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Abstract
Electroacupuncture preconditioning at acupoint Baihui (GV20) can reduce focal cerebral ischemia/reperfusion injury. However, the pre-
cise protective mechanism remains unknown. Mitochondrial fission mediated by dynamin-related protein 1 (Drp1) can trigger neuronal 
apoptosis following cerebral ischemia/reperfusion injury. Herein, we examined the hypothesis that electroacupuncture pretreatment can 
regulate Drp1, and thus inhibit mitochondrial fission to provide cerebral protection. Rat models of focal cerebral ischemia/reperfusion 
injury were established by middle cerebral artery occlusion at 24 hours after 5 consecutive days of preconditioning with electroacupunc-
ture at GV20 (depth 2 mm, intensity 1 mA, frequency 2/15 Hz, for 30 minutes, once a day). Neurological function was assessed using the 
Longa neurological deficit score. Pathological changes in the ischemic penumbra on the injury side were assessed by hematoxylin-eosin 
staining. Cellular apoptosis in the ischemic penumbra on the injury side was assessed by terminal deoxyribonucleotidyl transferase-medi-
ated dUTP-digoxigenin nick end labeling staining. Mitochondrial ultrastructure in the ischemic penumbra on the injury side was assessed 
by transmission electron microscopy. Drp1 and cytochrome c expression in the ischemic penumbra on the injury side were assessed by 
western blot assay. Results showed that electroacupuncture preconditioning decreased expression of total and mitochondrial Drp1, de-
creased expression of total and cytosolic cytochrome c, maintained mitochondrial morphology and reduced the proportion of apoptotic 
cells in the ischemic penumbra on the injury side, with associated improvements in neurological function. These data suggest that elec-
troacupuncture preconditioning-induced neuronal protection involves inhibition of the expression and translocation of Drp1.
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Graphical Abstract

Inhibition of Drp1 is involved in electroacupuncture (EA) preconditioning-induced neuronal protection
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Introduction
Ischemic stroke is associated with a high morbidity, mortality 
and disability (Yamaguchi et al., 2016; Hameed et al., 2017; 
Patel and McMullen, 2017). Early reperfusion of the ischemic 
regions is an effective way to restore brain function, although 
this can actually increase brain damage, termed cerebral isch-
emia/reperfusion (IR) injury (Winquist and Kerr, 1997). In 
modern medicine conception, “prevention of disease” is one 
of important opinions. Thereby, reducing the incidence of 
stroke or the severity of the IR insult has clinical value. Elec-
troacupuncture (EA) preconditioning, as a simple, safe, con-
venient and effective intervention, was widely studied (Wang 
et al., 2009). EA has been previously reported to reduce cere-
bral IR injury (Lan et al., 2017; Ting et al., 2017). Recent stud-
ies showed that EA preconditioning at Baihui (GV20) exerted 
a neuroprotective effect via multiple mechanisms, including 
increased expression of total and phosphorylated adenosine 
monophosphate activated protein kinase-α (Ran et al., 2015), 
and increased expression of excitatory amino acid transport-
ers (Zhu et al., 2013), in the cerebral cortex and hippocam-
pus. However, the precise molecular mechanism of cerebral 
protection induced by EA pretreatment remains elusive. 

An increase of mitochondrial fission can lead to morpho-
logical and functional abnormalities of the mitochondria, 
which are key events in neuronal apoptosis following IR 
injury (Knott et al., 2008; Chin-Chan et al., 2015; Flippo 
and Strack, 2017; Vakifahmetoglu-Norberg et al., 2017). 
Dynamin-related protein 1 (Drp1) is an important protein 
induced during mitochondrial fission. Under physiological 
conditions, Drp1 is located predominantly in the cytosol, 
with only 3% assembled on the mitochondrial outer mem-
brane (Graef, 2016). After being recruited by relative recep-
tors (e.g., mitochondrial fission protein 1 and mitochondrial 
fission factor) on the mitochondrial outer membrane, Drp1 
translocates to the mitochondria and aggregates at the po-
tential fission site. The Drp1 polymer gradually contracts 
using energy from guanosine triphosphate hydrolysis until 
mitochondrial fission. Drp1 then returns to the cytoplasm, 
and the cycle is repeated (Losón et al., 2013; Lee et al., 2016; 
Michalska et al., 2016). Therefore, Drp1 is essential for mi-
tochondrial division (Pradeep et al., 2014; Hu et al., 2017). 
Overexpression of Drp1 was also reported to accelerate 
mitochondrial division and produce marked mitochondrial 
fragmentation during neuronal apoptosis following cerebral 
IR injury (Wu et al., 2011). Interestingly, treatment with the 
mitochondrial division inhibitor (mdivi-1, a selective inhib-
itor of Drp1) or inhibition of endogenous Drp1 with small 
interfering RNA or gene knockout can reduce mitochondrial 
fission, inhibit or delay the release of cytochrome c and main-
tain mitochondrial membrane potential, and thus suppress 
neuronal apoptosis (Pradeep et al., 2014; Li et al., 2015). 

In the present study, we examined the hypothesis that the 
regulation of Drp1 is involved in the mechanism of cerebral 
protection by EA preconditioning.

 
Materials and Methods
Animals
All the experimental procedures were conducted strictly 

according to the Guide for the Care and Use of Laboratory 
Animals from the National Institutes of Health. Experi-
ments were authorized by the ethics committee of Qingdao 
Municipal Hospital of China (approval No. 201613). A to-
tal of 96 specific-pathogen-free male Sprague-Dawley rats, 
8–12 weeks of age, and weighing 300 ± 20 g were purchased 
from Cavens Experimental Animal Center (Jiangsu, China) 
(license No. SCXK [Su] 20160007). Rats were randomly as-
signed to the sham group, EA group (I/R + EA) and IR (I/
R only) group (n = 32 per group). Rats were housed in the 
Animal Facility at Qingdao University of China with free 
access to food and water on a 12-hour light/dark cycle at 24 
± 2°C with a humidity of 60–70%. Rats were fasted for 12 
hours with free access to water before being anesthetized 
with 1% pentobarbital sodium (30 mg/kg intraperitoneally). 
During anesthesia, surgery and EA, the rectal temperature of 
rats was kept at 37.0 ± 0.3°C using a heating pad, and blood 
pressure, heart rate and respiratory rate were monitored. 

Model establishment of focal cerebral IR injury
Transient cerebral focal ischemia was produced by unilateral 
left middle cerebral artery occlusion according to a previ-
ously described method (Longa et al., 1989). In brief, the 
common carotid artery, external carotid artery and internal 
carotid artery on the left side were dissected under anesthe-
sia. A monofilament nylon suture (3.0 cm in length) was 
inserted into the internal carotid artery 18.5–19.5 mm from 
the external carotid artery until the suture blocked the ori-
gin of the middle cerebral artery. The middle cerebral artery 
was reperfused after a 2-hour occlusion by withdrawing the 
nylon monofilament. To guarantee success of the model oc-
clusion and reperfusion, laser Doppler flowmetry (PeriFlux 
5000, Perimed, Sweden) was used to monitor regional ce-
rebral blood flow. In the sham group, only the arteries were 
exposed without occlusion. 

EA preconditioning
EA preconditioning was performed in accordance with a 
previously described method (Wang et al., 2005). In brief, 
after anesthesia, a 0.24 × 30 mm stainless steel acupuncture 
needle (Suzhou Huatuo Medical Equipment Co., Ltd., Su-
zhou, China) was twisted into GV20, which is located at the 
junction of the sagittal midline and the line linking both 
ears of the rats), at a depth of 2 mm. The needle handle was 
connected to an EA apparatus (G6805-1; XinSheng Co., 
Ltd., Qingdao, Shandong Province, China). The stimulation 
parameters were set as follows: intensity, 1 mA; frequency, 
2/15 Hz; duration, 30 minutes. Rats in the EA group were 
stimulated once a day for 5 consecutive days. The middle 
cerebral artery occlusion model was established at 24 hours 
after the last stimulation. 

Neurologic deficit scores
The behavioral scores of all rats at 6, 24 and 48 hours after 
reperfusion or sham surgery were evaluated using Longa 
neurological deficit scores (Longa et al., 1989). The scores 
were determined according to the following categories: 0, 
normal neurologic behavior; 1, flexion in the right fore-
limb; 2, failure to extend the right forelimb completely and 
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strength to resist lateral push declined obviously; 3, fore-
limb flexion, rotation, and crawling toward the right side; 
4, unable or difficult to ambulate spontaneously. The mean 
value of three scores was recorded at each timepoint (higher 
scores represented more severe neurological deficit). 

Hematoxylin-eosin staining and terminal 
deoxyribonucleotidyl transferase-mediated dUTP-
digoxigenin nick end labeling staining
After anesthesia, four rats at from each group at each time 
point were transcardially perfused with 0.9% NaCl followed 
by 4% paraformaldehyde. Brain tissues were then collected, 
and the ischemic penumbras (peri-ischemic region, junction 
between the pale ischemic region and normal cortex tissue 
visible to the naked eye) were isolated. The tissues were then 
fixed in 10% formaldehyde and paraffin-embedded. The 
samples were sliced into 5 μm-thick coronal sections for 
hematoxylin-eosin staining 6, 24 and 48 hours after reperfu-
sion and terminal deoxyribonucleotidyl transferase-mediat-
ed dUTP-digoxigenin nick end labeling (TUNEL) staining 
at 24 hours after reperfusion.

Hematoxylin-eosin staining was performed as follows: 
hematoxylin staining for 10 minutes, discoloring by 75% 
hydrochloric acid alcohol solution for 30 seconds, eosin 
staining for 10 minutes and discoloring by 90% ethanol for 
35 seconds. Six visual fields of each brain slice were random-
ly photographed and observed using a light microscope (400 
× magnification; Olympus, Tokyo, Japan). Nuclear pyknosis 
and morphological abnormalities were evaluated by an ex-
perienced pathologist blinded to the group assignment.

Cell apoptosis was detected using TUNEL assay kits (Ab-
cam, Cambridge, MA, USA) according to the manufactur-
er’s instructions. The nuclei of the apoptotic cells presented 
as brown particles. The numbers of TUNEL-positive and 
total neurons were counted in four fields at 400× magnifica-
tion (Olympus). Five sections of each animal were used. The 
mean values were calculated to determine the number of 
TUNEL-positive cells. 

Transmission electron microscopy and multiple 
parameters for macro-quantitative analysis of 
mitochondrial morphology 
Four rats of each group were sacrificed at 24 hours after 
reperfusion or sham surgery for transmission electron 
microscopy. The ischemic penumbra tissues of rats were 
removed after perfusion with 4% paraformaldehyde and 
2.5% glutaraldehyde buffer (pH 7.4) under anesthesia. The 
ischemic penumbra was dissected and separated into brain 
blocks (1 × 1 × 1 mm3). Blocks were then fixed in 1% osmi-
um tetroxide, dehydrated in graded ethyl alcohol and then 
embedded in epoxy resin. Blocks were sectioned into 50 nm 
ultrathin sections with an ultramicrotome (Leica, UC6, Wet-
zlar, Germany) and placed on 200-mesh copper grids. The 
sections were stained with saturated uranyl acetate and then 
visualized with an H-7650 transmission electron microscope 
(Hitachi, Hiyoda, Tokyo).

Four random fields were visualized from each slice at 100,000× 
magnification, from a total of five slices from each sample. 
The aspect ratio (major axes to minor axes of the analyzed 

mitochondria), vacuolation ratio and mean area density of 
vacuolated mitochondria were measured using ImageJ soft-
ware (Image J, NIH, Bethesda, MD, USA) as morphological 
parameters. The vacuolation ratio was defined as the number 
of vacuolated mitochondria relative to the total number. The 
mean density was defined as the area sum of the vacuolated 
mitochondria relative to the area sum of all mitochondria 
(Wiemerslage and Lee, 2016).

Western blot assay
The mitochondrial and cytosolic fractions of the ischemic 
penumbra in the EA and IR groups or the same region in 
the sham group (6, 24 and 48 hours post-reperfusion or 
sham surgery) were separated using a cytosol/mitochondria 
fractionation kit (Beyotime Biotechnology, Beijing, China) 
according to the manufacturer’s instructions. In brief, the 
brain ischemic penumbra tissues of rats were rapidly re-
moved and washed with ice-cold phosphate-buffered saline, 
and then placed into ice-cold isolation medium with 1 mM 
phenylmethylsulfonyl fluoride. The suspension was homoge-
nized 8–10 times by hand. The supernatant was sequentially 
centrifuged at 800 × g for 5 minutes, 11,000 × g for 10 min-
utes and 12,000 × g for 20 minutes, and the cytosolic fraction 
collected. The remaining pellets were dissolved with ice-cold 
isolation medium and then centrifuged at 12,000 × g for 15 
minutes. The final pellets were collected as the mitochondri-
al fraction. All centrifugations were performed at 4°C. The 
purified mitochondria were lysed with the pre-cooling lysis 
buffer containing phenylmethyl sulfonylfluoride for western 
blot assay. The expression of specific markers (cyclooxygen-
ase for mitochondria, Rho guanylic acid  dissociation inhib-
itor [GDI] for cytosol) were analyzed to ensure the purity of 
each fraction.

The brain ischemic penumbra tissues were homogenized 
in lysis buffer (phenylmethyl sulfonylfluoride and radioim-
munoprecipitation assay buffer) (Beyotime Biotechnology), 
and then centrifuged at 12,000 × g for 15 minutes at 4°C. 
The samples were used for total protein assays. The mito-
chondrial and cytosol proteins were obtained using the sep-
aration steps described above.

Protein concentrations were determined using a bicin-
choninic acid protein assay (Beyotime Biotechnology). Pro-
teins were mixed with 2× loading buffer and then heated at 
99°C for 5 minutes. Equal amounts of proteins (30 μg) were 
loaded into each well and separated using 10% sodium do-
decylsulfate-polyacrylamide gel electrophoresis. The proteins 
were then transferred onto polyvinylidene fluoride mem-
branes (Merck Millipore, Darmstadt, Germany). The mem-
branes were blocked in tris-buffered saline tween-20 with 5% 
non-fat milk for 2 hours, and then incubated with primary an-
tibodies overnight: rabbit anti-rat Drp1 monoclonal antibody 
(1:1,000), rabbit anti-rat cytochrome c monoclonal antibody 
(1:1,000), rabbit anti-rat cyclooxygenase-IV monoclonal anti-
body (1:2,000), rabbit anti-rat Rho GDP dissociation inhibitor 
GDI monoclonal antibody (1:2,000) (all from Abcam) or rab-
bit anti-rat β-actin monoclonal antibody (1:2,000; Zhongshan 
Goldenbridge Biotechnology, Beijing, China). The membranes 
were then washed with tris-buffered saline tween-20 and incu-
bated with the goat anti-rabbit IgG (1:5,000; Jackson Immu-
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noResearch Laboratories, Baltimore, PA, USA). The blots were 
then developed using enhanced chemiluminescence (Beyotime 
Biotechnology), and then quantified using QuantiScan One 
Software (Bio-Rad, Hercules, CA, USA).

Statistical analysis 
All data are presented as the mean ± SD, and analyzed with 
statistical software (SPSS 19.0; IBM Corporation, Armork, 
NY, USA). One-way analysis of variance followed by the 
post hoc Student-Newman-Keuls test was used for compari-
son between the groups. A value of P < 0.05 was considered 
statistically significant.

Results
EA preconditioning decreased neurological deficit scores 
in rats with focal cerebral IR injury
Neurological deficit scores at 6, 24 and 48 hours after IR in-
sults were increased compared with sham group (P < 0.01; 
Figure 1C). By contrast, neurological deficit scores in the 
EA group after reperfusion were lower than those in the IR 
group at each time point (6 hours, P = 0.038; 24 hours, P = 
0.024; 48 hours, P = 0.029; Figure 1C).

EA preconditioning decreased cell apoptosis in the 
ischemic penumbra of rats with focal cerebral IR injury
TUNEL staining was performed to examine cell apoptosis 
(Nie et al., 2016). The proportion of TUNEL-positive cells 
indicated a marked increase in neuronal apoptosis in the 
ischemic penumbra in the EA and IR groups at 24 hours af-
ter reperfusion compared with the sham group (P = 0.0008; 
Figure 1A, B). By contrast, the EA group showed a signifi-
cant decrease in the proportion of TUNEL-positive neurons 
compared with the IR group (P = 0.028; Figure 1A, B).

EA preconditioning alleviated the histopathological 
changes of neurons in the ischemic penumbra of rats with 
focal cerebral IR injury
Hematoxylin-eosin staining showed the appearance of 
shrunken cell bodies and nuclear pyknosis in the ischemic 
penumbra of the EA and IR groups after reperfusion. By 
contrast, the pathological changes were milder in the EA 
group compared with the IR group (Figure 2).

Effect of EA preconditioning on mitochondrial 
ultrastructure of neurons in rats with focal cerebral IR 
injury
The mitochondrial ultrastructure of neurons under transmis-
sion electron microscope can be used to assess the degree of 
mitochondrial fission (Kubli et al., 2013). Mitochondria were 
well arranged and exhibited an integrated double-membrane 
structure and normal cristae without any sign of swelling or 
injury in the sham group. Mitochondria presented degen-
erative signs, such as deficiency of typical tubular or elliptic 
morphology, disappearance of double-membrane structure, 
vacuolation and cristae swelling, in the IR and EA groups at 
24 hours after reperfusion. By contrast, mitochondria in the 
EA group exhibited a less swollen and relatively integrated 
membrane compared with those in the IR group (Figure 3A).

The aspect ratio, vacuolation ratio and mean area density 
of vacuolated mitochondria were used to quantify changes 
in mitochondrial morphology. The aspect ratio in the sham 
group was significantly higher than that in the other two 
groups (EA 24 hours, P = 0.007; IR 24 hours, P = 0.005), 
while the aspect ratio in the EA group was significantly 
higher than that in the IR group (P = 0.020). The degree of 
swelling in the EA group was reduced compared with the IR 
group. Further, the IR group showed a markedly higher ra-
tio of vacuolated mitochondria compared with the sham 24 
hour (P = 0.001) and EA 24 hour (P = 0.030) groups, and a 
higher mean area density compared with the sham 24 hour (P 
= 0.001) and EA 24 hour (P = 0.035) groups (Figure 3B).

Effect of EA preconditioning on Drp1 expression in the 
focal cerebral IR injury rats
The expression of total Drp1 and mitochondrial Drp1 in the 
ischemic penumbra was measured by western blot assay. 
Compared with the sham group, total Drp1 was significant-
ly increased at 6, 24 and 48 hours after reperfusion in the 
IR and EA groups (P < 0.01; Figure 4A). By contrast, total 
Drp1 in the EA group at 6 and 24 hours after reperfusion 
was significantly lower than that in the IR group (6 hours, P 
= 0.041; 24 hours, P = 0.024; Figure 4A).

The mitochondria fraction was isolated using hypother-
mal differential centrifugation, and the Drp1 attached to 
mitochondria (Mito-Drp1) was measured, as Mito-Drp1 
rather than cytosolic Drp1 directly mediates mitochondrial 
fission (Michalska et al., 2016). Higher expression of Mi-
to-Drp1 was measured in the EA and IR groups at 6, 24 and 
48 hours after reperfusion compared with the sham group (P 
< 0.05 or P < 0.01). By contrast, rats in the EA group showed 
reduced Mito-Drp1 levels at 6, 24 and 48 hours after reper-
fusion compared with the IR group (6 hours, P = 0.025; 24 
hours, P = 0.030; 48 hours, P = 0.028; Figure 4B).

Effect of EA preconditioning on cytochrome c expression 
in the focal cerebral IR injury rats
During mitochondrial fission, cytochrome c is released to 
the cytosol from mitochondria, which can trigger neuronal 
apoptosis (Kim et al., 2015; Atkins et al., 2016). Therefore, 
the expression of total cytochrome c (total-cyto c) and cyto-
solic cytochrome c (cyto-cyto c) were measured by western 
blot assay to represent the changes in mitochondrial func-
tion. As shown in Figure 5A, total-cyto c expression in the 
IR and EA groups at 6, 24 and 48 hours after reperfusion 
was markedly higher than that in the sham group (P < 0.01). 
By contrast, rats in the EA group showed decreased levels 
of total-cyto c at 6 and 24 hours after reperfusion compared 
with the IR group (6 hours, P = 0.020; 24 hours, P = 0.038). 
cyto-cyto c was detected after separating the cytosolic and 
mitochondrial fractions. Compared with the sham group, 
the cyto-cyto c levels significantly increased in the IR and 
EA groups at 6, 24 and 48 hours after reperfusion (P < 0.01). 
By contrast, there was a significant decrease in cyto-cyto c 
levels in the EA group compared with the IR group at 6, 24 
and 48 hours after reperfusion (6 hours, P = 0.026; 24 hours, 
P = 0.030; 48 hours, P = 0.035; Figure 5B).
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Figure 1 Effects of EA pretreatment on cellular apoptosis and neurological deficit scores in rats with focal cerebral ischemia/reperfusion (IR) injury.
(A) Terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick end labeling (TUNEL) staining of cells (arrows) at 24 hours 
after IR or sham surgery. Scale bars: 50 μm. (B) Proportion of TUNEL-positive cells in the ischemic penumbra (n = 4 rats per group). (C) Neu-
rological deficit score at 6, 24 and 48 hours after reperfusion or sham surgery (n = 8 per group at 6 and 48 hours after reperfusion; n = 16 per 
group at 24 hours after reperfusion). Data are presented as the mean ± SD, and analyzed by one-way analysis of variance followed by the post hoc 
Student-Newman-Keuls test. **P < 0.01, vs. sham group; #P < 0.05, vs. electroacupuncture (EA) group at the same time point. I: Sham; II: EA 6 
hours; III: IR 6 hours; IV: EA 24 hours; V: IR 24 hours; VI: EA 48 hours; VII: IR 48 hours.

Figure 3 Effect of electroacupuncture (EA) preconditioning on 
mitochondrial ultrastructure in the brains of rats with focal cerebral 
ischemia/reperfusion (IR) injury. 
Mitochondrial (arrows) morphological structure observed under the  
transmission electron microscope in the ischemic penumbra at 24 
hours post-reperfusion or sham surgery. Scale bars: 0.5 μm. (B) Quan-
titative parameters for mitochondrial morphological changes, including 
aspect ratio, vacuolation ratio and mean area density of vacuolated mi-
tochondria. Data are presented as the mean ± SD (n = 4 rats per group), 
and analyzed by one-way analysis of variance followed by the post hoc 
Student-Newman-Keuls test. **P < 0.01, vs. sham group; #P < 0.05, vs. 
EA 24 hour group. I: Sham; II: EA 24 hours; III: IR 24 hours.

Figure 2 Effect of electroacupuncture (EA) preconditioning on 
neuronal histopathological structure in the ischemic penumbra of 
rats with focal cerebral ischemia/reperfusion (IR) injury 
(hematoxylin-eosin staining). 
Representative stained images in the ischemic penumbra at 6, 24 and 48 
hours post-reperfusion or sham surgery. Shrunken cell bodies and nuclear 
pyknosis (arrows) were observed in the EA and IR groups, but not in the 
sham group. The degree of histopathological changes in the IR group was 
more obvious than that in the EA group. Scale bars: 50 μm (n = 4 rats) 

Discussion
The occurrence and development of IR injury involve a 
range of complex pathophysiological processes, including 
calcium overload, oxidative stress and inflammation (Pren-
tice et al., 2015; Jin et al., 2016; Wu et al., 2016). Importantly, 
mitochondria are involved in all these processes, and mito-
chondria can release multiple essential apoptosis-inducing 
factors to induce neuronal apoptosis. Thus, mitochondria 
are considered a ‘gatekeeper’ during cell death (Perez-Pinzon 
et al., 2012; Bhola and Letai, 2016). Under physiological con-
ditions, the mitochondria remain in a highly dynamic state 
with frequent fission and fusion. The balance between fusion 
and fission is important for maintaining the mitochondri-

al reticulum, regulating cellular energy metabolism and 
controlling cellular development and death. Nevertheless, 
during cerebral IR injury, mitochondrial fission predomi-
nates, with various degrees of mitochondrial fragmentation 
which can lead to neuronal apoptosis (Suen et al., 2008; 
Westermann, 2010; Balog et al., 2016; Lee and Yoon, 2016).
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Figure 5 Effects of electroacupuncture (EA) preconditioning on cytochrome (cyto) expression in focal cerebral ischemia/reperfusion (IR) 
injury rats. 
Total-cyto c (A) and cytosolic cytochrome c (cyto-cyto c) (B) at 6, 24 and 48 hours post-reperfusion or sham surgery. Data were determined by 
western blot assay, and are presented as the densitometric ratio relative to β-actin. Data are shown as the mean ± SD (n = 4 rats per group at each 
time point), and analyzed by one-way analysis of variance followed by the post hoc Student-Newman-Keuls test. Data are representative of three in-
dependent tests. **P < 0.01, vs. sham group; #P < 0.05, vs. EA group at the same time point. I: Sham; II: EA 6 hours; III: IR 6 hours; IV: EA 24 hours; V: 
IR 24 hours; VI: EA 48 hours; VII: IR 48 hours. 
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Drp1, a key component of the mitochondrial fission sys-
tem, plays a crucial role in regulating the homeostasis be-
tween fission and fusion, and in maintaining mitochondrial 
morphology (Song et al., 2015). Under conditions of stress 
such as cerebral IR injury, Drp1 expression and binding to 
the mitochondrial outer membrane are increased, which 
leads to mitochondrial fission and mitochondria-dependent 
cell apoptosis (Atkins et al., 2016). Therefore, total mito-
chondrial and mitochondrial Drp1 were used to assess Drp1 
activation during cerebral IR injury. Based on our findings, 
we suggest that Drp1 activation increased mitochondrial fis-
sion (ultrastructural abnormalities and Cyto c release) and 
activated downstream apoptotic pathways, resulting in cere-
bral IR injury (hematoxylin-eosin staining, TUNEL staining 
and neurologic deficit scores).

Previous studies have confirmed that diversified precon-
ditioning, including EA, remote ischemia, hypoxia and 
anesthesia, can attenuate cerebral IR insults (Ma et al., 2016; 
Thushara Vijayakumar et al., 2016; Li et al., 2017). EA pre-
conditioning is safe, effective, simple and convenient, with 
good controllability, and has thus been widely studied for 
the prevention and treatment of ischemic cerebral disease. 
Recently, stimulating the acupoint GV20 was also shown to 
induce ischemic tolerance and attenuate IR injury (Zhang et 
al., 2009; Jung et al., 2016). Consistent with these results, in 
the present study there was a decrease in the proportion of 
TUNEL-positive cells, pathological changes and neurologic 
deficit scores in the EA group compared with IR group, in-
dicating cerebral protection with EA pretreatment.

Multiple signaling pathways have been reported in EA-in-
duced cerebral protection (Kim et al., 2013; Zhan et al., 
2016). However, the precise mechanisms remain unclear. 
Interestingly, EA was reported to attenuate cerebral injury 
by improving mitochondrial energy metabolism (Tian et 
al., 2015). In the present study, we found that EA precondi-
tioning altered Drp1-mediated mitochondrial fission, with 
downregulation of Drp1 expression, inhibition of transloca-
tion of cytosolic Drp1 to the mitochondrial outer membrane 
and reduced restrained mitochondrial fission, resulting in 
reduced cyto c release and pathological mitochondrial mor-
phological changes. 

There are several limitations of this study. First, further 
studies using Mdivi-1 (a selective inhibitor of Drp1) or Drp1 
knockout mice are required to confirm our findings. Second, 
mitochondrial membrane potential and reactive oxygen spe-
cies should be examined to assess changes in mitochondrial 
function. Finally, further studies using a sham EA group (EA 
at non-acupoint points) are required. Nevertheless, previous 
studies and our preliminary experiments suggest that EA 
preconditioning at non-acupoint points have limited effects 
on cerebral protection (Cheng et al., 2014a, b; Zhu et al., 
2017). Thus, the sham EA group was not designed in our 
present study.

In summary, EA preconditioning at acupoint GV20 al-
leviated focal cerebral IR injury, which was associated with 
the suppression of Drp1 expression and translocation, and 
inhibition of Drp1-mediated mitochondrial fission, in a 
rat model of middle cerebral artery occlusion. This study 

suggests a new mechanism of EA preconditioning-induced 
cerebral protection, and lays the theoretical basis for clinical 
application of acupuncture in the prevention of stroke.

Acknowledgments: We would like to thank Dr. Bing Luo from Qingdao 
University in China for generously providing the laboratory.
Author contributions: MSW and GFZ conceived and designed the 
study. GFZ, ZY, HLC, and FGM carried out experiments. PY, BW, and 
LXS collected data. YLB, FS and MSW analyzed data. GFZ wrote the 
paper. All authors approved the final version of the paper.
Conflicts of interest: None declared.
Financial support: This study was supported by the Natural Science 
Foundation of Shandong Province of China, No. ZR2015HM023; the 
Science and Technology Plan Project of Shinan District of Qingdao City 
of China, No. 2016-3-029-YY. None of the funding bodies played any role 
in the study other than to provide funding.
Research ethics: The study protocol was approved by the Animal Eth-
ics Committee of Qingdao Municipal Hospital of China (approval No. 
201613). The experimental procedure followed the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (NIH Publi-
cations No. 8023, revised 1985).
Data sharing statement: Datasets analyzed during the current study 
are available from the corresponding author on reasonable request.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access article distributed under 
the terms of the Creative Commons Attribution-NonCommercial-Shar-
eAlike 3.0 License, which allows others to remix, tweak, and build upon 
the work non-commercially, as long as the author is credited and the 
new creations are licensed under identical terms.
Open peer review report:
Reviewer: Nagendran Muthusamy, North Carolina State University, 
USA.
Comments to authors: In this study, the authors tested if any associa-
tion exists between DRP1, molecule that mediates mitochondrial fission 
following cerebral ischemia reperfusion injury, and the neuroprotective 
effects of electroacupuncture. Using correlative data obtained with im-
aging and molecular techniques, the authors conclude that the protective 
effects of electroacupuncture is mediated by (1) decreasing the levels of 
Drp1, (2) decreasing cytochrome c levels, and (3) decreasing apoptosis 
when compared to ischemia and reperfusion group. Lower Drp1 levels 
mediated by electroacupuncture are found to be protective as decreased 
Drp1 is correlated with decreased mitochondrial fission and reduced re-
active oxygen species generation following ischemia/reperfusion injury. 
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