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Abstract We previously observed that microRNA miR-
106b-5p significantly increased in serum of patients with
acute ischemic stroke. The present study was to determine
whether miR-106b-5p antagomir can protect against cerebral
ischemia/reperfusion (I/R) injury and elucidate its underlying
mechanisms. Middle cerebral artery occlusion (MCAO) was
operated on male Sprague Dawley rats. MiR-106b-5p
antagomir significantly decreased neurological deficit scores,
infarct volumes, and neuronal injury. Furthermore, miR-106b-
5p antagomir markedly reduced malondialdehyde (MDA)
content, restored superoxide dismutase (SOD) activity, in-
creased the expression of myeloid cell leukemia-1 (Mcl-1)
and B cell lymphoma-2 (Bcl-2), and decreased the expression
of Bax in the ischemic cortex. In PC12 cells, miR-106b-5p
inhibitor increased the Mcl-1 and Bcl-2 expression, which
provided protection against glutamate-induced apoptosis and
oxidative damage, as evidenced by decreased lactate dehydro-
genase (LDH) release, and enhanced SOD activity. Notably,
luciferase reported assay proved Mcl-1 was the target gene of
miR-106b-5p. In conclusion, our data indicates that the neu-
roprotective effects of miR-106b-5p antagomir on cerebral I/R

injury are associated with its inhibition of apoptosis and oxi-
dative stress, suggesting a potential therapeutic target for is-
chemic stroke.
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Abbreviations
MiRNA MicroRNA
MCAO Middle cerebral artery occlusion
CNS Central nerve system
IS Ischemic stroke
I/R Ischemia/reperfusion
MDA Malondialdehyde
Bcl-2 B cell lymphoma-2
LDH Lactate dehydrogenase
SOD Superoxide dismutase
ROS Reactive oxygen species
TTC 2,3,5-Triphenyltetrazolium chloride
HE Hematoxylin and eosin
MRI Magnetic resonance imaging
FITC Fluorescein isothiocyanate
ROS Reactive oxygen species
3′-UTR 3′-Untranslated region
MCM7 Mini chromosome maintenance protein 7
SEM Standard error of the mean
PI Propidium iodide

Introduction

Stroke, a serious damage to public health, has high incidence,
high morbidity, and high mortality characteristics. It can be
classified into ischemic stroke (IS) and hemorrhagic stroke

Pengfei Li and Meihong Shen contributed equally to this work.

* Chunbing Zhang
zzzzcb99@163.com

1 Department of Clinical Laboratory, Jiangsu Province Hospital of
Traditional Chinese Medicine, Affiliated Hospital of Nanjing
University of Chinese Medicine, Nanjing 210029, Jiangsu, China

2 The Second Clinical College, Nanjing University of Chinese
Medicine, Nanjing 210046, Jiangsu, China

3 Basic Medical Sciences, Nanjing University of Chinese Medicine,
Nanjing 210046, Jiangsu, China

Mol Neurobiol (2017) 54:2901–2921
DOI 10.1007/s12035-016-9842-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-016-9842-1&domain=pdf


(HS). IS accounts for approximately 87 % of all stroke cases
[1]. Although the exact molecular mechanisms of stroke-
induced neurological dysfunction are not fully known, the
important roles of apoptosis and oxidative stress after stroke
have emerged as an attractive field [2]. Hence, anti-apoptotic
or anti-oxidative agents might benefit the treatment of cerebral
ischemia damage.

MicroRNAs (miRNAs) are small non-coding endogenous
RNAs (∼22 nt) that negatively modulate gene expression by
binding to the 3′-untranslated region (3′-UTR) of target mes-
senger RNA (mRNA) [3]. MiRNAs are highly conserved and
are able to regulate a wide range of biological processes in-
cluding cell proliferation and differentiation, metabolism, and
apoptosis [4]. Especially, miRNAs are expressed abundantly
in the central nerve system (CNS) and have critical roles in
normal CNS development and function [5, 6], as well as in
cerebral diseases including stroke [7]. Motivated by this, ex-
tensive reports have demonstrated differential miRNA expres-
sion in animal models [8] and stroke patients [9]. We had also
previously performed the global profile of miRNAs in acute
IS patients using miRNA microarray and found that several
miRNAs, including miR-106b-5p, significantly increased
[10].

MiR-106b-5p, the member of miR-106b∼25 clusters (miR-
106b, miR-93, and miR-25), is located on human chromo-
some 7q21. MiR-106b-5p has been reported to be aberrantly
expressed in various cancers in humans [11–13]. Interestingly,
circulating miR-106-5p has been proposed as a novel bio-
marker for epilepsy [14], gastric cancer [15], and B cell lym-
phoma [16]. Up to now, several articles have confirmed the
neuroprotective effects of miRNAs against middle cerebral
artery occlusion (MCAO) models [17–19]. Furthermore, a
few of miRNAs have evidence to support their anti-ischemic
or anti-oxidative properties [20–22]. The roles of miR-106b-
5p in IS, however, remain largely elusive. In the present study,
we performed a comprehensive investigation in vitro and in
vivo, exploring the underlyingmolecular mechanisms ofmiR-
106b-5p on stroke.

Materials and Methods

Animals and Experimental Groups

Adult male Sprague Dawley rats (SD, 250–280 g) were pro-
vided by Vital River Laboratory Animal Technology Co. Ltd
(Beijing, China). The rats were housed in the same
temperature- and humidity-controlled animal facility with a
12-h light/dark cycle. A total of 72 adult male SD rats were
randomly separated into 4 groups: (1) sham group (n=18), (2)
MCAO group (n=18), (3) miR-106b-5p antagomir group
(n=18), and (4) antagomir control group (n=18).

Middle Cerebral Artery Occlusion/Reperfusion Model

According to a previous description [23], the rats were sub-
jected to MCAO and reperfusion operations. Briefly, the rats
were initially anesthetized with 10 % chloral hydrate (Abbott,
IL, USA). A 4-0 monofilament nylon suture (Ethicon Johnson
& Johnson, Brussels, Belgium) with a heat-blunted end was
inserted into the right external carotid artery and advanced into
the internal carotid artery until it occluded the origin of the
middle cerebral artery. After 2 h of MCAO, the rats were
reperfused by removing the suture from the vessel. Rectal
temperature was maintained around 37 °C throughout the sur-
gical procedure using a heating lamp and the thermo-
controlled base of the operating table. In the sham-operated
groups, the external carotid artery was surgically prepared for
insertion of the filament but the filament was not inserted.

Drug Administration

In the miR-106b-5p antagomir and antagomir control groups,
the rats went through the MCAO surgical procedures. The
MiR-106b-5p antagomir (50 nmol/kg) or antagomir control
(50 nmol/kg) was administrated by tail venous injection at
the beginning of reperfusion. The MiR-106b-5p antagomir
and antagomir control were obtained from GenePharma
(Shanghai, China) and dissolved in DEPC-treated H2O.

Neurological Scoring

The animals subjected to MCAO underwent neurological
function evaluation at 24 h after MCAO surgical procedure.
Neurological assessment was performed using a modified 6-
point scoring system [24]: score 0, normal motor function;
score 1, flexion of the torso and contralateral forelimb when
the rat was lifted by the tail; score 2, circling when the rat was
held by the tail on a flat surface; score 3, leaning to one side at
rest; score 4, no spontaneous motor activity; and score 5, death
within 24 h. A single observer blinded to group assignment
performed neurological testing.

2,3,5-Triphenyltetrazolium Chloride Staining

2,3,5-Triphenyltetrazolium chloride (TTC; Sigma, St. Louis,
MO, USA) staining was used for detecting infarction volume.
In brief, at 24 h after reperfusion, the rats (n=6) were decap-
itated, and the brains were rapidly removed and sectioned into
five coronal blocks with an approximate thickness of 2 mm.
The sections were stained with 2%TTC for 30min at 37 °C in
the dark followed by overnight immersion in 4 % paraformal-
dehyde. The infracted tissue remained unstained (white),
whereas normal brain tissues were stained red. The infarct
zone was measured using ImageJ (NIH, USA). The total
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infarction volume was calculated by integrating five sections,
manually measuring the infarct as previously described [25].

Magnetic Resonance Imaging

MRI measurements were obtained 24 h after MCAO. The rat
brains were further tested in a 7.0-T MRI animal scanner
(Magnetom Trio with TIM system, Siemens, Erlangen,
Germany). In order to detect the signal excitation, the rat’s
head was placed in a custom-made Bbirdcage coil,^ with a
30-mm inner diameter. Magnetic resonance imaging (MRI)
parameters were set as follows: TE=40 ms, TR=3000 ms,
FOV = 3.5 cm, M = 256 × 256, thickness = 1 mm, and
gap=1 mm. Images acquired with T2-weighted sequences
were used to generate T2 maps that were further analyzed
using ImageJ. Irregular regions of interest (ROIs) were drawn
to encircle the entire stroke lesion exhibited as a
hyperintensity area in each T2 map. The delineated lesion
areas were summed and multiplied by the slice thickness to
determine the infarct volume.

Histopathological Examination

Hematoxylin and eosin (HE) staining was performed to show
the morphological features of injured neurons in the cerebral
cortex. At 24 h after reperfusion, the rats were sacrificed and
the brains were fixed by transcardial perfusion with PBS,
followed by perfusion and immersion in 4 % paraformalde-
hyde. The brains were then dehydrated in a graded series of
alcohols and embedded in paraffin. A series of 6-μm-thick
sections were cut from the block. Finally, the sections were
stained with HE reagents for pathological histological
examination.

Immunohistochemistry Analysis

At 24 h after reperfusion, the rats were deeply anesthetized
with chloral hydrate and perfused with PBS, followed by
perfusion with 4 % paraformaldehyde. The brain tissue
samples were cut into three blocks and were embedded in
paraffin. The paraffin-embedded tissues were sectioned at
6 μm. After deparaffinization, the sections were boiled in
0.2 % citrate buffer for 15 min and immersed in PBS con-
taining 0.3 % Triton X-100 and 10 % normal goat serum
for 1 h at room temperature (RT). After incubation with
rabbit anti-Bax (1:150; Abcam, Cambridge, UK) monoclo-
nal antibodies and rabbit anti-Bcl-2 (1:200, Santa Cruz
Biotechnology, Santa Cruz, CA) polyclonal antibodies in
0.01 mol/L PBS overnight at 4 °C, the sections were
washed with PBS and incubated with horseradish
peroxidase-labeled secondary antibodies for 1.5 h at RT.
The specific staining was visualized using a diaminoben-
zidine (DAB) kit (Boster, Wuhan, China). A light

microscope, Leica DM4000 (Leica, Germany), was used
to obtain images at ×400 magnification. The morphometric
examination was performed in a blinded manner by two
independent investigators. For each section, five visual
fields were chosen at random for statistical analysis.
Results were expressed as the mean optical density of the
Bax or Bcl-2 immunopositive cells (n= 6 in each group).

PC12 Cell Culture and Treatment

The differentiated PC12 cells, a rat pheochromocytoma
cell line (American Type Culture Collection, Manassas,
VA, USA), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen, Carlsbad, CA) supplement-
ed with 10 % heat-inactivated fetal bovine serum, 100 U/
mL penicillin, and 100 mg/mL streptomycin (Invitrogen)
in a water-saturated atmosphere of 5 % CO2 at 37 °C. The
medium was changed every other day. The PC12 cells
were plated at an appropriate density on culture plates ac-
cording to each experimental scale and cultured for 24 h.
Then, the PC12 cells were treated with glutamate (Sigma)
at different concentrations (12.5, 25, 50 mmol/L) and for
different times (4, 8, 12, 24 h).

Real-Time Polymerase Chain Reaction

Total RNAwas isolated from the PC12 cells and rat cerebral
cortex by TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocol. One microgram of RNAwas subjected to
reverse transcription using SuperScript III reverse transcrip-
tase (Invitrogen). Real-time PCR for genesMcl-1, Bax, Bcl-2,
and GAPDH mRNA was performed on an Applied
Biosystems 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA) using a universal probe library
(UPL) probe (Roche, Basel, Switzerland). The primer se-
quence s we r e a s f o l l ows : Bc l - 2 ( f o rwa rd : 5 ′ -
GTACCTGAACCGGCATCTG-3 ′ , r e v e r s e : 5 ′ -
GGGGCCATATAGTTCCACAA-3′, Probe name #75), Mcl-
1 (forward: 5′-CTACTGGAGCGCGTGAGC-3′, reverse: 5′-
GGTACAGCTCGTCGCTTCC-3′, Probe name #70), Bax
(forward: 5′-CCGAGCTGATCAGAACCATC-3′, reverse:
5′-GTGGGGGTCCCGAAGTAG-3′, Probe name #130), and
GAPDH (forward: 5′-CCCTCTGGAAAGCTGTGG-3′, re-
verse: 5′- AGTGGATGCAGGGATGATG-3′, Probe name
#26). Mature miR-106b-5p expression was also carried out
using the UPL probe as previously reported [10]; U6
snRNAwas set as the internal reference control. The reactions
were incubated in a 96-well optical plate at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
The threshold cycle (Ct) value was defined as the fractional
cycle number at which the fluorescence passes the fixed
threshold. Relative changes in gene expression were quanti-
fied by applying the comparative Ct after determining the Ct
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values for the reference gene and the target genes in each
sample set according to the 2−ΔΔCt method. All the experi-
ments were done in triplicate.

MiR-106b-5p Transfection

Mimic of miR-106b-5p was a duplex RNA, with the sense
sequence (5′-UAAAGUGCUGACAGUGCAGAU-3′) and
the antisense sequence (5′-CUGCACUGUCAGCACUUUA
UU-3′). The inhibitor of miR-106b-5p (5′-AUCUGC
ACUGUCAGCACUUUA-3′) was a single RNA sequence
exactly complementary to miR-106b-5p. Non-targeting nega-
t i v e con t r o l s e qu enc e s ( f o r m im i c : s e n s e 5 ′ -
UUCUCCGAACGUGUCACGUTT-3 ′, antisense 5 ′-
ACGUGACACGUUCGGAGAATT-3′; for inhibitor: 5′-
CAGUACUUUUGUGUAGUACAA-3′) were used as con-
trols. All of the above sequences were custom-synthesized
by GenePharma. The transfection was performed using
Lipofectamine RNAiMAX™ transfection agent (Invitrogen)
in OPTI-MEMI reduced serummedium (Gibco, Grand Island,
NY) according to the manufacturer’s instruction. The final
concentration of the miR-106b-5p mimic and mimic negative
control was 50 nmol/L, and the concentration of the inhibitor
of miR-106b-5p and inhibitor negative control was 100 nmol/
L. The PC12 cells were harvested 48 h post-transfection for
subsequent experiments.

Apoptosis Assay

For the apoptosis assay, the PC12 cells were harvested and
stained by an Annexin V-FITC apoptosis detection kit
(Biouniquer Technology, Nanjing, China) according to the
manufacturer’s instructions. Five microliters of Annexin V-
fluorescein isothiocyanate (FITC) and 5 μL of propidium io-
dide (PI) were added to the cells, which were resuspended in
500 μL of 1× binding buffer. The cells were gently vortexed
and incubated in the dark at RT for 15 min, and then analyzed
using a BD FACS Canto™ II flow cytometer (BD
Biosciences, San Jose, CA, USA) within 1 h. A minimum of
10,000 cells were analyzed in each treatment group. This dual
staining can discriminate intact cells (AV−/PI−), early
apoptotic/apoptotic cells (AV+/PI−), late apoptotic/necrotic
cells (AV+/PI+), and necrotic cells (AV−/PI+). The analysis of
apoptotic cells was performed using BD FACS Diva software
(BD Biosciences).

Evaluation of Cell Injury

Cell injury was assessed bymorphological examination with a
phase-contrast microscope, Olympus IX51 (Olympus, Japan),
and bymeasuring the amount of lactate dehydrogenase (LDH)
released into the culture medium using a diagnostic kit
(Jiancheng Institute of Biotechnology, Nanjing, China)

according to the manufacturer’s instructions. Briefly, 100 μL
cell culture supernatant from each well was incubated with
nicotinamide-adenine dinucleotide (NADH) and pyruvate
for 15 min at 37 °C. Then, the reaction was stopped with
0.4 mol/L NaOH. The activity of LDH was calculated after
detection at 440 nm using a microplate spectrophotometer
UV-2401 (Shimadzu Corporation, Japan). The change in ab-
sorbance was expressed in concentration units per liter.

Assessment of Oxidative Stress

Determination of oxidative stress markers including the
malondialdehyde (MDA) level and the activity of the antiox-
idant enzyme superoxide dismutase (SOD) in the PC12 cells
and homogenates extracted from the cortex of the ischemic
hemisphere of the brain was performed according to the com-
mercial assay kits (Jiancheng Institute of Biotechnology).
SOD activity was measured by the ability to inhibit the for-
mation of formazan dye with maximum absorbance at
450 nm. The formazan dye was produced by monosodium
salt reacting with O2

− from the xanthine oxidase system.
The content of MDAwas assessed at 532 nm by reacting with
thiobarbituric acid to form a chromophoric product. The ac-
tivity of SOD and the level of MDA in the cortex were
expressed as units per milligram of protein and nanomoles
per milligram protein, respectively. The activity of SOD and
the level of MDA in the PC12 cell supernatant were expressed
as units per milliliter and nanomoles per milliliter,
respectively.

Bioinformatics Target Gene Prediction, Gene Ontology,
and Pathway Analysis

We used the miRBase (http://www.ebi.ac.uk/enright-srv/
microcosm), TargetScan (http://www.targetscan.org), and
miRanda (http://www.microRNA.org) target prediction
databases for the evaluation of predicted mRNA targets. The
gene ontology (GO) of the predicted targets was analyzed
using functional items on Biological Process (http://www.
geneontology.org). All gene definitions and functions were
based on the National Institutes of Health databases (http://
www.ncbi.nlm.nih.gov/sites/entrez). The GO covers three
domains: Biological Process, Cellular Component, and
Molecular Function. Fisher’s exact test was used to find out
if there was significant overlap between the differential
expression (DE) list and the GO annotation list. The P value
denotes the significance of GO term enrichment in the DE
genes. Similarly, pathway analysis was used to find out the
significant pathway of the predicted target genes according to
the Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg/). Likewise, the P value (EASE
score, Fisher P value, or hypergeometric P value) denotes the
significance of the pathway correlated to the conditions. The
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threshold of significance was defined by P value and false
discovery rate (FDR).

Recombinant Plasmid Construction and Dual Luciferase
Reported Assay

The 3′UTR of theMcl-1mRNAwhich contains the target site
for miR-106b-5p was amplified using real-time PCR and then
introduced to the downstream of the Luciferase reporter gene
in the Xba I (a DNA restriction endonuclease) cloning sites of
the pGL3 control vector according to standard procedures
(Promega, Madison, WI, USA). Plasmid DNA was subse-
quently isolated from recombinant colonies and sequenced
to ensure the authenticity and direction of the inserted Mcl-1
3′UTR.

For the luciferase reporter assays, the PC12 cells were
grown in DMEM with 10 % FBS to 70 % confluence in 24-
well plates. The PC12 cells were co-transfected with 200 ng of
firefly luciferase reporter vector containing the Mcl-1 3′UTR
(named pGL3-Mcl-1-3′UTR), and 50 nmol/L mimic miR-
106b-5p or 50 nmol/L mimic control (Genepharma) using
Lipofectamine RNAiMAX™ t ransfec t ion regent
(Invitrogen). Similarly, the PC12 cells were also co-
transfected with 200 ng of pGL3-Mcl-1-3′UTR firefly lucifer-
ase reporter vector and 100 nmol/L inhibitor miR-106b-5p or
100 nmol/L inhibitor control (Genepharma). Twenty nano-
grams of pRL-TK vector (Promega) was co-transfected as
internal control for normalization of the transfection efficien-
cy. After 48 h, the transfected cells were harvested with ice-
cold phosphate-buffered saline, and dual luciferase assay was
performed according to the manufacturer’s protocol
(Promega). All the experiments were performed in triplicate.

Western Blot Analysis

After the indicated treatment, the PC12 cells and rats’ cerebral
cortex were collected, washed with PBS, and homogenized in
ice-cold RIPA buffer: 50 mmol/L Tris, pH 7.5; 150 mmol/L
NaCl; 1 % NP-40; 0.5 % NaDOC; 0.1 % sodium dodecyl
sulfate (SDS); and 1 mmol/L ethylene diamine tetraacetic acid
(EDTA) that contained mini complete protease inhibitor cock-
tail (Sigma) and phosphatase inhibitors (Sigma). The lysed
cells and tissues were centrifuged at 16,000g for 30 min at
4 °C. After the protein concentration measurement with the
BCA protein assay kit (Biouniquer Technology), equal
amounts of protein (50 μg) were separated by electrophoresis
on 10 % sodium dodecyl sulfate polyacrylamide gels (SDS-
PAGE) and transferred onto polyvinylidene difluoride
(PVDF) membranes (Immobilon P, Millipore Corp.,
Billerica, MA). These membranes were incubated with 5 %
(w/v) non-fat milk powder in Tris-buffered saline containing
0.1 % (v/v) Tween-20 (TBST) for 2 h to block nonspecific
binding sites. The membranes were then incubated overnight

with gentle agitation at 4 °C with rabbit anti-Mcl-1 (1:200;
Santa Cruz Biotechnology), anti-SOD-2 (1:1000; Cell
Signaling Technology, Beverly, MA, USA), and β-actin
(1:4000; Cell Signaling Technology). After having been
washed with TBST, the membranes were incubated for 1 h
at RT with HRP-conjugated goat anti-rabbit secondary anti-
body (1:3000; Cell Signaling Technology). The membranes
were washed three times with TBST and developed using
enhanced chemiluminescence (ECL) reagent (Amersham,
Little Chalfont, UK). The intensity of the bands was measured
using Gel Doc™ XR+ System (Bio-Rad Laboratories,
Hercules, CA, USA). These values were then normalized to
the corresponding control. All the experiments were repeated
at least three times.

Statistical Analysis

All cell culture data represent at least three independent ex-
periments. All values are reported as mean±SEM (standard
error of the mean). Statistical significance was determined
using t test to compare two groups or one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison
test for multiple comparisons. For correlation analyses, we
used the Pearson correlation test. Statistical analysis was per-
formed using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). A P value of less than 0.05 was considered
to be statistically significant.

Results

MiR-106b-5p Expression Levels in Cerebral Cortex
of MCAO Rats and Glutamate-Treated PC12 Cells

Using miRNA microarray, our previous results have shown
that a variety of miRNAs including miR-106b-5p exhibited
significant differential expression in acute IS serum [10]. To
date, the role of miR-106b-5p in stroke remains largely un-
known. In the present study, we want to determine the miR-
106b-5p expression status in the cerebral cortex of MCAO
rats and the PC12 cell injury model. Firstly, we established
the rat MCAOmodel and found that miR-106b-5p expression
significantly increased in the infarct region of rats with 2 h
MCAO/24 h reperfusion when compared with that of the
sham group (Fig. 1a; P<0.01). To verify this finding in vitro,
the glutamate-induced PC12 cell injury model, a popular neu-
ronal cell injury model in vitro, was harnessed. As shown in
Fig. 1b, miR-106b-5p was markedly upregulated after 4 h post
glutamate treatment, while its level was not significantly
changed in the PC12 cells during 8, 12, and 24 h glutamate
treatment (P>0.05), respectively. To sum up, these in vivo
and in vitro data suggest miR-106b-5p was induced in ische-
mic injury.
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MiR-106b-5p Enhanced Glutamate-Induced Apoptosis

Next, to explore the role of miR-106b-5p in glutamate-
induced apoptosis, the PC12 cells were transfected with the
miR-106b-5p mimic or miR-106b-5p inhibitor and their cor-
responding negative control. As shown in Fig. 2a, the PC12
cells treated with the miR-106b-5p mimic for 48 h exhibited
the typical characteristics of apoptosis, including the conden-
sation of chromatin and shrinkage of nuclear. Treatment of the
PC12 cells with the miR-106b-5p inhibitor, however, consid-
erably suppressed the glutamate-induced apoptotic cells with
nuclear condensation and fragmentation. Similarly, flow cy-
tometry analysis showed that the miR-106b-5p mimic in-
creased the apoptosis percentage in the glutamate-induced

PC12 cells, which was effectively abrogated by the miR-
106b-5p inhibitor (Fig. 2b, c; P<0.001).

Meanwhile, the LDH release assay was performed as an-
other indicator of cell toxicity. As shown in Fig. 3a, the miR-
106b-5p mimic increased glutamate-evoked LDH release sig-
nificantly relative to the negative control group, but the level
was attenuated by miR-106b-5p inhibitor treatment (P<0.05,
P<0.01), implying that miR-106b-5p may regulate the apo-
ptosis of the glutamate-induced PC12 cells.

It is well known that the Bcl-2 family proteins, includ-
ing Bcl-2, Bcl-xL, and Bax, play pivotal roles in regulating
the mitochondria-mediated apoptotic pathway. The surviv-
al rate of neurons is determined by the balance between
pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) proteins
during cerebral ischemia [2]. In addition, the increase in
brain damage is associated with increased apoptosis as in-
dicated by increased levels of Bax and decreased levels of
Bcl-2. To confirm whether Bcl-2 and Bax participate in the
process of miR-106b-5p-induced PC12 cell death, their
levels were examined by real-time PCR analysis. A re-
markable reduction in Bax mRNA levels in the PC12 cell
was visible by miR-106b-5p inhibitor (Fig. 3b). Opposite
changes were observed for Bcl-2 mRNA expression, which
was markedly elevated in the miR-106b-5p inhibitor group
as compared with the inhibitor negative control group
(Fig. 3c). In summary, these results indicate that downreg-
ulation of miR-106b-5p can protect PC12 cells against
damage induced by glutamate.

MiR-106b-5p Regulated the Expression of Marker
of Oxidative Stress: SOD and MDA

It is known that oxidative stress occurs in I/R injury. In
regard to the anti-oxidative defense mechanism, SOD has
the abilities to alleviate oxidative damage caused by
ischemia/reperfusion (I/R) [26]. As shown in Fig. 4a, treat-
ment with the miR-106b-5p mimic caused decreased SOD
activity (P< 0.001). In contrast, treatment with the miR-
106b-5p inhibitor markedly increased SOD activity in-
duced by glutamate (P< 0.05). Additionally, the significant
increase of the MDA (lipid peroxidation marker) level in
PC12 cells transfected with the miR-106b-5p mimic was
observed compared with the control group (Fig. 4b;
P< 0.05). However, treatment with the miR-106b-5p in-
hibitor significantly attenuated the increasing trends. The
Western blot assay also showed that the miR-106b-5p
mimic significantly decreased SOD-2 protein, while the

Fig. 1 MiR-106b-5p expression in the MCAO rats’ cerebral cortex and
glutamate-induced PC12 cells. a MiR-106b-5p levels in MCAO rats’
cerebral cortex were determined by real-time PCR after 24 h of
reperfusion (n = 6 in each group), with U6 small RNA used as internal
control. Values represent mean ± SEM. Two asterisks P < 0.01 show
significant difference. b Glutamate induces miR-106b-5p expression in
PC12 cells. PC12 cells were seeded on 12-well plates in complete
medium for 24 h prior to exposure to glutamate at different
concentrations (12.5, 25, 50 mmol/L) and for different times (4, 8, 12,
24 h). Data represent the mean± SEM. Two asterisks P< 0.01 and three
asterisks P < 0.001 show significant differences. Con control, mM
mmol/L

�Fig. 2 MiR-106b-5p increases glutamate-induced PC12 cell apoptosis. a
Morphological observation of PC12 cells was performed by a phase-
contrast microscope (magnification ×200). b, c Apoptosis rate was deter-
mined by flow cytometry analysis. All data are expressed as mean
± SEM. Three asterisks P< 0.001 represent significant differences
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inhibitor of miR-106b-5p remarkably upregulated SOD-2
protein (Fig. 4c, d; P< 0.05, P< 0.001), when compared
with their respective negative control. Collectively, these
results reveal the novel role of miR-106b-5p in regulating
oxidative stress.

Downregulation of MiR-106b-5p Ameliorated
the Neurological Deficits After I/R in Rats

To gain an insight into the possible effects of miR-106b-5p in
I/R injury in vivo, we performed MCAO in male SD rats.
When reperfusion initiates, the MCAO model group rats

received a vein injection of miR-106b-5p antagomir or
antagomir negative control. After 24 h of reperfusion, neuro-
logical scores were tested. Treatment with the vein injection of
miR-106b-5p antagomir resulted in significant knockdown of
miR-106b-5p to ∼50 % of control values (Fig. 5a; P<0.05).
Obviously, neurological deficit scores significantly increased
in the MCAO group (Fig. 5b; P < 0.05). MiR-106b-5p
antagomir treatment dramatically improved the neurological
score in comparison with the miR-106b-5p antagomir control
group (Fig. 5b; P<0.05). There was no statistical difference in
the score between the antagomir control and MCAO groups
(Fig. 5b; P>0.05).

Fig. 3 MiR-106b-5p increases
expression of Bax and decreases
expression of Bcl-2 in glutamate-
treated PC12 cells. a LDH release
in PC12 cells. PC12 cells were
pretreated with miR-106b-5p
mimic, miR-106b-5p inhibitor,
and the respective negative
control, respectively, for 48 h and
then incubated with glutamate
(12.5 mmol/L) for 4 h. b, c MiR-
106b-5p increased Bax mRNA
levels and decreased Bcl-2
mRNA levels after 48 h of miR-
106b-5p treatment as indicated by
real-time PCR assays. Values
shown are mean ± SEM. One
asterisk P< 0.05, two asterisks
P< 0.01, and three asterisks
P< 0.001 represent significant
differences
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Downregulation of MiR-106b-5p Reduced Infarct Size
in Ischemic Brains

The brain infarct size in the individual rats was evaluated by
the 2,3,5-triphenyltetrazolium chloride (TTC) assay.
Representative samples of TTC-stained brain sections are
shown in Fig. 6a. Evidently, infarction was found in the
MCAO group. MiR-106b-5p antagomir markedly decreased
the infarction size of cortical infarction compared to the
MCAO groups (Fig. 6b; P < 0.001). However, the miR-
106b-5p antagomir control had no significant effect on infarct
size relative to the MCAO group (Fig. 6b; P>0.05).

MRI is considered the most promising and noninvasive
approach for examining cerebral edema. Assessment of
hemispheric volumes on MRI allows a direct quantifica-
tion of the space-occupying effect in experimental stroke.
The representative images are shown in Fig. 6c, and corre-
sponding infarction volumes are shown in Fig. 6d. The
MCAO group has clear hyperintensity and high infarct
volumes. However, the infarct volumes were smaller in

the miR-106b-5p antagomir group than in the antagomir
control group (P< 0.01).

Downregulation of MiR-106b-5p Attenuated Cerebral
Damage

To evaluate the neuroprotective effect of miR-106b-5p
antagomir on ischemic neuronal damages, we investigated
the morphological changes of neuronal cells in the ischemic
cortex of MCAO rats. Representative photomicrographs of
HE staining are shown in Fig. 7. In the sham group, neuronal
cells were normally intact and well-arranged morphologically
with abundant cytoplasm and a clear nucleus in the cortex
of rats. In contrast, in the MCAO and antagomir control
groups, the neurons were markedly shrinking, degenerated,
and necrotic, and their arrangement was disordered.
However, after administration of miR-106b-5p antagomir,
the extent of damage was significantly diminished, and the
number of normal neurons significantly increased as well.

Fig. 4 MiR-106b-5p reduces
SOD activity and upregulates
MDA content in PC12 cells.
PC12 cells were pretreated with
miR-106b-5p mimic, miR-106b-
5p inhibitor, and respective
negative control for 48 h,
respectively, and then incubated
with glutamate (12.5 mmol/L) for
4 h. a SOD activity in PC12 cells.
b MDA content in PC12 cells. c
SOD-2 protein level in PC12
cells, as determined by Western
blot. d Band intensities
normalized to β-actin are
represented. Values represent
mean ± SEM. One asterisk
P< 0.05 and three asterisks
P< 0.001 represent significant
differences
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From these results, we can deduce that miR-106b-5p atten-
uates cerebral I/R injury.

Downregulation of MiR-106b-5p Inhibits Apoptosis
Following Cerebral I/R

Given the markedly improved recovery of brain function in
the miR-106b-5p antagomir-injected rats, we next explored
the effects of miR-106b-5p on apoptosis regulatory molecules
and oxidative stress-related factors to clarify the possible neu-
roprotective mechanisms.We found that the expression ofBax
mRNA was evidently decreased in the miR-106b-5p
antagomir-treated group (Fig. 8a; P<0.01). We further ana-
lyzed the protein expression status of Bax in the cortex. As
shown in Fig. 8b, c, the mean optical density of Bax-positive

cells increased in the ischemic cerebral cortex of the MCAO
rats compared with the sham group. In addition, the mean
optical density of Bax-positive cells was significantly reduced
in the miR-106b-5p antagomir-injected rats relative to the
negative controls.

Conversely, the expression of Bcl-2mRNAwas significant-
ly higher in the miR-106b-5p antagomir-treated group com-
pared to the antagomir control group (Fig. 9a; P<0.01). The
mean optical density of Bcl-2-positive cells was obviously
higher in the miR-106b-5p antagomir-injected rats (Fig. 9b, c).

Downregulation ofMiR-106b-5p Upregulates Antioxidant
Systems Following Cerebral I/R

To investigate the effect of miR-106b-5p on oxidative stress in
vivo, SOD-2 expression in the cerebral cortex was assessed by
Western blot. SOD-2 protein levels decreased in the MCAO
groups compared to the sham groups but were upregulated by
miR-106b-5p antagomir treatment (Fig. 10a, b), although
there was no significant difference of SOD-2 protein levels
between the MCAO and miR-106b-5p antagomir groups. In
addition, SOD activity in the cortex was decreased in the
MCAO group compared with that of the sham group, which
was restored by miR-106b-5p antagomir (Fig. 10c). The
MDA level in the cortex significantly increased in the
MCAO group compared with that of the sham-operated
group. An evident reduction of the MDA level was observed
in the miR-106b-5p antagomir group compared with the
antagomir control group (Fig. 10d; P<0.05).

MiR-106b-5p Targets Mcl-1

To determine the possible targets of miR-106b-5p, miR-106b-
5p-targeted genes were first predicted using miRBase,
TargetScan, and miRanda. Then, GO and KEGG pathway
analyses were applied to acquire their biological meanings.
As a result, we found that miR-106b-5p could regulate a large
number of genes and biological processes. There were 1097,
1220, and 4086 miR-106b-5p-target pairs in the miRBase,
TargetScan, and miRanda programs, respectively (Fig. 11a).
Moreover, 107 genes were present in all three programs.
Interestingly, we saw enrichment for genes implicated in im-
portant biological processes, such as cellular response to
stress, cellular metabolic process, positive regulation of the
cellular process, etc (Fig. 11b). Moreover, these targets are
significantly enriched in axon guidance, glutamatergic synap-
se, neurotrophin signaling pathway, etc. (Fig. 11c).

With bioinformatics sequence analysis, we found a binding
site of miR-106b-5p seed region both in Rattus norvegicus and
Homo sapiensMcl-1mRNA 3′UTRwith high possibility rank-
ing (Fig. 12a). To confirm whether miR-106b-5p directly rec-
ognizes the 3′UTR ofMcl-1 mRNA to repress its transcription
or translation, we constructed a luciferase reporter vector,

Fig. 5 MiR-106b-5p antagomir ameliorated the neurological deficits
after I/R in rats. Rats were subjected to 2 h of MCAO and then treated
with miR-106b-5p antagomir or antagomir control for 24 h of reperfusion
via tail vein. aMiR-106b-5p levels in ischemic cortex decrease with miR-
106b-5p antagomir, relative to antagomir control. b Neurological deficit
scores were assessed after 24 h of reperfusion (n= 6 in each group). Data
were expressed as mean ± SEM. One asterisk P< 0.05 and two asterisks
P< 0.01 represent significant differences
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which was followed by a fragment of the 3′UTR from Mcl-1
mRNA containing the predicted miR-106b-5p binding

sequences. The luciferase activity assay indicated that the
miR-106b-5p mimic significantly decreased the luciferase

Fig. 6 MiR-106b-5p antagomir reduced infarct size in ischemic brains. a
Representative pictures of TTC staining of cerebral infarct size in brain
sections (n= 6 in each group). The infracted tissue remained unstained
(white), whereas normal brain tissues were stained red. b Quantification
of infarct size by TTC staining after 24 h of reperfusion. cMRI images on

T2-weighted images (T2WI) in MCAO group, miR-106b-5p antagomir
group, and antagomir control group. d Quantification of infarct size by
MRI after 24 h of reperfusion. Data were expressed as mean ± SEM. One
asterisk P < 0.05, two asterisks P< 0.01, and three asterisks P< 0.001
represent significant differences
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activity of the reporter vector containing miR-106b-5p binding
sequences of Mcl-1 mRNA 3′UTR (Fig. 12b; P< 0.001).
Furthermore, the miR-106b-5p mimic and miR-106b-5p inhib-
itor could down- and upregulate bothMcl-1 mRNA (Fig. 12c)
and protein expression levels in PC12 cells, respectively
(Fig. 12d, e). These results suggest that miR-106b-5p can di-
rectly recognize the 3′UTR of Mcl-1 mRNA to negatively
regulateMcl-1 protein levels through promoting degradation of
its mRNA.

Downregulation of MiR-106b-5p Upregulates Expression
of Mcl-1 in Ischemic Cortex

Considering that Mcl-1 was the target of miR-106b-5p,
we evaluated the effect of miR-106b-5p on the expression
of Mcl-1 in vivo. As expected, Mcl-1 increased markedly
in the miR-106b-5p antagomir group (Fig. 13a). The ex-
pression of Mcl-1 protein was detected in different groups
in further investigation. From the Western blot analysis,
Mcl-1 protein was downregulated after cerebral I/R injury
(Fig. 13b, c; P < 0.001). However, these changes were
remarkably reversed by miR-106b-5p antagomir
(P< 0.05).

Next, we explored the correlation between the miR-106b-
5p expression level andmRNA levels ofMcl-1 in the ischemic
cortex. After normalization, RNA levels of miR-106b-5p and
mRNA levels of Mcl-1 were analyzed by Pearson’s correla-
tion coefficient analysis. Markedly, the results indicated an

inverse correlation between miR-106b-5p and Mcl-1 expres-
sion levels in the ischemic cortex (Fig. 13d; R=−0.8543,
P<0.05). Collectively, these results imply that endogenous
levels of Mcl-1 in the cortex can be negatively regulated by
miR-106b-5p. In summary, it is noteworthy that the functional
involvement of upregulation of miR-106b-5p in dysregulating
apoptosis and oxidative stress may lead to the onset of I/R
injury (Fig. 13e).

Discussion

In the present study, we identified the upregulation of miR-
106b-5p as a major contributor to cerebral ischemic injury.
Our results illustrated that miR-106b-5p may have the poten-
tial to regulate apoptosis and oxidative stress. This observation
highlighted the functional significance of miR-106b-5p in
influencing brain damage outcomes.

Neuronal damage after I/R was induced by oxidative stress
and mitochondrial dysfunction that ultimately resulted in an
apoptotic cascade [2]. The genes responsible for IS-induced
neuronal cell apoptosis have not been fully identified, al-
though various studies have sought to elucidate the molecular
basis of acute IS. It is well known that the increase in brain
damage is associated with increased apoptosis as indicated by
increased levels of Bax and decreased levels of Bcl-2. Our
data indicated that a great number of apoptotic cells were
found in the MCAO rats’ brain at 24 h after reperfusion and

Fig. 7 MiR-106b-5p antagomir
attenuated cerebral damage.
Representative images of
histological assay of rats’
ischemic cortex in different
groups (magnification ×400)
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Fig. 8 MiR-106b-5p antagomir
inhibits the expression of Bax
following cerebral I/R. a
Real-time PCR shows the mRNA
expression of Bax in cortex from
the sham, MCAO, miR-106b-5p
antagomir, and antagomir control
groups after 24 h of reperfusion
(n = 6 in each group). β-Actin
was used as an internal control. b
Immunohistochemistry staining
for Bax in rats’ cortex
(magnification ×400). c Mean
optical density of the Bax
immunopositive cells in rats’
cortex. Data are expressed as
mean ± SEM. One asterisk
P< 0.05 and two asterisks
P< 0.01 represent significant
differences
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Fig. 9 MiR-106b-5p antagomir
upregulates the expression of Bcl-
2 following cerebral I/R. a Real-
time PCR shows the mRNA
expression of Bcl-2 in cortex from
the sham, MCAO, miR-106b-5p
antagomir, and antagomir control
groups after 24 h of reperfusion
(n = 6 in each group). β-Actin
was used as an internal control. b
Immunohistochemistry staining
for Bcl-2 in rats’ cortex
(magnification ×400). c Mean
optical density of the Bcl-2
immunopositive cells in rats’
cortex. Data are expressed as
mean ± SEM. One asterisk
P< 0.05 and two asterisks
P< 0.01 represent significant
differences
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there was also a significant upregulation of Bax and downreg-
ulation of Bcl-2 in the MCAO rats’ brain. This is consistent
with previous reports regarding the production of apoptosis
[27, 28]. Accumulating evidence showed that inhibition of
apoptosis had a beneficial effect in an acute IS process. For
example, antisense knockdown of endogenous Bcl-2 mRNA
exacerbated cerebral ischemic injury in rats and blocked the
neuroprotection afforded by ischemic preconditioning [29,
30]. In this study, miR-106b-5p antagomir treatment reduced
neuronal apoptosis. These results demonstrated that the neu-
roprotection of miR-106b-5p antagomir is probably through
increasing expression levels of Bcl-2 and Mcl-1. Further stud-
ies are required to dissect the detailed mechanisms underlying
the regulation of apoptosis by miR-106b-5p.

Impaired balance between products of oxidative stress and
the levels of antioxidant enzyme activities might be the im-
portant mechanism underlying the occurrence of IS [31]. Free
radicals and reactive oxygen species (ROS) are found exces-
sively elevated during cerebral I/R, which results in oxidative
stress. Studies reported that administration of antioxidants or
upregulation of antioxidant enzyme activities could improve
neurological deficit and attenuate neuron damage during is-
chemic I/R injury [32, 33]. To explore the possible mechanism
of miR-106b-5p antagomir on the relief of oxidative stress

induced by I/R injury, we investigated the miR-106b-5p
antagomir-dependent effects on MDA content and SOD ac-
tivity in MCAO rat cortex tissue homogenates. Our results
showed that miR-106b-5p antagomir significantly increased
SOD activity and decreased MDA levels in the ischemic ce-
rebral cortex. These data suggest that miR-106b-5p antagomir
affords protection against cerebral I/R injury through the ame-
lioration of oxidative stress. Thus, our results have provided
evidence for miR-106b-5p antagomir’s anti-oxidative activity
after cerebral I/R.

With informatics prediction and sequential experimental
demonstration, Mcl-1 was identified as the direct target of
miR-106b-5p in our study. Mcl-1, an anti-apoptotic member of
the Bcl-2 family, is a key regulator of apoptosis during CNS
development and after DNAdamage [34, 35].Mori et al. proved
the neuroprotective role for Mcl-1 in seizure-induced neuronal
death following pilocarpine-induced status epilepticus [36].
However, little was known about the expression and functions
of Mcl-1 in the brain following cerebral ischemia. In the present
study, high expression levels of Mcl-1 were observed to be
associated with reduced levels of apoptosis in the antagomir
miR-106b-5p-treated rats. It is reported that p38 MAPK activa-
tion reducedMcl-1 expression in chronic lymphocytic leukemia
[37].We therefore hypothesized that miR-106b-5p may regulate

Fig. 10 MiR-106b-5p antagomir
upregulates antioxidant systems
following cerebral I/R. a Protein
levels of SOD-2 in cortex from
sham, MCAO, miR-106b-5p
antagomir, and antagomir control
groups were measured by
Western blot. b Band intensities
normalized to β-actin are
represented. c, d Histograms
showed the activity of SOD and
concentration of MDA in cortex
homogenates. Data represent
mean ± SEM. One asterisk
P< 0.05, two asterisks P< 0.01,
and three asterisks P< 0.001
represent significant differences
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Fig. 11 Function analysis of
targets of miR-106b-5p. a AVenn
diagram for prediction of targets
of miR-106b-5p. Prediction of
targets was performed by three
different target prediction
databases: miRBase (http://www.
ebi.ac.uk/enright-srv/microcosm),
TargetScan (http://www.
targetscan.org), and miRanda
(http://www.microRNA.org). b
GO analysis was used to
determine the probable biological
function of the miR-106b-5p
targets. GO of the predicted
targets was analyzed using
functional items on biological
process (http://www.
geneontology.org). c Pathway
analysis was used to find out the
significant pathway of the
predicted target genes according
toKEGG (http://www.genome.jp/
kegg/). Likewise, the P value
denotes the significance of the
pathway correlated to the
conditions
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Mcl-1 expression directly or influence Mcl-1 expression via
regulating theMAPK signaling pathway indirectly, but the exact
mechanisms remain to be fully understood.

Some functionally validated target genes of miR-106b are
implicated in cancer-related processes such as the cell cycle
(E2F1, p21) [38, 39] and apoptosis (BCL2L11) [40]. Besides,
miR-106b could promote neuronal differentiation of neural
stem cells (NSC) in adults [41]. These results suggest a role
for miR-106b in normal adult stem cells, in addition to a known
role in cancer cells. Our data suggests that miR-106b-5p
antagomir contributes to improvement in functional outcome.
However, extra studies are required to confirm the influence of
miR-106b-5p on the proliferation and differentiation of NSC

and neurogenesis. Moreover, additional targets of miR-106b-
5p may be relevant for stroke. Future studies need to knock-
down these targets to evaluate their relevance for protection.

Pathway analysis based on the KEGG pathway database
indicated that targets of miR-106b-5p were significantly
enriched in nervous system-related signaling pathways includ-
ing axon guidance, glutamatergic synapse, neurotrophin sig-
naling pathway, etc. In recent studies, emerging evidences
highlight a role for miRNAs in spinal morphology and func-
tion during nervous system development [42]. MiR-21 en-
hances neurotrophin signaling and controls neuronal differen-
tiation [43]. In addition, miR-101b could regulate synapse
density, dendritic spine shape, and synaptic physiology [44].

Fig. 12 Mcl-1 is an authentic
target of miR-106b-5p. a
Predicted binding site of miR-
106b-5p in the 3′UTR ofMcl-1. b
Predicted binding for miR-106b-
5p:Mcl-1 3′UTR was assessed by
dual luciferase activity assay in
PC12 cells co-transfected with
firefly luciferase reporter vector
and pRL-TK vector, plus either
miR-106b-5p mimic or miR-
106b-5p inhibitor. c Levels of
Mcl-1 mRNA in PC12 cells were
detected by real-time PCR assay.
d Protein expression of Mcl-1 in
PC12 cells was detected by
Western blot analysis. e Band
intensities normalized to β-actin
are represented. All cell culture
experiments were performed in
triplicate. Data represent mean
± SEM. One asterisk P< 0.05,
two asterisks P< 0.01, and three
asterisks P< 0.001 represent
significant differences

Mol Neurobiol (2017) 54:2901–2921 2917



Another report found that miR-204 together with other genes
participated in the regulation of axon guidance [45].
Accordingly, our findings may provide important new infor-
mation in the roles of miR-106b-5p in the control of axon
guidance and more broadly in nervous system development.

A multitude of miRNAs appear in clusters on single poly-
cistronic transcripts [46–48]. The miR-106b-25 cluster

encodes for three miRNAs: miR-106b, miR-93, and miR-25,
which is embedded within the mini chromosomemaintenance
protein 7 (MCM7) gene. In prostate cancers, the expression of
the miR-106b-25 cluster has been shown to correspond to that
of MCM7 transcripts [49]. Hence, the transcription of the
miR-106b-25 cluster is regulated via the expression of the
MCM7 gene. What is more, both c-Myc and E2F1 have been

Fig. 13 MiR-106b-5p antagomir
upregulates expression of Mcl-1
in ischemic cortex. a Real-time
PCR shows the mRNA
expression of Mcl-1 in cortex
from the sham, MCAO,
miR-106b-5p antagomir, and
antagomir control groups after
24 h of reperfusion (n= 6 in each
group). b Protein levels of Mcl-1
in cortex from sham, MCAO,
miR-106b-5p antagomir, and
antagomir control groups were
measured byWestern blot. cBand
intensities normalized to β-actin
are represented. d Pearson’s
correlation coefficient analysis
between the expression levels of
miR-106b-5p and Mcl-1 in
MCAO cortex. e The proposed
model of miR-106b-5p-mediated
I/R injury. Data are expressed as
mean ± SEM. One asterisk
P< 0.05 and three asterisks
P< 0.001 represent significant
differences
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shown to upregulate MCM7 expression [50]. We took the
attitude that glutamate induced the expression of miR-106b
in a p38 MAPK-dependent manner (data not shown). Recent
reports also revealed that p38 MAPK regulated MCM7 ex-
pression via collaborating with transcript factors such as c-
Myc and E2F1 [51]. Therefore, we presume that glutamate
induces the expression of miR-106b-5p through regulating
MCM7 gene expression.

It is noted that in rat brains of MCAO, dozens of miRNAs
were predicted to target genes that are involved in mediating
numerous functions, including apoptosis, antioxidant, and
neuroprotection. Among them, miR-200c contributes to brain
cell death by inhibiting reelin expression [18]. Additionally,
miR-497 promotes ischemic neuronal death by negatively
regulating anti-apoptotic proteins, bcl-2 and bcl-w [20].
Interestingly, several recent reports also showed that miR-
181a can directly target Bcl-2, X-linked inhibitor of apoptosis,
and glucose-regulated protein 78 in astrocytes and increased
neuronal survival [19, 52, 53]. It is a remarkable fact that miR-
424 protects against transient cerebral I/R injury by inhibiting
SOD activity [22]. Meanwhile, miR-145, induced by stroke,
could target SOD-2 expression [54]. Our results manifested
that miR-106b may regulate apoptosis-related and anti-
oxidative stress genes as well, such as Mcl-1 and SOD-2.
Our findings extend the knowledge about miRNAs in stroke
therapy. In addition, our group previously demonstrated a cen-
tral role of ultrasound in protecting against cerebral I/R injury
[55]. In the future, combination therapy of ultrasound and
miR-106b-5p antagomir in stroke will be a beneficial try.
Our results may provide new insight into therapeutic targets
in stroke. If possible, additional work is required to study the
role of miR-106b-5p in other neurological disorders such as
Alzheimer’s disease (AD), multiple sclerosis (MS), and
Parkinson’s disease (PD).

Conclusions

Taken together, this study demonstrated that the neuroprotec-
tive effects of miR-106b-5p antagomir on MCAO rats were
associated with attenuation of apoptosis and oxidative stress.
Studies of the effects of miR-106b-5p on MCAO rats will be
essential in further demonstrating the clinical relevance for the
treatment of stroke.
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