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Background: Vascular dementia (VD) is a brain disease featured by cognitive impairment
and cerebrovascular pathologies. Idebenone can treat neurodegenerative diseases. This study
evaluated the mechanism of Idebenone in VD.

Methods: The VD rat model was established by permanent occlusion of bilateral common
carotid arteries, followed by intragastrical administration of Idebenone. The learning and
spatial memory abilities, and the levels of MDA, SOD, IL-6 and TNF-o were measured.
Histological staining was adopted to observe the damage of neurons in the hippocampal
cortex and to quantitatively analyze the neuronal damage in CAl area of hippocampus.
Microarray analysis was performed to find out the effect of Idebenone treatment on
microRNA (miR) expression in hippocampus of rats. The potential target genes of miR
and the pathways regulated by target genes were searched by bioinformatics analysis, and
verified by experiments. The mechanism of action behind Idebenone in VD rats was proved
by rescue experiment.

Results: Idebenone treatment improved the learning and spatial memory abilities of VD rats,
inhibited neuroinflammation and oxidative stress, and prevented neuronal apoptosis.
Idebenone treatment elevated miR-216a expression in hippocampus of rats, but the thera-
peutic effect of Idebenone was averted by lentivirus inhibition of miR-216a. miR-216a
targeted RSK2. Overexpression of RSK2 annulled the therapeutic effect of Idebenone on
VD rats by activating the IkBa/NF-«kB axis.

Conclusion: Idebenone inhibits the activation of RSK2/IkBa/NF-kB axis by increasing
miR-216a, thus alleviating oxidative stress and neuroinflammation in VD rats.

Keywords: vascular dementia, idebenone, microRNA-216a, RSK2, IkBo/NF«B, oxidative
stress

Introduction

Vascular dementia (VD) is a heterogeneous brain disease, which is featured by
cognitive impairment and cerebrovascular pathologies, with the incidence rate of at
least 20% of dementia second to Alzheimer’s disease.! In clinical, VD is manifested as
cognitive, psychological and behavioral disorders, such as repeated questioning, irrit-
ability, depression, apathy, aggression, sleep disorders and other adverse behaviors.”
The common etiologies of VD include large artery atherosclerosis, small vessel
disease, myogenic stroke and cardiovascular disorders.® A variety of cellular signaling
and regulatory mechanisms are implicated in AD, including apoptosis, oxidative stress
and inflammation.* Oxidative stress has been confirmed to be related to the

submit your manuscript

Dove n

http:

" in @

Neuropsychiatric Disease and Treatment 2021:17 533-543 533
© 2021 Qian et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

[T 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://c /by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



mailto:Zhangjian8141@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Qian et al

Dove

pathogenesis and risk factors of VD, and antioxidant therapy
might play a role in the management of VD.> Moreover, the
cognitive impairment is attributed to both vascular disease
and neuroinflammation.® At present, cholinesterase inhibi-
tors are recognized as available therapeutic agents for VD,
but these drugs may produce serious adverse reactions, such
as gastrointestinal reactions, joint pain, dizziness and head-
ache, while their ability to improve the patient remains to be
determined.” With the increasing proportion of the elderly,
elucidating the molecular mechanism of VD and developing
potent agents are urgent for improving the quality of life for
patients and reducing the social burden.

Idebenone is an analogue of coenzyme Q10 (CoQ10),
which is a lipophilic electron carrier and endogenous antiox-
idant existing in all cell mitochondrial membranes.® As a kind
of benzoquinone that can produce reversible redox reaction,
Idebenone affects the electron balance of mitochondria.” In
vitro research has revealed that Idebenone protects mitochon-
drial function against amyloid beta toxicity in primary cortical
neurons.'® In view of its mechanism in mitochondria,
Idebenone is extensively used to treat neurodegenerative dis-
eases and diseases associated with mitochondrial etiology."'
A previous study has demonstrated that the cognitive status of
patients with cerebrovascular disease and degenerative disor-
ders can be notably improved after receiving Idebenone
treatment.'? However, whether Idebenone is involved in alle-
viating VD by regulating oxidative stress and neuroinflamma-
tion remains unclear.

MicroRNAs (miRs) are attractive molecules that can be
used as one of the biomarkers of neurodegenerative diseases.'
For example, miR-216a upregulation is neuroprotective
injury by
Importantly, miR-216a inhibits neuronal

against ischemic inhibiting apoptosis and
inflammation.'*
apoptosis in a cell model of Parkinson’s disease.'> But the
role of miR-216a in VD remains to be established. This study
explored the effect of Idebenone on oxidative stress and neu-
roinflammation in VD, along with its miR mechanism, which
shall shed lights on the development of pharmacotherapy

for VD.

Materials and Methods
Ethics Statement

All animal protocols were strictly on the basis of the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The animal ethics committee of Affiliated Hospital
of Chengde Medical University approved all protocols and

experimental designs. All efforts were made to minimize the
animal suffering.

Animal Model

Healthy adult Sprague-Dawley male rats (specific-
pathogen-free grade, 250-300g, permit number: SCXK
(Xiang) 2019-0004) were obtained from Hunan SJA
Laboratory Animal Co., Ltd. (Changsha, Hunan, China).
The rats were kept in a 12-h light/dark cycle at 25 + 1°C.
According to a previous report,'® a VD rat model was
established by permanent occlusion of bilateral common
carotid arteries (CCA). Within 12 h before the operation,
all rats were fasted with free access to water. Each rat was
anesthetized with a mixture of 5% isoflurane and 95%
oxygen, and then a mixture of 3% isoflurane and 97%
oxygen was supplied through a breathing mask during
the operation to maintain anesthesia. The rats were placed
on the electrothermal pad to maintain the anal temperature
at 37°C. For VD rats, a 1.5-2 cm incision was made on the
epidermis along the midline of the neck to separate the
muscles until the common carotid artery was exposed.
Two segments of CCA were ligated using No.0 silk thread,
and the middle artery was blocked by electrocoagulation.
The other side of the CCA was treated similarly. The
sham-operated rats were treated the same as that in VD
rats, but the CCA was not ligated or blocked. To avoid
potential postoperative infection, the wound was washed
with 20 mg/mL gentamicin sulfate solution (B540724,
Sangon Biotech Co., Ltd., Shanghai, China) before
wound closure. The wound was then sutured to allow the
rats to recover from anesthesia and return to the cage.
There were 10 sham-operated rats and 50 VD modeling
rats. Fifteen days after surgery, VD rats were arbitrarily
assigned into VD group, Idebenone group (oral administra-
tion of Idebenone at 100 mg/kg daily for 3 weeks), lentiviral
vector negative control (Lv-NC) group (after Idebenone
administration, empty Lv-NC was injected at the 16th day
after surgery), Lv-inhibitor group (after Idebenone adminis-
tration, Lv inhibitor of miR-216a was injected at the 16th day
after surgery), and Lv-RSK2 group (after Idebenone admin-
istration, overexpression Lv of RSK2 was injected at the
16th day after surgery), with 10 rats in each group.
Idebenone (catalogue number: HY-N0303, purity:
99.62%, CAS No.58186-27-9) was purchased from
Medchemexpress (Monmouth Junction, NJ, USA). The len-
tivirus for injection was purchased from Shanghai
GenePharma Co., Ltd. (Shanghai, China) with a titer of 1
x 10° TU/mL. According to the previous report,'” lentivirus

submit your manuscript

534

Dove

Neuropsychiatric Disease and Treatment 2021:17


http://www.dovepress.com
http://www.dovepress.com

Dove

Qian et al

was injected into the CA1 region of the hippocampus. First,
the rats were anesthetized by the method described pre-
viously and then placed into a stereotactic apparatus
(Yuyan Instrument, Shanghai, China). Injection coordinates
relative to the bregma were anteroposterior, —4.52 mm;
mediolateral, £3.2 mm; dorsoventral —3.16 mm below the
surface of dura using coordinates derived from the atlas of
Paxinos and Watson (1997). Two pL lentiviral vector was
injected into CAl region of hippocampus using a 5 pL
syringe with a 33-gauge tip needle (Hamilton). The needle
was maintained in this position for 2 min and then with-
drawn slowly to prevent solution backflow. The accuracy of
injection sites was identified by stereotaxic injection of
Evans blue (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) into CA1 subregion of hippocampus.

The Morris water maze (MWM) test was performed
from the 36th to 42nd days after surgery to test the learn-
ing and spatial memory abilities of the rats. On day 43,
rats were euthanized with an overdose of pentobarbital
sodium (200 mg/kg). The specific experimental process
is shown in Figure 1.

MWM Test

The water maze device is a black circular water tank with
a diameter of 120 cm, a height of 50 cm and a water depth of
30 cm. A black platform with a diameter of 10 cm was
placed in the water maze through the recording system
(SMART Panlab, Harvard Bioscience, Shanghai, China).
The top of the platform was about 2 cm below the water
surface. The tank was divided into 4 equal parts (A-D areas)
and platform area (T area). The platform was located in area
A. In stage [ (training phase, at day 36), each rat was gently
placed in a water maze in area C to face the wall for 90 s. If
the platform was not found during the training, the rats were
guided to the platform and maintained for 20 s for observa-
tion and learning. In stage II (during day 37-day 41), each rat
was gently placed in the water maze in area C to face the

water tank wall and look for the platform. If the rats success-
fully found the platform and stayed in the T area for 2 s, the
time was recorded. If the platform was not found within 90
s, the time was recorded as 90 s, and then the rats were
guided to the platform and maintained for 20 s for observa-
tion and learning. In stage III (platform crossover phase,
at day 42), the platform was removed, and each rat was
gently placed in the water maze in area C. The number of
times the rats crossed the T area in 90 s was recorded. The
learning ability and spatial memory ability of rats were
evaluated based on the latency of platform searching and
the times of platform crossing.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The hippocampal tissues were collected and ground with the
precooled homogenate buffer solution (137 mM NaCl, 20 mM
Tris, 1% NP40, 10% glycerol, 1 mM PMSF, 10 pg/mL apro-
tinin, 1 pg/mL leupeptin, 0.5 mM sodium vanadate) with
a tissue masher (Changzhou, Jiangsu, China) at 10,000-15,000
r/min. Then, the tissue homogenate was centrifuged in a low-
temperature and low-speed centrifuge (Beckman, Chaska,
MN, USA) at 3000 r/min for 10—15 min to obtain the super-
natant. ELISA kits were adopted to measure the concentration
of interleukin (IL)-6 (ab234570, Abcam, Cambridge, MA,
USA), tumor necrosis factor-o (TNF-a, ab46070, Abcam),
malondialdehyde (MDA, A003-1-2, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and superoxide dis-
mutase (SOD, A001-3-2, Nanjing Jiancheng) in the superna-
tant of hippocampus tissue homogenate.

Hematoxylin and Eosin (HE) Staining

The brain tissues of rats were embedded in paraffin and
sectioned. Paraffin-embedded sections (4 upum) were
dewaxed in xylene and hydrated with ethanol. After wash-
ing three times with phosphate-buffered saline (PBS), each

tissue section was stained with 100 pL pre-prepared

Daily oral administration of Idebenone 100mg/kg

Day 15

Day 35 "Day 36 Sacrifice

Day 1 Day 16

T TLentiviraI injection

D surgery

Figure | Flow chart of the animal experiment.
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hematoxylin staining solution (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) for 10 min. The excessive
hematoxylin dyeing solution was removed with distilled
water. The tissue sections were washed with ultrapure
water, stained with eosin (Sigma-Aldrich) for 3 min, dehy-
drated with different concentrations of ethanol, soaked in
xylene, dried, and sealed with neutral resin. Tissue sec-
tions were observed under an upright fluorescent micro-
scope (BX53, Olympus, Tokyo, Japan).

Nissl Staining

Paraffin-embedded sections (7 pum) were dewaxed and
hydrated. After washing with distilled water, the sections
were stained with 0.25% toluidine blue (Shanghai Zeye
Biotechnology Co., Ltd., Shanghai, China) at 60°C for 3
h. The remaining dyeing was washed away with ultrapure
water, and then the sections were washed with 95% etha-
nol, dehydrated with absolute ethanol, cleared with xylene,
and sealed with neutral gum. Finally, the sections were
observed, and images were captured under a fluorescence
microscope. The images were processed by ImagelJ soft-
ware (USA) to count the number of CAl neurons per
0.1 m? and calculate the average number of positive cells.

Microarray Analysis

The effect of Idebenone treatment on expression of miR in
the hippocampus of rats was analyzed using SurePrint Rat
miR Microarrays (Agilent Technology Co., Ltd., Beijing,
China). Three repeated experiments were carried out for
each group. The procedures included pre-hybridization,
hybridization, washing and imaging. Agilent DNA
Microarray Scanner (P/N G2565BA) equipped with
extended dynamic range software was utilized for scan-
ning and image analysis according to the Agilent miR
Microarray System with miR Complete Labeling and
Hyb Kit Protocol manual (Version 2.0 P/N G4170-
90,011). Feature Extraction Software 10.5 was used for
data extraction from raw microarray image files using the
miRNA 105 Dec08 FE protocol.
(Version 10.0) software was adopted for data visualization

GeneSpring GX

and analysis.

Western Blot (WB) Analysis

Protein was extracted from cells or tissues on ice with
RIPA lysis buffer (Beyotime Biotechnology Co., Ltd,
Shanghai, China) for 20 min. The supernatant was
obtained by centrifuging at 4°C at 12,000 x g for 20
(Thermo Fisher

min. The bicinchoninic acid kit

Scientific Inc., Waltham, MA, USA) was used to quantify
the protein concentration. An equal amount of protein (50
pg) was separated by electrophoresis and transferred to
nitrocellulose membrane. After a 2-h blocking with 5%
skim milk, the membranes were incubated with primary
antibodies against RSK2 (1:1000, ab32062, Abcam),
Phospho IxBa (Ser32) (1:1000, #2859, CST, Beverly,
MA, USA), IkBa (1:1000, #4812, CST), Phospho-NF
-kB p65 (Ser536) (1:1000, #3033, CST), NF-xB p65
(1:1000, #8242, CST), and GAPDH (1:1000, ab181602,
Abcam) overnight at 4°C. Then, the membrane was incu-
bated with goat anti-rabbit IgG H&L (HRP) (1:10,000,
ab205718, Abcam) for 1 h. Protein bands were visualized
using an enhanced chemiluminescence kit (Beyotime).
The protein bands were analyzed by Image] software,
and the expression of target protein was calculated by
comparing the gray value of each group with the
GAPDH.

Reverse Transcription Quantitative

Polymerase Chain Reaction (RT-qPCR)
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used
for extraction of total RNA containing miR and mRNA
from cells and tissues. TagMan™ Advanced miRNA
cDNA Synthesis Kit or SuperScript™ IV First-Strand
Synthesis System (Thermo Fisher) was adopted for
cDNA synthesis. RT-qPCR was performed with 2x
SYBR Green qPCR Mix (Invitrogen) on an ABI 7900HT
gPCR system (Thermo Fisher). The expression was deter-
mined using the 2-**“T method with GAPDH as the
internal reference of mRNA and 5S as the internal refer-
ence of miR. The primer sequences used in the experiment
are shown in Table 1.

Dual-Luciferase Reporter Gene Assay
RSK2 3'UTR sequence containing a potential binding site
to miR-216a (WT-RSK2) and mutated binding site (MT-
RSK?2) were obtained from TargetScan. The above
sequences were inserted into pmirGLO vector (Promega,
MI, USA) to produce the report plasmid. We co-
transfected the luciferase reporter plasmids with miR-
216a mimic or their controls (Shanghai GenePharma Co.,
Ltd., Shanghai, China) into 293T cells (Fenghuishengwu,
Changsha, Hunan, China) using Lipofectamine 2000
(Thermo Fisher). After 2 days of incubation, the dual-
luciferase assay system (Promega) was adopted to deter-
mine the luciferase activity.
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Table | Sequence Used for RT-qPCR
Gene Forward Primer (5'-3') Reverse Primer (5'-3')
miR-216a TAATCTCAGCTGGCAACTGTG GAACATGTCTGCGTATCTC
RSK2 TAACCGCAGAGGTCACACTCAG CTCAGAAACTGTGGCATCCCGA
FZD4 ACTTTCACGCCGCTCATCCAGT TCTCAGGACTGGTTCACAGCGT
NAAIS TGGTCAGCCATCCATTGCTCTG CCATCCACCTGGCAGCTTCTTT
RSBNI TGTAGGTCTCAGAGCGATGACG GTTCACTTGTCCGAGGTAGGTAC
GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
58 CTCGCTTCGGCAGCACAT TTTGCGTGTCATCCTTGCG

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase chain reaction; miR, microRNA; RSK2, ribosomal Sé kinase 2; FZD4, frizzled 4, NAAI5, N-alpha-
acetyltransferase |5; RSBNI, round spermatid basic protein |; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Statistical Analysis

GraphPad prism 8.0 (GraphPad, San Diego, CA, USA) was
used to analyze data. All the experiments were repeated three
times independently, and the data were in accordance with
normal distribution and showed as mean + standard error of
mean (SEM). Unpaired #-set was adopted for comparison
between two groups, and one-way or two-way analysis of
variance (ANOVA) was adopted for comparison among
multi-groups, followed by Tukey’s post hoc test. The p <
0.05 meant a statistically significant difference.

Results
Idebenone Ameliorates Brain Injury in

VD Rats

The VD rat model was established by bilateral CCA
occlusion and treated with Idebenone. The learning ability
of rats was detected by analyzing the escape latency, and
the memory ability of rats was detected by analyzing the
times crossing the platform (Figure 2A and B). The escape
latency of sham-operated rats decreased evidently on the
2nd day and the 3rd day, and remained at a low value from
the 4th to the 5th day, which indicated that the rats in the
sham group had better learning ability. The escape latency
of VD rats increased from the 2nd day to the Sth day,
indicating that the learning ability of VD rats was signifi-
cantly decreased. Compared with VD group, the escape
latency of Idebenone-treated rats was notably reduced
from the 3rd to the 5th day, which indicated that
Idebenone treatment improved the learning ability of VD
rats. In the platform crossing analysis, the time of rats
crossing platform in VD group was reduced, which proved
that VD modeling led to the damage of spatial memory
ability of rats. However, after Idebenone treatment, the
number of times the rats crossed the platform was clearly
reduced. However, there was no notable difference in

swimming speed among the groups, indicating that abnor-
mal behaviors of VD rats were not related to dyskinesia
(Figure 2C).

Idebenone can inhibit oxidative stress and inflamma-
tory damage to protect the body,'®° which are the causes
of VD,?""*? so we speculated that the therapeutic effect of
Idebenone was elicited on VD rats through suppressing
oxidative stress and inflammatory damage. We detected
the expression of MDA, SOD, IL-6 and TNF-a in hippo-
campus by ELISA. VD modeling resulted in a significant
increase in the levels of MDA, IL-6 and TNF-o, and
a significant decrease in the concentration of SOD. The
levels of these indicators were reversed after Idebenone
treatment (Figure 2D) (all p < 0.05).

To intuitively observe the nerve injury of rats, we also
carried out histochemical staining. HE staining (Figure 2E)
was performed on the hippocampal cortex of rats. The
neurons in VD rats showed obvious disorder of arrange-
ment and structural loss. The space between neurons was
enlarged, and the nucleus showed shrinkage and unclear
structure. Idebenone treatment can significantly reduce the
damage of neurons induced by VD. Nissl staining of
hippocampal CAl region showed that Nissl bodies in
VD rats were markedly reduced, while significantly ele-
vated after Idebenone treatment (Figure 2F).

Inhibition of miR-216a Attenuates the
Improvement of Idebenone on Learning

and Spatial Memories in VD Rats

To study the molecular mechanism of Idebenone on VD rats,
we performed microarray analysis of hippocampal tissues in
VD rats and those treated with Idebenone and showed the top
10 differentially expressed miRs (Figure 3A). After Idebenone
treatment, miR-216a in the hippocampus of rats was increased.
According to the previous report,'* miR-216a could reduce
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Therefore, we speculated that the therapeutic effect of
Idebenone on VD depended on miR-216a. While the expres-

sion of miR-216a in hippocampal tissues of rats in the sham-

neuroinflammation.

inflammatory  role

retinopathy,”**

operated and VD groups was detected by RT-qPCR assay, we
found that its expression was significantly reduced in VD rats
(Figure 3B).

miR-216a inhibitor encapsulated by lentivirus was
injected into the brain ventricle of rats treated with
Idebenone. The corresponding Lv-NC vector was used as
control. The escape latency of Lv inhibitor group was
increased from the 3rd to the 5th day (Figure 3C), while
the times of crossing the platform were significantly low-
ered (Figure 3D). There was no notable difference in
swimming speed between the two groups (Figure 3E).

Inhibition of miR-216a Weakens the
Inhibitory Effect of ldebenone on
Neuroinflammation and Oxidative Stress

in VD Rats

In the Lv-inhibitor group, miR-216a expression in hippocam-
pus was decreased (Figure 4A). ELISA assay results revealed
that the concentration of MDA, IL-6, and TNF-o was clearly
increased, while SOD was decreased (Figure 4B). HE stain-
ing showed that the protective effect of Idebenone on hippo-
campal cortical neurons was evidently inhibited (Figure 4C).
Nissl staining revealed that the Nissl bodies were signifi-
cantly lowered after inhibition of miR-216a (Figure 4D).

miR-216a Targets RSK2

The target genes of miR-216a were selected from
TargetScan, miRDB and mirWalk (Figure 5A). FZD4,

submit your manuscript

538

Dove!

Neuropsychiatric Disease and Treatment 2021:17


http://www.dovepress.com
http://www.dovepress.com

Dovepress Qian et al
A VD group Idebenone group B C
1.5 71501 - Lv-NC
5 o -= Lv-inhibitor
miR-216a § 8140 2100
33 5 *
miR-195 o © * .
2 E 05+ g 504
=~ (0]
miR-29C - 5 ° # S
4 Ll
0 T T T T T
miR-210 1oz Da3s
10D E ’
miR-20b
. . -o- Lv-NC
miR-124 o8- 240 = Ly-inhibitor
. 2 =
miR-130b S 6- B35+
3 g
miR-136 4 N §30—
E —
£ £
miR-15a £ 24 E251
K] 2
o @
miR-106b 20—
Lv-NC  Lv-inhibitor 1 2 3 4 5
Days

Figure 3 Inhibition of miR-216a attenuates the improvement of Idebenone on learning and spatial memory abilities in VD rats. (A) The differentially expressed miRs in
hippocampus of VD group and Idebenone group screened by microarray analysis. (B) Detection of miR-216a expression in VD rats by RT-qPCR. (C) The learning ability of
rats was detected by escape latency test. (D) The spatial memory ability of rats was detected by platform crossing experiment. (E) The changes of swimming speed. N = |0.
All the experiments were repeated three times independently. The results showed that the average value was *+ SEM. Unpaired t-test was used for comparison in panel B/D,
and two-way ANOVA was used for comparison in panels C/E. *p < 0.05, vs Lv-NC; #p < 0.05, vs sham-operated rats.

>

Relative expression of miR-216a

3
N
o
=]

MDA concentration (nmol/ml)

100 23000 * 800
= *
80 g

o
-
o
=}

o
=

4
o
o
o
IS
S
(%)
=
o
I

SOD concentration (U/ml)
n
o

IL-6 concentration
TNF-a concentration (pg/ml)
B o
o o
? 9

o

o

o

o
I

Lv-NC

LvINC Lv-inhibitor

C _ Lv-NC

Lv-inhibitor

Lv-NC

Lv-inhibitor Lv-NC  Lv-inhibitor Lv-NC Lv-inhibitor

D

Lv-inhibitor

Lv-NC inhibitor
. - . - L M

Number of niss| staine
neurons/0.1 mm?

Lv-inhibitor
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NAA15, RSBN1 and RPS6KA3 (also known as RSK2) qPCR assay. Its expression was significantly elevated in

were in the intersection of the three databases (Figure
5B). RT-qPCR elicited that only RSK2 expression had
significant differences
(Figure 5C).

We detected the expression of RSK2 in hippocampal

in the hippocampus of rats

tissues of rats in sham-operated and VD groups by RT-

hippocampal tissues of VD rats (Figure SD). The potential
binding sites of miR-216a and RSK2 were obtained in
TargetScan, and the RSK2-MUT sequence was constructed
by mutating the binding sites (Figure SE). miR-216a mimic
clearly inhibited the luciferase activity of RSK2-WT, but
had no significant effect on that of RSK2-MUT (Figure 5F).
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Overexpression of RSK2 Attenuates the
Therapeutic Effect of Idebenone on VD
Rats via the lkBo/NF-kB Axis

The rats treated with Idebenone were injected with lentivirus
Lv-RSK?2 into the ventricles, and the rats injected with Lv-
NC served as controls. The learning and spatial memory
abilities of rats injected with Lv-RSK2 were notably
decreased (Figure 6A and B). The specific manifestations
were the prolongation of escape latency and the decrease of
crossing platform times. There was no significant effect of
lentivirus injection on the motor ability of rats (Figure 6C).

According to the previous report,”® RSK2 can promote
the phosphorylation of IkBa and NF-xB. WB showed that
RSK2 and P-IxBa, IkBa, p65, p-p65 levels were elevated
in the hippocampus of rats (Figure 6D). The expression of
RSK2 and phosphorylation of IkBa and NF-kB were sig-
nificantly enhanced in rats injected with Lv-RSK2.
Consequently, the levels of MDA, IL-6 and TNF-a in
hippocampus were clearly increased, while SOD was
decreased (Figure 6E).

HE staining implied that neurons in rats injected with
Lv-RSK2 showed obvious pathological phenomena, such
as uneven arrangement, incomplete structure and increased
gap (Figure 6F). Nissl staining elicited that RSK2

overexpression reduced Nissl bodies in CAl area of hip-
pocampus (Figure 6G).

Discussion
VD is featured by a progressive deterioration of memory
and cognitive functions caused by cerebrovascular
diseases.' In recent decades, many studies have been pro-
posed to the therapeutic potential of Idebenone in the treat-
ment of neurodegenerative diseases.®?’ This study revealed
that Idebenone exerted therapeutic effects on VD rats by
repressing oxidative stress and neuroinflammation.
Emerging evidence has highlighted the critical roles of
oxidative stress and neuroinflammation in the cognitive
impairment in VD patients.*? Idebenone can attenuate
oxidative stress and inflammatory reaction induced by
the 19
Idebenone shows significant neuroprotective and antioxi-
dant
Accordingly, we speculated that Idebenone might exert

titanium dioxide nanoparticles in rat liver.

activities in  pilocarpine-induced  seizures.'®
therapeutic effects on VD rats by reducing oxidative stress
and inflammatory reaction. Therefore, we detected the
indicators relating oxidative stress and inflammation in
the hippocampus of rats. After Idebenone treatment, the
levels of MDA, IL-6, TNF-a were decreased significantly,

and the concentration of SOD was increased. Consistently,
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Figure 6 Overexpression of RSK2 attenuates the therapeutic effect of Idebenone on VD rats via the IkBa/NF-kB axis. (A) The learning ability of rats was detected by escape
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IkBa, P-IkBa, p65 and p-p65 in the hippocampus of rats detected by WB. (E) The levels of oxidative stress- and inflammation-related factors in hippocampus tissue measured
by ELISA. (F) the neuronal damage in the hippocampal cortex evaluated by HE staining. (G) the neuronal damage in CAl area of hippocampus examined by Niss! staining.
N = 10. All experiments were repeated three times independently. The results were shown as mean * SEM or representative pictures. Unpaired t-test was used for
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Marcus Kernt et al have revealed that Idebenone inhibits
oxidative stress and apoptosis of astrocytes in human optic
nerve head by stabilizing Bax/Bcl-2 ratio.”® Yan et al have
clarified that Idebenone can attenuate neuroinflammation
and regulate microglial polarization in a mouse model of
Parkinson’s disease.>’ Moreover, Idebenone treatment can

notably reduce the damage of neurons and increase Nissl
bodies. Taken together, Idebenone mitigated brain injury
in the rat model of VD.

Then, we investigated the molecular mechanism of
Idebenone in VD. We analyzed the hippocampal tissues of
rats in the VD group and Idebenone group by microarray
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analysis and screened the top ten miRs with differential
expression. We found that the miR-216a expression in hip-
pocampus was significantly elevated after Idebenone treat-
ment. miR-216a is implicated in the tumorigenesis and
progression of diverse human malignancies, such as renal
cell carcinoma, breast cancer and pancreatic cancer.’®
However, the role of miR-216a in VD remains unknown
yet. Intriguingly, the existing evidence indicates that elevated
miR-216a can exert neuroprotective effects on cerebral
ischemia injury.'* miR-216a can attenuate lipopolysacchar-
ide-induced inflammatory injury via the JAK2/STAT3 and
NF-«B signaling.”> miR-216a-5p protects 16HBE cells from
H,0,-induced oxidative stress by targeting the HMGB1/NF-
kB pathway.”> We thus speculated that the therapeutic effects
of Idebenone on VD rats depend on increasing miR-216a
expression. To verify our hypothesis, we injected miR-129
inhibitor into the ventricles of rats treated with Idebenone.
The results exhibited that miR-216a inhibitor not only atte-
nuated the improving effect of Idebenone on learning and
spatial memory abilities, but also weakened the inhibitory
effect of Idebenone on neuroinflammation and oxidative
stress on VD rats. In brief, inhibition of miR-216a weakened
the therapeutic effects of Idebenone on VD rats.

Thereafter, we screened the target genes of miR-216a
through the database and detected their mRNA expression
in the hippocampus of VD rats delivered with Lv-NC or
Lv-inhibitor. We found that only RSK2 showed significant
differential expression. The binding relationship between
miR-216a and RSK2 was verified using dual-luciferase
reporter gene assay. Activation of RSK2 promotes the
inflammatory process of fibroblast-like synoviocytes.>
RSK2 is activated when microglia and THP1 monocytes
are exposed to B-amyloid protein, which is the main com-
ponent of Alzheimer’s plaques.>* We conducted functional
rescue experiments to prove that Idebenone improved the
symptoms of VD rats via targeting miR-216a/RSK2 axis.
The results exhibited that overexpression of RSK2 attenu-
ated the therapeutic effects of Idebenone on VD. RSK2
can promote the phosphorylation of IkBa, thus facilitating
the activation and transferring of p65 and p50 of NF-«B to
the nucleus.”® NF-xB is a redox-sensitive transcription
factor family, which has binding sites in the promoter
region of amyloidogenesis and inflammation-related
genes.>> The activation of NF-kB results in the elevation
of pro-inflammatory cytokines and proteins, which conse-
quently causes inflammatory reaction and cell death.>
Since NF-kB is implicated in the physiological inflamma-
tory processes, it is extensively accepted as a potential

target of the inflammation-based therapy for Alzheimer’s
disease.’’ Yao et al have also demonstrated that NF-xB
pathway may be involved in the mechanism of triptolide
improving cognitive dysfunction in VD rats.*® The miR-
216a/RSK2 axis regulated the therapeutic effects of
Idebenone by mediating the IkBa/NF-kB pathway.

Conclusion

To sum up, Idebenone ameliorated oxidative stress and neu-
roinflammation in VD rats via the miR-216a/RSK2/IxBo/
NF-«B axis. Our current data indicate that Idebenone has
therapeutic effects on neurodegenerative diseases as a novel
anti-inflammatory and antioxidant stress agent. In the future,
we shall carry out more prospective studies to verify the
safety and feasibility of Idebenone in the treatment of VD.
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