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Abstract Existing evidence indicates that exer-
cise training can enhance neural function by regulat-
ing mitochondrial quality control (MQC), which can 
be impaired by cerebral ischemia, and that sirtuin-3 
(SIRT3), a protein localized in mitochondria, is cru-
cial in maintaining mitochondrial functions. However, 
the relationship among exercise training, SIRT3, and 
MQC after cerebral ischemia remains obscure. This 
study attempted to elucidate the relationship among 
exercise training, SIRT3 and MQC after cerebral 

ischemia in rats. Male adult SD rats received tMCAO 
after the transfection of adeno-associated virus encod-
ing either sirtuin-3 (AAV-SIRT3) or SIRT3 knock-
down (AAV-sh-SIRT3) into the ipsilateral striata and 
cortex. Subsequently, the animals were randomly 
selected for exercise training. The index changes 
were measured by transmission electron micros-
copy, Western blot analysis, nuclear magnetic reso-
nance imaging, TUNEL staining, and immunofluo-
rescence staining, etc. The results revealed that after 
cerebral ischemia, exercise training increased SIRT3 
expression, significantly improved neural func-
tion, alleviated infarct volume and neuronal apopto-
sis, maintained the mitochondrial structural integ-
rity, and re-established MQC. The latter promoted 
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mitochondrial biogenesis, balanced mitochondrial fis-
sion/fusion, and enhanced mitophagy. These favora-
ble benefits were reversed after SIRT3 interference. 
In addition, a cellular OGD/R model showed that the 
increased SIRT3 expression alleviates neuronal apop-
tosis and re-establishes mitochondrial quality control 
by activating the β-catenin pathway. These findings 
suggest that exercise training may optimize mito-
chondrial quality control by increasing the expression 
of SIRT3, thereby improving neural functions after 
cerebral ischemia, which illuminates the mechanism 
underlying the exercise training-conferred neural ben-
efits and indicates SIRT3 as a therapeutic strategy for 
brain ischemia.

Keywords Cerebral ischemia · Exercise training · 
SIRT3 · Neuronal apoptosis · Mitochondrial Quality 
Control (MQC)

Introduction

Globally, stroke contributes prominently to mortality 
and disability (Feigin et al. 2021). As ageing popula-
tion progresses, the effects of stroke are increasingly 
prevalent in the general population and the need of 
rehabilitation exercise is imminent for stroke sur-
vivors (Stinear et  al. 2020), in that exercise training 
is an important measure for secondary and tertiary 
prevention of stroke (Hu et al. 2017b). However, the 
specific mechanism underlying the benefits of exer-
cise training for stroke treatment remains largely 
unelucidated.

Of the damages wrought by cerebral ischemia, 
one hallmark is mitochondrial dysfunction, which 
can induce the death of neurons (He et al. 2020). As 
double-membrane organelles, mitochondria engage 
in various biological processes (Bock and Tait 
2020). Given its pivotal role in regulating neuronal 
death, restoring the functions of mitochondria after 
ischemic injury may seem to be a powerful alterna-
tive for brain ischemia (Yang et al. 2022). Research 
indicates that mitochondrial quality control (MQC), 
such as the biogenesis, autophagy, fusion and fis-
sion of mitochondria, is critical in preserving both 
the integrity and functionality of mitochondria 
(Tang et al. 2021). In MQC, the fusion and fission 
of mitochondria serve as crucial components in the 
dynamic management and repair of mitochondria, 

whereas mitochondrial autophagy and biogenesis 
facilitate the degradation and rejuvenation of these 
organelles (Fu et  al. 2019). Studies have demon-
strated that mitochondria respond to the chang-
ing cellular environment via these quality controls 
[8] and MQC is disrupted after cerebral ischemia 
(Salmina et  al. 2021). Therefore, after cerebral 
ischemia, reversing the dysregulated MQC is criti-
cal for attenuating the adverse effects of mitochon-
drial damage on neurons (Wu et al. 2021).

Current literature demonstrates that exercise train-
ing promotes MQC regulation and that during volun-
tary exercise, muscle contractions can enhance mito-
chondrial biogenesis and autophagy, improving the 
function and structure of mitochondria (Granata et al. 
2018). Other studies document that treadmill exercise 
improves the biogenesis (Rezaee et al. 2019), fusion 
(Chuang et  al. 2017), and autophagy (Hwang et  al. 
2018) of mitochondria in Parkinson’s disease and that 
sustained short-term exercise can ameliorate cardiac 
dysfunction and improve MQC in aged mice after 
myocardial infarction (Zhao et  al. 2018). The above 
findings highlight that regulating MQC via exercise 
training may act as a potential strategy for disease 
treatment. However, it remains unsettled whether 
exercise training can optimize MQC after cerebral 
ischemia, let alone an exploration into the underlying 
mechanisms.

In non-cerebral ischemia studies, exercise train-
ing can improve the expression of Sirtuin-3 (SIRT3) 
in rats (Muñoz et  al. 2018; Nogueira-Ferreira et  al. 
2019), an NAD + dependent mitochondrial deacety-
lase that modulates the acetylation of mitochondria-
associated proteins (Ansari et  al. 2017). As a dea-
cetylase located in mitochondria, SIRT3 positively 
mitigates mitochondrial dysfunction and attenuates 
injury by modulating MQC. In sepsis-induced myo-
cardial injury, SIRT3 reduces myocardial damage by 
activating AMPK-related mitochondrial biogenesis 
(Xin and Lu 2020); SIRT3 can inhibit excessive mito-
chondrial fission, mitigating the injury stemmed from 
cerebral ischemia–reperfusion (Hao et  al. 2018). In 
addition, the SIRT3-promoted autophagy can attenu-
ate ischemic injury by removing damaged nerve cells 
(Chen et  al. 2021). Taken together, these findings 
demonstrate that SIRT3, like exercise training, is also 
involved in the MQC regulation. However, the inter-
relation among exercise training, SIRT3, and MQC 
after cerebral ischemia remains blurred.
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Available research indicates that SIRT3 can 
activate the β-catenin pathway and thus mediates 
the protection conferred by the NLRP3 inflam-
masomes against osteogenic inhibition induced by 
titanium particles (Zheng et  al. 2021). Evidence 
documents that the β-catenin pathway engages in 
various processes, including synaptic remodeling, 
neuronal genesis, and the maintenance of intracel-
lular homeostasis (Marchetti 2018). The activation 
of this pathway will recruit β-catenin and facili-
tate its nuclear entry to modulate the transcription 
of target genes such as Cyclin D1 and C-myc (Jia 
et  al. 2019). In studies of kidney injury, β-catenin 
has been shown to alleviate cell death and mito-
chondrial dysfunction during acute kidney injury, 
including enhanced mitochondrial biogenesis, an 
increase in fusion markers (e.g., Mfn2 and OPA1), 
and a decrease in Drp1, the fission protein, thus 
restoring the homeostasis of mitochondria (Li et al. 
2022). In cases of cerebral ischemia, the activation 
of the β-catenin pathway can also reduce neuronal 
apoptosis and maintain the function of mitochon-
dria (Guo et  al. 2023). However, in a scenario of 
cerebral ischemia, the involvement of the β-catenin 
pathway in the SIRT3-conferred improvement in 
mitochondrial function remains unexplored.

Therefore, in this study, Sprague–Dawley (SD) 
rats received transient middle cerebral artery 
occlusion (tMCAO) and subsequently were sub-
ject to treadmill exercise training. SIRT3 was 
overexpressed in  vivo by intracranially inject-
ing the adeno-associated virus (AAV-SIRT3) and 
SIRT3-interfering AAV (AAV-sh-SIRT3) into rats 
receiving exercise training to validate the impact 
of exercise training on cerebral infarction, neural 
function, neuronal apoptosis, mitochondrial forma-
tion, mitochondrial fusion/fission, mitophagy, and 
mitochondrial integrity after cerebral ischemia. We 
found that exercise training can re-establish MQC 
and promote the recovery of neural function by 
increasing SIRT3 expression. In addition, a cellu-
lar OGD/R model showed that SIRT3 overexpres-
sion alleviated apoptosis and re-established mito-
chondrial quality control by activating the β-catenin 
pathway. The evidence obtained illuminates the 
underlying mechanism in advocating exercise train-
ing for stroke treatment and suggests that SIRT3 is 
a powerful target in addressing brain ischemia-asso-
ciated injury.

Materials and methods

Animals

Male adult SD rats (weighed 260–280  g) were 
obtained from Beijing HFK Bio-Technology. co., Ltd. 
The animals were raised in a specially designed envi-
ronment (relative humidity: 50–60%; temperature: 
24 ± 2 °C), and accessed food and water freely.

Animal surgery and experimental grouping

SD rats were exposed to tMCAO to initiate cerebral 
ischemia, following established procedures (Andrabi 
et  al. 2017). Briefly, the SD rats received an intra-
peritoneal anesthesia with sodium pentobarbital. 
An incision was created in the midline of the neck 
to expose and isolate the common carotid artery 
(CCA) on the right, along with the external carotid 
artery (ECA) and the internal carotid artery (ICA). 
After the distal end of the ECA and its branches 
were ligated, a silicone-coated nylon monofilament 
was placed into the ICA via the ECA stump and 
gently pushed to block the middle cerebral artery 
until encountering slight resistance. Ninety minutes 
after the tMCAO procedure, the monofilament was 
gently retracted. The sham group received a simi-
lar treatment other than the monofilament insertion. 
The animals were categorized into: Sham, tMCAO, 
tMCAO + Exercise (tMCAO + E), tMCAO + AAV-
SIRT3, and tMCAO + Exercise + AAV-sh-SIRT3 
(tMCAO + E + AAV-sh-SIRT3) groups.

Injection of AAVs

The viruses of AAV-SIRT3 or AAV-sh-SIRT3 were 
supplied by Hanheng Biotechnology (Shanghai) Co., 
Ltd. After the dissolution in phosphate buffer saline 
(PBS), they were administered into the brains of SD 
rats, targeting the cortex and striatum as outlined 
(Mouwei et  al. 2018). In brief, after anesthesia, the 
rats were removed to a stereotaxic apparatus and a 
microlitre syringe (Hamilton, NV) was inserted verti-
cally to a depth of 2.50 mm in the cortex and 4.50 mm 
in the striatum with the coordinates of 0.20  mm 
posterior to the Bregma and 2.50  mm lateral to the 
midline. The virus (1.04 ×  1010gc) were delivered 
slowly (0.1  µl/min). The syringe remained in posi-
tion for a minimum of 15 min to prevent viral reflux. 
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The efficiency of SIRT3 overexpression in the peri-
ischemic region was estimated by GFP fluorescence.

Treadmill training

Exercise training was conducted following a previ-
ous treadmill running protocol (Perrino et al. 2011). 
Before tMCAO surgery, all rodents were positioned 
on a mobile conveyor belt and taught to jog against 
the belt’s motion for three days. Those that were able 
to run regularly were included in the study. Twenty-
four hours after the tMCAO surgery, the rats in the 
tMCAO + E and tMCAO + E + AAV-sh-SIRT3 groups 
started treadmill exercise training. The intensity of 
exercise was gradually increased from a speed of 8 m/
min at Day 1 to 10  m/min at Day 2 and to a speed 
of 12 m/min at Day 3, with the latter maintained for 
30  min daily until Day 14. In order to motivate the 
rats to engage in treadmill activity, a gentle electri-
cal shock was administered through a grid situated 
behind the equipment. For groups that did not receive 
exercise training, the animals were placed on the 
treadmill that was not turned on.

Assessment of neurological deficits

Behavioral tests were conducted on experimental 
rats in a randomized double-blind fashion at Days 
1, 7, 14, and 21 after tMCAO. As mentioned (Wang 
et  al. 2021), the neurological functions of rats were 
examined by the modified Neurological Severity 
Score (mNSS), including movement, sensation, equi-
librium, and responses during abnormal movements. 
Scores range from 0 to 18, representing the sum of 
these four indexes, with an elevated score denoting a 
severer neurological impairment.

Post-stroke motor coordination was examined by 
the rotarod test. As mentioned (Wang et  al. 2021), 
the rodents were trained on an accelerating rotarod 
47,700 (Ugo Basile, Italy) three days before the sur-
gery and tested after the tMCAO. The instrument 
accelerated from 4 rotations per minute (r/min) to 40 
rotations per minute in five minutes. Time of rats on 
the rod was noted. The test was triplicated at an inter-
val of 15 min. The mean of the dataset was analyzed.

The grip strength test was proceeded with a YLS-
13A grip strength tester to assess the neuromuscu-
lar function of the animals, as previously outlined 
(Larcher et  al. 2014). Adaptive training commenced 

3 days prior to the tMCAO. During the test, the ani-
mals were gradually pulled backward until they 
released the grip plate, with the grip meter auto-
matically recording the maximum muscle force. The 
measurement was repeated in triplicate with adequate 
rest in between, with the three grip force readings 
averaged and recorded.

The cylinder test was employed to evaluate the 
asymmetry in forelimbs, as reported (van der Kooij 
et al. 2010). The rodents were placed individually in 
clear plexiglass drums (20 cm in diameter, 40 cm in 
height). The tester recorded the initial contact of the 
front paws (right/left/both) with the wall of the cylin-
der. Typically, the rats would contact the cylinder wall 
with both front paws; however, those with cerebral 
ischemia injury predominantly preferred the use of 
the ipsilateral (right) forelimb. The proportion of con-
tact by the uninjured (right) front limb was derived 
from: (right—left) / (left + right + both) × 100%. The 
test was triplicated to ensure accuracy and reliability.

5-Triphenyltetrazolium (TTC) chloride staining

After the administration of sodium pentobarbital for 
anesthesia, the rats’ brains were quickly removed, 
placed in a mold, and then frozen at −20℃ for a dura-
tion of 20 min. Next, the brain in the mold was cut 
into six sections of equal thickness. These sections 
were then immersed in a light-protected 2% TTC 
solution (BCBX0337, Sigma, USA) at 37  °C for 
20  min, following previously established protocols 
(Zheng et al. 2022b). Subsequently, images were cap-
tured, with the normal brain tissue appearing red and 
the ischemic region displaying as white. The infarct 
size was measured with the Image J software. The 
area of each slice was computed as: (Contralateral 
area—Ipsilateral non-infarcted tissue area) / (Con-
tralateral area × 2) × 100%.

Magnetic resonance imaging (MRI) analysis

The MRI scans were conducted in  vivo at Day 14 
after the ischemia on a 7.0 Tesla magnetic resonance 
scanner equipped with Paravision 6.0 software, with 
slight adjustments from previous methods (Liang 
et al. 2017). After the anesthesia with isoflurane, the 
rats were placed on a specialized bed and their con-
dition was monitored at all times. The volume of 
infarction was assessed by T2-weighted imaging with 
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a 2D fast-spinecho (TubroRARE) sequence of an 
echo time of 32 ms and repetition time of 5200 ms. 
The scan comprised 48 slices, each 0.56  mm thick, 
covering the entire brain area in a 256 × 256 matrix 
and 35 × 35  mm field of view (FOV). The percent-
age of the infarcted volume was quantified from the 
T2-weighted images with the Image J software.

Primary culture of cortical neurons

The isolation and culture of primary cortical neu-
rons followed a reported protocol (Guo et  al. 2023). 
The pregnant rats were first anesthetized to attain the 
embryonic rats (age: 16–18  days old), whose brains 
were obtained. The anterior 1/3 of the brain was 
collected. After the tissue was fully sliced, papain 
was added and digested in an incubator at 37 ℃ for 
20  min. After the removal of the supernatant, the 
tissue received DMEM and was gently pipetted to 
resuspend the cells. Next, the cell suspension was 
proceeded according to a previous protocol (文献). 
After the measurement of the cell density, the neu-
rons were seeded at the desired density into poly-D-
lysine-coated culture flasks or plates (Ca# E607014; 
Sangon, China). Finally, the cultures were incubated 
in cell incubator.

Oxygen–glucose deprivation/reoxygenation (OGD/R)

According to a previous protocol (Chen et al. 2024b), 
the OGD model was used to simulate in  vivo brain 
ischemia in neurons cultured for 7 to 10 days. Briefly, 
after the removal of the culture medium, the cell cul-
ture flask or plate was washed once with pre-warmed 
PBS and then received an appropriate amount of glu-
cose-free DMEM (Cat# BL1124A; biosharp, China). 
The primary neurons were then incubated in a three-
gas cell culture incubator for 120  min and further 
cultured after a medium replacement with a neuronal 
medium. In the Control group, only the medium was 
replaced.

Lentivirus transfection and inhibitor

After a 3-day culture, the primary cortical neurons 
were transfected with lentivirus from Shanghai Han-
bio Co., Ltd. (MOI of 3). The lentivirus was diluted 
in fresh neuronal culture medium and adminis-
tered to the cells before incubation. After 24  h, the 

virus-containing medium was substituted with a fresh 
culture medium. Afterwards, the incubation of the 
cells continued in cell incubator. XAV-939 (10  µM) 
was immediately introduced into the SIRT3 medium 
after the OGD/R.

Isolation of proteins in mitochondria, nuclei, and 
cytosol

Mitochondria were extracted from freshly harvested 
brain tissue or primary cortical neurons with a Beyo-
time kit (Cat# C3606, Beyotime, China). Minced tis-
sues or digested cells were added to Mitochondria 
Isolation Reagent A on ice, pre-treated with PMSF 
(Cat# ST506, Beyotime, China) and then underwent 
centrifugation to increase mitochondria purity. Next, 
the resulting mitochondria were re-centrifuged. At 
this point, the precipitate was obtained as the isolated 
mitochondria and the supernatant was subjected to a 
12,000-g centrifugation at 4 °C for 10 min to produce 
cytosolic proteins devoid of mitochondria.

The Beyotime kit (Cat# P0028, Beyotime, China) 
was utilized for the isolation of nuclear and cytoplas-
mic proteins. The minced brain tissues underwent 
homogenization in a buffer containing 1 mM PMSF, 
prepared in the appropriate ratios (CPER A: CPER 
B = 20:1). After a 15-min ice bath, the tissues were 
centrifuged to isolate cytoplasmic proteins in the 
supernatant. The remanent pellet underwent lysis in 
a buffer (CPER A and PMSF). Afterwards, the pel-
let received CPER B and was further centrifuged 
to collect the cytoplasmic fraction. Subsequently, 
the remaining pellet was combined with a buffer to 
extract nuclear proteins containing PMSF, shaken for 
30 min, and finally centrifuged. The resulting super-
natant was gathered as the nuclear protein extract.

Western blot

As reported previously (Chen et  al. 2024a), cul-
tured primary neurons and the brain tissues from 
peri-ischemic cortical were collected and lysed by 
ultrasound to extract the supernatant as the resulting 
protein extract. The denatured proteins subsequently 
underwent separation by electrophoresis. They were 
next transported to a PVDF membrane and incubated 
with Bovine serum albumin, primary antibodies, and 
secondary antibodies (Refer to the supplementary 
materials for details). Finally, the target protein image 
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was visualized with an ECL detection reagent and the 
expression was quantified via ImageJ software.

TdT-mediated dUTP nick end labelling (TUNEL) 
assay

Cell apoptosis in the brain was assessed by TUNEL 
staining (11,684,817,910; Roche) according to the 
instructions from the manufacturer (Hu et al. 2017a). 
Initially, the brain tissues were paraffinized and sliced 
into sections (thickness: 5  μm), which were depar-
affinized, rehydrated, and then treated with 3%  H2O2. 
Subsequently, they were treated with 0.1  M sodium 
citrate in a microwave for 5  min. Afterwards, the 
sections were exposed to the TUNEL reaction solu-
tion and then underwent DAB staining. The tally of 
TUNEL-positive cells was acquired from six random 
fields, as previously described. The proportion of 
apoptotic cells was expressed in relation to the total 
cell count.

Transmission electron microscopy (TEM)

As reported (Yang et  al. 2018b), the morphology of 
mitochondria in rat cortical neurons and primary cul-
tured neurons was assessed by TEM. The extracted 
brain tissue (1  mm3 in size) or digested cells was fixed 
in Osmium (VIII) oxide and ferrocyanide for 90 min. 
After the PBS rinsing, the samples underwent dehy-
dration using an ethanol-acetone gradient and were 
subsequently soaked in an epoxy resin embedding 
agent. After a complete polymerization, the sample 
was sectioned into ultra-thin slices (90 to 100  nm) 
with a Leica UC-7 ultramicrotome.  The slices then 
received a staining with lead citrate and uranium 
acetate. Finally, the images of samples were captured 
under a TECNAI transmission electron microscope 
from FEI Company.

Immunofluorescence staining

Immunofluorescence staining was performed by 
established protocols (Yingqiong et  al. 2017). In 
brief, the slices underwent a 30-min incubation with 
glycine (22.5  mg/ml) and then were exposed to a 
blocking solution (10% goat serum in PBS consisting 
of 3% BSA and 0.3% Triton) for one hour. Next, they 
were incubated at 4 °C overnight with primary anti-
bodies (comprising 2.5% goat serum, 0.3% Triton, 

and 1% BSA) and further with secondary antibod-
ies. They subsequently underwent a staining with the 
nuclear stain DAPI (see supplementary materials for 
details). Finally, after another three PBST washes, the 
slides were imaged by confocal microscopy.

Real-time quantitative PCR (qRT-PCR)

The isolation of total RNA from cortical tissues and 
primary cultured neurons was performed with RNA-
fast200 (Cat# 220,010, Fastagen Biotech, China). 
Next, the resultant RNA was converted into cDNA 
with a reverse transcription kit from Yesen (Cat# 
11141ES60; China). Quantitative RT-PCR was 
detected by a Prism 7500 thermal cycler and SYBR 
Green Master Mix. The expression of mRNA was 
measured by the 2 − ΔΔCT method and normalized 
against β-actin.

Statistical analysis

Results were processed with GraphPad Prism 8 
Software and decribed as mean ± SDM. Data nor-
mality was detected by the Shapiro–Wilk test. Vari-
ance homogeneity was examined by the Brown-For-
sythe test. Data that exhibited a normal distribution 
and equal variance, inter-group comparisons were 
conducted by one-way ANOVA and Bonferroni’s 
post hoc test. The unequal variance was evaluated 
by one-way ANOVA and Dunnett’s T3 post hoc 
test. The impact of treatment on behavioral perfor-
mance was examined by two-way repeated-measures 
ANOVA with Bonferroni post hoc test. The sig-
nificant difference was designated as: *p < 0.05, ** 
p < 0.01, ***p < 0.001, as versus the Sham or Con-
trol counterparts; #p < 0.05, ##p < 0.01, ###p < 0.001, 
as versus the tMCAO or OGD/R rats; &p < 0.05, 
&&p < 0.01, &&&p < 0.001, as versus the tMCAO + E 
or OGD/R + LV-SIRT3 rats.

Results

Exercise training enhances the neural functional 
recovery after cerebral ischemia and increases SIRT3 
expression in the peripheral ischemic area

To elucidate the potential benefits of exercise train-
ing for neurological deficits after cerebral ischemia, 
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the neural functional changes in rats were assessed 
by mNSS at Days 1, 7, 14, and 21 after tMCAO. The 
analyses found that in the exercise training group, the 
mNSS score was dramatically lower than in the non-
exercise counterpart at Days 14 and 21 after tMCAO 
(Fig.  1A). Moreover, western blotting revealed an 
upregulation of SIRT3 protein expression in the peri-
ischemic area of the tMCAO-treated rats after exer-
cise, with the most significant difference appearing 
at Day 14 (Fig.  1B, C). Similarly, the TTC staining 
revealed obvious infarct area in tMCAO-treated rats 
after cerebral ischemia. Compared with the tMCAO 
group, rats undergoing exercise training reported a 
markedly-reduced infarction volume, with statistical 
significance appearing at Days 14 and 21 (Fig.  1D-
I). These findings evidence that exercise training can 
promote the recovery of neural function and increase 

SIRT3 expression in the peripheral ischemic areas in 
rats after cerebral ischemia.

Exercise training reduces cerebellar infarction and 
promotes the neurological function recovery after 
cerebral ischemia by increasing SIRT3 expression

To further ascertain the involvement of exercise 
training and SIRT3 level in cerebral ischemia in 
rats and the relationship between exercise train-
ing and SIRT3 expression, the cortex and striatum 
of rats respectively received an injection of AAV-
SIRT3 and AAV-sh_SIRT3 (Fig.  2B). The results 
revealed that SIRT3 markedly increased in the rat 
brains injected with AAV-SIRT3 but decreased 
in those receiving AAV-sh_SIRT3 (Fig.  2C, 
D). Afterwards, four neurobehavioral tests were 

Fig. 1  The neural functional changes and SIRT3 protein 
expression after exercise training. A mNSS scores at different 
time points after exercise training (n = 10). B, C Representative 
immunoblots (B) and quantification of SIRT3 level (C) at dif-

ferent time points (n = 4). D‑I TTC staining and quantification 
of the infarction volume in the experimental groups at different 
time points (n = 5)
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Fig. 2  The effects of exercise training on functional recovery 
and infarct volume after tMCAO. A The timeline of experi-
ment. B Representative immunofluorescence image of SIRT3 
overexpression in the brain cortex using a GFP-containing 
AAV (magnification 100 ×). C, D Representative immunoblots 
(C) and quantification of SIRT3 expression (D) of experimen-

tal groups; n = 4. E–H The the mNSS scoring (E), cylinder test 
(F), grip strength test (G), and rotarod test (H) were conducted 
to assess motor function across various groups; n = 10. I Rep-
resentative T2-weighted MRI images in different experimental 
groups. J, K Representative immunoblots (J) and quantifica-
tion of SIRT3 (K) of experimental groups; n = 4
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adopted to assess the effects of exercise and SIRT3 
overexpression on the motor function of tMCAO 
rats.

The mNSS score, assessed at Days 1, 7, 14 and 
21 after tMCAO, revealed a reduction in neuro-
logical deficit in the rats receiving exercise training 
and the AAV-SIRT3 injection at Day 14 when com-
pared with the ischemic rats. However, the benefi-
cial effects of exercise training were compromised 
by AAV-sh_SIRT3 treatment (Fig.  2E). Likewise, 
in the cylinder test, the exercise training group dis-
played reduced ipisateral forepaw preference at Day 
14 after tMCAO, while the AAV-SIRT3-treated 
rats reported a decreased asymmetry at Day 7 after 
tMCAO as compared with the tMCAO rats. The 
improvement in the exercise training group was 
inhibited by AAV-sh_SIRT3 treatment (Fig.  2F). 
The grip strength was improved in both the exer-
cise training and AAV-SIRT3-treated groups at 
Day 7 after tMCAO, which was partially reversed 
by inhibiting SIRT3 expression (Fig.  2G). Simi-
larly, both the exercise training and AAV-SIRT3-
treated groups spent significantly longer duration 
on the rotarod at Day 14 after tMCAO than the 
tMCAO counterparts. In contrast, the inhibition 
of SIRT3 expression after exercise training nota-
bly reduced the duration rats spent on the rotarod 
(Fig. 2H).

Besides, compared with the tMCAO rats, the 
exercise training and the AAV-SIRT3-treated 
groups reported a marked decrease in the volume of 
brain infarction detected at Day 14 after tMCAO, 
which was increased the tMCAO + E + AAV-
sh_SIRT3 counterparts compared with the exer-
cise training group (Fig.  2I). The expression level 
of SIRT3 in different experimental groups was 
assessed by WB technology after 14 days of exer-
cise. Consistent with previous research, the SIRT3 
level was decreased after tMCAO; both exer-
cise training and SIRT3 overexpression led to an 
increase in SIRT3 levels; however, the interference 
with SIRT3 expression after exercise resulted in a 
reduction of SIRT3 levels (Fig. 2J, K). The results 
evidence that exercise training and AAV-SIRT3 
treatment exert beneficial effects on the neural 
recovery in rats after cerebral ischemia and that 
exercise training promotes the recovery from cer-
ebral ischemia by increasing SIRT3 expression.

Exercise training reduces neuronal apoptosis after 
ischemia in rats by promoting SIRT3 expression

Subsequently, the study delved into the impacts of 
exercise training and the overexpression of SIRT3 on 
cell apoptosis. The results revealed a notable increase 
in Bax and cleaved caspase-3 protein and a significant 
decline in Bcl-2 protein in tMCAO rats at Day 14 
after tMCAO. Both exercise training and SIRT3 over-
expression downregulated the protein expression of 
cleaved caspase-3 and Bax and markedly upregulated 
that of Bcl-2 when compared with tMCAO group, 
which were partially offset in the exercise training 
group injected with AAV-sh-SIRT3. No marked dif-
ference in the pro-Caspase-3 level was observed 
among the groups (Fig. 3A-E).

Consistently, at Day 14 after the surgery, the 
tMCAO group demonstrated an elevation of TUNEL-
positive cells in the ischemic peri-infarct cortex. 
However, compared with the tMCAO counterpart, the 
percentage of positive cells significantly decreased 
after exercise training and SIRT3 injection, and 
increased in the AAV-sh_SIRT3-injected group after 
exercise training (Fig.  3F, G). The results suggest 
that exercise training can diminish the expressions of 
mitochondrial pro-apoptotic proteins, boost those of 
anti-apoptotic proteins, and decrease TUNEL-posi-
tive cells by upregulating SIRT3 expression.

Exercise training maintains mitochondrial integrity 
after ischemia in rats by increasing SIRT3 expression

As mitochondrial integrity plays a critical role in 
preventing apoptosis, we respectively examined the 
protein expression of Cyt c in cytoplasm and mito-
chondria to confirm the impact of exercise training 
on mitochondrial integrity. Cyt c, primarily situated 
in mitochondria as a pro-apoptotic factor, entered the 
cytoplasm from the mitochondria upon the disrup-
tion of mitochondrial integrity. The results reported 
that the level of Cyt c in cytoplasm progressively 
increased while that in mitochondria gradually 
declined in the cortex of the tMCAO group at Day 
14. In contrast, in relation to the tMCAO group, the 
exercise training and SIRT3 overexpression mark-
edly reduced the level of cytoplasmic Cyt c but dra-
matically increased that of mitochondrial Cyt c. 
After the transfection of SIRT3-interfering virus dur-
ing exercise training, Cyt c was upregulated in the 
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cytoplasm and downregulated in mitochondrial. The 
protein level of AIF in nucleus remarkably increased 
in tMCAO group and decreased in the exercise train-
ing and SIRT3 overexpression groups. Compared 
with the tMCAO + E counterpart, the AIF protein 
expression also increased in the tMCAO + E + AAV-
sh_SIRT3 group (Fig. 4A-D). Moreover, fluorescence 
staining of the peripheral cerebral ischemic area 
of rats showed an increased nuclear Cyt c diffusion 
in the tMCAO treatment group, which was reduced 
in the rats receiving exercise training group and the 
tMCAO + AAV-SIRT3 treatment. This effect was 
largely reversed in the tMCAO + E + AAV-sh_SIRT3 
rats, with an increased intracellular diffusion of Cyt c 
(Fig. 4E, F).

TEM was performed to analyze the mitochon-
drial ultrastructure in the ischemic periphery of rats. 
In relation to the Sham counterpart, the tMCAO 

group displayed a disorganized mitochondrial struc-
ture and significantly-reduced mitochondrial crista 
density (Fig.  4G). Exercise training and SIRT3 
overexpression improved mitochondrial structure 
and partially restored the mitochondrial crista den-
sity. These effects were partially reversed in the 
tMCAO + E + AAV-sh_SIRT3 group, resulting in a 
decrease in mitochondrial crista density. The results 
evidence that exercise training can maintain mito-
chondrial integrity by increasing SIRT3 expression.

Exercise training promotes mitochondrial biogenesis 
and regulates mitochondrial fission/fusion balance 
in rats after cerebral ischemia by increasing SIRT3 
expression

To detect the effect of exercise training on mito-
chondrial quality, we further investigated whether 

Fig. 3  The effects of exercise training on neuronal apopto-
sis after tMCAO. A‑E Representative immunoblots (A) and 
quantification of cleaved caspase-3 (B), Caspase-3 (C), Bcl-2 
(D) and Bax (E) of experimental groups; n = 4. F, G Repre-

sentative images of TUNEL staining (F) and quantification of 
TUNEL-positive cells (G) of experimental groups, with black 
arrows indicating TUNEL-positive cells; n = 3, scale bar: 100 
um
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mitochondrial quality control was impaired in 
tMCAO rats and restored by exercise training. The 
expression of mitochondria-generating proteins was 
detected. The findings indicated a decline in the 
expression of TFAM after tMCAO. Additionally, 
compared with the tMCAO rats, exercise training and 
SIRT3 overexpression increased the production of 
all mitochondria-associated proteins, such as NRF-1, 
PGC-1α, and TFAM proteins, which was suppressed 
by the administration of SIRT3 interfering virus 
(Fig. 5A-D).

Subsequently, we quantified the markers of mito-
chondrial fission–fusion signaling. After tMCAO, 
the expression of Drp1 and Fis (fission proteins) was 
upregulated while that of OPA1 and Mfn2 (fusion 
proteins) markedly declined; after exercise train-
ing and SIRT3 overexpression, that of Drp1 and 

Fis decreased while that of OPA1 and Mfn2 nota-
bly increased. These regulatory benefits of exercise 
training were partially reversed by SIRT3 interfering 
virus, decreasing the expression of OPA1 and Mfn2, 
and increasing that of Drp1 and Fis. Nevertheless, 
the level of Mfn1 did not markedly differ across the 
groups (Fig.  5E-J). These results demonstrate that 
exercise training can promote mitochondrial genera-
tion and regulate the mitochondrial fission/fusion bal-
ance by increasing SIRT3 expression.

Exercise training promotes mitochondrial autophagy 
in rats after cerebral ischemia by increasing SIRT3 
expression

To detect the role of exercise training in the regula-
tion of mitochondrial autophagy after brain ischemia, 

Fig. 4  The impact of exercise training on the integrity of 
mitochondrial membrane structure after brain ischemia in 
rats. A‑D Representative immunoblots (A) and quantification 
of mitochondrial Cyt c (B), cytosolic Cyt c (C), nuclear AIF 
(D) in the cortex of experimental rats; n = 4. E, F Representa-

tive immunofluorescence image (E) and quantification of Cyt c 
(F) of experimental groups; n = 3, scale bar: 20 um. G Repre-
sentative TEM images of mitochondrial cristae in the cortex of 
experimental groups; scale bar: 200 nm
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the level of mitophagy-related markers was quanti-
fied. After tMCAO, Parkin expression decreased 
while LC3 II expression increased. Notably, exercise 
training and SIRT3 overexpression increased the pro-
teins expression of Parkin and PINK1, which was 
decreased by the interference with SIRT3 expression 
after exercise training (Fig. 6A-D).

To visualize mitochondrial autophagy, we con-
ducted immunofluorescence staining for PINK1, a 
reliable marker for monitoring mitophagy, along with 
mitochondria co-labeled with Tomm20. The analy-
sis revealed that after cerebral ischemia, the exer-
cise training and the SIRT3 overexpression groups 
reported a higher number of PINK1-positive mito-
chondria than the tMCAO group (Fig.  6E, F). Con-
sistent with the Western-blot analysis, the injection 
of SIRT3 interfering virus also partially mitigated the 
impact of exercise training, leading to a decrease in 
PINK1-positive mitochondria. These data illuminate 

the significance of exercise training in modulating 
mitochondrial autophagy and maintaining mito-
chondrial quality through the upregulation of SIRT3 
expression.

SIRT3 overexpression inhibits the apoptosis of 
primary neurons after OGD/R by activating β-catenin 
pathway

To verify whether SIRT3 activates the β-catenin 
pathway, we used the XAV-939 to selectively 
inhibit the β-catenin-mediated transcription. The 
analysis reported that, unlike the control group, 
the expression of p-β-catenin was elevated while 
that of c-Myc, β-catenin, and Cyclin D1 proteins 
was decreased. In contrast, in relation to that of 
the OGD/R group, the treatment with LV-SIRT3 
reduced the level of p-β-catenin and increased 
that of β-catenin, c-Myc, and Cyclin D1 proteins. 

Fig. 5  The impact of exercise training on mitochondrial bio-
genesis and dynamics after cerebral ischemia in rats. A‑D Rep-
resentative immunoblots (A) and quantification of PGC-1α 
(B), NRF-1 (C) and TFAM (D) of experimental groups; n = 4. 

E‑J Representative immunoblots (E) and quantification of 
OPA1 (F), Mfn 1 (G), Mfn 2 (H), Drp1 (I), and Fis (J) in the 
different groups; n = 4
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Additionally, XAV-939 reversed the LV-SIRT3-
induced changes in these proteins (Fig. 7A-E). The 
data suggest that SIRT3 overexpression can activate 
the β-catenin pathway.

Additionally, the neuronal morphology and apop-
tosis were assessed. The results revealed significant 
damage to neuronal morphology after OGD/R treat-
ment, along with an increase in Bax levels and a 
decrease in Bcl-2. After treatment with LV-SIRT3, 
neuronal morphology was restored, and the level of 
Bcl-2 increased, while that of Bax decreased. Con-
versely, the pathway inhibitor XAV-939 reversed the 
effects of SIRT3 overexpression, upregulating the 
level of Bax and inhibiting that of Bcl-2 (Fig. 7F-I). 
These results suggest that SIRT3 inhibits the apop-
tosis of primary cortical neurons by activating the 
β-catenin pathway.

SIRT3 overexpression repairs mitochondrial structure 
and re-establishes mitochondrial quality control 
(MQC) after OGD/R by activating the β-catenin 
pathway

To validate that SIRT3 exerts neuroprotective 
effects via β-catenin, electron microscopy was used 
to observe the mitochondrial structure. The results 
revealed that the mitochondrial structure was dam-
aged after OGD/R treatment but was repaired after 
LV-SIRT3 treatment; the repair process was inhib-
ited by XAV-939 treatment (Fig. 8A). The results of 
RT-PCR showed that the mRNA levels of PGC-1α, 
NRF-1, and TFAM increased after treatment with 
LV-SIRT3, while they were reversed by XAV-939 
intervention (Fig.  8B-D). We subsequently meas-
ured the levels of Mfn2 and Drp1 in the cells. After 

Fig. 6  The impact of exercise training on mitochondrial 
autophagy in rats after cerebral ischemia. A‑D Representative 
immunoblots (A) and quantification of PINK1 (B), Parkin (C) 
and LC3 II (D) of experimental groups; n = 4. E, F Representa-

tive confocal images (E) and quantification (F) of mitochon-
drial autophagy in experimental groups (magnification 600 ×); 
n= 3
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Fig. 7  The effect of SIRT3 overexpression on apoptosis of pri-
mary cortical neurons after OGD/R after XAV-939 administra-
tion. A‑H Representative immunoblots (A, F) and quantifica-

tion of p-β-catenin (B), β-catenin (C), C-Myc (D), CyclinD1 
(E), Bcl-2 (G) and Bax (H) in the different groups; n = 3. I 
Fluorescent-stained images of neurons
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OGD/R treatment, the expression of Mfn2 decreased, 
while Drp1 expression increased. Treatment with 
LV-SIRT3 decreased the level of Drp1 and increased 
that of Mfn2. Conversely, the pathway inhibitor XAV-
939 reversed the effects of SIRT3 overexpression, 
inhibiting the level of Mfn2 and upregulating that of 
Drp1 (Fig.  8E-G). Additionally, the assessment of 
mitophagy revealed an upregulation in the fluores-
cence expression of PINK1. In contrast, the XAV-939 
treatment group showed a decrease in the fluores-
cence expression of PINK1 (Fig. 8H). These findings 
illuminate that SIRT3 repairs mitochondrial structure 
and re-establishes MQC after OGD/R by activating 
the β-catenin pathway.

Discussion

This study reported that exercise training promoted 
the recovery of neurological function, alleviated brain 
ischemic injury, reduced neuronal apoptosis, and 
re-established mitochondrial quality control by pro-
moting SIRT3 expression. The study elucidates that 
SIRT3 can act as a therapeutic alternative for brain 
ischemia.

As well-established in evidence-based medicine, 
exercise training is an effective method to reduce dis-
ability in stroke patients and plays a pivotal part in 
promoting the post-ischemic recovery of neural func-
tion (Brazzelli et al. 2011; Zhang et al. 2020a). In this 
study, exercise training continuously improved the 
neurological function in cerebral ischemic rats, which 
was reflected in the steady decline in mNSS score, 
which was significant at Days 14 and 21 after exercise 
training. Available evidence has found that exercise 
training can diminish the volume of cerebral infarc-
tion (Cheng et  al.  2020). Consistently, in our study, 
the cerebral infarction diminished and was statisti-
cally significant after either 14 or 21 consecutive days 
of exercise training. Existent studies demonstrate 
that after cerebral ischemic injury, SIRT3 expression 
in the brain can be markedly down-regulated (Yang 
et al. 2018a), which can be boosted in rodents’ brain 
by exercise training (Pan et  al. 2021; Wang et  al. 
2020). Therefore, we detected SIRT3 expression after 
exercise training and found a higher SIRT3 protein 
expression in rats receiving exercise training than in 
rats treated with tMCAO alone, which was statisti-
cally significant at Day 14.

SIRT3, an NAD-dependent protein deacetylase, 
regulates apoptosis and mitochondrial function (Chen 
et al. 2024b), including the control of mitochondrial 
quality in mitochondrial biogenesis, dynamics and 
mitophagy. To verify this mechanism, we introduced 
AAV-SIRT3 and AAV-sh_SIRT3 to investigate the 
neurological function of rats by assessing their per-
formance in the behavioral paradigms. Consist-
ent with our hypothesis, SIRT3 overexpression and 
exercise training both mitigated neurological deficits 
and the cerebral infarction, and improved the muscle 
strength and motor coordination, which were reversed 
by interference with SIRT3 virus after exercise train-
ing. These findings highlight that after cerebral 
ischemia, SIRT3 is indeed involved in the exercise 
training-improved neural function.

In addition, we examined the apoptosis of neu-
ral cells in ischemic rats. Apoptosis, characterized 
by DNA fragmentation, is deemed a crucial factor 
in exacerbating tissue damage and cellular demise 
following cerebral ischemia (Sp et  al. 2020). In the 
mechanism of cellular apoptosis, Bax serves as a pro-
apoptotic regulator, while Bcl-2 controls the regula-
tory proteins of apoptosis, like caspase-3, an effector 
protease crucial in apoptotic proteolysis (Yang et  al. 
2019). Existent studies suggest that exercise train-
ing can attenuate neural apoptosis by regulating the 
expressions of apoptosis-related proteins (Terashi 
et al. 2019). To elucidate the anti-apoptotic impact of 
exercise training, we examined essentially apoptotic 
TUNEL-positive cells (Zhang T 2021) in tMCAO 
rats, which showed that both exercise training and 
SIRT3 overexpression reduced TUNEL-positive cells 
and the expression of Bax and cleaved caspase-3, and 
upregulated that of Bcl-2 in the peri-ischemic region. 
Nevertheless, these effects were reversed in the 
tMCAO + E + AAV-sh_SIRT3 group. These findings 
indicate that exercise training might attenuate apop-
tosis after cerebral ischemia by stimulating SIRT3 
expression.

Cerebral ischemic injury can disrupt the integrity 
of mitochondria, triggering subsequent apoptosis 
(Guo et al. 2023). After cerebral ischemia, mitochon-
drial permeability increases due to abnormal mito-
chondrial swelling, inducing the flux of Cyt c and 
AIF from mitochondria to cytoplasm. The former 
binds to Apaf-1 and Caspase 9, forming the "apop-
tosome", which then activates Caspase 3, ultimately 
leading to apoptosis (Shahid et  al. 2020). The latter 
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enters the nucleus from the cytoplasm, bringing about 
DNA degradation and cell death (Zhong et al. 2018). 
SIRT3 can inhibit Cyt c release (Feng et  al. 2018) 
to maintain mitochondrial integrity. Consistently, in 
the current study, after cerebral ischemia, the influx 
of mitochondrial Cyt c into the cytoplasm increased 
the Cyt c expression in the cytoplasm and the nuclear 
transfer increased the expression of nuclear AIF; both 
exercise training and SIRT3 overexpression upregu-
lated the expression of mitochondrial Cyt c and 
downregulated that of cytoplasmic Cyt c and nuclear 
AIF, indicating a partial restoration of mitochondrial 
integrity; and the transfection of SIRT3-interfering 
virus upregulated the expression of cytoplasmic Cyt 
c and nuclear AIF. Collectively, the findings evidence 
the critical role of SIRT3 in modulating the mito-
chondrial integrity.

Furthermore, cerebral ischemia can seriously 
compromise the mitochondrial structure, resulting in 
severe neurological dysfunction (Guo et al. 2023). In 
this study, electron microscopy revealed an impaired 
mitochondrial morphology in ischemic rats, with the 
mitochondrial membrane structure blurred and the 
number of mitochondrial cristae reduced. Exercise 
training and SIRT3 overexpression restored mito-
chondrial membrane structure and increased mito-
chondrial cristae after cerebral ischemia, which was 
respectively offset by SIRT3 interference. These find-
ings illuminate that exercise training can maintain 
mitochondrial integrity and alleviate apoptosis after 
cerebral ischemia by increasing SIRT3 expression.

Apart from the damage to mitochondrial struc-
ture, cerebral ischemia can also impair mitochondrial 
function. The maintenance of mitochondrial func-
tion depends on MQC, which mainly involves the 
autophagy, fission, fusion, and biogenesis of mito-
chondria (Zheng et  al. 2022a). The latter is the pro-
cess of replacing damaged mitochondria with new 
ones and restoring mitochondrial function (Yuan 

et  al. 2023), in which NRF-1, PGC-1α, and TFAM 
are the pivotal protein factors (Jornayvaz and Shul-
man 2010). Studies have shown that mitochondrial 
biogenesis can be rapidly triggered 24  h after cer-
ebral ischemia in rats, resulting in increased expres-
sion of mitochondria-related proteins PGC-1, NRF, 
and TFAM (Zhou et al. 2022). However, other studies 
show that the levels of TFAM and PGC-1 decrease 
3  days after cerebral ischemia (Chang et  al. 2023). 
These inconsistencies may be attributed to the differ-
ent timings of brain ischemia.

This study showed that the expression of mito-
chondrial production-associated protein TFAM 
decreased at Day 14 after cerebral ischemia. How-
ever, exercise training and SIRT3 overexpression 
boosted the protein level of PGC-1, NRF and TFAM, 
while interfering SIRT3 expression after exercise 
training inhibited mitochondrial generation, mani-
fested as a decrease in the level of NRF, PGC-1, and 
TFAM. The available literature has long documented 
that exercise can confer favorable effects on mito-
chondrial function, partly by initiating the biogenesis 
of mitochondria (Park et al. 2021), as validated in the 
cerebral ischemia model of the current study. These 
results indicate that exercise training may promote 
mitochondrial biogenesis after cerebral ischemia by 
upregulating SIRT3 expression.

In the pathology of cerebral ischemic injury, the 
disruption of the mitochondrial fusion and fission 
is a fundamental event (Campos et  al. 2023), as the 
fusion and fission of mitochondria are indispensa-
ble for preserving mitochondrial function (Zhang 
et al. 2019). Mitochondrial fusion involves the outer 
and inner membrane fusion (OMM, IMM, respec-
tively) (Zheng et al. 2022a). The former is regulated 
by Mfn1 and Mfn2 and the latter mainly depends on 
OPA1 (Zheng et al. 2022a). The pathological fission 
of mitochondria mainly counts on dynamin-related 
protein 1 (Drp1) and mitochondrial fission protein 
1 (Fis1) (Song et  al. 2022). Other research shows 
insufficient fusion and excessive mitochondrial fis-
sion during ischemia (An et al. 2021). However, exer-
cise training can stabilize mitochondrial function by 
regulating mitochondrial dynamics (Campos et  al. 
2023). Accordingly, we examined the expression of 
proteins linked to the fission and fusion of mitochon-
dria. The results revealed that the fission-promoting 
proteins increased and the fusion-promoting pro-
teins decreased after cerebral ischemia; that exercise 

Fig. 8  The impact of SIRT3 overexpression on the structure 
of mitochondria and MQC in cultured neurons after OGD/R 
via the β-catenin pathway. A Representative transmission elec-
tron microscope image of mitochondria of primary cortical 
neurons; scale bar: 300  nm. B‑D qPCR analysis of the rela-
tive mRNA levels of experimental groups; n = 3. E–G Repre-
sentative immunoblots (E) and quantification of Mfn2 (F) and 
Drp1 (G) of primary neurons of experimental groups; n = 3. H 
Representative confocal images of mitochondrial autophagy of 
experimental groups; scale bar: 200 um

◂
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training and SIRT3 overexpression promoted fusion 
and inhibited fission in the mitochondria; and that the 
administration of SIRT3-interfering virus increased 
mitochondrial fission and decreased fusion. The find-
ings demonstrate that exercise training can modulate 
the mitochondrial dynamics by promoting the expres-
sion of SIRT3.

When dysfunctional mitochondria within a cell 
fail to undergo self-repair via fission and fusion, they 
are selectively eliminated through mitochondrial 
autophagy (Zhang et  al. 2020b), which is primarily 
regulated by the PINK1 pathway (Anzell et al. 2018). 
In this process, upon the occurrence of mitochondrial 
damage, PINK1 stabilizes on the outer mitochondrial 
membrane, stimulating the activation and recruitment 
of Parkin, thus setting mitophagy in motion (Mat-
suda et  al. 2010). Studies indicate that an increase 
in mitochondrial autophagy may produce neuropro-
tection from brain ischemia (Cai et  al. 2021; Shen 
et  al. 2017) and that exercise training can modulate 
signaling biomarkers of mitochondrial autophagy 
and activate the PINK1 signaling pathway (Drake 
et  al. 2019). In this study, after cerebral ischemia, 
mitochondrial autophagy was suppressed and LC3 II 
expression increased and Parkin expression declined. 
The accumulation of LC3 II protein may be due to 
the inhibition of LC3 II turnover (Zhao et al. 2018). 
However, some research suggests that mitochondrial 
autophagy is activated after cerebral ischemia (He 
et  al. 2022), which may be explained by the notion 
that mitochondrial autophagy is a spontaneous neuro-
protective response that is briefly triggered after brain 
ischemia (Yang et  al. 2022). Meanwhile, this study 
confirmed that the protein expressions of PINK1 
and Parkin and the percentage of PINK1-positive 
mitochondria increased in both exercise training and 
SIRT3 overexpression groups, which were reversed 
by the transfection of SIRT3-interfering virus. These 
results highlight that exercise training may modulate 
the autophagy of mitochondria by increasing SIRT3 
expression after cerebral ischemia.

In non-cerebral ischemia, SIRT3 exerts a pro-
tective effect by activating β-catenin. The nuclear 
transfer of β-catenin from the cytoplasm is crucial 
for the biological function of the β-catenin path-
way. This notion is validated with the findings of 
the in  vitro model of cerebral ischemia (OGD/R) 

with primary cultured neurons, which evidence 
that SIRT3 can indeed regulate the level of key 
molecules in the β-catenin signaling pathway and 
downstream genes. Furthermore, the introduction 
of XAV-939, a specific antagonist of the β-catenin 
pathway, further demonstrated that after OGD/R, 
SIRT3 reduces neuronal apoptosis by activating the 
β-catenin pathway, and regulates MQC, including 
enhancing mitochondrial biogenesis, modulating 
mitochondrial dynamics, enhancing mitophagy, and 
repairing mitochondrial structure. This cellular vali-
dation serves as the rationale for a comprehensive 
exploration of the impact of exercise training and 
SIRT3, bridging perspectives from animals to cells 
and from in vivo to in vitro.

In summary, this study evidences that exercise 
training enhances the neural functional recovery after 
brain ischemia in rats by upregulating SIRT3 expres-
sion, in which the increased SIRT3 expression alle-
viates neuronal apoptosis and re-establishes mito-
chondrial quality control by activating the β-catenin 
pathway. The findings indicate SIRT3 as a poten-
tial therapeutic strategy for injury induced by brain 
ischemia.
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