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MiRNA-34c-5p protects against cerebral ischemia/reperfusion injury:
involvement of anti-apoptotic and anti-inflammatory activities
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Abstract
MicroRNAs (miRNAs) are known as important regulators of gene expression and play important roles in diverse biological
activities. However, the involvement of miRNAs in cerebral ischemia remains elusive. In the present study, using the middle
cerebral artery occlusion (MCAO) model and oxygen-glucose deprivation/reperfusion (OGD/RP)-induced cell injury model, we
found that the expression levels of miR-34c-5p were significantly reduced in MCAO rats and OGD/RP cells. Overexpression of
miR-34c-5p could improve the increased brain infarction, brain water content and neurological scores in MCAO rats, as well as
the abnormal expression of inflammatory cytokines (TNF-α, IL-6, COX-2, iNOS, IL-10) in OGD/RP cells. Moreover, overex-
pression of miR-34c-5p was found to inhibit the activity of nuclear factor-kappa B (NF-κB) by regulating the expression of
nuclear receptor coactivator 1 (NCOA1), and increase the apoptotic rate of cortical neurons by inhibiting the expression of
Caspase-3 and Bax and upregulating the expression of Bcl-2. Taken together, our findings demonstrated that miR-34c-5p plays
an important role in cerebral ischemia/reperfusion injury, which may be mediated through inflammatory and apoptotic signaling
pathways.
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Background

Stroke not only seriously endangers the physical and mental
health of human beings, particularly of the elderly, but also
imposes a huge economic burden on society. Among all types
of stroke, ischemic stroke accounts for about 85% cases,
which is mainly caused by nutrient and oxygen deficiency
resulting from cerebrovascular embolization and infarction
in the brain tissue (Pride et al. 2017). Although alteplase is
known as an effective drug in the treatment of acute stroke, it
cannot meet the needs of all stroke patients clinically due to
the high risk in the thrombolysis process of alteplase and the
limitation of treatment time window (Saver and Levine 2010;
Bracard et al. 2016). Therefore, it is urgent to find more effec-
tive and safer drugs to treat stroke.

When cerebral ischemia occurs, in the central area of cere-
bral ischemia, blood flow is basically interrupted, sugar and
oxygen are seriously deficient, and cell necrosis damage
causes irreversible destruction of the brain tissue (Fan et al.
2017; Hu et al. 2017).Meantime, in the infarct peripheral area,
the blood flow decreases significantly, further aggravating the
self-destruction of cells affected by ischemia. Since the integ-
rity of the cells in this area still exists, the damage is reversible
at this time (Xia et al. 2017). Cerebral ischemia-reperfusion
(I/R) can activate intracellular program death, such as cell
necrosis, apoptosis or autophagy-related cell death (Deng
et al. 2019), among which apoptosis is considered to be a
major factor in ischemic brain injury (Yu et al. 2015; Xia
et al. 2017). In addition, inflammatory response is known as
another pivotal mechanism in cerebral I/R injury, which can
lead to the activation of toxic enzyme, free radical overload
and a series of tissue lesions. Therefore, it is speculated that
anti-apoptosis and anti-inflammatory may be the potential ef-
fective measures in the treatment of cerebral I/R injury.

MiRNAs are important small molecules of endogenous
RNAs with post-transcriptional regulation activities newly
discovered in recent years (Lerner et al. 2011; Braicu et al.
2017). Several reports have demonstrated that MiRNAs are
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involved in the pathogenesis and progression of many ische-
mic diseases, including cerebral ischemia. Moreover,
MiRNAs also hold great therapeutic potential (Malhas et al.
2010; Gao et al. 2018). In addition, it has been reported that
miRNAs are involved in inflammatory response and apoptosis
response after cerebral I/R injury. For example, miRNA-
3473b contributes to stroke pathogenesis by enhancing post-
stroke neuroinflammation injury by regulating the expression
of SOCS3 (Wang et al. 2018). MiR-22 can prevent cerebral I/
R injury through the attenuation of inflammation and neuron
apoptosis (Deng et al. 2013). MiRNA-125b can aggravate
cerebral I/R injury by regulating inflammatory cell aggrega-
tion and reactive oxygen species burst (Liang et al. 2018).
MiR-34c-5p has been reported to function as a tumor suppres-
sor in numerous cancer types (Wu et al. 2013). Moreover, it
has been reported that downregulation of miR-34c-5p facili-
tates neuroinflammation in drug-resistant epilepsy, suggesting
that miR-34c-5p also has an important role in neuroinflamma-
tion. In addition, it has been reported that up-regulation of
miR-34c-5p induces cell apoptosis in many kind of cancer
cells. We therefore speculated that miR-34c-5p might play
an important role in cerebral I/R injury by regulating neuroin-
flammation and cell apoptosis.

Therefore, this study was to investigate the role and the
underlying mechanism of miR-34c-5p in inflammatory re-
sponse, neuronal proliferation and apoptosis during cerebral
I/R injury, and shed light on the role of miR-34c-5p in the
diagnosis of clinical cerebral I/R injury.

Materials and methods

Animals

Male Sprague-Dawley (SD) rats weighing 250–310 g were
used in this study. Rats were housed in a 12 h light/dark cycle
and temperature-controlled room. Rats were randomly divided
into four groups (21 in each group) and experiments were per-
formed in a blinded manner. All experimental protocols were
performed in accordance with the Guidance of Third Affiliated
Hospital of Nanchang University Animal Experimental and
approved by the Ethics Committee of Third Affiliated
Hospital of Nanchang University Animal Experimental.

MCAO model

Rats were anesthetized intraperitoneally with chloral hydrate
(35 mg/kg) throughout the whole experiments. Body temper-
ature and respiration rate were monitored perioperatively.
MCAO model experiments were carried out as previously
described (Fang et al. 2021). Briefly, a vertical midline cervi-
cal incision was made, then the right common carotid artery
was exposed and dissected. The external carotid artery was

divided (leaving 3–4 mm) after all branches of the external
carotid artery were isolated, coagulated and transected. Then,
the internal carot id artery was isolated, and the
pterygopalatine artery was ligated close to its origin. The com-
mon carotid artery was clamped by a 5 mm aneurysm clip. A
4.0 monofilament nylon suture with an enlarged and round tip
was inserted through the internal carotid artery after the exter-
nal carotid artery stump was reopened. Insertion was stopped
when resistance was felt, occluding the origin of the right
MCAO. The suture was withdrawn to allow for reperfusion
after 2 h of occlusion. Then, the external carotid artery was
ligated, and the aneurysm clip was removed. Finally, the skin
was sutured, and the animal was allowed to recover. In the
sham group, the internal carotid artery was separated, clamped
and the clamped for the same time as the model rats, but no
wire plug was placed. The four groups included sham opera-
tion group (control), MCAO group (I/R), MCAO + scram-
bling group (Ad-scramble) and MCAO + miR-34c-5p group
(Ad-miR-34c-5p).

Construction of the miR-34c-5p expression vector and
gene transfer in vivo

Adenovirus expressing miR-34c-5p (Ad-miR-34c-5p) was
constructed. Briefly, a DNA segment encompassing the
miR-34c-5p was synthesized by Genechem (Shanghai,
China). The obtained sequences were fully sequenced
(Sangon, Shanghai, China). Ad-miR-34c-5p or control Ad-
Scramble was generated using the ViraPower Adenoviral
Expression System (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. The obtained adenoviruses were
further packaged and amplified in HEK293 cells, and then
purified using CsCl banding. In addition, sh-NCOA1
lentiviral particles were obtained from Santa Cruz
Biotechnology (sc-36,555-V, Santa Cruz, CA). For in vivo
gene transfer, the injected rats underwent dextral MCAO/
reperfusion 3 d post-injection. Rats were anesthetized with
3% sodium pentobarbital and placed in a stereotactic instru-
ment (RWD Life Science). Two sites on the right cortex sur-
rounding the infarcted lesions were targeted for injection at the
following coordinates: 1.0 mm rostral to the bregma, 2.0 mm
lateral to the midline and 1.2 mm ventral to the dura; 3.0 mm
caudal to the bregma, 1.5 mm lateral to the midline and
1.2 mm ventral to the dura. The Ad-miR-34c-5p (1 × 109

PFU), Ad-Scramble (1 × 109 PFU) or saline were injected at
the indicated sites with a rate of 0.3 μl/min and a total volume
of 2 μl per site. At the end of injection, the micro-injector was
kept inserted for 5 min before withdrawal.

Immunofluorescence

Virus delivery was determined by observing green fluorescent
protein (GFP) as previously described (Khodanovich et al.
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2020). GFP-positive cells were observed at 3 d after injection
to determine whether the virus had successfully transfected
into cortical neurons. In brief, under deep anesthesia with
3% sodium pentobarbital (30 mg/kg body weight), rats were
transcardially perfused with phosphate-buffered saline,
followed by perfusion and immersion in 4% paraformalde-
hyde. Tissues were sliced into 10-μm-thick sections to ob-
serve GFP-positive cells using a laser scanning confocal mi-
croscope (Nikon 1R, Japan).

Evaluation of MCAO model

Rats were decapitated 24 h after cerebral ischemia-reperfusion
injury. The whole brain was taken out, and left and right brain
were separated. After removing the cerebellum and lower
brainstem, the remaining forebrain was weighed. The right
forebrain was then sectioned along the coronal plane. The
sections were placed in TTC solution for 30 min and then
moved to 10% formaldehyde fixator. The percentage of in-
farction was calculated as previously described (Men et al.
2015). The ZeaLonga scoring method was used to evaluate
the neurological impairment. The specific criteria were as fol-
lowing: 0 point was without neurological injury symptoms; 1
point was that the forepaw on the opposite side of I/R brain
could not be fully extended; 2 point was that the forepaw
rotated to the opposite side of I/R brain during walking; 3
point was that the forepaw tilted to the opposite side of I/R
brain during walking; 4 point was that the forepaw could not
be fully extended. After 24 h of cerebral I/R injury, rats were
decapitated, the olfactory bulb, cerebellum and lower
brainstem were removed. Then, the wet mass of the remaining
forebrain was weighed. After baking, dry mass was weighed
again.

Primary cortical neuron culture

The primary cortical neurons were obtained from SD rats as
described in literature (Li et al. 2010). Briefly, the cortex at
embryonic day 17 (E17) and E18 of SD rats was collected and
minced. The lysis was then stopped using DMEM/F12 medi-
um. The cell suspension was centrifuged. The cell density was
adjusted to 1 × 106 / mL and plated on a 96-well poly-L-
lysine-coated plate. Cells were maintained in neurobasal me-
dium (Gibco BRL, Rockville, MD, USA) with 2% B-27
(Gibco) supplement. After 72 h, arabinosylcytosine was
added to the cultures to stop cell proliferation of astroglia
and microglia, and the purity of neuronal cultures was more
than 90%. After 24 h, the medium was changed, and then half
of the medium was changed every 2 d. Cells were cultured in
an incubator at 37 °C with a humidified atmosphere of 5%
CO2. Cells were cultured for 7–8 d for subsequent
experiments.

OGD/RP and adenovirus infection

OGD/RP experiments were carried out as previously de-
scribed (Liu et al. 2018). Cortical neurons were infected with
the control adenovirus or miR-34c-5p-expressing adenovirus
for 6 h and then replaced with standard culture medium. At
72 h after adenovirus treatment, cells were subjected to OGD/
R. Cortical neurons were exposed to glucose-free aCSF solu-
tion and incubated in an incubator with 1% O2/94% N2/5%
CO2 at 37 °C for 6 h to produce OGD. Then, glucose-free
aCSF was added, and cells were further cultured in an incu-
bator with 5% CO2 and 95%O2 for 12 h. For cell transfection,
a mixture of transfection agent Lipofectermine 2000 and Ad-
miR-34c-5p or Ad-scramble were prepared and added into a
24-well plate where cells were cultured to make a final con-
centration of 100 nM. After 6 h of exposure to these mixtures,
cells were cultured in standard medium for another 48 h. At
the end, cells were collected for protein, apoptosis and other
analyses.

Total RNA extraction and quantitative real time PCR

qRT-PCR was performed as described in the reference
(Moltzahn et al. 2011). Total RNAs were extracted from pri-
mary cultured neurons using TRIzol reagent (Haigene,
Haerbin, China). PCRs were performed using the ViiA™ 7
real-time PCR system (Life Technologies, Grand Island, NY).
PCR conditions were: 95 °C for 10 min, 95 °C for 30 s, and
60 °C for 30 s, followed by 38 cycles of 74 °C for 25 s. The
expression levels of miR-34c-5p and P65 were calculated
using the 2-ΔΔCT method. The expression levels of P65 and
miR-34c-5p were normalized to β-actin and U6, respectively.
The primers sequences were as following: P65, forward: 5’-
CCGCACCTCCACTCCATCC-3′, reverse: 5’-ACATCAGC
ACCCAAGGACACC3’; β-actin, forward: 5’-CCCATCTA
TGAGGGTTACGC-3′, reverse: 5’-TTTAATGTCACGCA
CGATTTC-3′; miR-34c-5p, forward: 5’-ATGGTTCG
TGGGAGGCAGTGTAGTTAGCT-3 ′ , reverse: 5’-
GCAGGGTCCGAGGTATTC-3 ′ ; U6, forward: 5’-
CTCGCTTCGGCAGCCCA-3′, reverse: 5’-AACGCTTC
ACGAATTTGGGT-3′.

Luciferase activity assay

The wild type (WT) or mutant (MUT) NCOA1 binding to
miR-34c-5p was subcloned into pGL3 Basic vector. MiR-
34c-5p (RiboBio, Guangzhou, China) was co-transfected into
primary cortical neurons with 10μg of pLUC-WT-NCOA1 or
pLUC-MUT-NCOA1. After 48 h, luciferase activity was test-
ed using a dual luciferase assay system (Promega Corporation,
Fitchburg, WI, USA).
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Western blotting

Western blotting was performed as previously described
(Sayre et al. 2010). Protein concentrations were quantified
using the BCA Protein Assay Kit. After denaturing in boiling
water for 10 min, protein samples were separated using SDS-
PAGE gel (10%), followed by transferring to PVDF mem-
brane. The membrane was incubated with anti-P65 antibody
(1:500, Youliante, Wuhan, China), Bcl-2 antibody (1:1000,
Youliante, Wuhan, China), Bax antibody (1:1000,
Youliante, Wuhan, China), COX-2 antibody (1:500,
Youliante, Wuhan, China), iNOS antibody (1:500,
Youliante, Wuhan, China), NCOA1 antibody (1:500,
Youliante, Wuhan, China) and β-actin antibody (1:1000,
Hengyuan, Shanghai, China) overnight. Then anti-rabbit sec-
ondary antibody (1:1000, Hengyuan, Shanghai, China) was
added for incubation of another 1 h.

Elisa

The expression of IL-6, TNF-α and IL-10 were measured by
ELISA kits (Primegene, Shanghai, China). Following the in-
structions, 20 μL of sample was taken, which allowed to per-
form only one ELISA test. The results were read by Wallac
1420 Victor 2 multilabel counter (Wallac, Turku, Finland).
All samples were tested on the same day to eliminate any
inter-assay variation. Quality control was performed using a

standardized kit with internal controls and automated washes
and detection.

Detection of apoptotic cells by flow cytometry

After OGD/RP treatment, cells were plated at a density of 5 ×
105 cells per well, and cells were harvested and counted when
grown to logarithmic growth phase. After centrifugation, cells
were resuspended by adding 195 μL of Annexin V-FITC
binding solution. Next, 5 μL of Annexin V-FITC and 10 μL
of propidium iodide staining solution were added to mix,
followed by an ice bath.

Caspase-3 activity assay

Caspase-3 activity was measured by the Caspase-3
Fluorometric Assay Kit (Amyjet, Wuhan, China) following
the manufacturer’s instructions. After 24 h, cells were incu-
bated with Caspase-Glo reagent for 30 min. Absorbance value
(560 nm) was determined by a TECANGenioPro plate reader.

Statistical methods

Data were analyzed by SPSS 19.0 statistical software. All data
were presented as the mean ± stand deviation (SD). One-way
ANOVAwas used to assess the differences, and Tukey’s hon-
estly Significant Difference (Tukey’s HSD) was used for

Fig. 1 The expression of miR-
34c-5p after brain I/R. (a)
Immunofluorescence pictures
(200 ×magnification, bar =
100 μm) of Ad-miR-34c-5p in rat
brain (cortex) after cerebral I/R
injury. (b) The expression of
miR-34c-5p in I/R rat model. N =
6. (c) The expression of miR-34c-
5p in OGD treated cortical cells.
N = 3. * P < 0.05, ** P < 0.01 vs
control; ## P < 0.01 vs I/R or
OGD group
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subsequent analysis. P < 0.05 was considered as statistically
significant difference.

Results

MiR-34c-5p was down-regulated after I/R treatment

GFP-positive cells were observed at 3 d after gene injection
(Fig. 1A), suggesting that the cortical neurons were success-
fully transfected by virus. As shown in Fig. 1B, after 24 h of
reperfusion, the expression levels of miR-34c-5p were signif-
icantly reduced in I/R group (F(3,20) = 140.011, t = 3.131, P =
0.014) and Ad-scramble group (F(3,20) = 140.011, t = 3.243,
P = 0.012) compared with the control group (Fig. 1B, I/R
group, p < 0.05; Ad-scramble group, p < 0.05). After 3 d of
infection, the expression levels of the miR-34c-5p were sig-
nificantly increased compared with that in the control group
(Fig. 1B, p < 0.01) (F(3,20) = 140.011, t = −14.337, P < 0.01)
and Ad-scramble group (Fig. 1B, p < 0.01) (F(3,20) = 140.011,
t = −17.580, P < 0.01). In addition, as shown in Fig. 1C, miR-

34c-5p was significantly down-regulated in the OGD group
(F(3,8) = 145.016, t = 2.773, P = 0.024) and the Ad-scramble
group (F(3,8) = 145.016, t = 2.693, P = 0.027) compared with
that in the control group (Fig. 1C, OGD group, p < 0.05; Ad-
scramble group, p < 0.05). Compared with the control group
(F(3,8) = 145.016, t = −15.012, P < 0.01) and the Ad-scramble
group (F(3,8) = 145.016, t = −17.705, P < 0.01), the expression
levels of miR-34c-5p were significantly increased in Ad-miR-
34c-5p-transfected neurons (Fig. 1C, p < 0.01). These results
suggested that I/R treatment induced down-regulation of miR-
34c-5p.

Effects of miR-34c-5p on brain infarction, brain water
content and neurological symptoms

To investigate the effects of miR-34c-5p on cerebral ischemia,
the infarct volume of the brain was first assessed using TTC
staining. As shown in Fig. 2A, the infarct volume was signif-
icantly increased in I/R groups compared with that in the con-
trol group (F(3,20) = 106.340, t = −16.327, P < 0.01) (Fig. 2A,
p < 0.01), while it was significantly reduced in Ad-miR-34c-

Fig. 2 The effect of miR-34c-5p on infarct volume, neurological scores,
and brain water content. (a) Quantitative analysis of TTC staining and
infarct volume in brain sections of the control, Scramble and miR-34c-5p

overexpressing groups. (b) Neurological score 24 h after reperfusion. (c)
Brain water content within 24 h after brain reperfusion. N = 6. **P < 0.01
vs control; ## P < 0.01 vs I/R or OGD group
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5p group compared with that in Ad-scramble group (F(3,20) =
106.340, t = 11.225, P < 0.01) (Fig. 2A, p < 0.01).
Furthermore, the neurological score (F(3,20) = 116.667, t =
−16.181, P < 0.01) and brain water content (F(3,20) = 45.663,
t = −9.257, P< 0.01) were significantly increased in I/R group
compared with that in the control group (Fig. 2B and C, p <
0.01), while they were significantly reduced in Ad-miR-34c-
5p group compared with that in Ad-scramble group (Fig. 2B,
F(3,20) = 116.667, t = 8.090, P < 0.01; Fig. 2C, F(3,20) =
45.663, t = 6.685, P < 0.01) (Fig. 2B and C, p < 0.01).
These results indicated that overexpression of miR-34c-5p
had a neuroprotective effect on cerebral ischemia.

Inflammatory cytokines were involved in the action of
miR-34c-5p in OGD/RP induced injury

To further explore the underlying mechanism of miR-34c-5p
in cerebral ischemia, Western blotting and ELISA were per-
formed. As shown in Fig. 3A-3E, the expression levels of
iNOS (F(3,8) = 42.720, t = −9.101, P< 0.01), COX-2 (F(3,8) =
54.139, t = −10.088, P < 0.01), TNF-α (F(3,8) = 24.696, t =
−7.546, P< 0.01) and IL-6 (F(3,8) = 25.184, t = −7.251, P <
0.01) in primary cortical neurons in the OGD group were
significantly increased compared with that in the control
group (Fig. 3A-3D, p < 0.01), while the expression levels of

IL-10 (F(3,8) = 49.199, t = 10.049, P < 0.01) were significantly
decreased (Fig. 3E, p < 0.01). Compared with the Ad-
scramble group, overexpression of miR-34c-5p in cortical
neurons significantly inhibited the expression of iNOS
(F(3,8) = 42.720, t = 6.500, P< 0.01), COX-2 (F(3,8) = 54.139,
t = 7.417, P < 0.01), TNF-α (F(3,8) = 24.696, t = 3.487, P =
0.008) and IL-6 (F(3,8) = 25.184, t = 4.512, P = 0.002) (Fig.
3A-3D, p < 0.05, p < 0.01), but significantly increased the
expression levels of IL-10 (F(3,8) = 49.199, t = −6.544, P <
0.01) in Ad-miR-34c-5p group (Fig. 3E, p < 0.01). These
results indicated that inflammatory cytokines were involved
in the effect of miR-34c-5p on cerebral ischemia.

Effect of miR-34c-5p on the activity of nuclear factor-
kappa B (NF-κB)

The effect of miR-34c-5p on NF-кB activity was then explored.
As shown in Fig. 4A andB, the expression levels of P65 inOGD
group were significantly increased compared with that in the
control group (p < 0.01) at both mRNA (F(3,8) = 32.577, t =
−8.026, P< 0.01) and protein (F(3,8) = 42.994, t = −9.134, P<
0.01) levels. However, compared with Ad-scramble group, over-
expression of miR-34c-5p in primary cortical neurons signifi-
cantly inhibited the expression of P65 (Fig. 4A, F(3,8) = 32.577,
t = 5.418, P = 0.001; Fig. 4B, F(3,8) = 42.994, t = 6.462, P<

Fig. 3 The effect of overexpression of miR-34c-5p on cerebral cortical
neuronal cytokines (TNF-α, IL-6, IL-10, COX-2 and iNOS) after OGD
treatment. The expression of iNOS (a) and COX-2 (b). MiR-34c-5p

overexpresses mRNA expression of IL-6 (c), TNF-α (d) and IL-10 (e).
N = 3. * P < 0.05, ** P < 0.01 vs control; #P < 0.05, ##P < 0.01 vs I/R or
OGD group
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0.01) (p < 0.01), indicating that miR-34c-5p could regulate the
expression of P65. In addition, as shown in Fig. 4C, the expres-
sion levels of NCOA1 (F(3,8) = 43.272, t = −9.031, P< 0.01) in
the primary cortical neurons of OGD group were significantly
increased compared with that in the control group (p < 0.01).
However, compared with Ad-scramble group, overexpression
of miR-34c-5p in primary cortical neurons significantly inhibited
the expression of NCOA1 (F(3,8) = 43.272, t = 6.503, P< 0.01)
(p < 0.01), indicating that miR-34c-5p could regulate the expres-
sion of NCOA1. Moreover, GFP-positive cells were observed at
3 d after gene injection (Fig. 4D), suggesting that the cortical
neurons were successfully transfected by virus. To assess the
interaction between miR-34c-5p and NCOA1, bioinformatics
analysis (Fig. 6A) and luciferase reporter assay (F(3,8) = 36.236,
t = 8.378, P< 0.01) (WT-NC-mimic vs WT-miR-34c-5p-mim-
ic) (Fig. 6B, p < 0.01) were performed and the results showed
that NCOA1 was targeted by miR-34c5p in primary cortical

neurons (Fig. 6). In addition, with the downregulation of
NCOA1 by transfection of SI-NCOA1 (vs Control, F(2,6) =
111.327, t = 3.138, P = 0.020; vs OGD, F(2,6) = 111.327, t =
14.203, P = 0.020) (Fig. 4 E, p< 0.01), the expression of P65
(F(2,6) = 38.666, t = 4.237, P = 0.022), infarct volume of MCAO
model rats (F(2,15) = 141.631, t = 6.037, P = 0.001) and apoptotic
rate of primary cortical neurons after OGD/RP treatment (F(2,6) =
71.029, t = 4.428, P = 0.004) were all decreased (Fig. 4F, p <
0.05; 4G and 4H, p < 0.01). These results demonstrated that
miR-34c-5p regulated NF-кB activity by regulating NCOA1.

The effects of miR-34c-5p on neuronal apoptosis

The effect of miR-34c-5p on neuronal apoptosis was further
investigated. As shown in Fig. 5A, compared with the control
group, the apoptosis rate of primary cortical neurons in OGD
group was significantly increased (F(3,8) = 61.609, t =

Fig. 4 The effect of miR-34c-5p onNF-кB activity. (a) The expression of
p65. (b) The expression levels of p65. (c) The expression levels of
NCOA1. Adenovirus expressing miR-34c-5p was infected in cortical
neuronal cells. (d) Immunofluorescence pictures (200× magnification,
bar = 100 μm) of sh-NCOA1 in rat brain (cortex) after cerebral I/R injury.
(e) The expression of NCOA1 in cortical neuron cells infected with

lentiviral particles expressing NCOA1 shRNA. (f) The expression of
p65 after knockdown of NCOA1. (g) Quantitative analysis of TTC stain-
ing and infarct volume in brain sections of the control, I/R and sh-
NCOA1 overexpressing groups. N = 3. *P < 0.05, **P < 0.01 vs control;
#P < 0.05, ##P < 0.01, vs I/R or OGD group
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−11.630, P < 0.01) (Fig. 5A, p < 0.01), while it was decreased
in Ad-miR-34c-5p group compared with that in Ad-scramble
group (F(3,8) = 61.609, t = 5.926, P < 0.01) (Fig.5A, p < 0.01).
As shown in Fig. 5B-5D, the expression levels of caspase-3
(F(3,8) = 72.742, t = −12.456, P < 0.01) and Bax (F(3,8) =
43.341, t = −9.574, P < 0.01) were significantly increased in
OGD group compared with that in the control group

(p < 0.01), while the expression levels of Bcl-2 (F(3,8) =
54.135, t = 6.663, P < 0.01) was significantly decreased
(p < 0.01). However, compared with Ad-scramble group,
overexpression of miR-34c-5p in primary cortical neurons
reduced the expression levels of caspase-3 (F(3,8) = 72.742,
t = 7.323, P < 0.01) and Bax (F(3,8) = 43.341, t = 5.858, P <
0.01) (p < 0.01), but increased the expression levels of Bcl- 2

Fig. 5 The effect of miR-34c-5p on neuronal apoptosis. (a) Flow cytom-
etry measured apoptosis of cortical neurons. (b) Overexpression of miR-
34c-5p inhibited caspase-3 activation. (c) The expression of Bcl-2. (d)

The expression levels of Bcl-2. N = 3. * P < 0.05, ** P < 0.01 vs control;
##P < 0.01 vs I/R or OGD group
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(F(3,8) = 54.135, t = −10.423, P < 0.01) (p < 0.01). Taken to-
gether, these results suggested that apoptotic factors are in-
volved in the effect of miR-34c-5p on cerebral ischemia
(Fig. 6).

Discussion

Ischemic stroke is one of the most common life-threatening
neurologic diseases and the leading cause of serious long-term
disability. Currently, thrombolytic drug therapy is used for
treating acute ischemic stroke, but the curative effect is limit-
ed. It has been reported that miRNAs are closely related to the
development, differentiation and biological functions of the
nervous system (De et al. 2013). Moreover, miRNAs were
reported to be involved in the occurrence of ischemic cerebro-
vascular disease (Kim et al. 2018),(Zhou et al. 2016). In the
present study, we found that the expression levels of miR-34c-
5p were significantly reduced in MCAO rats and OGD/RP
cells. Overexpression of miR-34c-5p could improve I/R injury
in MCAO rats and OGD/RP cells, and the improvement role
of miR-34c-5p might be mediated by inflammation and apo-
ptosis signaling pathway.

Sudden recovery of ischemia during reperfusion causes a
large number of neutrophils to enter the ischemic tissue from
the circulating blood, resulting in an acute inflammatory re-
sponse (Shi et al. 2017). The activation and release of inflam-
matory cells can change the structure of myocardium, and
regulating the activity and release of inflammatory cells can
effectively prevent heart disease. Studies have shown that in-
flammatory factors substantially increase when inflammatory
responses are exacerbated under stress conditions (Zhang
et al. 2014a). Inflammatory mediators such as TNF-α, IL-6,
iNOS and COX-2 play key roles in brain I/R injury (Yun et al.

2016; Park et al. 2017). Previous studies have reported that
multiple miRNAs involves in inflammatory responses in var-
ious human diseases includingmiR-9-5p inmyocardial infarc-
tion (Xiao et al. 2019), miR-32-5p in mycobacterial infection
(Zhang et al. 2017) and miR-1252 in papillary thyroid cancer
(Hu et al. 2020). In the present study, it was found that the
expression levels of COX-2, iNOS, TNF-α and IL-6 were
increased in primary cortical neurons treated by OGD, while
the expression levels of IL-10 were decreased. However, over-
expression of miR-34c-5p inhibited the expression of TNF-α,
IL-6, iNOS and COX-2, and increased the expression levels of
IL-10. These results suggest that overexpression of miR-34c-
5p activates endogenous anti-inflammatory factors, thereby
protecting neurons from injury.

NF-κB plays a key role in cerebral I/R injury and is con-
sidered to be the initiating factor of the inflammatory cascade
after cerebral ischemia (Meng et al. 2017). Studies have found
that initiation of NF-κB in neuronal cells promotes the forma-
tion of cerebral infarction (Zhang et al. 2014a, b). The activa-
tion of NF-κB after cerebral I/R injury is mainly expressed in
the ischemic and ischemic peripheral areas. Activated NF-κB
regulates the expression of cytokines, such as TNF-α, iNOS
and IL-1β, which in turn affects the inflammatory cascade,
amplifies the inflammatory effect and ultimately leads to ag-
gravation of brain damage. Inhibition of NF-κB activation can
significantly reduce the brain injury after cerebral ischemia
(Ning et al. 2017). NCOA1 can affect the activity of sex hor-
mone receptors by interacting with nuclear receptors on DNA,
thereby affecting biological functions such as growth, devel-
opment and inflammation of the body (Qin et al. 2014). In this
study, we found that there was a significant P65 subunit trans-
location, and overexpression of miR-34c-5p inhibited p65 ac-
tivity. Moreover, the expression levels of NCOA1 were re-
duced in cortical neurons overexpressing miR-34c-5p.

Fig. 6 MiR-34c-5p can be used
as a direct target for NCOA1. (a)
Starbase predicted the binding site
between miR-34c-5p and
NCOA1. (b) Relative luciferase
activity. N = 3. ** P < 0.01, vs
control
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Furthermore, the activity of NF-кB was inhibited by si-
NCOA1. These results demonstrated that miR-34c-5p regu-
lated NF-кB activity by NCOA1. The main pathological fea-
ture of I/R injury is apoptosis. Studies have confirmed the
existence of cardiomyocyte apoptosis at the edge of infarcted
area after I/R injury (Zhao et al. 2017). Our study also dem-
onstrated that the apoptotic rate of primary cortical neurons
increased after OGD treatment. In addition, we found that
overexpression of miR-34c-5p in cortical neurons inhibited
the apoptotic rate of primary cortical neurons after OGD
treatment.

The Bcl-2 family includes the proapoptotic protein Bax and
the anti-apoptotic protein Bcl-2, the external stimuli can be
transmitted to the mitochondria to activate Caspase-3 to in-
duce apoptosis (Salakou et al. 2007). Studies have shown that
overexpression of Bcl-2 significantly reduces infarct size and
cardiomyocyte apoptosis after I/R injury (Rosca et al. 2012).
This study found that the expression levels of Caspase-3 and
Bax were increased in OGD/RP cells, while the expression
levels of Bcl-2 were decreased. Overexpression of miR-34c-
5p could down-regulate the increased expression of Caspase-3
and Bax in OGD/RP cells, and up-regulate the decreased ex-
pression of Bcl-2 in OGD/RP cells. These results suggest that
miR-34c-5p may be used to treat the cerebral I/R injury, and
its neuroprotective role may be mediated through inflamma-
tory and apoptotic signaling pathways.

Conclusion

In conclusion, miR-34c-5p reduced the cerebral I/R injury by
inhibiting inflammatory and apoptotic signaling pathways.
Our findings provide new insights into the mechanism by
which miR-34c-5p involves in the cerebral I/R injury. MiR-
34c-5p may be a potential targets for attenuating cerebral I/R
injury.

Abbreviations I/R, Ischemia-Reperfusion; miRNAs, MicroRNAs; SD,
Sprague-Dawley
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