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A B S T R A C T   

Background: Electroacupuncture (EA) has been shown to promote functional recovery after ce-
rebral ischemia–reperfusion (I/R) injury. However, the contribution of mitochondrial dynamics 
to recovery remains unclear. The aim of this study was to investigate whether mitochondrial 
dynamics are involved in the effects of EA on cerebral I/R injury. 
Methods: The rats with cerebral I/R injury were established by the middle cerebral artery oc-
clusion/reperfusion. Subsequently, EA was applied to Baihui (GV20) and Dazhui (GV14) acu-
points, with 2 Hz/5 Hz in frequency, 1.0 mA in intensity, 20 min each time, once a day for seven 
consecutive days. The therapeutic outcomes were assessed by modified neurological severity 
score (mNSS), 2,3,5-Triphenyte-trazolium chloride (TTC) staining, and hematoxylin-eosin (HE) 
staining. Mitochondrial morphology was observed under transmission electron microscopy. 
Adenosine triphosphate (ATP) content and ATP synthases (ATPases) activity were evaluated to 
measure mitochondrial function using ELISA. Finally, mitochondrial dynamics-related molecules, 
including dynamin-related protein 1 (Drp1), fission 1 (Fis1), mitofusin 1 (Mfn1), mitofusin 2 
(Mfn2), and optic atrophy 1 (OPA1), were detected by Western blot and immunofluorescence 
staining. 
Results: Cerebral I/R injury induced neurological dysfunction, cerebral infarction and neuronal 
injury, all of which were ameliorated by EA. And EA improved mitochondrial morphology and 
function. Moreover, EA altered the balance of mitochondrial dynamics. Specifically, the data 
showed a significant decrease in the expression of Drp1 and Fis1, leading to the inhibition of 
mitochondrial fission. Additionally, Mfn1, Mfn2 and Opa1, which are related to mitochondrial 
fusion, were effectively promoted after EA treatment. However, sham EA did not show any 
neuroprotective effects in rats with cerebral I/R injury. 
Conclusions: In summary, our study indicates that the balance of mitochondrial dynamics is 
crucial for EA therapy to treat cerebral I/R injury.  
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1. Introduction 

Ischemic stroke is prevalent cerebrovascular accidents leading to mortality and permanent disability worldwide [1]. Thrombolytic 
therapy such as recombinant tissue plasminogen activators, the preferred therapeutic approach for acute ischemic stroke, is capable of 
restoring the cerebral blood flow [2]. However, the rapid reperfusion of ischemic brain may subsequently aggravate cerebral damage 
and cause neurological deficits, which was known as cerebral ischemia-reperfusion (I/R) injury [3]. Studies indicate that cerebral I/R 
injury initiates a sequential series of responses such as oxidative stress, excitotoxicity and impaired mitochondrial processes [4], ul-
timately leading to the cell death and irreversible neurological dysfunction [5]. As a result, there is still a need for effective strategies in 
the neurological recovery of cerebral I/R injury. 

As an alternative and complementary medicine, acupuncture therapy has been extensively practiced for nervous disorders in Asia 
for centuries [6]. Electroacupuncture (EA), an innovative therapeutic method combining traditional acupuncture with modern 
electrostimulation, is proved to be effective for clinical treatment of stroke patients [7–10]. Baihui (GV20) and Dazhui (GV14) are 
acupoints commonly used for stroke recovery, both located on the “Du meridian”, which are in close contact with the brain [11,12]. 
According to the theory of traditional Chinese medicine, stimulation of these two points may facilitate the upward flow of Yang Qi to 
the head, exerting a range of effects on physiological functions and pathological processes. Previous studies have demonstrated that EA 
at GV20 and GV14 may promote neurological recovery and repair the damaged brain tissue in laboratory models [13,14]. However, 
the mechanisms underlying the effect of EA treatment on cerebral I/R injury have not been fully elucidated. 

Mitochondria, intracellular organelles producing energy, are essential mediators of metabolic homeostasis following cerebral I/R 
injury [15,16]. Mitochondrial dynamics refers to mitochondrial fusion/fission processes that are critical for mitochondrial morphology 
and function [17]. Therefore, it is necessary to clarify the biological processes involved in mitochondrial dynamics to better understand 
cerebral I/R injury. In the mitochondrial fusion/fission processes, precise protein regulation is necessary for the reorganization of the 
mitochondrial membrane. On the one hand, dynamin-related protein 1 (Drp1) and Fission 1 (Fis1) serve as main proteins responsible 
for mitochondrial fission. Drp1 is the primary regulator of mitochondrial fission and mainly expressed in cytoplasm [18]. Fis1, a 
receptor for Drp1, is capable of recruiting Drp1 from the cytoplasm to the outer mitochondrial membrane [19]. Then Drp1 accumulates 
on the outer mitochondrial membrane and forms a spiral ring, resulting in the separation of the mitochondria into two mitochondria. 
On the other hand, mitochondrial fusion involves three crucial proteins: mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic atrophy 1 
(Opa1). Mfn1 and Mfn2, situated on the outer mitochondrial membrane, promote the degradation of GTP enzyme and ultimately lead 
to the fusion of the outer membranes of the two mitochondria [20]. In cells lacking either Mfn1 or Mfn2, the degree of mitochondrial 
fusion is greatly reduced, resulting in a complete loss of mitochondrial tubular structure and impaired mitochondrial function [21,22]. 
In contrast to Mfn1/Mfn2, Opa1is primarily involved in the fusion of the mitochondrial inner membrane [23]. It has been reported that 
the imbalance of mitochondrial dynamics after cerebral I/R injury causes excessive mitochondrial fragments, with consequent 
pathological conditions such as metabolic disorders and oxidative stress, culminating in cell programmed death [24]. Moreover, 
previous pharmacological researches also suggested the mitochondrial dynamics has been considered as a new therapeutic target for 
cerebral I/R injury [25–27]. In recent years, some studies have demonstrated that mitochondrial disorders are involved in the 
development of cerebral I/R injury [28,29], and EA is reported having the potential to maintain mitochondrial quality [30,31]. 
Nevertheless, the role of mitochondrial dynamics in EA against cerebral I/R injury remains unclear. 

Based on the known interactions between mitochondrial dynamics and cerebral I/R injury as reported above, it is speculated that 
there may be a potential correlation between EA treatment and mitochondrial dynamics in cerebral I/R injury. The purpose of the 
present study is to investigate whether the EA treatment is achieved by regulating mitochondrial dynamics. 

2. Materials and methods 

2.1. Animals 

Male Sprague-Dawley rats (220 g–250 g, 8 weeks old) were obtained from Liaoning Changsheng Biotechnology Co., Ltd. 
[Experimental animal certificate number: SCXK（Liao）2020-0001] and raised in the Experimental Animal Center of Anhui Uni-
versity of Chinese Medicine. The rats were housed in conditions with 12 h of daylight exposure, temperature ranging between 21◦C and 
23 ◦C, humidity maintained at 70 %, and with free access to food and water. All rats were handled and treated in accordance with the 
Guidelines for the Human Treatment of Laboratory Animals promulgated by the Ministry of Science and Technology of the People’s 
Republic of China in 2006. This study was approved by the Experimental Animal Care and Use Committee of Anhui University of 
Chinese Medicine (approval number: AHUCM-rats-2022158). 

2.2. Experimental protocol 

Sixty rats were randomly assigned into four groups: sham group, model group, model + EA group, and model + sham EA group. The 
cerebral I/R injury model was established by middle cerebral artery occlusion followed by reperfusion in the model group, model + EA 
group, and model + sham EA group. Rats in the model + EA group received EA at GV20 and GV14, while the rats in the model + sham 
EA group underwent a similar procedure at non-acupoints without electrical stimulation. After neurobehavioral impairment condi-
tions were evaluated, rats were sacrificed and brain tissues were collected for multiplex analysis. 

The experimental protocol is shown in Fig. 1. 
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2.3. Model establishment 

Cerebral I/R injury models were established as previously described [32]. In brief, rats were anesthetized by pentobarbital sodium 
(40 mg/kg, i. p.) and fixed in the supine position. The right common carotid artery (CCA), external carotid artery (ECA) and internal 
carotid artery (ICA) were exposed, with the CCA and ECA being tied off. And a nylon suture was inserted into the ICA from the incision 
on CCA and moved forward for approximately 18 mm in order to occlude the middle cerebral artery for a duration of 120 min. Af-
terward, the nylon suture was removed for reperfusion, and the skin on the neck was sutured. Longa score of 1–3 were regarded to be 
successfully established and included into the experiment. 

In the sham group, rats underwent the same procedure as other groups except for the insertion of nylon suture. 

2.4. EA treatment 

On the first day after surgery, EA treatment was performed as reported [33]. In the model + EA group, stainless-steel acupuncture 
needles were inserted into GV 20 (located in the median of the parietal) and GV 14 (located below the spinous process of the seventh 
cervical vertebra) at a depth of 3 mm. The electrical current range was set at 1.0 mA lasting for 20 min, with a controlled frequency of 
2Hz/5 Hz using an electric acupuncture apparatus (SDZ-IV, Huatuo, Suzhou, China) [33]. While the stainless-steel acupuncture 
needles were inserted superficially into the non-acupoints of GV20 and GV 14 (5 mm to the right of correct position) without electrical 
stimulation in model + sham EA group. These procedures were repeated once daily for seven consecutive days. 

2.5. Neurobehavioral evaluation 

After completion of intervention, neurological functions of rats in each group were evaluated by modified neurological severity 
score (mNSS) as reported [34]. In brief, this test was composed of assessments for motor functions, sensory functions, balance abilities, 
and reflexes. The higher score indicates the more severe neurological deficits. 

2.6. TTC staining 

The volume of cerebral infarct was evaluated by 2,3,5-Triphenyte-trazolium chloride (TTC) staining. In brief, fresh brains were 
washed with saline and frozen at - 20 ◦C for 20 min and were cut into slices of 2 mm in thickness. The slices were stained using a 2 % 
TTC solution (Solarbio, 20220525, Beijing, China) and incubated for 20 min at 37 ◦C. After staining, normal brain tissue turns red 
while infarcted tissue turns white. Then, the brain slices were photographed, and the infarcted and normal tissues were measured using 
the Image J software (NIH, Bethesda, USA). The infarct volume was calculated by the following formula: infarct volume (%) = [ infarct 
tissues/(infarct tissues + normal tissues)] × 100. 

2.7. HE staining 

The pathological injury of neurons was observed by hematoxylin-eosin (HE) staining. In brief, paraffin sections were dewaxed in 
water and then immersed in a hematoxylin staining solution (ebiogo, B006, California, USA) for 5 min. After rinsing with pure water, 
the sections were dehydrated in 70 % and 90 % ethanol for 10 min each. Following immersion in eosin staining solution (ebiogo, B006, 
California, USA) for 1 min, the sections were dehydrated in 100 % ethanol, washed with xylene, and observed under a microscope. 
Finally, the sample was sealed with neutral gum. 

Fig. 1. The experimental protocol for the four groups.  
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2.8. Transmission electron microscopy 

The mitochondrial morphology of neurons was observed under transmission electron microscopy (TEM). A slice of 1 mm in 
thickness, taken from the cerebral cortex and measuring, was immersed in a 2.5 % glutaraldehyde solution at 4 ◦C for 24 h, and rinsed 
with PBS solution for three times. Then the tissue was dehydrated with a graded series of ethanol acetone, soaked and infiltrated with 
acetone, placed in pure epoxy resin, baked at 45 ◦C for 12 h and transferred to a 72 ◦C oven for 24 h. After embedding, the sample was 
made into slices of 70 nm by microtome (Leica, UC-7, skar-Barnack-Straße, Germany), stained with lead (TED PELLA INC, 19 312, 
California, USA) for 15 min, and dried at 37 ◦C. The neural morphological structure of the cerebral cortex was observed and photo-
graphed under TEM (JEOL, JEM1400, Tokyo, Japan) for image analysis. 

2.9. Determination of ATP content and ATPases activity 

Adenosine triphosphate (ATP) content and ATP synthases (ATPases) activity were determined to assess mitochondrial function. 
Tissue homogenate was prepared by lysis solution at a temperature of 4 ◦C. And mitochondria precipitate was obtained after cen-
trifugations at 3000 r/min for 5 min and at 12 000 r/min for 30 min. ATP content and ATPases activity were measured using the Assay 
Kits. 

Fig. 2. EA alleviated neurological deficits, infarct volume, and neuronal injury in cerebral I/R injury. (A) EA decreased neurobehavioral score in 
cerebral I/R injury (n＝15). (B, C) EA reduced infarct volume in cerebral I/R injury (n＝5). Red regions represented normal brain tissue while white 
regions represented infarcted brain tissue. (D) EA improved the pathological injury in cerebral I/R injury (n＝5). All data are shown as mean ± SD. 
Statistical significance was determined using one-way ANOVA followed by LSD post hoc test. ** indicates P < 0.01, compared with sham group; ns 
indicates not significant, ## indicates P < 0.01, compared with model group. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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2.10. Western blot 

The relative expressions of mitochondrial dynamics-related proteins were identified by Western blot. Total proteins of brain tissues 
were extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology, P0013B, Jiangsu, China) and subjected to centrifugation 
at 12 000 r/min for 15 min. Approximately 20 μL amount of protein samples were separated by 12 % SDS-PAGE (Solarbio, S8010, 
Beijing, China) and transferred onto PVDF membranes (Millipore, IPVH00010, Massachusetts, USA). After blocking in 5 % skim milk, 
the primary antibodies against Drp1 (1:2000, 12957-1-AP, Proteintech), Fis1 (1:1000, bsm-60551 M, Bioss), Opa1 (1:1000, bs- 
11764R, Bioss), Mfn1 (1:1000, SC-166644, Santa Cruz), Mfn2 (1:1000, SC-100560, Santa Cruz), and GAPDH (1:5000, TA-08, 
Zsbio) were applied at 4 ◦C overnight. The corresponding secondary antibodies were incubated for 1 h at 37 ◦C. The immune 
response was then purified using an ECL kit (Thermo, 340 958, Massachusetts, USA). Relative integrated density values were analyzed 
using Image J software. 

2.11. Immunofluorescence staining 

The expressions of Drp1 and Opa1 were detected by the immunofluorescence staining. The paraffin sections were immersed in 

Fig. 3. EA improved mitochondrial morphology and function in cerebral I/R injury. (A) EA improved mitochondrial morphology in cerebral I/R 
injury. (B, C, D) EA improved mitochondrial function in cerebral I/R injury. The experiments were repeated three times in each group. All data are 
shown as mean ± SD. Statistical significance was determined using one-way ANOVA followed by LSD post hoc test. ** indicates P < 0.01, compared 
with sham group; ns indicates not significant, ## indicates P < 0.01, compared with model group. 
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xylene for dewaxing, and dipped in 95 %, 85 %, and 75 % ethanol for gradient ethanol hydration. Subsequently, the sections were 
subjected to microwave antigen retrieval and were blocked in goat serum. Following this, they were incubated with primary antibodies 
targeting Drp1 (1:200, PA5-105983, Thermofish), or Opa1 (1:200, MA5-32786, Thermofish) at 4 ◦C overnight. Then the samples were 
stained with a fluorescently-labeled secondary antibody (goat anti-rabbit IgG 1:400) and incubated at 37 ◦C for 30 min, followed by 
staining with DAPI. Finally, the sections were imaged under a digital scanner (Pannoramic MIDI, 3DHISTECH, Hungary). 

2.12. Statistical analysis 

All statistical analyses were conducted using SPSS 23.0 software. And the measurement data conforming to the normal distribution 
were expressed as mean ± SEM while one-way analysis of ANOVA followed by LSD post hoc test was used for comparison between 
multiple groups. P < 0.05 was considered as statistically significant. 

3. Results 

3.1. EA alleviated neurological deficits, infarct volume, and neuronal injury 

To prove the beneficial efforts of EA intervention on cerebral I/R injury, mNSS and TTC staining were respectively used to 
determine the neurological deficits and cerebral infarct at the beginning. The neurobehavioral score and infarct volume were increased 
by cerebral I/R injury, which was reduced after EA treatment (Fig. 2A–C). However, no statistical difference was detected between the 
model group and the model + sham EA group. 

The HE staining showed that the cell structure remained unblemished in the sham group, with sufficient cytoplasm and clear nuclei. 
In comparison to the sham group, the cortical neurons of the model and model + sham EA groups displayed irregular arrangements, 
with extended intercellular spaces, vacuoles, and pyknosis of nuclei. In contrast to the model group, the organization of cortical 
neurons in the model + EA group was moderately regular, accompanied by decreased intercellular spaces and clear nucleoli (Fig. 2D). 

The preliminary data demonstrated that cerebral I/R injury prominently induced neurological deficits, cerebral infarct, and 
neuronal injury. Notably, EA not sham EA markedly exerted positive efforts on cerebral I/R injury. 

3.2. EA improved mitochondrial morphology and function in cerebral I/R injury 

To probe the potential mitochondrial mechanisms of EA treatment, we focused on mitochondrial morphology and function in the 
next step. The mitochondrial morphology was observed under TEM. As shown in Fig. 3A, the degree of mitochondrial morphology was 
preliminary assessed by neuronal mitochondrial ultra-structure under TEM. Contrary to the sham group, the mitochondria in the 
model group and model + sham EA group showed a lack of typical tubular or elliptic morphology, disappearance of the double- 
membrane structure, addition of vacuoles, and swelling of cristae. In contrast, treatment with EA remarkably restrained the above 
changes. Since ATP content and ATPases activity are important indications of mitochondrial function, we further examine the effect of 
EA on mitochondrial function. As presented in Fig. 3B–D, the ATP content and ATPases activity were enhanced by EA treatment 
compared with the model group. Collectively, EA intervention improved mitochondrial morphology and function in cerebral I/R 
injury. 

3.3. EA altered the balance of mitochondrial dynamics in cerebral I/R injury 

To explore the role of the mitochondrial dynamics in the EA treatment, the related proteins of mitochondrial fission and fusion were 
identified by Western blot. As illustrated in Fig. 4A–F, the increase of Drp1 and Fis1 and the decrease of Mfn1, Mfn1, and Opa1 were 
induced by cerebral I/R injury, which were reversed by intervention with EA not sham EA. In addition, the immunofluorescence 
staining for Drp1 and Opa1 was performed to verify the correlation between mitochondrial dynamics and EA therapy. As shown in 
Fig. 4G–J, the expression of Drp1 was significantly elevated and Opa1 markedly suppressed in the model group relative to that in the 
sham group, with these effects notably prevented by EA but not by the sham EA. These results indicated that EA treatment altered the 
balance of mitochondrial dynamics induced by cerebral I/R injury. 

4. Discussion 

Ischemic stroke is primarily characterized by poor prognosis and high cost, which imposes immense burdens to families and society 

Fig. 4. EA altered the balance of mitochondrial dynamics in cerebral I/R injury. (A–F) Western blot and quantitative analysis of Drp1 and Fis1, 
Mfn2, Mfn2 and Opa1 (n = 5). GAPDH was used as an internal control. The experiments were repeated three times in each group. (G–J) Immu-
nofluorescence staining and quantitative analysis of Drp1 and Opa1 (n = 5). The nuclei were stained with DAPI (blue). The target proteins were 
stained green. The representative positive cells were marked with red arrows. Drp1: dynamin-related protein 1; Fis1; fission 1; Mfn1: mitofusin 1; 
Mfn1: mitofusin 2; Opa1: optic atrophy 1. All data are shown as mean ± SD. Statistical significance was determined using one-way ANOVA followed 
by LSD post hoc test. ** indicates P < 0.01, compared with sham group; ns indicates not significant, ## indicates P < 0.01, compared with model 
group. The original versions of Fig. 4A are presented as supplementary data. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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[35]. Although thrombolytic therapy is able to restore blood flow to the ischemic tissue, the resupply of blood could deteriorate 
neuronal injury and cerebral infraction [36]. A considerable body of literature has reported that EA treatment substantially improved 
neurological outcomes in cases of cerebral I/R injury [37,38]. Here, we investigated the potential mechanism of application of EA for 
cerebral I/R injury. The following findings were illustrated by our results: (1) EA intervention reduces neurological score, cerebral 
infarct volume, and neuronal injury; (2) mitochondria are involved in the effect of EA treatment; (3) EA exerts neuroprotective effects 
and improves neuronal survival by reducing mitochondrial fission and promoting mitochondrial fusion. 

EA is a contemporary acupuncture therapy in the clinical treatment of ischemic stroke to improve quality of life and alleviate 
inconvenience [7,39]. Therefore, the models were established by middle cerebral artery occlusion followed by reperfusion in order to 
assess the clinical effect of EA intervention at first. Our study showed that the neurobehavioral score, cerebral infarct volume, and 
neuronal injury in the model group were more severe than those in the sham group, which indicated that the rat models of cerebral I/R 
injury were successfully established. Moreover, the rats in the EA group but not the sham EA group showed improved outcomes, 
suggesting that EA had beneficial effects on cerebral I/R injury, similar to the results of the previous study [40,41]. 

The structure and function of mitochondria are fundamental to the physiological activities of neurons, but mitochondria are highly 
vulnerable to damage in the presence of various stressors [42]. In order to gain insight into the mechanisms by which EA against 
cerebral I/R injury, the mitochondrial morphology and function were observed in this study. The data showed that EA treatment 
ameliorated severe structural abnormalities and decreased ATP generation induced by cerebral I/R injury. Mitochondrial dynamics, 
consisting of the processes of mitochondrial fission and fusion, play an important role in the mitochondrial morphology and function 
[43]. Several studies have demonstrated that inhibition of mitochondrial fission and enhancement of mitochondrial fusion could help 
reduce neuronal damage [44–46], so we speculated that mitochondrial dynamics might be a potential perspective to understand EA 
improving mitochondrial disorders. To investigate the involvement of mitochondrial dynamics in EA treatment alleviating cerebral I/R 
injury, various related molecules were examined in the present study. According to our results, there was an increase in mitochondrial 
fission-related proteins (Drp1 and Fis1) and a decrease in mitochondrial fusion-related proteins (Mfn2, Mfn2, and Opa1) following 
cerebral I/R injury. And both Western blot and immunofluorescence staining revealed that EA, but not sham EA, downregulated the 
expression of mitochondrial fission-related proteins while upregulating those involved in mitochondrial fusion. The results showed 
that EA treatment counteracted the enhancement of mitochondrial fission and reduction of mitochondrial fusion, indicating EA 
treatment after cerebral I/R injury could be achieved by regulating mitochondrial dynamics. 

Taken together, EA may protect against cerebral I/R injury through mitochondrial dynamics, including the inhibition of Drp1/Fis1- 
mediated mitochondrial fission and the elevation of Mfn2/Mfn2/Opa1-mediated mitochondrial fusion (Fig. 5). The findings provide a 
novel view on mitochondrial dynamics in cerebral I/R injury ameliorated by EA. However, this study is just a preliminary experiment 
due to the limited sample size and data available for analysis, and the molecular interactions have not yet been adequately explored. 
Subsequently, the potential molecular mechanism between EA stimulation and mitochondrial dynamics in cerebral I/R injury will be 
investigated. Recent studies have demonstrated that the fat mass and obesity-associated protein, a recognized m6A demethylase, is 
involved in the suppression of Drp1 activity, both in vivo and in vitro [47,48]. Thus, the role of m6A modification in EA treatment 

Fig. 5. EA treatment alleviates cerebral I/R injury by regulating the balance of mitochondrial dynamics, including decreasing mitochondrial fission 
and increasing mitochondrial fusion. 
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would be a promise direction for further research, which might present new experimental basis for promoting the clinical application. 
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