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ARTICLE INFO ABSTRACT

The accumulation of dysfunctional mitochondria induced by the impairment of the autophagy-lysosome
pathway (ALP), especially mitophagy is an important cause of cerebral ischemia-reperfusion (I/R) injury.
Electroacupuncture (EA) exerts remarkable effects in treating ischemic stroke; however, the detailed mechanism
remains unclear. In this study, rats were treated with mitochondrial permeability transition pore (mPTP)
opening inhibitor, peroxynitrite (ONOO ™) scavenger, or selective inhibitor of mitophagy activation during 2-h
middle cerebral artery occlusion (MCAO) followed by 24 h of reperfusion in combination with EA treatment.
RNA-Seq analysis showed that EA treatment in cerebral I/R was linked to the autophagosome, the PI3K/Akt
signaling pathway and metabolic pathways. We found that I/R resulted in significantly mitochondrial function
impairments including decreased mitochondrial membrane potential (MMP) and ATP levels, aggregation of
damaged mitochondria, excessive nitro/oxidative stress, PI3K/Akt/mTOR-mediated ALP dysfunction and defi-
ciency of Pinkl/Parkin-mediated mitophagy clearance. The treatment with EA, cyclosporine-A (CsA, a potent
inhibitor of mPTP opening) or FeTMPyP (a type of ONOO ~ scavenger) could significantly increase MMP and/or
ATP levels, improve mitochondrial function and decrease neuronal injury. At the same time, EA also improved
ALP dysfunction and the deficiency of mitophagy clearance; however, mitochondrial division inhibitor-1 (Mdivi-
1, a selective inhibitor of mitophagy activation) blocked mitophagy clearance and aggravated neuronal injury.
Taken together, EA ameliorates nitro/oxidative stress-induced mitochondrial functional damage and decreases
the accumulation of damaged mitochondria via Pinkl/Parkin-mediated mitophagy clearance to protect cells
against neuronal injury in cerebral I/R.
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1. Introduction

Ischemic stroke is one of the most common causes of death and
disability worldwide. The reconstruction of blood flow is the most ef-
fective method to treat cerebral ischemia. However, in some cases,
sudden reperfusion can be accompanied by a number of complications,
including hemorrhagic transformation, blood-brain barrier destruction,
and a large amount of edema, which may cause further injury, known
as cerebral ischemia-reperfusion (I/R) injury [1]. Studies have con-
firmed that oxidative stress is an important pathogenesis of ischemic
stroke, and excessive reactive oxygen species (ROS) produced by mi-
tochondria are considered to be the main cause of oxidative stress [2].

Mitochondria are organelles that act as the oxidative energy centers
and are necessary for cell survival, whereas aging or damaged mi-
tochondria are the sources of toxic ROS [3]. Furthermore, ROS can
aggravate mitochondrial injury and lead to the accumulation of da-
maged mitochondria, resulting in neurodegenerative diseases. Thus,

cells must clear damaged mitochondria to stop ROS accumulation.
Autophagy is a key self-repair mechanism that maintains cellular
homeostasis by degrading stress-related damaged organelles and mis-
folded proteins [4]. The cells maintain their mitochondrial quality
mainly through mitophagy, which is mediated by the Pinkl/Parkin
pathway [5]. After MMP loss or the accumulation of damaged mi-
tochondria, phosphatase and tensin homolog (PTEN)-induced putative
kinase protein 1 (Pinkl) localizes to the mitochondrial outer mem-
brane, where it promotes the recruitment of the E3 ubiquitin ligase
Parkin to the mitochondria [6]. Parkin promotes mitochondrial mem-
brane protein ubiquitination. Then, mitochondria are wrapped by au-
tophagosomes via an interaction between the autophagy receptor p62/
SQSTM1 (Sequestosome 1) and LC3 (microtubule-associated protein 1
light chain 3). Autophagosomes eventually fuse with lysosomes to form
autolysosomes, which target mitochondria for autophagy clearance.
Previous studies have shown that in neurons, basal autophagy can
prevent the accumulation of damaged organelles and misfolded
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proteins, thereby protecting neuronal function and preventing the oc-
currence of neurodegenerative diseases [7,8]. In addition, autophagy is
a major protective mechanism that supports cell survival following
exposure to multiple stress responses [9]. Moreover, the protective ef-
fects of autophagy during cerebral I/R may be attributable to mito-
phagy-related mitochondrial clearance [10]. Therefore, the clearance of
damaged mitochondria allowed by increased autophagy and mitophagy
levels has substantial potential for the treatment of ischemic stroke.

Electroacupuncture (EA) is a technique that combines traditional
acupuncture with electrical stimulation. Due to the simplicity of the
operation, its high level of safety and its few side effects, EA has been
used for many neurological diseases, including stroke [11]. Although its
effects are obvious, its mechanisms are not clear. Previous study in-
dicated that a pretreatment with EA induced rapid tolerance to sub-
sequent focal cerebral ischemia [12]. Acupuncture can also effectively
restore lysosome levels and induce autophagy clearance, resulting in
the recovery of dopamine (DA) neurons and the improvement of motor
function [13]; however, the specific autophagy pathways and key
regulators that are induced by EA remain unclear.

In this study, we focus on the effects of EA treatment on mi-
tochondria, and found that EA could enhance Pinkl/Parkin-mediated
mitophagy clearance, decrease the accumulation of damaged mi-
tochondria, and ameliorate nitro/oxidative stress-induced mitochon-
drial functional damage in cerebral I/R. Our findings provide a better
understanding of the molecular mechanism of EA as a treatment for
ischemic stroke.

2. Materials and methods
2.1. Animals

Adult male Sprague Dawley (SD) rats weighing 220-250 g were
supplied by Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China). This study was performed under the supervision of the Animal
Care and Use Committee of Peking Union Medical College Hospital.

2.2. Experimental design

2.2.1. Experiment I

To verify the roles of EA in cerebral I/R injury in addition to the
specific signaling pathways involved in EA, SD rats were randomly
divided into three groups: sham, I/R and EA. Staining with 2,3,5-tri-
phenyltetrazolium chloride (TTC), Garcia JH scoring and Nissl staining
were used to evaluate the cerebral ischemic area, neurological function
and neuronal damage, respectively. RNA sequencing (RNA-Seq) was
used to analyze the specific regulatory mechanisms of EA.

2.2.2. Experiment Il

To study the effects of EA on damage to mitochondrial function and
the accumulation of damaged mitochondria during cerebral I/R, SD rats
were randomly divided into four groups: sham, I/R, EA and CsA. MMP
and ATP levels were detected to explore mitochondrial function. CsA (a
potent inhibitor of mPTP opening) was used to verify the important
roles of mitochondria in the process of cerebral I/R. In addition, mi-
tochondrial markers were detected to quantify the accumulation of
damaged mitochondria.

2.2.3. Experiment III

To study the effects of EA on nitro/oxidative stress as well as the
effects of nitro/oxidative stress on mitochondrial function during cer-
ebral I/R, SD rats were randomly divided into four groups: sham, I/R,
EA and FeTMPyP groups. Several key enzymes and products were de-
tected to determine the status of nitro/oxidative stress. FeTMPyP (a
type of ONOO ™ scavenger) was used to study the effects of nitro/oxi-
dative stress on mitochondrial function.
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2.2.4. Experiment IV

To study the effects of EA on PI3K/Akt/mTOR-mediated ALP dys-
function and deficiency in Pink1/Parkin-mediated mitophagy clearance
during cerebral I/R, SD rats were randomly divided into five groups:
sham, I/R, EA, mitochondrial division inhibitor-1 (Mdivi-1) and Mdivi-
1+EA. Key regulatory proteins and mitophagy-specific proteins were
evaluated at various stages of ALP to determine the status of autop-
hagy/mitophagy. Mdivi-1 (a selective inhibitor of mitophagy activa-
tion) was used to verify the important roles of mitophagy in neuronal
injury in the process of cerebral I/R.

2.3. Other methods

A detailed Methods section is available at supplementary material
for all of these procedures, including cerebral I/R model, EA and drug
treatment, cerebral infarct size measurement, Nissl staining, RNA se-
quencing, mitochondrial isolation, detection of MMP and ATP Levels,
Western blot analysis, RNA extraction and real-time PCR, immuno-
fluorescence, measurement of various nitro/oxidative stress indexes.

2.4. Statistical analysis

All data are presented as mean *+ SEM. Statistical analysis was
performed with SPSS13.0. Comparisons between groups were made
using one-way ANOVA followed by Bonferroni post hoc test. Values of
P < 0.05 were considered statistically significant.

3. Results
3.1. EA attenuated cerebral I/R injury in a model of MCAO

To study the effects of EA on cerebral I/R injury, we adopted a
model of 2-h MCAO followed by 24 h of reperfusion in combination
with EA treatment (Fig. 1a). We found that in the I/R group, infarct size
was significantly higher and that EA treatment partially reduced infarct
size after cerebral I/R (P < 0.05, Fig. 1b). Garcia JH scoring indicated
that compared with the sham group, in the I/R group, the scores were
significantly lower (P < 0.001), while EA treatment partly increased
the scores (P < 0.01, Fig. 1c). Moreover, in the sham group, Nissl
staining revealed that in the cortex and the cornu ammonis 1(CA1)
region of the hippocampus, the cells were arranged in an orderly and
regular manner, and neuronal structure was complete, including a
regular nucleus and abundant Nissl bodies in the cytoplasm. However,
in the I/R group, neurons were arranged in a disordered fashion, and
some neurons were shrunken and deformed. Nucleoconstriction, dis-
solution, and cell swelling were observed, and there were fewer or no
Nissl bodies (Fig. 1e and f). EA treatment significantly improved neu-
ronal damage and increased the number of Nissl* neurons (P < 0.05,
Fig. 1d). These results suggested that EA attenuated cerebral I/R injury
in a model of MCAO.

3.2. EA played comprehensive regulatory roles in cerebral I/R

To identify the mechanisms by which EA treatment affects cerebral
I/R injury, we conducted an RNA sequencing analysis. The results
showed that compared with the sham group, 320 genes were upregu-
lated in the I/R group, and 63 genes were downregulated. Compared
with the I/R group, 250 genes were upregulated in the EA group, and
279 genes were downregulated (Fig. 2a). Moreover, these differences
were significant (FDR < 0.05, |log FC| > 1, Fig. 2b). Next, we analyzed
these differentially expressed genes according to the biological pro-
cesses, cellular components and molecular functions affected. The re-
sults show that compared with the sham group, in the I/R group, the
number of upregulated genes was significantly higher, whereas the
number of downregulated genes was lower, indicating a clear im-
balance (Fig. 2c). After EA treatment, the number of downregulated
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Fig. 1. EA attenuated cerebral I/R injury in an MCAO model. (a) Diagrammatic drawing of experimental procedures and corresponding EA treatment. (b) Cerebral
infarct size assessed by TTC staining, n = 5 each. (c) Neurological function assessed by Garcia JH scoring, n = 10. (d) The relative number of positive neurons by
Nissl staining in the cortex (e) and CA1 region of the hippocampus (f), n = 3 each, scale bar = 50 ym. Data are expressed as the mean + SEM, P < 0.05,

s

P < 0.01 and P < 0.001.

genes dramatically increased and reached a relatively balanced state
across all three of the evaluated aspects (Fig. 2d). These results provide
further evidence showing that EA plays comprehensive regulatory roles
in cerebral I/R.

3.3. EA treatment may affect mitochondria and autophagy/mitophagy in
cerebral I/R

To identify the specific regulatory pathways affected by EA treat-
ment, the genes with significant differences were analyzed in a trend
analysis. These genes were divided into eight categories (profile 0-7,
Fig. 3a), and the results show that only four trends were significant;
these included profile 3, profile 4, profile 6 and profile 7 (P < 0.05,
Fig. 3b). By calculating the percentage of each profile gene in the
corresponding pathways, we found that the pathway commonly
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affected by the above four gene trends was signal transduction (Fig. 3c).
Then, by pathway enrichment, we identified three significant pathways
for EA treatment; these included phagosomes (a possible membrane
source for early autophagosomal precursor structures), the PI3K/Akt
signaling pathway (key autophagy regulators) and metabolic pathways
(Fig. 3d), which may involve mitochondrial function (the oxidative
energy metabolism center of the cell). Therefore, we speculated that EA
treatment might be related to mitochondria and autophagy/mitophagy
in cerebral I/R.

3.4. EA improved mitochondrial injury and damaged mitochondrial
accumulation in cerebral I/R

Based on the above hypothesis, we next studied mitochondrial
function. The mPTP is necessary to maintain mitochondrial function
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Fig. 2. EA played comprehensive regulatory roles in cerebral I/R. (a) The number of upregulated and downregulated genes in three experimental groups. (b) Volcano
plot of genes with significant differences, FDR < 0.05, |log FC| > 1. (¢ and d) Gene Ontology (GO) function analysis of genes with significant differences in three

experimental groups. Three independent samples were tested in each experimental group.
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Fig. 4. EA improved mitochondrial injury and damaged mitochondrial accumulation in cerebral I/R. (a) Mitochondrial membrane potential (MMP) assessed using a
JC-1 fluorescence probe, n = 5 each. (b) The level of ATP in each experimental group, n = 5 each. (c) The expression of two proteins related to mitochondrial fusion
(Mfnl and OPA1) by Western blot, n = 5 each. (d and e) The relative number of positive neurons by Nissl staining in the cortex and CA1 region of the hippocampus,
n = 3 each, scale bar = 50 um. (f) The expression of mitochondrial markers (COX IV, VDAC and TOMM20) by Western blot, n = 5 each. (g) The mRNA levels of COX
IV, VDAC and TOMM20 by real-time PCR, n = 5 each. Data are expressed as the mean * SEM, P < 0.05and P < 0.01.

[14]. Its opening can lead to a reduction in MMP. In this study, MMP
was significantly lower in the I/R group than in the sham group but
significantly increased after EA and CsA (a potent inhibitor of mPTP)
treatment (P < 0.05, Fig. 4a). Meanwhile, EA treatment also reversed
the decrease in ATP content observed in the I/R group (P < 0.05,
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Fig. 4b). Mitochondria are constantly undergoing fusion and fission to
maintain a normal structure and functions [15]. Therefore, we ex-
amined the expression of two proteins related to mitochondrial fusion:
mitofusin 1 (Mfn1) and optic atrophy 1 gene protein (OPA1). Although
Mfnl only showed a downward trend in the I/R group, the expression
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of OPA1 was significantly decreased in the I/R group and was reversed
after EA treatment (P < 0.05, Fig. 4c). We also found that the number
of Nissl ™ neurons in the cortex and CA1 region of the hippocampus was
significantly higher in the CsA treatment group than in the I/R group
(P < 0.05, Fig. 4d and e), suggesting that maintaining the stability of
the mitochondrial membrane could reverse neuronal injury.

The clearance of damaged mitochondria is essential for mitochon-
drial homeostasis in neurons. Thus, we examined the expression of the
mitochondrial markers: cytochrome c¢ oxidase IV (COX IV), voltage-
dependent anion channel (VDAC) and translocase of outer mitochon-
drial membrane 20 homolog (TOMMZ20). The results showed that
compared to the sham group, in the I/R group, COX IV expression was
significantly higher (P < 0.01, Fig. 4f), VDAC expression was not sig-
nificantly changed, and TOMM20 expression showed an obvious up-
ward trend. Additionally, EA treatment significantly decreased the le-
vels of COX IV and TOMM20 (P < 0.01, Fig. 4f). However, this loss of
mitochondrial mass could also be caused by mitochondrial clearance or
by a decrease in mitochondrial biogenesis. To eliminate biogenesis re-
duction as a contributing factor, we determined the mRNA levels of
COX IV, VDAC and TOMMZ20. In contrast to the sham group, in the I/R
group, the mRNA level of COX IV was lower (P < 0.05), and none of
the mRNA levels of these mitochondrial markers were significantly
downregulated by EA treatment (Fig. 4g). Overall, the above results
showed that EA abrogated mitochondrial injury and the accumulation
of damaged mitochondria in cerebral I/R.

3.5. EA ameliorated nitro/oxidative stress-induced mitochondrial injury in
cerebral I/R

Lipid peroxidation causes the most serious damage to the mi-
tochondrial membrane; we therefore tested the effects of EA on nitro/
oxidative stress in these experiments. Our results showed that in the I/R
group, the levels of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) (the main source of superoxide (O57)), ROS
and malondialdehyde (MDA) were significantly higher (Fig. 5a—c),
while the activity of the antioxidant enzyme superoxide dismutase
(SOD) was significantly lower (P < 0.01, Fig. 5d). Additionally, EA
treatment significantly reduced NOX, ROS and MDA levels and in-
creased SOD activity (Fig. 5a—d). In addition, we also found that the
level of inducible nitric oxide (NO) synthase (iNOS) (the main source of
NO in cerebral I/R) was significantly higher in the I/R group
(P < 0.05, Fig. 5e) and that EA treatment partly decreased this in-
crease in iNOS levels. Moreover, the level of 3-nitrotyrosine (3-NT) (a
marker of ONOO™, the reaction products of NO and O5") was sig-
nificantly higher in the I/R group (P < 0.01), and the level of 3-NT was
significantly decreased by EA treatment (P < 0.05, Fig. 5f). Ad-
ditionally, FeTMPyP (a type of ONOO™ scavenger) significantly in-
creased the MMP level after cerebral I/R (P < 0.05, Fig. 5g), although
there was no significant change in ATP content (Fig. 5h), suggesting
that the inhibition of nitro/oxidative stress ameliorated mitochondrial
injury in cerebral I/R. The results presented here indicate that EA
ameliorates nitro/oxidative stress-induced mitochondrial injury in
cerebral I/R.

3.6. EA improved PI3K/Akt/mTOR-mediated ALP dysfunction in cerebral
I/R

The ALP degrades damaged organelles and misfolded proteins, and
the results described above also suggest that EA treatment may be re-
lated to the phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway (key autophagy regulators). Therefore, we studied the effects
of EA treatment on PI3K/Akt/mammalian target of rapamycin complex
(mTOR)-mediated ALP in cerebral I/R. We found that the expression
levels of PI3K and Akt showed a downward trend, while the expression
of mTOR decreased significantly in the I/R group (P < 0.05). After EA
treatment, mTOR expression was further decreased (P < 0.01, Fig. 6a).
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In addition, compared with the sham group, in the I/R group, the
protein levels of LC3, Rab7 and p62 were significantly higher, and ly-
sosome-associated membrane protein type 2 (LAMP-2) protein level
was significantly lower (P < 0.05). Additionally, EA treatment sig-
nificantly reduced Rab7 and p62 levels (P < 0.05) and partially in-
creased the level of LAMP-2 (Fig. 6b). Immunofluorescence results also
showed that EA increased the expression of LC3 in the CA1 region of the
hippocampus after cerebral I/R (P < 0.05, Fig. 6¢). The above results
demonstrate that cerebral I/R inhibits the PI3K/Akt/mTOR signaling
pathway and enhances the formation of autophagosomes; however,
there was insufficient autophagosome degradation. EA rescued PI3K/
Akt/mTOR-mediated ALP dysfunction in cerebral I/R.

3.7. EA increased Pink1/Parkin-mediated mitochondrial clearance in
cerebral I/R

The Pinkl/Parkin-mediated mitophagy is a specific pathway that
degrades damaged mitochondria. Therefore, we detected the protein
expression levels of components on this pathway. We found that com-
pared with the Sham group, in the I/R group, the protein levels of Drpl
and Parkin were significantly lower (P < 0.01), while Pinkl did not
change significantly, and mitofusin 2 (Mfn2) showed a downward
trend. Additionally, EA treatment significantly increased Drpl and
Parkin expression (P < 0.05) and partially increased Mfn2 expression
(Fig. 7a). Moreover, after cerebral I/R, EA treatment promoted the
translocation of Parkin and LC3 from the cytoplasm to mitochondria
(Fig. 7b). Immunofluorescence also revealed that LC3 translocated to
mitochondria marked by TOMM20 in the EA group (Fig. 7¢). In addi-
tion, when Mdivi-1 (a selective inhibitor of mitophagy activation) was
added, EA treatment alleviated the accumulation of damaged mi-
tochondria after cerebral I/R was blocked (Fig. 7d and e). Mdivi-1 also
further reduced the number of Nissl ™ neurons and aggravated neuronal
injury, especially in the CA1 region of the hippocampus (P < 0.05,
Fig. 7f), thereby eliminating the therapeutic effects of EA treatment on
cerebral I/R injury. These results taken together suggest that EA in-
creases Pink1/Parkin-mediated mitochondrial clearance in cerebral I/
R.

4. Discussion

In this study, we first illustrated that EA improved cerebral infarct
size, neurological function and neuronal damage in cerebral I/R. RNA-
Seq results demonstrated that EA effects were closely related to mi-
tochondrial function, ALP and mitophagy. Then, we observed mi-
tochondrial function damage and damaged mitochondria accumulation
during cerebral I/R and found that both were improved by EA, which
ameliorated mitochondrial function damage by inhibiting nitro/oxida-
tive stress. Finally, we demonstrated that EA improved damaged mi-
tochondria accumulation by the PI3K/Akt/mTOR-induced ALP
pathway, especially Pinkl/Parkin-mediated mitophagy clearance, to
protect against cerebral I/R injury.

The choice of acupoints is one of the key determinants of whether
acupuncture will obtain curative effects. A literature review and our
previous studies showed that combining “Baihui” (GV20) and “Zusanli”
(ST36) had synergistic effects on alleviating neuronal injury caused by
cerebral ischemia and was superior to other acupoint combinations
[16-18]. In addition, GV20, which is located at the top of the head, is
closely connected with the brain and is a key acupoint for regulating
brain function. ST36, which is located at the knee joint in the lower
extremity, can improve limb movement dysfunction induced by brain
ischemia. This combination has both local and remote therapeutic ef-
fects. EA, when applied in combination with acupuncture and modern
technology, is more suitable for experimental operations because it
allows objective quantification and fewer influences by the surgeon
[19]. In this study, we viewed ischemic stroke as a type of acute disease,
and moderate-intensity stimulation is needed during the acute phase. In
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Fig. 5. EA ameliorated nitro/oxidative stress-induced mitochondrial injury in cerebral I/R. (a, b and c) The contents of NOX, ROS and MDA in the hippocampus in
the ischemic area, n = 5 each. (d) SOD activity in each experimental group, n = 5 each. (e) The expression of iNOS by Western blot, n = 5 each. (f) The level of 3-NT
of the hippocampus in the ischemic area, n = 5 each. (g) Mitochondrial membrane potential (MMP) assessed using a JC-1 fluorescence probe, n = 5 each. (h) The
level of ATP in each experimental group, n = 5. Data are expressed as the mean + SEM, P < 0.05and P < 0.01.

addition, the model of cerebral ischemia used in this study was estab- neuronal damage (Nissl staining) in cerebral I/R. Therefore, the pur-
lished in rats rather than mice. Given these reasons, 20 Hz electrical pose of our follow-up experiments was to identify the specific pathways
stimulation with compressional waves was performed for 30 min as the and mechanisms of EA treatment.

treatment method. Our results show that EA improved cerebral infarct Next-generation high-throughput RNA sequencing (RNA-Seq) is a
size (TTC staining), neurological function (Garcia JH scoring) and technology that can objectively describe all gene expression changes in
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Fig. 6. EA improved PI3K/Akt/mTOR-mediated ALP dysfunction in cerebral I/R. (a) The expression of PI3K, Akt and mTOR by Western blot, n = 5 each. (b) The
expression of LC3, Rab7, p62 and LAMP-2 by Western blot, n = 5 each. (c) The expression of LC3 in the CA1 region of the hippocampus by immunofluorescence,
scale bar = 50 um, n = 5 each. Data are expressed as the mean + SEM, P < 0.05and P < 0.01.

diseases and reveal unknown transcripts that are not annotated in
current databases [20]. In this study, we found that three significant
pathways (phagosomes, the PI3K/Akt signaling pathway and metabolic
pathways) were affected in cerebral I/R by EA treatment. PI3K/Akt are
key regulatory factors that are affected in cerebral I/R and can enhance
the survival of nerve cells, activate multiple protein kinases and play
roles in the process of oxidative phosphorylation [21]. mTOR, the main
downstream target of the PI3K/Akt signaling pathway, plays an im-
portant role in autophagy activation and the formation of early au-
tophagosomal precursor structures [22]. Autophagosomes and phago-
somes are similar in morphology and structure and mature into
autolysosomes and phagolysosomes, respectively [23]. Autophagy and

phagocytosis are both involved in cellular metabolism and generate
essential nutrients and energy during times of starvation, as demon-
strated by our results. Based on the above three findings, our sub-
sequent experiments focused on mitochondria (the oxidative energy
metabolism center of the cell) and autophagy/mitophagy.

The mPTP opens during persistent stimulation (such as I/R da-
mage), damaging the permeability barrier of the mitochondrial mem-
brane and leading to mitochondrial swelling, dissipation of MMP, the
depletion of ATP and a transient increase of ROS [24]. CsA can block
mPTP opening and exerted a protective effect on stroke in rats by
maintaining the stability of the mitochondrial membrane to reverse
neuronal injury [25]. Our results indicate that there was mitochondrial
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Fig. 7. EA increased Pink1/Parkin-mediated damaged mitochondria clearance in cerebral I/R. (a) The expression of Drpl, Pink1l, Parkin and Mfn2 by Western blot,
n = 5 each. (b) The expression of Parkin and LC3 in cytosolic and mitochondrial fractions by Western blot, n = 3 each. (c) Images of tissues co-stained for the
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Nissl staining in the cortex and CA1 region of the hippocampus, n = 3 each, scale bar = 50 um. Data are expressed as the mean = SEM, P < 0.05, P < 0.01 and
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P < 0.001.
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damage (decreased MMP and ATP) and an accumulation of damaged
mitochondria (upregulated COX IV and TOMM20) in cerebral I/R. EA
can maintain the stability of mitochondrial structures and reduce the
accumulation of damaged mitochondria. In mitochondrial damage,
excessive oxidative stress causes the most serious damage to the mi-
tochondrial membrane structure, especially the inner membrane. Oxi-
dative stress includes increased ROS and the loss of antioxidant mole-
cules, such as SOD. NADPH oxidase (NOX) is considered to be a main
source of brain tissue O,~ production during stroke. Other downstream
effects of O, include the formation of ONOO ™~ (a reaction product of
NO and O57). ONOO ™~ exerts powerful biological effects and can induce
DNA damage and lipid peroxidation and alter the function of proteins
by nitration [26]. Our results indicate that EA reduced nitro/oxidative
levels (i.e., decreased NOX, ROS, MDA and ONOO~ content and in-
creased SOD activity) and FeTMPyP (a type of ONOO™~ scavenger)
improved mitochondrial damage (increased MMP). In summary, the
above results indicate that EA reduces mitochondrial damage through
anti-nitro/oxidative stress in cerebral I/R. However, the problem of
mitochondrial accumulation requires further study, and the regulation
of autophagy/mitophagy by EA was therefore further explored.

The ALP is responsible for the degradation and recycling of da-
maged or dysfunctional cytoplasmic proteins and intracellular orga-
nelles [27]. PI3K/Akt/mTOR are the key regulators that induce au-
tophagy and regulate autophagosome formation. In addition, several
proteins regulate the maturation of autophagosomes. LC3 is a typical
protein marker of autophagosomes. After autophagosomes mature, they
fuse with lysosomes because of an interaction between LC3 and Rab7,
which is necessary for the formation of autolysosomes [28]. LAMP-2 is
a lysosomal structural protein, and when autophagy flux is impaired,
the cargo (including autophagy receptor p62/SQSTM1) is not degraded
by lysosomes, resulting in the accumulation of p62/SQSTM1 [27]. Our
results indicate that the autophagy process is generally activated during
cerebral I/R; this process includes the inhibition of the PI3K/Akt/mTOR
signaling pathway, the formation and maturation of autophagosomes
(by upregulated LC3 and Rab7), and a reduction in the degradation of
autolysosomes (including increased p62/SQSTM1 and decreased
LAPMP-2 levels). EA can significantly ameliorate ALP dysfunction and
improve autophagy clearance. Mitophagy is a process that specifically
and selectively removes damaged mitochondria; it is mediated by the
Pinkl/Parkin pathway [5]. Before mitophagy occurs, damaged mi-
tochondria undergo fission/fragmentation via a Drpl-mediated process
and Mfn2 is a Parkin receptor for culling damaged mitochondria during
mitophagy [15,29]. Mdivi-1 can inhibit mitophagy and prevent da-
maged or defective mitochondria clearance. Our results indicate that
there is a deficiency in Pinkl/Parkin-mediated mitophagy, including
decreased Drpl, Parkin and Mfn2 levels. EA can increase Drpl, Parkin
and Mfn2 levels and promote the translocation of Parkin and LC3 from
the cytoplasm to mitochondria. Additionally, Mdivi-1 eliminated the
therapeutic effects of EA treatment on cerebral I/R injury. Overall, the
above results show that PI3K/Akt/mTOR-induced ALP dysfunction and
deficiency in Pinkl/Parkin-mediated mitophagy clearance occurs in
cerebral I/R. EA can improve damaged mitochondria accumulation via
Pinkl/Parkin-mediated mitophagy clearance to protect against neu-
ronal injury in cerebral I/R.

The accumulation of damaged mitochondria induced by nitro/oxi-
dative stress is an important cause of cerebral I/R injury, and one way
to reduce these injuries is to lower the number of damaged mitochon-
dria. Therefore, autophagy activation has significant therapeutic po-
tential in cerebral I/R injury [4]. In the case of impaired autophagy
clearance or degradation, upstream autophagy induction may lead to
the massive accumulation of autophagosomes, which may lead to toxic
consequences. EA can directly target lysosomal function or enhance the
entire pathway (including Pink1/Parkin-mediated mitophagy), thereby
preventing a negative outcome. From a therapeutic perspective, EA-
induced autophagy is a promising target mechanism. In many cases, it
strengthens the removal of the damaged mitochondria that cause
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cerebral I/R injury, thus acting on the root causes of these injuries.
Compared to simply inhibiting mTOR, EA presents substantial benefits.
In particular, its long-term use is not associated with obvious side ef-
fects.

5. Conclusion

EA can ameliorate nitro/oxidative stress-induced mitochondrial
function damage and improve damaged mitochondria accumulation via
Pink1/Parkin-mediated mitophagy clearance to protect against neu-
ronal injury in cerebral ischemia-reperfusion.
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