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Abstract. In a previous study by our group, we demonstrated 
that electroacupuncture  (EA) activates the class  I phos-
phoinositide 3-kinase (PI3K)/Akt signaling pathway. There is 
considerable evidence that the downstream mammalian target 
of rapamycin complex 1 (mTORC1) plays an important role in 
autophagy following ischemic stroke. The aim of the present 
study was to determine whether EA exerts a neuroprotective 
effect through mTORC1-mediated autophagy following isch-
emia/reperfusion injury. Our results revealed that EA at the LI11 
and ST36 acupoints attenuated motor dysfunction, improved 
neurological deficit outcomes and decreased the infarct volumes. 
The number of autophagosomes, autolysosomes and lysosomes 
was decreased following treatment with EA. Simultaneously, 
the levels of the autophagosome membrane maker, micro-
tubule-associated protein  1 light chain  3  beta  (LC3B)Ⅱ/Ⅰ, 
Unc-51-like kinase 1 (ULK1), autophagy related gene 13 Atg13) 
and Beclin1 (ser14) were decreased, whereas mTORC1 expres-
sion was increased in the peri-infarct cortex. These results 
suggest that EA protects against ischemic stroke through the 
inhibition of autophagosome formation and autophagy, which 
is mediated through the mTORC1-ULK complex-Beclin1 
pathway.

Introduction

Stroke, also known as cerebrovascular disease, is the second 
leading cause of mortality, accounting for hundreds of thou-
sands of mortalities annually worldwide, and is a major cause 

of disability in adults (1). Ischemic stroke due to the lack of 
blood flow is more prevalent than hemorrhagic stroke due to 
bleeding. Within the ischemic core of the brain, where blood 
flow is most severely restricted, excitotoxic and necrotic cell 
death occurs within minutes. In cases of prolonged ischemia, 
hypoxanthine is formed as a product of adenosine triphos-
phate (ATP) metabolism (2). However, rapid revascularization 
of the occluded vessels and the restoration of blood flow in 
cases of acute ischemic stroke may cause ischemia/reperfu-
sion (I/R) injury (3). An imbalance in the energy supply and 
demand within the ischemic brain tissue results in surrounding 
tissue hypoxia and dysfunction. Subsequent reperfusion 
further enhances the activation of innate and adaptive immune 
responses and cell death programs (4).

The classic forms of cell death include necrosis, apoptosis 
and autophagy (6) Autophagy, or cellular self-digestion, is 
an evolutionarily highly conserved catabolic process that 
is important for balancing sources of energy at critical time 
points in development and in response to nutrient stress, 
and has been proposed as the third type of cell death (5-7). 
Autophagy is constitutively active in the central nervous 
system (CNS), and protects against neuronal injury and neuro-
degeneration following ischemic stroke (8,9). In early cerebral 
ischemia, autophagy can degrade damaged organelles, elimi-
nate I/R-induced damaged components and toxic metabolites 
or provide the nutrient source required to maintain metabolism, 
ATP levels, cellular homeostasis and survival (10-12).

Macroautophagy is the main pathway involved in autophagy, 
and it is used mainly to eradicate damaged cell organelles or 
unused proteins (13). In canonical macroautophagy, a small 
part of the cytoplasm is sequestered by a membrane sac, the 
so-called isolation membrane (also termed the phagophore), 
which results in the formation of a double-membrane struc-
ture, the autophagosome. The autophagosome matures as it 
fuses with endosomes and then finally fuses with lysosomes. 
Following fusion, the inner membrane and enclosed cyto-
plasmic materials are degraded by lysosomal enzymes (14). 
In the canonical ischemia-induced pathway, autophagosome 
formation is regulated by autophagy-related gene (Atg) 8 [also 
known as���������������������������������������������������� ���������������������������������������������������light chain 3 (LC3)-phosphatidylethanolamine conju-
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gate (LC3-II)], and the mammalian target of rapamycin (mTOR) 
complex  1  (mTORC1) signaling pathway  (15-18). Under 
nutrient-rich conditions, the upregulation of mTORC1 leads 
to the inactivation of the Atg1/Unc-51-like kinase  (ULK) 
complex that consists of ULK1, ULK2, Atg13 and FIP200 in 
mammals (19). Under starvation conditions, the ULK complex 
is involved in the initial step of autophagosome formation, 
which is activated by inactivated mTORC1 (20,21). The ULK 
complex promotes autophagy by targeting the autophagosome 
formation-specific class Ⅲ phosphoinositide 3-kinase (PI3K) 
complex which consists of class Ⅲ PI3K, Atg14L (also known 
as Atg14 and Barkor), Beclin1 (Atg6 homolog), hVps15 and 
hVps34 (22,23).

However, it has been previously noted that the exces-
sive activation of autophagy may promote cell autophagic 
death (24). The overactivation of autophagy causes neuronal 
cells to self-digest their own necessary components or interact 
with the apoptotic cascade, thus promoting nerve cell death in 
the ischemic surrounding zones in cerebral ischemia (25-27). 
We, as well as others have demonstrated that electroacupunc-
ture (EA) at the LI11 or ST36 acupoints activats the class I 
PI3K/Akt signaling pathway (28-30). However, activated Akt 
leads to the activation of downstream mTORC1 in the modu-
lation of autophagy (31,32). Therefore, we concluded that EA 
at the LI11 and ST36 acupoints induced the expression of 
mTORC1 in ischemic stroke. Thereby, a study hypothesis was 
proposed that EA protects against ischemic stroke through 
the mTORC1-ULK1 complex-Beclin1 pathway-mediated 
regulation of autophagosome formation and autophagy in the 
peri-infarct cortex following cerebral middle cerebral artery 
occlusion and reperfusion (MCAO/R) injury.

Materials and methods

Experimental animals and groups. Healthy male Sprague-
Dawley  (SD) rats, weighting 280±20  g, were provided by 
Shanghai Laboratory Animal Co., Ltd.,  (SLAC) Shanghai, 
China (license no.  SCXK  2014-0005) and housed under 
pathogen-free conditions with a 12-h light/dark cycle, at 23±2˚C 
and 60-70% humidity. The rats were allowed free access to 
food and water. All experimental protocols were approved by 
the Committee on Animal Care and Usage of Fujian University 
of Traditional Chinese Medicine (FUTCM), and all the prin-
ciples in the Chinese Specifications for the Care and Use of the 
Laboratory Animals (SPF animal laboratory) were taken into 
account. The animals were subjected to adaptive feeding at the 
Laboratory Animal Center of FUTCM [license no. SYXK(min) 
2014-007]. All efforts were made to minimize animal suffering.

According to the random number table method, 45 SD 
rats were randomly and evenly divided into 3 groups (n=15) 
as follows: i) the sham-operated control group (sham group); 
ii) the MCAO/R control group; and iii) the MCAO/R + EA 
treatment group (MCAO/R + EA group).

Establishment of the rat model of MCAO/R injury. The rat 
model of MCAO/R injury was established using the suture-
occluded method. The detailed procedure has previously been 
described in the study by Longa et al (33). Briefly, the rats 
were anesthetized with 10% chloral hydrate (300 mg/kg body 
weight) by intraperitoneal injection. MCAO on the left side 

was performed using an occluding suture with an embolus 
(Jia  Ling embolus; Jia Ling Biological Technology  Ltd., 
Guangzhou, China) for 2 h, and after 2 h of MCAO-induced 
cerebral ischemia, the suture was slowly withdrawn to allow 
for reperfusion. The ipsilateral cerebral blood flow (CBF) 
was measured by Laser Doppler Flowmetry (Biopac Systems, 
Goleta, CA, USA). The MCAO model was considered 
successful (inclusion) only when CBF dropped to become 
equal or >80% of the baseline during occlusion. The rectal 
temperature of the rats was maintained at 37˚C throughout 
the surgical procedures. In the sham group, the artery was 
isolated, but no embolus was introduced. After surgery and 
recovery, the animals were placed in an environment at room 
temperature, and they resumed a normal diet.

Assessment of neurological deficit scores. Neurological func-
tion was assessed in each rat 2 h after MCAO/R injury and 
3 days after EA treatment in a blinded manner using a previ-
ously described method (33). Detailed scores are as follows: 
score 0, no neurological deficit; score 1, the tail was raised 
and adduction (not able to fully extend) of the right forelimb 
was observed; score 2, spontaneous circling to the right when 
walking; score  3, the body was slanted to the right when 
walking; score 4, not able to walk spontaneously along with 
possible loss of consciousness. Scores of 0 and 4 indicated 
modeling failure, and rats with these scores were excluded.

Treatment with EA. The rats in the MCAO/R + EA group 
received EA treatment. Stainless acupuncture needles (0.3 mm 
in diameter, Huatuo acupuncture needle; Suzhou Medical 
Appliance Factory, Suzhou, China) were inserted 2-3 mm deep 
into the Quchi (LI11, located in the depression lateral to the ante-
rior aspect of the radius joint of the forelimb) and Zusanli (ST36, 
located 5 mm below the knee joint of the hind-limb and 2 mm 
lateral to the anterior tubercle of the tibia) acupoints on the right 
paralyzed limb. Stimulation was then generated by an elec-
troacupuncture instrument [model G6805; Shanghai Marine 
Instrument General Factory (SMIF), Shanghai, China], and 
the stimulation parameters were set as dense disperse waves of 
1-20 Hz (adjusted to the muscle twitch threshold); peak voltage 
of 6V, 0.2 mA intensity for 30 min/day, once a day. EA treat-
ment was administered 24 h after MCAO/R and continued until 
the animals were sacrificed with 10% chloral hydrate (Fujian 
Academy of Integrative Medicine, FUTCM) anesthesia after 
EA treatment, which ran consecutively for 3 days.

Measurement of the infarct volume. At the end of the neurological 
examination, the brains were quickly removed to measure the 
infarct volume, as previously described (34). The rat brains were 
rapidly dissected after the were anesthetized using 10% chloral 
hydrate (Fujian Academy of Integrative Medicine, FUTCM), 
fresh brain tissue was placed in a freezer at -80˚C for 20 min 
and 2-mm coronal sections were cut. The fresh slices were 
immediately immersed in 2% 2,3,5-triphenyltetrazolium chlo-
ride (Sigma-Aldrich, St. Louis, MO, USA). The TTC-stained 
sections were photographed using a high‑resolution digital 
camera (Canon SX20), and the infarct area was determined with 
computerized image analysis software (Motic Med 6.0 system). 
The total infarct volume was analyzed using 6 slices of 2‑mm 
coronal sections from each brain and calculated using the 
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following formula: infarct volume (%) = (infarct volume/total 
volume) x100. The percentage brain infarct volume was used for 
subsequent statistical analysis.

Computer-assisted method for gait analysis. We used 
CatWalk (Noldus Information Technology, Wageningen, The 
Netherlands), a quantitative and automated gait analysis system, 
which measures numerous parameters of gait. Previous studies 
using CatWalk have identified multiple MCAO/R-sensitive gait 
parameters which can be utilized to assess the gait and motor 
function in murine models of MCAO/R injury (35-37). The 
‘CatWalk’ apparatus is made of a 1.3‑m-long glass platform 
which is illuminated from the long edge with green fluorescent 
lights which are completely internally reflected. When the rat 
walks along the walkway with paws in contact with the glass 
surface, the light is reflected downward and the images of the 
paw prints are captured by a high-speed video camera under the 
walkway. Images and data were analyzed using CatWalk XT 10.0 
software. The animals received 7 days of training 6 times each 
day to familiarize them with the walkway prior to the operation, 
as previously described (38). There were 2 basic criteria: i) rats 
had to run across the walkway without any interruption, walking 
backwards or rearing during the run, and ii) at least 3 correct 
crossings per rat were required (39). All rats were subjected to 
gait assessment following treatment with EA for 3 days using the 
CatWalk automated gait analysis system.

Transmission electron microscopic examination. Following 
treatment with EA for 3 days, the rats were anesthetized and 
then perfused transcardially with pre-cooled phosphate-
buffered saline (PBS; pH 7.4) followed by PBS containing 
4% paraformaldehyde and 0.25% glutaraldehyde. The following 
day, the rat brains were sectioned with a vibratome (Leica 
Microsystems Ltd., Milton Keynes, UK) into 500-µm-thick 
slices. The parietal lobe cortex of the peri-infarct cortical 
tissue and the corresponding area of the sham‑operated rats 
were selected for analysis, and selected areas were processed 
by post-fixation in 1% osmium tetroxide and 1.5%  potas-
sium ferrocyanide for 2 h, and they were then washed 3 times 
with PBS, dehydrated in graded ethanol and then embedded 
in epoxy resin (E51-618). Polymerization was performed at 
37˚C for 24 h. Blocks were sectioned using a PowerTome PC 
ultramicrotome (RMC, Inc., Tucson, AZ, USA) into ultra-thin 
sections (80 nm), which were post-stained with uranyl acetate 
and lead citrate, and visualized using a Hitachi H-7650 electron 
microscope (Hitachi, Tokyo, Japan) at 80 kV. For quantitative 
analysis of the number of mitochondria, autophagosomes, 
autolysosomes and lysosomes, 3 rats per group and 10 random 
fields of vision for each rat were counted by a blinded observer.

Western blot analysis. Total proteins were extracted from the 
peri-infarct cortical tissue supplied by the rats which had been 
subjected to MCAO/R on the left side and the corresponding 
area of sham-operated rats. Western blot analysis was carried 
out with 10-12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Equal amounts of protein (25 µg) 
were loaded onto the gels for western blot analysis. Following 
electrophoresis, proteins were transferred onto polyvinylidene 
fluoride (PVDF) membranes (pore size, 0.45 µm; Millipore, 
Billerica, MA, USA), which were blocked with 5% skim milk 

for 2 h at room temperature. The mmbranes were washed in TBS 
with 0.25% Tween-20 (TBST), then probed with primary anti-
bodies against LC3B (1:1,000 dilution; No. 3868, Cell Signaling 
Technology, Danvers, MA, USA), Beclin1  (ser14) (1:2,000 
dilution; ab183335), Atg13 (1:10,000 dilution; ab105392), ULK1 
(1:10,000 dilution; ab128859) (all from Abcam, Cambridge, 
MA, USA), mTORC1 (1:1,000 dilution; No. 2587, Cell Signaling 
Technology) and β-actin (1:8,000 dilution; HC201-02, TransGen 
Biotech, Beijing, China) at 4˚C overnight, followed by incuba-
tion with the appropriate HRP-conjugated secondary antibody 
(1:5,000 dilution; No.  58203 and No.  7077, Cell Signaling 
Technology) for 2 h at room temperature. The membranes were 
then washed again in TBST. The antibody-bound protein bands 
were detected with an enhanced chemiluminescence kit, and 
images were analyzed using a Bio-Image Analysis System (Bio-
Rad, Hercules, CA, USA). β-actin was used as a loading control. 
The ratio of grayscale values of the target protein to the control 
was used to measure and stored for subsequent analysis.

Statistical analysis. The data are expressed as the means ± stan-
dard error of mean (SEM) and analyzed using SPSS 18.0 
software. Comparisons between 2 groups were performed using 
the independent two-sample t-test or Mann‑Whitney U test, and 
comparisons between multiple groups were performed with 
one-way ANOVA. A p-value <0.05 was considered to indicate 
a statistically significant difference.

Results

Effects of EA on neurological deficits and infarct volumes. The 
neuroprotective effects of EA at the LI11 and ST36 acupoints 
were evaluated by neurological behavioral assessment and 
measurement of the cerebral infarct volume. As shown in Table I 
and Fig. 1, rats in the MCAO/R + EA group and the MCAO/R 
group all exhibited manifestations of neurological deficits and 
cerebral infarction, whereas the rats in the sham group did not 
exhibit any signs of cerebral injury, which indicated that the 
rat model of cerebral MCAO/R injury was successfully estab-
lished. The neurological behavioral scores between the rats in 
the MCAO/R + EA group and those in the MCAO/R group at 
2 h after MCAO/R injury (prior to EA treatment) did not differ 
significantly (Table I, p>0.05). However, following treatment 
with EA for 3 days, the neurological behavioral scores and cere-
bral infarct volumes were all reduced significantly (Table I and 

Table I. Neurological deficit scores.

		  2 h after	 3 days after
Group	 n	 MCAO/R	 EA treatment

Sham	 15	 0	 0
MCAO/R	 15	 2.17±0.17	 1.75±0.18
MCAO/R + EA	 15	 2.08±0.19	 1.42±0.19a

Sham, sham‑operated control group; MCAO/R, middle cerebral 
artery occlusion and reperfusion control group; MCAO/R  +  EA, 
MCAO/R + EA treatment group. Data are expressed as the means ± SEM 
from 15  individual rats in each group. ap<0.05, the MCAO/R  +  EA 
group vs. the MCAO/R group. EA, electroacupuncture.
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Fig. 1; p<0.05). These results demonstrated that EA protected 
the rat brains against cerebral MCAO/R injury.

Effects of EA on motor function. To examine the effects of EA 
treatment on motor function, the CatWalk automated gait anal-
ysis system was used following treatment with EA for 3 days. As 
shown in Fig. 2, following cerebral MCAO/R injury, in the rats 

in the MCAO/R group, the print area, maximum contact area, 
stride length and swing speed of their 4 limbs were all decreased 
compared to those of the rats in the sham group (p<0.05 or 
p<0.01). Following treatment with EA for 3 days, in the rats in 
the MCAO/R + EA group, the print area and maximum contact 
area of their 4 limbs, the stride length of their right fore (RF), 
right hind (RH) and left fore (LF) limbs, and the swing speed 

Figure 1. Εlectroacupuncture (EA) decreases the infarct volumes in rats with middle cerebral artery occlusion and reperfusion (MCAO/R) injury. (A) TTC staining 
indicating the cerebral infarct volume of Ssham, MCAO/R and MCAO/R + EA groups. (B) Bar graph shows the percentage total infarct volume in the rats with  
MCAO/R) injury. Data are expressed as the means ± SEM from 4 individual rats in each group. #p<0.05, the MCAO/R + EA group vs. the MCAO/R group.

Figure 2. Εlectroacupuncture (EA) improves motor function in rats with middle cerebral artery occlusion and reperfusion (MCAO/R) injury. Motor function was 
assessed with a CatWalk gait analysis system using the (A) print area, (B) maximum contact area, (C) stride length and (D) swing speed, which was applied after 
EA treatment for 3 days. Data are expressed as the means ± SEM from 15 individual rats in each group. **p<0.01 or *p<0.05, the MCAO/R group vs. the sham 
group; ##p<0.01 or #p<0.05, the MCAO/R + EA group vs. the MCAO/R group. RF, right fore; RH, right hind; LF, left fore; LH, left hind limbs.
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of their RF, LF and left hind (LH) limbs were increased signifi-
cantly, compared to the rats in the MCAO/R group (p<0.05 or 
p<0.01. However, the stride length of their LH limbs, and the 
swing speed of their RH limbs in both groups were not altered 
significantly (p>0.05). These results suggest that EA at the LI11 
and ST36 acupoints improves motor dysfunction in rats with 
cerebral MCAO/R injury.

Effects of EA on the morphological ultrastructural changes 
in the peri-infarct cortex. Transmission electron micros-
copy (TEM) is considered the gold standard for the detection 
of autophagic structures (40,41). In order to further examine the 
effects of EA treatment on autophagy, we used TEM to observe 
the morphological ultrastructural changes of peri-infarct 
cortical neurons in each group. The neurons in the cerebral 
cortex of the rats in the sham group appeared to be relatively 
healthy, with normal polyribosomes, endoplasmic reticula, 
Golgi apparatus, mitochondria, lysosomes, nuclei and fine 
granular chromatin evenly distributed (Fig. 3A, sham group). 
By contrast, the cortical neurons in the peri-infarct area in the 
rats in the MCAO/R displayed morphological changes typical 

of infarction: the neurons exhibited a dilated endoplasmic 
reticulum, swollen and balloon‑like mitochondria, mitochon-
drial crests which had fused or disappeared, and the formation 
of numerous vacuoles in the cytoplasm and numerous darkened 
lysosomes and autophagosomes (C‑shaped double‑membrane 
structures) were also observed (Fig. 3A, MCAO/R group). The 
number of normal mitochondria was decreased in the rats in 
the MCAO/R and MCAO/R + EA groups compared to those 
of the sham group, whereas the numbers of autophagosomes, 
autolysosomes and lysosomes were increased in both these 
groups compared to the sham group (p<0.01; Fig. 3B). However, 
following treatment with EA for 3 days, in the MCAO/R + EA 
group, only mild injury to the neurons was visible. Nonetheless, 
a number of normal organelles and nuclei were still observed. 
Chromatin was distributed relatively evenly. The autophago-
somes, autolysosomes and lysosomes remained present in the 
cortical neurons in the peri-infact are (Fig. 3A, MCAO/R + EA 
group). The number of normal mitochondria was increased, 
whereas the numbers of autophagosomes, autolysosomes and 
lysosomes were decreased in the rats in the MCAO/R + EA group 
compared to those in the MCAO/R group (p<0.01; Fig. 3B).

Figure 3. Effects of electroacupuncture (EA) treatment on ultrastructural changes in the peri-infarct cortex. (A) Sample transmission electron microscopy (TEM) 
images of cerebral cortex neurons. The sham-operated (sham) group, middle cerebral artery occlusion and reperfusion (MCAO/R) group, and MCAO/R + EA 
group are shown (x25,000 original magnification under TEM). Scale bars, 1 µm. Red arrows indicate mitochondria; yellow arrows indicate autophagosomes; 
blue arrows indicate autolysosomes; and green arrows indicate lysosomes. (B) Quantitative analysis of the number of normal mitochondria, autophagosomes, 
autolysosomes and lysosomes. Three rats in each group and 10 fields for each rat were examined. Data are expressed as the means ± SEM. **p<0.01 vs. sham 
group; ##p<0.01 vs. MCAO/R group.
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Effects of EA on autophagosome membran protein levels in 
the peri-infarct cortex. Microtubule-associated protein 1A/B 
LC3 is important for the transport and maturation of autopha-
gosomes. During autophagosome formation, a cytosolic form 
of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to 
form LC3-II, which is recruited to autophagosomal membranes. 
Therefore, LC3-II/LC3-I is considered a biomarker of 
autophagosome formation and autophagy (42,43). As shown in 
Fig. 4A-D, in the rats in each group, there was a range of shapes 
of LC3B brown-yellow-positive cells located in the cytoplasm, 
such as round-, oval and cone-shaped cells, which were present 
in the cortical and/or cortical peri-infarct area of granule cells 

and pyramidal cells. The level of LC3BII/LC3BI was signifi-
cantly increased in the MCAO/R group compared to the sham 
group (p<0.01; Fig. 4E and F). Following treatment with EA for 
3 days, the level of LC3BII/LC3BI was significantly decreased 
in the MCAO/R + EA group compared to the MCAO/R group 
(P<0.05; Fig. 4E and F). The abovementioned results suggest 
that EA at the LI11 and ST36 acupoints suppresses autopha-
gosome formation and autophagy in cortical neurons in the 
peri-infarct area.

Effects of EA on the mTORC1-ULK1 complex‑Beclin1 pathway. 
In order to examine the mechanisms involved in the inhibition of 

Figure 4. Εlectroacupuncture (EA) inhibits the expressiοn of autophagosome membrance protein 1B-light chain 3 (LC3B) in the peri-infarct cortex. 
Representative immunohistochemical staining for LC3B protein expression in the peri-infarct cortex. (A) Sham-operated (sham) group; (B) middle cerebral 
artery occlusion and reperfusion (MCAO/R) group; (C) MCAO/R + EA group. Scale bars, 200 µm. (D) Amplification of the image in (B). Scale bars, 5 µm. 
Western blot analysis of the protein expression levels of LC3B. (E) Representative blots for LC3B expression in each group; (F) Bar graph shows quantitative 
analysis of the ratios of LC3BII/LC3BI. Data are expressed as the means ± SEM from 4 individual rats in each group. **p<0.01 MCAO/R group vs. sham group; 
#p<0.05, the MCAO/R + EA group vs. the MCAO/R group.
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autophagosome formation and autophagy by EA, we examined 
the expression of mTORC1-ULK1 complex-Beclin1 signaling 
pathway-related proteins. The results are shown in Fig. 5. In 
the rats in the MCAO/R group, the expression of mTORC1 was 
significantly decreased compared with that in the rats in the 
sham group (p<0.01; Fig. 5), whereas the levels of ULK1, Atg13 
and Beclin1 (ser14) were significantly increased compared with 
those in the rats in the sham group (p<0.01; Fig. 5B-E). However, 
in the MCAO/R + EA group, treatment with EA significantly 
increased the expression of mTORC1 compared with that in the 
rats in the MCAO/R group (p<0.05; Fig. 5A and E), whereas 
treatment with EA significantly decreased the levels of ULK1, 
Atg13 and Beclin1 (ser14) compared with those in the MCAO/R 
group (p<0.01; Fig. 5B-E). Our results indicated that EA at the 
LI11 and ST36 acupoints markedly increased the expression of 
mTORC1, leading to the inactivation of the ULK complex and 
inhibiting the phosphorylation of Beclin1 (ser14) in the peri-
infarct cortex following MCAO/R injury.

Therefore, the abovementioned results support the hypoth-
esis that EA at the LI11 and ST36 acupoints protects against the 
harmful effects of ischemic stroke through inhibition of autopha-
gosome formation and autophagy, and these effects are mediated 
through the mTORC1-ULK complex-Beclin1 pathway.

Discussion

Thrombosis, embolisms and systemic hypoperfusion can 
all cause an ischemic stroke. EA, electric stimulation to the 
acupoints through acupuncture needles, is one of the safest 
and most effective therapies for ischemic stroke patients, 
and is a novel therapy based on acupuncture of traditional 
Chinese medicine  (TCM) combined with modern electro-
therapy (44-47). EA has served as a complementary therapy 
and has been noted to improve motor functional outcomes 
in cases of ischemic stroke (45,48). While reviewing ancient 
Chinese documents regarding acupuncture and motor 
impairment, we discovered the LI11 and ST36 were the most 
frequently selected acupoints in motor rehabilitation treatment 
in China (49). Animal experimental studies have demonstrated 
that treatment with EA exerts neuroprotective effects following 
ischemic stroke (50,51). Consistent with the results of these 
studies, the results of the present study demonstrated that treat-
ment with EA at the LI11 and ST36 acupoints for 3 consecutive 
days in rats with MCAO effectively reduced the cerebral infarct 
volumes and improved neurological deficits. The CatWalk 
automated gait analysis system has previously been noted to 
be a sensitive tool for the evaluation of motor function in rat 

Figure 5. Effects of electroacupuncture (EA) on the mammalian target of rapamycin complex 1 (mTORC1)-Unc-51-like kinase 1 (ULK1)-Beclin1 signaling 
pathway in the peri-infarct cortex. Western blot analysis of the levels of the mTORC1, ULK1, Atg13 and Beclin1 (ser14) in the peri-infarct cortical tissue of 
the sham-operated (sham), middle cerebral artery occlusion and reperfusion (MCAO/R) and MCAO/R + EA groups. Representative blots for the (A) mTORC1, 
(B) ULK1, (C) Atg13 and (D) Beclin1 expression in each group. (E) Bar graph shows quantitative analysis of proteins levels. β-actin was used as the loading con-
trol. Data are expressed as the means ± SEM from 4 individual rats in each group. **p<0.01, the MCAO/R group vs. the sham group; #p<0.05, the MCAO/R + EA 
group vs. the MCAO/R group.
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models of ischemic stroke (52,53). Significant brain damage 
has previously been observed in regions controlling the contra-
lateral limbs, leading to a reduction in the paw print area, and 
intensity and maximum contact area by day 4 post-injury (54). 
In the present study, using the CatWalk automated gait analysis 
system, we found that treatment with EA improved the print 
area and maximum contact area of their four limbs, the stride 
length of their RF, RH and LF limbs, and the swing speed of 
their RF, LF and LH limbs at the 4 days after MCAO/R injury, 
and these results were accompanied by improved neurological 
deficit outcomes and infarct volumes.

Previous studies have demonstrated that autophagy plays 
an important role in focal cerebral ischemia (55,56). Published 
data have shown that cerebral ischemia induces autophago-
some formation and autophagy through the activation of 
the autophagy-related proteins, LC3 and Beclin1  (57,58). 
Moreover, autophagy has emerged as a potential therapeutic 
target for the treatment of stroke (59). In a previous study, 
3-methyladenine  (3-MA) treatment significantly reduced 
LC3-II conversion and autophagosome formation, which 
attenuates secondary thalamic damage after focal cerebral 
infarction  (57). Pre-treatment with EA has been shown to 
promote tolerance against cerebral ischemic injury through 
the inhibition of LC3-II and Beclin1 expression (60). In the 
present study, we demonstrated that treatment with EA reduced 
the number of autophagosomes, autolysosomes and lysosomes, 
and simultaneously decreased the ratio of LC3BII/LC3BI in 
the peri-infarct cortex. These results indicate that EA treatment 
suppresses autophagy following ischemic stroke, which is asso-
ciated with recovery following brain damage.

In the present study, we further investigated the possible 
mechanisms involved in the inhibition of autophagy. Increasing 
evidence suggests that mTOR signaling plays an important 
role in autophagosome formation and autophagy (19-22). By 
interacting with other partners, the mTOR kinase forms two 
functionally distinct complexes, termed mTORC1 and mTORC2. 
mTORC1 is a central regulator of autophagosome formation 
and autophagy (61). A number of upstream signaling molecules, 
including PI3K/Akt, converge on the mTORC1 complex (62). 
However, inactivated mTORC1 induces autophagy through the 
coordinated phosphorylation of the ULK complex (ULK1, ULK2 
and Atg13) at specific sites (63). Furthermore, previous research 
has demonstrated that the ULK complex induces autophagy by 
phosphorylating Beclin1 (26). Importantly, Beclin1 interacts 
with phosphatidylinositol 3-kinase, class Ⅲ (PI3KC3), forming 
Beclin1-PI3KC3 complexes which consist of the mammalian 
orthologues of class  Ⅲ  PI3K, Atg14, Beclin1, hVps15 and 
hVps34, which are key signaling complexes required for autopha-
gosome formation (64). A marked elevation in Beclin1 levels in 
the ischemic penumbra of rats following cerebral ischemia has 
previously been noted 65). The upregulation of Beclin1 together 
with the increased number of autophagosomes in the ipsilateral 
hemisphere is likely a response to MCAO reperfusion (66). It 
has previously been suggested that Beclin1 is important for 
autophagy in the area surrounding the ischemic core and may 
be a target for repairing ischemic injury following stroke (67). 
The results of the present study demonstrated that treatment 
with EA at the LI11 and ST36 acupoints markedly increased the 
mTORC1 levels, leading to the inactivation of the ULK complex, 
and the inhibition of the phosphorylation of Beclin1 (ser14) in 

the peri-infarct cortex following MCAO/R injury, suggesting 
that EA at the LI11 and ST36 acupoints protected against the 
damaging effects of ischemic stroke through the inhibition of 
autophagosome formation and autophagy; these effects were 
mediated through the mTORC1‑ULK complex-Beclin1 pathway.

However, it is still unknown whether increasing, or 
inhibiting autophagy exerts a neuroprotective effect against 
cerebral ����������������������������������������������������infarct���������������������������������������������ion and neurological deficits following isch-
emic stroke  (68). Although autophagy has been examined 
using animal models of brain ischemia, the majority of the 
studies have been inconclusive, or have produced contradic-
tory outcomes (69,70). This lack of consensus on the role of 
autophagy in stroke-induced injury may largely be due to 
methodological approaches through which autophagy has been 
either ‘activated’ or ‘inhibited’. In addition, the activation or the 
inhibition of autophagy is associated with the type of ischemic 
models and the stage of ischemic stroke. The present study 
suggested that the inhibition of autophagy in the peri-infarct 
cortex contributes to the neuroprotective effects induced by EA 
against focal cerebral ischemia.

In conclusion, our data suggested that EA at the LI11 and 
ST36 acupoints improved motor dysfunction, and this was 
accompanied by improved neurological deficit outcomes and 
decreased infarct volumes following cerebral ischemia and 
reperfusion. EA at the LI11 and ST36 acupoints protected 
against the damaning effects of ischemic stroke through the 
inhibition of autophagosome formation and autophagy, and 
these effects were mediated through the mTORC1-ULK 
complex-Beclin1 pathway.
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