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1 | INTRODUCTION
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| Yunjun Li | Wende Li

Summary

The pathogenesis of cerebral ischaemia reperfusion injury (IRI) has not been fully
described. Accordingly, there is little effective drug available for the treatment of
cerebral IRI. The aim of our study was to explore the exact role played by Mfnl-
mediated mitochondrial protection in cerebral IRI and evaluate the beneficial action
of resveratrol on reperfused brain. Our study demonstrated that hypoxia-reoxygen-
ation (HR) injury caused N2a cell apoptosis and this process was highly affected by
mitochondrial dysfunction. Decreased mitochondrial membrane potential, increased
mitochondrial oxidative stress, and an activated mitochondrial apoptosis pathway
were noted in HR-treated N2a cells. Interestingly, resveratrol treatment could at-
tenuate N2a cell apoptosis via sustaining mitochondrial homeostasis. Further, we
found that resveratrol modulated mitochondrial performance via activating the
Min1-related mitochondrial protective system. Knockdown of Mfnl could abolish
the beneficial effects of resveratrol on HR-treated N2a cells. Besides, we also report
that resveratrol regulated Mfnl expression via the AMPK pathway; inhibition of
AMPK pathway also neutralized the anti-apoptotic effect of resveratrol on N2a cells
in the setting of cerebral IRI. Taken together our results show that mitochondrial
damage is closely associated with the progression of cerebral IRI. In addition we also
demonstrate the protective action played by resveratrol on reperfused brain and show
that this effect is achieved via activating the AMPK-Mfn1 pathway.
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important as an effective approach to reverse the damage
to brain function and thus improve the prognosis in patients

Acute ischaemic stroke causes extensive death of neurons
which increases the resultant disability and mortality sig-
nificantly.l'2 Accordingly, timely reperfusion therapy is

Gao and Wang contributed equally to this work.

with ischaemia stroke.* However, reperfusion itself brings
about additional damage to ischaemic brain tissue, and this
is termed as ‘ischaemia reperfusion injury’ which accounts
for increased perioperative rnortality.5 0 Although many
experiments have been conducted over several decades in
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this field the molecular features, the underlying cerebral
ischaemia reperfusion injury (IRI) have not been described
comprehensively.7’8

At the molecular levels, neuronal death is primarily mod-
ulated by three signalling pathways. These are mitochon-
drial apoptosis, endoplasmic reticulum-related apoptosis
and Fas-mediated death.>'’ Notably, brain tissues contain
abundant mitochondria which consistently supply energy to
sustain brain function such as neurotransmitters release and
neuronal survival.'"'? Mitochondrial apoptosis has been re-
ported in the progression of cerebral IRI through a poorly
understood mechanism.'*'* At reperfusion stage, mitochon-
dria produce the majority of ROS that are generated, and
the latter alters the mitochondrial membrane potential.ls’16
Decreased mitochondrial potential impairs mitochondrial
energy metabolism and further promotes mitochondrial
apoptosis activation via induction of pro-apoptotic factors
leakage from the mitochondria into the cytoplasm.”’18
However, a protective system for mitochondrial apoptosis
has not been identified.'**° Recently, Mfnl-mediated mito-
chondrial fusion has been recognised as a possible primary
mechanism to reverse to mitochondrial homeostasis. Mfnl
promotes the fusion between fragmented mitochondria and
sustains mitochondrial membrane potential.>'** In addition,
Mfnl-mediated mitochondrial protection also inhibits the
mitochondrial apoptosis in several disease models such as
atherosclerotic lesions, heart failure, ageing and kidney in-
jury.23’24 Interestingly, this concept has not been verified in
the model of cerebral IRI.

From a pharmacological perspective, several drugs could
be used to activate Mfn1 and thus reverse mitochondrial func-
tion in the setting of cerebral IRI. These include melatonin
and lirag.glutide.zs’26 Resveratrol (3,5,4’-trihydroxy-trans-stil-
bene) belongs to a class of compounds called plant poly-
phenols and is also a phytoalexin produced by plants during
environmental stress and infections to help overcome their
adverse effects.””? This inherent ability to provide protection
against stress conditions is the main feature that makes res-
veratrol an attractive candidate for prevention and treatment
of human diseases. Ample evidence supports its therapeutic
effects on reperfused brains. Resveratrol reduces neuronal
oxidative stress, attenuates calcium overload, inhibits en-
doplasmic reticulum (ER) stress and blocks mitochondrial
apoptosis.zg’30 In addition, the inhibitory action of resveratrol
on mitochondrial fission has been reported in several careful
studies. Interestingly, no studies have investigated the role of
resveratrol in Mfn1-mediated mitochondrial protection.

Mechanistically, several pathways have been reported
to be the upstream regulator of mitochondrial homeostasis.
Notably, AMPK has been reported to be associated with Mfn1
activation. For examples, in diabetic cardiomyopathy, acti-
vation of AMPK promotes Mfnl upregulation and the latter

reduces mitochondrial oxidative stress and inhibits caspase-9
apoptosis. In cardiac ischaemia reperfusion, AMPK activa-
tion promotes Mfn1 upregulation and sustains mitochondrial
function. Notably, no evidence has been shown thus far to es-
tablish the influence of AMPK on Mfnl in the setting of ce-
rebral IRI. Accordingly, the goal of our study is to explore the
protective effect of resveratrol in cerebral reperfusion injury
and mitochondrial function and verify whether resveratrol
modulates mitochondrial protection and neuronal viability
via the AMPK-Mfn1 pathways.SI’32

2 | MATERIALS AND METHODS

2.1 | Cellular culture and treatment

The in vitro N2a cell line (American Type Culture Collection,
ATCC® CL-101™) was used for the hypoxia-reoxygenation
(HR) model to mimic IR injury in vivo. In the present study,
30 minutes of hypoxia and 4 hours of reoxygenation were
used to induce cell damage. To suppress the AMPK pathway,
compound C (CC; Selleck Chemicals) was added into the cell
culture medium for two hours.****

2.2 | Ethical approval

Experimental protocol was approved by PLA Army General
Hospital. All animal researches were carried out according to
the guidelines of Animal Care and Use Committee of PLA
Army General Hospital. The ethical approval number is
PLA301-2017-88JGH211.

2.3 | TUNEL staining and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay

Cell death was measured via a TUNEL assay using an in situ
cell death detection kit (Roche). The TUNEL kit was used to
stain nuclei containing fragmented DNA. After the HR in-
jury, the cells were fixed with 3.7% paraformaldehyde for
30 minutes at room temperature.35‘36 Subsequently, the sam-
ples were incubated with equilibration buffer, nucleotide mix
and rTdT enzyme at 37°C for 60 minutes. Then, a saline-so-
dium citrate buffer was used to stop the reaction. After being
loaded with DAPI, the samples were visualized via fluores-
cence microscopy (Olympus BX-61). In addition, an MTT
assay was performed to analyse the cell viability according to
methods described in a previous study. Absorbance was de-
termined at 570 nm. The relative cell viability was recorded
as a ratio to that in the control group.37’?’8
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2.4 | Caspase activity detection and ELISA
Caspase-3 and caspase-9 activities were determined using
commercial kits (Beyotime Institute of Biotechnology). The
levels of antioxidant factors, including glutathione peroxi-
dase (GPX), superoxide dismutase (SOD) and glutathione
(GSH), were measured with ELISA kits purchased from
Beyotime Institute of Biotechnology.”’40

2.5 | Transfection

Transfection with siRNA was used to inhibit Mfnl ex-
pression in resveratrol-treated N2a cells. Briefly, siRNA
against Mfnl (Yangzhou Ruibo Biotech Co., Ltd.) was
used to infect cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's p1r0t0001.41’42 The nega-
tive control group was transfected with negative control
siRNA. Transfection was performed for approximately
48 hours. Then, Western blotting was used to observe the
knockdown efficiency43 after harvesting the transfected

cells. ¥4

2.6 | Immunofluorescence analysis of mROS
Immunofluorescence analysis was used to analyse mito-
chondrial ROS (mROS) production. After the HR injury,
the cells were washed three times with PBS and then re-
suspended in PBS using 0.25% trypsin. Subsequently, the
cells were incubated with the MitoSOX red mitochondrial
superoxide indicator (Molecular Probes, USA) for 15 min-
utes at 37°C in the dark. After three washes with PBS,
mROS production was analysed via immunofluorescence
analysis.%’47

2.7 | Western blotting

Each group of samples was collected, the cell lysates were
prepared, and the total protein was extracted and quantified
using a BCA protein concentration kit according to the man-
ufacturer's instructions. The proteins were separated by so-
dium dodecyl sulphate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membranes. The
membranes were blocked with 5% BSA in Tris-buffered sa-
line with Tween-20 (TBST) for 2 hours at room temperature
and incubated with primary antibodies overnight at 4°C.
The membranes were washed three times with PBS; IRDye
800CW goat anti-rabbit IgG (H + L) (926-32211; Licor)
was added; and the membranes were incubated at 37°C for
1 hour. The bands were detected using a chemiluminescent
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imaging system. The primary antibodies used in the pre-
sent study were as follows: pro-caspase 3 (1:1000; Abcam,
#ab13847), cleaved caspase 3 (1:1000; Abcam, #ab49822),
Bcl2 (1:1000; Cell Signaling Technology, #3498), Bax
(1:1000; Cell Signaling Technology, #2772), caspase
9 (1:1000; Cell Signaling Technology, #9504), c-IAP
(1:1000; Cell Signaling Technology, #4952), cyt-c (1:1000;
Abcam; #ab90529), Drpl (1:1000; Abcam, #ab56788),
Opal (1:1000; Abcam, #ab42364), Mfn2 (1:1000; Abcam,
#ab57602), Mff (1:1000; Cell Signaling Technology,
#86668), p-ERK (1:1000; Abcam, #ab176660), and t-ERK
(1:1000; Abcam #ab54230). Band intensities were nor-
malized to the respective internal standard signal intensity
GAPDH (1:1000; Cell Signaling Technology, #5174) and/
or P-actin (1:1000; Cell Signaling Technology, #4970)
using QUANTITY ONE Software (version 4.6.2; Bio-Rad
Laboratories, Inc).48’49

2.8 | Immunofluorescent staining and
mitochondrial potential detection

After the HR injury, first, the cells were fixed with 4% para-
formaldehyde for 30 minutes at room temperature. After a
10-minute incubation with 3% hydrogen peroxide to block
endogenous peroxidase activity, the samples were incubated
with primary antibodies overnight at 4°C. Then, the slides
were washed with PBS and incubated with a secondary an-
tibody (1:500; Invitrogen) at room temperature for 45 min-
utes.’®! The nuclei were stained using DAPI. The images
were acquired via fluorescence microscopy (Olympus BX-
61). The following primary antibodies were used in the
present study: OPA1 (1:1000; Abcam, #ab42364), p-ERK
(1:1000; Abcam, #ab176660), and cyt-c (1:1000; Abcam;
#ab90529). The mitochondrial potential was measured using
a JC-1 kit (Beyotime Institute of Biotechnology). After the
HR injury, the cells were washed three times with PBS and
then incubated with fresh medium supplemented with 10 mg/
mL JC-1. After 30 minutes, the samples were washed three
times with PBS to remove the free probe, and then, fresh
medium was added. The samples were observed via fluores-
cence microscopy (Olympus BX-61). The red/green fluores-
cence of JC-1 was analysed using IMAGE-PRO PLUS version 4.5
(Media Cybernetics, Inc).47’52

2.9 | Statistical analysis

The statistical analyses were performed using spss 16.0
(SPSS, Inc). All results in the present study were obtained
by one-way analysis of variance, followed by Tukey's test.
P < .05 was considered statistically significant.
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3 | RESULTS
3.1 | Resveratrol sustains N2a cell survival
under IRI

In the present study, N2a cells were used and an HR model
was established to mimic the cerebral IRI in vitro. Cell vi-
ability was determined using an MTT assay. Compared to
the control group, HR treatment reduced cell viability in
N2a cells. Subsequently, to support the protective effect of
resveratrol on N2a cells high and lower doses of resveratrol
were added into the medium in the presence of HR injury.
Then, cell viability was determined via the MTT assay.
Compared to the HR injury group, low dose of resveratrol
cannot improve the cell viability whereas high dose of res-
veratrol significantly increased cell viability in presence of
HR injury (Figure 1A), indicative of the protective effect
of resveratrol on the injured and reperfused N2a cells. This
result was further supported via lactate dehydrogenase
(LDH) release into the cell culture medium. Compared to
the control group, HR injury elevated the cell death ratio
and this effect was observed at high rather than low dosage
resveratrol (Figure 1B).

To further support the protective action of resveratrol
on HR injured N2a cells, a TUNEL assay was performed
to quantify cell death.”®>* As shown in Figure 1C and D,

Res (10 pmol/L) Res (20 pmol/L)

FIGURE 1
N2a cell viability in response to hypoxia-

Resveratrol sustains

reoxygenation (HR) injury. A, MTT assay
was used to confirm the alterations of N2a
cell viability. Resveratrol was added into
the medium of N2a cell at low and high
dose. N2a cell was treated with HR injury.
B, Lactate dehydrogenase (LDH) release
assay was used to detect cell death in

HR+Res (10 pmol/L)
HR+Res (20 pmol/L)

answer to HR injury. Low dose and high
HR+ dose of resveratrol were used to incubate
with N2a cell in the presence of HR injury.
C-D, TUNEL assay for apoptotic cell.

The apoptotic N2a cells were stained by
TUNEL-positive cells, and then, the number
of TUNEL-positive cell was recorded. E,
Caspase-3 activity was measured using
ELISA. Resveratrol was added into the
medium of N2a cell at low and high dose.
N2a cell was treated with HR injury.

*P < .05 vs control group; #P < .05 vs HR

group

compared to the control group, HR injury increased the
ratio of TUNEL-positive cells, and this effect was re-
versed by high dose resveratrol. In addition, cell death
was also monitored via measuring caspase-3 activity.
Compared to the control group, the activity of caspase-3
was increased in response to HR injury (Figure 1E), in-
dicative of caspase-3 activation at the stage of reperfusion
injury. Interestingly, resveratrol at high dose had the abil-
ity to prevent caspase-3 activation. Altogether, these data
verify the beneficial impact of resveratrol on N2a cells in
the setting of HR injury.

3.2 | Resveratrol inhibits mitochondrial
apoptosis in N2a cell

There are three pathways that are potentially implicated in
N2a cell apoptosis at the stage of reperfusion. These are
the mitochondria-related caspase-9 apoptosis axis, the ER-
mediated caspase-12 death pathway and the Fas-dependent
necrosis cascade. In the present study, mitochondrial ap-
optosis was determined in response to resveratrol treat-
ment.>>3¢ Firstly, capsase-9 activity was determined via
ELISA. As shown in Figure 2A, compared to the control
group, HR injury elevated the caspase-9 activity, im-
plicating caspase-9 at the stage of reperfusion injury.
Interestingly, resveratrol at high dose had the ability to
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FIGURE 2 Mitochondrial apoptosis is inhibited by resveratrol in N2a cell. A, Caspase-9 activity was determined using ELISA. Resveratrol
was added into the medium of N2a cell at low and high dose. N2a cell was treated with hypoxia-reoxygenation (HR) injury. B-F, Western

blotting was performed to observe the changes in mitochondrial apoptosis-related proteins. Pro-apoptotic proteins such as Bax and caspase-9 were
upregulated in response to HR injury and were reduced to near-normal levels with resveratrol treatment. In contrast, anti-apoptotic proteins such

as Bcl-2 and survivin were inhibited by HR injury and were reversed to near-normal levels with resveratrol treatment. G-H, Immunofluorescence
assay for cyt-c translocation from cytoplasm into nucleus. The expression of nuclear cyt-c was determined. I, Mitochondrial permeability transition
pore (mPTP) opening rate was determined using ELISA, and the mPTP opening was negatively modulated by resveratrol in the setting of cerebral
IR injury. *P < .05 vs control group; *P < .05 vs HR group
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reduce capsase-9 activity (Figure 2A). To further explain
the mitochondria-protective effect of resveratrol in HR-
attacked N2a cells, Western blotting was performed and
the expression of mitochondrial apoptotic proteins was an-
alysed. Compared to the control group, expression of both
Bax and caspase-9 was activated by HR injury whereas the
levels of Bcl-2 and survivin were significantly downregu-
lated injury (Figure 2B-F). This indicated that HR injury
caused an imbalance between mitochondrial apoptosis-re-
lated factors. Interestingly, resveratrol treatment reversed
the levels of anti-apoptotic proteins and reduced the pro-
apoptotic factors in the presence of HR injury (Figure 2B-
F), suggesting that mitochondrial apoptosis seems to be
powerfully inhibited by resveratrol in N2a cells.
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FIGURE 3 Resveratrol improves
mitochondrial energy metabolism in
hypoxia-reoxygenation (HR)-treated N2a
cells. A-B, JC-1 probe was used to label
mitochondrial membrane potential. Red

fluorescence intensity indicates the normal
mitochondrial membrane potential and
green fluorescence means the damage
mitochondrial membrane potential. C,
Adenosine triphosphate (ATP) production
was determined via ELISA. Resveratrol
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was added into the medium of N2a cell at
low and high dose. N2a cell was treated
with HR injury. D-F, Mitochondrial
respiratory complex activity was detected
via ELISA. HR injury elevated the activity
of mitochondrial respiratory complex
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Based on previous studies, the upstream trigger of mito-
chondrial apoptosis is the release of cyt-c from mitochondria
into the nucleus. To verify the mitochondrial cyt-c translo-
cation, an immunofluorescence assay was used. As shown
in Figure 2G-H, compared to the control group, HR injury
promoted the migration of cyt-c from cytoplasm into the nu-
cleus, and this effect could be impaired by resveratrol treat-
ment at high dose. Further, cyt-c translocation was highly
dependent on mitochondrial permeability transition pore
(mPTP) opening.””® Interestingly, mPTP opening rate could
be augmented by HR injury and was inhibited by resvera-
trol in the setting of HR injury (Figure 2I). Altogether, these
data inform us that mitochondrial apoptosis is activated by
HR injury in N2a cells whereas resveratrol treatment sends
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a pro-survival signal for N2a cells via inhibition of the mito-
chondrial apoptosis pathway.

3.3 | Resveratrol modulates mitochondrial
function and energy metabolism in the
setting of IRI

Mitochondrial dysfunction and disorder of bioenergetics
have been acknowledged as the early events for mitochon-
drial apoptosis. Accordingly, mitochondrial function and
energy metabolism were determined in N2a cell in the pres-
ence of HR injury. As shown in Figure 3A,B, compared to
the control group, mitochondrial membrane potential was
reduced to near-normal levels. Interestingly, resveratrol
treatment reversed mitochondrial membrane potential, as
evidenced by increased red-to-green fluorescence ratio.”°
Besides, mitochondrial function was also determined via
measuring adenosine triphosphate (ATP) content in N2a
cells. As shown in Figure 3C, compared to the control group,
HR injury reduced ATP production in N2a cells, and this
alteration could be reversed by high dose resveratrol. Thus
demonstrating the beneficial effects of resveratrol on mito-
chondria at the stage of reperfusion injury.
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Subsequently, mitochondrial metabolism was determined
via analysing the activity of the mitochondrial respiratory
complex. As shown in Figure 3D-F, compared to the control
group, HR injury reduced the activity of the mitochondrial re-
spiratory complex, and their phenotypic alterations could be
reversed by resveratrol at high dose. This information indicates
that resveratrol sustains mitochondrial respiratory function in
the setting of reperfusion injury.61’62 In addition to mitochon-
drial respiratory function, we also measured glucose uptake
and lactic acid production. As shown in Figure 3C-H, com-
pared to the control group, HR injury reduced glucose uptake
and inhibited lactic acid production, suggestive of inhibition
of glucose metabolism. Interestingly, resveratrol treatment
reversed the glucose uptake and promoted lactic acid produc-
tion in N2a cells at the stage of reperfusion injury. Altogether,
these results support the functional importance of resveratrol
on mitochondrial protection in reperfused-attacked N2a cells.

3.4 | Resveratrol inhibits mitochondrial
oxidative stress induced by IRI

In addition to the mitochondrial energy metabolism dis-
order, we also observed alterations in mitochondrial
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FIGURE 4 Resveratrol treatment attenuates hypoxia-reoxygenation (HR)-mediated mitochondrial oxidative stress in N2a cell. A-B,

Mitochondrial oxidative stress was evaluated via immunofluorescence. C-E, ELISA was used to measure the change in cellular antioxidants such as

superoxide dismutase (SOD), glutathione (GSH) and glutathione peroxidase (GPX). *P < .05 vs control group; *P < .05 vs HR group
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oxidative stress with resveratrol treatment. Firstly, mito-
chondrial ROS production was determined via immuno-
fluorescence.®> As shown in Figure 4A,B, compared to
the control group, the ROS levels were significantly in-
creased in HR-treated N2a cells, and this effect could be
reversed by high dose of resveratrol in the presence of HR
injury, suggestive of the antioxidative action of resveratrol
on reperfused-treated N2a cells. Furthermore, to provide
more evidence for the alterations of cell redox balance, an
ELISA assay was used to measure the activity of cell an-
tioxidant. Compared to the control group, HR injury re-
duced the levels of SOD, GSH and MDA (Figure 4C-E).
Interestingly, resveratrol treatment reversed the content of
SOD, GSH and MDA in the presence of HR injury (Figure
4C-E). Altogether, this information indicated that resvera-
trol modulated mitochondrial oxidative stress in the setting
of cerebral IR injury.

3.5 | Resveratrol activates Mfn1-related
mitochondrial protective system

Subsequently, we explored the protective mechanism by
which resveratrol affected the mitochondrial homeosta-
sis and N2a cell viability.64 Mfnl-related mitochondrial

protective system has been considered as a potential regu-
latory mechanism sustaining mitochondrial homeostasis
via multiple mechanisms. Therefore, we asked whether a
Mfnl-related mitochondrial protection system is activated
by resveratrol and promoted mitochondrial homeostasis.
First, Western blotting was used to detect the expression of
Mifnl in response to resveratrol treatment. Compared to the
control group, HR injury reduced the expression of Mfnl
(Figure 5A,B), indicative of Mfn1 inhibition by HR injury.
Interestingly, resveratrol treatment reversed the expression
of Mfnl in the presence of HR injury (Figure 5A,B). To
confirm the necessary role of Mfnl in mitochondrial pro-
tection and N2a cell viability, siRNA against Mfnl was
transfected into resveratrol-treated N2a cells. The knock-
down efficiency was verified via Western blotting. As
shown in Figure 5A,B, transfection of Mfnl siRNA pre-
vented resveratrol-mediated Mfn1 upregulation in the pres-
ence of HR injury. Subsequently, N2a cell viability was
determined in response to Mfnl knockdown. As shown
in Figure 5C, compared to the control group, HR injury
reduced N2a cell viability and this alteration could be re-
versed by resveratrol. Interestingly, loss of Mfn1 abolished
the protective effect of resveratrol on N2a cell viability.
Similar results were also obtained via the LDH release
assay. HR-mediated LDH release could be inhibited by
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FIGURE 5 Mfnl-mediated mitochondrial protection system is activated by resveratrol in the presence of hypoxia-reoxygenation (HR) injury.

A-B, Western blotting was used to observe the alterations of Mfn1 expression in response to HR injury and/or resveratrol treatment. Besides,

siRNA against Mfn1 was transfected into N2a cell and the knockdown efficiency of N2a cell was determined via Western blotting. C, Cell viability

was measured via MTT assay. D, Lactate dehydrogenase (LDH) release assay was used to verify the cell death in response to Mfnl knockdown. E,

Adenosine triphosphate (ATP) production was detected via ELISA. Resveratrol was added into the medium of N2a cell at low and high dose. N2a

cell was treated with HR injury. F, Caspase-9 activity was measured to reflect the mitochondrial damage in response to Mfn1 deletion. *P < .05 vs

control group; P < .05 vs HR group; ®P < .05 vs HR + Res group



GAO ET AL.

345
{IN"ERNATIONAL JOURNAL OF Expti:—lomoeqr]&ai “Wl LEYJ_

FIGURE 6 Resveratrol modulates
Mfnl expression via AMPK pathway.

(A)

A-C, Western blotting was used to confirm
the alterations of Mfnl and p-AMPK.
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resveratrol: and this effect was negated by Mfnl siRNA
(Figure 5D).

With respect to mitochondrial function, ATP produc-
tion was determined in response to Mfnl knockdown. As
shown in Figure 5E, compared to the control group, HR-
repressed ATP production could be reversed by resveratrol.
Interestingly, knockdown of Mfnl impaired resveratrol-me-
diated ATP upregulation in the presence of HR injury. In
addition, caspase-9 activity was activated by HR injury and
was reversed to near-normal levels with resveratrol treatment
(Figure 5F). Interestingly, the inhibitory effect of resveratrol
on caspase-9 was dependent on Mfnl because loss of Mfnl
abolished the regulatory effects of resveratrol on caspase-9.
Altogether, the above information indicates that Mfnl is re-
quired for resveratrol-mediated mitochondrial protection and
N2a cell survival.

3.6 | Resveratrol affects Mfn1 via
AMPK pathway

To the end, we asked the molecular mechanism by which
resveratrol regulated Mfnl. Based on a previous study, the
AMPK pathway is involved in Mfnl regulation in several
disease models such as cardiac microvascular IR injury and
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cardiac cardiomyopathy. Therefore, in the present study,
we asked whether AMPK pathway was involved in Mfnl
regulation in cerebral IR injury.62 Compared to the control
group, HR injury reduced the activity of AMPK, as evi-
denced by decreased p-AMPK expression (Figure 6A-C).
Besides, Mfnl expression was also downregulated in re-
sponse to HR injury (Figure 6A-C). Interestingly, resvera-
trol treatment reversed p-AMPK expression, an effect that
was accompanied with an increase in Mfn1 in the presence
of HR injury (Figure 6A-C). To confirm whether AMPK
was involved in Mfn1 regulation, the pathway blocker was
added into resveratrol-treated N2a cells. Notably, treat-
ment with compound c could prevent resveratrol-mediated
AMPK activation (Figure 6A-C), an effect that was ac-
companied with a drop in Mfn1. This information indicates
that resveratrol activates Mfnl in a manner dependent on
AMPK pathway.

To provide more evidence for the alterations of Mfn1 and
p-AMPK in response to resveratrol treatment,®’ immuno-
fluorescence assay was used to determine the alteration of
Mfnl and p-AMPK expression. As shown in Figure 6D-F,
compared to the control group, HR injury reduced the flu-
orescence intensity of Mfnl and p-AMPK. Interestingly,
resveratrol treatment reversed the levels of p-AMPK and
Mfn1, and these alterations could be repressed by compound
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c (Figure 6D-F). Altogether, our information confirmed that
resveratrol modulated Mfnl expression via activating the
AMPK pathway.

4 | DISCUSSION

In the present study we report that cerebral IR injury was
associated with mitochondrial stress, as evidenced by de-
creased mitochondrial membrane potential, increased
mitochondrial oxidative stress, reduced mitochondrial
energy metabolism, and activated mitochondrial apop-
tosis. Interestingly, resveratrol treatment could attenuate
reperfusion-mediated mitochondrial stress and this ben-
eficial effect seems to be associated with Mfnl-mediated
mitochondrial protection.®® Loss of Mfn1 abolished mito-
chondrial protection exerted by resveratrol. In addition, we
also found that resveratrol modulated Mfnl in a manner
dependent on the AMPK pathway; and blockade of AMPK
abolished the beneficial effect of resveratrol on Mfnl up-
regulation. Therefore, the key finding of our study is that
mitochondria damage is the potential target of cerebral IR
injury and resveratrol has the ability to sustain neuronal vi-
ability via improving mitochondrial performance by mod-
ulating the AMPK-Mfn1 pathway.®® As far as we know,
this is the first study to investigate the detailed role played
by mitochondrial stress in the progression of cerebral IRI.
Meanwhile, we also explained the regulatory mechanism
exerted by resveratrol on mitochondrial injury and neu-
ronal viability. This finding pave a new way to explore an
effective approach for the treatment of the cerebral IRI in
the future.

The influence of mitochondrial stress on neuronal injury
has been extensively explored. For example, in spinal cord
injury, mitochondrial dysfunction is associated with neuro-
nal apoptosis in a manner dependent on Akt-GSK3p path-
way.67’68 In hippocampal neuron development, mitochondrial
dysfunction promotes chronic energy depletion due to iron
deficiency. Besides, attenuation of mitochondrial oxidative
stress via antioxidant mitoQ improves RPS-mediated sen-
sorineural hearing loss. In ischaemia stroke, activation of
mitochondrial autophagy sustains cerebral function via mod-
ulating neuronal viability. More importantly, blood-brain
barrier dysfunction, chronic neurodegeneration, Alzheimer's
disease, Huntington's disease, and mitochondrial stress are all
interlinked through various pathways with neuronal viability.
In the present study, our data established a centre role played
by mitochondria in brain ischaemia reperfusion stress. This
information provides a piece of evidence to support the func-
tional importance of mitochondria in cerebral homeostasis.

In the present study, we found that resveratrol effec-
tively attenuated reperfusion-mediated neuronal, injury. This

finding was similar to the previous studies. For examples,
in neurodegeneration-mediated microglia polarization, res-
veratrol is shown to promote microglia survival in a manner
dependent on autophagy. In Alzheimer's disease, resveratrol
exerts neuroprotective activation via upregulating Sirtl ex-
pression. In the models of cerebral ischaemia, stress-induced
depressive-like behaviour, neuropathic pain, diabetic reti-
nopathy, early brain injury after subarachnoid haemorrhage
and memory dysfunction, the therapeutic effect of resveratrol
has been widely reportcsd.69’70 In the present study, we found
that resveratrol regulated cerebral IR injury via modulating
mitochondrial function. Resveratrol reduced mitochondrial
oxidative stress, improved mitochondrial energy metabo-
lism, repressed mitochondrial apoptosis, finally sending a
pro-survival signals for reperfused neurons. Overall our re-
sults, combined with the previous studies, comprehensively
highlight the neuroprotective actions of resveratrol. Notably,
more additional experiments should be performed to support
our findings in clinical trials.

Atthe molecular levels, resveratrol regulates mitochondrial
function via the AMPK-Mfnl pathway. AMPK is a pro-sur-
vival signalling in various disease models.**”" For example,
AMPK affects Drpl stabilization and consequently sustains
mitochondrial function in diabetic cardiomyopathy. Besides,
in oxidative stress-mediated liver injury, the AMPK pathway
could modulate mitochondrial redox balance via CaMKK2
pathway. Similarly, in myocardial ischaemia reperfusion in-
jury, AMPK activates OPA-required mitochondrial fusion
and the latter inhibits mitochondrial apoptosis. Furthermore,
in liver cancer, the AMPK pathway modulates mitochondrial
homeostasis via upregulating PGClI expre:ssion.72’73 In ad-
dition to Mfnl, several research studies have established the
role of Mfnl in mitochondrial damage. For example, Mfnl
activation is associated with mitochondrial autophagy activa-
tion. Besides, Mfn1 also modulates mitochondrial fusion and
the latter represses mitochondrial fission. Moreover, Mfn1 ac-
tivation promotes mitochondrial synthesis and energy metab-
olism. In the present study, we report that the AMPK-Mfnl
pathway is closely regulated by resveratrol.”*”> This finding
provides an easy and effective approach to activate protec-
tive the AMPK-Mfnl pathway in the setting of cerebral IR
injury.76

5 | CONCLUSION

Overall, our data demonstrate the pathogenesis of cerebral rep-
erfusion injury is linked to mitochondrial stress’ '8 including
mitochondrial redox imbalance and mitochondrial apoptosis.
However, resveratrol treatment could activate the AMPK-Mfn1
axis and therefore sustains mitochondrial function, favouring
neuron survival in the context of cerebral IR injury.79
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