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Purpose: MicroRNAs (miRNAs) are emerging as essential regulators in the development of
cerebral ischemia/reperfusion (I/R) injury. This study aimed to explore the regulation of miR-
9-3p on FGF19-GSK-3B/Nrf2/ARE signaling in cerebral I/R injury.

Materials and Methods: A mouse model with I/R injury was constructed by middle
cerebral artery occlusion (MCAO) and an HT22 cell model was established by oxygen-
glucose deprivation/reperfusion (OGD/R). The expression of miR-9-3p was detected by RT-
gqPCR. Protein expression of fibroblast growth factor 19 (FGF19), cleaved caspase-3, and
GSK-3p signaling-related proteins (p-GSK-3 and Nrf2) were detected by Western blot. Cell
viability was assessed by MTT assay. Oxidative stress was detected by commercial kits. The
target of miR-9-3p was predicted by TargetScan and confirmed by luciferase reporter assay.
The effects of miR-9-3p on GSK-3B/Nrf2/ARE signaling were assessed by rescue
experiments.

Results: MiR-9-3p was significantly upregulated in brain tissues of MCAO/R-treated mice
and OGD/R-treated HT22 cells. Downregulation of miR-9-3p attenuated infarct volume and
neurological outcomes of MCAO/R-treated mice in vivo and OGD/R-induced cell injury and
oxidative stress in vitro, while overexpression of miR-9-3p showed the opposite effects.
MiR-9-3p directly bound to the 3'-untranslated region of FGF19 and negatively regulated its
expression. Inhibition of miR-9-3p enhanced GSK-3B3/Nrf2/ARE signaling-mediated antiox-
idant response, while this effect was partially eliminated by FGF19 or Nrf2 silencing.
Conclusion: Our study suggests that inhibition of miR-9-3p protects against cerebral I/R
injury through activating GSK-3p/Nrf2/ARE signaling-mediated antioxidant responses by
targeting FGF19, providing a potential therapeutic target for ischemic stroke.
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Introduction

Worldwide, ischemic stroke, caused by a clot that blocks blood flow to the brain,
can be severely disabling and sometimes fatal.! A well-known therapy for ischemic
stroke is cerebral ischemia/reperfusion (I/R), which is also a crucial risk factor
resulting in poor prognosis for patients with ischemic stroke and exacerbating brain
injury.>® Cerebral I/R injury has been reported to result in serious clinical mani-
festations such as myocardial hibernation, acute heart failure, cerebral dysfunction,
and multiple organ dysfunction syndrome.* Increasing evidence has revealed that
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cerebral I/R injury could lead to the production of a large
number of reactive oxygen species (ROS), which might
further damage the nervous system.” Therefore, thorough
understanding of the specific molecular mechanisms
involved in cerebral I/R injury or ROS resistance contri-
butes to identifying new and effective therapeutic targets
for ischemic stroke.

MicroRNAs (miRNAs), found in most eukaryotes, are
a class of small non-coding RNA molecules, approxi-
mately 22 nucleotides in length.® It has been reported
that miRNAs can regulate gene expression by directly
binding to the 3'-UTR region of their target mRNAs,
resulting in translational silencing.” In the neural system,
more and more miRNAs have been found to play impor-
tant roles in the progression and pathogenesis of the ner-
vous system. MiR-145 regulates the differentiation of
neural stem cells by modulating the Sox2-Lin28/let-7 sig-
naling pathway.® MiR-455-3p functions as a potential per-
ipheral indicator for Alzheimer’s disease.” In the ischemic
brain, a series of abnormally expressed miRNAs have
been identified. For example, miR-298 exacerbates I/R
injury following ischemic stroke by directly targeting
Act1."® MiR-130a has been reported to have neuroprotec-
tive effects against ischemic stroke by regulating the
PTEN/PI3K/AKT pathway."'
that miR-9-3p is significantly elevated in the cerebrospinal

Previous studies reported

fluid following subarachnoid hemorrhage and this eleva-
tion is associated with a poor functional outcome of
delayed cerebral ischemia.'> MiR-9-3p has been identified
as being significantly enriched in the brain relative to other
tissues in patients with traumatic brain injury, and as
exhibiting dramatically greater brain specificity.'> The
expression of miR-9-3p was also significantly higher in
the cerebrospinal fluid of patients with acute ischemic
stroke compared to controls.'* These reports indicated
that miR-9-3p might play a potential role in cerebral I/R
injury. However, the function and underlying molecular
mechanisms of miR-9-3p remain unclear.

Previous studies have revealed a rapid increase in ROS
production immediately after acute ischemic stroke which
overwhelms antioxidant capacity, resulting in further brain
damage.'® Recently, targeting ROS production to reduce
ROS in brain tissues has becoming a potential neuropro-
tective treatment for ischemic stroke.’ Fibroblast growth
factor 19 (FGF19) is an important cytoprotective regulator
that can antagonize oxidative stress and cell apoptosis
under adverse conditions, including cerebral I/R injury.'®
The serine/threonine protein kinase, glycogen synthase

kinase-3f (GSK-3B), is abundantly expressed in
neurons.'”” Nuclear factor-E2-related factor 2 (Nrf2),
a redox-sensitive transcription factor, is a direct down-
stream target of GSK-3f and can bind to the antioxidant
response elements (ARE) in the nucleus and then activate
downstream antioxidant genes such as heme oxygenase-1
(HO-1) and NADPH-quinone oxidoreductase 1 (NQO1).'®
GSK-3f prevents the nuclear translocation of Nrf2 and
suppresses antioxidant response in cells.'® Previous studies
have revealed that downregulation of GSK-3f8 can effi-
ciently attenuate neuronal death and protect neurons from
cerebral I/R injury by activating Nrf2/ARE signaling.***'
Fang et al revealed that FGF19 overexpression alleviated
hypoxia/re-oxygenation-induced injury in cardiomyocyte
GSK-3p/Nrf2/ARE
pathway.'® Increasing evidence reveals that a series of

by modulating the signaling
miRNAs participate in cerebral I/R injury through modu-
lating GSK-3p/Nrf2/ARE signaling, including miR-99a,**
miR-335,% and miR-322.>* Hence, the identification of
miRNAs targeting GSK-3 may be a potential therapeutic
target for cerebral I/R injury.

Here, we demonstrated that miR-9-3p was significantly
upregulated during I/R injury both in vivo and in
vitro. Further, FGF19 was identified as a direct target of
miR-9-3p and miR-9-3p negatively regulated FGF19
expression by binding to its 3’-UTR. Moreover, our study
revealed that inhibition of miR-9-3p protected against
cerebral I/R injury by targeting FGF19 to activate GSK-
3B/Nrf2/ARE signaling-mediated antioxidant responses.

Materials and Methods
Animals and the Construction of an In

Vivo Ischemic/Reperfusion (I/R) Injury

Model
Adult C57BL/6J mice (6—13 weeks, approximately 20 = 5
g) were purchased from the Experimental Animal Center
of Jinan Central Hospital. This study was approved by the
Institutional Animal Care and Use Committee of Jinan
Central Hospital. All animal procedures were performed
according to Guidelines for Care and Use of Laboratory
Animals of Jinan Central Hospital. All mice were ran-
domly divided into two groups: sham group and model
group (n = 6 in each group). The mouse model with
transient cerebral ischemia was induced through middle
artery occlusion (MCAO), as
described.” Operated mice were subjected to 2 h of ische-
In the

cerebral previously

mia before reperfusion. sham group, mice
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underwent the same operations except for the MCAO
treatment. After different times (6, 12 and 24 h) for reper-
fusion, the neurological deficits of mice were evaluated.
Afterwards, mice were sacrificed by cervical dislocation
and the cortex of the ischemia side in mice brains were
rapidly removed for the subsequent experiments.

Cortical Injection of microRNAs

MiR-9-3p mimics (#MC13072), miR-NC (negative con-
trol, #4,464,058), miR-9-3p inhibitor (#¥MH13072), and
inhibitor NC (negative control, #4,464,078) were pur-
chased from Thermo Fisher Scientific. MiR-9-3p mimics
(100 pM), miR-9-3p inhibitor (100 pM), or the corre-
sponding negative controls (100 uM) were mixed with
the siRNA-Mate (GenePharma) and incubated for 20 min
at room temperature. Mice were deeply anesthetized by
the intraperitoneal injection of pentobarbital sodium and
these miRNAs were stereotaxically injected (0.2 pL/min)
into cerebral cortex of mice (bregma: —0.2 mm posterior,
3 mm dorsoventral, 4.5 mm lateral), as previously
described.?® After 10 min of injection, mice were exposed
to MCAO for 2 h and then reperfusion for 24 h. Mice in
the sham group were injected with equal amounts of phy-
siological saline (n = 6 in each group).

Evaluation of Neurological Deficits and

Brain Water Content

After 6, 12 and 24 h of reperfusion, the neurological
deficits in mice were evaluated using the scales as
described by Longa et al:*’ 0 score, mice behave normally;
1 score, mice cannot fully stretch their left front legs; 2
score, mice turn around in a circle; 3 score, mice fall down
to the left side; 4 score, mice cannot move by themselves
and lose consciousness.

Brain water content was determined 24 h after reperfu-
sion, as previously reported.?® Briefly, infarct brain hemi-
spheres were weighed and recorded as the wet weight
using an electronic scale, and then dried overnight at
100 °C in an oven to obtain the dry weight. The brain
water content was calculated according to the following
formula: brain water content =
weight)]/(wet weight) x 100%.

[(wet weight) — (dry

Evaluation of Cerebral Infarct Volume

Cerebral infarct volume of mice was determined by TTC
staining assay, as previously described.”® After reperfu-
sion, the mice were anesthetized and their brains dissected

and cut into 1.5-mm slices. The slices were then soaked in
a 1% TTC phosphate buffer at 37 °C for 30 min in the dark
and fixed with 4% paraformaldehyde for 30 min. The
images of ordered brain slices were captured and analyzed
using an electronic scanner (Tsinghua Unisplendour A688,
Xi’an, China). The percentage of infarct volume was cal-
culated according to the following equation: Infarct
volume (%) = Infarct volume/Total volume of slice % 100.
Normal brain tissues stained red and infarct tissues were
white.

Immunohistochemistry

The mice brain tissues were fixed and cut coronally into
5 mm-thick serial sections, and then immunohistochemis-
try was performed with an immunohistochemical kit
(Boster Biological Technology, Wuhan, China) using
FGF19 (1:500, ab225942, Abcam) antibody and cleaved
caspase-3 (1:300; ab2302, Abcam) antibody according to
the manufacturer’s instructions. A blinded investigator
used a microscope to take images and chose images ran-
domly for each section. Analysis of FGF19 expression was
conducted using Image-Pro Plus software.

Cell Culture and the Construction of an
in vitro I/R Injury Model

Mouse neuronal cell line HT22 was purchased from BeNa
Culture Collection (BNCC, Kunshan, China) and cultured
in Dulbecco modified Eagle medium (DMEM Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) at
37 °C with additional 5% CO,. To mimic cerebral I/R
injury in vitro, HT22 cells were subjected to oxygen-
glucose deprivation/reperfusion (OGD/R) treatment, as
previously described.®® In brief, approximately 2x10*
HT22 cells were cultured in glucose-free DMEM in
a hypoxic chamber with 3% O,, 5% CO, and 92% N,
for 2 h, and then cells were transferred into glucose-
containing DMEM for re-oxygenation under normal con-
ditions (95% air and 5% CO,) for 6 h, 12 h or 24 h. Cells
still cultured in glucose-containing DMEM under nor-
moxic conditions were considered as the control group.

Cell Transfection

Small interfering RNA targeting FGF19 (si-FGF19) (#sc-
39,480), si-Nrf2 (#sc-37,030) and negative controls (si-
NC) (#sc-37,007) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). MicroRNAs
(MiR-9-3p mimics, miR-NC, miR-9-3p inhibitor and
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inhibitor NC) and siRNAs (si-FGF19, si-Nrf2 and si-NC)
were transfected into HT22 cells with a final concentration
at 20nM using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. After transfection for
48 h, HT22 cells were subjected to OGD for 2 h and
subsequent re-oxygenation for 24 h. Cells were then har-
vested for the subsequent experiments.

RT-qPCR

Total RNA of the cortex of the ischemia side in mice
brains and cultured cells was extracted by using TRIzol
Regent (Invitrogen), according to the manufacturer’s
instructions. Approximately 2pg of total RNA was
reverse-transcribed into complementary DNA (cDNA)
using a PrimeScriptTM RT reagent kit (Takara). qPCR
assay was performed using SYBR Green PCR Master
Mix (Takara) on an ABI PRISM 7500 Fast Real-time
PCR instrument (Applied Biosystems). GAPDH and U6
were used as the internal reference for mRNA and
miRNAs, respectively. The relative expression fold of
27A4C method. The pri-
mers used were as follows: miR-9-3p forward: 5'-G
AGGCCCGTTTCTCTCTTTG-3', 5'-AGCTTT
ATGACGGCTCTGTG-3"; U6 forward: 5'-
CTCGCTTCGGCAGCACA-3', reverse: 5-AACGC
TTCACGAATTTGCGT-3’;  FGF19  forward:  5'-
CGCTGTCGGTAGCCAGAG-3',  reverse: 5-CTCT
GCACGCCCTTGATG-3’; HO-1 forward: 5-GGAACTT
TCAGAAGGGCCAG-3', reverse: 5-GTCCTTGGTG
TCATGGGTCA-3'; NQO-1 forward: 5'-GTATCCT
GCCGAGTCTGTT-3', reverse: 5-GATCCCTTGCA
GAGAGTACA-3’; GAPDH forward: 5'-CCACCCAT
GGCAAATTCCATGGCA-3', reverse: 5-TCTAGACGG
CAGGTCAGGTCCACC-3".

targets was calculated using the

Teverse:

Western Blot

Total protein of the cortex of the ischemia side in mice
brains or cultured cells was extracted using a RIPA lysis
buffer (Beyotime Institute of Biotechnology, China).
Approximately equal amounts of protein were separated
by 12% SDS-PAGE and transferred onto PVDF mem-
branes. After blocking in 5% skim milk, the membranes
were incubated with primary antibodies, including FGF19
(1:500, ab225942, Abcam), GSK-3p (1:500, ab93926,
Abcam), phosphorylated-GSK-3p  (1:500, ab75814,
Abcam), Nrf2 (1:500, ab62352, Abcam), Lamin B2
(1:1000, ab8983, Abcam) and GAPDH (1:2000, ab8425,
Abcam), overnight at 4 °C. Afterwards, the membranes

were incubated with horseradish peroxidase (HRP)-
(1:3000, ab205718,
Abcam) at room temperature for 1 h. The protein bands

conjugated secondary antibodies
were visualized using an enhanced chemiluminescent
(ECL) kit.

MTT Assay

Cell viability was evaluated using an MTT Cell Viability
Assay Kit (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the standard protocols. In brief, transfected
or treated HT22 cells cultured in 96-well plates were
added to 10 uL of MTT stock solution for 4 h at 37 °C.
Then, 100 pL of dissolution reagent was added to each
well and incubated for another 4 h. The absorbance was
detected using an optical density measurement at 570 nm
under a microplate absorbance reader (Bio-Rad,
Sunnyvale, CA, USA). Cell viability of the control group
was regarded as 100% and cell viabilities in other groups
were calculated as percentages of the control.

Detection of Intracellular ROS

Intracellular ROS levels were measured using a Reactive
Oxygen Species Assay Kit (Beyotime Biotechnology,
China) and MitoSOX Red Mitochondrial
(YEASEN, Shanghai, China),
respectively, according to the manufacturers' instructions.

Shanghai,
Superoxide Indicator
ROS levels were detected by fluorescence intensity at an
excitation wavelength of 488 nm and an emission wave-
length of 525 nm. MitoSOX fluorescence intensity was
detected at an excitation wavelength of 510 nm and an
emission wavelength of 580 nm.

Luciferase Reporter Assay

Fragments of wild type (WT) and mutant type (MUT) 3'-
UTR of FGF19 containing the putative binding site with
into the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega).

miR-9-3p were inserted
The recombinant luciferase reporter vectors were co-
transfected with miR-9-3p mimics or miR-NC into HT22
cells using Lipofectamine 2000 (Invitrogen). Forty-eight
hours after transfection, cells were lysed and the relative
luciferase activity of FGF19 3'-UTR WT or FGF19 3'-
UTR MUT was detected by the dual luciferase reporter
system (Promega). For detection of Nrf2/ARE transcrip-
tional activity, HT22 cells were co-transfected with Nrf2/
ARE reporter vector (Promega), phRL-TK Renilla lucifer-
ase vector (Promega), and miR-9-3p mimics/inhibitor or
corresponding negative controls (miR-NC and inhibitor
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NC). Forty-eight hours after culturing, the luciferase activ-
ity was measured using the Dual-Luciferase Reporter
Assay System (Promega). Data are presented as the ratio
of Renilla luciferase activity in cell lysates to firefly
luciferase.

Statistical Analysis

All data were presented as means + standard deviation
(SD) and each experiment was separately repeated three
times. Data analysis was performed using SPSS 21.0 soft-
ware. A single comparison between the two groups was
determined by Student’s #-test, and comparisons between
multiple groups were analyzed by one-way analysis of
variance (ANOVA). P <0.05 was considered to be statisti-
cally significant.

Results
Downregulation of miR-9-3p Attenuated

Ischemic Brain Infarction In Vivo

To explore the role of miR-9-3p in ischemic brain damage,
the experimental model with cerebral ischemia was used.
We found that both neurological scores and infarct volume
of mice subjected to MCAO followed by reperfusion for 6,
12 and 24 h were increased compared with those in sham
mice (p <0.01, Figure 1A; p <0.05, Figure 1B), suggesting
that the mouse model with cerebral I/R injury was success-
fully established. Then the expression of miR-9-3p in the
cortex of the ischemic regions of I/R mice was detected by
RT-qPCR, and the results showed that the level of miR-
9-3p was significantly increased in brain tissues of mice
subjected to I/R injury compared with that in sham mice (p
<0.05, Figure 1C). To further determine the role of mIR-
9-3p in ischemic brain damage, mice were injected with
miR-9-3p mimics/inhibitor or corresponding negative con-
trols and then exposed to MCAO/R treatment. RT-qPCR
results indicated that miR-9-3p mimics increased miR-
9-3p level and miR-9-3p inhibitor decreased its expression
(p <0.05, Figure 1D). Moreover, the infarct volume and
brain water content of mice in the miR-NC and inhibitor
NC group was still increased compared with that in sham
mice (p <0.01), overexpression of miR-9-3p (miR-9-3p
mimics) further enhanced infarct volume and brain water
content of mice compared with that in the miR-NC group
(p <0.05), while downregulation of miR-9-3p (inhibitor)
obviously decreased infarct volume and brain water con-
tent of mice compared with that in the inhibitor NC group
(p <0.01, p <0.05, Figure 1E and F). By performing

immunohistochemistry assay, we found that MCAO treat-
ment significantly upregulated the number of cleaved cas-
pase-3 positive cells in cerebral cortex compared with the
sham group (p <0.01), and miR-9-3p mimics further
increased the expression of cleaved caspase-3 compared
with miR-NC (p <0.05), while miR-9-3p
obviously reduced the number of cleaved caspase-3 posi-
tive cells compared with the NC inhibitor (p <0.05,
Figure 1G). These results indicated that miR-9-3p might
promote ischemic brain damage.

inhibitor

Downregulation of miR-9-3p Attenuated
OGD/R-Induced Neuronal Injury in vitro

To further determine the effects of miR-9-3p in ischemic
brain damage, mouse neuronal cell line HT22 were treated
by OGD/R to mimic ischemic conditions in vitro. RT-
gPCR showed that the expression of miR-9-3p increased
in HT22 cells exposed to OGD/R for 6, 12 and 24
h compared with that in the control group (p <0.05,
p <0.01, Figure 2A). Subsequently, HT22 cells were trans-
fected with miR-9-3p mimics/inhibitor or corresponding
negative controls and then treated by OGD/R for 24
h. Transfection efficiency was detected by RT-qPCR, and
the results indicated that miR-9-3p level was significantly
upregulated by transfection of miR-9-3p mimics and
downregulated by transfection of miR-9-3p inhibitor (p
<0.01, Figure 2B). MTT assay showed that OGD/R treat-
ment significantly decreased cell viability compared with
the control group (p <0.01), overexpression of miR-9-3p
further decreased cell viability in OGD/R-treated HT22
cells compared with miR-NC (p <0.01), while downregu-
lation of miR-9-3p increased cell viability in OGD/
R-treated HT22 cells compared with inhibitor NC (p
<0.01) (Figure 2C). Western blot indicated that OGD/R
treatment significantly promoted the expression of cleaved
caspase-3 compared with the control group (p <0.01) and
upregulation of miR-9-3p further enhanced cleaved cas-
pase-3 expression in OGD/R-treated HT22 cells compared
with miR-NC (p <0.05), while downregulation of miR-
9-3p markedly decreased its expression in OGD/R-treated
HT22 cells compared with the inhibitor NC group (p
<0.01) (Figure 2D). In addition, OGD/R treatment signifi-
cantly promoted the production of intracellular ROS and
mitochondrial ROS (p <0.01), and overexpression of miR-
9-3p further increased the production of ROS in OGD/
R-exposed HT22 cells (p <0.01), while downregulation of
miR-9-3p obviously decreased ROS production in OGD/
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Figure | MiR-9-3p was upregulated in brain tissues of I/R mice and downregulated in attenuated ischemic brain infarction in vivo. (A—C) Mice were subjected to MCAO/R
for 6 h, 12 h or 24 h. (A) Neurobehavioral outcomes. (B) Infarct volumes. (C) The expression of miR-9-3p in brain tissues was detected by RT-qPCR. (D-F) Mice were
injected with miR-9-3p mimics/inhibitor or corresponding negative controls and then exposed to MCAQO/R for 24 h. (D) The expression of miR-9-3p in brain tissues was
detected by ER-qPCR. (E) Infarct volumes. (F) Brain water content. (G) Mice were injected with miR-9-3p mimics/inhibitor or corresponding negative controls and then
exposed to MCAOIR for 24 h. The expression of cleaved caspase-3 in cerebral cortex was evaluated by immunohistochemistry. (X200, scale bar = 100um). n = 6 in each
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Figure 2 MiR-9-3p was upregulated by OGD/R treatment in HT22 cells and downregulation of miR-9-3p attenuated OGD/R-induced neuronal injury in vitro. (A) HT22
cells were treated by OGDI/R for 6, 12 and 24 h, and the relative expression of miR-9-3p was detected by RT-qPCR. (B-F) HT22 cells were transfected with miR-9-3p
mimics/inhibitor or corresponding negative controls and then treated by OGD/R for 24 h. (B) The relative expression of miR-9-3p was detected by RT-qPCR. (C) Cell
viability was detected by MTT assay. (D) The protein expression of cleaved caspase-3 was detected by Western blot. (E and F) Intracellular (E) and mitochondrial (F) ROS
level were measured using respective detection kits. Data were expressed as mean * SD. *p <0.05, **p <0.01.

R-treated HT22 cells (p <0.01) (Figure 2E and F). These
results suggested that downregulation of miR-9-3p pro-
tected HT22 cells from OGD/R-induced injury in vitro.

FGFI9 Was a Target of miR-9-3p

To explore the underlying mechanisms of miR-9-3p,
TargetScan was used to predict the potential targets of
miR-9-3p, and the prediction suggested that there was
a putative binding site between miR-9-3p and 3’-UTR of
FGF19 (Figure 3A), indicating that FGF19 might be
a target of miR-9-3p. Then, luciferase reporter assay
was performed, and the results showed that miR-9-3p
mimics significantly decreased the relative luciferase
activity of the FGF19 3'-UTR WT vector compared
with miR-NC (p <0.01) but exhibited no change on
the luciferase activity of the FGF19 3’-UTR MUT vec-
tor (Figure 3B). Meanwhile, overexpression of miR-9-3p
significantly decreased the expression of FGF19 both at
the mRNA and protein levels compared with miR-NC (p
<0.01), and downregulation of miR-9-3p increased
FGF19 expression compared with inhibitor NC (p

<0.01, Figure 3C and D). In addition, the results of
immunohistochemistry assay showed that MCAO treat-
ment significantly reduced the number of FGF19-
positive cells in cerebral cortex compared with the
sham group (p <0.05), miR-9-3p mimics further reduced
the expression of FGF19 in cerebral cortex compared
with miR-NC (p <0.05), while miR-9-3p inhibitor
obviously increased the number of FGF19-positive
cells in cerebral cortex compared with NC inhibitor (p
<0.05, Figure 3E). These results indicated that FGF19
was a target of miR-9-3p.

miR-9-3p Regulated the GSK-33/Nrf2/

ARE Antioxidant Signaling

Due to the ROS production in OGD/R-treated HT22 cells
and the effects of miR-9-3p, we explored the effects of
miR-9-3p on GSK-3B/Nrf2/ARE antioxidant signaling. We
found that OGD/R treatment significantly decreased the
protein expression of FGF19 and p-GSK-3fB, while it
increased the expression of nuclear Nrf2 (nu-Nrf2) in
HT22 cells compared with the control group; upregulation
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Figure 3 FGFI9 was a target of miR-9-3p. (A) The putative binding site between miR-9-3p and 3'-UTR of FGFI9 was predicted by TargetScan. (B) The relative luciferase
activity of FGFI19 3"-UTR WT or MUT vector was detected by dual luciferase reporter system. (C and D) HT22 cells were transfected with miR-9-3p mimics/inhibitor or
corresponding negative controls. The expression of FGF19 was detected by RT-qPCR (C) and Western blot (D). (E) Mice were injected with miR-9-3p mimics/inhibitor or
corresponding negative controls and then exposed to MCAOI/R for 24 h. The expression of FGF19 in cerebral cortex was evaluated by immunohistochemistry. (X200, scale
bar=100um). n = 6 in each group. Data were expressed as mean * SD. *p <0.05, **p <0.01.

of miR-9-3p decreased the expression of FGF19, p-GSK-3
and nu-Nrf2 in OGD/R-treated HT22 cells compared with
miR-NC; and downregulation of miR-9-3p increased the
expression of FGF19, p-GSK-3B and nu-Nrf2 in OGD/
R-treated HT22 cells inhibitor NC
(Figure 4A-D). Meanwhile, overexpression of miR-9-3p
decreased the Nrf2/ARE activity while downregulation of
miR-9-3p increased Nrf2/ARE activity (Figure 4E). In

compared with

addition, the expression of Nrf2/ARE downstream target
genes including HO-1 and NQO1 was increased by OGD/
R treatment, significantly downregulated by miR-9-3p
mimics transfection, and upregulated by miR-9-3p inhibitor
transfection (Figure 4F and G). These results suggested that
miR-9-3p was involved in the regulation of GSK-33/Nrf2/
ARE antioxidant signaling to affect the OGD/R injury

in vitro.
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Figure 4 MiR-9-3p regulated the GSK-3B/Nrf2/ARE antioxidant signaling. HT22 cells

were transfected with miR-9-3p mimics/inhibitor or corresponding negative controls

and then treated by OGD/R for 24 h. (A) The protein expression of FGF19, p-GSK-3 and nuclear Nrf2 (nu-Nrf2) was detected by Western blot. Quantitative analysis of
FGF19 (B), p-GSK-3p (C) and nu-Nrf2 (D). (E) Relative Nrf2/ARE transcriptional activity was determined by luciferase reporter assay. (F and G) The expression of HOI (F)
and NQOI (G) was detected by RT-qPCR. Data were expressed as mean + SD. *p <0.05, ** < 0.01.

Silencing of FGFI9 Reversed the
Protective Effects of miR-9-3p Inhibition
on OGDI/R Injury

To determine whether miR-9-3p functions by targeting
FGF19, HT22 cells were transfected with siRNA targeting
FGF19 (si-FGF19) or si-NC and then exposed to OGD/R
treatment. Western blot assay showed that OGD/R treat-
ment significantly reduced the expression of FGF19 com-
pared with the control group (p <0.01), and silencing of
FGF19 further decreased FGF19 expression in OGD/
R-treated HT22 cells compared with si-NC (p <0.01)
(Figure 5A). Next, HT22 cells were co-transfected with
miR-9-3p inhibitor and si-NC, or co-transfected with miR-

9-3p inhibitor and si-FGF19. The results of RT-qPCR
(Figure 5B) and Western blot (Figure 5C) revealed that
miR-9-3p inhibitor increased FGF19 expression compared
with inhibitor NC in OGD/R-treated HT22 cells (p <0.01),
while co-transfection of miR-9-3p inhibitor and si-FGF19
significantly decreased FGF19 expression compared with
the miR-9-3p inhibitor/si-NC group. Meanwhile, miR-
9-3p inhibition mediated neuroprotective effects including
cell viability, and ROS production in OGD/R-treated
HT22 cells was partially reversed by FGF19 silencing (p
<0.05) (Figure 5D and E). In addition, the enhancement of
miR-9-3p inhibition on the Nrf2/ARE signaling pathway
was also partially attenuated by FGF19 silencing (p <0.05,
Figure 5F). These results suggested that silencing of
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Figure 5 Silencing of FGFI9 reversed the protective effects of miR-9-3p inhibition on OGDI/R injury. (A) HT22 cells were transfected with si-FGF19 or si-NC, and then
exposed to OGDI/R for 24 h. The expression of FGF|9 was detected by Western blot. (B—F) HT22 cells were transfected with inhibitor NC, or co-transfected with miR-
9-3p inhibitor and si-NC, or co-transfected with miR-9-3p inhibitor and si-FGFI9. Next, cells were exposed to OGD/R for 24 h. (B and C) The expression of FGFI9 was
detected by RT-qPCR (B) and Western blot (C). (D) Cell viability was measured by MTT assay. (E) Intracellular ROS level was measured using a corresponding detection kit.
(F) Relative Nrf2/ARE transcriptional activity was determined by luciferase reporter assay. Data were expressed as mean * SD. *p <0.05, **p <0.01.

FGF19 attenuated the protective role of miR-9-3p inhibi-
tion on OGD/R injury.

Blocking of Nrf2 Signaling Abrogated
miR-9-3p Inhibition Mediated
Neuroprotective Effects in vitro

To confirm the neuroprotective effects of miR-9-3p inhibi-
tion by acting on Nrf2 antioxidant signaling, HT22 cells
were transfected with si-Nrf2 or si-NC, and then exposed
to OGD/R for 24 h. RT-qPCR results indicated that OGD/
R treatment increased nu-Nrf2 expression compared with
the control group (p <0.05), while silencing of Nrf2 mark-
edly decreased nu-Nrf2 expression in OGD/R-treated
HT22 cells compared with si-NC (p <0.01, Figure 6A).
Then, HT22 cells were transfected with inhibitor NC, or
co-transfected with miR-9-3p inhibitor and si-NC, or co-

transfected with miR-9-3p inhibitor and so-Nrf2, and then
cells were exposed to OGD/R for 24 h. We found that si-
Nrf2 transfection significantly restricted the expression of
nuclear Nrf2 (nu-Nrf2) and decreased Nrf2/ARE transcrip-
tional activity cells in OGD/R-treated HT22 cells which
were elevated by miR-9-3p inhibitor (p <0.05, Figure 6B
and C). In addition, the neuroprotective effects of miR-
9-3p inhibitor including cell viability and ROS production
were obviously reversed by Nrf2 silencing (p <0.05,
Figure 6D and E). These results indicated that blocking
of Nrf2 signaling significantly attenuated miR-9-3p inhibi-
tion mediated neuroprotective effect in vitro.

Discussion

Previous studies have demonstrated that the abnormal
expressions of miRNAs always occurred in the brain in
response to I/R.>' Thorough understanding of mechanisms
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Figure 6 Blocking of Nrf2 signaling abrogated miR-9-3p inhibition mediated neuroprotective effects in vitro. (A) HT22 cells were transfected with si-Nrf2 or si-NC, and
then exposed to OGD/R for 24 h. The expression of nu-Nrf2 was detected by Western blot. (B—E) HT22 cells were transfected with inhibitor NC, or co-transfected with
miR-9-3p inhibitor and si-NC, or co-transfected with miR-9-3p inhibitor and so-Nrf2, then cells were exposed to OGD/R for 24 h. (B) The expression of nu-Nrf2 was
detected by Western blot. (C) Relative Nrf2/ARE transcriptional activity was determined by luciferase reporter assay. (D) Cell viability was measured by MTT assay. (E)
Intracellular ROS level was measured using a corresponding detection kit. Data were expressed as mean * SD. *p <0.05, **p <0.01.

in specific miRNAs may contribute to the development of
potential targets for protecting against I/R injury. In this
study, we found that miR-9-3p level was significantly
upregulated in mice brains with I/R in vivo, as well as in
OGD/R-treated HT22 cells in vitro. Moreover, downregu-
lation of miR-9-3p effectively alleviated infarct volume
and neurological outcomes of I/R mice and also attenuated
OGD/R-induced HT22 cell injury and ROS production.
Mechanistically, our findings showed that miR-9-3p
bound to the 3’-UTR region of FGF19 mRNA to inhibit
its expression, subsequently resulting in the inactivation of
the GSK-3B/Nrf2/ARE signaling pathway as well as the
suppression of the following antioxidant response.
MiR-9-3p,
revealed to play important roles in the pathogenic pro-

a newly-identified miRNA, has been

cesses of malignant tumors, including proliferation, inva-

sion, migration, apoptosis and epithelial-mesenchymal

transition (EMT) including hepatocellular carcinoma,’

3

bladder cancer,**

carcinoma,” and medullary thyroid carcinoma,*® and so

gastric  cancer,’ nasopharyngeal
on. For example, overexpression of miR-9-3p augments
cell apoptosis induced by H,O, through targeting and
downregulating Herpudl in glioma.>’” MiR-9-3p has
a tumor-suppressor role through targeting TAZ
(WWTR1) in hepatocellular carcinoma cells.*® MiR-9-3p
regulates the multidrug resistance of chronic myelogenous
leukemia by targeting ABCB1.*° Recent studies have
revealed that miR-9-3p was significantly upregulated in
cerebrospinal fluid of stroke patients compared with that
of normal subjects.'>'**" However, the role and specific
mechanisms of miR-375 in I/R-induced injury in the brain
remains unclear. In agreement with a previous study find-
ing that miR-9-3p was significantly elevated in the cere-

brospinal fluid of stroke patients,*’

our study found that
miR-9-3p was significantly upregulated in the I/R model,

both in vitro and in vivo. Studies on embryonic stem cells
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imply that miR-9 plays a key role in neural fate determi-
nation in mammalian brain development.*' It suggests that
cerebral I/R injury induced miR-9-3p expression, and then
affected the neural fate determination in mammalian brain
development. Moreover, we demonstrated for the first time
that miR-9-3p had a stimulative role in the progression of
cerebral I/R injury, which was shown by overexpression of
miR-9-3p, and inhibition of miR-9-3p alleviated cerebral I/
R injury, suggesting that miR-9-3p might be a potential
therapeutic target for ischemic stroke.

Increasing evidence has revealed that miRNAs can
function as competing endogenous RNAs (ceRNAs) to
regulate gene expression at the post-transcription level.**
Target mRNAs of miR-375 have been reported to include
Herpudl,®” fibroblast growth factor 5 (HBGF-5),*
endothelial cell-specific molecule 1 (ESM1),** fibronectin
1 (FN1), B1 integrin (ITGB1) and o5 integrin (ITGAV).*
Herein, we identified a new target of miR-9-3p, FGF19.
A dual-luciferase reporter assay was performed and con-
firmed that miR-9-3p could bound to 3'-UTR of FGF19.
FGF19 was significantly upregulated in response to cere-
bral I/R injury in cardiomyocyte, and FGF19 promoted the
activation of Nrf2-mediated antioxidant response element
inhibiting GSK-3f3
activity.'® Here, FGF19 was markedly downregulated in
OGD/R-treated HT22 cells and silencing of FGFI19
decreased the expression of nu-Nrf2, and relative Nrf2/

(ARE) antioxidant signaling by

ARE activity and HT22 cell viability, which was in agree-
ment with previous studies. Interestingly, our study
showed a new target of miR-9-3p in cerebral I/R injury
and extended the functions of miRNAs in human diseases.

During the I/R process, the reestablishment of blood
flow will cause further damage to the ischemic tissue via
ROS accumulation, interference with cellular ion home-
ostasis, and the inflammatory responses to cell death.** In
the last decades, several antioxidant mechanisms against I/
R injury have been identified and studied, including cata-
lase (CAT), superoxide dismutase (SOD), Glutathione
S-transferase (GST), NADPH quinone oxidoreductase-1
(NQOI1) and heme oxygenase-1 (HO-1),*** of which,
NQOI and HO-1 are downstream genes of the Nrf2/ARE
response regulatory system.*® In addition, GSK-3f can
prevent the nuclear translocation of Nrf2 and then inhibit
the gene expression of Nrf2/ARE downstream genes asso-
ciated with the cell antioxidant response.*” Hence, target-
ing GSK-3f may be a potential therapeutic goal for
preventing ROS production causing cell injury. In this
study, we demonstrated that miR-9-3p was a directly

negative regulator of FGF19, and miR-9-3p promoted
cerebral I/R injury by regulating the FGF19/GSK-3p/
Nrf2/ARE2-mediated antioxidant response. Our study pro-
vided a new regulatory mechanism of miRNAs involved in
the development of I/R injury.

In addition, an increasing number of studies have
demonstrated that FGF19 has several other downstream
targets in various pathogenic processes, such as FGFR4
cancer,”®> IL-6/STAT3  signaling in
AMPK/PGC-1a
involved in palmitic acid-induced mitochondrial dys-

in  breast
hepatocarcinogenesis,*’ signaling
function, oxidative stress in skeletal muscle,”® and so
on. Whether one or more targets, except for GSK-3p/
Nrf2/ARE2, mediated the role of miR-9-3p in cerebral 1/
R injury should be determined in the future.

Conclusion

In summary, our study revealed that inhibition of miR-
9-3p protected against cerebral I/R injury both in vivo and
in vitro by targeting FGF19 to activate GSK-3/Nrf2/ARE
signaling pathway-mediated antioxidant responses, sug-
gesting that miR-9-3p might be a potential therapeutic
target for cerebral I/R injury.
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