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A composite patch loaded 
with 2‑Deoxy Glucose facilitates 
cardiac recovery after myocardial 
infarction via attenuating local 
inflammatory response
Weizhang Xiao 1*, Zhen Zhu 1, Zhiming Yu 1, Yue Pan 1, Qun Xue 1, Youlang Zhou 2 & 
Jiahai Shi 1*

Local inflammatory microenvironment in the early stage of myocardial infarction (MI) severely 
impaired cardiac recovery post-MI. Macrophages play a pivotal role in this process. A classical 
glycolytic inhibitor, 2-Deoxy-Glucose (2-DG), has been found to regulate the excessive pro-
inflammatory macrophage polarization in the infarcted myocardium. This study investigated the 
effect of 2-DG-loaded chitosan/gelatin composite patch on the infarct microenvironment post-MI 
and its impact on cardiac repair. The results showed that the 2-DG patch significantly inhibited the 
expression of inflammatory cytokines, alleviated reactive oxygen species (ROS) accumulation, 
repressed the proinflammatory polarization of macrophages, attenuated local inflammatory 
microenvironment in the ischemic hearts, as well as improved cardiac function, reduced scar size, 
and promoted angiogenesis post-MI. In terms of mechanism, 2-DG exerts anti-inflammatory effects 
through inhibiting the NF-κB signaling pathway and reducing the assembly and activation of the 
NLRP3 inflammasome. These findings suggest that 2-DG composite patch may represent a promising 
therapeutic strategy for cardiac repair after MI.

Keywords  Myocardial infarction, Inflammatory microenvironment, Macrophage polarization, 2-deoxy-
glucose, Glycolysis

Coronary heart disease (CHD), the underlying disease of most acute cardiac events, remains the leading cause of 
death worldwide1. Myocardial infarction (MI) is the most common and severe manifestation of CHD, reportedly 
attacking one American every 40 s, and approximately 35% of those who have experienced an MI will die from 
it2. Currently, the treatment of MI mainly focuses on rapid revascularization and reperfusion, including vasodila-
tors, anticoagulants, stent implantation or bypass, as well as reducing the burden on hearts, such as β-blockers3–5. 
In recent years, cardiac repair after MI has gained more attention, and increasing number of researches have 
explored the adverse effects of local inflammatory response on cardiac recovery6,7.

After MI occurs, due to the reduction of oxygenated blood supply, anaerobic glycolysis occurs in the ischemic 
region, leading to the depletion of nutrients, accumulation of acidic metabolites and reactive oxygen species, 
extensive cell death and extracellular matrix degradation8,9. The death cells and matrix fragments recruit neutro-
phils and mononuclear/macrophages through damage-associated molecular patterns (DAMPs), which further 
release a cascade of inflammatory cytokines, resulting in a harmful inflammatory microenvironment that severely 
impairs the cardiac recovery10,11.

It has been established that mononuclear/macrophages orchestrate all stages of MI12,13. In the inflammatory 
phase, Ly6Chi monocytes are recruited to the infarcted area and differentiate into classically activated CCR​+ or 
M1 macrophages, which play an essential role in the inflammatory microenvironment. About 5 days after MI, 
CCR​- or M2 macrophages with an anti-inflammatory phenotype gradually become dominant, indicating the 
arrival of reparative phase9,12. Consistent with the biological behavior of M1 macrophages, their primary source of 
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energy is rapid glycolysis14. Our previous studies have found that 2-deoxyglucose (2-DG), as a common inhibitor 
of glycolysis, can regulate macrophage polarization. Locally applied 2-DG-loaded chitosan/gelatin composite 
patch enhanced the therapeutic effect of stem cell transplantation on MI through promoting stem cell retention 
and survival15. However, whether application of 2-DG patch alone can also generate similarly positive impact on 
cardiac repair and its underlying mechanism remain unknown. Therefore, we attached the 2-DG patch directly 
onto the infarcted area and evaluated the improvement of the local inflammatory microenvironment in the 
ischemic hearts and subsequent cardiac repair.

Results
Inhibition of Glycolysis in Macrophages by 2‑DG‑CM
The morphology of 2-DG patch was shown in Fig. 1A,B. The patch exhibits a rugged appearance with an irregular 
fracture surface, displaying a jagged pattern. The sustained release of 2-DG patch has been demonstrated in our 

Fig. 1.   2-DG inhibits the glycolysis of macrophage under OGD. (A,B) Morphology of 2-DG patch using 
scanning electron microscopy. Scale bar, A, 25 μm; B, 50 μm. (C–F) Relative gene expression of Glut1 (C), 
Hk2 (D), Pfkl (E), and Pkm2 (F) in macrophages under OGD with or without 2-DG pretreatment (n = 3). (G) 
Lactate production by macrophages in OGD condition with or without 2-DG pretreatment (n = 3). All data 
are presented as mean ± SD, and significance was determined using one-way ANOVA followed by Tukey’s test 
(**p < 0.01, and ***p < 0.001).
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previous study15. Herein, we employed an OGD model to imitate the ischemic and hypoxic microenvironment 
in vivo and blocked the glycolysis with 2-DG-CM. Firstly, to disentangle whether macrophage polarization is 
linked to apoptosis, we conducted an apoptosis assay. The results indicated that neither OGD treatment alone 
nor OGD combined with 2-DG treatment led to an increase in macrophage apoptosis (Fig. S1). Subsequently, 
we examined the gene expression of glycolytic rate-limiting enzymes in macrophages. Notably, we found that the 
expression of glucose transporter 1 (Glut1), hexokinase 2 (Hk2), phosphofructokinase-1 liver type (PFKL), and 
pyruvate kinase isoform M2 (Pkm2) was upregulated in OGD environment, which was significantly reversed 
by 2-DG pretreatment (Fig. 1C–F). Additionally, the elevated lactate levels in the culture medium due to OGD 
treatment were notably reduced (Fig. 1G), indicating that 2-DG-CM can potently inhibit glycolysis in mac-
rophages under OGD conditions.

2‑DG‑CM compromises the proinflammatory polarization of macrophages
To investigate whether 2-DG-CM modulates the immunophenotypic switch of macrophages while blocking 
glycolysis under OGD conditions, we first examined the expression profile of pro-inflammatory cytokines. The 
results revealed that OGD triggered a notable increase in mRNA levels of canonical pro-inflammatory cytokines, 
including Nos2, Il1b, Il6, and Tnfα (Fig. 2A–D). Meanwhile, there was a marked elevation in iNOS protein levels 
(Fig. 2E,F), indicating a shift towards the pro-inflammatory phenotype. However, the preemptive blockade of 
glycolysis significantly attenuated this phenomenon. Furthermore, as illustrated by flow cytometry analysis, the 
proportion of iNOS-positive macrophages increased from 25.3% to 36.4% under OGD treatment, which was 
reduced to 28.7% by 2-DG-CM pre-treatment (Fig. 2G–H). Intriguingly, pretreatment of 2-DG-CM failed to 
modulate the CD206+ F4/80+ macrophages (Fig. S2A,B), which was consistent with a previous report regarding 
M1-M2 repolarization16. Concurrently, immunofluorescence staining demonstrated a significant decrease in the 
fluorescence intensity of iNOS (Fig. 2I,J). The findings delve deeply into the role of 2-DG-CM in the immune 
modulation of macrophage.

2‑DG patch facilitates cardiac repair after MI
Next, to explore whether 2-DG patch positively contributes to cardiac repair, we attached the composite patch 
to the infarcted area immediately after LAD ligation, then the continuous echocardiography was employed to 
assess cardiac function. As illustrated in Fig. 3A–D and Fig. S3, a dramatically declined myocardial function 
was observed following MI. Notably, compared to the MI group, mice in the MI + 2-DG patch group exhib-
ited superior left ventricular ejection fraction (LVEF) and fractional shortening (LVFS) on both 14- (LVEF: 
28.40% ± 5.61% vs. 21.05% ± 3.66%, p < 0.01; LVFS: 13.21% ± 2.91% vs. 9.58% ± 1.72%, p < 0.01) and 28-days 
(LVEF: 30.38% ± 5.13% vs. 20.89% ± 2.50%, p < 0.001; LVFS: 14.03% ± 2.45% vs. 9.50% ± 1.24%, p < 0.001) post-
MI. In contrast, mice receiving single patch treatment without 2-DG failed to demonstrate any improvement in 
cardiac recovery. Furthermore, the fibrotic area was evaluated using Masson’s trichrome staining, and the results 
disclosed a reduced scar size in 2-DG patch group (Fig. 3E,F). Besides, the MI-induced collagen deposition in the 
infarct border area was significantly inhibited by 2-DG patch (Fig. 3G,H). Additionally, an increased capillary 
density within the infarcted region was observed in mice treated with 2-DG patch (Fig. 3I,J). Collectively, these 
findings suggest that 2-DG patch could facilitate cardiac recover after MI, which is attributed to the sustained 
release of 2-DG, rather than the patch itself.

Glycolysis inhibition protects against inflammatory response in infarcted hearts
Given that the patch alone does not benefit cardiac repair, the single patch group was omitted from the subse-
quent experiments. To explore whether the composite patch could alleviate inflammatory stress in the ischemic 
myocardium as anticipated, the infarcted hearts of mice were harvested on the 3rd day post-MI, when the 
inflammatory storm culminated. Firstly, RT-PCR analysis revealed that the 2-DG patch suppressed the expres-
sion of glycolytic rate-limiting enzymes in the infarcted myocardium, indicating effective glycolytic inhibition 
by the sustained release of 2-DG from the patch (Fig. 4A–D). Subsequently, the inflammatory cytokines at both 
the gene and protein levels were dramatically upregulated in the infarcted hearts, which was attenuated by the 
2-DG patch (Fig. 4E–J). Additionally, given the crucial role of oxidative stress in inflammatory responses in the 
infarct zone, we utilized the DHE probe and found that the 2-DG patch significantly decreased ROS production 
in the ischemic area (Fig. 4L–M). Collectively, 2-DG patch can attenuate inflammatory response in the infarcted 
myocardium by suppressing glycolysis.

2‑DG patch alleviated the infiltration of proinflammatory macrophages in infarcted 
myocardium
As previously mentioned, the infiltration of immune cells, including neutrophils and macrophages, plays a 
pivotal role in the early inflammatory response after MI. To assess the infiltration of these cells, the infarcted 
hearts were harvested, minced, and digested into single cell suspension on the 3rd day post-MI. As illustrated 
by flow cytometry, after MI, the percentage of neutrophils in the infarcted hearts increased from 1.66 ± 0.15% 
to 18.28 ± 2.63% (Fig. 5A,B). However, in the 2-DG patch group, this proportion was 16.3 ± 2.49%, revealing no 
statistically significant difference compared to the MI group. Similarly, there was no notable difference in the 
absolute neutrophil count, indicating that the application of 2-DG patch failed to reduce the neutrophil infiltra-
tion on the 3d day post-MI.

Subsequently, the accumulation of macrophages in the ischemic myocardium was explored. Firstly, infiltrated 
macrophages increased dramatically after MI, which was partly reversed by treatment of 2-DG patch (Fig. S4). 
Then, the subset of macrophages was investigated. As shown in Fig. 5C,D, both the ratio and number of iNOS+ 
macrophages were decreased in the 2-DG patch treated hearts. Consistent with the in vitro study, 2-DG patch 
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Fig. 2.   Blockage of glycolysis compromises the proinflammatory polarization of macrophages. (A–D) Relative 
gene expression of Nos2 (A), Il1b (B), Il6 (C), and Tnfa (D) in macrophages under OGD with or without 2-DG 
pretreatment (n = 3). (E,F) The iNOS protein expression of macrophages under OGD ± 2-DG (E) and the 
quantification of immunoblotting (F) (n = 3). Original blots/gels are presented in Supplementary Figure S5. 
(G,H) Representative flow cytometry analysis (G) and quantification (H) of the iNOS+ macrophages (n = 4). (I,J) 
Representative immunofluorescence images (I) and quantification of the iNOS (green) fluorescence intensity (J) 
(n = 6). Scale bar, 50 μm. Error bars represent the SD, and significance was determined using one-way ANOVA 
followed by Tukey’s test (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Fig. 3.   The employment of 2-DG patch improves cardiac function in mice post-MI. (A) Representative M-mode short-axis 
echocardiography images of mouse hearts on Day 0 and Day 28 post-MI. (B) Quantitative analysis of LVEF and LVFS at 
baseline, day 0, day 3, day 7, day 14, and day 28 post-MI (n = 8–10). * for the comparison of MI + 2-DGpatch group with MI 
group. (C,D) The reduction in LVEF (C) and LVFS (D) on day 7 and day 28 post-MI. (E) Representative images of Masson’s 
trichrome-stained heart sections on Day 28 after surgery. Scale bar, 4 mm. (F) Quantification of the scar area (n = 8–10). 
(G,H) Representative images (G) and quantification (H) of collagen content in the infarct border zone with Sirius red staining 
(red) at day 28 post-MI. Scale bar, 500 μm. n = 8–10, three independent sections per group. (I) Representative graphs of 
capillaries in the infarct zone detected with CD31 immunofluorescence staining (red) on Day 28 post-MI. Scale bar, 200 μm. 
(J) Quantitative analysis of the capillary density (n = 8–10, three independent sections per group). Data are presented as the 
means ± SD and were analyzed using one-way ANOVA followed by Tukey’s test. LVEF and LVFS were analyzed using two-way 
ANOVA followed by Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001, and ns for not significant).
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failed to modulate the anti-inflammatory CD206+ F4/80+ macrophages in the infarcted hearts (Fig. S2C,D). 
Moreover, the immunofluorescence staining revealed a marked enhancement of iNOS green signals in the 
infarcted area, which was partly reversed by the application of 2-DG patch, indicating an attenuated infiltration 
of M1 macrophages in the ischemic region (Fig. 5E,F).

Taken together, these findings suggest that 2-DG patch modulates the infiltration of proinflammatory mac-
rophages, thereby suppressing the hyperinflammatory response in the infarcted area, which contributes to the 
ultimate cardiac recover.

Fig. 4.   Glycolytic inhibitor-loaded patch protects against local inflammatory response in infarcted hearts. 
(A–D) Relative gene expression of Glut1 (A), Hk2 (B), Pfkl (C), and Pkm2 (D) in myocardium (n = 3). (E,H) 
Relative gene expression of Nos2 (E), Il1b (F), Il6 (G), and Tnfa (H) in myocardium (n = 3). (I,J) Representative 
images (I) and quantification (J) of western blotting analysis of iNOS in infarcted hearts on Day 3 post-MI 
(n = 3). Original blots/gels are presented in Supplementary Figure S5. (K,L) Representative images (K) and 
quantification (L) of superoxide levels in ischemic myocardium using DHE staining at day 3 after MI (n = 5–8). 
Scale bar, 200 μm. Error bars represent the SD, and significance was determined using one-way ANOVA 
followed by Tukey’s test (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Fig. 5.   Immune cells infiltration after MI. (A,B) Representative flow cytometry analysis (A) and quantification 
(B) of neutrophils in the infarcted hearts on Day 3 post-MI (n = 6–10). (C,D) Representative flow cytometry 
analysis (C) and quantification (D) of the iNOS+ macrophages in the infarcted hearts on Day 3 post-MI 
(n = 6–10). (E,F) Representative immunofluorescence images (E) and quantification (F) of the iNOS+F4/80+ 
cells in the ischemic myocardium at day 3 after MI (n = 5–10). Scale bar, 100 μm. Error bars represent SD and 
significance was determined by one-way ANOVA test (***p < 0.001, and ns for not significant).
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2‑DG inhibits the NF‑κB pathway and attenuates the activation of NLRP3
The oxidative stress and DAMPs resulting from myocardial ischemia have been demonstrated to trigger the 
activation of NF-κB and the NLRP3 inflammasome, which occupies a pivotal position in the initial inflam-
matory response to MI17,18. Therefore, we conducted in vitro experiments to investigate the effect of 2-DG 
on these biological processes. Western blot revealed that OGD upregulated the protein expression of NLRP3, 
HIF-1α, Caspase-1, and pIκBa, while downregulated the IκBa expression (Fig. 6). However, 2-DG pretreatment 
partly reversed these effects, indicating that 2-DG suppresses the activation of NLRP3 inflammasomes, as well 
as the HIF-1α-NF-κB pathway in macrophages under OGD conditions.

Discussion
Myocardial infarction stands as one of the deadliest diseases in the world nowadays, posing a significant threat 
not only to individual lives but also to the vast consumption of healthcare resources. As research delves deeper, 
the crucial role of the inflammatory myocardial microenvironment in the cardiac repair process has garnered 
increasing attention19,20. Following MI, the early microenvironment witnesses a raging inflammatory storm, 
extensive necrosis of myocardial and endothelial cells, and severe impairment of cardiac function. In the later 
stages, local scarring and myocardial fibrosis mainly involving fibroblasts, along with the formation of ventricular 
aneurysms, further exacerbate the deterioration of cardiac function21–23. Therefore, effectively modulating the 
myocardial microenvironment, suppressing the inflammatory storm, and promoting cardiac repair have become 
hotspots of current research24,25.

The findings from our study elucidate the multifaceted role of the glycolysis inhibitor, 2-DG, delivered via a 
patch, in modulating inflammatory response in infarcted hearts and cardiac repair post-MI (Fig. 3). The results 
highlight several key mechanisms by which the 2-DG patch exerts its therapeutic effects, contributing to a 
nuanced understanding of macrophage metabolism in inflammation and tissue repair.

In this study, the primary observation that 2-DG can inhibit glycolysis in macrophages aligns with previ-
ous studies showing the dependency of inflammatory macrophages on glycolytic metabolism26,27. By curbing 
glycolysis, the 2-DG patch effectively reduces the proinflammatory polarization of macrophages (Fig. 2). This 

Fig. 6.   2-DG inhibits the NF-κB pathway and attenuates the activation of inflammasome NLRP3. 
Representative images (A) and quantification of western blotting analysis of NLRP3 (B), HIF-1α (C), Caspase-1 
(D), IκBa (E), and pIκBa (F) in macrophages under OGD with or without 2-DG pretreatment. Original 
blots/gels are presented in Supplementary Figures S6, S7. Error bars represent the SD, and significance was 
determined using one-way ANOVA followed by Tukey’s test (*p < 0.05, **p < 0.01, and ns for not significant).
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finding is critical as it underscores the potential of metabolic interventions to modulate immune cell function 
and inflammatory responses. The diminished proinflammatory activity of macrophages under the influence 
of 2-DG could be a pivotal factor in mitigating inflammation and fostering a more conducive environment for 
tissue repair following MI.

One of the most compelling outcomes of our research is the demonstrated ability of the 2-DG patch to 
facilitate cardiac repair after MI (Fig. 3). The patch’s protective effects against the inflammatory response in the 
infarcted heart are multifaceted. By attenuating the inflammatory response and the infiltration of proinflamma-
tory macrophages into the myocardium (Figs. 4 and 5), the patch helps to preserve cardiac tissue and function. 
Additionally, the inhibition of the NF-κB pathway and the attenuation of NLRP3 inflammasome activation are 
notable mechanisms through which 2-DG confers its anti-inflammatory benefits28–30 (Figs. 6 and 7). The sup-
pression of these critical inflammatory pathways suggests that 2-DG not only dampens immediate inflamma-
tory responses but also potentially prevents the chronic inflammatory sequelae that often complicate post-MI 
recovery.

Our previous study has demonstrated that intraperitoneal injection of 2-DG can improve the myocardial 
microenvironment, enhancing stem cell retention and subsequently boosting their therapeutic capabilities in 
MI15. However, systemic 2-DG injection inevitably brings about certain side effects31. To overcome this issue, we 
designed locally applied 2-DG patch, aiming to capitalize on their positive effects in cardiac repair while avoid-
ing systemic side effects. In the present study, we have demonstrated that the sustained release of 2-DG patch 
effectively modulates macrophage polarization by regulating glucose metabolism (Figs. 1 and 2). The in vivo 
experiments further elucidated that the therapeutic role of 2-DG patch in cardiac recovery.

Despite the promising results regarding the inhibition of proinflammatory macrophage activity, our study also 
revealed a limitation of the 2-DG patch: it did not modulate the anti-inflammatory polarization of macrophages 
either in vivo or in vitro (Fig. S2). This lack of effect on anti-inflammatory macrophage polarization suggests that 
while 2-DG effectively suppresses inflammation, it does not promote the alternative activation pathways that 
could enhance tissue healing and resolution of inflammation. This finding points to a potential area for further 
research, as combining glycolysis inhibition with other interventions that promote anti-inflammatory mac-
rophage polarization could yield synergistic effects, enhancing overall outcomes in cardiac repair and recovery.

In addition, following MI, the energy supply of cardiomyocytes primarily relies on anaerobic glycolysis, which 
naturally begs the question: would inhibiting glycolysis with 2-DG induce cardiomyocyte apoptosis? In this case, 
we exposed H9C2 cells to varying concentrations of 2-DG under hypoxia conditions and explored the apoptosis 
of cardiomyocytes. As shown in Fig. S5, an appropriate concentration of 2-DG does not cause cardiomyocyte 
apoptosis, indicating that even under hypoxic condition, when glycolysis is inhibited, cardiomyocytes can still 
sustain their viability through alternative metabolic pathways, such as amino acid oxidation32,33 and ketone body 
metabolism34,35.

Fig. 7.   2-DG patch facilitated cardiac recovery through attenuating the inflammatory microenvironment in 
ischemic myocardium.
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However, it’s crucial to recognize that 2-DG, as a classical glycolytic inhibitor, may pose potential risks due 
to its non-selectivity. Whether 2-DG exerts toxic effects on other cells in vivo remains unknown. Therefore, 
future studies must delve deeper into the mechanistic actions of 2-DG, aiming to provide a more comprehensive 
theoretical foundation for its application in the treatment of cardiac diseases.

Conclusion
In conclusion, this study confirms that 2-DG patch can regulate the polarization phenotype of macrophages by 
inhibiting glycolysis, thereby mitigating inflammatory responses, and promoting cardiac repair following MI. 
This discovery not only offers a novel perspective on understanding the regulatory mechanisms of the MI micro-
environment but also provides robust experimental evidence and theoretical support for developing innovative 
therapeutic strategies for MI. Nevertheless, we must be mindful of the potential risks and challenges associated 
with 2-DG as a therapeutic agent. Future research must further explore its mechanism of action and optimize 
its usage, aiming to maximize its role in the treatment of cardiac diseases.

Methods
Chemicals and reagents
The chitosan and gelatin were purchased from Senopharm (Shanghai, China). 2-DG was purchased from Beyo-
time (Shanghai, China). Foxp3 fixation/permeation Flow Cytometry Workflow Kit was purchased from Invit-
rogen (USA). Anti-iNOS antibody (18985-1-AP), anti-IκBα antibody (10268-1-AP), and anti-pIκBα antibody 
(82319-1-RR) were purchased from Proteintech (USA). Anti-HIF-1α antibody (EP1215Y), anti-NLRP3 antibody 
(EPR23094-1), and anti-Caspase-1 antibody (EPR16883) were purchased from Abcam (UK). Anti-iNOS-PE 
(12-5090-82), anti-CD206-APC (17-2160-80), and anti-F4/80-FITC (11-4801-82) were purchased from Inv-
itrogen (USA).

Preparation and characterization of the 2‑DG loaded chitosan/gelatin patch
The chitosan/gelatin composite patch loaded with 2-DG was fabricated as we previously described15. Briefly, after 
filtration and sterilization, a 4% chitosan (w/v, in 1% acetic acid, Senopharm) and 2% gelatin (w/v, 1% acetic 
acid, Senopharm) solution were mixed in a weight ratio of 1:1. Then, 1% 2-DG (Beyotime) is added and stirred 
to ensure complete dissolution. The mixture was centrifuged at 3000–4000 rpm for 15 min to remove impurities 
and bubbles. The solution was then poured into culture plate and incubated overnight in an oven at 50–66 °C. 
Afterward, the solution was treated with a 2% NaOH-80% ethanol mixture for 30 min for decarboxylation, and 
then rinsed with 80% ethanol solution three times, each time for 10 min. Finally, deionized water was added to 
wash the mixture until it reached neutral pH. The morphology of the composite patch was examined by a scan-
ning electron microscope (SEM, S-4800, Hitachi). The RPMI medium was added to the composite patch and 
the supernatant (2-DG-CM) was collected 3 days later for in vitro analysis.

Cell culture and treatment
Primary peritoneal macrophages were isolated from C57BL/6 mice as we previously reported15 and cultured in 
RPMI medium containing 10% FBS (Procell). In vitro oxygen–glucose deprivation (OGD) was used to mimic 
the microenvironment in vivo after MI. Briefly, macrophages were cultured in a serum-deprived medium and 
incubated under hypoxia (1% O2) for 24 h. In the OGD + 2-DG group, before being transferred into the hypoxic 
incubation, the culture medium was replaced with 2-DG-CM 3 h in advance to block glycolysis.

Animal study design
All animal procedures were performed in accordance with ARRIVE guidelines and approved by the Ethics Com-
mittee of Affiliated Hospital of Nantong University. MI was established on male C57BL/6 mice (8–10 weeks old) 
as we previously described. Briefly, after general anesthesia, LAD was ligated about 2 mm below the lowest part 
of the left atrial appendage. Successful ligation was verified by pale left ventricular wall below the ligation site. 
Mice in the sham group underwent only thoracotomy without LAD ligation. For 2-DG patch group, a prepared 
2-DG composite patch was attached to infarct area with fibrin glue (Sigma-Aldrich) immediately after LAD 
ligation. For single patch group, a chitosan/gelatin patch without 2-DG was attached to the ischemic area. The 
patch size was approximately 3.5 mm in diameter.

Cardiac single‑cell suspensions preparation and flow cytometry analysis
Cardiac single-cell suspension was prepared as described previously, with slight modifications36. Briefly, mice 
were anesthetized and intracardially perfused with PBS to eliminate blood cells. The hearts were excised, minced 
with fine scissors, and digested in a Hanks’ balanced salt solution-based enzyme solution containing a cocktail of 
1 mg/mL type II collagenase (Sigma–Aldrich), 0.5 mg/mL dispase (Sigma–Aldrich), 0.5 mM CaCl2, and 1 U/mL 
DNase I (Sigma–Aldrich) for 1 h at 37 °C with oscillation every 15 min. After digestion, samples were filtered with 
a 70-μm cell strainer. Cells used in subsequent analyses were resuspended and counted after erythrocyte lysis.

For the analysis of cell surface markers, a single-cell suspension was incubated with fluorescently labeled 
antibodies against cell surface antigens at RT for 30 min. For intracellular marker detection, a Foxp3 fixation/
permeation working solution (Invitrogen) was first added at RT for 1 h, and cells were incubated with antibodies 
for 30 min. Cells were washed and resuspended for flow cytometry (Millipore Guava Easycyte), as we previously 
described37. All flowcytometry gates and isotype control were presented in the supplementary data.
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Statistical analysis
Statistical analysis was performed using SPSS 25.0 and GraphPad Prism 8 software. The Shapiro–Wilk test was 
employed to assess the normality of the data. Variables with normal distribution were expressed as mean ± stand-
ard deviation. Significant differences among multiple groups were analyzed using ANOVA followed by Tukey’s 
test. For data that were not normally distributed or had unequal variances, the non-parametric Kruskal–Wallis 
test was utilized, followed by Dunn’s multiple comparison test. To analyze changes in cardiac function over 
time across multiple groups, a two-way repeated measures ANOVA was conducted, followed by Tukey’s test. A 
p-value < 0.05 was considered statistically significant.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files). Further inquiries can be directed to the corresponding author.
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