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Abstract

Background: Accumulating evidence suggests that acupuncture may serve as a potent strategy to mitigate the deleterious effects of
ischemic stroke on neural tissue. The present investigation delineated the neuroprotective potential of electroacupuncture (EA) admin-
istered pre-and post-stroke, with a focus on determining the commonalities and disparities between these two therapeutic approaches in
ameliorating ischemic stroke-induced brain injury. The ultimate objective is to inform optimal timing for acupuncture intervention in the
clinical management and prevention of stroke. Methods: The extent of cerebral infarction was quantified with 2,3,5-triphenyltetrazolium
chloride staining. The integrity of the blood–brain barrier was assessed by evaluating the extravasation of Evans blue (EB) dye, while
neurological function was appraised using the Longa neurological scoring system. RNA sequencing was employed to examine the tran-
scriptomic landscape of ischemic brain tissue, with subsequent bioinformatics annotation of the sequencing data facilitated byMetascape.
Results: (1) A notable decrease in the ischemic infarct volume was observed in both the EA-preconditioned plus middle cerebral artery
occlusion (MCAO), EA-preconditioned plus middle cerebral artery occlusion (EAM) and MCAO plus EA-treated (MEA) groups, com-
pared to the MCAO group. Furthermore, the decreased leakage of EB and reduction in neurological function impairment scores were
evident in the EAM and MEA groups compared with the MCAO group. (2) Relative to the Sham group, the MCAO group exhibited a
total of 4798 differentially expressed genes (DEGs), with 67.84% demonstrating an expression fold change (FC) greater than 1.5, and
34.16% exceeding a FC of 2. The EAM and MEA groups displayed 4020 and 1956 DEGs, respectively, compared to the MCAO group.
In both groups, more than 55% of DEGs showed an expression FC surpassing 1.5, whereas only approximately 10% exhibited a change
greater than 2-fold. Remarkably, EA preconditioning and EA treatment resulted in the reversal of 18.72% and 28.91% of DEGs, re-
spectively, in the MCAO group. (3) The DEGs upregulated in response to ischemic stroke were predominantly implicated in immune
inflammatory processes and cellular apoptosis, whereas the downregulated DEGs were associated with neurogenesis and neuronal signal
transduction. TheMEA-induced upregulated DEGs were primarily involved in neural transmission and metabolic processes, whereas the
downregulated DEGs were linked to excessive inflammatory responses to physical and chemical stimuli, as well as cell matrix adhesion
chemotaxis. In the context of EAM, the upregulated DEGs were chiefly related to protein biosynthesis, and energy and metabolic pro-
cesses, whereas the downregulated genes were connected to gene transcriptional activity, synaptic function, and neuronal architecture.
Conclusions: Both preconditioning and post-event treatment with acupuncture demonstrated efficacy in mitigating pathological damage
to brain tissue in a rat model of ischemic stroke, albeit with some divergences in their gene targets. The integration of EA preconditioning
and treatment may potentially confer enhanced neuroprotection in the clinical management of stroke patients.

Keywords: ischemic stroke; electroacupuncture; RNA sequencing

1. Introduction

Stroke is a leading cause of death and disability world-
wide [1,2]. In most cases, acute stroke results from the
occlusion of a supplying arterial vessel, whereas vascular
rupture accompanied by hemorrhage is less common, ac-
counting for only about 15% of cases [3]. Acupuncture,
characterized by its affordability, convenience, and min-
imal adverse effects, has emerged as a promising treat-
ment option for stroke. A wealth of clinical and ex-
perimental data have substantiated the role of post-stroke

acupuncture treatment in orchestrating multilevel regula-
tion via intricate mechanisms to combat cerebral ischemia
[4]. Specifically, electroacupuncture (EA) has been demon-
strated to alleviate nitro/oxidative stress-induced mitochon-
drial dysfunction and inhibit the accrual of damaged mi-
tochondria via Pink1/Parkin-mediated mitophagy clear-
ance, thereby protecting cells from neuronal damage con-
sequent to cerebral ischemia-reperfusion (I/R) [5]. Zhang
and colleagues [6,7] revealed that EA treatment can acti-
vate the PI3K/AKT/mTOR signaling pathway during the
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acute phase post-ischemic stroke, which subsequently sup-
presses neuronal apoptosis and autophagy, thereby dimin-
ishing cerebral I/R injury. Jittiwat [8] reported that laser
acupuncture at Baihui acupoint (GV20) can significantly re-
duce brain infarct volume and malondialdehyde concentra-
tions, while enhancing the activities of catalase, glutathione
peroxidase, and superoxide_dismutase in rats with cere-
bral ischemia. A prospective investigation indicated that
acupuncture treatment can improve clinical outcome and
cognitive function in patients suffering from cerebral is-
chemic stroke, potentially attributable to its modulatory ef-
fects on immune responses and inflammation in vivo [9].
Moreover, a controlled clinical trial demonstrated that the
integration of acupuncture with rehabilitation therapy can
effectively improve the neurological function, prognosis,
and patient quality of life [10]. Our previous studies demon-
strated that post-stroke EA treatment canmodulate the equi-
librium of regulatory T cells/gamma delta T cells, thereby
ameliorating inflammation-induced damage to the brain
and intestine [11,12]. Additionally, mounting evidence
suggests that acupuncture preconditioning confers neuro-
protective benefits by enhancing ischemic tolerance in ex-
perimental models and attenuating pathological brain dam-
age subsequent to ischemic stroke [13–17]. Lin and col-
leagues revealed that EA induces a reversible, frequency-
dependent alteration of blood–brain barrier (BBB) perme-
ability in rats, which may be related to disrupting interen-
dothelial tight junctions caused by the activation of neurons
releasing substance P, and a decrease in zonula occludens 1
and occludin expression, thereby providing new strategies
for delivering therapeutics to the central nervous system
[18]. Our earlier work also demonstrated that EA precon-
ditioning can partially rectify or mitigate aberrant gene ex-
pression in the ipsilateral ischemic brain [19]. However, to
date, little attention has been paid to comparing the neuro-
protective effects of EA intervention administered pre- and
post-stroke [20]. Moreover, no current research has been
conducted to determine the optimal timing for acupuncture
intervention to confer benefits to stroke patients in the acute
phase.

To bridge this knowledge gap, based on the compara-
tion of anti-ischemic efficacy, we utilized RNA sequencing
(RNA-Seq) technology to acquire transcriptomic data from
the cerebral ischemic regions of Sprague-Dawley (SD) rats
following EA preconditioning and EA treatment for bioin-
formatics analysis. Our aim is to provide an experimental
basis for the clinical application of acupuncture in the pre-
vention and treatment of stroke.

2. Materials and Methods
2.1 Animals

Male adult SD rats, provided by Xipu Bikai Labora-
tory Animal Co., Ltd. (Shanghai, China), were used in this
experiment. Animals were housed under a 12 h light/12 h
dark cycle and had free access to food and water. All ex-

periments followed the Guidance on the Good Treatment of
Laboratory Animals issued by the Ministry of Science and
Technology of China.

2.2 Group and Middle Cerebral Artery Occlusion

All male adult SD rats (260–280 g) were adaptively
bred for 1 week and then randomly divided into four groups
(Fig. 1A): sham surgery (Sham), middle cerebral artery oc-
clusion (MCAO), EA-preconditioned plus MCAO (EAM),
and MCAO plus EA-treated (MEA) groups. In the MCAO,
EAM, and MEA groups, cerebral I/R injury was induced
by MCAO experiments in the rats. During the operation,
rats were deeply anesthetized by inhalation of 5% isoflu-
rane (R510-22-10; Reward, Shenzhen, China) and main-
tained under anesthesia with 2% isoflurane in a mixture of
70% nitrous oxide and 30% oxygen. To maintain the rat’s
body temperature at 37 °C, we used a heating pad during
and after the operation. After 2 h of MCAO, the intralumi-
nal suture (JiaLing, Guangzhou, China) was withdrawn to
induce post-ischemic reperfusion. The rats without signifi-
cant neurological deficits, intraoperative hemorrhage, sub-
arachnoid hemorrhage, or thrombosis of the circle of Willis
were excluded. For the Sham group, the external carotid
artery was isolated and ligated, while the suture was not in-
serted.

2.3 EA Preconditioning and Treatment

The Baihui acupoint (GV20), located at the midpoint
of the connecting line between the auricular apices, was
chosen for both EA preconditioning and treatment. In the
MEA group, rats were subjected to EA treatment at the
GV20 acupoint for 30 min per session, with a frequency of
2/15 Hz and an intensity level of 1 mA, which was stimu-
lated with a stimulus isolation unit (WQ1002F; HanAcuten,
Beijing, China). EA treatment at the GV20 acupoint was
performed at 1 min after reperfusion and again at 2.5 h be-
fore sacrifice (all rats were sacrificed at 24 h after I/R or
sham surgery), for a total of two times. In the EAM group,
rats received EA preconditioning at the GV20 acupoint for
30 min per day for six consecutive days, with the same pa-
rameters as those in the MEA group. MCAO surgery was
performed 2 h after the sixth EA pretreatment. Rats in the
Sham and MCAO groups were immobilized in the same
manner for 30 min without EA stimulation.

2.4 Neurological Function Assay

Neurologic function was assessed according to the
Longa neurologic score, where a score of 0 indicates no
neurologic deficit, 1 indicates a mild focal neurologic
deficit (failure to extend left forepaw fully), 2 indicates a
moderate focal neurologic deficit (circling to the left), 3 in-
dicates a severe focal deficit (falling to the left), and 4 in-
dicates rats that did not walk spontaneously and had a de-
pressed level of consciousness. The first neurologic func-
tion assessment was performed at 2 h after ischemia, and the
second evaluation was performed at 24 h after reperfusion.
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Fig. 1. Electroacupuncture Preconditioning and Treatment Both Reduce Cerebral Ischemia-Reperfusion Injury in Stroke-
Induced Rats. (A) Animal group and experimental protocol. All rats were randomly divided into four groups: sham surgery (Sham),
middle cerebral artery occlusion (MCAO), EA-preconditioned plus MCAO (EAM), and MCAO plus EA-treated (MEA) groups. In
brief, cerebral ischemia-reperfusion (I/R) injury was induced by MCAO experiments in rats in the MCAO, EAM, and MEA groups.
(B) Representative image of TTC staining. (C) Quantitative results of TTC staining. The ischemic area was evaluated by calculating
the hemispheric lesion area with ImageJ software, and the relative infarction volume percentage is presented as a bar graph. Data are
presented as the mean ± standard deviation (SD), n = 6, *p < 0.01 vs. the Sham group, #p < 0.01 vs. the MCAO group. (D) EA pre-
conditioning and treatment significantly decreased the blood–brain barrier (BBB) permeability induced by I/R injury. BBB permeability
in each group was determined by EB extravasation. Data are presented as the mean ± SD, n = 5, *p < 0.01 vs. the Sham group, #p <

0.01 vs. the MCAO group. (E) EA preconditioning and treatment significantly decreased the neurologic function score in I/R injury rats.
Neurologic deficit was scored on a five-point scale according to Zea Longa. Data are presented as the mean ± SD, n = 8, *p < 0.01 vs.
the Sham group, #p < 0.01 vs. the MCAO group.
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2.5 Measurement of Infarct Volume

2,3,5-triphenyl tetrazolium chloride (TTC; T8877;
Sigma, St. Louis, MO, USA) was used to visualize and
measure the ischemia infarct volume. First, rat brains were
isolated and frozen at –20 °C for 30 min after 24 h of reper-
fusion. Then the brains were sliced into coronal sections
that were approximately 2mm thick. TTC staining was per-
formed on brain slices using 2% TTC (1 g/50 mL) at 37 °C
for 30min, and the sections were fixed in 4% paraformalde-
hyde. The total infarcted area (IVA) and total area (TA) on
the back side of five coronal slices per rat were evaluated
using ImageJ software (Version 1.8.0; ImageJ, MD, United
States). The relative infarction volume percentage (RIVP)
was calculated as: RIVP = IVA/TA × 100%.

2.6 Evaluation of BBB Permeability

BBB permeability was evaluated bymeasuring the ex-
travasation of Evans blue (EB). Five rats were randomly se-
lected from each group and injected with 2% EB (E2129;
Sigma) solution (3 mL/kg) via the femoral artery at 1 h prior
to sacrifice. Then the rats were euthanized by intraperi-
toneal injection of an overdose of sodium pentobarbital and
immediately perfused with saline through the left ventricle
until colorless fluid was obtained from the right atrium. The
left and right brains were quickly removed and weighed.
Then the appropriate amount of formamide (3 mL/600 mg)
was added separately, and the samples were soaked in wa-
ter at 60 °C overnight. After 24 h, the supernatant was ex-
tracted by centrifugation at 1000 rpm (radius 10 cm) for
5 min at room temperature. Subsequently, different con-
centrations of EB standard solution and supernatant from
each group were added to a 96-well enzyme plate with three
replicate wells for both standards and samples. The EB con-
tent was finally determined at 632 nm using a microplate
reader (Synergy H1; BioTek, Winooski, VT, USA). A stan-
dard curve was constructed using gradient concentrations
of EB to quantify the amount of EB retained in the hemi-
sphere.

2.7 RNA-Seq and Computational Analyses of the RNA-Seq
Data

Total RNA was extracted from ischemic brain tis-
sue with TRIzol reagent (15596018; Invitrogen). The
RNA concentration was measured with the Qubit 1.2 flu-
orometric analyzer (Invitrogen; Carlsbad, CA, USA) us-
ing the Qubit RNA BR Assay Kit (Q10211, Invitrogen).
RNA quality was assessed using the Agilent 2100 Bio-
analyzer System (Agilent Technologies, Inc., Santa Clara,
CA, USA) with an RNA integrity number of at least 8.0.
Then RNA samples (3 replicates for each group, total-
ing 12 samples) were processed with the TruSeq RNA Kit
(15025062; Illumina) to create DNA libraries, which were
cluster-generated using cBOT recombinant hybridization
plates and sequenced on the Illumina HiSeq 2000 System
(Illumina, San Diego, CA, USA) using the TruSeq SBS kit

v3 (15021668; Illumina). The resulting FASTQ files were
extracted using Illumina’s CASAVA software (v.1.8.2; Illu-
mina), and the sequencing data were assembled and quanti-
fied against the rat reference genome (UCSC Rn4) using
the TopHat program and DESeq2 program, followed by
analyses of the differentially expressed genes (DEGs) with
the Cuffdiff program. Gene annotation, signaling pathway,
functional analysis, and protein–protein interaction (PPI)
network interaction analyses were performed with Cluster-
Profiler and Metascape. Only DEGs with p < 0.05 after
Benjamini-Hochberg correction (p values < 0.05) were in-
cluded in the bioinformatics analysis.

3. Results
3.1 EA Preconditioning and Treatment both Mitigate
Cerebral Injury in Rats

First, we examined the neuroprotective effects of EA
pretreatment and EA treatment on I/R injury in SD rats.
All rats were randomly divided into four groups: Sham,
MCAO, EAM, and MEA groups. In the MEA group, rats
were treated with EA at 1 min after reperfusion and 2.5 h
before execution. In the EAM group, rats were pretreated
with EA for six consecutive days, and MCAO surgery was
performed 2 h after the sixth EA pretreatment. Cerebral in-
farction, BBB integrity, and neurological function of these
four groups were evaluated at 24 h after reperfusion. The
extent of I/R-induced cerebral injurywas quantified by TTC
staining. A marked escalation in infarct size was observed
in the MCAO group relative to the Sham group, whereas
both the MEA and EAM groups exhibited significantly di-
minished infarct volumes compared to the MCAO group
(p < 0.01; Fig. 1B,C). Compared with the Sham group,
EB extravasation was significantly elevated in the MCAO,
MEA, and EAM groups (p< 0.01; Fig. 1D), with the MEA
and EAM groups displaying significantly attenuated leak-
age compared to the MCAO group (p < 0.05; Fig. 1D).
Nevertheless, no significant disparity was discernible be-
tween the MEA and EAM groups (p > 0.05; Fig. 1D). In
alignment with EB extravasation outcomes, the neurolog-
ical function score for the MCAO group was significantly
elevated relative to the Sham group (p < 0.01; Fig. 1E),
whereas both the MEA and EAM groups had lower scores
than the MCAO group (p < 0.01; Fig. 1E). No signifi-
cant differences were detected between the MEA and EAM
groups (p > 0.05, Fig. 1E).

3.2 EA Intervention Modulates the DEG Expression
Profile in the Ischemic Ipsilateral Brain of Stroke-Induced
Rats

This study assessed the impact of EA on the DEG
profile in the ischemic ipsilateral brain of stroke-induced
rats. In the MCAO group, relative to the Sham group, 4798
DEGs were discerned, with 67.84% exhibiting an expres-
sion fold change (FC) of at least 1.5 (1.5 FC, |log2 (FC)|
≥0.585), and 34.16% demonstrating a FC of 2 or more (2.0
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Fig. 2. Bioinformatics Analyses of Differentially Expressed Genes in Sprague Dawley Rat Brains After Ischemic Stroke. (A) The
top 20 Gene Ontology (GO) categories enriched by the upregulated differentially expressed genes (DEGs) with |log2 (fold change [FC])|
>0.585 of the middle cerebral artery occlusion (MCAO) group (MCAO_up_ 1.5 FC), n = 3. (B) The top 20 Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways enriched by MCAO_up_ 1.5 FC, n = 3. (C) The top 20 GO downregulated DEGs with |log2
(FC)|>0.585 of the MCAO group (MCAO_down_ 1.5 FC), n = 3. (D) The top 20 KEGG pathways enriched by MCAO_down_ 1.5 FC,
n = 3.

FC, |log2 (FC)| ≥1). A total of 1785 and 4020 were identi-
fied in the MEA and EAM groups, respectively, relative to
theMCAOgroup, andwith equivalent proportions of DEGs
with |log2 (FC)| ≥0.585 and |log2 (FC)| ≥1. Notably, the
downregulated genes outnumbered the upregulated genes
in both the MEA and EAM groups, particularly the 2.0 FC
DEGs. By contrast, in the MCAO group, the number of
upregulated genes was significantly more than that of the
downregulated genes (Table 1).

Upon considering all DEGs across the three groups,
1395 genes were found to be co-regulated by the MEA and
MCAO groups, with 771 MCAO-upregulated genes down-
regulated by MEA, and 616 MCAO-downregulated genes
upregulated by MEA. These MEA reverse-regulated genes
accounted for 28.91% of the total DEGs in the MCAO
group, and accounted for 77.7% of the total DEGs in the
MEA group. In the context of the EAM andMCAO groups,
1550 coregulated DEGswere identified, with 428 genes up-
regulated post-MCAO surgery but downregulated by EA,
and 470 genes downregulated post-MCAO surgery but
upregulated by EA. Additionally, 299 co-downregulated
genes and 353 co-upregulated genes were observed in these
two groups. EAM reverse-regulated genes accounted for
18.72% of the total DEGs of the MCAO group, and ac-
counted for 22.34% of the total DEGs in the EAM group
(Table 2). These results suggest that post-stroke, EAmainly
specifically attenuates aberrant gene expression induced
by I/R injury, whereas pre-stroke EA preconditioning not

only exerts specific regulatory effects on the abnormal
genes induced by I/R injury but also modulates other genes,
potentially contributing to the neuroprotective effects of
acupuncture preconditioning on ischemic stroke.

3.3 Functional Analyses of DEGs in the Ischemic Brain of
Stroke-Induced Rats

Upon examination of the distribution of DEG expres-
sion magnitudes, we found that approximately 60% of the
total DEGs in each group exhibited an expression FC ex-
ceeding 1.5. This provides a comprehensive reflection of
transcriptome changes of the brain tissue following I/R
injury under different conditions. To explore functional
changes at the cellular levels, we performed Gene Ontol-
ogy (GO) annotation enrichment and functional analyses of
these DEGs, employing the Metascape bioinformatics plat-
form. Furthermore, we conducted cluster comparative anal-
ysis of the three subgroups based on different gene expres-
sion levels to gain a better understanding of the relatively
significant and unique characteristics of each intervention.

GO enrichment analysis outcomes revealed that the
upregulated DEGs in the MCAO group were significantly
enriched in biological processes related to both internal and
external stimuli, with the top 20 processes encompassing
a response to wounding, response to lipopolysaccharide,
oxygen levels, and cellular response to growth factor stim-
ulus. Response to these stimuli also manifested in immune
and inflammatory reactions, encompassing cytokine pro-
duction, innate immune response, regulation of cell adhe-
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Table 1. Distribution Characteristics of the Differentially Expressed Genes (DEGs).
MCAO vs. Sham MEA vs. MCAO EAM vs. MCAO

Up Down Total Up Down Total Up Down Total

Total DEGs 2514 2284 4798 836 949 1785 1956 2064 4020
1.5 FC DEGs 1862 (74.07%) 1393 (60.99%) 3255 (67.84%) 419 (50.12%) 574 (60.48%) 993 (55.63%) 993 (50.77%) 1375 (66.62%) 2368 (58.91%)
2.0 FC DEGs 1160 (46.14%) 479 (20.79%) 1639 (34.16%) 37 (4.43%) 154 (16.23%) 191 (10.70%) 97 (4.96%) 401 (19.43%) 498 (12.39%)
The number of upregulated (Up) and downregulated (Down) differentially expressed genes (DEGs) of the middle cerebral artery occlusion (MCAO), MCAO plus EA-treated (MEA),
and EA-preconditioned plus MCAO (EAM) groups; total DEG number; and the percentage of corresponding total DEGs are shown. Total DEGs: total DEGs with the p values adjusted
using the Bonferroni procedure (padj)< 0.05; 1.5 fold change (FC) DEGs: DEGs with padj< 0.05 and expression FC≥1.5 (|log2 (FC)| ≥0.585); 2.0 FC DEGs: DEGs with padj< 0.05
and |log2 (FC)| ≥1.

Table 2. Regulatory effects of Electroacupuncture at Different Times on Differentially Expressed Genes in Stroke-Induced Rats.
DEGs MEA Up MEA Down EAM Up EAM Down

MCAO Up 7 771 353 428
MCAO Down 616 1 470 299

1.5 FC DEGs MEA Up MEA Down EAM Up EAM Down
MCAO Up 6 468 116 185

MCAO Down 277 0 141 93

2.0 FC DEGs MEA Up MEA Down EAM Up EAM Down
MCAO Up 1 139 11 50

MCAO Down 24 0 6 5
The numbers of co-regulated differentially expressed genes (DEGs) in MCAO plus
EA-treated (MEA) or EA-preconditioned plus MCAO (EAM) groups and the middle
cerebral artery occlusion (MCAO) group at different expression levels are shown.
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sion, leukocyte migration, and myeloid leukocyte activa-
tion. Additionally, processes related to cell death, such
as positive regulation of cell death and negative regulation
of cell population proliferation were discerned (Fig. 2A).
Among the top 20 Kyoto Encyclopedia of Genes and
Genomes (KEGG) signaling pathways, the pathways re-
lated to these functions included the tumor necrosis fac-
tor (TNF) signaling pathway, cytokine–cytokine receptor
interaction, PI3K/AKT signaling pathway, nuclear factor
kappa B (NF-κB) signaling pathway, chemokine signaling
pathway, human T-cell lymphotropic virus type 1 infection,
and apoptosis (Fig. 2B). By contrast, the downregulated
DEGs in the MCAO group were predominantly linked to
biological processes pertinent to the regulation of neuronal
excitability. The top 20 processes included synapse organi-
zation, modulation of chemical synaptic transmission, neu-
ron projection morphogenesis, regulation of neurotransmit-
ter levels, and theGABAergic synapse (Fig. 2C). The top 20
KEGG pathways enriched by these downregulated DEGs
were associated with neurotransmitter transduction such as
the calcium signaling pathway, axon guidance, glutamater-
gic synapse, serotonergic synapse, oxytocin signaling path-
way, and the synaptic vesicle cycle. Furthermore, amino
acidmetabolic pathways related to neurotransmitter synthe-
sis such as propanoate metabolism, histidine metabolism,
alanine, aspartate and glutamate metabolism were also en-
riched (Fig. 2D).

3.4 Post-Stroke EA Treatment Specifically Mitigates
Alteration in the Cerebral Transcriptome in Rats with I/R
Injury

In the MEA group, the upregulated DEGs were pri-
marily implicated in ion and neurotransmitter transport,
regulated by G protein-coupled receptor (GPCR) signal
transduction. These processes encompassed regulation of
ion transport, potassium ion transmembrane transporter
activity, regulation of neurotransmitter levels, active ion
transmembrane transporter activity, and presynaptic mem-
brane. Additionally, a variety of metabolic processes were
noted such as positive regulation of organic acid trans-
port, catecholamine metabolic process, regulation of cat-
echolamine secretion, fatty acid binding, and positive reg-
ulation of alkaline phosphatase activity (Fig. 3A). KEGG
analyses identified eight signaling pathways enriched by
the upregulated DEGs including the cell cycle, neuroactive
ligand–receptor interaction, adrenergic signaling in car-
diomyocytes, calcium signaling pathway, and gap junction
(Fig. 3A). On the other hand, the downregulated DEGs in
the MEA group were significantly enriched in biological
processes related to the response of the organism to physical
and chemical stimuli including cellular response to growth
factor stimulus, inflammatory response, wound healing, re-
sponse to mechanical stimuli, response to lipopolysaccha-
rides, and cellular response to interleukin 1 (IL-1). The top
20 enriched KEGG signaling pathways were also closely

associated with the aforementioned functions such as the
inflammatory responses mediated by the TNF, PI3K/AKT,
NF-κB, and hypoxia inducible factor 1 (HIF-1) signaling
pathways; exogenous apoptosis mediated by the mitogen-
activated protein kinase (MAPK), transforming growth fac-
tor beta (TGF-b), and p53 signaling pathways; and tran-
scriptional misregulation in cancer and the hemodynamics
pathway (Fig. 3B).

To gain a comprehensive understanding of the pro-
tective effects of EA treatment on brain injury in stroke-
induced rats, we further focused on the DEGs that were
induced by stroke but reversed by EA treatment. Among
the 277 DEGs that were downregulated by MCAO but
upregulated by MEA with |log2 (FC)| >0.585, the ma-
jority were responsible for neurotransmitter transmission
and neural excitability regulation including axon guid-
ance, GPCR ligand binding, calcium signaling pathway,
establishment or maintenance of the transmembrane elec-
trochemical gradient, neuroactive ligand-receptor interac-
tion, and the GABAergic synapse (Fig. 3C,D). Moreover,
when all 616MCAO-downregulated but MEA-upregulated
DEGs were analyzed together, they were also involved in
fatty acid metabolism, carbon metabolism, and mannose-
type O-glycan biosynthesis, which are associated with
brain substance metabolism and energy supply (Fig. 3C,D).
PPI analyses revealed nine enriched clusters consistent
with biological functions (Fig. 3E). On the other hand,
the MCAO-upregulated but MEA-downregulated DEGs
were primarily involved in immune inflammatory pathways
(e.g., TNF, NF-κB, and IL-17 signaling pathways), hemo-
dynamic phase pathways (e.g., hematopoietic cell lineage,
fluid shear stress, and atherosclerosis), and signaling path-
ways related to cell apoptosis, survival, and differentiation
(e.g., MAPK, TGF-b, p53, and HIF-1 signaling pathways)
(Fig. 3F,G). PPI analyses also revealed that the functional
clusters of proteins encoded by these genes were primarily
involved in a range of GPCR-mediated stress responses to
internal and external stimuli, along with innate or adaptive
immune responses in various organs of the body (Fig. 3H).
These responses are the most significant pathological and
pathogenic processes that occur in the brain after stroke.

3.5 EA Preconditioning Significantly Increases Energy
Metabolism and Attenuates Alteration of the Cerebral
Transcriptome in Ischemic Stroke-Induced Rats

In the EAM group, GO analyses of the upregulated
DEGs indicated that the top 20 significant biological pro-
cesses were primarily related to three main categories: en-
ergy metabolism, protein synthesis, and stress response.
Examples of these processes include the mitochondrial
protein-containing complex, cytoplasmic side of the rough
endoplasmic reticulum membrane, and cellular response to
toxic substances. In addition, KEGG analyses revealed
that energy supply and substance metabolism accounted for
the largest proportion, involving oxidative phosphorylation,
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Fig. 3. Bioinformatics Analyses of the Differentially Expressed Genes in Rat Brains in the Middle Cerebral Artery Occlusion
Plus Electroacupuncture-Treated (MEA) Group. (A) The top 20 Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways enriched in the middle cerebral artery occlusion (MCAO) plus electroacupuncture (EA)-treated (MEA)-
upregulated DEGs with |log2 (fold change [FC])| >0.585. (B) The top 20 GO categories and KEGG pathways enriched by the MEA-
downregulated DEGs with |log2 (FC)| >0.585. (C) The top 20 functional clusters enriched by the MCAO downregulated but MEA-
upregulated DEGs at different expression levels. (D) The significant KEGG pathways enriched by the MCAO-downregulated but MEA-
upregulated DEGs at different expression levels. (E) Protein–protein interaction (PPI) network analyses of the MCAO-downregulated
but MEA-upregulated DEGs. (F) The top 20 functional clusters enriched by the MCAO-upregulated but MEA-downregulated DEGs
at different expression levels. (G) The KEGG pathways enriched the MCAO-upregulated but MEA-downregulated DEGs at different
expression levels. (H) PPI network analyses of the MCAO-upregulated but MEA-downregulated DEGs.

8

https://www.imrpress.com


Fig. 4. Bioinformatics Analyses of Differentially Expressed Genes in Stroke-Induced Rats with Electroacupuncture Precondi-
tioning. (A) The top 20 Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched
by EA-preconditioned plus middle cerebral artery occlusion (MCAO) (EAM)-upregulated differentially expressed genes (DEGs) with
|log2 (fold change [FC])|>0.585. (B) The top 20 GO categories and KEGG pathways enriched by the EAM-downregulated DEGs with
|log2 (FC)| >0.585. (C) The top 20 functional clusters enriched by the MCAO-downregulated but EAM-upregulated DEGs at different
expression levels. (D) The significant KEGG pathways enriched by the MCAO-downregulated but EAM-upregulated DEGs at different
expression levels. (E) Protein-protein interaction (PPI) network analyses of the MCAO-downregulated but MEA-upregulated DEGs. (F)
The top 20 functional clusters enriched by the MCAO-upregulated but EAM-downregulated DEGs at different expression levels. (G)
The KEGG pathways enriched the MCAO-upregulated but EAM-downregulated DEGs at different expression levels. (H) PPI network
analyses of the MCAO-upregulated but EAM-downregulated DEGs.
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Fig. 5. Bioinformatics Analyses of the Co-upregulated or Co-downregulated Differentially Expressed Genes in the
Electroacupuncture-Preconditioned Plus Middle Cerebral Artery Occlusion (MCAO) (EAM) and MCAO groups. (A,B) The
top 20 functional clusters enriched by co-upregulated or co-downregulated differentially expressed genes (DEGs) between the middle
cerebral artery occlusion (MCAO) and electroacupuncture-preconditioned plus MCAO (EAM) groups. (C,D) The Kyoto Encyclope-
dia of Genes and Genomes pathways enriched by co-upregulated or co-downregulated regulated DEGs between the MCAO and EAM
groups. (E,F) Protein-protein interaction network analyses of the co-upregulated or co-downregulated DEGs between the MCAO and
EAM groups.
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proteasome, and glycolysis, among others. Furthermore,
these DEGs were also found to participate in the synaptic
vesicle cycle, which is associated with neural transmission
signaling and RNA degradation (Fig. 4A). For the down-
regulated DEGs, the top 20 significant biological functions
clusters were mainly related to the composition and func-
tion of synapses and neurons such as integral component
of the synaptic membrane/presynaptic membrane, positive
regulation of cell projection organization, forebrain devel-
opment, and negative regulation of neurotransmitter secre-
tion. Furthermore, these DEGs were involved in the reg-
ulation of gene expression such as mRNA metabolic pro-
cesses, ATP-dependent chromatin remodeler activity, his-
tone modification, and mRNA processing. The results of
KEGG analyses revealed eight enriched signaling pathways
including lysine degradation, axon guidance, and the extra-
cellular matrix (ECM)–receptor interaction (Fig. 4B).

We subsequently conducted functional enrichment
and protein interaction analyses on the DEGs that were
co-regulated by MCAO and EAM. GO enrichment analy-
ses revealed that the protein products, translated by these
DEGs that were downregulated by MCAO but upregulated
by EAM, particularly those with expression FC exceed-
ing 1.5, were predominantly implicated in two clusters of
biological processes. The first cluster pertained to regu-
lating neurotransmitter transmission and the maintenance
of neural excitability, encompassing modulation of chem-
ical synaptic transmission, vesicle-mediated transport in
synapse, cognition, regulation of neuronal synaptic plas-
ticity, and catecholamine secretion (Fig. 4C). The corre-
sponding enriched KEGG signaling pathways included the
synaptic vesicle cycle, GABA biosynthesis, endocytosis,
gap junction, and the glutamatergic synapse (Fig. 4D). The
second cluster was associated with the brain’s energy sup-
ply and the regulation of substance metabolism including
the ethanol catabolic process, energy derivation by oxida-
tion of organic compounds, and cellular oxidant detoxifi-
cation. The corresponding enriched KEGG signaling path-
ways included valine, leucine, and isoleucine degradation;
glutathione metabolism; the tricarboxylic acid cycle; ox-
idative phosphorylation; and insulin secretion (Fig. 4C,D).
PPI analyses confirmed that these DEGs were primarily in-
volved in the biological function of neural excitability (e.g.,
serotonin neurotransmitter release cycle, activation of N-
methyl-D-aspartate receptors, and synaptic vesicle exocy-
tosis), energetic metabolism (e.g., metabolism of xenobi-
otics by cytochrome P450, oxidative phosphorylation, Rab
geranylgeranylation), and protein modification (e.g., ned-
dylation and histonemodification) (Fig. 4E). TheDEGs that
were upregulated in the MCAO group but downregulated
in the EAM group were largely associated with immune in-
flammatory responses and gene transcriptional activity in-
cluding the response to hypoxia, regulation of cell adhesion,
leukocyte cell-cell adhesion, and inflammatory responses
(Fig. 4F). The corresponding enriched signaling pathways

were the IL-17 signaling pathway, T helper 17 (Th17) cell
differentiation, focal adhesion, and others (Fig. 4G). The
functional clusters enriched by PPI analyses were in align-
ment with the GO and KEGG results including ribonucle-
oprotein complex biogenesis, antigen processing: ubiqui-
tination and proteasome degradation, the innate immune
system, negative regulation of myeloid leukocyte differen-
tiation, and positive regulation of Th1 cell cytokine pro-
duction (Fig. 4H). Additionally, these DEGs also regulated
the advanced glycation end product (AGE)-receptor for
AGE (RAGE) signaling pathway in diabetic complications,
which was associated with vascular injury (Fig. 4F,G).

Excluding the EAM-reversed co-regulated DEGs, we
observed that approximately 40% (652/1550) of the co-
regulated DEGs in the MCAO and EAM groups exhib-
ited the same expression pattern. To thoroughly decipher
the potential mechanisms through which acupuncture pre-
treatment mitigates brain injury in stroke rats, we subjected
these genes to biological analyses. The co-upregulated
DEGs in both the MCAO and EAM groups were primar-
ily linked to the augmentation of immune capacity (e.g.,
immunoglobulin-mediated immune response, innate im-
mune response, regulation of the defense response), the pro-
motion of non-neurotic cell death (e.g., apoptotic signaling
pathway, ferroptosis, positive regulation of programmed
cell death), and the regulation of ribosomal protein synthe-
sis (Fig. 5A,C). PPI analyses demonstrated that these co-
upregulated DEGs were predominantly enriched in func-
tions such as the ribosome, p53-dependent G1 DNA dam-
age response, neutrophil degranulation, defense response
to bacterium, and cellular response to oxidative stress
(Fig. 5E). Conversely, the co-downregulated DEGs in these
two groups were chiefly taskedwith regulating neuronal ex-
citability including modulation of the neuronal membrane
potential, glutamate receptor complex, and potassium ion
transmembrane. Additionally, these DEGs were also im-
plicated in the regulation of myocardial contractile func-
tion (Fig. 5B,D). PPI analyses indicated that these down-
regulated DEGs were primarily involved in neuron recog-
nition, chloride transmembrane transport, neuronal action
potential, and protein ubiquitination (Fig. 5F). In summary,
the co-regulated DEGs in the MCAO and EAM groups ap-
peared to bolster the organism’s defense ability and main-
tain neural excitability and function.

3.6 Similarities and Differences in the Effects of EA
Pretreatment and Treatment on Gene Expression in the
Infarcted Brain of MCAO Rats

Based on the analyses, we determined that the biolog-
ical processes implicated in the DEGs coregulated by either
the MEA or EAM group and the MCAO group individually
bore resemblance to each other, such as oxidative stress,
immunoinflammatory responses, cell death, excitatory neu-
rotoxic responses, and neurological dysfunction, which are
the primary pathological processes of stroke. This observa-
tion prompted us to determine whether the mechanisms of
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EA preconditioning and treatment were identical. To this
end, we compared the DEGs between the MEA and EAM
groups and discovered that there were 532 identical genes
in these two groups, constituting only 29.8% and 13.23% of
the total DEGs in the MEA and EAM groups, respectively.
Among these identical DEGs, 185 genes were upregulated
and 201 genes were downregulated in both groups. Inter-
estingly, 80 genes were upregulated in the EAM group but
downregulated in the MEA group, while 66 genes exhib-
ited the opposite pattern (Fig. 6A). To delve deeper into
the shared mechanisms of EA preconditioning and treat-
ment, we compared the co-regulatory genes of the MEA
and EAM groups with the DEGs in the MCAO group. We
found that a significant majority (81.08% or 150/185) of the
co-upregulated genes in these two groups were the down-
regulated DEGs in the MCAO group. These genes were
primarily involved in substance and energy metabolism and
glial cell activation such as the citric acid cycle and respira-
tory electron transport, cellular biogenic metabolic process,
and mitochondrial ATP synthesis-coupled proton transport
(Fig. 6B). On the other hand, of the 201 co-downregulated
genes in the MEA and EAM groups, 159 were upregu-
lated DEGs in the MCAO group. These genes were pri-
marily involved in the stress and immune response to hy-
poxic environments such as the response to hypoxia, ECM–
receptor interaction, regulation of cell adhesion, and cellu-
lar response to organic cyclic compounds (Fig. 6C).

Subsequently, we conducted comprehensive analyses
of all upregulated and downregulated DEGs in the MEA,
EAM, and MCAO groups using GO and KEGG pathways,
with the aim of identifying the key characteristics and path-
ways of EA treatment and preconditioning in the regulation
of ischemic stroke pathophysiological processes. Our find-
ings revealed clear directionality in the biological processes
and signaling pathways enriched by I/R-induced DEGs.
Specifically, These I/R-induced upregulated DEGs were
primarily involved in the activation, migration, and differ-
entiation of immune inflammatory cells; and the downreg-
ulated DEGs were highly enriched in neural functions that
primarily regulate synaptic excitability (Fig. 6D,E). The bi-
ological functions involved in the DEGs of the MEA group
were mainly specifically targeted at the abnormal patholog-
ical processes caused by the MCAO group. Interestingly,
for the EAM group, although most of the GO clusters en-
riched by the DEGs overlapped with those in the MCAO
and MEA groups, the three top significant GO and KEGG
clusters were related to mitochondrial energy metabolism
(Fig. 6D,E), which were not the main regulatory targets of
DEGs in the MCAO and MEA groups.

4. Discussion
Acupuncture, a key component of traditional Chinese

medicine, has been shown in our work and others to ef-
fectively alleviate cerebral infarction, BBB damage, cell
death, and neuroinflammatory responses in the brain after a

stroke [5–8,10–16,18]. However, these studies have solely
focused on the effects and mechanisms of acupuncture in-
terventions either before or after a stroke. As a result, it is
unclear whether there are any differences in the therapeutic
effects and mechanisms of acupuncture interventions ad-
ministered at these two distinct time points on post-stroke
pathological damage. Therefore, the current study com-
pared the effects of pre-stroke acupuncture with those of
post-stroke acupuncture treatment on post-stroke patholog-
ical damage. The results indicated that both interventions
significantly reduced infarct volume, EB permeability, and
neurological injury scores in stroke-induced rats, and the
neuroprotective effects of acupuncture on I/R injury were
comparable at these two different time points.

To gain a better understanding of the mechanisms
involved in acupuncture intervention before and after a
stroke, we employed RNA-Seq technology to obtain gene
transcriptome profiles of rat brain tissue from three groups:
the MCAO, MEA, and EAM groups. The expression levels
in each group revealed that the proportion of DEGs with an
expression FC more than 1.5 in the ischemic brain tissue of
rats in the three groups was similar. However, when com-
paring the DEGs with an expression FC greater than 2.0,
it was found that both the absolute number and proportion
of DEGs of the MCAO group (1639, 34.16%) were signif-
icantly higher than those in the EAM (191, 10.70%) and
MEA groups (498, 12.39%). This suggests that EA stim-
ulation is milder than I/R injury in rats. Although EA can
cause changes in gene expression, the intensity of regula-
tion of DEG expression is less than that of I/R injury. Ad-
ditionally, the MCAO group demonstrated a significantly
higher abundance of upregulated DEGs compared to down-
regulated ones. By contrast, in the MEA and EAM groups,
downregulated DEGs outnumbered the upregulated ones, a
finding that aligns with previous research [19,21].

In relation to the counteractive effects of acupunc-
ture intervention on stroke-induced DEGs, it was observed
that pre- and post-stroke acupuncture intervention could in-
versely regulate 20% and 30% of stroke-induced DEG ex-
pression, respectively, consistent with our previous find-
ings [19]. Interestingly, despite the lower total number
of DEGs in the MEA group compared to the EAM group,
the specificity of acupuncture treatment in modulating the
aberrantly expressed genes induced by MCAO was notably
superior in the former. Specifically, in the MEA group,
approximately 80% of DEGs were abnormally expressed
genes triggered by I/R injury. By contrast, in the EAM
group, less than 40% of DEGs were genes co-regulated
by MCAO, with more than 60% being non-MCAO co-
regulated genes. The quantity of upregulated and downreg-
ulated genes in MCAO that were reversed by EA treatment
exceeded that of EA pretreatment. Moreover, among the
DEGs reversed by EA, the proportion of genes with an ex-
pression FC greater than 2 in theMEA group was more than
double that in the EAM group.
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Fig. 6. Bioinformatics Analyses of the Differentially Expressed Genes in the Middle Cerebral Artery Occlusion (MCAO) Plus
Electroacupuncture (EA)-Treated (MEA) Group Versus EA-Preconditioned Plus MCAO (EAM) group. (A) Venn diagrams
show the numbers of differentially expressed genes (DEGs) overlapping in the middle cerebral artery occlusion (MCAO) plus elec-
troacupuncture (EA)-treated (MEA)-upregulated, MEA-downregulated, EA-preconditioned plusMCAO (EAM)-upregulated, and EAM-
downregulated DEGs at different expression levels. (B,C) The top 20 functional clusters enriched by co-upregulated or co-downregulated
DEGs between theMEA and EAM groups. (D,E) Comparative enrichment analyses of Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathways enriched by the upregulated and downregulated DEGs in the MCAO, MEA, and EAM groups.

Our bioinformatics analysis revealed that DEGs in the
MCAO rats predominantly pertained to cell death, stress
response, immune inflammatory response, and synaptic

functions triggered by post-ischemic hypoxia. The top
three GO and KEGG signaling pathways enriched by up-
regulated DEGs due to I/R injury were inflammatory re-
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sponses, vasculature development, and cytokine produc-
tion; and the TNF signaling pathway, cytokine–cytokine
receptor interaction, and osteoclast differentiation, respec-
tively. Conversely, the top three GO and KEGG signal-
ing pathways linked to the downregulated DEGs were post-
synapse, synapse organization, and modulation of chemi-
cal synaptic transmission; and calcium signaling pathway,
axon guidance, and glutamatergic synapse, respectively.
Interestingly, a comparison of the KEGG signaling path-
ways between the MCAO and MEA groups showed that 11
of the top 20 KEGG signaling pathways enriched by down-
regulated DEGs in the MEA group were identical to those
enriched by the upregulated DEGs in the MCAO group, in-
cluding the top three significantly enriched signaling path-
ways of the MCAO group. The key pathophysiological
processes identified were primarily associated with exces-
sive inflammatory response, stress response, and cell death,
which contributed to brain tissue damage and loss of neuro-
logical function post-stroke. Specifically, neuroinflamma-
tion, angiogenesis, and neuroplasticity are the hotspots in
ischemic stroke and acupuncture. For example, Xian et al.
[22] reported that acupuncture treatment mitigated the level
of inflammatory factors (TNF-α, IL-6, IL-1β), thereby reg-
ulating the excessive inflammatory response post-ischemic
stroke. Chung et al. [23] demonstrated that osteoclast for-
mation and differentiation in the hemiplegic bone marrow
were accelerated in the early stage of stroke, leading to in-
creased bone resorption on the hemiplegic side and accel-
erated development of osteoporosis. Early scalp acupunc-
ture intervention after stroke effectively enhanced myody-
namia of the affected limbs, indicating the beneficial role
of acupuncture in improving motor function and alleviating
clinical symptoms post-ischemic stroke [24,25].

Although only three signaling pathways, namely, the
calcium signaling pathway, neuroactive ligand–receptor in-
teraction, and adrenergic signaling in cardiomyocytes, were
enriched by the upregulated DEGs in the MEA group, these
pathways were all downregulated in the MCAO group. In-
terestingly, the enriched signaling pathways of upregulated
genes in the MEA group and downregulated genes in the
MCAO group shared nine KEGG pathways, four of which
were also among the top five enriched KEGG signaling
pathways of downregulated DEGs in the MCAO group.
These pathways play a role in regulating neurological ex-
citability and neurotransmitter metabolism, and some have
previously been shown to be influenced by acupuncture.
For instance, it has been found that acupuncture can induce
calcium influx into cells, which triggers mast cell degran-
ulation and the release of cellular mediators, thereby acti-
vating surrounding nerve cells and exciting the local neu-
ral network [26]. Additionally, EA can inhibit GABAer-
gic neurons and activate glutamatergic neurons in the ven-
trolateral periaqueductal gray through cannabinoid receptor
type 1 receptors, resulting in EA-induced analgesia [27].
Pak et al. [28] showed that EA may exert protective ef-

fects on dopaminergic neurons by upregulating the expres-
sion of brain-derived neurotrophic factor and glial cell line-
derived neurotrophic factor in both the substantia nigra and
striatum. Overall, these findings suggest that post-stroke
acupuncture treatment exerts strong, specific reverse reg-
ulatory effects on abnormally expressed genes induced by
I/R injury.

We carried out comprehensive bioinformatics analy-
ses of the DEGs in the EAM group. The functional clus-
ters enriched by the DEGs in the EAM group presented a
distinct pattern compared to those in the MEA group. The
majority of the top 20 GO clusters enriched by the down-
regulated DEGs in EAM group were not implicated in the
inflammatory stress response. Instead, they were predomi-
nantly involved in the regulation of neurogenesis, gene tran-
scriptional activity, and cardiac function. The top three sig-
naling pathways enriched by the downregulated DEGs in
the EAM group were nicotine addiction, lysine degrada-
tion, and hypertrophic cardiomyopathy signaling pathways.
By contrast, the major clusters of biological functions en-
riched by the upregulated DEGs in the EAM group were
not primarily related to neurofunctional regulation. Instead,
they were more associated with substance metabolism and
energy production. However, bioinformatics analyses of
DEGS that were inversely regulated by acupuncture pre-
conditioning showed that the functional clusters enriched
by DEGs upregulated by MCAO but downregulated by
EAM were related to immune inflammatory responses,
cell adhesion, and vascular damage-related signaling path-
ways. In terms of the KEGG pathways enriched by these
co-regulated DEGs, osteoclast differentiation, the AGE-
RAGE signaling pathway in diabetic complications, the
MAPK signaling pathway, and the hematopoietic cell lin-
eage were among the top 20 pathways in the MCAO group.
On the other hand, the functional clusters enriched byDEGs
downregulated by MCAO but upregulated by EAM were
not only involved in substance and energy metabolism but
also in the generation of neural action potentials mediated
by synaptic transmission and metabolism (Fig. 4C). The
top 20 signaling pathways enriched by these co-regulated
DEGs included the glutamatergic synapse; synaptic vesi-
cle cycle; and valine, leucine, and isoleucine degradation.
Recent studies have highlighted the critical role of mito-
chondrial damage in stroke-induced injury, and the impor-
tance of glycogenolysis in astrocytic glycogen accumula-
tion and brain damage after reperfusion in ischemic stroke
[29,30]. The functional profile of immune cells is heav-
ily influenced by their metabolic state, which is disrupted
during I/R injury and can lead to an increase in glycolysis
that supports proinflammatory cells and inhibits the anti-
inflammatory function of regulatory T cells [31–33]. This
suggests that substance metabolism and energy production
may be potential targets for acupuncture pretreatment of
stroke. While acupuncture preconditioning has reverse reg-
ulatory effects on major pathophysiological processes after

14

https://www.imrpress.com


stroke, it may not be the most important factor in protect-
ing against I/R injury. Instead, the primary mechanisms by
which acupuncture preconditioning reduces neuroinflam-
matory response and alleviates neurological hypofunction
after ischemia involve the upregulation of brain energy syn-
thesis capacity, downregulation of gene transcriptional ac-
tivity in the brain, and regulation of cardiac contractility to
improve blood flow supply.

To delve deeper into the neuroprotective effects of
acupuncture in preventing and treating ischemic stroke, we
conducted comparative enrichment analyses of DEGs that
were upregulated and downregulated across three distinct
groups. Our findings underscore that the most detrimental
pathological impacts on rat brain tissue following a stroke
are an overactive immune inflammatory response and di-
minished function of nerve impulse conduction. We dis-
covered that timely intervention with post-stroke EA could
specifically downregulate the expression of genes linked to
immuno-inflammation in stroke-induced rats. This inter-
vention also increased the expression of genes associated
with nerve impulse transmission in the brain, thereby mit-
igating the brain damage instigated by ischemia and hy-
poxia. In addition, we found that acupuncture precondi-
tioning prior to a stroke could not only attenuate the post-
stroke inflammatory response to some extent but also sig-
nificantly enhanced the metabolism and energy supply of
substances in the brain following an ischemic stroke. This
preconditioning also had the effect of downregulating gene
transcriptional activity, which in turn reduced the excessive
stress response of brain tissue to both internal and external
stimuli.

5. Conclusions
This study demonstrates that administering acupunc-

ture both before and after a stroke can significantly reduce
the damage to the brain tissue caused by an ischemic stroke
in rats. This is the first study to compare the changes in gene
expression in the brain of rats with ischemic stroke that re-
ceived acupuncture preconditioning compared to those that
received acupuncture treatment. The results showed that
while there are some similarities in the regulation of abnor-
mal gene expression between the two interventions, each
intervention has unique targets. Therefore, a combination
of acupuncture preconditioning and acupuncture treatment
may offer a more comprehensive and effective form of neu-
roprotection for stroke patients.
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