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Abstract MicroRNA-365 (miR-365) is upregulated in the
ischemic brain and is involved in oxidative damage in the
diabetic rat. However, it is unclear whether miR-365 regulates
oxidative stress (OS)-mediated neuronal damage after
ischemia. Here, we used a transient middle cerebral artery
occlusion model in rats and the hydrogen peroxide-induced
OS model in primary cultured neurons to assess the roles of
miR-365 in neuronal damage. We found that miR-365
exacerbated ischemic brain injury and OS-induced neuronal
damage and was associated with a reduced expression of
OXR1 (Oxidation Resistance 1). In contrast, miR-365
antagomir alleviated both the brain injury and OXRI1
reduction. Luciferase assays indicated that miR-365 inhibited
OXR1 expression by directly targeting the 3’-untranslated
region of Oxrl. Furthermore, knockdown of OXR1 abolished
the neuroprotective and antioxidant effects of the miR-365
antagomir. Our results suggest that miR-365 upregulation
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increases oxidative injury by inhibiting OXR1 expression,
while its downregulation protects neurons from oxidative
death by enhancing OXR1-mediated antioxidant signals.
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Introduction

Tissue injury after cerebral ischemia is mediated by a
variety of mechanisms, among which reactive oxygen
species (ROS) play an important role [1]. The production
of ROS in the brain after a stroke causes oxidative damage,
further activating apoptosis, necrosis, and autophagy
signaling pathways, leading to neuronal death [2, 3].
Timely enhancement of the antioxidant effects is consid-
ered to be a neuroprotective strategy for ischemic brain
injury [4-6]. In general, antioxidant strategies include
reducing ROS production and increasing ROS consump-
tion. However, once a stroke occurs, reactive oxygen
production in the brain increases rapidly, so reducing ROS
accumulation would be neuroprotective against ischemic
injury. Antioxidant enzymes, including superoxide dismu-
tase, catalase (CAT), and glutathione peroxidase (GSH-
Px), play crucial roles in detoxifying H,O,, a major type of
ROS. Preclinical studies have demonstrated that increasing
the amount of one of these detoxification enzymes can help
prevent ischemia-induced OS in the brain [7-9].

OXRI1, a member of a conserved family of proteins, has
antioxidant properties [10, 11]. Deletion of Oxrl in
Saccharomyces cerevisiae increases susceptibility to
H,0,-induced injury [10], and knockdown of OXRI
reduces the integrity of mtDNA and increases OS-induced
apoptosis in human cell lines [12]. Conversely, OXR1
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overexpression plays a protective role both in in vitro and
in vivo. For example, forced expression of OXRI protects
cells against OS and aging in Caenorhabditis elegans [13]
and prolongs the lifespan in Drosophila melanogaster [14].
Recently, OXR1 has been reported to reduce neurodegen-
erative pathogenesis and extend the survival of a mouse
model of amyotrophic lateral sclerosis via its antioxidant
effects [15—-17]. Moreover, a previous study has reported
that OXR1 has antioxidant effects by regulating the
downstream antioxidant pathway, including the expression
of the antioxidant enzymes CAT and GSH-Px [17, 18].
Therefore, we proposed that OXR1 may exert its neuro-
protective effect on ischemic injury in the brain after stroke
via its antioxidative actions.

MicroRNAs (miRs) are endogenous small (~ 22 nt) non-
coding single-stranded RNAs that inhibit the expression of
specific target messenger RNAs (mRNAs) by binding to their
3/-untranslated regions (UTRs)[19]. Increasing numbers of
studies have shown that miRs play essential roles in neural
disorders such as neurodegenerative diseases and ischemic
stroke [20-24]. Recent studies have reported that miRs
participate in pathophysiological processes after stroke,
including excitotoxicity, OS, inflammation, blood-brain bar-
rier damage, neuronal apoptosis, neurogenesis, and angio-
genesis [2, 20, 23]. Our previous study demonstrated that miR-
365 is upregulated in the brain following transient cerebral
ischemia, and inhibits neurogenesis and repair [25]. Interest-
ingly, the latest studies have reported that miR-365 increases
retinal neuronal death by elevating OS in the diabetic rat
[26, 27]. Notably, bioinformatics analysis showed that Oxr/ is
a potential target gene of miR-365. Therefore, we speculated
that increased miR-365 in the brain after stroke might resultin
neuronal death probably via the inhibition of OXR1 expres-
sion, and down regulation of miR-365 might attenuate OS-
mediated ischemic neuronal injury.

In this study, we determined the effects of miR-365
agomir and antagomir on neuronal damage in the adult rat
transient middle cerebral artery occlusion (MCAQO) model
and in the primary neuron H,O, model. Our main finding
was that miR-365 increased ischemic neuronal damage
through the elevation of OS by targeting Oxrl, and
knockdown of miR-365 protected against ischemic neu-
ronal injury via the activation of OXRI1-mediated antiox-
idant signaling.

Materials and Methods
MiRNA and SiRNA Synthesis
The sequences of the oligonucleotides were as follows:

miR-365-ago-sm (seed mutation) sense, 5'-UAAAGGCG-
CUAAAAAUCCUUAU-3'; antisense, 5-AAGGAUUUU
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UAGCGCCUUUAUU-3"; Oxrl siRNA (siR-Oxrl) sense,
5-GCGAAUAGUGGACGUUCUUTT-3’; antisense, 5'-
AAGAACGUCCACUAUUCGCTT-3; siRNA negative
control (siR-nc) sense, 5-UUCUCCGAACGUGUCAC-
GUTT-3’; antisense, 5-ACGUGACACGUUCGGAGAA
TT-3'. The sequences of miR-365 agomir (miR-365-ago),
negative control (ago-nc), 106 miR-365 antagomir (miR-
365-antag), and antagomir negative control (antag-nc) were
demonstrated as previously described [25].

Animals

Male Sprague-Dawley rats (230 g—260 g) were obtained
from the Shanghai Experimental Animal Center of the
Chinese Academy of Sciences. All animal care protocols
and experimental procedures were approved by the Insti-
tutional Animal Care Committee and Fudan University
Shanghai Medical College Committee.

Transient MCAO and MiRNA Administration

As described previously [25], a 4-0 nylon monofilament
(Sunbio Biotech, Beijing, China), was introduced into the
internal carotid artery and left in place for 30 min. The rats
in which cerebral blood flow dropped to 30%—40% during
the procedure were used in subsequent tests. The mixture
of miR oligomers (5 pL, 100 pmol/L) and Lipofectamine
2000 (5 pL) was incubated at room temperature and then
injected into the contralateral lateral ventricle.

Neurological Score Measurement

Neurological deficits were assessed according to Longa’s
scale method [28]. The neurological score represents the
severity of neurological deficits; higher scores represent
more severe deficits.

Brain Section Preparation

As described previously [25], deeply anesthetized rats were
perfused with 0.9% saline followed by 4% paraformalde-
hyde. The brain was removed and cryoprotected in a
graded sucrose series. Coronal sections were cut at 30 pm
and stored at — 20°C in a cryoprotectant solution.

Cresyl Violet Staining and Infarct Volume
Measurement

Cresyl violet staining was used to identify viable cells. The
areas of the infarct, contralateral hemisphere, and ipsilat-
eral hemisphere were measured using an image-processing-
analysis system (Q570IW, Leica, Wetzlar, Germany), and
area multiplied by the distance between sections gave the
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respective volumes. Infarct volume was calculated as the
percentage of infarct volume relative to the volume of the
contralateral hemisphere as described previously [29].

Immunohistochemical Staining and Cell Counting

Brain sections were incubated with anti-mouse-yH2AX
(1:100; JBW301; Millipore, Billerica, MA, USA) over-
night at 4°C, and then incubated with biotinylated sec-
ondary antibody and avidin-biotin-peroxidase complex
(Vector Laboratories, Inc. Burlingame, CA). Immunoreac-
tivity was detected with diaminobenzidine (DAB) (Sigma-
Aldrich, Louis, MO, USA)[25] and YH2AX-positive cells
were counted in five fields at the infarct border and are
expressed as cells/mm?.

Immunofluorescence Staining and Confocal
Microscopy

For triple-labelling of NeuN, glial fibrillary acidic protein
(GFAP), and YH2AX or OXRI1, brain sections were incu-
bated with primary antibodies at 4°C overnight followed by
secondary antibodies for 1 h at 37°C. The following primary
antibodies were used: anti-mouse YH2AX (1:100), anti-
rabbit OXR1 (1:200; catalog 13514-1-AP; Proteintech,
Chicago, IL, USA), anti-rabbit NeuN (1:200; ABNT7S;
Millipore), or anti-mouse NeulN (1:200; catalog MAB377;
Millipore), and anti-goat GFAP (1:200; catalog ab53554;
Abcam, Cambridge, UK). Secondary antibodies were as
follows: anti-mouse 488 (1:1,000; catalog A21202; Life
Technologies, Carisbad, CA, USA), anti-rabbit 594
(1:1,000; catalog A21207; Life Technologies), and anti-
goat647 (1:1,000; catalog A21447; Life Technologies).
Immunoreactive signals were acquired with a confocal
microscope (TCS SPS; Leica) as previously described [25].

Western Blotting Analysis

As described previously [25], 20 pg protein samples were
subjected to SDS-PAGE and transferred onto PVDF
membranes, which were blocked with 10% fat-free milk.
Then, the membranes were incubated with anti-rabbit
OXR1 (1:2,000) overnight at 4°C and anti-rabbit IlgG-HRP
(1:3,000; catalog sc-2004; Santa Cruz Biotechnology, CA,
USA) for 1 h at room temperature. Bands were normalized
to B-actin (1:10,000; catalog A5316; Sigma-Aldrich) and
anti-mouse IgG-HRP (1:3,000; catalog sc-2005; Santa
Cruz Biotechnology).

Luciferase Assay

Luciferase assays were performed as described previously
[25]. Briefly, the 3'-UTR of Oxrl(1755 nt) contained in a

reporter vector was cloned from cDNA from rat brain
(forward primer: 5'-CCGCTCGAGATACAGTGCTCTTG
GTTGTAGCAG-3'; reverse primer: 5'-TTTTCCTTTTGC
GGCCGCCCTATGACCTTGTTGTAGCTGG-3'). PC12
cells were co-transfected with 200 ng reporter vector and
50 nmol/L. miR oligomers. After 48 h, luciferase activity
was assessed and expressed as the Renilla: firefly ratio.

qRT-PCRAnalysis

Extraction, reverse transcription, and amplification were
performed as previously described [25]. The sequences of

gRT-PCR primers for Oxrl were forward: 5'-
CGCTTCGAGGACTACCTGAG-3; reverse: 5-
TTTTGGCCAGTATCGGGTCC-3'. The actin, Rattus

norvegicus-miR-365, and RNU6B primer sequences were
as previously described [25].

Primary Cortical Neuron Culture and MiR
Transfection

Primary neurons were isolated from 17- to 18-day Sprague-
Dawley rat embryos as described previously [30]. The cells
were seeded at 5 x 10° cells/ml in Neurobasal medium
containing 2% B27 supplement under 5% CO, in a
humidified incubator at 37°C. Cultures were transfected
with 50 nmol/L agomir or antagomir or negative control
(GenePharma, Shanghai, China)[31] using Lipofectamine
2000 (Invitrogen, Rockville, MD, USA). After 48 h, the
cells were harvested for the detection of miRs and proteins.

Oxygen and Glucose Deprivation

Oxygen and glucose deprivation (OGD) was performed in
primary neurons to simulate ischemia in vivo. As previously
described [25], primary neurons were washed twice with
deoxygenated Hanks’ balanced salt solution and then incu-
bated in deoxygenated glucose/serum-free Dulbecco’s mod-
ified Eagle’s medium. Then, the cultures were transferred to a
hypoxic incubator chamber filled with 95% N,/5% CO, at
37°C and left for 4 h. After OGD exposure, the cultures were
maintained in complete medium under a normal atmosphere.
MiR and protein analyses were performed at 12 h, 24 h, and
36 h of reoxygenation after OGD.

H,0, Exposure

H,0, was freshly prepared from 30% stock solution prior to
each experiment, then added to the cultures and left for 24 h. To
determine the role of miR-365 in the H,O,-induced neuronal
death, we transfected miR-365-ago, ago-nc, miR-365-antag, or
antag-nc (50 nmol/L) into primary neurons 24 h before H,O,
exposure. To assess the effects of OXR1 on the miR-365-

@ Springer



818

Neurosci. Bull. October, 2019, 35(5):815-825

mediated neuronal death, we co-transfected miR-365-ago, ago-
nc, miR-365-antag, or antag-nc (50 nmol/L) with Oxrl siRNA
(50 nmol/L) into primary neurons 24 h before H,O, exposure.
Then, we harvested the cells after 24 h of H,O, exposure for
enzyme activity and cell viability analysis.

Catalase and Glutathione Peroxidase Activity
Determination

The activity of CAT and GSH-Px in samples was
determined using a Catalase Assay Kit (Beyotime, China)
and Glutathione Peroxidase Assay Kit (Beyotime) based on
the protocols provided by the manufacturer.

Cell Viability Assay

Cell viability was measured using Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Ltd. Kuma-
moto, Japan) according to the manufacturer’s instructions.
The OD values were measured at 450 nm. Cell viability
was calculated using the following formula: (OD¢yperiment-
- ODblank)/(ODcontrol — ODblank) x 100%.

A
81 mir3es = —=
C
S
&
© 101
o
X
(0]
[0]
2 51 _krkk
©
[0]
@
0-
’b‘é\ d,\ 100 ,{bgo q,(\ N
T E S
C

ago-nc

antag-nc

Fig. 1 MiR-365 antagomir reduces brain injury after ischemic stroke.
A gRT-PCR analysis of miR-365 expression in the ischemic striatum
24 h after injection of miR-365 agomir (365-ago), agomir negative
control (ago-nc), miR-365 antagomir (365-antag), or antagomir
negative control (antag-nc) (n = 3). Injury control rats (Injury-ctl)
were subjected to ischemia-reperfusion (I-R) without other interven-
tions. B Neurological scores according to Longa’s method 24 h after
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Statistical Analysis

Statistical analysis was performed with GraphPad Prism
version 6.0 (GraphPad Software). Two-tailed Student’s #-tests
or one-way ANOVA with Tukey’s post-hoc test were used to
compare two groups or multiple groups, respectively. Results
were considered statistically significant at P < 0.05.

Results

Treatment with MiR-365 Antagomir Reduces Brain
Injury After MCAO

To investigate the role of miR-365 in ischemic brain injury,
we injected ago-nc, miR-365-ago, antag-nc, or miR-365-
antag into the contralateral ventricle of rats after MCAO. We
confirmed that miR-365-ago increased, while miR-365-antag
reduced the miR-365 levels in the ipsilateral striatum
compared with ago-nc and antag-nc injection at 24 h after
MCAQO (Fig. 1A). Deficits in motor function were assessed by
the neurological score at 24 h after MCAO. We found that
miR-365-ago aggravated the motor deficits, where as miR-
365-antag significantly improved motor function compared
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I-R (n = 3 in the sham group; n = 8 in the other groups). C Repre-
sentative images of cresyl violet stained brain sections from rats
3 days after I-R (white indicates infarct area). D Infarct volume as a
percentage of contralateral hemisphere volume (n = 3 in the sham
group; n =06 in the other groups). **P < 0.01, ***P < (0.001,
#EEXP < (0.0001, one-way ANOVA with Tukey’s post-hoc test. Data
are presented as the mean £ SEM.
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with the corresponding negative control or injury-control
group (Fig. 1B). Moreover, miR-365-ago significantly
increased the infarct volume at 72 h after MCAO compared
with the ago-nc or injury-control group. Conversely, miR-
365-antag significantly reduced the infarct volume compared
with the antag-nc or injury-control group (Fig. 1C, D). These
results suggest that miR-365 exacerbates brain damage after
ischemic stroke, while reduction of the miR-365 level in the
ischemic brain provides neuroprotection.

MiR-365 Antagomir Reduces YH2AX Expression
in Rat Brain After MCAO

Recent studies have shown that miR-365 increases neu-
ronal death in the retina of diabetic rats by increasing OS
[27]. OS causes the production of YH2AX, a marker of
oxidative DNA damage [32-34]. Therefore, we studied the
effects of miR-365 on YH2AX expression in the ischemic
brain. After immunohistochemical staining, we counted
YH2AX-positive (YH2AX™) cells in the brain 72 h after
MCAO (Fig. 2A, B), and the results showed that ischemia
increased the number of YH2AX™ cells in the ipsilateral
striatum (Fig. 2C). MiR-365-ago further increased the
number of YH2AX"' cells compared with ago-nc or

A Sham Injury-ctl B

ago-nc

D

antag-nc 365-antag ) i

Fig. 2 MiR-365 antagomir reduces YH2AX expression in the
ischemic striatum. A Representative images of immunolabeling of
YH2AX in sections from rats 3 days after I-R (scale bars, 100 pum).
B Schematic showing the areas in which immunoreactive cells were
counted (five fields of view). C Numbers of YH2AX-positive cells
(average of total positive cells/mm? in the five fields; n = 3 in the

injury-control. However, miR-365-antag significantly
reduced the number of YH2AX™ cells compared with
these controls (Fig. 2C). Furthermore, triple immunofluo-
rescent labelling for NeuN, GFAP, and YH2AX showed
that YH2AX was mainly expressed in neurons (YH2AX™/
NeuN™ cells) and not in astrocytes (Fig. 2D). These results
suggested that miR-365 increases oxidative neuronal
damage in the ischemic brain, and downregulation of
miR-365 attenuates such damage.

OXR1 Expression is Reduced in Rat Brain and Pri-
mary Neurons After Ischemia

The next question was how miR-365 regulates oxidative
damage in the brain after ischemic stroke. As noted above,
OXRI is a potential target of miR-365 based on bioinfor-
matics prediction and its antioxidant effect plays a crucial
role in neuroprotection [16, 17]. Here, we found that OXR1
protein first was significantly reduced and then gradually
recovered in the ischemic brain and primary neurons under
ischemia-like conditions (Fig. 3A, C). Interestingly, we
found that the changes in expression of miR-365 in vivo
and in vitro were opposite to those of OXR1 (Fig. 3B, D).
In summary, these results suggested that ischemia induces
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sham group; n = 5 in the other groups). D Representative images of
immunofluorescent triple labeling of NeuN, YH2AX, and GFAP in
sections from rats 3 days after MCAO (scale bars, 50 pm).**P <
0.01, ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test.
Data are presented as the mean + SEM.
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miR-365 upregulation and OXR1 downregulation in vivo
and in vitro.

MiR-365 Antagomir Increases OXR1 Expression
in Rat Brain After MCAO

We then assessed the effect of miR-365 on OXRI
expression in the brain after MCAO. The results showed
that miR-365-ago reduced the levels of OXRI1 protein at
24 h and 72 h after MCAO compared with the ago-nc or
injury-control groups, while miR-365-antag markedly
upregulated the OXR1 protein level at 24 h (Fig. 4A, B).
Furthermore, triple fluorescent immunostaining for NeuN,
GFAP, and OXR1 showed that OXR1 co-stained with
NeuN (OXR1*/NeuN™) but not with GFAP, indicating that
OXRI1 is mainly expressed in neurons (Fig. 4C). These
results suggested that miR-365 weakens the neuronal
OXR1-mediated antioxidant capacity, and inhibition of
miR-365 enhances the antioxidant effect.

MiR-365 Inhibits the Expression of OXR1 Via
Targeting the 3'-UTR of Oxrl

Bioinformatics analysis revealed that the 3-UTR of Oxrl
contained two potential binding sites for miR-
365(Fig. 5A). In order to determine whether miR-365
inhibits OXR1 expression by directly targeting the 3’-UTR
of Oxrl, we performed dual luciferase gene reporter assays
in PC12 cells. The full-length wild-type 3’-UTR of Oxrl
was cloned and inserted into the pSiCheck vector to
generate luciferase reporter plasmids. Moreover, we
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designed a mutant of miR-365 agomir (miR-365-ago-sm)
with 3 base substitutions within the seed region
(AAUGCCC to AAAGGCG) (Fig. 5B). After co-transfect-
ing luciferase reporter plasmids with ago-nc, miR-365-ago,
or miR-365-ago-sm in PCI12 cells, we assessed the
luciferase activity. The results showed that miR-365-ago
significantly reduced the activity of luciferase reporter
containing 3’-UTR of Oxrl compared with ago-nc. How-
ever, mutation of the seed regions completely abolished
this effect of miR-365-ago (Fig. 5C). These results sug-
gested that miR-365 directly targets the 3’-UTR of Oxrl.
Next, we analyzed the expression of OXRI in rat
primary neurons transfected with miR-365-ago, ago-nc,
miR-365-antag, or antag-nc (Fig. 5D) and found that miR-
365-ago reduced the OXR1 protein level compared with
ago-nc. Conversely, miR-365-antag significantly increased
the OXR1 protein compared with antag-nc. In addition,
compared with the control group, neitherago-nc norantag-
nc changed the expression of OXRI1(Fig. 5SE, F). Our
results suggested that miR-365 directly modulates neuronal
OXRI1 expression by targeting the 3’-UTR of Oxrl.

Oxrl siRNA Abolishes the Neuroprotective Effect
of miR-365 Antagomir on Primary Neurons

Next, we induced oxidative damage in primary neurons
with H,O, to explore the role of the miR-365-OXRI1
system in such damage. First, we confirmed that the
appropriate concentration of H,O, was 0.2 mmol/L
(Fig. S1). OXR1 has been reported to regulate the
expression of CAT and GSH-Px proteins, which detoxify
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Fig. 4 MiR-365 antagomir A
increases OXRI1 expression in

I-R24 h B

I-R72h

the ischemic striatum. A, B Ex-
pression levels of OXR1 protein

in the ischemic striatum 24 and OXR1

72 h after injection of 365-ago,

ago-nc, 365-antag, or antag-nc
analyzed by WB (n = 4 in the
injury-control groups; n =5 in

Actin

the other groups). C Represen-
tative images of immunofluo- 1.5+
rescent triple labeling of NeuN,
OXRI1, and GFAP in brain sec-
tions from rats 3 days after
MCADO (scale bars,

50 pm).**P < 0.01,

**xP < 0.001,

#k*EP < (0.0001, one-way
ANOVA with Tukey’s post-hoc
test. Data are presented as the
mean = SEM.
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*kkk
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ROS [18, 35]. Therefore, we further analyzed the effects of
the miR-365-OXR1 system on CAT and GSH-Px activity
in the H,O,-induced oxidative damage model. We found
that miR-365-ago significantly reduced the CAT and GSH-
Px activity compared with the ago-nc and injury-control
groups. Conversely, miR-365-antag significantly increased
the CAT and GSH-Px activity compared with tag-nc and
injury-control (Fig. 6A, C). However, Oxrl siRNA reduced
the Oxrl mRNA to 30% of the control (Fig. S2) and
inhibited CAT and GSH-Px activity. Moreover, knock-
down of OXRI expression by siRNA abolished the miR-
365-antag-induced increase of CAT and GSH-Px activity
(Fig. 6A-D). With this model we further found that,
compared with the corresponding negative control or
injury-control groups, miR-365-ago significantly reduced
cell viability, while miR-365-antag improved it (Fig. 6E).
More interestingly, OXR1-knockdown eliminated the pro-
tective effect of miR-365-antag against H,O,-induced
oxidative neuronal damage (Fig. 6E, F). Taken together,

*%

these results suggested that the increase of miR-365
expression in the ischemic brain contributes to neuronal
death by increasing oxidative damage through inhibiting
the activation of OXR1-mediated CAT and GSH-Px.

Discussion

This study is the first to demonstrate that an increase in
miR-365 after ischemic stroke leads to acute neuronal
injury by targeting Oxrl in the rat. Moreover, miR-365-
knockdown can effectively protect neurons from ischemic
damage by increasing the activation of OXR1-mediated
CAT and GSH-Px. These findings clearly revealed that
reduction of endogenous miR-365 expression contributes
to neuroprotection after stroke, which will help to develop
therapeutic strategies to prevent neuronal death in the
mammalian brain after trauma or ischemic injury.
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Fig. 5 MiR-365 directly targets OXR1 expression in primary neu-
rons. A Nucleotide sequences of the predicted miR-365 binding sites
in the 3’-UTR of Oxrl. Shown are the seed sequence (CCCGUAA)
and wild-type miR-365 binding site (GGGCAUU). B The mutant seed
sequence from mutant miR-365 agomir (miR-365-ago SM). Shown
are the wild-type (CCCGUAA) and mutant (GCGGAAA) seed
sequences. C Luciferase assays in PC12 cells 48 h after transfection
of luciferase reporter plasmid containing the wild-type Oxrl 3'-UTR,
together with ago-nc, 365-ago, or 365-ago-sm. Luciferase activity

Consistent with our previous report [25], miR-365 was
markedly upregulated in the ischemic brain (Fig. 1A).
Here, we found that upregulation of endogenous miR-365
in the ischemic brain accelerated neuronal damage, since
inhibition of miR-365 expression by its antagomir signif-
icantly reduced neuronal oxidative DNA damage as
indicated by YH2AX"' immunostaining (Fig. 2), infarct
volume, and neurological deficit scores (Fig. 1B, D). In
contrast, upregulation of miR-365 with ago mir aggravated
the acute ischemic injury (Fig. 1). The results clearly
showed that an increase of endogenous miR-365 expres-
sion in the ischemia-injured brain worsens the pathological
process of acute neuronal death. It is well known that
ischemic injury causes the adult brain to produce new
neurons, thereby reconstructing distant [36] and local
[37-39] neural networks. Neurogenesis is considered to be
a fundamental process for brain repair after injury [40].
Combined with previous findings that miR-365 upregula-
tion in the ischemia-injured brain inhibits repair by
reducing neurogenesis from astroglial cells, whereas
inhibiting miR-365 expression enhances the capacity of
astroglial cells to transdifferentiate into new neurons [25],
we have demonstrated that upregulation of endogenous

@ Springer

was calculated as the Renilla: firefly ratio (n =4). D gRT-PCR
analysis of miR-365 expression in primary neurons 48 h after
transfection of 365-ago, ago-nc, 365-antag, or antag-nc (n = 3). E,
F Expression levels of OXR1 protein in primary neurons 48 h after
transfection of 365-ago, ago-nc, 365-antag, or antag-nc analyzed by
Western blotting (n = 4). **P < 0.01, unpaired two-tailed Student’s
t-test in C,***P < 0.001, ****P < 0.0001, one-way ANOVA with
Tukey’s post-hoc test in D and F. Data are presented as the
mean = SEM.

miR-365 is detrimental to acute and chronic pathogenesis
in the brain after ischemic injury and reduction of miR-365
is beneficial to neuroprotection and neural repair.
Therefore, we further analyzed the mechanism by which
miR-365 modulates neuronal ischemic death. Our results
showed that miR-365 participated in ischemia-induced
oxidative DNA damage because administration of miR-365
agomir increased the number of YH2AX™ cells (Fig. 2) and
reduced the activity of CAT and GSH-Px (Fig. 6). This
finding is consistent with previous reports that miR-365
induces apoptosis in diabetic retinal neurons via reduction
of antioxidant effects [26, 27]. As previously noted, OXR1
increases the expression of CAT and GSH-Px [18] and has
antioxidant effects in in vivo and in vitro [12, 13, 15-17].
In this study, the changes of OXRI1 protein expression and
miR-365 expression were opposite in the ischemic brain
and in primary neurons under ischemia-like conditions
(Fig. 3), indicating that miR-365 targets OXR1 expression.
We used bioinformatics analysis to identify two potential
seed regions in the 3'-UTR of Oxrl for miR-365 binding
(Fig. 5A). Therefore, we performed dual luciferase gene
reporter assays to reveal that miR-365 can target the 3'-
UTR seed regions of Oxrl and effectively inhibit the
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Fig. 6 Oxrl siRNA abolishes
the protective effect of miR-365
antagomir on primary neurons.
A CAT activity in primary
neurons after transfection with
365-ago, ago-nc, 365-antag, or
antag-nc and exposure to HO,
(n = 6). B CAT activity in pri-
mary neurons after co-transfec-
tion of 365-ago, ago-nc,
365-antag, or antag-nc with
Oxrl siRNA and exposure to
H,0, (n = 6). C GSH-Px activ-
ity in primary neurons after
transfection with 365-ago, ago-
nc, 365-antag, or antag-nc and
exposure to HO, (n = 6).

D GSH-Px activity in primary
neurons after co-transfection of
365-ago, ago-nc, 365-antag, or
antag-nc with Oxr/ siRNA and
exposure to H,O, (n = 6). E,

F Cell viability of primary
neurons after co-transfection of
365-ago, ago-nc, 365-antag, or
antag-nc with (F) or without
(E) Oxrl siRNA and exposure
to H,O, (n =5). **P < 0.01,
*#F*EP < 0.0001, one-way
ANOVA with Tukey’s post-hoc
test. Data are presented as the
mean £+ SEM.
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expression of OXRI1 protein in the ischemia-injured rat
brain (Fig. 4A, B) and primary cultured neurons (Fig. 5E,
F). We also demonstrated that this inhibitory effect of miR-
365 was specific since miR-365 antagomir completely
blocked this inhibition (Figs. 4 and 5). The next question
was whether OXR1 production is involved in the miR-365-
mediated antioxidant effects in injured neurons under
ischemia-like conditions. Therefore, we knocked down
OXRI1 in primary cultured neurons with siRNA, and
assessed the activity of CAT and GSH-Px and the survival
of neurons under H,O,-induced OS. We interestingly
found that OXR1 knockdown inhibited the activity of CAT
and GSH-Px, further confirming that both of these enzymes
are downstream of OXRI1[18]. More importantly, Oxrl
siRNA abolished the miR-365 antagomir-induced activa-
tion of CAT and GSH-Px as well as its neuroprotection in
this model (Fig. 6), suggesting that endogenous miR-365
can cause oxidative damage and inhibit the activation of
these two enzymes by inhibiting OXR1 production in

H,0, (0.2 mmol/L)

neurons. This result is also consistent with previous reports
in an amyotrophic lateral sclerosis model showing that
reducing OXRI is detrimental to neuronal survival and that
OXRI1 upregulation improves the pathological process and
extends survival [13, 15-17]. Moreover, we noted that,
after Oxrl siRNA treatment, miR-365 ago did not further
increase the H,O,-induced oxidative neuronal death. This
phenomenon may be due to the excessive regulation of
OXRI1 protein by siRNA in neurons, although the exact
cause has yet to be explained. All together, we conclude
that overproduction of miR-365 in the ischemic brain
worsens oxidative neuronal injury by inhibiting OXR1-
mediated CAT and GSH-Px antioxidant signals.

In summary, the present results demonstrate that
endogenous miR-365 participates in the acute pathophys-
iological process of neuronal damage in the ischemic brain
by modulating the OXR1-mediated CAT and GSH-Px
antioxidant pathways. MiR-365 downregulation can inhibit
ischemia-induced oxidative neuronal injury by enhancing

@ Springer
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the OXR1-mediated antioxidant effects of CAT and GSH-
Px and enhance acute neuroprotection. This study provides
a new strategy for the development of novel the rapeutic
targets for cerebral ischemic stroke.
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