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Abstract

Background: Cerebral ischemia-reperfusion injury (CIRI) is a severe neurological condition where restoring neuronal mitochondrial
function critically impacts prognosis. While electroacupuncture (EA) has demonstrated neuroprotective effects by improving mitochon-
drial function, the precise underlying mechanisms remain unclear. Emerging evidence suggests that astrocyte-to-neuron mitochondrial
transfer, facilitated by mitochondrial Rho-GTPase 1 (Mirol), serves as a vital neuroprotective pathway. Therefore, this study investigates
whether astrocytic Mirol participates in the neuroprotective effects of EA against CIRI in mice by regulating the expression of the mi-
tochondrial marker translocase of the outer mitochondrial membrane 40 (TOM40) and adenosine triphosphate (ATP) levels in damaged
neurons. Methods: 126 C57BL/6 mice were randomly allocated into seven experimental groups (n = 18 per group): Sham-operated
(Sham), middle cerebral artery occlusion (MCAO) model, EA, sham electroacupuncture (SEA), EA combined with astrocyte-specific
Mirol knockdown (GFAP: glial fibrillary acidic protein, EA+AAV-GFAP-shMirol), astrocyte-specific Mirol over-expression (AAV-
GFAP-hiMiro1), and adenoviral empty vector control (AAV-GFAP-control). The CIRI model was induced using MCAO. Prior to model
induction, the EA group received pretreatment with EA at the Baihui (GV20) acupoint. The SEA group underwent identical procedures to
the EA group except for electrical stimulation. For the EA+AAV-GFAP-shMirol, AAV-GFAP-hiMirol, and AAV-GFAP-control groups,
mice received intracerebroventricular injections of AAV-GFAP-shMirol, AAV-GFAP-hiMirol, or AAV-GFAP-control, respectively, 48
hours prior to EA treatment, with other procedures matching the EA group. At 24 hours post-reperfusion, neurological deficit scores,
cerebral infarct volume, and neuronal survival in the peri-infarct penumbra were assessed. Astrocytes and neurons from the peri-infarct
penumbra were isolated to measure ATP levels and expression of the mitochondrial-specific protein TOM40 in neurons, as well as ATP
levels, TOM40, and Miro1 protein expression in astrocytes. Results: Relative to the Sham group, the MCAO group displayed a signifi-
cant increase in cerebral infarct volume and neurological deficit scores, accompanied by a marked reduction in neuronal viability, TOM40
expression, and ATP levels (p < 0.01). In contrast to the MCAO and SEA groups, the EA and AAV-GFAP-hiMirol groups demonstrated
improved neurological scores, reduced infarct volume, enhanced neuronal viability, elevated neuronal ATP levels and TOM40 expres-
sion, as well as decreased astrocytic ATP and TOM40 levels, but significantly increased Miro1 expression in astrocytes (p < 0.01). When
compared to the EA group, the EA+AAV-GFAP-shMirol group exhibited a reversal of all the aforementioned improvements (p < 0.01),
while the AAV-GFAP-hiMirol group showed no significant changes (p > 0.05). Conclusions: EA exerts neuroprotective effects in
MCAO mice by upregulating Mirol protein expression in astrocytes and upregulating the mitochondrial marker TOM40 alongside ATP
levels in neurons. Silencing Miro1 abolished the neuroprotective effects of EA and reduced neuronal TOM40 expression, while Mirol
overexpression increased this mitochondrial marker and mimicked EA-mediated neuroprotection. These findings identify Mirol as a
key effector of EA-induced neuroprotection, although the upstream signaling pathways linking EA to Miro1 upregulation require further
investigation.
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1. Introduction signaling, cellular metabolism, and apoptosis [2]. During
cerebral ischemia-reperfusion injury (CIRI), the restoration

Cerebral infarction represents a common neurological o mitochondrial function in neurons profoundly impacts
disorder affecting the central nervous system. It is distin- stroke prognosis [3,4]. During electroacupuncture (EA)
guished by its elevated occurrence frequency, significant intervention, a sparse-dense wave at a frequency of 2/15
fatality risk, and substantial impairment potential, thereby [, was applied for stimulation at the Baihui (GV20) acu-
constituting a serious global health concern [1]. Mito-  point. The choice of this parameter is based on the clas-

chondria are critical organelles that regulate cellular home-  ¢j.q1 “frequency-specific effect” theory, which posits that
ostasis and function through energy metabolism, calcium
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different electrical stimulation frequencies can activate dis-
tinct endogenous neurochemical pathways [5]. Specifi-
cally, the 2/15 Hz pattern is designed to integrate the po-
tential benefits of low-frequency (2 Hz) and medium-to-
high-frequency (15 Hz) stimulation, thereby exerting syn-
ergistic neuroprotective effects through multi-target mecha-
nisms [6]. Studies have shown that EA improves mitochon-
drial function in neurons of rats with middle cerebral artery
occlusion (MCAO), contributing to its neuroprotective ef-
fects [7,8]. However, the underlying mechanisms remain
unclear.

Hayakawa et al. [9] utilized transgenic mice with flu-
orescently labeled astrocytes to establish an MCAO model,
observing fluorescently tagged mitochondria within dam-
aged neurons in the peri-infarct penumbra, suggesting that
astrocytes transfer their mitochondria to injured neurons,
thus implicating mitochondrial transfer as a neuroprotective
mechanism. Furthermore, Tseng et al. [10] demonstrated
that the upregulation of mitochondrial Rho-GTPase 1
(Mirol) expression in mesenchymal stem cells enhances the
intercellular transfer of mitochondria to oxidant-damaged
neurons, thereby improving neuronal metabolism and sur-
vival. Conversely, decreasing Mirol expression was found
to impair this mitochondrial transfer capacity and dimin-
ish the neuroprotective benefits. Building on these in-
sights, it is hypothesized that EA at Baihui may promote
astrocyte-to-neuron mitochondrial transfer via astrocytic
Mirol, thereby mediating neuroprotection.

To investigate this hypothesis, this study employed
an MCAO mouse model combined with adeno-associated
viruses carrying glial fibrillary acidic protein (GFAP) spe-
cific promoters to either over-express or silence Mirol in
astrocytes. The effects of EA on mitochondrial quantity and
function were evaluated in neurons and astrocytes. The aim
was to elucidate novel mechanisms underlying EA-induced
neuroprotection.

2. Materials and Methods
2.1 Animals

Male C57BL/6 mice (20-25 g) were procured
from Beijing Vital River Laboratory Animal Technology
(China). These animals were maintained, with food and wa-
ter ad libitum, in controlled laboratory environments. Prior
to surgical procedures, a 24-hour fasting period, withdrawal
of both food and water, was enforced. The entire exper-
imental protocol and animal care procedures followed the
ethical standards established by the First Affiliated Hospital
of Wenzhou Medical University.

2.2 Reagents and Instruments

1% 2,3,5-triphenyltetrazolium chloride (TTC) stain-
ing reagent (Cat# C0651, Beyotime Biotechnology Co.,
Ltd., Shanghai, China); Isoflurane (Cat# R510-22-2,
RWD Life Science Co., Ltd., Shenzhen, Guangdong,
China); Brain matrix (Cat# 68707, RWD Life Science

Co., Ltd.); AAV-GFAP-hiMirol (Genewiz Biotech Co.,
Ltd., Guangzhou, Guangdong, China); AAV-GFAP-control
(Genewiz Biotech Co., Ltd.); AAV-GFAP-shMirol (Ge-
newiz Biotech Co., Ltd.); Acupuncture needles (Size: 0.18
x 13 mm, Suzhou Medical Appliance Factory Co., Ltd.,
Suzhou, Jiangsu, China); Han’s EA apparatus (Model
HANS-200A, Jisheng Medical Technology Co., Ltd., Nan-
jing, Jiangsu, China); Stereotaxic instrument (Cat# 68801,
RWD Life Science Co., Ltd.); 4% paraformaldehyde (Cat#
BL539A, Biosharp Life Sciences, Hefei, Anhui, China);
Mouse neuron (Cat# 130-115-389, Miltenyi Biotec, Ber-
gisch Gladbach, North Rhine-Westphalia, Germany) and
astrocyte (Cat# 130-097-678, Miltenyi Biotec) magnetic
bead sorting kits, MS MACS columns (Cat# 130-042-
201, Miltenyi Biotec), and autoMACS Pro separator (Cat#
130-092-545, Miltenyi Biotec, Bergisch Gladbach, North
Rhine-Westphalia, Germany). The primary antibodies
targeting MAP2 (Cat# ab221693, Abcam, Cambridge,
Cambridgeshire, UK), the outer mitochondrial membrane
40 (TOM40; Cat# abl185543, Abcam) , Mirol (Cat#
ab188029, Abcam) and Alexa Fluor 594-conjugated sec-
ondary antibody (Cat# ab150068, Abcam). The anti-rabbit
IgG, HRP-conjugated secondary antibodies (Cat# 7074,
Cell Signaling Technology, Danvers, MA, USA). ATP
Bioluminescence Assay Kit CLS II (Cat# 11699695001,
Roche, Basel, Switzerland). BCA protein assay (Cat#
23227, Thermo Fisher Scientific, Waltham, MA, USA).

2.3 MCAO Model

Anesthesia was induced via inhalation of 5% isoflu-
rane and maintained with 2% isoflurane. Following hair
removal and sterilization of the cervical region, a midline
incision was performed in the neck area using microsurgi-
cal techniques. The internal carotid artery (ICA), external
carotid artery, and right common carotid artery were iso-
lated. A blunt-tipped monofilament suture was then intro-
duced into the right ICA and carefully advanced until reach-
ing the middle cerebral artery origin to induce vascular oc-
clusion. Following a two-hour ischemic period, the suture
was removed to restore cerebral blood flow, after which
the surgical wound was closed. Neurological function was
evaluated using standardized scoring criteria after recovery
from anesthesia, with animals scoring below one point be-
ing excluded from subsequent analysis. Core body temper-
ature was maintained at 37.0 4+ 0.2 °C during the entire ex-
perimental procedure via continuous rectal monitoring [11].

2.4 Experimental Grouping

126 C57BL/6 mice were randomly divided into
seven groups (n = 18 per group) using a randomized
block design, including: Sham operation group (Sham),
model group (MCAO), EA, sham EA group (SEA), EA
+ astrocytic Mirol knockdown group (EA+AAV-GFAP-
shMirol), astrocytic Mirol overexpression group (AAV-
GFAP-hiMiro1) and adenoviral empty vector control group
(AAV-GFAP-control).
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2.5 Intervention Methods
2.5.1 Electroacupuncture (EA) Intervention

The Baihui acupoint (GV20) was located at the inter-
section of the line connecting the two ear tips and the sagit-
tal midline in mice [12]. After localization, an acupuncture
needle was inserted approximately 1 mm into the Baihui
acupoint. Another needle was inserted into the left forelimb
(non-acupoint site) as the return electrode to complete the
circuit. The Han’s EA device was employed to administer
electrical stimulation under controlled conditions, with spe-
cific settings including a dual-frequency mode (2/15 Hz),
current strength set at 1 mA, and a treatment period lasting
30 minutes.

2.5.2 Intracerebroventricular (ICV) Injection

For the respective experimental groups, ICV injec-
tions of AAV-GFAP-shMirol, AAV-GFAP-hiMirol, or
AAV-GFAP-control (1 pL per mouse) were performed 48
h prior to EA treatment. The infusion procedure was con-
ducted at a constant flow rate of 0.2 uL per minute, with the
entire administration process completed within five min-
utes. For the intracerebroventricular (ICV) delivery, the
stereotactic positioning parameters were established at 0.4
mm caudal to bregma, with a 1 mm lateral deviation from
the midline and a penetration depth of 2 mm [13].

2.6 Isolation of Astrocytes and Neurons From the
Peri-Infarct Penumbra in Mice Using Magnetic-Activated
Cell Sorting (MACS)

2.6.1 Tissue Preparation

Following a 24-hour period after CIRI, mice were
deeply anesthetized via inhalation of 3% isoflurane in an
oxygen/air mixture and subsequently euthanized by de-
capitation. The penumbral region surrounding the in-
farct area was isolated and mechanically dissociated in
chilled phosphate-buffered saline (PBS) utilizing pipette
techniques. Tissue digestion was performed using a 0.25%
trypsin solution, after which the enzymatic reaction was
halted by introducing a stop solution. Subsequent centrifu-
gation at 300 x g for 10 minutes under 4 °C conditions al-
lowed for supernatant removal, yielding a purified single-
cell suspension preparation.

2.6.2 Neuron Isolation

A suspension of 1 x 107 cells was prepared in 80
pL of MACS buffer supplemented with 20 pL of biotin-
labeled antibodies directed against non-neuronal cell pop-
ulations. The mixture was maintained at 4 °C for a five-
minute incubation period. Subsequently, | mL of MACS
buffer was added to the sample, which was then centrifuged
at 300 xg for 10 minutes. The supernatant was then care-
fully removed. The resulting cell pellet was reconstituted
in 80 pL of MACS buffer combined with 20 uL of anti-
biotin microbeads, followed by incubation at 4 °C for 10
minutes. The cell suspension was then loaded onto a pre-
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wetted MACS column in the autoMACS separator. After
sequential steps of pre-wetting, loading, and washing, the
flow-through fraction (neurons) that did not adhere to the
column was collected.

2.6.3 Astrocyte Isolation

To prepare the cell suspension, 1 x 107 cells were
mixed with 80 pL of MACS buffer supplemented with
20 pL of ACSA-1 microbeads (astrocyte-specific surface
antibody-1), and the mixture was incubated at 4 °C for five
minutes. Subsequently, 1 mL of MACS buffer was added
to the suspension, which was then centrifuged at 300 xg
for 10 minutes. The supernatant was discarded, and the
cell suspension was loaded onto a pre-wetted MACS col-
umn in the autoMACS separator. After loading and wash-
ing, the column retained positive cells (astrocytes). To ver-
ify the morphological characteristics of the isolated pri-
mary cells, a fraction of the sorted cell suspension was cul-
tured and observed under a phase-contrast microscope. The
isolated neurons exhibited typical distinct, rounded somas
with long, extending neurites. In contrast, the sorted as-
trocytes displayed characteristic stellate or polygonal mor-
phologies with multiple extended branching processes, con-
sistent with typical primary astrocyte morphology.

2.7 Assessment Parameters and Methods

2.7.1 Neurological Deficit Scoring

Neurological function was evaluated at 24 h post-
reperfusion using a standardized scoring system, the Longa
5-point scale [11]. 0: No neurological deficits, 1: Failure
to fully extend contralateral forelimb; 2: Circling toward
the contralateral side; 3: Falling to the contralateral side; 4:
Loss of spontaneous movement with impaired conscious-
ness. All assessments were performed by an experimenter
blinded to the group allocations.

2.7.2 Cerebral Infarct Volume Measurement

24 hours after reperfusion, mice were deeply anes-
thetized via inhalation of 3% isoflurane in an oxygen mix-
ture prior to decapitation for brain tissue collection. The
harvested cerebral tissues were rapidly frozen at —20 °C for
20 minutes, followed by coronal sectioning into four se-
quential 2 mm thick slices utilizing a specialized brain ma-
trix apparatus. These tissue sections were subsequently im-
mersed in a 1% solution of TTC staining reagent and main-
tained at 37 °C for precisely 20 minutes during the incu-
bation process. Viable tissue stained red, while infarcted
areas remained pale. Images were scanned and analyzed
using a LUZEX-F image analysis system (Nireco Corpo-
ration, Tokyo, Japan). Infarct volume was calculated using
the Swanson method to correct for brain edema. Briefly, the
areas of the contralateral hemisphere and the non-infarcted
ipsilateral hemisphere were measured on each slice. Infarct
volume percentage was calculated as: (contralateral hemi-
sphere volume — ipsilateral non-infarcted volume) / con-
tralateral hemisphere volume x 100%.
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Fig. 1. Comparison of neurological deficit scores among exper-
imental groups (» = 18 per group). Data are presented as mean
+ SD. **p < 0.01, ***p < 0.001 vs. respective control groups
as indicated in the text; one-way ANOVA followed by Fisher’s
least significant difference (LSD) post hoc test for parametric
data, Kruskal-Wallis test with Nemenyi’s post hoc test for non-
parametric scores. Sham, Sham surgery; MCAO, Model group;
EA, Electroacupuncture; SEA, Sham electroacupuncture; EA +
AAV-GFAP-shMirol, EA + astrocytic Mirol knockdown; AAV-
GFAP-hiMirol, Astrocytic Mirol overexpression, AAV-GFAP-
control, Adenoviral empty vector control.

2.7.3 Immunofluorescence Assessment of Surviving
Neurons in the Peri-Infarct Penumbra

24 hours after CIRI, mice underwent anesthesia
and were subjected to transcardial perfusion using 4%
paraformaldehyde solution. Harvested brain tissues were
subsequently embedded in paraffin blocks for histological
preparation. After deparaffinization, coronal sections 3.5
pum thick were treated with 3% hydrogen peroxide solu-
tion for 10 minutes to inhibit endogenous peroxidase ac-
tivity. For antigen retrieval, tissue sections were heated in

10 mmol/L citrate buffer (pH 6.0) for 20 minutes, followed
by gradual cooling to ambient temperature. Prior to pri-
mary antibody incubation, sections were blocked with PBS
containing 5% bovine serum albumin for one hour at room
temperature. The primary antibody employed was rabbit
anti-MAP2 (1:500 dilution, ab221693, Abcam), which was
applied overnight at 4 °C. Following three PBS washes,
sections were exposed to Alexa Fluor 594-conjugated sec-
ondary antibody (1:500 dilution, ab150068, Abcam) for one
hour at room temperature. Nuclear counterstaining was
performed using 4’,6-diamidino-2-phenylindole (DAPI, 1
pg/mL concentration) for five minutes. After final PBS
rinses, prepared slides were coverslipped and examined un-
der an Olympus BX51 fluorescence microscope (Olympus
Corporation, Tokyo, Japan) with standardized imaging pa-
rameters (including gain, threshold, and black level set-
tings), maintained throughout all experimental procedures.
Quantification of viable neurons was based on the identifi-
cation of cells exhibiting a MAP2" (red fluorescence) sig-
nal surrounded by DAPI* (blue) nuclear staining. For sta-
tistical analysis, five randomly selected microscopic fields
(x400 magnification) per section were evaluated to deter-
mine the mean number of surviving neurons.

2.7.4 ATP Content Measurement in Neurons and
Astrocytes

The isolated neurons and astrocytes underwent lysis,
after which intracellular ATP concentrations were measured
utilizing a commercially available ATP detection system
(ATP Bioluminescence Assay Kit CLS II, Roche) based on
the luciferin-luciferase reaction. In this procedure, cellular
lysates were combined with the enzyme substrate solution,
followed by immediate luminescence detection performed
with a microplate luminometer. To standardize the mea-
surements, ATP quantities were adjusted according to the
total protein levels quantified through the BCA protein as-
say, with results presented in units of nmol per milligram
of protein.

2.7.5 Western Blot Analysis of TOM40 and Miro1l Protein
Expression

To prepare protein samples, neuronal or astrocytic
cells were solubilized using 1% Triton X-100 lysis buffer,
followed by protein concentration determination through
BCA protein assay. For electrophoretic analysis, iden-
tical protein quantities (5 pg) were loaded onto SDS-
polyacrylamide gel wells. After electrophoretic separation,
proteins were transferred onto nitrocellulose membranes
using wet transfer methodology. Membrane blocking was
performed with 5% skim milk dissolved in tris-buffered
saline (TBST) containing 0.1% Tween-20 for 60 minutes
at ambient temperature. Subsequently, membranes were
probed with primary antibodies targeting TOM40 (dilution
1:5000) and Miro1 (dilution 1:1000) overnight at 4 °C. Fol-
lowing TBST washes, membranes were exposed to HRP-
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Fig. 2. Comparison of cerebral infarct volume measured by 2,3,5-triphenyltetrazolium chloride (TTC) staining across experi-

mental groups (n = 6, randomly selected from 18 per group). Data are presented as mean + SD. ***p < 0.001 vs. respective control

groups as indicated in the text. Statistical analysis was performed by one-way ANOVA followed by the LSD post hoc test. Scale =1 cm.

conjugated secondary antibodies (1:5000 dilution) for one
hour at room temperature. Protein detection was achieved
through enhanced chemiluminescence reaction, with sig-
nal capture on Kodak X-Omat AR radiographic film (East-
man Kodak Company, Rochester, NY, USA). Quantita-
tive analysis of band intensities was conducted using Im-
agel software (Version 1.54g, National Institutes of Health,
Bethesda, MD, USA). Representative Western blot images
are shown in the main figures, and the corresponding orig-
inal, uncropped blots are provided in the Supplementary
Material.

2.8 Statistical Analysis

All statistical analyses and graph construction were
performed using GraphPad Prism software (Version 10.1.0,
GraphPad Software, San Diego, CA, USA). Continuous
variables with normal distribution were presented as mean
= standard deviation (SD). For comparisons among multi-
ple groups, one-way ANOVA was initially employed, sup-
plemented by Fisher’s least significant difference (LSD)
tests for detailed pairwise analysis. Regarding neurological
deficit scoring data, which exhibited non-parametric distri-
bution characteristics, the Kruskal-Wallis test was imple-
mented, with subsequent Nemenyi tests facilitating specific
group comparisons. Statistical significance was defined as
a p-value less than 0.05.

&% IMR Press

3. Results

3.1 Comparison of Neurological Deficit Scores Across
Experimental Groups

As shown in Fig. 1, the neurological deficit scores
were significantly elevated in the MCAO group when com-
pared with the Sham group (p < 0.001). Conversely, the EA
treatment group exhibited significantly decreased scores
relative to both the MCAO and SEA groups (p < 0.001).
The AAV-GFAP-hiMiro1 group also presented with signif-
icantly lower scores than the MCAO group (p < 0.001).
Nevertheless, the EA+AAV-GFAP-shMirol combination
group manifested significantly higher scores than either the
EA or AAV-GFAP-hiMirol groups alone (p < 0.001). Sta-
tistical analysis revealed no significant difference between
either the EA and AAV-GFAP-hiMirol groups or between
the MCAO and AAV-GFAP-control groups.

3.2 Comparison of Cerebral Infarct Volume Among
Experimental Groups

As shown in Fig. 2, the infarct size was significantly
greater in the MCAO group when compared with the Sham-
operated controls (p < 0.001). Conversely, EA treatment
resulted in a significant decrease in infarct area relative to
both the MCAO and SEA groups (p < 0.001). The AAV-
GFAP-hiMirol intervention similarly led to significantly
diminished infarct volumes versus the MCAO group (p <
0.001). Notably, the combined EA+AAV-GFAP-shMirol
treatment group exhibited significantly larger infarct areas
than either the EA or AAV-GFAP-hiMiro1l groups alone (p
< 0.001). Statistical analysis revealed no significant vari-
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Fig. 3. Comparison of neuronal viability in the peri-infarct penumbra across experimental groups (immunofluorescence staining,
x 400 magnification; n = 6, randomly selected from 18 per group). Data are presented as mean + SD. ***p < 0.001 vs. respective
control groups as indicated in the text. Statistical analysis was performed by one-way ANOVA followed by the LSD post hoc test. Scale
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Fig. 4. Comparison of ATP levels in neurons and astrocytes across experimental groups (bioluminescence assay; n =6, randomly

selected from 18 per group). Data are presented as mean + SD. *

*p < 0.01, ***p < 0.001 vs. respective control groups as indicated

in the manuscript. Statistical analysis was performed by one-way ANOVA followed by the LSD post hoc test.

ations in infarct volume between either the EA and AAV-
GFAP-hiMirol groups or the MCAO and AAV-GFAP-
control groups.

3.3 Comparison of Neuronal Viability in the Peri-Infarct
Penumbra Across Experimental Groups

As shown in Fig. 3, neuronal survival rates in the peri-
infarct penumbra were significantly lower in the MCAO
group when compared with the Sham operated controls (p
< 0.001). Conversely, EA treatment resulted in signifi-
cantly increased neuronal survival compared to both the
MCAO and SEA groups (p < 0.001). The AAV-GFAP-
hiMirol intervention group also exhibited significant en-
hancement in neuronal viability relative to the MCAO
group (p < 0.001). However, the combination treatment
group (EA+AAV-GFAP-shMirol) showed significantly re-
duced neuronal viability when compared with either EA or
AAV-GFAP-hiMiro1 treatment alone (p < 0.001). Statisti-
cal analysis revealed no significant differences in neuronal
viability between either the EA and AAV-GFAP-hiMirol
groups or the MCAO and AAV-GFAP-control groups.

3.4 Comparison of ATP Levels in Neurons and Astrocytes
Across Experimental Groups

As shown in Fig. 4, neuronal ATP concentrations
in the peri-infarct penumbra were substantially lower in
the MCAO group than in the Sham group (p < 0.001),
whereas astrocytic ATP levels remained statistically un-
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changed. The EA treatment group presented with sig-
nificantly higher neuronal ATP content and lower astro-
cytic ATP content when compared to both MCAO and
SEA groups (p < 0.001). Parallel results were observed in
the AAV-GFAP-hiMirol group, which exhibited enhanced
neuronal ATP production and diminished astrocytic ATP
levels relative to the MCAO group (p < 0.001). Con-
versely, the EA+AAV-GFAP-shMirol combination group
demonstrated reduced neuronal ATP concentrations and el-
evated astrocytic ATP levels in comparison to both EA
and AAV-GFAP-hiMirol groups (p < 0.001). Statistical
analysis revealed no significant variations in ATP content
between EA and AAV-GFAP-hiMirol groups or between
MCAO and AAV-GFAP-control groups, in either neuronal
or astrocytic populations.

3.5 Comparison of TOM40 and Mirol Protein Expression
in Astrocytes Across Experimental Groups

As illustrated in Fig. 5, the MCAO group showed no
significant changes in TOM40 or Miro1 protein expression
in astrocytes of the peri-infarct penumbra compared to the
Sham group. In contrast, the EA group exhibited signifi-
cantly increased Mirol expression and decreased TOM40
levels in astrocytes compared to both the MCAO and SEA
groups (p < 0.001). Similarly, the AAV-GFAP-hiMirol
group demonstrated significantly elevated Mirol expres-
sion and reduced TOM40 levels relative to the MCAO
group (p < 0.001). However, the EA+AAV-GFAP-shMiro1
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Fig. 5. Comparison of TOM40 and Mirol protein expression in astrocytes across experimental groups (Western blot analysis; n

=6, randomly selected from 18 per group). Data are presented as mean = SD. ***p < 0.001 vs. respective control groups as indicated

in the text. Statistical analysis was performed by one-way ANOVA followed by the LSD post hoc test.

group displayed significantly reduced Mirol expression
and increased TOM40 levels compared to both the EA and
AAV-GFAP-hiMirol groups (p < 0.001). No significant
differences in TOM40 or Miro1 expression were found be-
tween either the EA and AAV-GFAP-hiMirol groups or
between the MCAO and AAV-GFAP-control groups (p >
0.001).

3.6 Comparison of TOM40 Expression in Neurons Across
Experimental Groups

As illustrated in Fig. 6, the MCAO group exhibited
significantly reduced TOM40 expression in neurons of the
peri-infarct penumbra compared to the Sham group (p <
0.001). In contrast, the EA group demonstrated signif-
icantly increased TOM40 expression relative to both the
MCAO and SEA groups (p < 0.001). Similarly, the

AAV-GFAP-hiMirol group showed significantly elevated
TOM40 expression compared to the MCAO group (p <
0.001). However, the EA+AAV-GFAP-shMirol group dis-
played significantly decreased TOM40 expression com-
pared to both the EA and AAV-GFAP-hiMirol groups (p <
0.001). No significant differences in neuronal TOM40 ex-
pression were observed between the EA and AAV-GFAP-
hiMirol groups or between the MCAO and AAV-GFAP-
control groups.

4. Discussion

As the predominant glial cell population in the central
nervous system, astrocytes perform essential functions in
modulating synaptic activity, upholding blood-brain barrier
integrity, facilitating synaptic plasticity, and ensuring neu-
ronal stability [14]. During cerebral ischemic events, these
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Fig. 6. Comparison of TOM40 expression in neurons across experimental groups (Western blot analysis; n = 6, randomly selected

from 18 per group). Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. respective control groups as indicated

in the manuscript. Statistical analysis was performed by one-way ANOVA followed by the LSD post hoc test.

cells exhibit reactive changes marked by cellular hypertro-
phy and elevated production of GFAP, phenomena strongly
correlated with ischemic neuronal injury [15]. Following
ischemic stroke, astrocytes exert multifaceted neuropro-
tective effects [16]. For instance, astrocytic scar forma-
tion around ischemic lesions isolates damaged areas from
healthy tissue, shielding surviving neurons from harmful
substances released by the infarct core [17]. Thus, astro-
cytes are pivotal for post-stroke recovery.

The mechanisms governing mitochondrial transfer re-
main incompletely understood. Key players include the
motor protein KIF5 and the adaptor protein Miro1/2, which
mediate mitochondrial transport [18]. Mirol, a calcium-
sensitive protein anchored to the mitochondrial outer mem-
brane, binds KIF5 to form a transport complex [18,19].
This complex facilitates mitochondrial transfer between
cells via tunneling nanotubes (TNTs) [19,20], which are ex-
tensively distributed between astrocytes and neurons [21]
with their connectivity intensifying under ischemic condi-
tions and enhancing intercellular communication and tissue
repair [22]. In neurons, Mirol governs mitochondrial traf-
ficking; its deficiency disrupts mitochondrial distribution
and motility, contributing to neurological disorders [23].
Notably, studies suggest that peri-infarct astrocytes trans-
fer functional mitochondria to ischemic neurons, promoting
neuronal survival [9]. It is hypothesized here that during
CIRI, astrocytes export mitochondria to damaged neurons
via Mirol-mediated TNTs, thereby exerting neuroprotec-
tion.

&% IMR Press

This study investigated whether EA enhances
astrocyte-to-neuron mitochondrial transfer via Mirol to
mitigate CIRI. Compared to the Sham group, MCAO mice
exhibited enlarged infarct volumes, worsened neurolog-
ical deficits, and reduced neuronal ATP/TOM40 levels,
while astrocytic ATP/TOM40 remained unchanged. This
indicates severe mitochondrial dysfunction in neurons
but preserved mitochondrial integrity in astrocytes, likely
due to astrocytic glycogen storage and superior hypoxia
tolerance [16]. EA significantly increased astrocytic Miro1l
expression while reducing astrocytic ATP/TOM40 and el-
evating neuronal ATP/TOM40, correlating with improved
neurological outcomes and reduced infarct volume. These
findings suggest EA promotes mitochondrial transfer from
astrocytes to neurons.

Mechanistically, astrocyte-specific Mirol knockdown
(AAV-GFAP-shMirol) abolished EA-induced increases in
neuronal ATP/TOM40 and reversed EA’s neuroprotec-
tive effects. Conversely, astrocytic Mirol overexpression
(AAV-GFAP-hiMirol) mimicked EA’s benefits, confirm-
ing Miro1’s essential role. Critically, viral controls (AAV-
GFAP-control) did not alter outcomes, excluding nonspe-
cific viral effects. These results strongly support that EA
upregulates astrocytic Mirol to enhance mitochondrial ex-
port to neurons via TNTSs, restoring neuronal ATP levels and
the expression of mitochondrial biogenesis markers.

We fully acknowledge that this study has several limi-
tations. First, although our findings strongly suggest that
EA promotes astrocyte-to-neuron mitochondrial transfer
via Mirol, direct evidence using TNT inhibitors is lacking,
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and the proposed mechanism remains hypothetical. Sec-
ond, the specific transduction pathways linking the phys-
ical stimulus (EA) to the molecular signal (Mirol upreg-
ulation) have not been elucidated. This represents a core
gap in the current mechanistic framework. Based on ex-
isting literature and preliminary clues, we propose the fol-
lowing testable hypotheses: (1) EA may induce Ca?* tran-
sients in astrocytes, activating calcineurin-nuclear factor of
activated T-cells (NFAT) or calcium/calmodulin-dependent
protein kinase (CaMK)-cAMP response element-binding
protein (CREB) pathways to promote Mirol transcrip-
tion [24,25]; (2) EA stimulation at Baihui (GV20) may
trigger neuronal glutamate release, activating astrocytic
metabotropic glutamate receptors 3/5 (mGIluR3/5) recep-
tors and downstream signaling cascades [26,27]; (3) EA-
induced adaptive oxidative stress may regulate Mirol ex-
pression via the nuclear factor erythroid 2-related fac-
tor 2-antioxidant response element (Nrf2-ARE) pathway
[28]. All of these hypotheses require rigorous experi-
mental validation in future studies. We have planned
subsequent investigations using in vitro co-culture sys-
tems combined with pathway-specific inhibitors, chromatin
immunoprecipitation-quantitative polymerase chain reac-
tion (ChIP-gPCR), and other techniques to systematically
dissect the molecular mechanisms by which EA regulates
Mirol.

Furthermore, regarding the assessment of mitochon-
dria, we used TOM40 protein expression alongside ATP
levels to evaluate neuronal mitochondrial status. It should
be noted that changes in TOM40 levels may primarily re-
flect mitochondrial biogenesis or protein assembly pro-
cesses, rather than serving as a direct equivalent of total mi-
tochondrial mass or content. To definitively confirm an in-
crease in absolute mitochondrial content, future studies em-
ploying direct methods such as mitochondrial DNA quan-
tification or electron microscopic morphometry are war-
ranted.

5. Conclusions

This study demonstrates that EA may protect against
CIRI by upregulating astrocytic Mirol to boost mitochon-
drial transfer to neurons, thereby contributing to the restora-
tion of neuronal mitochondrial function and biogenesis
markers. These findings unveil a novel astrocyte-dependent
mechanism of EA-mediated neuroprotection, offering po-
tential therapeutic targets for ischemic stroke.

Availability of Data and Materials
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study available from the corresponding author on reason-
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