9 was enriched 

in MCAO/R mice. (C) The miRNA‐mRNA network. The miRNA-
mRNA network revealed some relationships between and among 
miR-671-5p, NF-κB, and MMP-9. The circle represents miRNA, the 
rectangle represents mRNA, and shapes marked with different colors 
represent downregulated or upregulated genes
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Upregulated miR‑671‑5p Improved BBB 
Permeability in MCAO/R Mice

Right intracerebroventricular injection of miR-671-5p 
agomir increased miR-671-5p expression compared to 
agomir-NC MCAO/R mice (Fig. 6A). Neurological deficit 
scores were higher in the MCAO/R group mice (3.6 ± 0.1), 
than that in the sham group (0.0 ± 0.0) (p < 0.05), but 
were significantly improved in MCAO/R mice treated 
with miR-671-5p agomir (1.6 ± 0.2) (p < 0.05; Fig. 6B). 
Fall latency was significantly reduced in the MCAO/R 
group (53.3 ± 2.0 s), compared to that in the sham con-
trols (160.0 ± 0.0  s; p < 0.05), and the MCAO/R mice 
treated with miR-671-5p agomir remained on the Rota-
rod cylinder for a longer time (73.7 ± 3.8  s; p < 0.05; 
Fig. 6C). The infarcted area in the MCAO/R group mice 
(32.02% ± 1.70%) was significantly increased compared to 
that in the sham group (0.0% ± 0.0%) (p < 0.05), but was 
decreased by 14.42 ± 0.88% in MCAO/R mice treated with 
miR-671-5p agomir (p < 0.05; Fig. 6D, E). The severity 

of nuclear atrophy of cells treated with the miR-671-5p 
agomir was comparable to that of cells in the MCAO/R 
group. The concentration of Evans blue increased in 
MCAO/R mice (19.81 ± 0.78 ug/g) compared to that 
in the sham group (3.67 ± 0.2 ug/g; p < 0.05), but was 
reduced in MCAO/R mice treated with miR-671-5p ago-
mir (14.16 ± 1.21 ug/g; p < 0.05; Fig. 6F, G). These find-
ings indicated that upregulation of miR-671-5p protected 
against BBB permeability in MCAO/R mice. H&E stain-
ing showed that the proportion of injured cells in MCAO/R 
mice (93.36% ± 2.89%) was significantly higher than that 
of the sham group (7.00 ± 0.63%; p < 0.05), however, this 
proportion was reduced by 44.30 ± 4.23% in MCAO/R 
mice treated with miR-671-5p agomir (p < 0.05; Fig. 6H, 
I). The results of glycine silver staining showed that the 
axons and nerve fiber were smooth and neatly arranged 
in the sham group, whereas fewer axons and nerve fiber 
degeneration in the cortex of MCAO/R group mice com-
pared with the sham group, which was improved by the 
miR-671-5p agomir therapy (Fig. 6J).

Fig. 4   The effect of miR-
671-5p agomir or miR-671-5p 
antagomir on Bend. 3 cells were 
treated with OGD/R. (A) The 
expression of miR-671-5p was 
successfully upregulated with 
miR-671-5p agomir as revealed 
by the qRT-PCR assay. (B) The 
expression of miR-671-5p was 
successfully downregulated 
with miR-671-5p antagomir as 
determined by the qRT-PCR 
assay. (C) The MTT assay 
results show the viability of 
cells. (D) Assessment of cell 
injury based on lactate dehy-
drogenase (LDH) release rate. 
(E) TEER. (F) Permeability rate 
of fluorescein sodium. E and 
F The integrity and function 
of BBB. Values are presented 
as the mean ± SME from three 
independent experiments. Data 
were compared using Tukey's 
multiple comparisons tests fol-
lowed one-way ANOVA test, * 
p < 0.05 vs control, # p < 0.05 vs 
OGD/R group
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Fig. 5   Effect of miR-671-5p 
agomir combined with 
pcDNA3.1-NF-κ B on Bend.3 
cells treated with OGD/R. (A) 
The miR-671-5p agomir treat-
ment decreased mRNA NF-κB 
expression as revealed by qRT-
PCR. (B, C) Immunofluorescent 
staining of NF-κB, CD31: noted 
BMVEC, scale bar = 250 μm. 
(D) Transfection of pcDNA3.1 
NF-κB upregulated the mRNA 
NF-κB expression level as 
determined by qRT-PCR. (E) 
The MTT assay shows the 
viability of cells. (F) The lactate 
dehydrogenase (LDH) release 
rate shows the degree of cell 
injury. (G) TEER. (H) The 
permeability rate of fluorescein 
sodium. G and H The integrity 
and function of BBB. (I, J) 
The expression level of NF-κB, 
MMP-9, claudin 5, occludin, 
and ZO-1 was determined by 
western blotting. Data are pre-
sented as the mean ± SME from 
three independent experiments. 
Groups were compared using 
Tukey's multiple comparisons 
tests followed one-way ANOVA 
test, * p < 0.05 vs control, # 
p < 0.05 vs OGD/R group
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Upregulated miR‑671‑5p Alleviated BBB 
Permeability in MCAO/R Mice by Suppressing NF‑κB 
Expression

The mRNA expressions of NF-κB were reduced in the cor-
tex of MCAO/R mice treated with the miR-671-5p agomir 
(p < 0.05; Fig. 7A). Immunofluorescence analysis showed 
that NF-κB expressions in the cortex of MCAO/R mice 
were reduced by miR-671-5p agomir treatment (Fig. 7B, 
C). These findings imply that upregulated miR-671-5p sup-
pressed NF-κB expressions in the cortex of MCAO/R mice.

The expression of NF-κB mRNA was significantly 
increased in the cortex of MCAO/R mice intracerebroven-
tricularly injected with pcDNA3.1 NF-κB compared to that 
in the MCAO/R group (p < 0.05), suggesting that NF-κB was 
successfully overexpressed in pcDNA3.1 NF-κB injected 
MCAO/R mice (Fig. 7D). Western blot analysis confirmed 
that protein levels of NF-κB and MMP-9 in the cortex of 
MCAO/R mice were reduced by miR-671-5p agomir treat-
ment, however, these effects were reversed by pcDNA3.1 
NF-κB. The protein levels of tight junction claudin 5, occlu-
din and ZO-1 in the cortex of MCAO/R mice were increased 
by miR-671-5p agomir treatment, but these protective effects 
were antagonized following NF-κB overexpression (Fig. 7E, 
F). Apoptosis cells in the cortex increased in the MCAO/R 
mice (59.4 ± 1.7%) compared to that in the sham group 
(8.5 ± 0.8%, p < 0.05), which were reduced by miR-671-5p 
agomir (35.1 ± 1.3%, p < 0.05); however, overexpressed 
NF-κB reduced these protective effects by TUNEL stain-
ing (Fig. 7G, H). Neurological deficit scores were improved 
in the MCAO/R mice treated with the miR-671-5p agomir 
(1.7 ± 0.2), compared to MCAO/R group mice (3.8 ± 0.2; 
p < 0.05), however, overexpressed NF-κB reduced these 
protective effects (Fig. 7I). Fall latency results confirmed 
that MCAO/R mice treated with miR-671-5p agomir could 
hold for a longer time (82.2 ± 2.7 s), compared to MCAO/R 
mice (56.2 ± 2.7 s; p < 0.05) (Fig. 7J), however, These results 

suggest that upregulated miR-671-5p alleviated BBB perme-
ability in MCAO/R mice by suppressing NF-κB expression. 
overexpressed NF-κB reduced these protective effects.

Discussion

The blood-brain barrier (BBB) is a structure comprising cer-
ebral microvascular endothelial cells, pericytes, astrocytic 
endfeet, neurons, extracellular matrix, and tight junctions 
between endothelial cells that maintain the microenviron-
mental homeostasis of the cerebral [28, 29]. BBB destruc-
tion induced by ischemia/reperfusion may potentially trigger 
secondary brain injuries, including inflammation, edema, 
and hemorrhagic transformation [6, 30, 31]. BBB protec-
tion prevents secondary brain injury following ischemia/
reperfusion. Maintaining BBB integrity and reducing BBB 
permeability may be an effective strategy to prevent brain 
damage. This study provides a novel insight into the role 
of miR-671-5p in the attenuation of BBB damage by sup-
pressing NF-κB/MMP-9 to maintain BBB integrity after 
ischemia/reperfusion.

The FISH assay revealed the expressions of miR-671-5p 
in microvascular endothelial cells (BMVEC), astrocytes, 
and neurons, suggesting its abundance in BBB (Fig. 1). 
We found that miR-671-5p levels were suppressed in the 
cortex of MCAO/R mice by hierarchical clustering (Fig. 2). 
We also confirmed the downregulation of miR-671-5p both 
in the cortex of MCAO/R mice (Fig. 6A) and in OGD/R 
Bend.3 brain endothelial cells (Fig. 4A) by RT-PCR. These 
findings imply miR-671-5p downregulation both in vivo and 
in vitro ischemia/reperfusion model.

Microvascular endothelial cells were the primary cells 
that constitute the blood-brain barrier, Bend.3 brain endothe-
lial cells were used to construct in vitro model. Upregulation 
of miR-671-5p in vitro by transfering miR-671-5p agomir 
reduced cells cytotoxicity, improved cell viability, and trans-
endothelial electrical resistance, and reduced fluorescein 
sodium permeability of OGD/R Bend. 3 cells. However, 
miR-671-5p downregulation by transfection of miR-671-5p 
antagomir did not induce significant protective effects on 
OGD/R Bend.3 cells. The miR-671-5p agomir reduced BBB 
permeability in vivo, improved neurobehavioral function 
injury, and motor balance capacity reduced infarcted area, 
as well as lessened cell injury and apoptosis in the brain 
of MCAO/R mice. These findings imply that miR-671-5p 
upregulation protects against BBB destruction induced by 
ischemia/reperfusion.

Furthermore, we investigated the molecular mecha-
nisms underlying the protective effects of miR-671-5p ago-
mir. The nuclear factor kappa B (NF-κB) pathways medi-
ate IS development by regulating the transcriptional 
expression of target genes or activities of other pathways, 

Fig. 6   Impact of miR-671-5p agomir on MCAO/R mice. (A) The 
expression of miR-671-5p was successfully upregulated follow-
ing miR-671-5p agomir treatment as revealed by the qRT-PCR test 
(n = 6). (B) Neurological deficiency scores (n = 12). (C) Fall latency 
results are based on the Rota-rod testing (sec) (n = 12). (D, E) The 
cerebral infarction area was assessed through the TTC staining assay 
(n = 6). (F, G) BBB permeability was evaluated using the Evans 
blue leakage test (n = 6). (H, I) The H&E staining images, (n = 3). 
Magnification: low-magnification: 40 × , scale bar = 50  μm, high-
magnification: 400 × , scale bar = 250  μm; black arrow: an injured 
cell that nuclei shrunk, green arrow: normal cells. (J) The mor-
phological changes in the cortex of mice were evaluated by glycine 
silver staining, the axons of neurons are pointed by the red arrows, 
Magnification: low-magnification: 50 × , high-magnification: 400 × , 
scale bar = 100 μm. Results are shown as mean ± SEM. Groups were 
analyzed using Tukey's multiple comparisons tests followed one-way 
ANOVA test. Kruskal–Wallis test was used to determine neurological 
deficit scores. *p < 0.05 vs Sham, # p < 0.05 vs MCAO/R group

◂
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thereby causing inflammation that aggravates BBB dis-
ruption [32]. Consequently, we noted that overexpressed 
NF-κB reversed the protective effects of miR-671-5p ago-
mir in IS models. In our previous study, we found that 

NF-κB is a target of miR-671-5p [21]. These findings 
suggest that upregulation of miR-671-5p protects against 
BBB destruction by inhibiting NF-κB in ischemia stroke 
models.

Fig. 7   Effect of miR-671-5p agomir combined with pcDNA3.1-
NF-κB on the cortex of MCAO/R mice. (A) Treatment with miR-
671-5p agomir decreased mRNA NF-κB expression level as deter-
mined by qRT-PCR (n = 6). (B, C) Immunofluorescent staining of 
NF-κB and CD31: noted BMVEC (n = 3). (D) mRNA Transfection 
with pcDNA3.1 NF-κB upregulated NF-κB expression as revealed 
by qRT-PCR, (n = 6). (E, F) The relative protein levels of NF-κB, 
MMP-9, claudin 5, occludin, and ZO-1 were analyzed by western 
blotting (n = 6). (G, H) Apoptosis cells in the cortex were analyzed 

by TUNEL (n = 6). Magnification: low-magnification: 40 × , scale 
bar = 50 μm, high-magnification: 400 × , scale bar = 250 μm. (I) Neu-
rological deficit scores (n = 6). (J) Fall latency results as assessed by 
the Rota-rod test (sec) (n = 6). Data are shown as the mean ± SEM. 
Groups were analyzed by Tukey's multiple comparisons tests fol-
lowed one-way ANOVA test. Neurological deficit scores were deter-
mined by the Kruskal–Wallis test. *p < 0.05 vs Sham, # p < 0.05 vs 
MCAO/R group
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Matrix metallopeptidases (MMPs) are a family of zinc 
endopeptidases that can degrade extracellular matrix and 
basement membrane components [33]. Increased MMP-2 
and MMP-9 levels in ischemia/reperfusion correlate with 
degradation of the integrity of the BBB [17, 34]. After 
ischemic stroke, MMP-9 is upregulated and activated, which 
dysregulates BBB integrity by degrading tight junction pro-
teins and modulating inflammation [29, 35]. Tight junction 
proteins between endothelial cells act as gatekeepers to 
regulate substances entering the brain, thereby maintaining 
microenvironmental homeostasis of the cerebra [35, 36]. 
After IS, BBB disruption is accompanied by the degradation 
of tight junction proteins, causing edema and hemorrhagic 
transformation [17, 37]. Occludin, Claudins, and Zonula 
occludens (ZO-1, ZO-2, ZO-3) are the major members of 
tight junction proteins. MMP-9 suppression alleviates occlu-
din and ZO-1 degradation in focal cerebral ischemia [7, 38], 
and NF-κB is one of the key transcription factors that cause 
MMP-9 expression [39–41].

MMP-9 is highly abundant in the hippocampus, cerebel-
lum, and cerebral cortex regions of the brain [42]. In this 
work, samples from the cerebral cortex of MCAO/R mice, 
and the miRNA-mRNA network demonstrated relationships 
between miR-671-5p, NF-κB, and MMP-9.

Our findings revealed that upregulated miR-671-5p sup-
pressed MMP-9 expressions and increased occludin, clau-
dins, and ZO-1 levels, which were reversed by overexpressed 
NF-κB both in Bend.3 OGD/R cells (Fig. 5) and in the cor-
tex of MCAO/R mice (Fig. 7). In summary, these findings 
show that upregulated miR-671-5p alleviates tight junc-
tion protein permeability of BBB by suppressing NF-кB, 
thereby inhibiting MMP-9 expressions induced by ischemia/
reperfusion.

This study has compelling limitations. The NF-κB tran-
scription factor comprises homodimers or heterodimers 
of p50, p52, p65, Rela-B, and c-Rel proteins. The p65 
protein is important for NF-κB functionality, and the p65 
represents NF-κB in Western blot assay. miR-671-5p is 
an RNA nucleotide sequence that can directly regulate 
NF-κB expressions only at mRNA levels via transcription 
or translation, thus, it can regulate de novo ischemia/rep-
erfusion-induced NF-κB transcription or translation. One 
of the steps of translation is modulated by cytoplasmic 
ribosomes, therefore, we measured the total NF-κB levels 
in whole cells of samples without analyzing differences in 
the cytoplasm or nucleus. Since miR-671-5p expression 
was not significantly changed following agomir-NC treat-
ment in vitro Fig. 4 and in vivo Fig. 6, we did not design 
the agomir-NC group in Fig. 5 and Fig. 7.

Conclusion

In conclusion, miR-671-5p levels were inhibited, and 
upregulated miR-671-5p alleviated BBB permeability by 
suppressing NF-κB/MMP-9 in both in vitro and in vivo 
ischemia/reperfusion model (Fig. 8). These findings sug-
gest that miR-671-5p is a potential biomarker and thera-
peutic target that maintains BBB permeability during IS. 
Nonetheless, the safety, efficacy, and mechanism of miR-
671-5p in IS patients warrant further investigations.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12035-​023-​03318-7.

Fig. 8   The miR-671-5p/NF-κB/
MMP-9/occludin pathway after 
ischemic stroke injury. (This 
figure was drawn on https://​app.​
biore​nder.​com/​illus​trati​ons.) 
In the ischemic stroke model, 
miR-671-5p levels in the cortex 
were increased and upregulated 
miR-671-5p reduced the tight 
junctions of BBB by negatively 
regulating NF-κB/MMP-9

https://doi.org/10.1007/s12035-023-03318-7
https://app.biorender.com/illustrations
https://app.biorender.com/illustrations
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