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Sirt3 inhibits cerebral ischemia-reperfusion injury through normalizing
Wnt/β-catenin pathway and blocking mitochondrial fission
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Abstract
Cerebral ischemia-reperfusion injury (IRI) potentiates existing brain damage and increases mortality and morbidity via poorly
understood mechanisms. The aim of our study is to investigate the role of Sirtuin 3 (Sirt3) in the development and progression of
cerebral ischemia-reperfusion injury with a focus on mitochondrial fission and the Wnt/β-catenin pathway. Our data indicated
that Sirt3 was downregulated in response to cerebral IRI. However, the overexpression of Sirt3 reduced the brain infarction area
and repressed IRI-mediated neuron apoptosis. Functional assays demonstrated that IRI augmented mitochondrial fission, which
induced ROS overproduction, redox imbalance, mitochondrial pro-apoptotic protein leakage, and caspase-9-dependent cell death
pathway activation. However, the overexpression of Sirt3 blocked mitochondrial fission and induced pro-survival signals in
neurons subjected to IRI. At the molecular level, our data further illustrated that the Wnt/β-catenin pathway is required for the
neuroprotection exerted by Sirt3 overexpression. Wnt/β-catenin pathway activation via inhibiting β-catenin phosphorylation
attenuates mitochondrial fission and mitochondrial apoptosis. Collectively, our data show that cerebral IRI is associated with
Sirt3 downregulation, Wnt/β-catenin pathway phosphorylated inactivation, and mitochondrial fission initiation, causing neurons
to undergo caspase-9-dependent cell death. Based on this, strategies for enhancing Sirt3 activity and activating theWnt/β-catenin
pathway could be therapeutic targets for treating cerebral ischemia-reperfusion injury.
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Introduction

Despite ongoing advances in ischemic stroke therapy, the res-
toration of vascular oxygen supply via timely reperfusion
treatment remains the standard approach for ischemic damage.
Interestingly, reperfusion treatment also paradoxically leads to
a second attack on the damaged brain; this second attack is
called cerebral ischemia-reperfusion injury (IRI) (Gadicherla
et al. 2017; Zhou et al. 2018b). IRI is believed to be caused by
platelet hyperactivation, microvascular damage, oxidative
stress, cellular calcium, and excessive inflammation responses
(Zhou et al. 2018c; Zhou et al. 2018d; Zhou et al. 2018g).
Subsequent to the occurrence of the IRI, most cells in the brain
undergo programmed cell death via apoptosis, which is char-
acterized by cellular swelling and DNAbreakage (Tobisawa et

al. 2017; Zhu et al. 2018b). In addition, the extent of IRI is
clinically associated with mortality and disability during hos-
pitalization. More importantly, although current revasculariza-
tion approaches have been extensively applied in clinical prac-
tice and become highly successful, the incidence of IRI con-
tinues to increase considerably. Accordingly, the advancement
of our understanding of IRI could obviously improve the ef-
fectiveness of reperfusion treatment and increase the clinical
benefits for patients with ischemic stroke.

Mitochondrial dysfunction is a critical event leading to the
execution of IRI-mediated cell death (Alghanem et al. 2017;
Zhou et al. 2018b). For example, IRI activates the caspase-9-
dependent mitochondrial apoptotic pathway, which induces
caspase-3 activation and DNA cleavage (Ackermann et al.
2017; Zhou et al. 2017a). In addition, mitophagy, a protective
mitochondrial repair system, is inhibited by IRI and contrib-
utes to the augmentation of mitochondrial apoptosis due to its
failure to remove damaged mitochondria (Zhou et al. 2017e;
Zhou et al. 2018g). Moreover, IRI-mediated oxidative stress is
primarily attributed to the downregulation and inactivation of
mitochondrial respiratory complex I (Zhang et al. 2016).
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Additionally, IRI-induced mitochondrial calcium overload al-
so promotes mitochondrial permeability transition pore
(mPTP) opening (Ghaffari et al. 2017; Zhou et al. 2017d),
leading to mitochondrial potential dissipation and necrosis in
neurons, possibly via the activation of CaMKII pathways
(Zhu et al. 2018b). These data indicate that protecting mito-
chondrial function and structure is key to reducing damage to
the reperfused brain.

Recently, mitochondrial fission has been well recognized
as an early event in mitochondrial apoptosis; this process is
also involved in mitochondrial oxidative stress, mitochondrial
calcium overload, and mitophagy modifications in several
types of cells (Jin et al. 2018; Zhou et al. 2018a; Zhou et al.
2017c). However, the role of mitochondrial fission in the
brain, especially in cerebral IRI, has not yet been fully eluci-
dated. Moreover, the upstream regulatory mechanism for ac-
tivating mitochondrial fission in response to cerebral IRI re-
mains obscure.

Sirtuin 3 (Sirt3), a type of NAD-dependent deacetylase
expressed mainly in mitochondria, has recently been reported
to have multiple effects on mitochondrial protection in re-
sponse to several types of stress, such as oxidative
stress(Torrens-Mas et al. 2018), hyperglycemia (Nassir et al.
2018), fatty acid composition (Chabi et al. 2018), and myo-
cardial infarction (Hou et al. 2015). At the molecular level,
Sirt3 protects against p53-mediated mitochondrial damage
and neuronal death in a deacetylase activity-dependent man-
ner (Lee et al. 2018). With the help of Ku70, Sirt3 also blocks
Drp1 translocation from the cytoplasm to the mitochondria,
effectively alleviating mitochondrial fission in t-BHP-
challenged hepatocytes (Liu et al. 2017a). The overexpression
of Sirt3 in cardiac microvascular endothelial cells activates
mitophagy via PINK/Parkin pathways to reduce mitochondri-
al oxidative stress and maintain vessel sprouting and tube
formation (Wei et al. 2017). In addition, Sirt3 overexpression
also leads to the marked inhibition of cardiac hypertrophy
induced by doxorubicin via closing mPTPs, which preserves
mitochondrial potential and ensures mitochondrial respiration
(Du et al. 2017). Collectively, these findings suggest that Sirt3
could regulate mitochondrial homeostasis via pleiotropic
mechanisms. However, the functional role of Sirt3 in
reperfusion-mediated mitochondrial fission in the context of
cerebral IRI is incompletely understood.

TheWnt pathway is closely associated with cerebral cortex
development, and Wnt pathway activation via β-catenin de-
phosphorylation causes the massive expansion of the cerebral
cortex (Chenn 2008). In response to cerebral ischemia-
reperfusion injury, Wnt pathway activation is positively cor-
related with hypoxia-inducible factor-1 (HIF-1) and promotes
neural stem cell proliferation and self-renewal in vivo (Chen et
al. 2018). Moreover, Wnt pathway activation could increase
neuroprotective autophagic flux in ischemia-mediated
neuroinjury (Shi et al. 2017). In contrast, inhibiting the Wnt

pathway represses angiogenesis and proliferation in brain mi-
crovascular endothelial cells via blocking the VEGF/CREB/
Egr-3/VCAM1 signaling pathways (Kang et al. 2014). In ad-
dition, Wnt signaling has been found to be a downstream
effector of the PI3K/Akt pathway, a classical antiapoptotic
signaling pathway in cerebral IRI (Xing et al. 2015). These
data identify that the Wnt/β-catenin signaling pathway may
be required for neuroprotection in cerebral IRI. However,
whether the Wnt/β-catenin pathway could protect against
IRI-induced mitochondrial fission remains unknown.
Moreover, given the causal link between mitochondrial pro-
tection and Sirt3, we question whether the protective effects of
Sirt3 against cerebral IRI are exerted via inhibiting mitochon-
drial fission in a Wnt/β-catenin pathway-dependent manner.
Accordingly, the aim of our study is to explore the functional
role of Sirt3 in cerebral IRI, with a particular focus on mito-
chondrial fission and the Wnt/β-catenin pathway.

Materials and methods

Animal study and cerebral IRI model

Sirt3 transgenic (Sirt3-TG) mice purchased from Jackson
Laboratory (Bar Harbor, ME, USA) were used to create
the cerebral IRI model. WT mice were used as the control
group. Cerebral IRI was achieved using transient middle
cerebral artery occlusion. After the mice were anesthetized
with chloral hydrate (0.3 mg/kg i.p.), the left common ca-
rotid artery was identified. Then, a 0.2-mm nylon suture was
passed underneath the common carotid artery. The cerebral
IRI model was conducted according to the previous study
(Zuo et al. 2018). Briefly, after 45 min of ischemia, blood
flow was restored by removing the nylon filament to induce
reperfusion for 2 h (n = 6/group). After cerebral IRI, the
brain tissues were collected, and 2,3,5-triphenyltetrazolium
chloride (TTC) staining was used to observe the acute cere-
bral infarction as described in a previous study. To analyze
the protein expression in vivo, the infarction area in the
brain was collected.

Cell culture and hypoxia-reoxygenation injury

The normal Neuro-2a (N2a, ATCC® number: ATCC® CCL-
131™) neuroblastoma cell line, which has a neuron-like mor-
phology and physiology, was used in this study. The cells
were cultured in L-DMEM containing low glucose, 10% se-
rum, and 1% streptomycin and penicillin at 37 °C in CO2

conditions. To induce hypoxia-reoxygenation (HR) injury in
vitro, N2a cells were incubated in a hypoxia chamber contain-
ing 5% CO2 and 95% N2 for 45 min. Then, the cells were
returned to normal culture conditions for 2 h. To inhibit the
activity of Wnt/β-catenin pathway, DKK1 (10 mM, Sigma-

1080 H. Zhao et al.



Aldrich, USA; catalog no. 13380) was used 2-h to induce β-
catenin phosphorylated degradation(Das et al. 2017).

ROS detection

Cellular ROS production was analyzed according to a pre-
vious study (Murphy et al. 2017). Cells were washed with
cold PBS and cultured with ROS probe (1 mg/ml,
DCFHDA, Molecular Probes, USA) at 37 °C in the dark
for 15 min. After cells were washed with cold PBS three
times, the samples were observed under a confocal micro-
scope (Alghanem et al. 2017).

ATP production and mitochondrial potential
measured

The cellular ATP levels were measured using a firefly
luciferase-based ATP assay kit (Beyotime Institute of
Biotechnology) (Zhu et al. 2018a). The mitochondrial trans-
membrane potential was analyzed using a JC-1 Kit
(Beyotime, China). Images were captured using a fluores-
cence microscope (OLYMPUS DX51; Olympus, Tokyo,
Japan) and were analyzed with Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD) to obtain the mean den-
sities of the regions of interest, which were normalized to
those of the control group. Red-orange fluorescence was at-
tributable to potential-dependent dye aggregation in the mito-
chondria. Green fluorescence, reflecting the monomeric form
of JC-1, appeared in the cytosol following mitochondrial
membrane depolarization (Nunez-Gomez et al. 2017).

LDH assay and caspase-3/9 activity detection

Lactate dehydrogenase (LDH) is a fairly stable enzyme that
is released from the cytosol into the culture medium as a
consequence of cellular integrity damage. Thus, we used
an LDH assay (Beyotime Institute of Biotechnology) to
evaluate the presence of cell injury or damage. The level
of LDH released was expressed as a percentage of the con-
trol group (Glab et al. 2017; Kalyanaraman 2017). The cas-
pase-3/9 activity kits (Beyotime Institute of Biotechnology,
China) were used according to the manufacturer’s proto-
cols. The relative caspase-3/9 activity was calculated from
the ratio of treated cells to untreated cells. The assays were
repeated three times (Liu et al. 2017b).

Sirt3 overexpression

The pDC315-Sirt3 vector (1336 bp, pDC315-Sirt3-NheI-F,
5′-CTAATGCGTTGCAATACGTGCGTCCTATATG-3′ and
pDC315-Sirt31-HindIII-R, 5′-TTGTCCATTGCAAG
GCCTCTGATTGAGTCTG-3′) was designed and purchased
from Shanghai Gene-Pharma Co. (Shanghai, China)

(Brasacchio et al. 2017). Briefly, the plasmid (3.0 μg per
1 × 104 cells/well) was transfected into HEK293 cells. When
the cells detached from the plates, the medium supernatant
was collected. Then, the viral supernatant was identified
and amplified to obtain adenovirus-Sirt3 (Ad-Sirt3).
Subsequently, Ad-Sirt3 was transfected into the N2a cells to
overexpress Sirt3. Viral transductions were performed by in-
cubating N2a cells with recombinant Ad-Sirt3 in Opti-MEM
media supplemented with Lipofectamine 2000 (Thermo
Fisher Scientific, Inc.) according to the manufacturer’s proto-
col (Torres-Quesada et al. 2017). Null vector transfection was
used as the control group (Ad-ctrl).

GSH, GPx, and SOD detection

GSH, GPx, and SOD are important antioxidants that scav-
enge free radicals and therefore suppress the extent of ox-
idative stress and reduce the oxidative stress injury of N2a
exposed to HR. SOD/GPx activity and GSH concentration
were measured using commercial kits (Beyotime Institute
of Biotechnology, China) following the manufacturer’s in-
structions (Le Cras et al. 2017; Randriamboavonjy et al.
2017).

Western blot

Cells were collected and lysed with RIPA lysis buffer
(Beyotime, China) for 30 min. Equal amounts of protein were
separated and transferred to a PVDF membrane (Millipore)
(Dufour et al. 2017). After being blocked with 5% milk in
Tris-buffered saline containing 0.05% Tween20 (TBST) at
room temperature for 1 h, the membrane was incubated at
4 °C overnight with the following primary antibodies:
caspase-9 (1:1000, Cell Signaling Technology, no. 9504);
pro-caspase-3 (1:1000, Abcam, no. ab13847); cleaved
caspase-3 (1:1000, Abcam, no. ab49822); Bcl2 (1:1000, Cell
Signaling Technology, no. 3498); Bax (1:1000, Cell Signaling
Technology, no. 2772); c-IAP (1:1000, Cell Signaling
Technology, no. 4952); survivin (1:1000, Cell Signaling
Technology, no. 2808); cyt-c (1:1000; Abcam; no.
ab90529); Drp1 (1:1000, Abcam, no. ab56788); Fis1
(1:1000, Abcam, no. ab71498); Mff (1:1000, Cell Signaling
Technology, no. 86668); Opa1 (1:1000, Abcam, no.
ab42364); Mfn1 (1:1000, Abcam, no. ab57602); Sirt3
(1:1000, Abcam, no. ab86671); β-catenin (1:1000, Abcam,
no. ab32572); p-β-catenin (1:1000, Abcam, no. ab53050);
GAPDH (1:1000, Cell Signaling Technology, no. 5174); β-
actin (1:1000, Cell Signaling Technology, no. 4967). After
washing with PBST, the membrane was incubated with sec-
ondary antibody (1:1000, Cell Signaling Technology, nos.
7076 and 7074) for 1 h at room temperature, followed by
enhanced chemiluminescence western blot detection reagents
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).
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MTT assay and TUNEL staining

MMT assay was conducted as previously described (Zhou et
al. 2017b). Briefly, the cells were seeded in a 96-well plate at
37 °C with 5% CO2. Subsequently, 20 μl 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/
ml; pH 7.4; Sigma-Aldrich) was added to the cells for 4 h (Lin
et al. 2017). The supernatants were then discarded and 100 μl
dimethyl sulfoxide (Sigma-Aldrich) was added to each well
for 10 min. The OD of the samples was measured at an ab-
sorbance of 490 nm using a spectrophotometer (Epoch 2;
BioTek Instruments, Inc., Winooski, VT, USA). The assay
was repeated three times.

A TUNEL assay was performed using a one-step TUNEL
kit (Beyotime Institute of Biotechnology, Haimen, China) ac-
cording to the manufacturer’s instructions (Jovancevic et al.
2017). TUNEL staining was performed with fluorescein-
dUTP (Invitrogen; Thermo Fisher Scientific, Inc.) to stain
apoptotic cell nuclei, and DAPI (5 mg/ml) was used to stain
all cell nuclei at room temperature for 3 min. Cells in which
the nucleus was stained with fluorescein-dUTP were defined
as TUNEL positive. The slides were then imaged under a
confocal microscope (Zhang et al. 2017).

Immunofluorescence confocal microscopy

Cells were fixed in 3.7% paraformaldehyde for 10 min at
room temperature and permeabilized in 100% prechilled ace-
tone (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China). Following blocking with 5% bovine serum albumin
(Sigma-Aldrich; Merck KGaA) in PBS for 1 h at room tem-
perature, the cells were incubated with primary antibodies for
4 h at room temperature (Pickard et al. 2017). Subsequently,
the cells were incubated with secondary antibody (1:1000; cat.
no. A-21206; Invitrogen; Thermo Fisher Scientific, Inc.) at
37 °C for 1 h in the dark. The primary antibodies used for cell
immunofluorescence were as follows: Sirt3 (1:1000, Abcam,
no. ab86671); p-β-catenin (1:1000, Abcam, no. ab53050);
cyt-c (1:1000; Abcam; no. ab90529); Tom20 (1:1000,
Abcam, no. ab186734) (Nunez-Gomez et al. 2017). The mi-
tochondria were stained using Tom20 and the mitochondrial
length was measured via laser confocal microscope (TcS SP5;
Leica Microsystems, Inc., Buffalo Grove, IL, USA) according
to the previous study (Zhou et al. 2018e).

Statistical analysis

All analyses were performed with SPSS 20.0 software
(IBM Corp., Armonk, NY, USA). All experiments were
repeated three times. The data are presented as the mean
± standard deviation and statistical significance for each
variable was estimated by a one-way analysis of vari-
ance followed by Tukey’s test for the post hoc analysis.

P < 0.05 was considered to indicate a statistically signif-
icant difference.

Results

Sirt3 overexpression regulates cerebral IRI

To address the functional role of Sirt3 in cerebral IRI, an in
vivo model of 45 min of ischemia and 2 h of reperfusion
was created. Subsequently, proteins were isolated from the
brain, and the expression of Sirt3 was examined via west-
ern blots and qPCR. The results shown in Fig. 1a–c dem-
onstrate that Sirt3 expression and transcription were sig-
nificantly downregulated in the cerebral IRI group com-
pared to the sham group. To explain the neuroprotective
role of Sirt3 in cerebral IRI, Sirt3 transgenic (Sirt3-TG)
mice were subjected to the ischemia-reperfusion process.
Compared to the WT mice, Sirt3-TG mice had higher Sirt3
expression levels after IRI (Fig. 1a–c). In addition, com-
pared to the sham group, the IRI group had a significantly
increased infarction area in the brain (Fig. 1d–e), and this
effect was significantly inhibited in Sirt3-TG mice, sug-
gesting that IRI-mediated infarction expansion was negat-
ed by Sirt3 overexpression (Fig. 1d–e). Similarly, the
caspase-3 activity was also increased in response to IRI
and was reversed to near normal levels with Sirt3 overex-
pression (Fig. 1f).

In light of the central role of cellular apoptosis in cerebral
IRI progression (Nunez-Gomez et al. 2017), western blot-
ting was carried out to analyze the expression of apoptotic
proteins in Sirt3-TG mice and WT mice after IRI or sham
surgery. Compared to the sham group, the IRI group had
significantly increased expression levels of pro-apoptotic
proteins, such as Bax, cyto-cyt c, caspase-3, and caspase-9
(Fig. 1g–n). In comparison, the expression of antiapoptotic
factors, such as Bcl2, x-IAP, and survivin, was markedly
inhibited by IRI. These data confirmed that IRI was accom-
panied by increased cellular apoptosis. Interestingly, the
restoration of Sirt3 in Sirt3-TG mice reversed the balance
between pro- and antiapoptotic proteins, identifying the in-
dispensable role of Sirt3 in blocking neuron apoptosis in-
duced by IRI (Fig. 1g–n). Altogether, these data highlighted
that Sirt3 is required for neuroprotection in cerebral IRI
because it suppresses neuron apoptosis.

Reintroduction of Sirt3 enhances N2a cell survival via
inhibiting mitochondrial apoptosis

More evidence was obtained in vitro using a hypoxia-
reoxygenation (HR) model in N2a cells. Subsequently, cellu-
lar viability and apoptotic rates were measured via MTT as-
says and TUNEL staining, respectively. As illustrated in

1082 H. Zhao et al.



Fig. 2a–c, HR treatment reduced cell viability and thus en-
hanced the cellular apoptotic index; these effects were signif-
icantly inhibited by Sirt3 overexpression via adenovirus-
based technology (Ad-Sirt3) (Fig. 2a–c). The transfection ef-
ficiency of Sirt3 was shown in Fig. 2d and the overexpression
efficiency was demonstrated in Fig. 2e–f. These data, consis-
tent with the results observed in the animal study, confirmed
that Sirt3 is an endogenous protector against neuron damage
in response to IRI.

Subsequently, western blots were performed to analyze
changes in apoptotic protein levels. Similar to the data obtain-
ed in the in vivo experiments, HR injury upregulated pro-
apoptotic proteins related to mitochondria damage and down-
regulated antiapoptotic proteins (Fig. 2e–k). However, the
transfection of Ad-Sirt3 could inhibit this imbalance between
anti- and pro-apoptotic proteins (Fig. 2e–k). Collectively,
these data indicate the role of Sirt3 in suppressing
reperfusion-mediated neuron apoptosis.

Fig. 1 Sirt3 reintroduction protects the brain from IRI. a–c Ischemia for
45 min and reperfusion for 2 h were used to induce cerebral IRI. Then,
western blotting and qPCR were performed to analyze Sirt3 expression.
d–e After cerebral IRI, TTC staining was used to observe the infarction
size in WT mice and Sirt3-TG mice. f After cerebral IRI, proteins were

isolated and caspase-3 activity was measured via ELISA assay. g–n
Proteins were isolated from the brain tissues of WT mice and Sirt3-TG
mice after cerebral IRI, and apoptotic proteins were analyzed by western
blotting. *P < 0.05
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Sirt3 blocks IRI-activated mitochondrial fission

Next, experiments were carried out to investigate the mech-
anism by which Sirt3 alleviated neuron apoptosis. To ad-
dress this question, we investigated mitochondrial fission
since it has been well-documented as an inducer of mito-
chondrial apoptosis in heart and liver reperfusion (Zhou et
al. 2018a; Zhou et al. 2018e). As shown in Fig. 3a, HR
treatment induced the division of strip-shaped mitochondria
into several round fragments, and this effect was strongly
inhibited by Ad-Sirt3 transfection. These data hinted that
mitochondrial fission was activated by HR and inhibited
by Sirt3 overexpression. Subsequently, the average length

of mitochondria wasmeasured, and the results indicated that
mitochondrial length was decreased to 2.3 ± 0.3 μm by HR
treatment and reversed to 8.7 ± 0.9 μm after Ad-Sirt3 trans-
fection (Fig. 3b); these data suggest that Sirt3 can block HR-
induced mitochondrial fission. Besides, western blots were
performed to analyze the expression levels of proteins relat-
ed to mitochondrial fission. Compared to the control group,
the HR treatment group had increased expression levels of
proteins involved in mitochondrial fission, such as Drp1,
Fis1, and Mff (Fig. 3c–f). In comparison, the expression
levels of mitochondrial fusion proteins, such as Mfn1 and
Opa1 (Fig. 3d–h), were reduced by HR injury. Interestingly,
the restoration of Sirt3 reversed the balance between fission-

Fig. 2 Sirt3 overexpression promotes N2a cell survival via blocking
mitochondrial apoptosis in vitro. a Hypoxia for 45 min and
reoxygenation (HR) for 2 h were used to mimic cerebral IRI in N2a
cells. To overexpress Sirt3, Ad-Sirt3 was transfected into N2a cells, and
a null vector was used for the control group (Ad-ctrl). After HR injury,
cellular viability was analyzed via MTT assay. The relative cellular

viability was normalized to the control group. b, c After HR injury, the
cells were subjected to TUNEL assays, and the TUNEL-positive cells
were recorded. d The transfection efficiency of Ad-Sirt3. e–k Proteins
were isolated from N2a cells after HR injury; then, western blotting was
used to analyze apoptotic protein expression. *P < 0.05
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and fusion-associated factors. Considering that mitochon-
drial fusion protects against excessive mitochondrial fission
(Ligeza et al. 2017; Ronchi et al. 2017), we concluded that
Sirt3 deficiency triggers mitochondrial fission in neurons
upon HR injury. Lastly, to explore whether mitochondrial
fission is responsible for HR-mediated neuron apoptosis, a
fission activator and inhibitor were used. We blocked mito-
chondrial fission in HR-treated cells via Mdivi-1 and

reactivated fission in Sirt3-overexpressing cells via FCCP.
Subsequently, caspase-3 activity was measured via ELISA.
Compared to that in the control group, caspase-3 activity
was increased by HR treatment and reduced by Sirt3 over-
expression orMdivi-1 pretreatment (Fig. 3i). In contrast, the
reactivation of mitochondrial fission via FCCP abolished
the inhibitory effect of Sirt3 overexpression on caspase-3
activation (Fig. 3i). Similarly, TUNEL assay also

Fig. 3 Sirt3 overexpression
inhibits mitochondrial fission. a,
b Hypoxia for 45 min and
reoxygenation (HR) for 2 h were
used to mimic cerebral IRI in N2a
cells. To overexpress Sirt3, Ad-
Sirt3 was transfected into N2a
cells, and a null vector was used
for the control group (Ad-ctrl).
After IRI, the cells were stained
for Tom20, a special
mitochondrial marker. Then, the
average length of the
mitochondria was recorded. c–h
Proteins were isolated from N2a
cells after HR injury; then,
western blotting was carried out
to determine mitochondrial
fission- and fusion-related protein
expression. i To activate
mitochondrial fission, FCCP was
added to the medium for 2 h. To
inhibit mitochondrial fission,
Mdivi1 was added to N2a cells
4 h before HR injury. Then,
caspase-3 activity was analyzed
via ELISA. j, k After HR injury,
the cells were subjected to
TUNEL assays, and the TUNEL-
positive cells were recorded. *P
< 0.05
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demonstrated that Sirt3 reducedHR-mediated cell apoptosis
via suppressing mitochondrial fission (Fig. 3j–k). Through
loss- and gain-of-function assays for mitochondrial fission,
we confirmed that mitochondrial fission, which is strongly
inhibited by Sirt3, was the upstream trigger for lethal mito-
chondrial apoptosis in the cerebral IRI model.

Mitochondrial fission accounts for neuron apoptosis
via triggering the caspase-9-dependent
mitochondrial apoptosis pathway

Subsequently, we determined how mitochondrial fission
promoted neuron apoptosis. Previous findings indicated
that mitochondrial fission initiated caspase-9-dependent
mitochondrial apoptosis via inducing oxidative stress and
pro-apoptotic factor leakage in a myocardial reperfusion
injury model (Jin et al. 2018; Zhou et al. 2017a). Based on
this, we first examined cellular oxidative stress with Sirt3
overexpression. As shown in Fig. 4a, b, HR increased ROS
generation, the effects of which were inhibited by Sirt3
overexpression. Interestingly, the reactivation of mitochon-
drial fission via FCCP restored ROS generation in Sirt3-
overexpressing cells (Fig. 4a–b). Subsequently, we found
that excessive ROS levels were accompanied by a decrease
in cellular antioxidant factors, such as SOD, GSH, and GPX
(Fig. 4c–e). In comparison, Sirt3 overexpression main-
tained the expression of SOD, GSH, and GPX (Fig. 4c–e),
and this effect was negated by FCCP. Moreover, the mito-
chondrial potential was reduced by HR stress and was re-
versed to normal levels by Sirt3 overexpression because
mitochondrial fission was prevented (Fig. 4f, g).

In response to the destruction of mitochondrial potential,
mitochondria released cyt-c into the nucleus (Fig. 4h, i), and
this effect was largely repressed by Sirt3 transfection in a
mitochondrial fission-dependent manner. Cyt-c, a pro-
apoptotic factor primarily located in mitochondria, could
activate caspase-9 and thus increase caspase-3 activity to
induce apoptosis in cells. Based on this, we measured the
activity of caspase-9. The results showed that HR increased
caspase-9 activity, whereas Ad-Sirt3 transfection reduced
caspase-9 activity (Fig. 4j). Interestingly, FCCP treatment
restored the increased caspase-9 activity despite transfec-
tion with Ad-Sirt3. Altogether, these data indicated that
neuron apoptosis induced by HR stress can be attributed
to activated mitochondrial fission, which is strongly
inhibited by Sirt3.

The Wnt/β-catenin pathway is activated by Sirt3
and contributes to mitochondrial homeostasis

Next, experiments were conducted to explore the down-
stream effector of Sirt3 that is responsible for mitochondrial
fission inhibition. Given the neuroprotective role of the

Wnt/β-catenin pathway in cerebral IRI (Lee et al. 2017b;
Torres-Estay et al. 2017), we questioned whether Sirt3 mod-
ified mitochondrial fission via the Wnt/β-catenin pathway.
First, western blots for β-catenin displayed that the Wnt/β-
catenin pathway was inhibited by HR treatment, as evi-
denced by increased β-catenin phosphorylation (Fig. 5a,
b), which indicates that the Wnt/β-catenin pathway is inac-
tive. Interestingly, the reintroduction of Sirt3 via Ad-Sirt3
transfection repressed HR-mediated β-catenin phosphory-
lation (Fig. 5a, b), indicative of β-catenin activation. This
concept was further verified via immunofluorescence as-
says costaining for Sirt3 and p-β-catenin (Fig. 5c–e).
These data indicated that the Wnt/β-catenin pathway is
inhibited by HR and activated in response to Sirt3 activa-
tion. To establish the causal role of the Wnt/β-catenin path-
way in Sirt3-mediated neuroprotection, pathway blocker
(DKK1) was used to inhibit the activity of β-catenin in
Sirt3-overexpressing cells. The inhibitory efficiency is
shown in Fig. 5a, b. After blocking Wnt/β-catenin pathway,
caspase-9 activity was measured again. Similar to the above
results, HR-augmented caspase-9 activity was mostly sup-
pressed by Ad-Sirt3 transfection, and this effect was fully
inhibited by DKK1 (Fig. 5f). Overall, these data firmly es-
tablish the central role of Sirt3-inducedWnt/β-catenin path-
way activation in inducing mitochondrial homeostasis in
HR-treated neurons.

The Wnt/β-catenin pathway is also involved
in mitochondrial fission

To validate whether the Wnt/β-catenin pathway is involved
in HR-induced mitochondrial fission and neuron apoptosis,
we observed mitochondrial morphology and the neuron
apoptotic index in the presence of Wnt/β-catenin pathway
blocker. As shown in Fig. 6a, b, mitochondrial fragmenta-
tion was stimulated by HR treatment, and this configura-
tion change was recused by Sirt3 overexpression.
However, inhibition of Wnt/β-catenin pathway via DKK1
restored the formation of mitochondrial fragments. This
observation was further supported via measuring the aver-
age length of the mitochondria (Fig. 6a, b). This informa-
tion confirmed that Wnt/β-catenin pathway activation is
associated with mitochondrial fission inhibition. Lastly,
we used TUNEL staining to observe the role of the Wnt/
β-catenin pathway in neuron death. The results in Fig. 6c,
d show that the number of TUNEL-positive cells was in-
creased in response to HR and was reversed to normal
levels by Sirt3 overexpression. In comparison, inhibition
of Wnt/β-catenin pathway restored the ratio of TUNEL-
positive cells (Fig. 6c, d), even with Sirt3 overexpression.
Altogether, our data illustrated that the Wnt/β-catenin
pathway is involved in mitochondrial fission and neuron
apoptosis in response to HR injury.
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Discussion

The pathogenesis of cerebral IRI involves a range of complex
processes, including cellular oxidation, calcium overload, and
excess inflammation responses. Interestingly, mitochondrial fis-
sion is noted in the above pathophysiological process.
Moreover, the role and upstream regulatory mechanism of

mitochondrial fission in cerebral IRI remain unknown. In the
present study, we found that (1) Sirt3 was significantly down-
regulated in response to cerebral IRI in vivo and in vitro; (2)
functional investigations indicated that the reintroduction of
Sirt3 attenuated IRI-mediated neuron apoptosis, possibly
through blocking caspase-9-dependent mitochondrial apoptotic
signals; (3) at the molecular level, mitochondrial apoptosis was

Fig. 4 Mitochondrial fission
regulates neuron apoptosis upon
HR injury. a, b Hypoxia for
45 min and reoxygenation (HR)
for 2 h were used to mimic
cerebral IRI in N2a cells. To
overexpress Sirt3, Ad-Sirt3 was
transfected into N2a cells, and a
null vector was used for the
control group (Ad-ctrl). Then,
DCFHDA, a type of probe, was
used to stain for cellular ROS, and
ROS production was observed.
FCCP was used to activate
mitochondrial fission. c–e The
cellular antioxidant factors SOD,
GSH, and GPXwere analyzed via
ELISA. f–g Mitochondrial
potential was measured via JC-1
staining. h, i Immunofluorescence
assay for cyt-c. DAPI was used to
stain the nuclei. j Caspase-9
activity was analyzed via ELISA,
and the relative caspase-9 activity
was normalized to that of the
control group. *P < 0.05
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triggered by excessive mitochondrial fission; (4) Sirt3 overex-
pression strongly suppressed mitochondrial fission via activat-
ing the Wnt/β-catenin pathway; and (5) the loss of β-catenin
abolished the neuroprotective effects of Sirt3 overexpression.
Taken together, our present study comprehensively describes
the pathogenesis of cerebral IRI, which involves Sirt3 downreg-
ulation, Wnt/β-catenin pathway inactivation, mitochondrial fis-
sion initiation, and caspase-9-dependent apoptosis in neurons.
To the best of our knowledge, this is the first study to establish
that Sirt3 protects against cerebral IRI via blocking mitochon-
drial fission and normalizing Wnt/β-catenin signaling.

Mitochondrial fission is a physiological response occurring
in numerous biological processes, such as cellular prolifera-
tion, cancer mobility, and metabolism reprogramming
(Griffiths et al. 2017). The aim of normal mitochondrial fission
is to provide more daughter mitochondria to meet cellular en-
ergy requirements (Brasacchio et al. 2017; Oanh et al. 2017).
However, excessivemitochondrial fission causes the formation
of mitochondrial fragments, which are harmful to cellular ho-
meostasis. In heart ischemia reperfusion (Zhou et al. 2017a;
Zhou et al. 2017d), excessive mitochondrial fission has been
reported to mediate the uneven division of mitochondrial DNA

Fig. 5 Sirt3 activates the Wnt/β-catenin pathway to sustain
mitochondrial homeostasis. a–b Western blotting was performed to
analyze the levels of β-catenin phosphorylation, an indicator of Wnt/β-
catenin inactivation. To inhibit the Sirt3-mediated β-catenin activation,

DKK1 was administrated into Sirt3-overexpressing cell. Then, the
proteins were isolated, and protein expression levels were analyzed. c–e
Immunofluorescence for p-β-catenin and Sirt3. f Caspase-9 activity was
analyzed via ELISA. *P < 0.05
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(mtDNA) into daughter mitochondria, which impairs mtDNA
copy and transcription. Moreover, excessive mitochondrial fis-
sion induces extensive mitochondrial oxidative stress via XO-
dependent (Zhang et al. 2016) or COX1-related (Zhou et al.
2018f) ROS generation; this process results in cell death be-
cause mPTP opening is promoted (Zhu et al. 2018a). In the
present study, we found that mitochondrial fission is the pri-
mary contributor to cerebral IRI-induced neuron death; exces-
sive mitochondrial fission was associated activating caspase-9-
dependent mitochondrial apoptosis as evidenced by reduced
mitochondrial potential, augmented ROS production and more
cyt-c release into the nucleus. These findings identify mito-
chondrial fission as a potential target for protecting the brain
from reperfusion injury. Accordingly, strategies to prevent mi-
tochondrial fission could be considered an effective therapeutic
approach for treating cerebral IRI in clinical practice.

In the present study, we determined that IRI-induced mito-
chondrial fission is primarily regulated by Sirt3 and theWnt/β-
catenin pathway. Our results illustrated that Sirt3 was down-
regulated by cerebral IRI, which was followed by increased
mitochondrial fission. However, the overexpression of Sirt3
effectively inhibited the mitochondrial fission, and this

mechanism was achieved via the Wnt/β-catenin pathway.
Inactivation of the Wnt/β-catenin pathway via pathway
blocker abolished the pro-survival effects exerted by Sirt3 in
neurons during cerebral IRI. These data identified Sirt3 as the
upstream regulator of mitochondrial fission inhibition viaWnt/
β-catenin pathway activation. In fact, ample evidence has
shown the role of Sirt3 in mitochondrial homeostasis and
ROS management. For example, Sirt3 is associated with mito-
chondrial cardiolipin expression (Chabi et al. 2018), mPTP
opening regulation (Nassir et al. 2018), mitochondrial energy
production (Wu et al. 2018), autophagy activity (Takakura et
al. 2017), cellular oxidative stress (Lee et al. 2018), and meta-
bolic reprogramming (Lee et al. 2017a). More importantly, the
protective effects of Sirt3 on mitochondria have been verified
in different disease models, including Alzheimer’s disease
(Lee et al. 2018), gastric cancer (Lee et al. 2017a), fatty liver
disease (Liu et al. 2017a), and heart failure (Du et al. 2017).
These findings indicate that Sirt3 is an endogenous protector
against mitochondrial dysfunction in many diseases (Garcia-
Nino et al. 2017). In the present study, our data further support
the beneficial impact of Sirt3 on mitochondria, especially in
cerebral IRI via inhibiting mitochondrial fission. These

Fig. 6 The Wnt/β-catenin pathway is also involved in mitochondrial
fission. a, b DKK1 was used to inhibit the Wnt/β-catenin pathway.
Mitochondria were stained with Tom20, and the average length of the

mitochondria was recorded. c, dAfter HR injury, the cells were subjected
to TUNEL assays, and the TUNEL-positive cells were recorded. *P <
0.05
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findings provide new insights into the mechanisms of mito-
chondrial damage during cerebral IRI.

We observed that theWnt/β-catenin pathway is necessary for
the brain protection provided by Sirt3. Notably, previous studies
have noted the causal relationship between the sirtuin family and
the Wnt/β-catenin pathway (Zhou et al. 2016). Sirt1 represses
adipogenesis by activating the Wnt/β-catenin pathway. In com-
parison, Sirt3 deficiency is associated with the inactivation of the
Wnt/β-catenin pathway, which contributes to hearing loss and
neurological disease (Kwon et al. 2015). These data indicate that
Sirt3 might be the upstream inducer of the Wnt/β-catenin path-
way. Regarding the Wnt/β-catenin pathway, its crucial role in
brain development has been described by several reports; this
pathway is necessary for cerebral cortex expansion (Chenn
2008), neuronal connectivity, and synapse formation (Oliva et
al. 2013). However, in response to cerebral IRI, the Wnt/β-
catenin pathway has been found to be inactivated through mech-
anisms that are poorly understood (Couto et al. 2017; Schock et
al. 2017). In the current study, we describe these mechanisms.
Our data show that the Wnt/β-catenin pathway is phosphorylat-
ed inactivation due to Sirt3 downregulation in cerebral IRI; the
overexpression of Sirt3 could reverse the activity of the Wnt/β-
catenin pathway. Notably, the mechanism by which Sirt3 acti-
vates the Wnt/β-catenin pathway remains unclear, and whether
Sirt3 directly interacts with β-catenin to stabilize its expression
and activity or promotes its transcription with the assistance of
other proteins have not yet been determined(Lassen et al. 2017;
Merjaneh et al. 2017). Accordingly, further investigations are
required to obtain the full role of Sirt3 in activating the Wnt/β-
catenin pathway in cerebral IRI.

Collectively, our data explain the functional role of Sirt3 in
cerebral reperfusion injury. Sirt3 is downregulated by cerebral
IRI and subsequently inactivates the Wnt/β-catenin pathway,
which induces excess mitochondrial fission. Extensive mito-
chondrial fragmentation promotes cellular oxidation and in-
creases caspase-9-related mitochondrial apoptosis, thus causing
apoptosis in neurons. These findings shed new light on cerebral
IRI development and progression and may provide a new ther-
apeutic approach for treating cerebral reperfusion injury.
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