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ARTICLE INFO ABSTRACT
Keywords: Background: The protective effects of electroacupuncture (EA) preconditioning against myocardial
Electroacupuncture preconditioning ischemia-reperfusion injury (MIRI) have been reported. However, the underlying mechanism

myocardial ischemia-reperfusion injury
NLRP3 inflammasome
Dynamic inflammatory response

remains unclear. Recent research has indicated that the dynamic inflammatory response
following MIRI plays an essential role in the progression of myocardial injury. This study aimed to
investigate the myocardial protective effects of EA preconditioning on MIRI in rats and to explore
the relevant mechanism from the perspective of dynamic inflammatory response.

Methods: A MIRI model was employed, and the rats were subjected to EA on Neiguan for four days
prior to modeling. The myocardial protective effect of EA preconditioning was evaluated by
echocardiography, Evans blue and triphenyltetrazolium chloride staining. Real-time polymerase
chain reaction, Western blot, hematoxylin & eosin staining, and immunohistochemistry were
utilized to detect the content of mitochondrial DNA, NOD receptor family protein 3 (NLRP3)
inflammasome activation, neutrophil recruitment and macrophage infiltration in blood samples
and myocardium below the ligation.

Results: We found that EA preconditioning could accelerate the recovery of left ventricle function
after MIRI and reduce the myocardial infarction area, thereby protecting the myocardium against
MIRI. Furthermore, EA preconditioning was observed to ameliorate mitochondrial impairment,
reduce the level of plasma mitochondrial DNA, modulate NLRP3 inflammasome activation,
attenuate neutrophil infiltration, and promote the polarization of M1 macrophages towards M2
macrophages in the myocardium after MIRI.

* Corresponding author. Key Laboratory of Acupuncture and Medicine Research of Ministry of Education, Nanjing University of Chinese Medicine,
Nanjing, 210023, China.
** Corresponding author. Key Laboratory of Acupuncture and Medicine Research of Ministry of Education, Nanjing University of Chinese Medi-
cine, Nanjing 210023, China.
E-mail addresses: lushengfeng@njucm.edu.cn (S.-F. Lu), 270973@njucm.edu.cn (Y.-H. Gu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2023.e19396

Received 11 December 2022; Received in revised form 11 August 2023; Accepted 21 August 2023

Available online 29 August 2023

2405-8440/© 2023 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:lushengfeng@njucm.edu.cn
mailto:270973@njucm.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e19396
https://doi.org/10.1016/j.heliyon.2023.e19396
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e19396&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e19396
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Bai et al. Heliyon 9 (2023) e19396

Conclusion: EA preconditioning could reduce plasma mtDNA, suppress overactivation of the
NLRP3 inflammasome, facilitate the transition from the acute pro-inflammatory phase to the anti-
inflammatory reparative phase after MIRI, and ultimately confer cardioprotective benefits.

1. Introduction

Coronary heart disease is the leading cause of mortality among cardiovascular diseases [1]. The restoration of blood flow after
coronary artery occlusion is a critical intervention in clinic. Nevertheless, reperfusion may lead to further myocardial injury, spe-
cifically myocardial ischemia-reperfusion injury (MIRI). The pathogenesis of MIRI is complex, and a secure and effective treatment for
this condition is currently unavailable [2]. How to alleviate MIRI is the focus of current research.

Accumulating evidence has demonstrated the involvement of inflammatory response in the whole process of MIRI and plays a
critical role in determining myocardial infarction size and subsequent adverse left ventricular (LV) remodeling [3]. Animal studies
have indicated that numerous anti-inflammatory strategies can effectively reduce myocardial infarction size and prevent adverse
myocardial remodeling after reperfusion, thereby providing significant myocardial protection [4,5]. However, when these
anti-inflammatory strategies were applied in the clinic, most failed to exert cardiac protective effects [6]. It is speculated that the
majority of anti-inflammatory strategies concentrate solely on a singular component of the inflammatory response, such as particular
cytokines or immune cells, while ignoring the complexity and dynamics of the inflammatory response during MIRI [6]. Therapeutic
strategies that focus on the dynamic inflammatory response after myocardial injury may prove more efficacious in the amelioration of
damaged myocardium.

The dynamic inflammatory response during MIRI mainly involves two distinct yet overlapping stages, namely the acute pro-
inflammatory phase and the anti-inflammatory reparative phase [3]. During the acute pro-inflammatory phase, neutrophils are
initially recruited to the injured myocardium to eliminate dead myocardial cells by secreting cytokines and inflammatory factors [7].
The up regulation of pro-inflammatory cytokines and chemokines such as interleukin-1p (IL-1f), induced nitric oxide synthase (iNOS),
and chemokine C-C motif ligand 2 (CCL2), serve as markers of the acute pro-inflammatory phase [3]. The anti-inflammatory
reparative phase is mainly responsible for the reduction of inflammatory response and fostering the differentiation of fibroblast
and angiogenesis, characterized by elevated expression of interleukin-10 (IL-10), transforming growth factor-p (TGF-B) and vascular
endothelial growth factor (VEGF) [8]. In addition to neutrophils, macrophages are also crucial in the transition from acute
pro-inflammatory to anti-inflammatory reparation [9]. Polarization of two main phenotypes occurs with macrophage activation,
namely M1 and M2 macrophages. M1 macrophages are are primarily associated with inflammatory responses, whereas M2 macro-
phages are capable of regulating vascular remodeling, fibroblast differentiation and collagen production and are crucial for tissue
repair [10]. A prompt and systematic transition from the acute pro-inflammatory phase to the anti-inflammatory reparative phase is
contribute to alleviating myocardial injury during MIRI.

Acupuncture therapy has been reported to provide myocardial protection. Clinical trials has demonstrated that acupuncture, as an
adjunctive therapy for chronic angina pectoris, can significantly reduce the frequency and severity of angina pectoris and maintain a
high level of safety [11]. Additionally, acupuncture has been found to possess a notable anti-inflammatory effect, as evidenced by its
efficacy in treating inflammatory bowel disease [12] and ulcerative colitis [13]. Ma et al. have revealed that electroacupuncture (EA)
modulates the systemic inflammatory response induced by lipopolysaccharide via the autonomic neural pathway, establishing a robust
scientific foundation for the use of acupuncture in regulating inflammatory response [14]. Simultaneously, Zhang et al. have reported
that EA preconditioning can enhance M2 polarization of macrophages and decrease the infiltration of neutrophils in injured
myocardium [15]. Furthermore, our prior investigation demonstrated that EA preconditioning significantly decreased the myocardial
infarction size and the level of IL-1p in the myocardium [16]. It is thus clear that EA can promote myocardial protection by regulating
inflammation. However, the precise regulatory properties and mechanism of EA on the dynamic inflammatory response in MIRI re-
mains incompletely understood.

In this study, we hypothesized that EA preconditioning might effectively modulate the dynamic inflammatory response occurred
during MIRI, ultimately leading to a cardioprotective effect. To investigate this hypothesis, we selected three time points (6h, 24h and
3d) for analysis. Echocardiography, Evans blue and triphenyltetrazolium chloride (TTC) staining were employed to evaluate the
cardioprotective effect of EA preconditioning. The mitochondrial DNA, activation of the NOD receptor family protein 3 (NLRP3)
inflammasome, infiltration of neutrophils and macrophages were detected to elucidate the dynamic inflammatory response and
associated mechanisms of EA in MIRI rats.

2. Materials and methods
2.1. Experimental animals

Male Sprague Dawley rats (2 months old, 250 + 20 g) were purchased from Charles River Laboratories (SCXK 2016-0006). For one
week before the experiment, the rats were acclimatized to a 12-h light/dark cycle in a controlled environment with a temperature of
approximately 25 °C and relative humidity of 50%. They had free access to standard mouse chow and tap water. This study was
conducted in accordance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and was approved
by the Animal Ethics Committee of Nanjing University of Chinese Medicine Laboratory Animal Center (Permit number: 202004A009).
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Fig. 1. Cardioprotection of EA preconditioning against MIRI at different time points (n = 5-6 in each group). (A) The experimental protocol used to
explore the cardioprotection of EA preconditioning in a rat model of MIRI. (B) Schematic diagram of EA operation. (C) Representative M-mode of
echocardiographic recordings of each group. (D) Comparison of EF levels at different time points in each group. (E) Intergroup comparison of EF
levels in rats at different time points. (F) Comparison of FS levels at different time points in each group. (G) Intergroup comparison of FS levels in
rats at different time points. (H) Representative Evans blue/TTC staining of the hearts. (I) Comparison of the area at risk% at different time points in
each group. (G) Intergroup comparison of the area at risk% in rats at different time points. (K) Comparison of ischemia size% at different time points
in each group. (L) Intergroup comparison of ischemia size% in rats at different time points. ***p < 0.001 vs Baseline; 222p < 0.001 vs 6h; HEE, <
0.001 vs 24h; ***p <0.001 vs Sham; #p < 0.05 vs MIRIL, *##p <0.001 vs MIRI. Sham: sham operation group; MIRI: MIRI model group; EMIRI: EA
preconditioning plus MIRI model group. Baseline: before MIRI; 6h: 6h after reperfusion; 24h: 24h after reperfusion; 3d: 3d after reperfusion.
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2.2. Animal grouping and experimental design

After one week of acclimatization, the rats were randomly divided into three groups: (i) In the sham operation group (Sham), they
underwent a sham operation consisting of left thoracotomy but without the ligation of the left anterior descending (LAD) coronary
artery. (ii) In the MIRI model group (MIRI), MIRI was induced by ligating LAD for 30 min, followed by reperfusion. (iii) In the EA
preconditioning plus MIRI model group (EMIRI), the rats received four days of EA at bilateral Neiguan point (PC6) before MIRI.
Corresponding detection and sampling were performed at 6h, 24h and 3d after reperfusion in each group. The experimental protocols
were shown in Fig. 1A.

2.3. MIRI model establishment and EA preconditioning

The rats were anesthetized with 5% isoflurane (R510-22, RWD) plus purity oxygen, and then the concentration of isoflurane was
maintained at 1-2%. Rats were then placed supine on a temperature-controlled experimental board set at 37 + 3 °C and intubated with
a small animal ventilator (R407, RWD) set at a respiratory rate of 60-70 breaths per minute. After disinfecting the surgical area, the left
chest was opened to expose the heart at the 3rd intercostal space. The pericardium was separated, the heart was exteriorized, and the
LAD was quickly ligated with the 6.0 prolene suture, approximately 2 mm in width and depth, to induce myocardial ischemia. The
paler color below the ligation area seemed to be a successful occlusion of LAD. After 30 min of ischemia, the suture was removed to
allow reperfusion.

According to the previous study [17], rats in the EMIRI group received consecutive 4 days of EA preconditioning on PC6 before
MIRI induction (Fig. 1B). EA intervention parameters are the same as previously described [18,19]: bipolar acupuncture needles were
inserted to a depth of 2-3 mm and approximately 3 mm proximal to the palm crease above the median nerve. After insertion, the
needles were connected to Han’s Acupoint Nerve Stimulator (WQ1002F, Han Acuten) and stimulated with an intensity of 2 mA and
frequency of 2/100 Hz for 20 min per day.

2.4. Echocardiography recording

LV function was assessed by transthoracic M-mode echocardiography at the corresponding time point before and after MIRI. The
measurement protocol is detailly described in our previous study [20]. The ejection fraction (EF) and fractional shortening (FS) were
calculated according to the following formula: FS= (left ventricular internal diameter at end-diastole (LVIDA)- left ventricular internal
diameter at end-systole (LVIDs))/LVIDd x 100%; EF = (left ventricular end-diastolic volume (LV Vol; d) - left ventricular end-systolic
volume (LV Vol; s))/(LV Vol; d) x 100%.

2.5. Assessment of myocardial infarction area

Evans Blue and TTC staining were used to visualize the area of myocardial infarction in MIRI and EMIRI groups. Specific operations
are as follows: the aorta was clipped after re-ligating the LAD, and 0.6 ml of 2% Evans blue (E2129, Sigma) was injected into the left
ventricle from the aorta. The hearts were then quickly harvested after blue stained and frozen at —80 °C. The frozen myocardial tissue
below the ligation site was sliced into five sections of approximately 1-2 mm each and placed in 2% TTC (T8170, Sigma) for 10 min at
37 °C in a dark incubator. The stained heart slices were fixed in 4% paraformaldehyde, photographed and analyzed using the image
analysis software Image-ProPlus. There were three main zones in the stained myocardial tissue: the blue areas were normal tissue with
no infarction, the non-blue area was myocardial tissue at risk (area at risk, the ligated LAD was responsible for the blood supply to this
part of the myocardium), including the infarct tissue appeared white and the viable myocardium after ischemia appeared red. The
severity of myocardial infarction was assessed using the following formulae: percentage of area at risk = areas at risk/total myocardial
areas x 100%; percentage of ischemia area = infract areas/areas at risk x 100%.

2.6. Western blot (WB) analysis

The myocardial tissues below the ligation were collected and stored in the refrigerator at —80 °C. Frozen myocardial tissues were
homogenized in radioimmunoprecipitation assay (RIPA) buffer with a 100 mg: 1 mL ratio, then centrifuged at 12000 rpm for 10 min at
4 °C. Bicinchoninic acid (BCA) protein assay (23227, Thermo Fisher) was performed using the supernatants to determine protein
concentration. The proteins were then loaded and separated on SDS-polyacrylamide gel electrophoresis (SDS-PAGE), then transferred
to the polyvinylidene difluoride (PVDF) membrane. Following this, the membranes were blocked for 2 h and then incubated with
primary antibodies for cytochrome c (cyto C, 1:1000, 10993-1-AP, Proteintech), NLRP3 (1:1000, bs-10021R, Bioss), ASC (1:1000, bs-
6741R, Bioss), caspase 1 (1:1000, BS90183, Bioworlde), pro-caspase 1 (1:1000, ab179515, Abcam) and TLR 9 (1:1000, DF2970,
Affinity Biosciences) overnight at 4 °C. After washing three times for 10 min each, the membranes were incubated with secondary
antibodies (1:5000, SA00001-1 or SA00001-2, Proteintech) for 2 h. Anti-p-actin (1:4000, 66009-1-Ig, Proteintech) and COX IV
(1:4000, 11242-1-AP, Proteintech) were the loading control protein. The bands were imaged and analyzed using the Bio-Imaging
system. Tissue mitochondria isolation kit (C3606, Beyotime) was used to extract myocardial mitochondria for WB detection of mit-
cyto C.
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2.7. Quantitative real-time polymerase chain reaction (RT-qPCR)

RT-qPCR was used to measure the mRNA expressions of mitochondrial deoxyribonucleic acid (mtDNA) and myeloperoxidase
(MPO). After extracting total RNAs in myocardial tissues with TRIzol (15596018, Thermo Scientific), cDNA was synthesized by reverse
transcription and amplified by a real-time fluorescence quantitative PCR system (IQ5TM, Bio-Rad). Amplification was carried out by
denaturing at 94 °C for 30 s, annealing at 55 °C for 45 s, and extending at 72 °C for 30 s for 40 cycles. The primer sequences are listed in
Table 1. GAPDH was used as an internal control. Each sample was analyzed three times, and the relative expressions of genes were
determined using the 27T method.

2.8. Hematoxylin & eosin staining

Hematoxylin & eosin staining (H&E) staining was used for the evaluation of inflammatory cell infiltration. The ventricular tissues
fixed in 4% paraformaldehyde were dehydrated, paraffin-embedded, and sliced into 4 pm thick sections. The sections were then
stained with hematoxylin and eosin. After H&E staining, the sections were dehydrated and observed under an optical microscope.
Myocarditis severity was scored on H&E-stained sections using grades from 0 to 4: 0, no inflammation; 1, <25% of the heart section
involved; 2, 25-50%; 3, 50-75%; and 4, >75% [21].

2.9. Immunohistochemistry analysis

Myocardial tissues below the ligation line were collected and fixed with 4% paraformaldehyde to assess IL-1p, cluster of differ-
entiation 86 (CD86), TGF-f and cluster of differentiation 206 (CD206) by immunohistochemistry (IHC). The fixed myocardium was
dehydrated, paraffin-embedded, sectioning, paraffin sectioning dewaxed to water, antigen reparation, endogenous peroxidase
blocking, serum blocking, primary antibody overnight, secondary antibody overnight, DAB staining, nuclear restaining, sectioning
dehydrated and sealed, and microphotography. The dilution ratio of the primary antibody was IL-1$ (1:800, GB11113, Servicebio),
CD86 (1:400, GB13585, Servicebio), TGF-p (1:500, GB11179, Servicebio), CD206 (1:10000, GB13438, Servicebio). The dilution ratio
of the second antibody (GB23303, Servicebio) was 1:200. Servicebio image analysis system was used to read collected tissue image
automatically. The number of weak, medium, vital positive cells and the total cell number were calculated. Evaluation criteria of
expression intensity: negative, no staining; Weak positive, light yellow; Moderate positive, light tan; Strong positive: tan. H score =)
(pi x i) = (percentage of weak intensity cells x 1)+(percentage of moderate intensity Cells x 2)+(percentage of strong intensity cells
% 3), pi was the ratio of positive cells, i was color intensity. The h-score is between 0 and 300, and the larger the data, the stronger the
comprehensive positive intensity [22].

2.10. Statistical analysis

Statistical analyses were completed using IBM SPSS 25.0. Data were checked for normality by applying the Shapiro-Wilk test and
were presented as mean =+ standard deviation when normally distributed, while a boxplot showing all points was used when the data
did not meet the normal distribution. For EF and FS, the generalized linear model was used to merge and pairwise compare the data at
each time point, and holm-Bonferroni was used to correct multiple comparisons. For other data, if the data were normally distributed,
groups were compared by one-way analysis of variance (ANOVA), followed by Fisher’s LSD method (equal variances assumed) or
Dunnett’s T3 method (equal variances not assumed). Kruskal Wallis was used to compare the difference between groups if the data did
not follow the normal distribution assumption. A p value < 0.05 was considered statistically significant.

3. Results
3.1. EA preconditioning alleviated myocardial injury after MIRI

The echocardiography and Evans Blue and TTC staining were used to evaluate the myocardial protection of EA preconditioning.
The motion of the anterior wall of the left ventricle was attenuated after reperfusion in both MIRI and EMIRI groups (Fig. 1C). In the
MIRI group, the anterior wall movement of the LV was decreased at 6h and 24h after reperfusion, but slightly improved at 3d after
reperfusion (Fig. 1C); The EF and FS were significantly reduced at 6h, 24h and 3d after reperfusion compared with the baseline, but no
statistical difference was observed between the three time points (Fig. 1 D and F). The anterior wall movement of the left ventricle in
the EMIRI group was slightly improved at 24h compared with 6h after reperfusion, and improved at 3d markedly (Fig. 1C); The EF and
FS were significantly decreased at 6h, 24h and 3d after reperfusion compared with the baseline. And interestingly, the EF and FS were

Table 1

Sequence of genes.
Gene Name Forward: Reverse:
mtDNA AACGCAGCTTAACATTCCGC CTGGTTGGCCTCCGATTCAT
MPO GGGATACAATGCCTGGAGACG TTGTTGGGCGTGCCATACTG

GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT
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increased at 3d compared with 6h and 24h after reperfusion (Fig. 1 D and F). At each time point after reperfusion, the EMIRI group had
better left ventricular anterior wall movement and increased EF and FS than the MIRI group (Fig. 1C, E and G).

Evans Blue and TTC staining was operated to reflect the myocardial infarct size (Fig. 1H). There was no statistical difference
between MIRI and EMIRI groups in the area at risk % at any time (Fig. 1 I and J). Since the area at risk % reflects the myocardial region
which the ligated LAD provides blood to, no difference between these two groups suggested that our model of MIRI was successful and
stable. In the MIRI group, compared with 6h after reperfusion, the ischemia size % increased at 24h; Compared with 24h after
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Fig. 2. Effect of EA preconditioning on neutrophils infiltration after MIRI (n = 3-6 each group). (A)Comparison of relative expression of MPO at
different time points in each group detected by RT-qPCR. (B) Intergroup comparison of relative expression of MPO in rats at different time points
detected by RT-qPCR. (C) Representative HE-stained myocardial sections. Black arrows were used to mark neutrophils, and red arrows were used to
mark monocytes. (D) Comparison of the inflammatory score of myocardium at different time points in each group. (E) Intergroup comparison of the
inflammatory score of myocardium at different time points. Ap <0.05 vs 6h, AAp <0.01 vs 6h; ®p <0.05 vs 24h, WM, < 0 01 vs 24h; **p < 0.01 vs
Sham, ***p <0.001 vs Sham; #p < 0.05 vs MIRI, *#p < 0.01 vs MIRI, *##p < 0.001 vs MIRL. Sham: sham operation group; MIRI: MIRI model group;
EMIRI: EA preconditioning plus MIRI model group. 6h: 6h after reperfusion; 24h: 24h after reperfusion; 3d: 3d after reperfusion.
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reperfusion, the ischemia size % was significantly decreased at 3d reperfusion (Fig. 1K). The change of ischemia size % in EMIRI
showed the same trend as MIRI (Fig. 1K). Compared with the MIRI group, the ischemia size % decreased at all time points in the EMIRI
group (Fig. 1L).
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6h: 6h after reperfusion; 24h: 24h after reperfusion; 3d: 3d after reperfusion.
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3.2. EA preconditioning alleviated neutrophils infiltration after MIRI

Myeloperoxidase (MPO) is mainly expressed in the neutrophil. Therefore, the infiltration degree of neutrophils in myocardial tissue
can be determined by the level of MPO [23]. We found that, in the MIRI group, the level of MPO increased at 24h compared with 6h
after reperfusion and decreased at 3d compared with 24h after reperfusion (Fig. 2 A). In the EMIRI group, the expression of MPO
gradually reduced over time, but there was no statistical difference among the three time points after reperfusion (Fig. 2 A). Compared
with the MIRI group, the expression of MPO decreased at all time points in the EMIRI group (Fig. 2 B). We also scored the myocarditis
severity on H&E-stained sections (Fig. 2C), the results showed that, in the MIRI group, the inflammatory score increased at 24h
compared with 6h after reperfusion, and decreased at 3d compared with 24h after reperfusion (Fig. 2 D). In the EMIRI group, the
inflammatory score increased at 24h and 3d compared with 6h after reperfusion (Fig. 2 D). Compared with the MIRI group, the in-
flammatory score decreased at 6h and 24h in the EMIRI group, but there was no statistical difference (Fig. 2 E).

3.3. EA preconditioning contributed to the transformation of M1 macrophages to M2 macrophages after MIRI

THC was used to detect the expression of M1 and M2 macrophages in the myocardium. We detected IL-1p (Fig. 3 A) and CD86 (Fig. 3
D) which were the markers of M1 macrophage, and TGF-f (Fig. 3 G) and CD 206 (Fig. 3 J) which were the markers of M2 macrophage.
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Fig. 4. MIRI-induced NLRP3 inflammasome activation was regulated by EA preconditioning (n = 3-5 in each group). (A) Expression of NLRP3
inflammasome and TLR9 detected by WB. (B) The relative expression of NLRP3 inflammasome in each group at 6h after reperfusion. (C) The relative
expression of NLRP3 inflammasome in each group at 24h after reperfusion. (D) The relative expression of NLRP3 inflammasome in each group at 3d
after reperfusion. (E) The relative expression of NLRP3 inflammasome at different time points in the Sham group. (F) The relative expression of
NLRP3 inflammasome at different time points in the MIRI group. (G) The relative expression of NLRP3 inflammasome at different time points in the
EMIRI group. £4p < 0.01 vs 6h, 2A8p <0.001 vs 6h; Mp < 0.05 vs 24h, ™y <0.01 vs 24h, "W, < 0,001 vs 24h; **p < 0.01 vs Sham, ***p < 0.001
vs Sham; #p <0.05 vs MIRI, #*#p<0.01 vs MIRI, #*##p<0.001 vs MIRIL. Sham: sham operation group; MIRI: MIRI model group; EMIRI: EA pre-
Eonditioning plus MIRI model group. 6h: 6h after reperfusion; 24h: 24h after reperfusion; 3d: 3d after reperfusion.

In the MIRI group, the expression of IL-1f and CD86 increased, while TGF-p and CD 206 decreased at 24h compared with 6h after
reperfusion; The expression of TGF-f and CD 206 increased, but there was no statistical difference in the expression of IL-1f and CD86
at 3d compared with 24h after reperfusion (Fig. 3 B, E, H, K). In the EMIRI group, the expression of IL-1f, CD86, TGF-p and CD 206 both
increased at 24h compared with 6h after reperfusion; The expression of IL-1p and CD86 decreased, while there was no statistical
difference in the expression of TGF-p and CD 206 at 3d compared with 24h after reperfusion (Fig. 3 B, E, H, K). At 6h after reperfusion,
there was no statistical difference in the expression of the four markers in the MIRI and EMIRI group; at 24h after reperfusion,
compared with the MIRI group, the expression of IL-1p and CD86 decreased, and TGF-p and CD 206 increased in EMIRI group; at 3d
after reperfusion, the expression of IL-1p and CD86 decreased, and there was no statistical difference in the expression of TGF-f and CD
206 in EMIRI group compared with MIRI group (Fig. 3C, F, I, L).

3.4. EA preconditioning regulated the activation of NLRP3 inflammasome in the myocardium of MIRI rat

The activation of NLRP3 inflammasome in the myocardium of rats was detected by WB (Fig. 4 A). Briefly, in the Sham group, the
activation of NLRP3 inflammasome showed no significant changes among the three time points (Fig. 4 E). In the MIRI group, there was
no statistical difference in the expression of NLRP3 and pro-caspase 1 among the three time points; The expression of the apoptosis-
related speckle-like protein (ASC) increased at 24h compared with 6h after reperfusion; The expression of ASC and caspase 1 decreased
at 3d compared with 24h after reperfusion (Fig. 4 F). In the EMIRI group, the expression of ASC, pro-caspase 1 and caspase 1 decreased
at 3d compared with 24h after reperfusion (Fig. 4 G). At each time point after reperfusion, the expression of NLRP3, ASC, pro-caspase 1
and caspase 1 both decreased in the EMIRI group compared with the MIRI group (Fig. 4B-D).

3.5. EA preconditioning ameliorated plasma mtDNA in the myocardium of MIRI rat

The level of cytosolic cytochrome C (cyt-cyto C), mitochondrial cytochrome C (mit-cyto C) and free mtDNA were detected to
evaluate mitochondrial integrity in myocardial tissue (Fig. 5 A and B). We found that, in the MIRI group, compared with 6h after
reperfusion, the expression of mit-cyto C decreased, cyt-cyto C and mtDNA increased at 24h; While mit-cyto C increased, cyt-cyto C and
mtDNA decreased at 3d compared with 24h after reperfusion (Fig. 5C, E and G). The change of mit-cyto C, cyt-cyto C and mtDNA in
EMIRI showed the same trend as MIRI at each time point after reperfusion (Fig. 5C, E and G). At 6h and 24h reperfusion, compared
with the MIRI group, the mit-cyto C increased, while the cyt-cyto C and mtDNA decreased in the EMIRI group (Fig. 5 D, F and H); At 3d
after reperfusion, the mit-cyto C increased and the cyt-cyto C decreased compared with MIRI group, while there was no difference of
mtDNA between MIRI and EMIRI groups (Fig. 5 D, F and H).

It has been reported that free mtDNA can be recognized by TLR9 and trigger NLRP3 inflammasome activation [24]. In the MIRI
group, the expression of TLR9 increased at 24h compared with 6h after reperfusion and decreased at 3d compared with 24h after
reperfusion (Fig. 5 I). In the EMIRI group, the expression of TLR9 gradually reduced over time (Fig. 5 I). At 6h after reperfusion, there
was no difference between MIRI and EMIRI groups; At 24h and 3d, the expression of TLR9 decreased in the EMIRI group compared
with the MIRI group (Fig. 5 J).

4. Discussion

Previous researches have reported that EA preconditioning can mitigate ventricular arrhythmia [18], reduce infarct size and
enhance left ventricle function [15] after MIRI. In this study, we evaluate the myocardial protective effect of EA preconditioning by
echocardiography and Evans Blue-TTC staining. Our findings reveal no significant variation in the area at risk ratio between the MIRI
and EMIRI groups, indicating the stability and success of our MIRI model. EA preconditioning effectively reversed the reduced left
ventricle function at three time points and decreased the ratio of infarct size except 6h after reperfusion. These findings provide further
evidence that EA preconditioning can protect the myocardium against MIRI. Additionally, the observed increase and subsequent
decrease in in the ratio of infarct size in the MIRI group suggested the occurrence of self-regulation in the infarcted myocardium, which
is consistent with our previous study [19,20]. The MIRI group exhibited a decline in left ventricle function, with no difference observed
at three time points after reperfusion. In contrast, the EMIRI group exhibited a reduction in left ventricle function at 6h and 24h after
reperfusion, followed by an improvement at 3d after reperfusion. These findings suggested that EA preconditioning could speed up
cardiac repair after MIRI to a certain degree, thereby revealing a novel protective phenomenon.

Distinct inflammatory and immune cells participate in myocardial reparation at different stages after myocardial injury. During the
acute pro-inflammatory phase, neutrophils and subsequently recruited M1 macrophages express IL-1p and TNF-a, generate proteolytic
enzymes, and secrete matrix metalloproteinases (MMPs) to degrade the extracellular matrix [9]. In the anti-inflammatory reparative
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Fig. 5. MIRI-induced plasma mtDNA was attenuated by EA preconditioning (n = 3-6 in each group). (A) Expression of mit-cyto C detected by WB.
(B) Expression of cyt-cyto C detected by WB. (C) Comparison of relative expression of cyt-cyto C at different time points in each group. (D)
Intergroup comparison of relative expression of cyt-cyto C in rats at different time points. (E) Comparison of relative expression of mit-cyto C at
different time points in each group. (F) Intergroup comparison of relative expression of mit-cyto C in rats at different time points. (G) Comparison of
relative expression of mtDNA at different time points in each group detected by RT-qPCR. (H) Intergroup comparison of relative expression of
mtDNA in rats at different time points detected by RT-qPCR. (I) Comparison of relative expression of TLR9 at different time points in each group. (J)
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Intergroup comparison of relative expression of TLR9 in rats at different time points. Ap <0.05 vs 6h, AAp <0.01 vs 6h, AAAp <0.001 vs 6h; ®p <
0.05 vs 24h, W8, < 0,01 vs 24h, BEE}, < 0,001 vs 24h; *p < 0.05 vs Sham, **p <0.01 vs Sham, ***p < 0.001 vs Sham; *p < 0.05 vs MIRI, *#p < 0.01 vs
MIRI, *##p < 0.001 vs MIRIL. Sham: sham operation group; MIRI: MIRI model group; EMIRI: EA preconditioning plus MIRI model group. 6h: 6h after
I;eperfusion; 24h: 24h after reperfusion; 3d: 3d after reperfusion.

phase, M2 macrophage, regulatory T cells (Treg) and other immune cells are recruited to the damaged myocardium, which are
essential for the remodeling of the infarcted myocardium and the restoration of cardiac function. Rusinkevich V et al. have reported
that neutrophil infiltration in the myocardial infarction area reaches its peak one day after reperfusion, while macrophage infiltration
peaks at day three after reperfusion, with the primary phenotype being M2 macrophages that maintain a high expression level
thereafter [25]. Cristine J et al. reported a significant increase in the infiltration of neutrophils and M1 macrophages, and a decrease in
the infiltration of M2 macrophages in the infracted myocardium at 24h after reperfusion. However, at day 3 after reperfusion, the
infiltration of neutrophils decreased while the infiltration of M1 and M2 macrophages increased [26]. Another study revealed a
progressive enlargement of the myocardial infarction region, with the most significant expansion occurring at 24 h following reper-
fusion [27]. Our study revealed that in the MIRI group, the infiltration of both neutrophils and M1 macrophages increased, whereas the
infiltration of M2 macrophages decreased at 24h of reperfusion. As time progressed, the neutrophil infiltration decreased, and M2
macrophage infiltration increased. It was suggested that the myocardial reparation in the study was in the acute pro-inflammatory
phase at 24h reperfusion and gradually entered to the anti-inflammatory reparative phase within 24h-3d after reperfusion, which
was consistent with the previous reports [25,26]. The expression of MPO in the EMIRI group was observed to be lower than that in the
MIRI group at all time points after reperfusion, suggesting that EA preconditioning might inhibit neutrophil infiltration after MIRIL
Additionally, in the EMIRI group, the recruitment of M1 and M2 macrophages was significantly increased at 24h compared with 6h
after reperfusion, and there was no significant difference in the expression of markers between 24h and 3d after reperfusion. Through a
comprehensive analysis of the infiltration of neutrophils and macrophages, it was hypothesized that the transition from the acute
pro-inflammatory phase to the anti-inflammatory reparative phase occurred within a timeframe of 6h-24h after reperfusion in the
EMIRI group. We considered that EA preconditioning could accelerate the polarization of M2 macrophages, and facilitate the transition
from the acute pro-inflammatory phase to the anti-inflammatory reparative phase after MIRI. Zhang et al. have reported that EA
preconditioning can promotes M2 polarization of macrophages and reduces the recruitment of neutrophils in damaged myocardium,
thereby decreasing the infarct size and improves the cardiac function [15], which corroborate the findings of our investigation.

The NLRP3 inflammasome, which consists NLRP3, apoptosis-associated speck-like protein ASC and pro-caspase-1, is considered the
most widely studied inflammasome [28]. Activation of NLRP3 inflammasome can lead to increased inflammation, resulting in cardiac
dysfunction and remodeling [29]. Oridonin, a NLRP3 inflammasome inhibitor, has been shown to alleviate myocardial fibrosis and
cardiac remodeling induced by myocardial infarction in mice [30]. It has been shown that the activation of NLRP3 inflammasome
mediates the recruitment of inflammatory cells, particularly neutrophils, to the infarcted myocardium by releasing cytokines and
chemokines [31]. Furthermore, the activation of the NLRP3 inflammasome has been shown to sustain the pro-inflammatory macro-
phage phenotype (M1) while inhibit the up-regulation of the pro-healing macrophage phenotype (M2), thereby prolonging the in-
flammatory response process [32]. Cristine J et al. have reported that the inhibition of the NLRP3 inflammasome can effectively
decrease the recruitment of immune cells, reduce the proportion of M1 macrophages, and increase the proportion of M2 macrophages
[26]. Our study revealed that the NLRP3 inflammasome was activated and exhibited a gradual increase within the initial 24h after
reperfusion and followed by a subsequent decrease in both MIRI and EMIRI groups. Notably, the activation of the NLRP3 inflam-
masome in the EMIRI group was observed to be lower than that in the MIRI group at all three time points after reperfusion. By
integrating the NLRP3 inflammasome activation, neutrophil infiltration, and macrophage expression, we concluded that EA pre-
conditioning regulated neutrophil infiltration and macrophage polarization in injured myocardium via inhibiting NLRP3 inflamma-
some activation, promote the transition from the acute pro-inflammatory phase to the anti-inflammatory reparative phase after MIRI,
ultimately resulting in a cardioprotective effect.

Myocardial ischemia results in a significant reduction in adenosine-triphosphate (ATP) levels within mitochondria, leading to
glycolysis-induced lactic acid accumulation, mitochondrial swelling and dysfunction [33]. Upon restoration of blood flow, the
mitochondrial respiratory chain is re-exposed to oxygen, leading to the generation of oxygen free radicals and further mitochondrial
damage [33]. Following reperfusion, a significant quantity of mtDNA fragments enter to the cytoplasm, aggravating myocardial injury
[34]. Perfusion of Krebs buffer containing mtDNA through coronary arteries in rats has been demonstrated to increase the size of
myocardial infarction, indicating the cardiotoxic effects of mtDNA [35]. Consequently, the question arises as to how free mitochon-
drial DNA causes damage to the myocardium. Previous researches have shown that mtDNA serves as an endogenous agonist of the
NLRP3 inflammasome [36,37]. Like bacterial DNA, mtDNA fragments are potent damage-related molecular patterns (DAMPs)
recognized by TLR9 and trigger activation of NLRP3 inflammasome [38,39], blocking the cytosolic mtDNA by CsA injection or
inhibiting TLR9 through E6446 intervention could decrease the expression level of NLRP3 [37]. Oka et al. have reported that mtDNA
can be identified by TLR9, which subsequently triggers an inflammatory response in the myocardium, leading to the development of
dilated cardiomyopathy [40]. Cyt-cyto C is a marker of mitochondrial damage, and mit-cyto C is a marker of mitochondrial integrity
[41]. In the study, we evaluated the expression levels of cyt-cyto C, mit-cyto C and TLR9 in myocardial tissue, as well as the content of
free mtDNA in plasma. Our findings revealed that EA preconditioning significantly upregulated the expression of mit-cyto C and
downregulated the expression of cyt-cyto C and mtDNA at each time point compared to MIRI group. Additionally, the expression of
TLR9 was reduced at 24h and 3d after reperfusion in the EMIRI group compared to the MIRI group. These results indicated that EA
preconditioning effectively mitigated mitochondrial damage, reduced the level of plasma mtDNA, and subsequently inhibited the
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activation of NLRP3 inflammasome in the myocardium after MIRIL.

By integrating plasma mtDNA levels, the NLRP3 inflammasome activation, neutrophil infiltration, and macrophage expression of
this study, we summarized that EA preconditioning might reduce plasma mtDNA, inhibit the activation of NLRP3 inflammasome,
modulate neutrophil infiltration and macrophage polarization in the injured myocardium, facilitate the transition from the acute pro-
inflammatory phase to the anti-inflammatory reparative phase after MIRI, and ultimately confer cardioprotective benefits (Fig. 6).
Nonetheless, our study has some limitations. Firstly, the study primarily focused on neutrophils and macrophages to observe the
impact of EA preconditioning on the dynamic changes of inflammatory response after MIRI, and future studies should explore other
inflammatory immune cells. Secondly, to completely demonstrate the effect of acupuncture on TLR9 and NLRP3 inflammasome, TLR9
and NLRP3 intervention groups should be incorporated into further research. Thirdly, the precise mechanism by which EA pre-
conditioning regulates mitochondrial damage remains unclear and requires additional investigation.

5. Conclusion

In conclusion, we found that EA preconditioning could improve the left ventricular function and reduce the size of myocardial
infarction, protect the myocardium against MIRI. This beneficial effect is attributed to the modulation of dynamic inflammatory
response, which is associated with the reduction of plasma mtDNA and inhibition of NLRP3 inflammasome activation. These findings
may provide valuable insights into the cardioprotective mechanism of EA preconditioning.
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cyt-cyto C Cytosolic cytochrome C
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EF Ejection fraction
FS Fractional shortening

IL-1p Interleukin-1f

IL-10 Interleukin-10

iNOS Induced nitric oxide synthase

LAD Left anterior descending

LV Left ventricular

MIRI Myocardial ischemia-reperfusion injury
mit-cyto C Mitochondrial cytochrome C
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mtDNA Mitochondrial deoxyribonucleic acid
NLRP3 NOD receptor family protein 3

PC6 Neiguan point

TTC 2,3, 5-triphenyltetrazolium chloride
TLR9 Toll-like receptor 9

TGF-p: Transforming growth factor-p

VEGF  Vascular endothelial growth factor
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