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Analysis of microRNA expression in cerebral ischemia/reperfusion
after mild therapeutic hypothermia treatment in rats
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Background: This study aimed to explore the molecular mechanism of mild hypothermia in in the
treatment of cerebral ischemia, microRNA (miRNA) microarrays and bioinformatics analysis were employed
to examine the miRINA expression profiles of rats with mild therapeutic hypothermia after middle cerebral
artery occlusion (MCAO).

Methods: MCAO was induced in Male Sprague-Dawley rats. Mild hypothermia treatment began from
the onset of ischemia and maintained for 3 hours. miRNA expressions following focal cerebral ischemia and
mild hypothermia treatment were profiled using microarray technology. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used to analyze the functions of the target genes in
mild therapeutic hypothermia after MCAO. 60 min before MCAO, mimics and inhibitor of miR-291b were
injected into the right lateral ventricle respectively, then the infarct volume and neuronal apoptosis were
analyzed.

Results: Six upregulated miRNAs and 6 downregulated miRNAs were detected 4 hours after mild
therapeutic hypothermia, and after 24 hours, 41 and 10 miRNAs were upregulated and downregulated,
respectively. The target genes of the differentially expressed genes were mainly related with multicellular
organism development and the mucin type O-glycan biosynthesis pathway was the most enriched KEGG
pathway. Among the differentially expressed miRINAs, miR-291b was selected to assess the effects of
mild therapeutic hypothermia in MCAO rats. At 24 hours after mild therapeutic hypothermia, miR-291b
overexpression was proved to exhibit neuroprotective effects.

Conclusions: The results showed that miRNAs might play a pivotal role in mild therapeutic hypothermia
in cerebral ischemia/reperfusion injury. Further understanding of the mechanism and function of miRNAs
would help to illuminate the mechanism of mild therapeutic hypothermia in cerebral ischemia/reperfusion
injury.
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Introduction

Cerebral ischemia has always been the main cause of
mortality and disability globally. Only tissue plasminogen
activator delivered within a limited time window and mild
hypothermia are considered to be effective neuroprotectants
(1-3). Mild hypothermia treatment has been reported to
reduce neuronal apoptosis by suppressing the disfunction
of mitochondria and blood brain barrier, proliferation
of microglia cells and production of superoxide anions
and nitric oxide (4-6). A significant neuroprotection
was obtained when hypothermia was started within
therapeutic time window of 4 h after reperfusion in rat
model (6). Furthermore, in patients with middle cerebral
artery infarction, therapeutic hypothermia treatment can
significantly reduce intracranial pressure, alleviate cerebral
edema, and improve neurological dysfunction (7,8).
Furthermore, a number of studies have investigated the
potential for combination of mild hypothermia with drug
therapy, which was proved to be more effective in protecting
neurons than hypothermia alone in an experimental model
of cerebral ischemia (6).

However, the molecular and cellular processes
involved in the treatment of mild hypothermia, especially
posttranscriptional regulation, have yet to be illuminated.

MicroRNAs (miRNAs), small noncoding single-stranded
RNA molecules of 18-23 nucleotides long, are important
to negatively regulate the gene expression. After integrating
with the 3'-untranslated region of messenger RNA (mRINA),
they inhibit the translation or promote the degradation of
mRNA (9,10). MiRNAs have been reported to play critical
roles in the development, homoeostasis, and pathological
processes of the central nervous system (11,12). Numerous
studies of middle cerebral artery occlusion (MCAQO) models
have demonstrated that abnormal miRINA expression
is involved in the pathogenic progress and treatment of
cerebral ischemia. Many miRNAs have been acknowledged
to be differentially expressed in the circulating blood of
stroke patients, and regarded as diagnostic and prognostic
markers (13-16).

Although the expression of miRNAs have been
reported to be involved in angiogenesis, apoptosis, and
regeneration after cerebral ischemia in previous studies.
However, miRNA profiles in mild hypothermia treatment
after cerebral ischemia still remained indeterminate (17).
This study aimed at describing the miRNA expression
profiles related to mild hypothermia treatment after
cerebral ischemia. Thus, we anticipate to get a new
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perspective in the exploration of effective treatments for
cerebral ischemia. For instance, a correlation has been
verified between inhibition of miRNA-15b (miR-15b) and
the protective effects of mild therapeutic hypothermia in
MCAO mice (18).

In this study, the miRNA expression profiles of MCAO
rats treated with normothermia and mild hypothermia were
analyzed. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis were performed
and the functions of the target genes were elucidated.
Additionally, pathway analysis tools were applied to analyze
the signaling pathways of the theses genes. Then, an
analysis of potential miRNA targets in mild hypothermia
treatment of MCAQO was carried out to explore the detailed
mechanism and provide a novel target for mild hypothermia
therapy in cerebral ischemia.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-143).

Methods
Animal experiments

The experimental procedures were approved by the
Institutional Animal Care and Use Committee of Capital
Medical University (Beijing, China) and conducted in
accordance with the principles outlined in the National
Institutes of Health (US) Guide for the Care and Use of
Laboratory Animals.

Anesthesia was induced in Male Sprague-Dawley rats
(weight: 280-310 g) through inhalation of 5% isoflurane
in oxygen. The rats were then subjected to tracheal
intubation and mechanical ventilation with 2% isoflurane
in 30% O,/70% N,. Focal cerebral ischemia was induced
by MCAO as previously described (19). The right common
artery and external carotid artery were exposed, and the
right middle artery was occluded through the insertion of
3-0 monofilament nylon suture into the internal carotid
artery. After MCAO, the cerebral blood flow was monitored
by color flow Doppler. The rats were randomly assigned
into a sham-operated group and a MCAO group (n=4-5/per
group). For miRNA microarray analysis, the sham-operated
and MCAO groups were treated with mild hypothermia or
normothermia. Blood pressure was monitored using a data
acquisition system (MP100A-CE, BIOPAC Systems, Inc.,
Santa Barbara, CA, USA). The body temperature of the

rats was monitored using a thermocouple probe inserted
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into the rectum and was maintained at 37.0£0.5 °C during
the operation with a temperature-regulated heating and a
heating lamp. The rats’ cerebral temperature was measured
using a thermocouple probe placed under the right
temporalis. Mild hypothermia (33+0.5 °C) was induced from
the onset of ischemia and maintained for 3 hours through
the placement of ice packs around the head/neck, which
were replaced every hour.

Intraventricular injection

MiRNA mimics and inhibitor (n=7-8 per group) for
intracerebroventricular injection were purchased from Life
Technologies. The injection was performed 60 minutes
prior to cerebral ischemia as previously described (20).
A needle was used to stereotaxically implant 10 pM of
miRNA in a total volume of 10 pL. mixture, including
2 uLL Lipofectamine 2000, into the left ventricle (0.8 mm
anterior, +1.5 mm lateral, and -3.2 mm ventral relative to
the bregma).

Infarct volume analysis

Infarct volume was calculated and analyzed by 2,3,5-
triphenyltetrazolium chloride (T'TC) as previously
described (21). Six coronal brain sections were sliced to a
thickness of 2 mm using a brain matrix. The brain sections
were incubated in 2% TTC-saline solution for 30 minutes
at 37 °C, then fixed in 4% paraformaldehyde/phosphate-
buffered saline. The sections were photographed 24 hours
after fixation and analyzed with Image-Pro Plus Analysis
Software (Media Cybernetics Corporation, USA).

Measurement of neuronal apoptosis via terminal
deoxynucleotidyl transferase dUTP nick end labeling

A terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) test kit (Qiming Biotech Co., Ltd.,
Shanghai, China, OX02752) was utilized to measure
neuronal apoptosis. Brain tissues were fixed on glass
slides with 4% paraformaldehyde for 20 minutes and
permeabilized with 0.1% (v/v) Triton™ X-100 for 5 minutes.
Then, the slides were incubated with TUNEL incubation
mixture in a dark and humid box at 37 °C for 1.5 hours and
stained with 4’,6-diamidino-2-phenylindole (DAPI). The
TUNEL apoptotic cells were observed and counted under a
fluorescence microscope.
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miRNA microarray

miRNA microarray was proceeded with the 7 generation of
miRCURYTM LNA Array (v.18.0) (Exiqon) which contains
3100 capture probes, covering the miRNAs information
in miRbase of human, mouse, and rats, as well as all viral
miRNAs related to these species. Additionally, 25 miRPlus™
human miRNAs are also included in this arrat.

miRNA extraction

Total RNA was extracted from rat brain tissues with TRIzol
(Invitrogen) and miRNeasy mini kit (Qiagen, Hilden,
Germany) as described in manufacturer’s instructions.
A Nanodrop spectrophotometer (ND-1000, Nanodrop
Technologies, Wilmington, Delaware) was used to assess
the RNA concentration and quality, and the integrity
of the RNA was measured using denaturing agarose gel
electrophoresis.

miRNA labeling and arvay bybridization

After the measurement of RNA quality and quantity, the
miRCURY™ Hy3™/Hy5™ Power labeling kit (Exiqon,
Vdebaek, Denmark) was used to label RNA according to
the manufacturer’s guideline. Briefly, 1.0 pg total RINA and
2 pL water were combined with 1.0 pL calf-intestinal alkaline
phosphatase (CIP) (Exiqon, Vdebaek, Denmark) and CIP
buffer. After incubation for 30 minutes at 37 °C and 5 minutes
at 95 °C, 3.0 pL labeling buffer, 1.5 pL fluorescent label
(Hy3™), 2.0 pL. dimethyl sulfoxide (DMSO), and 2.0 pL
labeling enzyme were mixed and incubated for 60 minutes at
16 °C, and 15 minutes at 65 °C to terminate the reaction.

Next, the hybridization of Hy3-labeled samples to the
miRCURY™ LNA Array (v.18.0) was proceeded. 5 pL. Hy3-
labeled samples and 25 pL hybridization buffer were mixed
and denatured for 2 minutes at 95 °C, then incubated on ice
for 2 minutes, and hybridized to microarray for 16-20 hours
at 56 °C in 12-Bay Hybridization System (Hybridization
System; Nimblegen Systems, Inc., Madison, WI, USA).
After several washes with a wash buffer kit (Exiqon), The
slides were washed with wash buffer kit (Exiqon) and dried
by centrifugation for 5 minutes at 400 rpm. The slides were
scanned with the Axon GenePix 4000B microarray scanner
(Axon Instruments, Foster City, CA, USA).

Grid alignment and data analysis of the scanned images
were performed by GenePix Pro 6.0 software (Axon). The
normalization factor were calculated by miRNAs samples
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with intensity >30. After normalization, significantly
differentially expressed miRNAs were identified through
volcano plot filtering. Upregulated or downregulated
miRNAs were defined with those with fold change >1.5
and P<0.05. Hierarchical clustering analysis was performed
using MEV software (v4.6, TIGR).

Quantitative reverse transcription-polymerase chain
reaction (RT-gPCR)

"Total RNA was extracted from rat brain tissue using TRIzol
(Qiagen, Hilden, Germany) according to the manual.
Then, the quantity of total RNA was determined by 1.5%
formaldehyde denaturing agarose gel electrophoresis.
RNA was reverse-transcribed to cDNA with a stem-loop
RT primer using M-MLV reverse transcriptase (Promega,
Madison, WI, USA). Quantitative PCR was carried out
using AmpliTap Gold Enzyme (Applied Biosystems, Austin,
TX, USA). RT reactions were performed for 10 minutes
at 16 °C, 30 minutes at 37 °C, and 5 minutes at 65 °C. Real-
time PCR amplification was performed as follows: 95 °C
for 10 minutes, 40 cycles at 95 °C for 15 seconds, 60 °C for
30 seconds, and 70 °C for 30 seconds.

Functional and pathway enrichment analyses

The functions of genes including biological process (BP),
cellular component (CC), and molecular function (MF),
were investigated by GO (http://www.geneontology.org)
analysis. Fisher’s exact test was used to find if there was
more overlap between the differentially expressed gene
list and the GO annotation list than would be expected by
chance. The significance of GO term enrichment among
the differentially expressed genes was denoted by the P
value: the lower the P value, the more significant the GO
term (P value <0.05 is recommended).

The signal pathway enrichment of target genes was
examined by KEGG (http://www.genome.ad.jp/kegg/)
pathways analysis. The significance of the related pathway
was denoted by the P value: the lower the P value, the
more significant the pathway (a P value cut-off of 0.05 is
recommended). The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).

miRNA-mRNA network

The associations between all differentially expressed
miRNAs (DEmiRNAs) and their targets were predicted
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through data integration using miRbase (www.mirbase.
org/), miRDB (http://mirdb.org), and miRanda (http://
www. microrna.org/microrna/home.do). Subsequently,
the network map was established by a Cytoscape software
(version 2.8.3; http://cytoscape. github.io/).

Statistical analysis

Data were expressed as means + standard deviation. The
statistical analysis of difference of infarct volume and
neuronal apoptosis between the mimic-treated group and the
inhibitor-treated group was performed using independent
sample # tests by GraphPad Prism 8.0 (GraphPad Software
Inc., La Jolla, CA, USA). P values <0.05 was considered
statistically significant.

Results
Total RNA quality

Total RNA was extracted from the ipsilateral cortex of
MCADO rats treated with normothermia, at 4 and 24 hours
after the induction of mild hypothermia respectively.
The integrity of the RNA revealed sharp 28S and 18S
bands in a ratio greater than or close to 1:1. RNA purity
and concentration were measured using a NanoDrop
spectrophotometer, and an A260/A280 ratio above 1.8 was
recommended for good array performance.

Identification of DEmiRNAs

At 4 hours after mild therapeutic hypothermia, 6 upregulated
miRNA and 6 downregulated miRNAs were identified
between hypothermic and normothermic rats. At 24 hours
after mild therapeutic hypothermia, 41 upregulated miRNA
and 10 downregulated miRNAs were identified between
the hypothermia and normothermia groups. A volcano plot
and hierarchical analysis of the DEmiRNAs are presented in
Figure 1.

RT-qPCR confirmation of the DEmiRNAs

RT-qPCR was performed to confirm the miRNA-seq
results. The 9 most significantly upregulated miRNAs at
24 hours after mild therapeutic hypothermia were selected,
including rno-miR-291b, rno-miR-878, rno-miR-653-3p,
rno-miR-222-5p, rno-miR-29b-2-5p, rno-miR-31b, rno-
miR-30d-3p, rno-miR-190b-5p, and rno-miR-138-2-3p.
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Figure 1 RNA seq data corresponding to the DEmiRNAs between the Normothermia treatment group and Hypothermia great group for
MCADO. (A) Cluster analysis of differentially expressed miRNAs of MCAO 4 h after Normothermia (H3, H4) and hypothermia (HS5, H6).
Red color in the map represents the upregulated gene, while the green color represents the downregulated genes. (B) Cluster analysis of
differentially expressed miRINAs of MCAO 24 h after Northermia (FH7, H8) and hypothermia (H9, H10). (C) The volcano for differendally

expressed miRNAs. The vertical lines correspond to 1.5-fold up and down, respectively, and the horizontal line represents a P value of 0.05.

So the red point in the plot represents the differentially expressed miRINAs with statistical significance. (D) The volcano for differentially

expressed miRNAs. The vertical lines correspond to 1.5-fold up and down, respectively, and the horizontal line represents a P value of 0.05.

So the red point in the plot represents the differentially expressed miRINAs with statistical significance. MCAO, middle cerebral artery

occlusion.

One downregulated miRNA, rno-miR-758-5p, was also
selected. The results of RT-qPCR were consistent with
those of miRNA-seq (Figure 2).

GO and KEGG analysis of DEmiRNASs

The biological functions of the selected miRNAs were
analysed using GO and KEGG pathway analysis. The
10 most significantly enriched GO terms, determined
according to their P values, are displayed in Figure 3. The
most significantly enriched terms for BP, CC, and MF
were multicellular organism development (P=2.7964E-09),
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cytoplasm (P=1.14045E-05), and binding (P=1.3743E-08),
respectively. Furthermore, the DEmiRNAs were found to
be involved in 16 subclasses of KEGG pathways, with the
mucin type O-glycan biosynthesis pathway being the most
significantly enriched pathway (Figure 4).

miRNA-mRNA network

The target mRNAs of DEmiRNAs were analyzed using
miRBase, miRanda, and miRDB. The miRNA-mRNA
network was constructed based on target pairs. In the
network, the top 4 miRNAs regulating the highest number
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Figure 2 RT-qPCR were performed to confirm the sequencing results. The results of RT-qPCR were consistent with that of miRNA-seq.

RT-qPCR, reverse transcription-polymerase chain reaction. * P<0.05; ™ P<0.01; ** P<0.001.

of target genes were miR-29b-2-5p, miR-190b-5p,
miR-878, and miR-30d-3p (Figure 5).

miR291b overexpression reduced the infarct volume
and neuronal apoptosis in MCAO under normothermic
conditions

From the DEmiRNAs, miR-291b was selected, and its
effects in MCAO rats were investigated. An injection of
miR-291b mimic or inhibitor was administered to the
ipsilateral ventricle of rats 60 minutes before MCAO
surgery under normothermia. Infarct volume and neuronal
apoptosis were compared 24 hours after reperfusion. As
shown in Figure 6, miR-291b overexpression significantly
decreased the infarct volume and neuronal apoptosis in rats
treated with miR-291b mimic compared with the control
group (P<0.05) (Figure 64,B,C). In contrast, miR-291b
inhibition significantly increased the infarct volume and
neuronal apoptosis in rats with cerebral ischemia treated
with miR-291b inhibitor (Figure 6D,E).

Discussion

Cerebral ischemia/reperfusion injuries trigger a complex
pathological process, which includes a number of gene
expression changes. Recently, miRNAs were proven to
be important regulators in neuronal apoptosis following
cerebral ischemia/reperfusion, and further study revealed
the roles of miRNAs in mild hypothermia treatment. The
present study aimed to use microarray analysis to detect
the miRNA profiles of rats with cerebral ischemia after

© Annals of Translational Medicine. All rights reserved.

treatment with mild hypothermia. At 4 hours after mild
hypothermia, 6 miRNAs were upregulated and 6 were
downregulated in the ipsilateral ischemic cortex, and
after 24 hours, 41 and 10 miRNAs were upregulated and
downregulated, respectively. Then, DEmiRNAs were
subjected to GO and KEGG analysis. Our results revealed
that the DEmiRNAs were mainly involved in the regulation
of multicellular organism development and that the
mucin type O-glycan biosynthesis pathway was the most
enriched pathway. Then, the miRNA-target network was
constructed, and the degrees of miR-29b-2-5p, miR-190b-
5p, miR-878, and miR-30d-3p were revealed to be higher
than those of other miRNAs.

In recent studies, miR-29 family members have been
identified as critical regulators in brain development,
cerebral ischemia, and neurodegenerative diseases (22-24).
The expression of miR-29b has been demonstrated to show
significant upregulation, not only in the brains of MCAO
rats, but also in neurons and astrocytes exposed to oxygen
and glucose deprivation (OGD). Furthermore, miR-29b
was revealed to up-regulate the expression of myeloid cell
leukemia-1 (MCL-1) and B-cell lymphoma 2 (BCL-2)
proteins following down-regulation of caspase-3 expression
in a cerebral I/R injury cell model, which was confirmed
to result from the regulation of the Akt signaling pathway
by miR-29b (25-28). Additionally, it has been confirmed
that repression of BCL-2 or Bcl2L2 gene occurred
after the upregulation of miR-29b, which subsequently
resulted in the promotion of neuronal cell death (27,29).
Interestingly, miR-29b has been reported to be significantly
downregulated in the blood of stroke patients, with its
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Figure 4 Top 10 significantly enriched pathways of the selected miRNAs with KEGG analysis. KEGG, Kyoto Encyclopedia of Genes and
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Figure 6 The effect of miR-291b on rat cerebral ischemic injury treated with hypothermia. (A,B,C) miR 291b inhibition significantly

increased infarct volume and neuronal apoptosis in cerebral ischemia of rats treated with miR-291b inhibitor compared with control (P<0.05).

(D,F) miR-291b overexpression significantly decreased infarct volume and neuronal apoptosis treated with miR-291b mimic compared with

control (P<0.05). *, P<0.05; **, P<0.01.

downregulation potentially being a predictor of poor
prognosis through associations with infarct volume
aggravation, edema, and blood-brain barrier disruption via
the regulation of aquaporin-4 (30), 12-lipoxygenase (31),
and inflammatory response after cerebral ischemia (32).
However, the role and mechanism of miR-29b in cerebral
ischemia need further investigations.

The miR-29 family was also found to be downregulated
in Alzheimer's disease (AD) patients, resulting in increased
expression of p-Site APP cleavage enzyme 1 (BACE1),
amyloid plaque formation, and neuronal cell apoptosis
(33,34). Moreover, miR-29 family members have also been
reported to bear a correlation with synapse formation
and synaptic plasticity through their targeting of actin-
related protein 2/3 complex subunit 3 (ARPC3), and axon
guidance through their regulation of neuron navigator
3 (NAC3) (35,36). Han er al.’s study showed that the
expression of miR-29b in PD patients with dementia
was significantly downregulated compared with that in
patients with mild cognitive impairment. Moreover, the
downregulation of miR-29b was significantly higher in PD
patients with mild cognitive impairment compared with
those with no cognitive impairment. Therefore, miR-29b
downregulation is associated with cognitive impairment.
It is possible that the miR-29 family can regulate neuronal
survival, communication, and homeostasis, which play
vital roles in cognitive impairment. The damage of mir-
29 to PD cognition may be mediated by synaptic regulator

© Annals of Translational Medicine. All rights reserved.

PARK?7 (DJ-1), mitogen activated protein 6 and 7,
memory conversion regulator (CREB), nerve growth and
neurotrophic factors, which need to be further verified (37).

miR-190, located on the proximal end of the long arm
of 15 (15q22.2), has 2 main mature forms: miR-190-5p
and miR-190-3p. The role of miR-190 in the regulation
of genes and pathways related to the tumorigenesis and
progression of various cancers has been shown. Recent
studies discovered the significantly different expression
and roles of miR-190 in traumatic brain injury and
neurodegenerative diseases (38,39). Pei er al. subjected
the mouse hippocampal neuronal cell line HT-22 to
OGD to mimic ischemia injury and found that miR-
190b expression in astrocytes was significantly higher than
that in astrocyte exosomes. Astrocyte exosome-mediated
transfer attenuated the inflammation and neuronal
apoptosis induced by OGD by suppressing autophagy.
Furthermore, the neurotropic gene Atg7 was identified as
the target gene and confirmed to regulate the expression of
interleukin (IL)-1pB, IL-6, and tumor necrosis factor-alpha
(TNF-0) (40). Sun er al. reported downregulation of miR-
190 in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced Parkinson’s Disease (PD) mouse model
and in lipopolysaccharide (LPS)-induced BV2 cells.
However, upregulation induced by miR-190 mimics
inhibited the inflammatory response, with reduced
expression of inducible Nitric-Oxide Synthase (iNOS),
IL-6, TNF-0, and transforming growth factor beta 1
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(TGF-B1), and increased expression of anti-inflammatory
mediators, such as IL-10, in BV2 cells. NOD-like
receptor family, pyrin domain containing 3 (NLRP3) as
subsequently identified as the target gene of miR-190, and
the inflammatory response and neuronal apoptosis were
alleviated through negative regulation of Nlrp3 in the
MPTP-induced PD mouse model (41).

miR-30d-5p has been found to be downregulated in
brains with hypoxia-ischemia (HI) and in serum following
cerebral ischemia. Increased expression of miR-30d-
5p has been reported to result in reduced autophagy and
increased neuronal apoptosis. Moreover, inhibition by
antagomir was found to decrease the infarct volume and
improve neurological function after HI injury (42,43).
In rat cortical astrocytes subjected to OGD to mimic HI
conditions, autophagy activity was observed to be enhanced
while cell apoptosis was significantly decreased by miR-30d
inhibition. However, the effects observed with inhibition of
miR-30d were reversed by knockdown of Beclin-1, suggesting
that the autophagy and apoptosis regulated by miR-30d in
the in OGD-treated astrocytes was mediated by targeting
Beclin-1 (44).

In addition to Beclinl, miR-30d has also been found to
regulate the expression of Atg5. In primary microglial cells,
miR-30d-5p was observed to promote the suppression of
autophagy and alleviate the OGD induced inflammatory
response by targeting Beclin-1 and Atg5. Furthermore,
exosomes from miR-30d-5p enriched adipose-derived stem
cells significantly reduced the inflammation infarction
area following MCAO, which resulted from autophagy
suppression mediated by the promotion of microglial
polarization toward the M1 phenotype (43).

Mucins are a class of highly O-glycosylated glycoproteins
found on the surface of or secreted by cells. Mucin-type
O-glycans are formed by O-glycans with a linked to serine
or threonine residues in mucins, which is initiated with
N-acetylgalactosamine. Altered glycosylation has been
established as a hallmark in many cancers. Mucin-type
O-glycan biosynthesis and altered mucin-type O-glycans
serve crucial roles in determining the tumor phenotype and
adhesive properties, as well as in malignant invasion and
metastasis (45,46). However, the role of mucin-type O-glycans
in diseases of the nervous system have yet to be clarified.

miR-291b-3p is a member of the miR-290 cluster,
which has been demonstrated the important miRNAs in
murine embryonic stem cells (ESCs) (47,48). miR-291b-
3p has been explored to mediate the metabolism of lipids
and glucose in liver through targeting p65 to regulate

© Annals of Translational Medicine. All rights reserved.
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phosphatase and tensin homolog deleted on chromosome
ten (PTEN) expression and adenosine monophosphate-
activated kinase ol (AMPKo) (49,50). Additionally, miR-
291b-3p was demonstrated to promote hepatocyte apoptosis
via downregulating the expression of RNA-binding
protein Hu antigen R (HuR). Moreover, HuR was also
identified as target gene of miR-291b-3p involved in the
endothelial cell apoptosis and dysfunction with increased
expression of Vascular cell adhesion molecule-1 (VCAM-1)
in EOMA cells treated with H,0, (51,52). In our study,
intraventricular injection of miR-291b significantly reduced
the infarct volume and neuronal apoptosis, however the
neuroprotective effect was revered by the injection of miR-
291b inhibitor. MiR-291b was presumably meditated in the
neuronal apoptosis in MACO rat after reperfusion. Further
studies on the molecular mechanisms by which miR291b
alleviates the neuronal apoptosis should be carried out.

The ischemia-reperfusion cascade involved during
the pathological of cerebral ischemia is a complex series
of events, which could be triggered by multiple cellular
pathways that act coordinately, and miRNAs simultaneously
regulate numerous target genes (53). However, the
mechanisms that result changes of miRNA transcription
after cerebral ischemia are not known. The expressions of
the RNases Drosha and Dicer, the Drosha cofactor Pasha,
and the pre-miRNA transporter exportin-5 demonstrated
no significant changes in cerebral ischemia, which are

essential to regulate the biogenesis of miRNA (54).

Conclusions

In summary, we observed significant miRNA expression
changes in rats after the induction of mild therapeutic
hypothermia following MCAQO. The biological functions,
downstream signaling pathways, and associated target
genes of involved miRNAs were systematically analyzed
for the first time. Our findings provide a preliminary
clue for investigating the pathological hallmarks of mild
hypothermia treatment for cerebral ischemia at the
miRNA-mRNA level. Upregulation of miR-291b exhibited
neuroprotective effects in MCAO rats after reperfusion
and is likely to be a promising novel therapeutic strategy.
However, our findings need to be verified in further
investigations.
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