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Electroacupuncture at GV20-GB7 regulates mitophagy
to protect against neurological deficits following
intracerebral hemorrhage via inhibition of apoptosis
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Abstract. The acupuncture penetrating line of Baihui (GV20)
to Qubin (GB7) spans the parietal, frontal and temporal
lobes. The present study aimed to elucidate the mechanism
by which electroacupuncture (EA) at GV20-GB7 regulates
mitophagy in intracerebral hemorrhage (ICH) and whether
it serves a neuroprotective role. A whole blood-induced ICH
model was used. Mitophagy-regulating proteins, including
BCL/adenovirus E1B 19 kDa-interacting protein 3 (BNIP3),
PTEN-induced putative kinase 1 (PINK1), Parkin and apop-
tosis-associated proteins were detected by western blotting;
autophagy following ICH was evaluated by immunofluores-
cent techniques; morphological characteristics of mitophagy
were observed using transmission electron microscopy; and
TUNEL assay was performed to determine the number of
apoptotic cells. Immunohistochemistry was used to detect
pS53 expression. The protective role of EA (GV20-GB7)
via enhanced mitophagy and suppressed apoptosis in ICH
was further confirmed by decreased modified neurological
severity score. The results showed that EA (GV20-GB7)
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treatment upregulated mitochondrial autophagy following
ICH and inhibited apoptotic cell death. The mechanism
underlying EA (GV20-GB7) treatment may involve inhibition
of p53, an overlapping protein of autophagy and apoptosis. EA
(GV20-GB7) treatment decreased neurobehavioral deficits
following ICH but pretreatment with 3-methyladenine coun-
teracted the beneficial effects of EA (GV20-GB7) treatment.
In conclusion, EA (GV20-GB7) improved recovery from ICH
by regulating the balance between mitophagy and apoptosis.

Introduction

Intracerebral hemorrhage (ICH) is a stroke subtype with a
high mortality rate, which often results in neurological impair-
ments that can cause long-term disability (1). In the USA, the
mortality rate is 35-52% within 30 days of ICH, with half of
deaths occurring in the first 2 days, and only 20% expectation
of functional independence at 6 months among an estimated
67,000 patients (2,3). Non-traumatic ICH is due to the rupture
of blood vessels in the brain and subsequent tissue compres-
sion (4). The initial bleed causes hematoma mass that results
in physical disruption of brain tissue; the pathophysiological
processes of secondary injury following ICH are characterized
by ischemia, edema, apoptosis and necrosis surrounding the
hematoma (5,6).

Autophagy is a process by which cells recycle cellular
components, and degrade excess or defective organelles,
thereby participating in cytoplasmic component turnover and
protein quality control, which can prompt responses to nutrient
depletion and pathological stress (7,8). Autophagy is character-
ized by degradation of macromolecular intracellular material
by double-membrane autophagic vesicles (known as autopha-
gosomes) and also serves a constitutive role in the elimination
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of mitochondria (9). This specific regulated mechanism of
selective mitochondria degradation via autophagy is defined
as mitophagy (10). Mitophagy is involved in mitochondrial
maintenance, cellular differentiation and cell survival in
mammalian systems (11). An association between mitophagy
and mitochondrial function maintenance may underly the
pathology of certain diseases, aging, neurodegeneration and
stroke (12). PTEN-induced putative kinase 1 (PINK1), Parkin,
BCL/adenovirus E1B 19 kDa-interacting protein 3 (BNIP3),
NIX/BNIP3L (BNIP3-like) and FUN14 domain containing 1
have been identified as mitophagy receptors in mammalian
cells (13). Previous studies (14,15) of stroke have demonstrated
that enhanced mitophagy serves a key role in ameliorating
secondary cell death and associated complications. A study
involving traumatic brain injury (TBI) showed that enhancing
mitophagy following TBI by melatonin treatment amelio-
rates neuronal death and behavioral deficit by negatively
regulating inflammation activation and IL-1p secretion via
autophagy of damaged mitochondria through the mTOR
pathway (14). One study established that activated mitophagy
may inhibit inflammasome-mediated cell death and decrease
reactive oxygen species generation following induction of
subarachnoid hemorrhage (16). Furthermore, mitophagy may
contribute to the pro-survival apoptosis pathway by decreasing
cytochrome c release capacity (17). However, the question of
whether mitophagy contributes to cell death in stroke remains
controversial.

Electroacupuncture (EA) is a modern technique based
on a combination of the meridian theory of Traditional
Chinese Medicine and transcutaneous electrical stimulation
therapy (18). Recommended as a complementary treatment
for stroke, EA has shown promise in stroke rehabilitation (19).
The benefits of EA are attributed to its readily quantifi-
able stimulation parameters of frequency, intensity and
duration (20,21). The technique has been applied to ICH
models in a previous study (22) and has been reported to effec-
tively decrease blood-brain barrier permeability and improve
neurological recovery (23). Researchers have focused on the
regulation of autophagy by EA treatment in stroke, showing
that EA may affect ultrastructure and autophagy-associated
factors (24,25). For example, EA treatment was demonstrated
to exert a neuroprotective effect following ischemic stroke by
inhibiting autophagy via restricting autophagosome formation
and mediating the mTORC]1-unc-51-like autophagy activating
kinase 1 complex-Beclinl pathway (26). Other research has
shown that EA (at GV20) pretreatment may exert a protec-
tive effect on cerebral ischemic and reperfusion injury by
upregulating autophagy via enhanced expression of LC3 and
downregulated phosphorylated-mTOR (27). The present study
focused on acupoint GV20-GB7 (Baihui-Qubin). Our previous
study (28) investigated the effectiveness of GV20-GB7 using
an ICH rat model and found that acupuncture at GV20-GB7
may suppress neuronal differentiation of neural stem cells by
inhibiting the Notch-Hes signaling pathway and maintaining
neural stem cell proliferation. Furthermore, acupuncture
at GV20-GB7 has been reported to improve the recovery
of neurological function by decreasing the inflammatory
response via inhibition of TNF-a/NF«B expression levels (29).
The present study aimed to elucidate the mechanism by which
EA at GV20-GB7 regulates mitophagy in ICH and whether

it serves a neuroprotective role. It was hypothesized that EA
at GV20-GB7 could inhibit apoptotic cell death following
ICH by regulating the mitophagy process, thereby alleviating
symptoms of neurological impairment induced by ICH.

Materials and methods

Experimental animals. Male Sprague-Dawley rats (weight,
300-350 g) were obtained from the Experimental Animal
Center of Heilongjiang University of Chinese Medicine
[license no. SYXK (Hei) 2017061001]. Animals were housed in
controlled conditions under a 12-h light/dark cycle, at 22+2°C,
60-70% humidity and noise <60 dB, with ad libitum access
to food and water. All experiments were approved by the
Animal Care and Use Committee of Heilongjiang University
of Chinese Medicine and performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (30).

ICH model and groups. Rats were anesthetized with pentobar-
bital [60 mg/kg; intraperitoneal (i.p.) injection], then shaved at
the scalp. Aseptic techniques were used for surgical procedures,
as described in our previous study (29). Briefly, a ~1-cm midline
incision was made, exposing a perpendicular intersection point
of the coronal and sagittal suture. A 0.I-mm hole was drilled
in the skull (0.2 mm anterior and 3.5 mm laterally to the right
of bregma). Subsequently, 50 ul autologous whole blood from
the tail artery was injected into the basal ganglia via Hamilton
syringe at 5 mm depth below the skull surface and the needle
was left in place for 5 min. The sham-operated group received
intracerebral needle insertion only, without blood injection.
The burr hole was sealed with dental zinc phosphate cement
and the skin was sutured. Following surgery, each animal was
placed in a clean cage with free access to food and water. The
success rate of the autologous blood injection operation, which
indicated ICH was successfully induced, was ~95%. Rats in
the control group of each time point did not undergo surgery.

Since the morphology of mitophagy has been observed in
previous studies (31-34), the experiments were repeated at least
three times to confirm mitophagy as a phenomenon in ICH.
A total of 5 rats/group were used for transmission electron
microscopy (TEM), as previously described (35,36). A total
of 345 rats were used in the study. In order to determine the
time-dependent effect of ICH on mitophagy, 120 rats were
randomly and evenly divided into a control and ICH model
group (n=60/group). Tests were performed 6 and 24 h, and
3 and 7 days after ICH. In order to evaluate the effect of
EA on mitophagy following ICH, 225 rats were randomly
assigned to five treatment groups, each of which comprised
four experimental subgroups (6 and 24 h, and 3 and 7 days
after ICH; Fig. S1). The treatment groups were as follows:
Sham-operated, ICH model, ICH + 3-methyladenine (3-MA),
ICH + EA (EA group), ICH + 3-MA + EA (3-MA + EA group).
The experimental process is as illustrated in Fig. S1.

Administration of 3-MA. 3-MA is a PI3K inhibitor that
inhibits autophagy at the initiation stage and is used as an
inhibitor of mitophagy (32,37). In the present study, 3-MA
(400 nm/ul; Selleck Chemicals) was dissolved in 0.9% saline
by heating to 60-70°C until completely dissolved and cooling
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Figure 1. Acupuncture points in mice were determined using a trans-positional method. (A) Location of GV20 and GB7 on humans. (B) Schematic diagram of
GV20-GB7 on a rat. Baihui (GV20) is located at the midpoint of the line connecting the apexes of the bilateral ear on the parietal bone; Qubin (GB7) is at the
posterior 2/3 point of the line connecting the right orbital margin and porus acusticus externus.

to room temperature immediately before treatment. Rats in the
3-MA and 3-MA + EA groups were anesthetized as aforemen-
tioned and placed on stereotaxic apparatus, then 10 ul 3-MA
was injected into the lateral ventricles (1.5 mm anterior and
0.8 mm laterally to the right of bregma) 15 min before whole
blood-induced ICH surgery.

EA treatment. Rats were placed into a rat fixator (Beijing
Ji Nuotai Science and Technology Development Co., Ltd.).
Treatment was performed 2 h after the ICH model was estab-
lished, and once every 24 h thereafter. Baihui (GV20) was
located according to the world acupuncture and moxibustion
congress (38,39), and acupoint Qubin (GB7) was determined
using a trans-positional method (40) (Fig. 1). Briefly, GB7 was
located on the connecting line of the orbital margin and porus
acusticus externus. A resistance detector was used to measure
the electrical characterization along the proposed line (resis-
tance of acupoints is lower compared with non-acupoints) (41).
The posterior 2/3 point of the line connecting the orbital
margin and porus acusticus externus was confirmed as the
GB7. Sterilized acupuncture needles (0.25x15.00 mm Hwato
disposable acupuncture needle; Suzhou Medical Products
Factory Co., Ltd.) were inserted at Baihui (GV20) with the
needle tip penetrating ~8 mm ipsilateral (focal side; contralat-
eral side of the paralyzed limb) acupoint Qubin (GB7) (Fig. 1).
The needle was connected to an EA instrument (model G6805)
and EA was performed with continuous-wave at 4 Hz stimula-
tion for 15 min/day at an intensity of 1 mA. Rats of all groups
were fixed to the fixator in the same way.

Assessment of neurobehavioral deficits. Modified neuro-
logical severity score (mNSS) was used to evaluate
neurological deficits. mNSS tests were performed as described
by Chen et al (42) immediately following recovery from
anesthesia, and at 6 and 24 h and 3 and 7 days following
EA treatment. Briefly, the evaluation criteria comprises
18 points as follows: Motor tests, including raising rats by

the tail and floor walk tests, 6 points; sensory tests, including
placing and proprioceptive tests, 2 points; beam balance
test, 6 points (normal=0; maximum=6); absent reflex and
abnormal movement tests, including pinna, corneal and startle
reflexes, and seizures, 4 points. The test data were assessed
by an experimenter who was blinded to the experimental
design and treatment procedure. The total mNSS was classi-
fied as follows: 13-18, serious injury; 7-12, moderate injury;
1-6, slight injury. Animals scoring 7-13 points following the
operation were considered to indicate a successful ICH model
and were selected for neurobehavioral deficit assessment after
treatment. These animals exhibited symptoms such as tipping
over to the paralyzed side, hind leg buckling, falling from the
balance beam and disappearance of corneal reflex.

TEM. Rats were euthanized with pentobarbital (120 mg/kg,
i.p.) after 6 and 24 h, 3 days and 7 days respectively, then
perfused with pre-cooled (4°C) physiological saline, followed
by PBS containing 4% paraformaldehyde. The brain was
removed and cut into 1 cm® cubes, which were fixed with
2.5% glutaraldehyde for 4 h, washed four times in 0.1 M PBS
(pH 7.4) overnight at 40°C, then postfixed in 1% osmium
tetroxide for 2 h at 30°C and washed with PBS again. Following
dehydration by graded alcohol and dry acetone, samples were
embedded in Epon/Araldite mixture (Merck KGaA); polym-
erization was performed at 70°C for 2 days. Ultrathin sections
(70 nm) were cut using a Leica Ultracut microtome (Leica
Microsystems, Inc.), and stained with 3% lead citrate and
uranyl acetate staining solution for 10 and 30 min respectively,
then drying at room temperature. The samples were observed
under a Philips 201 electron microscope (Philips Medical
Systems B.V.) and images were captured.

Western blot analysis. Following euthanasia with pentobar-
bital (120 mg/kg, i.p.), rats were decapitated and the brain
was removed. The focal area was dissected and placed
on ice. Subsequently, samples were homogenized in lysis
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buffer (cat. no. M334-100ML; Amresco, LLC), followed by
centrifugation at 15,100 x g for 10 min at 4°C. The protein
concentration was determined using a BCA protein assay
kit (cat. no. WLAOO4; Wanleibio, Co., Ltd.). Equal amounts
of denatured protein (50 pug) were separated by SDS-PAGE
on 10% gels, then transferred onto PVDF membranes
(EMD Millipore). The membranes were blocked for 2 h with
5% non-fat milk in 0.1% TBS-Tween-20 (cat. no. WLAO025.
Wanleibio Co., Ltd.) at room temperature and then incubated
overnight at 4°C with the following primary antibodies:
BNIP3 (1:400; cat. no. bs-4239R; BIOSS), PINK1 (1:1,000;
cat. no. 23274-1-AP; ProteinTech Group, Inc.), Parkin (1:400;
cat. no. WL02512; Wanleibio Co., Ltd.), translocase of outer
mitochondrial membrane 20 homolog (1:500; TOMM?20;
cat. no. WL03626; Wanleibio Co., Ltd.), cytochrome ¢ oxidase
IV (1:400; COX IV; cat. no. WL02203; Wanleibio Co., Ltd.),
Bcl-2 (1:500; cat. no. 12789-1-AP; ProteinTech Group, Inc.),
BAX (1:400; cat. no. WL01637; Wanleibio Co., Ltd.) cleaved
caspase-3 (1:300; cat. no. 19677-1-AP; ProteinTech Group,
Inc.) and p53 (1:300; cat. no. 10442-1-AP; ProteinTech
Group, Inc.). The membranes were washed in TBST and
incubated with horseradish peroxidase-conjugated (HRP)
secondary goat anti-rabbit IgG (1:5,000; cat. no. 7074; Cell
Signaling Technology, Inc.) for 1 h at 37°C, then the PVDF
membranes were added to TBST bufferat room temperature,
and rotated for 15 min. Immunoblotting was detected by
electrochemiluminescence (cat. no. WLAO0O03, Wanleibio
Co., Ltd.), and densitometry was analyzed using a Bio-image
Analysis system (Bio-Rad Laboratories, Inc.). B-actin (1:1,000;
cat. no. WLO01845; Wanleibio Co., Ltd.) was used as a loading
control. Results were calculated as the ratio of the fluorescence
intensity of target protein/p-actin.

Immunohistochemistry. Rats were euthanized with pento-
barbital (120 mg/kg, i.p.), perfused as aforementioned and
the brain was removed. Paraffin-embedded brain tissue was
cut into 4-um sections. A two-step method of immunohis-
tochemistry was performed according to the instructions of
kit (cat. no. PV-6002; ZSGB-BIO, Inc). Briefly, sections were
deparaffinized and rehydrated, then incubated in 3% H,O, for
10 min, followed by immersion in 10 mmol/l citrate buffer
(pH 6.0) and heating to boil for 2 min then cooling to room
temperature. The sections were then incubated with primary
antibodies against p53 (1:300; cat. no. 10442-1-AP; ProteinTech
Group, Inc.) overnight at 4°C. After washing in PBS, sections
were incubated with anti-rabbit biotinylated secondary anti-
body (1:500; cat. no. bs-0295G; BIOSS) at 37°C for 30 min,
then stained with 4% diaminobenzidine and 5% hematoxylin
for 30 min at room temperature. Sections were visualized using
a Motic3000 light microscope (Motic Incorporation, Ltd.)
at x400 magnification. Cells were counted in five randomly
selected fields of view in each group. Nuclei were stained
blue and p53-positive cells were visualized as yellow-brown
granules.

Immunofluorescence staining. After rats were euthanized
with pentobarbital (120 mg/kg, i.p.) and perfused as
aforementioned, brains were collected and immersed in
gradient alcohol, followed by immersion in dimethylben-
zene. Paraffin-embedded brain tissue was then cut into

5-um sections. Following deparaffinization, sections were
permeabilized with gradient alcohol. The permeabilization
solution was then removed and samples were washed three
times in PBS for 5 min each. Subsequently, the sections were
blocked with 10% goat serum for 15 min at room tempera-
ture (cat. no. SLO83; Beijing Solarbio Science & Technology
Co., Ltd.) and slides were incubated overnight with primary
antibody anti-LC3II (1:100; cat. no. bs-2912R; BIOSS) at 4°C.
The sections were washed with PBS and incubated with
fluorescein isothiocyanate-labeled goat anti-rabbit antibody
(1:200; cat. no. A0516; Beyotime Institute of Biotechnology)
for 1 h at room temperature in the dark. In order to detect the
morphology of the nucleus, the nuclei were stained with DAPI
(0.1 ug/ml) for 15 min at room temperature and detected by
blue fluorescence. After rinsing with PBS three times (5 min
each), the sections were mounted on slides. Confocal images
were captured at x400 magnification using a fluorescence
microscope (DP73; Olympus Corporation).

TUNEL.Rats were sacrificed with pentobarbital (120 mg/kg,i.p.)
and perfused as aforementioned, after which, the brains were
cut into sections (10 gm) and TUNEL assay was performed
using a TUNELAP kit (OriGene Technologies, Inc.) according
to the manufacturer's instructions. Briefly, the sections were
washed with PBS and reacted with TdT enzyme/buffer at 37°C
for 1 h, followed by enzyme-labeled anti-dUTP antibody
reaction at room temperature for 30 min. Then, the sections
were rinsed with 3,3-diaminobenzidine and dehydrated with
dimethylbenzene. After being air-dried, the sections were
observed and images were captured at x400 magnifica-
tion using a Motic3000 light microscope; six fields of view
were quantitatively assessed from each section (n=6) using
Image-pro Plus 6.0 Pathological Image Analysis system
(Media Cybernetic, Inc.). Brown staining of nuclei was
considered to indicate apoptotic cells.

Statistical analysis. Data are presented as the mean + SEM
(n=5). P-values for western blotting, immunohistochemistry
and TUNEL assay were determined by one-way ANOVA
followed by Tukey's post hoc test. Data are presented as
median (IQR). P-values for mNSS were determined by
Kruskal-Wallis test, followed by post hoc Dunn's multiple
comparisons test. GraphPad Prism 8.0 software (GraphPad
Software, Inc.) was used for all histograms and statistical
analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

Mitophagy is activated following ICH. The induction of
mitophagy following ICH was evaluated by detecting the
protein expression levels of BNIP3, a protein that carries only
one Bcl-2-homology-3 domain of the Bcl-2 family and mito-
chondrial autophagy receptor (43). Immunoblotting showed
ICH caused a time-dependent increase in BNIP3 (Fig. 2A).
Semi-quantitative analysis of protein band density indicated
that BNIP3 protein expression levels increased at 6 h after
ICH compared with the sham group and peaked at 3 days. The
expression levels on day 7 after ICH induction were still higher
compared with the control group (Fig. 2B). Mitophagy protein
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Figure 2. Mitophagy is activated following intracerebral hemorrhage. Expression levels and semi-quantitative analysis of (A and B) BNIP3, (C and D) PINK1
and (E and F) Parkin, as determined by western blot analysis. $-actin protein was used as the loading control. Data are expressed as the mean + SEM
(n=5/group) and analyzed by one-way ANOVA followed by Tukey's multiple comparisons test. "P<0.05 vs. Control; “*P<0.01 vs. 6 h; "P<0.05, ”/P<0.01 vs. 24 h;
“P<0.05, ““P<0.01 vs. 3 days. BNIP3, BCL/adenovirus E1B 19k Da-interacting protein 3; PINK1, PTEN-induced putative kinase 1.

markers PINK1 and Parkin were also detected by western
blotting to determine mitophagy activity following ICH; the
results were consistent with those of BNIP3 (Fig. 2C-F).
Autophagy following ICH was identified by immuno-
fluorescent techniques. LC3-II-positive cells were notably
increased at all time points in the ICH group compared with the
control group, indicating autophagy was activated (Fig. 3). The
results showed that the lighteness of LC3-II positive neurons
(Fig. 3) at day 3 following ICH was significantly higher than
that in other groups. The observed LC3-II-positive neurons
were notably decreased at 7 days following ICH. (Fig. 3A).
The ultrastructural phenotypes of autophagosomes,
autolysosomes and mitochondria were investigated by TEM
(Fig. 3B). A large number of healthy mitochondria with

clear crista structures were observed in the Control group
(Fig. 3B-a). Double-membrane autophagosomes containing
mitochondria, which are a typical morphological character-
istic of mitophagy, were observed following ICH (Fig. 3Bb-e).
Greater numbers of these autophagosomes and autolysosomes
were observed at day 3 following ICH, indicating increased
mitophagy (Fig. 3B-d). Damaged and deformed mitochondria
with vague cristae and lost matrix granules were also observed
following ICH. These results indicated that mitophagy was
activated following ICH; this effect was most notable at 3 days
after ICH (Fig. 3B-b-e).

EA treatment upregulates mitophagy following ICH. The
effect of EA on mitophagy following ICH was assessed by
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Figure 3. Autophagy is activated following ICH. (A) Representative immunofluorescence images of LC3-II (red) surrounding the basal ganglia at different
time points following ICH. More LC3-II puncta were observed on day 3 compared with other time points. Scale bar, 50 ym. Magnified scale bar, 5 ym.
(B) Transmission electron microscopy analysis of ultrastructural changes at different time points following ICH. (a) Healthy mitochondria with clear crista
structure were observed in the sham operation group. Magnification, x10,000. (b-e) Morphological changes in the basal ganglia of model groups at different time
points. Black arrows indicate double-membrane autophagic vacuoles, including partially degraded mitochondria or other autophagic content. Magnification,
x4,000, x6,000, x12,000 and x12,000, respectively. I, Large mitochondrion with disordered cristae; II, autolysosome containing residues of mitochondria
and lytic organelles; III and V, autophagosomes containing mitochondria, demonstrating ongoing mitophagy; I'V, lysosome; VI, healthy mitochondrion with

normal size and clear crista structure.

measuring BNIP3 expression levels (Fig. 4A and B). The
expression levels of BNIP3 were increased following ICH and
significantly increased in the EA group at 7 days compared
with the model group. Compared with the model group, the
3-MA group exhibited lower expression levels of BNIP3 in the
focal area at 7 days. Notably, the effects of EA (GV20-GB7)
were blocked by 3-MA.

The relative number of mitochondria at day 3 following
ICH was assessed by levels of mitochondrial protein markers
TOMM20 and COX IV (Fig. 4C and D). Expression levels
of both TOMM?20 and COX IV increased following ICH;
this was alleviated by EA treatment. Treatment with 3-MA
increased the expression levels of TOMM20 and COX IV
compared with the Model group (Fig. 4E and F), indicating
inhibition of mitophagy. These results suggested that EA
treatment may enhance autophagy-associated mitochondrial
elimination following ICH.

TEM was performed to investigate the effect of EA on
stimulating focal mitophagy. Since mitophagy was most
activated on day 3 after ICH, this time point was selected for
the TEM experiments. There was no notable observation of
autophagic vacuoles in the sham group but autophagosomes
and autolysosomes containing mitochondria were observed in
the model group. Swollen and dilated mitochondria and rough
endoplasmic reticulum were also observed, compared with the
sham group (Fig. 5A and B). Larger numbers of autophagosomes
with mitochondria and autolysosomes with partially degraded
mitochondria, which are characteristic of mitophagy, were
observed in the electron micrographs from the EA group, but
mild neuron injury was still visible (Fig. 5C). Morphological
changes were found in the 3-MA group, including decreased
numbers of autophagosomes, shrunken nuclei and disrupted

cell membranes, which indicated early-stage apoptosis
(Fig. 5D). In addition, treatment with 3-MA neutralized the
effect of EA on mitophagy enhancement (Fig. SE). These
results indicated that inhibiting mitophagy may lead to neuron
apoptosis; enhancing mitophagy via EA decreased accumula-
tion of injured mitochondria, which may delay neuron death.
Collectively, these results demonstrated that mitophagy was
augmented by EA (GV20-GB7).

EA decreases mitochondrial apoptosis following ICH. The
anti-apoptotic protein Bcl-2 is activated in mitochondrial
apoptosis (44). In the present study, Bcl-2 was upregulated
at 6 h following ICH in the model group compared with the
sham group (Fig. 6A and B) and declined after 24 h to reach
a minimum level 3 days after ICH. EA treatment significantly
increased Bcl-2 expression relative to the model group.

Cleaved caspase-3, an executioner protease of apoptosis,
was also detected in the present study (Fig. 6C and D). Cleaved
caspase-3 expression was increased following ICH, whereas
EA (GV20-GB7) treatment decreased cleaved caspase-3
expression levels at 6 and 24 h.

Bax was also detected by western blot analysis
(Fig. 6E and F). The expression of Bax was upregulated after
ICH was initiated and enhanced by EA treatment compared
to the Model group. Additional 3-MA treatment reversed the
effects of EA; in addition, 3-MA decreased Bcl-2 expression
levels, and increased those of Bax and cleaved caspase-3
compared with the model group. Notably, cleaved caspase-3
peaked at 24 h after ICH, which may be due to the apop-
totic function of cleaved caspase-3 in the early stages after
stroke (45,46). TUNEL assay demonstrated that the number of
apoptotic cells increased in ICH rats. Apoptosis was reduced
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Figure 4. EA treatment augments mitophagy following ICH. Mitophagy in each group following ICH was evaluated by western blotting and semi-quantitative
analysis of (A and B) BNIP3, (C and E) TOMM?20 and (D and F) COX IV. B-actin was used as a loading control. Data are presented as the mean + SEM
(n=5/group). P<0.01 vs. Sham; “P<0.05, “P<0.01 vs. Model. ICH, intracerebral hemorrhage; BNIP3, BCL/adenovirus EIB 19 kDa-interacting protein 3;
TOMM20, translocase of outer mitochondrial membrane 20 homolog; COX 1V, cytochrome ¢ oxidase IV; EA, electroacupuncture; 3-MA, 3-methyladenine.

0.1 ym

Figure 5. Transmission electron microscopy images of focal bleeding areas of rats in each group. Images were captured at (A) x5,000, (B) x12,000,
(C and D) x7,000 and (E) x15,000 magnification. Black arrows indicate double-membrane autophagic vacuoles, which include partially degraded mitochondria
or other autophagic content. White arrows indicate disrupted cell membranes. I and V, Typical mitophagic mitochondrion encapsulated by double-membrane
autophagosomes; II, rough endoplasmic reticulum; III, deformed mitochondrion; I'V, autolysosome; VI, normal mitochondrion with tight, orderly cristae.
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by EA treatment, whereas increased by administration of
3-MA, of which in accordance with the western blotting
results (Fig. 6G and H).

EA suppresses expression of p53. Tumor suppressor protein
p53 regulates apoptosis by interacting with both anti- and
pro-apoptotic Bcl-2 family proteins (47). Activation of the p53

system has also been found to induce autophagy (48). In the
present study, the expression levels of p53 were evaluated by
western blot analysis (Fig. 7A and B); the expression levels
of p53 in the focal area were significantly elevated at 6 h
after ICH, peaked at 3 days and remained high at 7 days. EA
treatment significantly prevented the elevation of p53 levels
compared with the model group at each time point, whereas
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of p53 in the Sham group; (b) more expression of p53 was observed in Model group; (c) EA treatment decreased mainly cytoplasmic expression levels of
p53 in neurons; (d) 3-MA treatment increased the p53-positive signals; (e) treatment of 3-MA neutralized the effect of EA. Tissue samples were observed
under light microscopy at a magnification of x400. Red and blue arrows indicate positive signals of p53 in the cytoplasm and nucleus, respectively. Scale bar,
50 um. (D) Semi-quantitative analysis of p53-positive cells. “P<0.05 vs. Sham; "P<0.05, “P<0.01 vs. Model; ¥P<0.05 vs. EA. EA, electroacupuncture; 3-MA,

3-methyladenine.

3-MA promoted p53 expression and counteracted the effect of
EA treatment. Immunohistochemical analysis was performed
to confirm the distribution of p53 (Fig. 7C and D); numbers of
p53-positive cells were consistent with the results of western
blot analysis. Positive signals of p53 were strongly deposited in
the cytoplasm of neuronal cells on day 3 after ICH.

Neurobehavioral deficits following ICH. Neurobehavioral
deficits were evaluated to investigate the effect of EA on
recovery and mitophagy following ICH. Neurobehavioral
deficits were assessed by mNSS tests at 6 and 24 h and
3 and 7 days after ICH in the presence or absence of EA
treatment. Rats in each group exhibited neurological deficits
at 6 h following induction of ICH, which improved over time,
as indicated by decreased mNSS test scores (Fig. 8). However,
mNSS in the EA group showed no significant difference
compared with the model group until day 7 after EA treatment
(Fig. 8). Alleviation of neurological deficits was counteracted
by 3-MA.

Discussion

Mitochondrial dysfunction is associated with the pathogenesis
of stroke (49). The autophagic degradation of dysfunctional
mitochondria is commensurate with mitophagy, which is a
mechanism of mitochondrial quality control and is key for main-
taining intracellular homeostasis (50). Previously, mitophagy has
attracted attention as a novel therapeutic target in stroke (51,52).
It has been extensively researched in ischemic stroke (53-55),
but there are few studies in the context of ICH.

Scalp acupuncture (SA) is a specialized acupuncture
technique used to treat patients with ischemic stroke (56).
Baihui (GV20) to Qubin (GB7) is one of the most effective
stimulation lines or areas (57). Although SA treatment for
acute ICH has been disputed (58), clinical trials have proved
its efficacy and safety (59). A randomized controlled study
demonstrated that SA, combined with conventional treatment,
increased the hematoma absorption ratio and alleviated neuro-
logical impairment compared with conventional treatment
alone (60). A clinical study by Sun ef al (61) of 500 cases of
patients with cerebrovascular hemiplegia treated via acupunc-
ture on Baihui-Qubin achieved a satisfactory therapeutic
effect. A previous study involving Baihui-Qubin (GV20-GB7)
treatment suggest inhibited Notch-Hes signaling pathway
transduction in rat basal ganglia after ICH, thereby inhibiting
neuronal differentiation and maintaining neural stem cell
proliferation (28). The present study focused on investigating
the underlying mechanism of the neuroprotective effect of
GV20-GB7 EA on mitophagy following ICH.

The PI3K inhibitor 3-MA is an autophagy inhibitor
that works in the early stage to suppress autophagy (62).
3-MA has been administered intracerebroventricularly in a
number of studies of brain disease (63,64); it has also been
administered i.p. in a number of studies on pulmonary and
hepatic disease (65,66), but few studies have assessed its
impact on cerebral disease (67,68). In addition, the standard
dosage of i.p. and intraventricular injection was different in
previous studies (69); intraperitoneally injected 3-MA was
150-300 pg/kg, whereas intraventricularly injected 3-MA
was 3-10 ul/rat, which was notably lower. Further studies are
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Figure 8. Assessment of mNSS following intracerebral hemorrhage. EA attenuated neurological deficit at 7 days. Data are presented as median (IQR), assessed
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required to determine the effect of this. Evidence has indicated
the role of 3-MA as an inhibitor of mitophagy (70,71); to the
best of our knowledge, high mortality rate caused by intra-
ventricular 3-MA treatment has not previously been reported.
Accordingly, cella lateralis injection of 3-MA was selected in
the present study.

In the present study, evidence of autophagy was detected in
focal tissue by observing the expression of LC3-II; mitophagy
was reflected by the expression levels of mitophagy protein
markers, such as PINK1, Parkin and BNIP3, which indicated
that mitophagy increased gradually following ICH and peaked
at day 3. In order to investigate whether mitophagy was trig-
gered following ICH, morphological changes of neurons were
observed by TEM. Autophagic vacuoles appeared shortly
following ICH; lysosomes and degraded mitochondria were
also detected, indicating that mitochondrial autophagy was
activated.

The efficient autophagic degradation of mitochondria has
been reported to require the participation of BNIP3, thus indi-
cating that mitophagy is specifically activated by BNIP3 (72).
BNIP3 is a pro-apoptotic member of the Bcl-2 family with an
atypical BH3 domain, which can also function as a receptor
for targeting autophagosomes to mitochondria (73,74). Due to
its links with both mitophagy and apoptosis (75), BNIP3 was
selected in the present study as a target to investigate changes in

mitophagy following ICH. EA treatment promoted mitophagy
by upregulating BNIP3; the therapeutic effect was mitigated
by 3-MA. Inhibition of expression of BNIP3 or mitophagy
by 3-MA may be due to the blockage of the LC3-interacting
region of BNIP3, which facilitates a direct interaction between
BNIP3 and LC3 to promote clearance of dysfunctional mito-
chondria (72). The present study demonstrated that inhibition
of mitophagy by 3-MA may enhance mitochondrial accu-
mulation, as evidenced by decreased levels of the mitophagy
marker BNIP3, and increased levels of mitochondrial markers
TOMM?20 and COX IV in the ICH + 3-MA group after 3
days. The results also suggested that the effect of EA treat-
ment may be achieved by enhancing autophagic clearance of
damaged mitochondria, which was consistent with a study by
Zhang et al (51). The protective role of autophagy during the
reperfusion phase following ischemic stroke may be attribut-
able to mitophagy-associated mitochondrial clearance and
inhibition of downstream apoptosis, reflected by decreased
COX IV and TOMM20 and increased LC3-II/GAPDH
following oxygen-glucose deprivation/reperfusion, 3-MA
treatment also increases infarct volume (51). These results
indicated that autophagic mitochondrial recycling may serve
a protective role following ICH.

Evidence has indicated that mitophagy and apoptosis
are interconnected (76,77). Bcl-2 family proteins and p53
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serve dual roles in regulating autophagy and apoptosis (78),
yet p53 and Bcl-2 alteration mechanisms are found to
overlap. As a pro-apoptotic protein with homology to Bcl-2
in the BH3 domain, BNIP3 is considered to be a regulator
of mitophagy (79). Previous studies demonstrated that p53
may function primarily as a transrepressor of BNIP3 to
protect against hypoxia-induced apoptotic cell death both
in vitro and in vivo, suggesting that BNIP3 is associated with
dysfunction of mitochondria and neuronal death induced
by stroke (80,81). Taken in conjunction with these earlier
reports, the present results supported an ICH model in which
BNIP3 and p53 modify their activity in a negative feedback
loop; EA (GV20-GB7) enhanced mitophagy by upregulating
BNIP3, while decreased p53 contributed to a neuroprotective
effect.

In order to investigate whether increased mitophagy by
EA (GV20-GB7) could serve a neuroprotective role against
ICH stress, the effects of increased mitophagy on apoptosis
were evaluated. The results showed that, in parallel with the
alterations in BNIP3 levels and ultrastructural changes of
mitophagy, EA (GV20-GB7) may also inhibit apoptosis by
upregulating Bcl-2, as well as decreasing the expression levels
of cleaved caspase-3 and Bax. Previous research has revealed
that the caspase and Bcl-2 families jointly participate in the
intrinsic apoptosis pathway mediated by mitochondria (50,82).
In addition, mitochondrial dysfunction may cause the rupture
of the outer mitochondrial membrane and cytochrome ¢
release, which could activate caspase-3 release (83). The
potential mechanism may be due to BNIP3 acting as a dual
regulator of Bcl-2 family proteins and suppressing apoptosis
by inhibiting pro-apoptotic protein Bcl-2 and activating Bax
protein, as well as harboring an LC3-interacting region that
can initiate mitophagy (43,72). Combined with the present
results, it was suggested that mitophagy enhanced by EA
(GV20-GB7) may have an effect on degradation of apoptotic
cell death after ICH. However, the mechanism underlying
the effects of EA (GV20-GB7) on mitophagy and apoptosis
remains unclear. In addition, in test of cleaved caspase-3 of
western blot of this study, the EA and EA + 3-MA group only
differed at 24 h. Since 3-MA primarily functions to inhibit
mitophagy, the neutralizing effect of 3-MA on EA-induced
downregulation of cleaved caspase-3 may differ from that on
other factors, such as BNIP3. This may be because the apop-
totic function of cleaved caspase-3 is only active in the early
stages following stroke. Expression levels of cleaved caspase-3
were low on day 3 and 7. During the stages of low expression
by the day 3 and 7, either EA or 3-MA treatment may not have
an obvious effect on the expression levels of cleaved caspase-3.
Therefore, 3-MA only significantly reversed the effect of EA
treatment at 24 h.

The tumor suppressor and transcription factor p53 triggers
apoptosis and modulates autophagy by acting at the mitochon-
drial level (84,85). During the neuronal apoptosis process,
p53 has been reported to act as a key factor in early apop-
totic signaling in neurons acting upstream of mitochondrial
damage and may cause mitochondrial membrane disruption,
which can lead to caspase activation (86). As a master regu-
lator of autophagy, the inhibition of autophagy by p53 has been
shown to be associated with its nuclear-to-cytosolic redistribu-
tion (87).

Cytoplasmic p53 may translocate to the mitochondria
and induce mitochondrial membrane permeabilization by
activating pro-apoptotic Bcl-2 family members to inhibit
anti-apoptotic Bcl-2 family proteins (88,89). In the present
study, EA(GV20-GB7) treatment increased the expression of
anti-apoptosis Bcl-2 protein and downregulated the expres-
sion of cleaved caspase-3 and Bax; these results coincided
with a significant decrease of p53. From these results, it
was concluded that ICH-induced p53 expression in rats was
decreased by EA (GV20-GB7), which inhibited apoptosis.
In addition, immunohistochemical results showed that p53
was primarily distributed in the cytoplasm, which illustrated
that the mitophagy-augmenting and apoptosis-restraining
effects of EA treatment may be associated with interactions
between mitophagy and apoptotic factors, and downregulated
cytoplasmic expression levels of p53 protein. Moreover, 3-MA
inhibited mitophagy and abolished the effects of EA, further
indicating that in this study, the protective mechanism of EA
may involve mitophagy.

In the present study, anti-apoptotic Bcl-2 protein was
decreased in response to ICH, meanwhile, the pro-apoptotic
protein BNIP3 was increased; however increased BNIP3 also
improved mitophagy, which inhibited apoptotic cell death.
As p53 is a regulator of both autophagy and apoptosis, it may
be suggested that pS3 induced apoptosis by interacting with
Bcl-2 family proteins, simultaneously inhibiting anti-apoptotic
proteins, such as Bcl-2, and activating pro-apoptotic proteins,
such as Bax and Bak. BNIP3 may be a putative transcriptional
target and downstream effector of p53 in autophagy (90);
BNIP3 is also an autophagy (specifically mitophagy) inducer
which has similar effects to p53 when acting as a pro-apoptotic
protein. Therefore, EA-alleviated p53 may improve mitophagy
and inhibit apoptosis by increasing the expression levels of
BNIP3 and decreasing those of Bcl-2.

Neurobehavioral deficits were evaluated by mNSS
tests. The behavioral effect of EA was assessed by multiple
modalities of testing, including function, sensory (including
placing and proprioceptive), beam balance, reflex absence
and abnormal movement tests. In the present study, neurobe-
havioral deficits were not significantly alleviated until day 7
after EA treatment, which is consistent with our previous
research (29,36), further suggesting that the benefit of EA
increases with treatment duration. Consistent with our
previous research (29), each sub-test was observed indepen-
dently, excluding vibrissae proprioception and symmetry
of limb, the assessment failed to demonstrate significantly
improved performance by GV20-GB7 EA treatment until
7 days after ICH. Longer observation time and a larger
sample size should be used in future studies to improve the
validity of the test. EA at GV20-GB7 may improve neuro-
logical function following ICH by clearance of mitochondria
via mitophagy.

BNIP3 has a C-terminal transmembrane domain, which
is essential for its homodimerization and pro-apoptotic func-
tion. Following homodimerization, BNIP3 is associated with
mitochondrial targeting where it functions in inner membrane
depolarization and permeabilization of the mitochondrial
outer membrane to induce mitochondrial dysfunction, and
both non-apoptotic and apoptotic cell death (91). A study
of mouse hepatocytes indicated that hypoxia may increase
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formation of the BNIP3 homodimer but decrease the amount
of the monomeric form of BNIP3 (92). Another study also
suggested that the BNIP3 homodimer may function as an
autophagy receptor to facilitate the removal of organelles,
such as mitochondria and endoplasmic reticulum (93). This
feature is suggested to serve a wide role in the pathogenesis
of various diseases, including stroke. However, to the best
of our knowledge, the mechanism underlying activation
of dimerized BNIP3, its translocation to the mitochondria
during mitophagy, and its potential regulation by acupuncture
or other medical intervention have not yet been studied in an
ICH model.

There are certain limitations to the present study. All
samples used were brain homogenates; thus, the point
of mitophagy activation and regulation by p53 cannot
be precisely located. Also, the underlying mechanism of
EA-enhanced mitophagy was not described here and merits
further investigation. Furthermore, it is difficult to conclude
whether the effectiveness of EA on mitophagy following ICH
was achieved by regulating mitophagy induced by ischemia
during ICH secondary injury or by improving mitochondrial
metabolism.

Regulation of mitophagy to maintain the integrity and
homeostasis of mitochondria is a promising therapeutic target
in the future of ICH treatment but further studies are required
to reveal the potential mechanism underlying mitophagy
following ICH. For example, the exact mechanism by which
PINKI1 phosphorylates itself and its substrates has not yet
been fully elucidated. Parkin recruitment and activation
during mitophagy involves PINKI1-mediated phosphoryla-
tion of Parkin and E3-ubiquitin (94). GTPase mitofusin 2
functions as a mitochondrial receptor for Parkin, which can
mediate Parkin recruitment to mitochondria and can further
promote Parkin-mediated ubiquitination by p-PINKI1 (95).
Considering the importance of healthy mitochondria for
recovery and survival following ICH (96), mitophagy is an
important research area for the development of novel treat-
ments and to reveal how EA may improve neurobehavioral
deficits.

In conclusion, the present study identified the role of
mitophagy in an ICH model. The neuroprotective effect of EA
on Baihui-Qubin (GV20-GB7), which occurs via enhanced
mitophagy, may be induced by inhibiting apoptosis. The
protective effect of p53 inhibition by EA on GV20-GB7 may
occur via regulation of p53 interactions with Bcl-2 family
proteins, which may promote the expression of BNIP3 and the
activation of anti-apoptotic Bcl-2. Furthermore, 3-MA pretreat-
ment inhibited mitophagy, aggravated apoptotic cell death and
reversed improvement on neurological deficits induced by EA
(GV20-GB7) treatment. These findings contribute to knowl-
edge concerning mitophagy induction in ICH and suggest
that regulating the balance between mitophagy and apoptosis
may be one mechanism by which EA (GV20-GB7) improves
recovery in ICH.
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