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Abstract
This study was designed to investigate the role of miR-671-5p in in vitro and in vivo models of ischemic stroke (IS). Mid-
dle cerebral artery occlusion and reperfusion (MCAO/R) in C57BL/6 mice as well as oxygen–glucose deprivation and 
reoxygenation (OGD/R) in a mouse hippocampal HT22 neuron line were used as in vivo and in vitro models of IS injury, 
respectively. miR-671-5p agomir, miR-671-5p antagomir, pcDNA3.1-NF-κB, and negative controls were transfected into 
cells using riboFECT CP reagent. miR-671-5p agomir, pcDNA3.1-NF-κB, and negative vectors were administered into 
MCAO/R mice via intracerebroventricular injection. The results showed that miR-671-5p was significantly downregulated 
and that miR-671-5p agomir alleviated injury and neuroinflammation induced by ischemic reperfusion. A dual-luciferase 
reporter assay confirmed that NF-κB is a direct target of miR-671-5p. Reverse experiments showed that miR-671-5p agomir 
reduced neuroinflammation via suppression of NF-κB expression in both in vitro and in vivo models of IS. Our data suggest 
that miR-671-5p may be a viable therapeutic target for diminishing neuroinflammation in patients with IS.
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Introduction

Ischemic stroke (IS) is the leading cause of disability world-
wide [1, 2], with more than two million young adults suf-
fering from IS episodes each year [3]. Cerebral ischemia, 
caused by a temporary lack of blood supply to the brain, 
is known to cause irreversible neuronal death in the brain, 
which can induce progressive dementia and cognitive 
deterioration [4]. Many neuroprotective therapies have 
been revealed as promising prospects in both in vivo and 
in vitro models of IS, however, their effects on patients have 
been limited [5–7]. There is still an increased need to seek 

effective intervention targets to improve neuronal recovery 
after IS.

MicroRNAs (miRNAs) are small, noncoding rRNAs 
with lengths less than 50 nucleotides. Recent research has 
reported that some miRNAs play a role in the translation 
and transcription process by partially pairing with specific 
sequences in the 3′ untranslated regions of target mRNAs [8, 
9]. In recent years, accumulating evidence has demonstrated 
that miRNAs have neuroprotective roles in IS [10–13]. miR-
675-5p, which is located on chromosome 7 in humans and 
on chromosome 5 in mice, has been demonstrated to partici-
pate in the pathogenesis of various diseases. For example, 
miR-671-5p was shown to function as a tumor suppressor 
in osteosarcoma [14] and suppress macrophage-mediated 
inflammation in orbital fat stem cells [15], while it was also 
reported to have decreased expression during the oncogenic 
transition of breast cancer [16] and ameliorate the progres-
sion of osteoarthritis [17]. Additionally, a previous study 
reported that miR-671-5p plays an important role in some 
central nervous system diseases, such as multiple system 
atrophy and Parkinson’s disease [18]. miR-671-5p is highly 
abundant in the cerebral cortex, hippocampus, cerebellum, 
and olfactory bulbs of the mammalian brain, and it is bound 
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with the circular RNA Cdr1, which is important for regulat-
ing neuronal activity in human and mouse brains [19]. miR-
671-5p has been shown to be a target for reducing neuronal 
toxicity induced by lead poisoning [20]. IS-induced dam-
age occurs in various brain tissue areas, such as the brain 
hippocampus, cortex and striatum in animals [21, 22], and 
neurons are highly sensitive to irreversible damage caused 
by ischemia and hypoxia [23]. However, little is currently 
known about whether miR-671-5p plays a role or interacts 
with a specific target in neuronal injury following IS.

Inflammation plays an important role in the pathogen-
esis of IS, and an explosive release of some proinflam-
matory cytokines exacerbates neuronal death in ischemic 
brain regions [4]. Nuclear factor kappa B (NF-κB) is a tran-
scription factor known to be widely associated with neu-
roinflammatory responses following ischemic reperfusion, 
which will induce an explosive release of some proinflam-
matory cytokines, such as interleukin-1 (IL-1β), interleu-
kin-6 (IL-6), tumor necrosis factor-α (TNF-α), and nitric 
oxide synthase (iNOS), exacerbating neuronal death [5, 24]. 
This study was designed to investigate whether miR-671-5p 
affects the activation of neuroinflammation and its underly-
ing molecular mechanisms in IS. Our results showed that a 
miR-671-5p agomir sufficiently reduced neuroinflammation 
via the suppression of NF-κB expression in both in vitro and 
in vivo models of IS, which indicated that miR-671-5p may 
be a viable therapeutic target for diminishing neuroinflam-
mation in patients with IS.

Material and Methods

Animals and the Middle Cerebral Artery Occlusion 
and Reperfusion (MCAO/R) Model

In total, 192 male C57BL/6 mice (20–25 g) were housed 
under standard conditions (25 °C ± 2 °C, 60–70% relative 
humidity) with access to food and water ad libitum in the 
Animal Center of Chongqing Medical University (Chong-
qing, China). The Chongqing Medical Animal Experiment 
Center supervised all studies, which were approved by the 
Ethics Committee of the Animal Laboratory of Chongqing 
Medical University (License Number: SYXK YU 2010-
001). Animal suffering was minimized whenever possible.

The mouse model of IS was developed using the MCAO 
method based on previously published studies [25]. Briefly, 
animals were anesthetized using pentobarbital sodium 
(40 mg/kg; Sunlidabio, Nanjing, China) by intraperitoneal 
injection and placed in a supine position. Then, the right 
common carotid artery (CCA), internal carotid artery (ICA), 
and external carotid artery (ECA) were exposed and dis-
sected away from adjacent nerves. A silicone nylon suture 
(0.21 mm in diameter; Fengteng Biology, Xi’an, China) was 

inserted through the CCA into the ICA so that it blocked 
the middle cerebral artery. This blockage was removed after 
60 min (min). The wound was disinfected and sutured. In 
sham-operated animals, all surgical procedures were identi-
cal to the MCAO model, except the silicone nylon sutures 
were not inserted.

Animal Treatment Groups

For studies of miR-671-5p expression, mice were randomly 
assigned to five groups: (1) Sham, (2) MCAO/R 0 h, (3) 
MCAO/R 8 h, (4) MCAO/R 16 h, and (5) MCAO/R 24 h. 
For studies regarding the mechanistic role of miR-671-5p 
in MCAO/R mice, the mice were grouped as follows: (1) 
Sham, (2) MCAO/R, (3) MCAO/R + miR-671-5p ago-
mir, (4) MCAO/R + agomir-negative control (NC), (5) 
MCAO/R + miR-671-5p agomir + pcDNA3.1-NF-κB, and 
(6) MCAO/R + pcDNA3.1-NF-κB. The volume of reagent 
administration to the mice was as follows: 2 μL of miR-
671-5p agomir (20 μM; Sagon Biotech, Shanghai, China), 
2 μL agomir NC, 2 μL pcDNA3.1-NF-κB (1 ug/μL; GeneP-
harma, Shanghai, China) or 2 μL pcDNA3.1-NC via a right 
intracerebroventricular injection at 72 h (h) and 24 h before 
ischemia. Mice in the sham and MCAO groups were admin-
istered ddH2O. Mice hippocampal samples were collected 
for analysis at MCAO/R after 24 h.

Right intracerebroventricular injection protocol: Mice 
were anesthetized with pentobarbital sodium (40 mg/kg), 
fixed, and placed in a prone position on the stereotaxic appa-
ratus (San Diego, USA). The injection site was estimated 
roughly by 1 mm to the right of the midline of the mouse, 
using a line drawn through the anterior base of the ears as a 
guide [26], then a 8–10 mm sagittal incision was made on 
the scalp of each mouse to expose the bregma. A tiny pari-
etal hole (1.0 mm lateral and 0.5 mm posterior of bregma) 
was created on the skull perpendicularly by a 1-mm diam-
eter trephine bur, next, a mini-pump syringe (RWD, Ningbo, 
China) was inserted perpendicularly through the tiny hole 
into the brain to a depth of 3.0 mm [27]. The mini-pump 
syringe was inserted into the lateral ventricle when a minute 
amount of transparent cerebrospinal fluid could be extracted 
with the empty mini-pump syringe. Finally, the plasmid was 
injected into the lateral ventricle by the mini-pump syringe 
at a rate of 0.2 μL/min.

Cell Culture and Oxygen–Glucose Deprivation 
and Reoxygenation (OGD/R) Treatment

Mice hippocampal HT22 neurons (Zhongqiao Xinzhou 
Biotech, Shanghai, China) were cultured in a 5% CO2 
incubator in high-glucose Dulbecco’s Modified Eagle 
medium (Saimike, Chongqing, China) with 10% fetal calf 
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serum (Hyclone, Logan, Utah, USA) and 1% penicillin/
streptomycin.

OGD/R treatment: Briefly, normal HT22 cells were trans-
ferred to glucose-free DMEM (Gibco, Waltham, MA, USA) 
for 2 h under hypoxic conditions (1.0% O2, 93.5% N2, 5.0% 
CO2) at 37 °C. Then, OGD-treated cells were cultured under 
normal culture media for 24 h to simulate reperfusion. For 
studies of miR-671-5p expression in OGD/R HT22 cells, we 
assigned groups as follows: (1) Control, (2) OGD/R 0 h, (3) 
OGD/R 8 h, (4) OGD/R 16 h, and (5) OGD/R 24 h.

siRNA Transfection

In order to study the role of miR-671-5p in the in vitro 
model, we designed the groups as follows: (1) Con-
trol, (2) OGD/R, (3) OGD/R + miR-671-5p agomir, (4) 
OGD/R + agomir-NC, (5) OGD/R + miR-671-5p antago-
mir, and (6) OGD/R + antagomir-NC. In order to study the 
mechanism underlying the protective role of miR-671-5p, 
we designed the groups as follows: (1) Control, (2) OGD/R, 
(3) OGD/R + miR-671-5p agomir, (4) OGD/R + miR-671-5p 
agomir + pcDNA3.1-NF-κB, and (5) OGD/R + pcDNA3.1-
NF-κB. miR-671-5p agomir (50 nM), miR-671-5p antagomir 
(50 nM), pcDNA3.1-NF-κB (1 μg/mL), and vectors were 
transfected into cells using riboFECT CP reagent (RIBBIO, 
Guangzhou, China). Following transfection, cells were sub-
jected to OGD/R treatment and cultured in normal media 
for an additional 24 h.

Cell Viability Assay

A cell proliferation and cytotoxicity assay kit (methylthia-
zolyldiphenyl-tetrazolium bromide (MTT; Sigma, St. Louis, 
MO, USA) was used to measure cell viability according to 
the manufacturer’s protocol. HT22 cells were seeded into 
96-well plates at a density of 1 × 104 cells. After each treat-
ment, cells from every group were given 20 μL of MTT 
(5  mg/mL) and 150 μL of dimethyl sulfoxide (DMSO; 
Sigma, St. Louis, MO, USA). Then, absorbance was meas-
ured using a fluorescence plate reader (Thermo Fisher Sci-
entific, Waltham, MA, USA) at 560 nm.

Lactate Dehydrogenase (LDH) Leakage Assay

Extracellular cytotoxicity was detected using the LDH (Ser-
vicebio, Wuhan, China) release assay according to the man-
ufacturer’s protocol. Briefly, HT22 cells were seeded into 
96-well plates at a density of 1 × 104 cells. After each treat-
ment, 60 μL of culture media from every group was mixed 
with 60 μL of assay solution and incubated at 22–25 °C for 
30 min. Absorbance was measured at 490 nm by using a 
fluorescence plate reader (Thermo Scientific, USA).

Luciferase Activity

TargetScan 7.2 predicted that NF-κB was a target gene of 
miR-671-5p (http://​www.​targe​tscan.​org/​mmu_​72/). Seed 
region nucleotides (positions 3284–3289 of NF-κB [Ali-
ases: Rela]) were mutated from GCU​UCC​ to GGU​ACG​ 
as the mutant construct. NF-κB-3′UTR wild-type (WT) or 
NF-κB-3′UTR mutant-type (Mut) with miR-671-5p mimic 
or miR-671-5p mimic negative control were co-trans-
fected into 293 T cells (Sangon, Shanghai, China) using 
RNATransMate (Sangon, Shanghai, China) according to 
the manufacturer’s protocol. The transfected cells were 
harvested 48 h post-transfection, and the luciferase activ-
ity was measured using a Promega dual-luciferase system 
(Luciferase Assay Reagent, Sangon, Shanghai, China).

Immunofluorescence Staining

Paraffin slices of mouse hippocampal tissue were 
immersed in xylene for 5 min (twice), 100% ethanol for 
2 min, 95% ethanol for 1 min, 80% ethanol for 1 min, and 
75% ethanol for 1 min. Antigen retrieval was performed 
by placing the slides in citrate buffer. Then the slices were 
washed with 2% phosphate buffer saline (PBS) and 0.3% 
Triton X (Beyotime, Shanghai, China) for 1 h at 22–25 °C. 
After washing, the slices were incubated at 4 °C for 24 h 
with the polyclonal NeuN antibody (1:200, Proteintech, 
Rosemont, USA). Then the slices were washed three times 
with PBS for 5 min each and incubated for 30 min with 
FITC-labeled Goat Anti-Rabbit IgG (H + L) (1: 500, Bey-
otime, Shanghai, China) at 22–25 °C. DAPI (Beyotime, 
Shanghai, China) was used for nuclear staining. A fluo-
rescence microscope (Nikon, Tokyo, Japan) was used to 
image cells.

HT22 cells were seeded into 24-well plates at a density 
of 1 × 104 cells. After each treatment, HT22 cells were fixed 
using 4% paraformaldehyde for 20 min. Then the HT22 
cells were washed with 2% phosphate buffer saline (PBS) 
and 0.3% Triton X (Beyotime, Shanghai, China) for 1 h at 
22–25 °C. After washing, cells were incubated at 4 °C for 
24 h with the primary antibody P65 (1:200, Proteintech, 
Rosemont, USA). Then the slices were washed three times 
with PBS for 5 min each and incubated for 30 min with 
Cy3-labeled Goat Anti-Rat IgG (H + L) (1:500, Beyotime, 
Shanghai, China) at 22–25 °C. DAPI (Beyotime, Shanghai, 
China) was used for nuclear staining. A fluorescence micro-
scope (Nikon, Tokyo, Japan) was used to image cells. The 
fluorescence intensity of P65 in HT22 cells was measured 
with ImageJ (National Institutes of Health, Bethesda, MD, 
USA) using the following steps: image → color → split chan-
nels, image → adjust → threshold, image → adjust → auto 
threshold, analyze → measure → values.

http://www.targetscan.org/mmu_72/
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Quantitative Real‑Time Polymerase Chain Reaction 
(qRT‑PCR)

Trizol (Sagon Biotech) was used to extract RNA from hip-
pocampal tissue samples based on the provided protocol. 
An all-in-one cDNA Synthesis SuperMix (Bimake, Shang-
hai, China) was used for cDNA synthesis. The miRNA 1st-
Strand cDNA Synthesis Kit (tailing reaction; Sagon Biotech, 
Shanghai, China) was used for miRNA cDNA. qRT-PCR 
reactions were conducted to measure miR-671-5p and 
mRNA NF-κB expression using SYBR Green qPCR Mas-
ter Mix (Bimake, Shanghai, China). The primer sequences 
was as follows: 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′, universal PCR primer 
(antisense): 5′-AAC​GCT​TCA​CGA​ATT-3′, NF-κB (sense): 
5′-TGC​GAT​TCC​GCT​ATA​AAT​GCG-3′, NF-κB (antisense): 
5′-ACA​AGT​TCA​TGT​GGA​TGA​GGC-3′, β-actin (sense): 
5′-GTG​CTA​TGT​TGC​TCT​AGA​CTTCG-3′, β-actin (anti-
sense): 5′-ATG​CCA​CAG​GAT​TCC​ATA​CC-3′. The Bio-Rad 
CFX Manager 3.1 system (Bio-Rad, Hercules, CA, USA) 
was used with the following thermocycler settings: 95 °C 
for 7 min; 39 cycles at 95 °C for 15 s (s), 60 °C for 40 s, and 
65 °C for 30 s. The values of gene expression were directly 
displayed by the Bio-Rad CFX Manager 3.1 system.

Western Blotting

Samples were lysed using RIPA buffer (Dingguo, Beijing, 
China) based on the provided protocol. The total protein was 
separated using a PAGE gel fast preparation kit (Epizyme, 
Shanghai, China) and transferred to polyvinylidene fluoride 
(PVDF) membranes (Epizyme, Shanghai, China). The mem-
branes were blocked with bovine serum albumin (Thermo 
Fisher Scientific, Shanghai, China). The membranes were 
then incubated with antibodies against p65 (1:2000, Protein-
tech, Rosemont, IL, USA), phospho-NF-κB p65 (Ser536) 
(1:2000, Beyotime, Shanghai, China), and β-actin (1:4000, 
Proteintech, Rosemont, IL, USA), followed by incubation 
with an anti-rabbit secondary. The membranes were finally 
exposed using ECL FemtoLight Chemiluminescence Kit 
(Epizyme, Shanghai, China). The immunoreactive protein 
expression was quantified using Image Lab3.0 software 
(Bio-Rad, Hercules, CA, USA) as follows: open → choose 
lanes → analysis → values, p-P65 or P65 value /β-actin value 
for each group.

Enzyme‑Linked Immunosorbent Assay (ELISA)

HT22 cells were seeded into 6-well plates at a density of 
3 × 104 cells. The cell culture medium was collected after 
each treatment, and HT22 cells were dissociated by 100 μL 
RIPA buffer (Dingguo, Beijing, China) and pooled for the 

assay. Hippocampus (18–25 mg) was homogenized in RIPA 
buffer (10 mg hippocampus: 100 μL RIPA) and diluted up to 
1 mL with PBS for the assay. Levels of IL-1β, IL-6, TNF-α, 
and iNOS in the samples were measured using commercial 
ELISA kits (Beyotime, Shanghai, China) based on the pro-
vided protocol.

Neurological Deficits

At 24 h post-MCAO, the neurological functions of each 
group of mice were assessed by a blinded researcher using 
a modified version of a previously reported scoring system 
[28]. The scoring system was as follows: 0 = no apparent 
deficits; 1 = difficulty with full extension of the contralat-
eral forelimb; 2 = unable to extend the contralateral fore-
limb; 3 = mild contralateral circling; 4 = severe circling; and 
5 = falling to the contralateral side or death.

Infarct Area

At 24 h post-MCAO, brain tissue was collected and sliced 
into 1.5-mm thick coronal sections. Sections were stained for 
10 min with 2% 2,3,5-triphenyltetrazolium chloride (TTC, 
Sigma, St Louis, MO, USA) at 37 °C. In the stained sec-
tions, infarct tissue appeared white, whereas all other tissue 
appeared red. In order to evaluate infarction severity, ImageJ 
was used to measure the area of infarction as a proportion of 
the total area as follows: infarct area (%) = (infarct area – [the 
ipsilateral hemisphere area – the intact contralateral hemi-
sphere area]) × 100/intact contralateral hemisphere area [29].

Hematoxylin and Eosin (H&E) Staining

At 24 h post-MCAO, a mouse from every group were anes-
thetized and transcardially perfused with heparinized saline. 
Then the mouse brain tissues were fixed using 4% paraform-
aldehyde (Servicebio, Wuhan, China) for 24 h. Brain tissue 
were paraffin-embedded, sectioned into 4-μm thick coronal 
sections, and stained with H&E. Three to five brain sections 
from every mouse were photographed using light micros-
copy (Nikon, Tokyo, Japan). Since the nucleus of an injured 
cell shrinks as compared to a normal cell, we were able to 
differentiate between injured and normal cells. Percentage of 
injured cells (%) = injured cell counts × 100/total cell counts 
[30].

Rotarod Test

Mouse motor coordination was evaluated using a rotarod 
(Ugo Basile, Italy) before and after cerebral ischemia treat-
ment. Briefly, mice were trained on the rotarod cylinder for 
3 days prior to MCAO. The speed was accelerated from 
four revolutions per minute (rpm) to 40 rpm and lasted no 
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more than 160 s at baseline [31]. At 24 h post-MCAO, mice 
were placed on the rotarod device with the same accelera-
tion conditions as above. A researcher blinded to group 
experiments then observed the motor coordination of the 
mice and recorded the fall latency time, with a maximum 
time of 160 s. Animals were tested three times per day with 
10 min intervals, and the average time for each animal was 
calculated.

Statistical Analysis

All data were expressed as the mean ± standard error of the 
mean (SEM). The experiments were repeated three times 
in vitro. The number of mice in each group is noted in the 
legend. Data were compared via one-way ANOVA with Stu-
dent’s t test using SPSS v21.0 (IBM, Armonk, NY, USA), 
with p < 0.05 as the significance threshold.

Results

miR‑671‑5p Expression is Reduced in IS In Vitro 
and In Vivo

Our results revealed that miR-671-5p was downregulated 
in hippocampal samples at 8 h (65.94% ± 4.70%, p < 0.05), 
16 h (67.09% ± 6.33%, p < 0.05), and 24 h (54.55% ± 7.87%, 
p < 0.05) post-MCAO as compared to sham control 
(100.00% ± 0.00%) (Fig. 1a). Similarly, it was found that 
miR-671-5p expression was significantly decreased in HT22 
cells at 0 h (56.02% ± 3.27%, p < 0.05), 8 h (70.70% ± 9.99%, 
p < 0.05), 16  h (59.14% ± 7.38%, p < 0.05), and 24  h 
(69.88% ± 11.74%, p < 0.05) post-OGD/R as compared to 
untreated cells (100.00% ± 0.00%) (Fig. 1b). These findings 
suggested that the expression of miR-671-5p is reduced in 
the IS model without a fluctuation that ANRIL expression 
reduced first and then increased. Based on these results, 24-h 
timepoints were selected for further studies.

miR‑671‑5p Agomir Reduces OGD/R‑Induced Injury 
and Proinflammatory Cytokines in HT22 Cells

miR-671-5p expression was reduced in the OGD/R group 
(51.60% ± 8.22%, p < 0.05) as compared to the untreated 
cells (100.00% ± 0.00%). miR-671-5p expression, how-
ever, was increased in the miR-671-5p agomir group 
(188.80% ± 13.36%, p < 0.05) and reduced in the miR-
671-5p antagomir group (28.25% ± 6.01%, p < 0.05) as 
compared to the OGD/R group. Agomir negative vec-
tors (60.36% ± 8.48%) and antagomir negative vectors 
(51.42% ± 3.55%) had no impact on miR-671-5p expression 
(Fig. 2a). This result demonstrated that success upregulation 
or downregulation of miR-671-5p by transfection with miR-
671-5p agomir or antagomir siRNA transfection in vitro.

The MTT results showed that HT22 cell viability was 
reduced after OGD/R (53.45% ± 3.36%, p < 0.05) as com-
pared to the untreated control (100.00% ± 0.00%). OGD/
R-treated cell viability was increased by the miR-671-5p 
agomir (76.17% ± 3.10%, p < 0.05) and reduced by the miR-
671-5p antagomir (39.69% ± 3.81%, p < 0.05) (Fig.  2b). 
The LDH results showed that HT22 cell cytotoxicity was 
increased after OGD/R (43.72% ± 0.74%, p < 0.05) as com-
pared to the untreated control (11.10% ± 0.48%). OGD/R-
treated cell cytotoxicity was reduced by the miR-671-5p 
agomir (25.11% ± 1.30%, p < 0.05) and increased by the 
miR-671-5p antagomir (46.70% ± 1.98%, p < 0.05) (Fig. 2c). 
mRNA expression of NF-κB in HT22 cells was increased 
in the OGD/R group (366.80% ± 37.21%, p < 0.05) as com-
pared to the untreated control (100.00% ± 0.00%). The 
miR-671-5p agomir (260.40% ± 25.14%, p < 0.05) reduced 
the mRNA expression of NF-κB, whereas the miR-671-5p 
antagomir (481.90% ± 42.88%, p < 0.05) had the opposite 
effect as evidenced by qRT-PCR (Fig. 2d). Western blot 
analysis results showed that p-P65 and P65 protein levels 
were increased by OGD/R treatment (p-P65, 0.691 ± 0.043, 
p < 0.05; P65, 0.970 ± 0.049, p < 0.05), but the miR-671-5p 
agomir suppressed p-P65 (0.480 ± 0.033, p < 0.05) and P65 

Fig. 1   miR-671-5p expression 
in the IS model. a miR-671-5p 
levels in murine hippocampal 
samples (collected at 0, 8, 16, 
and 24 h post-MCAO) were 
measured via qRT-PCR (n = 6). 
b miR-671-5p expression in 
HT22 cells was measured at 0, 
8, 16, and 24 h post-OGD/R 
via qRT-PCR (experiment per-
formed in triplicate). One-way 
ANOVA with Student’s t test, 
* p < 0.05 vs sham or untreated 
control
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(0.658 ± 0.070, p < 0.05) protein levels (Fig. 2e, f). Proin-
flammatory factors increased after OGD/R treatment (IL-
1β, 71.30 ± 3.82 ng/L, p < 0.05; IL-6, 60.29 ± 2.19 ng/L, 
p < 0.05; TNF-α, 657.00 ± 28.93  ng/L, p < 0.05; iNOS, 
543.9 ± 24.17 ng/L, p < 0.05) as compared with the untreated 
control (IL-1β, 24.99 ± 1.64 ng/L; IL-6, 20.24 ± 2.00 ng/L; 
TNF-α, 244.5 ± 12.46 ng/L; iNOS, 97.70 ± 11.37 ng/L), 
but the miR-671-5p agomir decreased the proinflamma-
tory factors (IL-1β, 33.95 ± 2.38  ng/L, p < 0.05; IL-6, 
42.55 ± 2.15 ng/L, p < 0.05; TNF-α, 444.90 ± 12.95 ng/L, 
p < 0.05; iNOS, 273.10 ± 30.01 ng/L, p < 0.05) as shown by 
ELISA (Fig. 2g).

NF‑κB is a Direct Target of miR‑671‑5p

TargetScan 7.2 predicted that NF-κB was a target gene of 
miR-671-5p (Fig. 3a). A dual-luciferase reporter show that 
there was a significant difference between the miR-671-5p 
agomir group and miR-NC group (p < 0.05) in NF-κB-
3′UTR wild-type. However, there was not a significance 

difference in the NF-κB-3′UTR mutant-type, which indi-
cated that NF-κB is a direct target of miR-671-5p (Fig. 3b).

miR‑671‑5p Agomir Reduces OGD/R‑Induced 
Neuroinflammation via Suppression of NF‑κB 
Expression

mRNA expression of NF-κB in the OGD/R group 
(159.60% ± 8.08%, p < 0.05) was increased as compared 
to the untreated control (100.00% ± 0.00%). pcDNA3.1-
NF-κB (797.00% ± 71.37%, p < 0.05) enhanced the mRNA 
expression of NF-κB, and pcDNA3.1 negative vectors 
(173.30% ± 6.39%) had no impact as compared with the 
OGD/R group. The result demonstrated that pcDNA3.1-
NF-κB was able to successfully overexpress the transcript 
of NF-κB in HT22 cells (Fig. 3c).

We found that cell viability was increased in the miR-
671-5p agomir group (79.47% ± 2.58%, p < 0.05) as com-
pared with the OGD/R group (65.37% ± 2.61%), whereas 
NF-κB overexpression (65.91% ± 2.81%) reversed 
this effect (Fig.  3d). The LDH results showed that cell 

Fig. 2   Impact of miR-671-5p agomir and miR-671-5p antagomir 
in  vitro. a Confirmation of successful miR-671-5p upregulation or 
repression, and no significant effects imposed by the negative control. 
b Cell viability was assessed via a MTT assay. c Cell cytotoxicity 
was assessed via a LDH leakage assay. d NF-κB mRNA expression 

was quantified via qRT-PCR. e, f p-P65 and P65 protein levels were 
assessed via western blotting. g IL-1β, IL-6, TNF-α, and iNOS levels 
were measured via ELISA. Experiments were performed in triplicate. 
One-way ANOVA with Student’s t test, *p < 0.05 vs control, #p < 0.05 
vs OGD/R group
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cytotoxicity was reduced in the miR-671-5p agomir group 
(24.69% ± 1.15%, p < 0.05) as compared with the OGD/R 
group (33.11% ± 1.15%), whereas NF-κB overexpres-
sion (29.45% ± 1.05%) reversed this effect (Fig. 3e). NF-
κB mRNA expression was significantly reduced in the 

miR-671-5p agomir group (244.90% ± 22.72%, p < 0.05) 
as compared with the OGD/R group (393.4% ± 34.38%), 
and this was reversed by overexpression of NF-κB 
(315.80% ± 19.01%) (Fig. 3f). p-P65 and P65 levels were 
significantly reduced in the miR-671-5p agomir group 

Fig. 3   Impact of miR-671-5P agomir or cotransfection with NF-κB 
overexpression in vitro. a TargetScan 7.2 predicted that NF-κB was 
a target gene of miR-671-5p. b A dual-luciferase reporter assay vali-
dated that NF-κB was a direct target of miR-671-5p. c Successful 
overexpression of NF-κB mRNA was achieved, and no significant 
effects imposed by the negative control were assessed via qRT-PCR. 
d Cells viability was assessed via a MTT assay. e Cell cytotoxicity 
was assessed via a LDH leakage assay. f NF-κB mRNA expression 

was quantified via qRT-PCR. g, h p-P65 and P65 protein levels were 
measured via western blotting. i IL-1β, IL-6, TNF-α, and iNOS levels 
were measured via ELISA. j, k p65 expression using immunofluores-
cence staining; white arrow: cells where the fluorescence intensity 
of p65 is enhanced. Experiments were performed in triplicate. One-
way ANOVA with Student’s t test, *p < 0.05 vs control, #p < 0.05 vs 
OGD/R group, &p < 0.05 OGD/R + miR-671-5p + pcDNA3.1-NF-κB 
vs OGD/R + pcDNA3.1-NF-κB
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(p-P65, 0.384 ± 0.065, p < 0.05; P65, 0.586 ± 0.040, 
p < 0.05) as compared with the OGD/R group (p-P65, 
0.661 ± 0.030; P65, 0.842 ± 0.035), and this was reversed 
by overexpression of NF-κB (p-P65, 0.558 ± 0.085; P65, 
0.737 ± 0.02) (Fig. 3g, h). The miR-671-5p agomir (IL-
1β, 40.82 ± 2.28 ng/L, p < 0.05; IL-6, 46.95 ± 2.04 ng/L, 
p < 0.05; TNF-α, 471.50 ± 16.99  ng/L, p < 0.05; iNOS, 
361.80 ± 25.50 ng/L, p < 0.05) also significantly reduced 
the expression of proinflammatory factors as compared 
with the OGD/R group (IL-1β, 68.80 ± 4.59 ng/L; IL-6, 
56.86 ± 2.97 ng/L; TNF-α, 637.90 ± 26.71 ng/L; iNOS, 
514.10 ± 34.60 ng/L). NF-κB overexpression reversed the 
effect on proinflammatory factors (IL-1β, 62.85 ± 1.84 ng/L; 
IL-6, 55.86 ± 2.19 ng/L; TNF-α, 558.80 ± 18.75 ng/L; iNOS, 
515.10 ± 26.85 ng/L) (Fig. 3i). Immunofluorescence also 

revealed that the miR-671-5p agomir reduced the OGD/R-
induced increases in fluorescence intensity of P65 levels in 
HT22 cells (Fig. 3j and k).

miR‑671‑5p Agomir Reduces MCAO/R‑Induced 
Injury

miR-671-5p expression was reduced in the MCAO/R group 
(69.54% ± 4.89%, p < 0.05) as compared with sham group 
(100.00% ± 0.00%), increased in the miR-671-5p agomir 
group (193.00% ± 7.21%, p < 0.05) as compared with the 
MCAO/R group, and there were no significant effects caused 
by the agomir negative controls (61.41% ± 7.94%) (Fig. 4a). 
These results demonstrated that miR-671-5p expression was 
successfully upregulated by the miR-671-5p agomir in vivo. 

Fig. 4   Impact of miR-671-5P agomir in  vivo. a Successful upregu-
lation of miR-671-5P expression was achieved, and no significant 
effects imposed by the negative control were assessed via qRT-PCR 
(n = 6). b Neurological deficit scores (n = 6). c, d The area of infarc-

tion were measured via TTC (n = 3). e, f H&E staining was used to 
visualize the injured cells (n = 3); green arrow: normal cell, black 
arrow: injured cell with a reduced nucleus size. One-way ANOVA 
with Student’s t test, *p < 0.05 vs sham, #p < 0.05 vs MCAO/R group
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Neurological deficit scores were increased in the MCAO/R 
mice group (3.33 ± 0.21, p < 0.05) as compared with the 
sham group (0.00 ± 0.00), but were reduced by in mice 
treated with the miR-671-5p agomir (2.40 ± 0.16, p < 0.05) 
(Fig. 4b). Our TTC results showed that area of infarction sig-
nificantly increased after MCAO (26.58% ± 2.00%, p < 0.05), 
but miR-671-5p treatment (15.54% ± 1.86%, p < 0.05) sig-
nificantly decreased the area of infarction (Fig. 4c and d). 
H&E results showed that cavitation occurred in the tissue 
and the nucleus of some cells atrophied. Additionally, the 
number of injured cells significantly increased in the CA1 
region of the hippocampus (85.65% ± 2.33%, p < 0.05) and 
cortex (86.03% ± 2.95%, p < 0.05) in the MCAO/R group; 
however, miR-671-5p treatment significantly decreased the 
injured cells in the hippocampus (50.04 ± 2.61%, p < 0.05) 
and cortex (53.47 ± 4.29%, p < 0.05) (Fig. 4e and f). Immu-
nofluorescent NeuN staining showed that the survival of 
neurons significantly increased in the hippocampal CA1 
region and cortex of MCAO/R mice after miR-671-5p ago-
mir treatment (Fig. 5).

miR‑671‑5p Agomir Reduces MCAO/R‑Induced 
Neuroinflammation via Decreased NF‑κB Expression

NF-κB was successfully overexpressed by pcDAN3.1- 
NF-κB (377.5% ± 42.74%, p < 0.05) compared with 
MCAO/R group (287.60% ± 7.66%), and there was 
no impact of pcDNA3.1 on the negative controls 
(287.70% ± 5.69%) in vivo (Fig. 6a). Our qRT-PCR results 
revealed that NF-κB mRNA expression significantly 
increased after MCAO/R (311.3% ± 12.81%, p < 0.05) as 
compared with the sham group (100.00% ± 0.00%), but 
the miR-671-5p agomir (184.60% ± 15.18%, p < 0.05) 
significantly decreased levels, which was reversed via 
NF-κB overexpression (290.50% ± 14.66%) (Fig.  6b). 
Western blot results revealed that p-P65 and P65 pro-
tein levels significantly increased after MCAO/R (p-P65, 
0.489 ± 0.015, p < 0.05; P65, 0.586 ± 0.037, p < 0.05) as 
compared with the sham group (p-P65, 0.157 ± 0.015; P65, 
0.285 ± 0.035), but miR-671-5p treatment significantly 
decreased levels (p-P65, 0.323 ± 0.032, p < 0.05; P65, 
0.410 ± 0.020, p < 0.05), which was reversed via NF-κB 
overexpression (p-P65, 0.423 ± 0.018; P65, 0.558 ± 0.037) 
(Fig. 6c and d). ELISA results showed that proinflamma-
tory cytokines were significantly increased after MCAO 
(IL-1β, 5.30 ± 0.24 pg/mg, p < 0.05; IL-6, 4.70 ± 0.35 pg/
mg, p < 0.05; TNF-α, 37.22 ± 1.46 pg/mg, p < 0.05; iNOS, 
41.99 ± 1.19 pg/mg, p < 0.05) as compared with the sham 
group (IL-1β, 2.46 ± 0.25  pg/mg; IL-6, 2.44 ± 0.15  pg/
mg; TNF-α, 17.44 ± 1.52 pg/mg; iNOS, 15.28 ± 0.69 pg/
mg). miR-671-5p treatment significantly decreased levels 
of proinflammatory cytokines (IL-1β, 3.61 ± 0.23 pg/mg, 
p < 0.05; IL-6, 3.27 ± 0.16, p < 0.05; TNF-α, 26.97 ± 1.88, 

p < 0.05; iNOS, 30.12 ± 2.34, p < 0.05), which was reversed 
after NF-κB overexpression (IL-1β, 4.61 ± 0.17 pg/mg; 
IL-6, 3.92 ± 0.15 pg/mg; TNF-α, 33.18 ± 1.39 pg/mg; iNOS, 
36.57 ± 3.51 pg/mg) (Fig. 6e). Neurological deficit scores 
were significantly elevated in MCAO/R mice (3.67 ± 0.13, 
p < 0.05), and while these scores were reduced by miR-
671-5p treatment (2.13 ± 0.17, p < 0.05), NF-κB overexpres-
sion reversed these protective effects (3.27 ± 0.18) (Fig. 6f). 
Fall latency was reduced in the MCAO/R model animals 
(49.93 s ± 2.63 s, p < 0.05) as compared to the sham group 
(160.00 s ± 0.00 s) in a rotarod test, which was significantly 
improved by the miR-671-5p agomir (83.27  s ± 3.16  s, 
p < 0.05). However, NF-κB overexpression reversed these 
effects (57.80 s ± 2.90 s) (Fig. 6g).

Discussion

Our results showed that miR-671-5p expression was reduced 
in both in vitro and in vivo models of IS. We successfully 
upregulated or downregulated miR-671-5p by transfect-
ing a siRNA miR-671-5p agomir or antagomir into cells 
in vitro. Our results showed that upregulated miR-671-5p 
improved cell viability, reduced cell cytotoxicity, reduced 
the p-P65 and P65 protein levels, and reduced the levels 
of proinflammatory cytokines, including IL-1β, IL-6, TNF-
α, and iNOS, in OGD/R HT22 cells. Overall, our results 
showed that upregulated miR-671-5p reduced neurological 
deficit scores, the area of infraction, p-P65 and P65 protein 
levels, and the levels of IL-1β, IL-6, TNF-α, and iNOS, and 
increased the fall latency in MCAO/R mice.

A previous study reported that miR-671-5p participated 
in the pathogenesis of osteosarcoma [14], breast cancer [16], 
and osteoarthritis [17]. miR-671 was shown to be highly 
abundant in the hippocampus of the mammalian brain, and 
it is bound with the circular RNA Cdr1[19]. miR-671-5p 
was demonstrated to play an important role in some central 
nervous system diseases, such as multiple system atrophy 
and Parkinson’s disease [18], and is a target for reducing 
neuronal toxicity induced by lead poisoning [20]. Our results 
demonstrated that a miR-671-5p agomir reduced injury and 
neuroinflammation in both in vitro and in vivo models of 
IS. These results indicated that miR-671-5p is important for 
regulating neuronal activity in human and mouse brains.

The overactivation of uncontrolled neuroinflammation 
exacerbates neuronal death in IS [30]. NF-κB is a transcrip-
tion factor known to be widely associated with neuroinflam-
matory responses following ischemic reperfusion [5, 31]. 
NF-κB is mainly bound to IκB kinase, an NF-κB inhibitor, in 
the cytoplasm. Shortly after ischemia, the phosphorylation 
and activation of IκB results in the release of NF-κB from 
IκB and its subsequent activation, which in turn, induces 
the upregulation of damaging proinflammatory factors (i.e., 
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IL-1β, IL-6, TNF-α, and iNOS) that aggravate IS-induced 
neuronal damage [32]. Therefore, suppressing the expression 
of NF-κB may reduce neuronal death. Our data demonstrated 

that a miR-671-5p agomir reduced injury and neuroinflam-
mation by suppressing NF-κB expression via a combined 
treatment of miR-671-5p agomir and pcDNA3.1-NF-κB 

Fig. 5   The effect of miR-671-5p agomir on Neun antibody was analyzed by immunofluorescence in vivo, magnificaion, × 400
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both in vitro and in vivo. Our results indicated that miR-
671-5p may be a viable therapeutic target for diminishing 
neuroinflammation in IS patients.

Total NF-κB protein levels have been shown to be ele-
vated in brain tissue samples following cerebral ischemia 
injury [5, 24], and similar results were detected in this study. 
This increase in NF-κB protein levels is likely attributed 
to a combination of hypoxia- and hypoglycemia-induced 
de novo NF-κB transcription or translation and release of 
NF-κB resulting from its interactions with IκB. However, 
since miR-671-5p is an miRNA, it directly interacts with 
NF-κB at the mRNA level and cannot influence the pro-
tein once synthesized. As such, miR-671-5p was unable 
to alter NF-κB protein activity following its release from 
IκB. Overall, miR-671-5p reduces neuroinflammation via 
suppression of NF-κB de novo transcription or translation. 
Because translation is governed by cytoplasmic ribosomes, 
total NF-κB levels in the samples were studied without ana-
lyzing subcellular localization via western blotting. Cellu-
lar immunofluorescence staining indicated that miR-671-5p 
reduced the cytoplasmic NF-κB levels in HT22 cells after 

OGD/R. The NF-κB transcription factor can be composed 
of homodimers or heterodimers of the p50, p52, p65, Rela-
B, and c-Rel proteins, with p65 being essential for NF-κB 
functionality [32]. In this study, p65 levels were measured.

Learning and memory problems are a common feature 
after focal ischemia [33, 34]. The hippocampus serves a 
critical function in memory, navigation, and cognition. The 
hippocampus contains the most neurons, and neurons are 
highly sensitive to irreversible damage caused by ischemia 
and hypoxia [35]. Following ischemia, constitutively acti-
vated NF-κB was found in central nervous system neurons, 
including the cerebral cortex and hippocampus [36]. Thus, 
we tried to observe the protective effects of miR-671-5p on 
the hippocampus in a murine MCAO/R model of IS.

H&E and immunofluorescence staining results showed 
that miR-671-5p upregulation could reduce nerve cells 
injured in the cerebral cortex of MCAO/R mice. The cer-
ebral cortex has high levels of astrocytes and microglia, 
which produce large volumes of proinflammatory cytokines 
and chemokines following IS [37, 38]. miR-671-5p may play 
different roles in cortical astrocytes and microglia in the 

Fig. 6   Impact of miR-671-5P agomir or cotransfection with NF-κB 
overexpression in  vivo. a Successful overexpression of mRNA NF-
κB was achieved, and no significant effects imposed by the negative 
control were assessed via qRT-PCR (n = 6). b NF-κB mRNA expres-
sion was assessed via qRT-PCR (n = 6). c, d p-P65 and P65 protein 
levels were assessed via western blotting (n = 6). e IL-1β, IL-6, TNF-

α, and iNOS levels were measured via ELISA (n = 6). f Neurologi-
cal deficit scores (n = 15). g Fall latency seconds of rotarod testing 
results (n = 15). One-way ANOVA with Student’s t test, *p < 0.05 
vs sham, #p < 0.05 vs MCAO/R group, &p < 0.05 MCAO/R + miR-
671-5p + pcDNA3.1-NF-κB vs MCAO/R + pcDNA3.1-NF-κB
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MCAO/R model, but further studies are needed to support 
this hypothesis.

Different batches of SYBR green fluorescent dye may 
have different inherent fluorescence intensity, which may 
effect the signal of fluorescent intensity and thus the values 
of gene expression. So percentages of control/sham are used 
to display the trendency of mRNA NF-κB and miR -671-5p 
between every group.

Conclusion

Here, we showed that miR-671-5p sufficiently reduced neu-
roinflammation via suppression of NF-κB expression in both 
in vitro and in vivo models of IS. The results from our study 
indicate that miR-671-5p may be a viable therapeutic target 
for diminishing neuroinflammation in IS patients.
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