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Background: Melatonin (MT) has potential protective effect on cerebral ischemia-
reperfusion injury (CIRI), but its underlying regulatory mechanism has not been identified.
Purpose: This study aimed to explore the role of miR-26a-5p-neuron-restrictive silencing
factor (NRSF/REST), Janus kinase-2 (JAK2)-signal transducer and activator of transcription-
3 (STAT3) pathway in the protection mechanism of MT against CIRI in vivo and in vitro.
Methods: Sprague Dawley rats were induced with ischemia-reperfusion (IR) in vivo model,
PC12 cells were induced with oxygen-glucose deprivation/reperfusion (OGD/R) in vitro
model; and MT intervention was conducted before the model was established. The effect of
MT on autophagy factors (LC3II/LC3I, P62), inflammatory factors (TNF-a, IL-6, IL-10) and
oxidative stress indexes (MDA, GSHPx, SOD) was explored, and then the above three indexes
were determined by real-time quantitative PCR, ELISA, and detection kit corresponding to
oxidative stress indexes. The neuroprotective effect of MT pretreatment on brain IR injury was
evaluated by neurological deficit scores and TUNEL method. The levels of miR-26a-5p and
NRSF were detected by real-time quantitative PCR and Western blot, and the interaction
between them was evaluated by dual luciferase report. The role of JAK2-STAT3 pathway in
MT protection mechanism was verified by pathway blocker (AG490) and Western blot.
Results: MT pretreatment can significantly reduce neurological deficit score and neuronal
apoptosis, inhibit CIRI autophagy, inflammation and oxidative stress in vivo and in vitro,
reduce LC3II/LC3I, TNF-a, IL-6, MDA and increase P62, I1L-10, GSHPx, SOD. Further
analysis identifies that downregulating miR-26a-5p or upregulating NRSF can eliminate the
protective effect of MT, and NRSF is the direct target of miR-26a-5p. The protective effect
of MT can also be eliminated under AG490 intervention.

Conclusion: MT plays a protective role by regulating miR-26a-5p-NRSF and JAK2-STAT3
pathway to improve CIRI autophagy, inflammation and oxidative stress.
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Introduction

Cerebral ischemia-reperfusion injury (CIRI) is a central nervous system disease and
a vital cause of ischemic stroke.'” The data show that ischemic stroke is the typical
representative of stroke (87%), while global stroke cases amount to about 15 million
cases and death cases amount to about 5.8 million cases.’ Therefore, understanding the
pathological mechanism of CIRI is quite valuable for the treatment and prevention of
ischemic stroke.
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The pathological mechanism of CIRI is complex, invol-
ving cell death (including apoptosis and autophagy), inflam-
4> Melatonin (MT), as
a neurohormone secreted by the pineal gland, has the anti-

mation, oxidative stress, etc.
CIRI characteristics of anti-apoptosis, anti-inflammation and
anti-oxidative stress, and plays an important neuroprotective
role in CIRI. For example, CIRI can be alleviated by upre-
gulating SIRT3 expression.”® There are also reports that
ranitidine, developed based on MT, is a selective MT-
receptor agonist, which can alleviate acute and chronic
CIRI by inhibiting autophagy in the cortex around an
infarction.” Although there is more and more research on
the protective effect of MT,'*!" there is little research on
miRNA-mRNA axis and signal pathway regulation in MT
anti-CIRI protective mechanism at present. It is understood
that miRNA is a micro noncoding physiological and patho-
logical regulator, which can mediate CIRI pathological pro-
cess through targeted regulation of mRNA stability or
translation efficiency.'> As a member of miRNA, miR-26a-
5p cannot only respond to the efficacy of multiple sclerosis
that is a central nervous system disease, but also reduce CIRI
by inhibiting neuronal apoptosis after upregulation.'*'* We
found a potential binding site between miR-26a-5p and
neuron-restrictive silencing factor (NRSF/REST) on the
online target gene prediction website. NRSF is associated
with remodeling of nerve genes and neurodegeneration.
Downregulating its expression can improve CIRI process
in rats by inhibiting apoptosis, reducing cortical infarct
volume and enhancing expression of synaptic plasticity
genes.'”> Moreover, we also found that it mediated Janus
kinase-2 (JAK2)-signal transducer and activator of transcrip-
tion-3 (STAT3) pathway in lung cancer cells to regulate
It is understood that JAK2-STAT3
pathway can also activate epidermal growth factor-related

tumor metastasis.'®

anti-CIRI protection mechanism, and the activation of this
pathway may be a therapeutic target of anti-CIRL'’

In this study, we explored the improvement of MT on
autophagy, inflammation and oxidative stress in CIRI, and
analyzed the role of miR-26a-5p-NRSF and JAK2-STAT3
pathway in MT anti-CIRI protection mechanism, hoping to
provide new clues for treating ischemic stroke.

Materials and Methods

Animal Model in vivo

We bought 40 male Sprague Dawley rats (Focus
Biotechnology Co., Ltd, Guangzhou, China) weighing
(270+20) g, and fed them 12 h in a dark/light cycle

environment with temperature of 25°C, humidity of
60%, providing food and water. Rats were divided into
Sham group, CIRI group, CIRI+vehicle group and CIRI
+MT group, with 10 rats in each group. The CIRI model
was constructed as described above: First, the rat brain
was occluded by longa suture (MCAO) to simulate tran-
sient cerebral ischemia, and the anesthesia state of the rat
was maintained by chloral hydrate (0.3 mL/100 g).'®
Two hours after blood flow occlusion in rats, thrombus
was removed for reperfusion. The sham operation group
was similar to CIRI except that no screws were inserted.
In CIRI+MT group, MT (5 mg/kg) was given intrave-
nously to rats before ischemia,'® while other groups were
given equal volumes of PEG saline. The neurological
deficit scores were evaluated 24 h after reperfusion in
rats. Euthanasia (direct cervical dislocation) was per-
formed 24 h after operation and brain tissue was col-
lected and stored at —70°C for later use. Our animal
experiments were all conducted in the experimental ani-
mal center of Jinzhou Medical University. This study has
been approved by the experimental animal ethics com-
mittee of this university (ethics review no. 2,020,018),
and the experiments were strictly in line with the
guidelines.

Neurological Deficit Scores

As mentioned earlier, the neurological deficit scoring sys-
tem was adapted to score mainly from five senses and
motor function,?® with a score of 0-100. The degree of
neurological deficit was proportional to the score.

Neuronal Apoptosis is Measured via

TUNEL Method

The experiment employed TUNEL test kit (Qiming
Biotech Co., Ltd, Shanghai, China, 0X02752). Rat brain
tissue was fixed 20 min on glass slides with 4% parafor-
maldehyde ice cold and permeabilized for five minutes
with 0.1% (v/v) Triton™ X-100. After that, the slide and
TUNEL incubation mixture were incubated in a dark and
humid place (37°C, 1.5 h) and stained with DAPI. Finally,
TUNEL apoptotic (positive) cells were observed and
counted by fluorescence microscope.

Apoptosis Levels are Determined by Flow
Cytometry

Apoptosis levels were detected through apoptosis detec-
tion kit (Sanshu Biotechnology Co., Ltd, Shanghai, China,
BYTO0037) and flow cytometry. Cells were treated as
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follows: the cells were digested by trypsin (Jinsui
Biotechnology Co., Ltd, Shanghai, China, J36530), pre-
pared to cell suspension, inoculated on a six-well plate,
and cultured for 24 h in serum-free DMEM (Beinuo
Biotechnology Co., Ltd, Shanghai, China, Amresco
N676-6X5ML). Next, the culture medium was removed
and the cells were washed three times with phosphate
buffer (Hengfei Ltd, Shanghai,
China, R22127). Fluorescent generator was added and

Biotechnology Co.,

they were incubated 15 min in the dark. Finally, the
apoptosis rate was measured by FACSCanto II flow cyto-
metry ( Biomerry Biotechnology Co., Ltd., Beijing,
China).

In vitro Model of PCI12 Cells

PC12 cell lines (Guandao Bioengineering Co., Ltd,
Shanghai, China, DA-C6046) were purchased and cultured
in high-sugar DMEM medium containing 10% FBS and
7.5% horse serum (Lvyuan Bio-technology Co., Ltd,
Beijing, China, PM150210B). The environmental condi-
tions in the incubator were set at 37°C, 5% CO,, and 10
nM nerve growth factor (Wines Da Industrial Co., Ltd,
Shanghai, China, SXR051) was added to induce PCI12
cells to differentiate into neuron cells. PC12 cells were
divided into control group, OGD/R group, OGD/R+vehi-
cle group and OGD/R+MT group. The oxygen glucose
deprivation/reperfusion (OGD/R) model was constructed
according to the above research: PC12 was treated 30 min
with MT (50 uM) or 0.1% DMSO (BJ-RD553, Shanghai,
China), the collected PC12 was placed in OGD medium,
Hank’s balanced salt solution (HBSS) (30 min) was
bubbled with nitrogen (Sangon Bioengineering Co., Ltd,
Shanghai, China, A002064-0001) to consume internal and
external glucose and oxygen, and then the PC12 was
cultured for 24 h in a normal culture environment to

reoxygenation.'’

Cell Transfection

Based on the experimental purpose, the transfectants include
miR-26a-5p inhibitor and corresponding negative control
(inhibitor-NC), targeted over-expression NRSF (NRSF)
and corresponding negative control (NC). Transfection
agents were transfected into cells by transfection kits
(Even Bridge Biotechnology Co., Ltd, Shanghai, China,
K482001), and then cells transfected for 48 h were collected
for subsequent experiments. The operation steps were
strictly carried out in accordance with the kit instructions.

In addition, subsequent experiments will also apply
JAK2 inhibitor AG490 (5 uM) (Hengfei Biotechnology
Co., Ltd, Shanghai, China, al321) to PC12 cells to verify
whether JAK2-STAT3 pathway participates in MT’s pro-
tection mechanism in CIRI.*!

RT-PCR

As described here previously,”* total RNA was extracted
from rat cortex and PC12 cells by total RNA isolation kit
(Even Bridge Biotechnology Co., Ltd A27828), amplified
by PCR instrument (Yihui Biotechnology Co., Ltd,
Shanghai, China, 1,852,196), and detected by mRNA and
miRNA gqPCR detection kit (Zhen Shanghai and Shanghai
Industrial Co., Ltd, Shanghai, China, HZ10017). Primer
design was completed by Shanghai Yingbai Biotechnology
Co., Ltd. Among them, mRNA employed B-Actin as inter-
nal reference and miRNA employed U6 as internal refer-
ence. All data were analyzed via 2744,

Western Blot Analysis

Part of the brain tissue or PC12 cells were placed in cold
lysis buffer (Cloud-Clone Diagnostic Reagents Institute Co.,
Ltd, Wuhan, China, IS007), centrifuged 10 min at 1500 (g,
4°C, and the protein concentration was determined using
Bradford Protein Quantitative Kit (Hengfei Biotechnology
Co., Ltd, Shanghai, China, PT0002). The precipitate was
denatured by SDS sample loading buffer and separated by
10% SDS-PAGE. The protein was transferred to the mem-
brane and incubated at 4°C all night, incubated four one hour
with the blocking solution at room temperature, and then
washed and incubated for two hours with primary antibody
at room temperature. The primary antibody included NRSF
and B-Actin. The membrane was washed again and incu-
bated for two hours with a secondary antibody. Antibodies
were all purchased from Shanghai Yanqi Biotechnology Co.,
Ltd. Finally, protein bands were analyzed by chemilumines-
cence kits (Dingguo Changsheng Biotechnology Co., Ltd,
Beijing, China, ECL-0013).

Enzyme-Linked Immunosorbent Assay
(ELISA)

As mentioned above,”> the pro-inflammatory factors
(TNF-a, IL-6) and anti-inflammatory factors (IL-10) in
serum or PC12 cells in rat hippocampus were determined
by ELISA kits (Hengfei Biotechnology Co., Ltd, CSB-
E08055r-1, CSB-E04640r-1, CSB-E11987r-1), strictly in
line with the operating instructions, and finally the
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absorbance was measured at 450 nm by microplate reader
(Image Trading Co., Ltd, Beijing, China, 21,261,000).

Determination of Oxidative Stress

Indexes

The peroxide indexes (MDA) and antioxidant indexes
(GSHPx, SOD) of rat brain tissue and PC12 cells were
detected by respective corresponding detection Kkits
(Jingkang Bioengineering Co., Ltd, Shanghai, China, JK-
(2)-2197, JK-(a)-2396, JK-(a)-2293) in strict accordance
with the instructions.

Statistical Analysis

Our data were expressed by mean +SD. All experiments
were repeated three times and data were analyzed by
Prism. Data differences between two groups were ana-
lyzed via independent-samples #-test, and those among
groups were compared by one-way analysis of variance
(ANOVA) and LSD-#-test. P<0.05 was regarded as the
difference with statistical significance.

Results
MT Can Reduce Neurological Deficit

Score and Neuronal Apoptosis

In order to understand the neuroprotective effect of MT
on CIRI rats, we have carried out relevant verification.
The results showed that compared with Sham group rats,
CIRI group rats had significantly higher neurological
deficit score and neuronal apoptosis, while MT interven-
tion significantly reduced the above indicators. The
above results revealed that MT could restore the neural
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function of CIRI rats by reducing the number of neuro-
nal apoptosis (Figure 1).

MT Can Inhibit Autophagy, Inflammation

and Oxidative Stress in vivo Models
Autophagy, inflammation and oxidative stress were the
main pathological mechanisms of CIRI. We explored the
anti-CIRI mechanism of MT in vivo from the above three
angles. The data showed that CIRI rats had autophagy,
inflammation and oxidative stress. However, after MT inter-
vention, the levels of LC3II/LC31, TNF-a, IL-6 and MDA
reduced obviously, while the levels of P62, IL-10, GSHPx
and SOD increased markedly. The above analysis identifies
that MT can improve the pathological changes in CIRI rats
by inhibiting autophagy, inflammation and oxidative stress,
thus playing a neuroprotective role (Figure 2).

MT Can Inhibit Autophagy, Inflammation

and Oxidative Stress in vitro Model

In order to explore the mechanism of MT protection in vitro,
we also established OGD/R in vitro model, and analyzed from
the above three aspects. The results showed that the apoptosis
rate of neurons in OGD/R in vitro model was significantly
higher, while MT could reduce the level of apoptosis mark-
edly. In addition, the OGD/R in vitro model also showed
autophagy, inflammation and oxidative stress similar to
those mentioned above. After MT intervention, the levels of
LC3II/LC3I, TNF-a, IL-6 and MDA were dramatically inhib-
ited, while the levels of P62, IL-10, GSHPx and SOD were
obviously enhanced. These results signified that MT could
improve autophagy, inflammation and oxidative stress in vivo
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Figure | Effect of MT on neurological deficit score and neuronal apoptosis in CIRI rats. (A) MT significantly reduces the neurological deficit score of CIRI rats. (B) MT

significantly reduces neuronal apoptosis cells in CIRI rats.

Notes: Compared with sham, *represents P<0.05 and **represents P<0.01; compared with CIRI, #represents P<0.05.

Abbreviations: MT, melatonin; CIRI, cerebral ischemia-reperfusion injury.
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Figure 2 Effect of MT on autophagy, inflammation and oxidative stress in CIRI rats. (A-B) Effect of MT on the levels of autophagy factors LC3II/LC3I and P62 in CIRI rats;
(C-E) Effect of MT on the concentrations of TNF-a, IL-6 and IL-10 in CIRI rats; (F-H) Effects of MT on oxidative stress indexes MDA, GSHPx and SOD in CIRI rats.
Notes: Compared with sham, *represents P<0.05 and **represents P<0.01; compared with CIRI, “represents P<0.05.

Abbreviations: MT, melatonin; CIRI, cerebral ischemia-reperfusion injury; LC3, light chain 3; P62, sequestosome |; TNF, tumor necrosis factor; IL, interleukin; MDA,

malondialdehyde; GSHPx, glutathione peroxidase; SOD, superoxide dismutase.

and in vitro, thus improving neuronal cell apoptosis and
protecting the nervous function of the body (Figure 3).

MT Can Regulate miR-26a-5p and NRSF

in CIRI in vivo and in vitro Models

In order to explore the molecular mechanism of MT’s
protective effect on CIRI in vivo and in vitro, we explored
the effect of MT on miR-26a-5p and NRSF. We found that

CIRI in vivo and in vitro models showed significantly
and upregulated NRSF
(expression and protein level) compared with correspond-

downregulated miR-26a-5p

ing controls, while miR-26a-5p and NRSF showed marked
improvement in different degrees after MT intervention.
The above results suggest that the anti-CIRI protection
mechanism of MT may be related to the regulation of
miR-26a-5p and NRSF (Figure 4).
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Figure 3 Effect of MTon OGD/R in vitro model. (A) Effect of MT on apoptosis of neurons in OGD/R in vitro model and its flow cytometry; (B—C) Effect of MT on the levels
of autophagy factors LC3II/LC3I and P62 protein in OGD/R in vitro model and its protein map; (D—F) Effect of MT on TNF-q, IL-6, IL-10 concentration in OGD/R model
in vitro; (G-1) Effect of MT on oxidative stress indexes MDA, GSHPx and SOD levels of OGD/R in vitro model.

Notes: Compared with control, *represents P<0.05 and **represents P<0.0; compared with OGD/R, *represents P<0.05.

Abbreviations: MT, melatonin; OGD/R, oxygen-glucose deprivation/reperfusion; PI,

propidium iodide; FITC, fluorescein isothiocyanate; LC3, light chain 3; P62, sequesto-

some |; TNF, tumor necrosis factor; IL, interleukin; MDA, malondialdehyde; GSHPx, glutathione peroxidase; SOD, superoxide dismutase.

Downregulating miR-26a-5p Can
Eliminate the Protective Effect of MT

in vitro
We further explored the
the in vitro protection mechanism of MT, and achieved

role of miR-26a-5p in

remarkable downregulation of miR-26a-5p by transfec-
tion of miR-26a-5p inhibitors. The results revealed that

downregulating miR-26a-5p could significantly elimi-
nate the improvement of MT on neuronal cell apoptosis,
autophagy, inflammation and oxidative stress. This
suggests that downregulating miR-26a-5p will signifi-
cantly interfere with the in vitro protection of MT
and even eliminate the in vitro protection of MT
(Figure 5).
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Figure 4 Effect of MT on miR-26a-5p and NRSF in CIRI in vitro and in vivo models. (A) miR-26a-5p is significantly downregulated in CIRI in vivo model, while MT can
restore miR-26a-5p expression. (B—C) The expression of NRSF and protein level in CIRI in vivo model are significantly upregulated, while MT can silence NRSF and its
protein map. (D) miR-26a-5p is significantly downregulated in the OGDI/R in vitro model, and MT can upregulate the miR-26a-5p expression. (E-F) In vitro model of OGD/
R, NRSF expression and protein level are significantly upregulated, MT can silence NRSF and its protein map.

Notes: Compared with sham or control, *represents P<0.05 and **represents P<0.01; compared with CIRI or OGD/R, *#represents P<0.05.

Abbreviations: MT, melatonin; CIRI, cerebral ischemia-reperfusion injury; NRSF, neuron-restrictive silencing factor; miR, microRNA; OGD/R, oxygen-glucose deprivation/
reperfusion; LC3, light chain 3; P62, sequestosome |; TNF, tumor necrosis factor; IL, interleukin; MDA, malondialdehyde; GSHPx, glutathione peroxidase; SOD, superoxide

dismutase.

Upregulating NRSF Can Eliminate the

Protective Effect of MT in vitro

We also explored NRSF’s role in the in vitro protection
mechanism of MT, and achieved marked upregulation of
NRSF by transfection of NRSF. We found that the effect of
upregulating NRSF was similar to downregulating miR-26a-
5p, which threatened the in vitro protection of MT and almost
eliminated the suppression of MT on neuronal apoptosis,
autophagy, inflammation and oxidative stress. The above
results show that the in vitro protective mechanism of MT is
affected by NRSF, which mediates the protective effect

(Figure 6).

NRSF is a Downstream Target of
miR-26a-5p

We found the potential target sites of NRSF and miR-
26a-5p through TargetsCan (http://www.targetscan.org/
vert 72/). The dual luciferase report found that miR-
26a-5p inhibitor only significantly increased NRSF-Wt,
but had no remarkable effect on NRSF-Mut. Further
analysis found that miR-26a-5p inhibitor could signifi-

cantly upregulate NRSF expression and protein level.

The above analysis shows that NRSF, as a downstream

target of miR-26a-5p, is negatively regulated by NRSF
(Figure 7).

MT May Exert Anti-CIRI Protection
Mechanism by Activating JAK2-STAT3

Pathway

The activation of JAK2-STAT3 pathway played a crucial
role in the anti-CIRI protection mechanism. Our research
showed that MT intervention could activate this pathway
by significantly increasing the protein levels of p-JAK2
and p-STAT3, while the above protein levels reduced
dramatically under the action of pathway inhibitor
AG490. In addition, AG490 could also dramatically elim-
inate the anti-apoptosis effect of MT. The above results
indicate that the anti-CIRI protection mechanism of MT is
tied to the activation of JAK2-STAT3 pathway (Figure 8).

Discussion

CIRI is a key factor that causes ischemic stroke. It is quite
significant to study the pathological mechanism and poten-
tial therapeutic drugs of CIRI for reducing ischemic
stroke-related deaths.”* MT is a
inflammatory and antioxidant multi-effect molecule. Its

recognized anti-

pharmacological effects can be exerted in various nervous
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Figure 5 Interference of downregulation of miR-26a-5p on MT in vitro protection. (A) Transfection efficiency of miR-26a-5p; (B) Downregulating miR-26a-5p eliminates
MT’s inhibition on neuronal apoptosis rate and its flow cytometry is here; (C-D) Downregulating miR-26a-5p eliminates the improvement of MT on autophagy factor
protein level; (E-G) Downregulating miR-26a-5p eliminates the improvement of MT on infllmmatory indexes; (H-J) Downregulating miR-26a-5p eliminates the improve-
ment of MT on oxidative stress.

Notes: Compared with OGD/R or inhibitor-NC, **represents P<0.01; compared with OGD/R, *represents P<0.05; compared with OGD/R+MT, *represents P<0.05.
Abbreviations: MT, melatonin; miR, microRNA; OGD/R, oxygen-glucose deprivation/reperfusion; NC, negative control; Pl, propidium iodide; FITC, fluorescein
isothiocyanate; LC3, light chain 3; P62, sequestosome |; TNF, tumor necrosis factor; IL, interleukin; MDA, malondialdehyde; GSHPx, glutathione peroxidase; SOD,

superoxide dismutase.

system diseases, such as repairing vascular cognitive
impairment by activating ERK1/2 signaling pathway, and
improving CIRI process by inhibiting endoplasmic reticu-
lum stress and nerve cell apoptosis.'>>>%° In this study, we
found that MT played an anti-CIRI protective role in vivo
and in vitro by inhibiting neuronal apoptosis, autophagy,
inflammation and oxidative stress.

MTs inhibition of CIRI neuronal apoptosis in vivo and
in vitro may be related to autophagy inhibition. The autop-
hagy process involves the formation and maturation of
autophagy, accompanied by the transformation from LC3I
to LC3II. Therefore, LC3II/LC3I index can be used to
indicate the above process.’’” P62 can be degraded by
autophagy, and the main mechanism is to combine with
on LC3 to with
autophagy.”® However, in our study, we observed a higher
level of LC3II/LC3I and a lower level of P62 in CIRI

autophagy membrane combine

models both in vivo and in vitro. The above situation was
significantly improved after MT intervention. Zhang et al*®
pointed out that astragaloside IV inhibited autophagy by
downregulating LC3II/LC3I and upregulating P62, similar
to our results. Feng et al’° also clarified that MT could
inhibit endoplasmic reticulum stress-dependent autophagy
by mediating PERK and IRE1 pathways, thus playing
a neuroprotective role, which might partially explain the
anti-autophagy mechanism of MT in this study. Besides,
CIRI could stimulate dangerous molecular signals in the
body, stimulate extracellular and intracellular pattern recog-
nition receptor signals, thus inducing excessive release of
inflammatory mediators, leading to neuronal apoptosis.®’
TNF-a and IL-6 are typical representatives of pro-
inflammatory factors, which will aggravate the inflamma-
tory injury of CIRI. IL-10 is an anti-inflammatory medium

that helps prevent inflammation. All three are related to
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the mRNA and protein levels of NRSF and its protein map is here.

Notes: Compared with inhibitor-NC, **represents P<0.01.

Abbreviations: miR, microRNA; NRSF, neuron-restrictive silencing factor; NC, negative control; Wt, wild type; Mut, mutant.

apoptosis or necrosis of neuronal cells during brain injury.**
In our research results, MT showed outstanding anti-
inflammatory effect in CIRI models both in vivo and

in vitro, which effectively curbed the inflammatory imbal-
ance in CIRI process. However, studies have shown that the
anti-inflammatory mechanism of MT is related to the
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Figure 8 Effect of MT on JAK2-STAT3 pathway. (A) Effect of MT on the protein level of JAK2-STAT3 pathway marker and its protein map; (B) Effect of JAK2-STAT3 pathway

inhibitor on MT antineuronal apoptosis and its cell flow diagram.

Notes: Compared with OGD/R, “represents P<0.01; compared with OGD/R+MT, #represents P<0.05.
Abbreviations: MT, melatonin; JAK2, Janus kinase-2; STAT3, signal transducer and activator of transcription-3; OGD/R, oxygen-glucose deprivation/reperfusion; PI,
propidium iodide; FITC, fluorescein isothiocyanate; AG490, a-cyano-(3,4-hydroxy)N-benzylstyramine.

upregulation of SIRT1 and the inhibition of activation of
inflammatory signals such as mTOR and Notch by SIRT1.%*
It is understood that inflammatory reaction and oxidative
stress are interactive, and the latter may trigger cascade
progression of CIRI and may cause malignant conse-
quences such as brain death in serious cases.** MDA was
upregulated in CIRI oxidative stress injury, while the levels
of antioxidant enzymes GSHPx and SOD were dramatically
downregulated.’ The latter two are important components
of antioxidant defense mechanism, which is conducive to
the removal or reduction of peroxides.*® In this study, MT
also showed encouraging antioxidant activity, whether
in vivo or in vitro. Zeng et al’ confirmed that metformin
could reduce oxidative stress of CIRI in vivo model by
downregulating MDA level and upregulating GSHPx and
SOD level, which was consistent with our research results.

Chumboatong et al’’

reported that MT receptor agonist
(agomelatine) could inhibit oxidative stress by upregulating
HO-1 and mediating Nrf2 signal pathway, thus playing an
antioxidant role, which might be helpful to explain the
antioxidant properties played by MT in this study.

We have proved the anti-autophagy, anti-inflammatory
and anti-oxidation properties of MT in CIRI model, but the
mechanism of miRNA-mRNA axis regulation is still

unknown, so we have made further research. We found

that miR-26a-5p and NRSF were both downregulated in
CIRI in vivo and in vitro models, and MT could signifi-
cantly reverse this abnormality. This leads us to suspect
that the miR-26a-5p-NRSF axis may mediate the protec-
tive process of MT, and the results also confirm that
downregulating miR-26a-5p or upregulating NRSF can
eliminate the protective effect of MT as we think. Wei

et al'®

pointed out that miR-26a-5p was regulated by
upstream molecule AK038897 and targeted downstream
factor dAPK1, thus playing a role in CIRI. Other studies
have confirmed that it is also involved in the pathological
process of neuropathic pain and also presents a low level
state in spinal cord tissue. It can inhibit the process of
neuroinflammation and neuropathic pain by targeting
MAPK6.>®* NRSF is a vital factor that regulates neuron
specificity. It exists widely in the brain and is relevant to
the physiological processes of the nervous system. Its
abnormal disorders are related to various brain diseases,
such as brain tumors, mental disorders and CIRL.>* Luo
et al*® explained that CIRI could strengthen nuclear
NRSF-HDAC4 aggregation, suggesting that NRSF might
accompany CIRI’s pathological development. Zhang et al*'
also reported that NRSF had a dual mechanism of promot-
ing CIRI: One was to inhibit CART with neuroprotective

effect by combining two components, and the other was to

submit your manuscript

3186

Dove

Drug Design, Development and Therapy 2020:14


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

Dove

Yang et al

induce cell death by inhibiting CREB signal conduction
activated by CART, which enlightened us that anti-NRSF
preparations might be helpful for CIRI treatment. Further
analysis found that miR-26a-5p had a definitely targeted
relationship with NRSF, which was negatively regulated
by the former, and whether it was mRNA level or protein
level. What is more, we also confirmed that JAK2-STAT3
pathway also participated in the anti-CIRI effect of MT.
Intervention with pathway inhibitor AG490 could signifi-
cantly eliminate the antineuronal apoptosis of MT. Xu
et al*? reported that AG490, as an inhibitor of JAK2-
STAT3 pathway, reversed the previous effect on the pro-
liferation and apoptosis of retinoblastoma cells by inhibit-
ing this pathway. The JAK2-STAT3 pathway is a signal
transcription pathway that regulates gene expression and
cell viability. It has been reported that it mediates the
neuroprotective mechanism of hydroxyl-safflor yellow
A in focal cerebral ischemia and the protective effect of
resveratrol on CIRI injury in ischemic stroke rats.**-**
Tang et al'’ also reported that the JAK2-STAT3 pathway
participated in the neuroprotective mechanism of CIRI,
and the neuroprotective mechanism would collapse under
the action of AG490.

Although this study has confirmed the anti-CIRI protec-
tive effect of MT and underlying mechanism, there is still
room for improvement. First of all, we can supplement the
upstream information molecules of miR-26a-5p, which is
beneficial to successfully present the anti-CIRI protection
mechanism of MT. Second, we can supplement anti-
endoplasmic reticulum stress of MT and other potential patho-
logical defense effects, which helps us to further understand
the pharmacological effects of MT. Furthermore, we can also
increase the potential effect of JAK2-STAT3 pathway on MT
in other CIRI pathological processes. Based on the above
points, we will conduct supplementary research in the future.

Conclusion

In conclusion, we propose that MT plays a protective role
by regulating miR-26a-5p-NRSF axis and JAK2-STAT3
pathway, thus improving CIRI autophagy, inflammation
and oxidative stress, which may provide new insights for
treating CIRI-related ischemic stroke and other central

nervous system diseases.
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