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Background: Acute myocardial infarction (AMI) is a common cardiovascular disease with high morbidity and mortality rates. Allicin, the primary active component of traditional Chinese herbs garlic, has multiple cardiovascular effects. However, the protective effect of allicin on AMI is rare. This study aimed to identify the pathways through which allicin stimulates hydrogen sulfide (H2S) production to regulate calcium ion (Ca2+) homeostasis in cardiomyocytes, thereby contributing to AMI protection.Methods: In this study, we established an AMI rat model by ligating the left anterior descending branch of the coronary artery to assess the therapeutic effect of allicin. We also investigated its influence on cardiomyocyte Ca2+ homeostasis. To determine the role of H2S production in the effects of allicin, we identified the H2S synthase in healthy rat myocardial tissue and serum and then applied H2S synthase inhibitors to block H2S production.Results: The results indicate that allicin significantly enhanced cardiac function, raised H2S levels in myocardial tissue and serum, reduced necrosis tissue size, decreased myocardial enzyme levels, and improved myocardial pathological changes. Surprisingly, allicin also notably increased H2S synthase levels. These findings suggest that allicin shields AMI rats by stimulating H2S production, acting both as a direct H2S donor and indirectly boosting H2S synthase expression. Furthermore, allicin enhanced Ca2+ homeostasis in cardiomyocytes by improving cardiomyocyte contraction kinetics and regulating the function and expression of key proteins related to Ca2+ transport in cardiomyocytes. The effect of allicin on Ca2+ homeostasis was partially decreased but not entirely abolished when H2S production was inhibited using H2S synthase inhibitors PAG and AOAA. This suggests that while the impact of allicin is strongly associated with H2S, additional independent mechanisms are also involved.Conclusion: Our study presents novel evidence demonstrating that allicin modulates Ca2+ homeostasis in cardiomyocytes by stimulating H2S production, thereby conferring protection against AMI. Furthermore, the protective effects of allicin are partly mediated by, but not solely reliant on, the generation of H2S. These findings not only provide mechanistic insights into the anti-AMI effects of allicin but also underscore its therapeutic promise.[image: Graphical Abstract]GRAPHICAL ABSTRACT | Allicin ameliorates acute myocardial infarction in rats by modulating calcium homeostasis in cardiomyocytes through the induction of hydrogen sulfide production.
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1 INTRODUCTION
Acute myocardial infarction (AMI) poses a significant global health concern due to its high morbidity rates, rapid disease progression, and increased mortality (Alexander et al., 2017; McAloon et al., 2016). While percutaneous coronary intervention (PCI) and the integration of Western medicine have improved the survival rates of AMI patients, barriers persist in the revascularization process, resulting in irreversible damage to myocardial tissues and cells, thereby affecting patient prognosis (Braunwald and Kloner, 1985; Yellon and Hausenloy, 2007). Pathologically, AMI involves the damage of many cardiac cells following a sudden ischemic insult (Chang et al., 2019). Recent research indicates that alterations in the concentration of calcium ions (Ca2+) within cardiomyocytes are the primary cause of cardiomyocyte damage post-AMI. Ca2+ serves as an omnipresent intracellular messenger, regulating numerous cellular functions, with Ca2+ overload potentially leading to cell death (Bagur and Hajnóczky, 2017).
The regulation of Ca2+ homeostasis in cardiomyocytes is a complex and extensive system. Ca2+ flows in and out of the cell and is transported between different organelles and between organelles and the cytoplasm. This process involves the transfer of Ca2+ into the cell via ion channels on the cytosolic membrane, the removal of Ca2+ from the cell by ion pumps on the cytosolic membrane, the release of Ca2+ from the sarcoplasmic reticulum (SR) Ca2+ pool, and the reuptake and storage of Ca2+ by the SR Ca2+ pool, among others. Moreover, each of these processes is strictly regulated by numerous Ca2+ channels, Ca2+ pumps, and key Ca2+-transporting proteins. Any abnormality in these processes can alter the concentration of Ca2+ in the cytoplasm, leading to abnormalities in the diastolic and contractile amplitude and rhythm of cardiomyocytes, ultimately resulting in cardiomyocyte damage and apoptosis.
In AMI, a small quantity of Ca2+ is admitted into the cardiomyocytes via L-type Ca2+ channels, initiating substantial Ca2+ release from the SR, resulting in Ca2+ overload. This, in turn, compromises the contractile function of cardiomyocytes and could potentially induce cell apoptosis (Zhang et al., 2018). Thus, the transportation of Ca2+ and intracellular Ca2+ homeostasis represent attractive and promising targets for pharmacological interventions aiming at cardiac protection. With the advancement of traditional Chinese medicine, attention has been given to the prevention and treatment of AMI using these methods (Han et al., 2019). Allicin (C6H10S2O), the main pharmacologically active compound found in garlic (Allium sativum L.), a traditional Chinese medicine (Lawson and Hunsaker, 2018), has exhibited various cardiovascular protective effects, such as blood pressure reduction (Cui et al., 2020), blood lipid regulation (Chan et al., 2013), and prevention of atherosclerosis (Lei et al., 2010). However, only a limited number of studies have investigated the anti-AMI effects of allicin (Xu et al., 2020). Some studies have reported that sulfur compounds such as S-allylcysteine (SAC) and sodium hydrosulfide (NaHS) can protect against AMI by promoting hydrogen sulfide (H2S) production (Chuah et al., 2007; Bian et al., 2006). H2S has been shown to play a role in the regulation of Ca2+ homeostasis in cardiomyocytes (Peng et al., 2022; Wu et al., 2018). This prompts inquiry into whether allicin, similar to other sulfur-containing compounds, elicits an anti-AMI impact by regulating Ca2+ transport and intracellular Ca2+ homeostasis via H2S production enhancement.
In mammalian systems, the expression and function of three endogenous H2S synthetases—cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST)—in various tissues remain a subject of debate (Donnarumma et al., 2017). A previous study confirmed that the administration of DL-propargylglycine (PAG, a CSE inhibitor) in the absence of amino-oxyacetate acid (AOAA, a CBS inhibitor) significantly reduced but did not entirely abolish the protective effects of allicin on AMI injury by dilating coronary arteries and regulating calcium homeostasis in cardiomyocytes (Cui et al., 2022). These findings suggest that the anti-AMI effects of allicin are associated with H2S production, mediated not only through CSE but also via other enzymatic pathways. This study aimed to investigate the expression of hydrogen sulfide synthases in the cardiovascular system and assess the protective effects of allicin in an AMI rat model using hydrogen sulfide synthase inhibitors. The objective was to elucidate the relationship between allicin and H2S generation. It was hypothesized that allicin may regulate Ca2+ homeostasis by enhancing H2S production through multiple pathways, thereby providing protection against AMI injury.
2 MATERIALS AND METHODS
2.1 Reagents and antibodies
Allicin (a colorless or pale yellow clear liquid, sealed cryopreservation, 5.2 mg/mL) was biosynthesized with alliin and alliinase extracted from garlic at low temperature and was provided by Xinjiang Ailexin Pharmaceutical (the Xinjiang Uygur Autonomous Region, China). DL-propargylglycine (PAG), an inhibitor of the H2S synthetase cystathionine-gamma-lyase (CSE), was obtained from Shanghai Yuanye Bio-Technology (Yuanye Bio-Technology, Shanghai, China). Amino-oxyacetate acid (AOAA), an inhibitor of the H2S synthetase cystathionine-beta-synthase (CBS), was procured from LAMI Bio-Technology (LAMI Bio-Technology, Shanghai, China). Additionally, diltiazem, a Ca2+-channel blocker, was obtained from Tianjin Tanabe Pharmaceutical Co., Ltd. (Tanabe, Tianjin, China). All other reagents used were of analytical purity grade. All primary antibodies used in the experiments included GAPDH (UM4002, 1:2000 dilution, Utibody), CaMKII (ab134041, 1:1000 dilution, Abcam), phospho-CaMKII (ab171095, 1:1000 dilution, Abcam), SERCA2a (ab150435, 1:1000 dilution, Abcam), NCX-1 (ab177952, 1:1000 dilution, Abcam), RyR (ab219798, 1:1000 dilution, Abcam) and phospho-RyR2 (Ser2814) (AF2303, 1:1000 dilution, Affinity).
2.2 Experimental protocol
The experimental protocols utilized male Sprague Dawley (SD) rats aged six to 8 weeks and weighing 180–200 g. All animal procedures conformed to the guidelines from Directive 2010/63/EU of the European Parliament on the Protection of Animals Used for Scientific Plants or the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Medical Ethics Committee of Xiyuan Hospital, China Academy of Chinese Medical Sciences (2024XLC093-2). General anesthesia was administered to the rats, followed by thoracotomy at the fourth intercostal space to expose the heart and left anterior descending coronary artery (LAD) for AMI induction. Specifically, rats were anesthetized with 1% pentobarbital sodium at 45 mg/kg body weight, intubated, and mechanically ventilated. Subsequently, upon left thoracotomy, the heart was exposed, and a 6–0 silk suture was utilized to permanently ligate the LAD about 2 mm below the left atrium. Confirmation of AMI occurrence was based on ST segment elevation on an electrocardiogram and bulging of the corresponding left ventricle segment. In the sham group, the same surgical procedure was performed, except only threading without ligation under the LAD branch of the coronary artery was conducted.
After the AMI model was established, the rats were divided into eight groups (n = 20 per group) on a random number table: the sham group, model group, diltiazem 8.1 mg/kg group, allicin 14 mg/kg group, allicin 7 mg/kg group, PAG (allicin 14 mg/kg + PAG 32 mg/kg) group, AOAA (allicin 14 mg/kg + AOAA 10 mg/kg) group, and PAG + AOAA (allicin 14 mg/kg + PAG 32 mg/kg + AOAA 10 mg/kg) group. All groups received intraperitoneal injections once a day for 7 days. As a result of acute heart failure occurring in some rats following surgery, which led to mortality, the final number of rats included in the study ranged from 16 to 19 per group. Notably, diltiazem, a calcium antagonist, is commonly used for the treatment of ischemic heart disease (Pearle, 1988; Chaffman and Brogden, 1985). The dosages of diltiazem, allicin, PAG, and AOAA were determined based on our previous studies as well as the relevant literature (Cui et al., 2020; Cui et al., 2022; El-Sayed et al., 2021).
2.3 Echocardiography
The rats underwent transthoracic echocardiography 7 days post-surgery using a Vevo 3100 echocardiography system (Visual Sonics Inc., Toronto, Canada) to assess cardiac function. The rats were anesthetized with 1.5%–2% isoflurane via continuous inhalation and placed on a heating pad (37°C) for warmth. Echocardiography (M-mode and B-mode imaging) was performed after applying ultrasound transmission gel to the chest. Measurements of the left ventricular (LV) internal diameter and thickness of the anterior wall were taken at end-diastole (LVID d, LVAW d) and end-systole (LVID s, LVAW s) during M-mode recordings. Left ventricular fractional shortening (FS), ejection fraction (EF), and stroke volume (SV) were calculated in a blinded manner for each rat.
2.4 Myocardial staining
The rats underwent intraperitoneal injection of 1% sodium pentobarbital solution at 45 mg/kg body weight for anesthesia and were euthanized by cervical dislocation. Subsequently, rat hearts were excised and sectioned into 1-mm thick slices across the left ventricular long-axis below the ligature. To identify the necrotic area, the heart slices were incubated with nitro-blue tetrazolium chloride (Sigma‒Aldrich, St. Louis, USA) for 3 min at 22 ± 2 °C. The necrotic area was quantified as a percentage of the ventricular or total area using Image-Pro Plus software (version 6.0, Media Cybernetics, Silver Springs, USA).
2.5 cTnI, LDH, and H2S measurements
Blood samples were collected from the abdominal aorta prior to sacrifice. The collected blood samples were maintained at 22 ± 2°C for 30 min before being centrifuged at 975.87 ×g for 10 min. The supernatants were then collected for the determination of serum cardiac troponin I (cTnI) and lactate dehydrogenase (LDH) levels. According to the manufacturer’s instructions, H2S levels in the serum and border zone of myocardial necrosis tissue were measured via methylene blue spectrophotometry at 665 nm (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
2.6 CSE and CBS measurements
Rat serum was prepared according to previously established methods. Levels of CSE and CBS in blood serum were assessed using enzyme-linked immunosorbent assay (ELISA) kits (Lanji Biotechnology Co., Ltd., Shanghai, China) as per the manufacturer’s instructions. The border zone of myocardial necrotic tissues and coronary arteries was fixed using 4% (v/v) paraformaldehyde, followed by a 30-min incubation with dimethyl benzene, and subsequent serum blocking for 60 min. Specimens were then exposed to CSE antibody (Proteintech, Wuhan, China) or CBS antibody (Proteintech, Wuhan, China) for 24 h at 4°C, followed by incubation with goat anti-rabbit IgG (H + L) fluorescein isothiocyanate-conjugated polyclonal antibody (Bai Aotong Experimental Materials Center, Luoyang, China) in the dark at 37°C for 60 min. Following washing with phosphate buffer solution, nuclei were stained with 4′,6-diamidino-2-phenylindole (St. Louis, MO, USA), and images were captured using an upright fluorescence microscope (DM-LFS, Leica, Germany) at ×400 magnification.
2.7 Histologic examination
The heart was harvested, weighed, washed in phosphate buffer, fixed in 4% paraformaldehyde overnight, and embedded in paraffin. Each paraffin-embedded heart was sectioned into 4-µm thick sections through the necrotic area, stained with hematoxylin and eosin (H&E), and observed for morphology using a stereomicroscope (Olympus SZ61, Tokyo, Japan).
2.8 Ca2+ transport in rat cardiomyocytes
Following the final administration, rats were anesthetized, and their hearts were swiftly excised, with cardiomyocytes from the junctional zone of myocardial necrosis promptly isolated. These isolated cardiomyocytes were then incubated with 2 µM Fura-2 a.m. (Sigma‒Aldrich, St. Louis, USA) in darkness at 22° ± 2°C for 30 min. Subsequently, cells were washed and resuspended twice in Tyrode’s solution (137.0 mM NaCl, 1.2 mM NaH2PO4, 5.0 mM KCl, 1.2 mM MgCl2, 10.0 mM HEPES, 10.0 mM glucose, 1.2 mM CaCl2, pH 7.4) before being placed in a cell chamber. The myocytes were then stimulated at a pacing frequency of 1 Hz with 4 ms electrical stimulation to induce contraction and exposed to excitation wavelengths of 340 or 380 nm. The emitted fluorescent signal was detected at 510 nm. Simultaneous recording of sarcomere length and fluorescence intensity (reflecting Ca2+ concentration) was performed using a cell contraction-ion detection system (IonOptix, Westwood, USA). Contractility parameters, including amplitude, peak time, systolic half-time of decay (T50), and diastolic T50, were assessed. Ca2+ transient parameters, such as amplitude, maximum ascending velocity, maximum descending velocity, and Ca2+ decline time constant, were also documented. Additionally, Tau NCX and Tau SERCA, indicative of Ca2+ transient elimination time constants, as well as SR Ca2+ content (△F/F0) and Ca2+ leakage levels (△Fleak/F0), were measured based on previously outlined methodologies (Cui et al., 2022).
2.9 Western blot
Myocardial tissue in the junctional zone of myocardial necrosis in rats was collected, homogenized, and lysed. Protein samples were prepared following the manufacturer’s protocol for gel electrophoresis (NuPAGE 4%–12% Bis-Tris, Invitrogen, Carlsbad, USA). A normalized final loading concentration of 10–30 µg per well was used for all experiments. The proteins were then transferred to a polyvinylidene fluoride membrane (Bio-Rad, Hercules, USA) for immunoblotting using the designated antibodies.
2.10 Statistical analysis
The data are expressed as the mean ± standard deviation (SD). The distribution of the data was assessed using the Shapiro‒Wilk normality test. One-way ANOVA followed by Tukey’s honestly significant difference (HSD) post hoc test or Tamhane’s post hoc test was used to determine differences between groups for normally distributed data. For data that were not normally distributed, the Kruskal‒Wallis test was used. All the statistical analyses were performed using SPSS statistical software (SPSS 26.0, IBM, Armonk, NY), and all the histograms were created using GraphPad Prism 9.0 software (GraphPad Software, San Diego, USA). A P value < 0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 Allicin improves cardiac function in AMI rats
To assess the cardioprotective effects of allicin on AMI, we initially utilized small animal echocardiography to evaluate cardiac function in AMI model rats. The echocardiographic results showed that compared to those in the sham group, the LVID s and LVID d were significantly greater, and the LVAW s, LVAW d, EF and FS were significantly lower in the model group. Compared to those in the model group, the LVID s were significantly lower and LVAW s, LVAW d, EF, FS, and SV were significantly greater in the diltiazem 8.1 mg/kg and allicin 14 mg/kg groups. The strength of the effect of allicin in the 14 mg/kg group was comparable to that in the 8.1 mg/kg diltiazem group. After PAG alone or combined with PAG and AOAA, the above effects of allicin were significantly weakened, and there was no significant difference between the two groups, while AOAA alone had no significant weakening effect (Figure 1). Hence, allicin significantly improved the cardiac function of AMI rats, which was mainly mediated by CSE.
[image: Figure 1]FIGURE 1 | Allicin improved cardiac function in acute myocardial infarction model rats. (A‒G) Statistical scatter plots of the left ventricular (LV) internal diameter and thickness of the anterior wall at end-systole (LVID s, LVAW s) and end-diastole (LVID d, LVAW d), ejection fraction (EF), fractional shortening (FS), and stroke volume (SV) in the different groups. (H) Representative images of ultrasonic function in each group. Statistical analysis was performed by one-way ANOVA and Tukey’s honestly significant difference (HSD) post hoc test, and the data are expressed as the mean ± SD (n = 8–11). *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; #p < 0.05, ##p < 0.01 vs. 14 mg/kg allicin.
3.2 Allicin reduces myocardial necrotic size and myocardial enzyme levels in AMI rats
To further evaluate the anti-AMI effects of allicin, we measured myocardial necrotic areas and myocardial enzyme levels in AMI rats. Compared to those in the sham group, the percentages of myocardial necrosis in the ventricular area and total heart area, as well as the levels of cTnI and LDH, were significantly greater in the model group. Compared to those in the model group, myocardial necrosis as a percentage of the ventricular area and total heart area and LDH and cTnI levels were significantly lower in the 8.1 mg/kg diltiazem and 14 mg/kg allicin groups. The strength of the effect of allicin in the 14 mg/kg group was comparable to that in the 8.1 mg/kg diltiazem group. After PAG treatment alone or combined with PAG and AOAA, allicin significantly decreased the percentage of myocardial necrosis in the total heart area and the LDH level, while AOAA treatment alone did not significantly decrease the percentage of myocardial necrosis (Figure 2). Therefore, allicin significantly reduced myocardial necrosis size and myocardial enzyme levels in AMI rats, and these effects were significantly weakened by PAG alone or in combination with AOAA.
[image: Figure 2]FIGURE 2 | Allicin reduced the myocardial necrosis area and serum myocardial enzyme levels in acute myocardial infarction rats. (A,B) Percentage of myocardial necrosis area relative to the ventricular and total heart areas, respectively. (C,D) Myocardial enzyme (cTnI, LDH) levels in the serum of acute myocardial infarction rats. (E) Representative myocardial necrosis areas in each group; scale bar = 10 mm. The area circled in green represents the area of myocardial necrosis. Statistical analysis was performed by one-way ANOVA, Tukey’s honestly significant difference (HSD) post hoc test and Tamhane post hoc test, and the data are expressed as the means ±SDs (n = 7–11). *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; #p < 0.05, ##p < 0.01 vs. 14 mg/kg allicin.
3.3 Allicin increases H2S level in AMI rats
Subsequently, to examine the relationship between the anti-AMI effects of allicin and H2S production, we measured the expression of H2S level in the serum and myocardial tissues of the rats. The results demonstrated significant decreases in H2S level in serum and myocardial tissues, in the model group compared to those in the sham group. However, treatment with 14 mg/kg allicin and 8.1 mg/kg diltiazem significantly increased the H2S level in both serum and myocardial tissues. Importantly, the effect of allicin in the 14 mg/kg group was comparable to that in the 8.1 mg/kg diltiazem group. Notably, compared to the 14 mg/kg allicin group, the H2S level was significantly lower in the PAG, AOAA, and PAG + AOAA groups. Consequently, allicin notably elevated both H2S level in the serum and myocardial tissues of AMI rats (Figures 3A,B). In addition, we were surprised to find that allicin significantly upregulated the levels of H2S synthase CBS and CSE in serum and myocardial tissue of AMI rats (Figures 3C–F). Therefore, allicin effectively boosted H2S production in AMI rats, offering a potential mechanism for its cardioprotective effects.
[image: Figure 3]FIGURE 3 | Allicin increased H2S levels and H2S synthase (CBS, CSE) in myocardial tissue and serum. (A,B) H2S levels in the serum and myocardial tissues of rats in each group. (C,D) H2S synthase (CBS, CSE) levels in the serum of rats in each group. (E,F) Fluorescence images of representative CBS and CSE in myocardial tissue from each group. Scale bar = 40 µm. Statistical analysis was performed by one-way ANOVA, Tukey’s honestly significant difference (HSD) post hoc test and Tamhane post hoc test, and the data are expressed as the means ±SDs (n = 10). *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; ##p < 0.01 vs. 14 mg/kg allicin.
3.4 Allicin ameliorates myocardial histopathological changes in AMI rats
The myocardial cells displayed uniform staining with HE, and the striated filaments of the cardiac myocytes were neatly organized with distinct cell boundaries. In the sham group, typical morphology of normal cardiomyocytes was observed, showing no signs of degeneration, necrosis, hemorrhage, or inflammatory cell infiltration. However, in the model group, the normal cell structure was disrupted, leading to extensive inflammatory cell infiltration and tissue edema, indicative of a typical heart attack. However, compared to those in the model group, the inflammatory cell infiltration in the allicin 14 mg/kg and diltiazem 8.1 mg/kg groups decreased, the arrangement of cardiomyocytes was slightly disrupted, and the myocardial tissue was slightly edema. Compared with those in the allicin 14 mg/kg group, the PAG alone, AOAA alone, and combined PAG and AOAA groups all exhibited exacerbated pathological damage (Figure 4). In conclusion, allicin effectively improved the histopathological morphology of the myocardium in rats with AMI, and this effect was weakened by PAG and AOAA treatment.
[image: Figure 4]FIGURE 4 | Allicin improved the pathological morphology of the myocardium in acute myocardial infarction rats. H&E staining, magnification ×200. Scale bar = 100 µm (n = 4).
3.5 Allicin regulates cardiomyocyte contraction kinetics and cardiomyocyte Ca2+ transient amplitude in AMI rats
Alterations in the Ca2+ concentration in cardiomyocytes are a major cause of cardiomyocyte damage following AMI. Therefore, we used cardiomyocyte contraction kinetics and cytoplasmic Ca2+ transient assays to assess the role of allicin in the regulation of Ca2+ transport in cardiomyocytes from AMI rats. Compared to those in the sham group, the contraction amplitude, Ca2+ transient amplitude, maximum ascending velocity and maximum descending velocity were significantly lower, and the peak time, systolic T50, diastolic T50, and Ca2+ decline time constant were significantly greater in the model group. After treatment with 14 mg/kg allicin, the above effects were significantly improved. After PAG treatment alone or combined with PAG and AOAA treatment, the above improvement effects of allicin were significantly weakened but not completely eliminated, while AOAA treatment alone significantly weakened the improvements in contraction amplitude and Ca2+ transient amplitude caused by allicin but not completely eliminated (Figure 5). Therefore, allicin can significantly regulate cardiomyocyte contraction dynamics, which can be significantly weakened but not completely blocked by PAG alone or combined with PAG and AOAA.
[image: Figure 5]FIGURE 5 | Allicin regulated cardiomyocyte contraction kinetics and cardiomyocyte calcium transient amplitude in acute myocardial infarction rats. (A) Shortening amplitude; (B) Peak time; (C) Systolic T50; (D) Diastolic T50; (E) Calcium transient amplitude; (F) calcium decline time constant; (G) Maximum ascending velocity; (H) Maximum descending velocity. Statistical analysis was performed by the Kruskal‒Wallis test, and the data are presented as the mean ± SD (n = 29–46 cardiomyocytes from four rats). *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; #p < 0.05, ##p < 0.01 vs. 14 mg/kg allicin. Abbreviations: T50, half-life of decay.
3.6 Allicin improves SERCA-dependent Ca2+ reuptake and NCX-dependent Ca2+ removal in cardiomyocytes from AMI rats
SERCA-mediated Ca2+ reuptake into the sarcoplasmic reticulum (SR) and NCX-dependent intracellular Ca2+ efflux play crucial roles in reducing the intracellular Ca2+ concentration and promoting cellular diastole in cardiomyocytes. The results showed that the levels of the Tau NCX and the Tau SERCA were significantly greater in the model group than in the sham group, suggesting that the functions of the NCX and SERCA are attenuated after AMI. In addition, the levels of the Tau NCX and the Tau SERCA in the 14 mg/kg allicin group were significantly lower than those in the model group. After the addition of PAG alone, no significant changes in the levels of the Tau NCX or the Tau SERCA were observed. However, compared to those in the 14 mg/kg allicin group, after the application of AOAA alone, the level of the Tau NCX was significantly greater, and after the combined application of PAG + AOAA, the levels of the Tau NCX and the Tau SERCA were both significantly greater (Figures 6A,B). Thus, allicin can effectively improve SERCA and NCX functions following AMI. Although these effects can be significantly weakened, they are not completely blocked by AOAA alone or PAG and AOAA combined.
[image: Figure 6]FIGURE 6 | Allicin regulated calcium transport in cardiomyocytes from acute myocardial infarction rats. (A) NCX calcium removal function, TauNCX (n = 15–34 cardiomyocytes from four rats); (B) SERCA calcium reuptake function, TauSERCA (n = 15–34 cardiomyocytes from four rats); (C) Sarcoplasmic reticulum calcium content, △F/F0 (n = 15–34 cardiomyocytes from four rats); (D) Calcium leakage levels, △Fleak/F0 (n = 22–123 cardiomyocytes from four rats). Statistical analysis was performed by the Kruskal‒Wallis test, and the data are presented as the means ±SDs. *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; #p < 0.05, ##p < 0.01 vs. 14 mg/kg allicin.
3.7 Allicin regulates the SR Ca2+ content and Ca2+ leakage in cardiomyocytes from AMI rats
Next, we measured the SR Ca2+ content and Ca2+ leakage in cardiomyocytes. The SR Ca2+ content of myocardial cells (△F/F0) was significantly lower in the model group than in the sham group, while 14 mg/kg allicin significantly increased the SR Ca2+ content in the model group. In addition, the SR Ca2+ content was significantly lower after the addition of PAG, AOAA, or the combination of PAG + AOAA than after the addition of 14 mg/kg allicin. In addition, compared with that in the sham group, Ca2+ leakage (△Fleak/F0) was significantly greater in the model group, whereas 14 mg/kg allicin significantly decreased Ca2+ leakage compared to that in the model group. Moreover, compared with that in the 14 mg/kg allicin group, Ca2+ leakage was significantly greater in the PAG alone, AOAA alone, and combined PAG and AOAA groups (Figures 6C,D). These findings indicate that allicin effectively ameliorates the decrease in the SR Ca2+ content and the increase in Ca2+ leakage following AMI. However, these beneficial effects of allicin can be significantly attenuated, but not completely blocked, by PAG alone, AOAA alone, or PAG and AOAA combined treatment.
3.8 Allicin regulates the expression of key proteins involved in Ca2+ transport in cardiomyocytes from AMI rats
After AMI, the expression of key Ca2+ transport proteins in cardiomyocytes also changed. The Western blot results showed that the expression of p-CaMKII, p-RyR2, NCX-1, the p-CaMKII/total CaMKII ratio and the p-RyR2/total RyR ratio were significantly greater and that the expression of SERCA2a was no significant difference in the model group than in the sham group. The expression of p-CaMKII and p-RyR2 and the ratio of p-CaMKII/total CaMKII and p-RyR2/total RyR were significantly decreased after the application of 14 mg/kg allicin. Moreover, the p-CaMKII/total CaMKII ratio can be increased by the combination of PAG + AOAA. The ratio of p-RyR2/total RyR was significantly increased by the application of PAG alone or the combination of PAG + AOAA (Figure 7). These results confirm the regulatory effects of allicin on Ca2+ transport to some extent. Overall, allicin effectively regulates the expression of key proteins involved in Ca2+ transport in cardiomyocytes following AMI.
[image: Figure 7]FIGURE 7 | Allicin regulated the expression of key calcium transport proteins in the myocardial tissues of acute myocardial infarction rats. (A) Representative immunoblots of myocardial tissues for p-RyR2, total RyR, NCX-1, SERCA2a, p-CaMKII, CaMKII and GAPDH obtained from rats. (B–I) Quantitative analyses of total CaMKII, p-CaMKII, SERCA2a, NCX-1, total RyR, p-RyR2 normalized to GAPDH, the ratio of p-CaMKII/total CaMKII (D) and p-RyR2/total RyR (I). Statistical analysis was performed by one-way ANOVA, Tukey’s honestly significant difference (HSD) post hoc test and Tamhane post hoc test, and the data are presented as the means ±SDs (n = 4). *p < 0.05, **p < 0.01 vs. Sham; △p < 0.05, △△p < 0.01 vs. Model; #p < 0.05, ##p < 0.01 vs. 14 mg/kg allicin.
4 DISCUSSION
AMI is a major cause of morbidity and mortality worldwide, driven by the increasing aging population. Its occurrence is related mainly to risk factors such as overwork, long-term smoking, heavy alcohol consumption, hypertension, and hyperlipidemia (Frangogiannis, 2015). PCI is the first-line treatment for AMI patients and can restore the myocardial blood supply quickly and effectively, reduce myocardial necrosis, and increase the survival rate. However, not all AMI patients are suitable for immediate PCI. For these patients, medication must be given first to temporarily maintain vital signs. For example, when AMI patients suffer from severe shock, heart failure, severe electrolyte disturbance, or infection, medication must be applied to relieve the condition to buy time until PCI can be safely performed. Moreover, medication is a preferable option for elderly patients, those with multiple comorbidities, or those at high risk for surgery compared to PCI. Currently, medical treatment comprises Western medicine and traditional Chinese medicine. The use of Western medicine, such as antiplatelet drugs (e.g., aspirin), antianginal drugs (e.g., nitroglycerin), and anticoagulant drugs (e.g., heparin), can alleviate the clinical symptoms of patients to some extent. However, adverse drug reactions, such as gastrointestinal discomfort from aspirin, hypotension from nitroglycerin, and bleeding from heparin, should not be overlooked. In contrast, traditional Chinese medicine offers advantages such as multiple therapeutic effects, multiple targets, and minimal toxic and side effects. Therefore, the treatment of AMI using traditional Chinese medicine has become a focus of research.
As a food source and medicinal plant, garlic is a traditional Chinese medicine that has been used in China and Southeast Asia for thousands of years (Khatua et al., 2013). Garlic has beneficial effects on a wide spectrum of diseases, including cancer, diabetes, microbial infections, and immunological disorders. Recent studies have shown that garlic and its active ingredients have potential therapeutic effects on cardiovascular diseases, including arrhythmia (Sungnoon et al., 2008; Fattahi et al., 2013), hypertrophy (Bradley et al., 2016; Zhu et al., 2018; Mocayar et al., 2020), hypertension (Cui et al., 2020), hyperlipidemia (Chan et al., 2013), and atherosclerosis (Lei et al., 2010). However, their protective effects on AMI have rarely been studied, and only a few studies are available (Xu et al., 2020). We previously demonstrated that allicin, the main active ingredient of garlic, plays an antiapoptotic and antifibrotic role in myocardial ischemia (Cui et al., 2022; Ma et al., 2017). Thus, the present study aimed to further determine the protective effects of allicin on AMI and explore the underlying mechanisms involved. The results showed that allicin exerted significant anti-AMI effects on the AMI rat model, as evidenced by reduced myocardial necrosis, improved heart function, reduced myocardial enzyme levels, and improved pathological morphology of myocardial tissue.
Because of limited research on the anti-AMI effect of allicin, there is even less evidence regarding the associated mechanisms. Only a few available studies have shown that allicin exerts its anti-AMI effects by modulating the JNK signaling pathway and inhibiting cardiomyocyte apoptosis induced by Ca2+ overload through the PI3K/GRK2/PLC-γ/IP3R signaling pathway (Gao et al., 2021). Numerous studies have indicated that Ca2+ overload in cardiomyocytes is a critical mechanism for myocardial cell damage resulting from myocardial ischemia and adverse stimulation (Cui et al., 2022; Song et al., 2022; Zhao et al., 2016). This overload not only compromises the contractile function of cardiomyocytes but also disrupts mitochondrial energy metabolism and morphology, ultimately leading to cardiomyocyte death and severe cardiac dysfunction (Bulluck et al., 2016; Wollert and Drexler, 2010). Indeed, Ca2+ concentration in cardiomyocytes is influenced and regulated by a series of Ca2+ transport activities. During normal excitation-contraction coupling in cardiomyocytes, cell excitation initiates the opening of voltage-dependent L-type Ca2+ channels on the cell membrane, causing the influx of extracellular Ca2+ and the activation of RyRs on the SR. These RyRs, particularly the RyR2 subtype predominant in myocardial tissue, facilitate the release of Ca2+ from the SR to the cytosol. Following RyR2 activation, the SR rapidly discharges a large quantity of Ca2+, leading to a transient and significant rise in cytoplasmic Ca2+ concentration, which binds to myofilament proteins and initiates cell contraction. Conversely, decreased Ca2+ concentration results in cardiomyocyte dilation. In most mammals, approximately 70% of the reduction in intracellular Ca2+ concentration is ascribed to the reuptake of SERCA2a, a Ca2+ pump primarily expressed in the heart and situated in the SR (Zhihao et al., 2020). The remaining 30% reduction is mainly due to the removal of NCX, another Ca2+ pump located on the cell membrane, while less than 1% is associated with other mechanisms (Laver, 2007; MacLeod, 2016). Notably, NCX has three isoforms (NCX1-3) in mammals. Among the three isoforms, NCX-1 plays a crucial role in cardiac contractile activity and is the subject of extensive study (Xue et al., 2023). Under physiological conditions, NCX expels one Ca2+ out of the cell while simultaneously transporting three sodium ions (Na+) into the cell. These functions are regulated by various key proteins, with CaMKII being one of the most extensively studied upstream regulators of Ca2+ transport in cardiomyocytes. The CaMK family comprises CaMK I, II, IV, and K (Wayman et al., 2011), with CaMKII primarily engaged in cardiomyocyte Ca2+ transport (Reyes Gaido et al., 2023). On the one hand, CaMKII promotes the release of Ca2+ from the SR during the systolic period and facilitates SR Ca2+ leakage during the diastolic period by phosphorylating RyR2 (Wei et al., 2023), ultimately leading to reduced SR Ca2+ capacity and impaired cardiomyocyte contractile function. Conversely, CaMKII regulates SERCA2a activity by facilitates the phosphorylation of its downstream protein phospholamban (PLB), consequently contributing to the preservation of cardiomyocyte contraction function by enhancing Ca2+ reuptake and augmenting the Ca2+ storage capacity of the SR (Hu et al., 2020). CaMKII has two diametrically opposite pharmacological effects on activating RyR2 and SERCA2a. At present, most scholars believe that CaMKII-mediated activation of RyR2 rather than SERCA2a plays a dominant role under pathological conditions (Mattiazzi and Kranias, 2014).
In this study, we measured cardiomyocyte systolic dynamics, the amplitude and velocity of Ca2+ concentration changes, the Ca2+ capacity of the SR, the Ca2+ leakage level of the SR, the removal velocity of the NCX and the reuptake velocity of the SERCA. We also utilized Western blotting to assess the expression of key Ca2+ transport proteins. After AMI, the amplitude of cardiomyocyte contraction decreased, the amplitude and velocity of Ca2+ concentration changes decreased, the Ca2+ capacity of the SR decreased, the Ca2+ leakage level of the SR increased, the reuptake of SERCA decreased, Ca2+ removal of the NCX decreased, the expression of p-CaMKII, p-RyR2, and NCX-1 increased. After the administration of allicin, all of the above indicators improved significantly. These results suggested that Ca2+ transport disturbance and abnormal contractile function of cardiomyocytes are significant pathological characteristics of AMI and are caused by decreased Ca2+ efflux, decreased Ca2+ pool reuptake, decreased Ca2+ pool capacity, and increased Ca2+ leakage after AMI. Allicin protects against AMI by correcting the disturbance of Ca2+ transport. Furthermore, a puzzling phenomenon was observed in the present study; that is, TauNCX was significantly elevated in the model group compared with the sham group, while the expression of NCX-1 was significantly upregulated according to the Western blot results. An increase in the TauNCX indicates that NCX needs a longer time to excrete Ca2+ to regulate the intracellular Ca2+ concentration; in other words, the efficiency of NCX excreting Ca2+ from the cell is reduced. This phenomenon seems paradoxical with the increased expression of NCX-1. In fact, NCX is a bidirectional transporter with two modes of operation: Ca2+ efflux and Ca2+ influx. Under physiological conditions, NCX primarily operates in Ca2+-efflux mode, pumping one Ca2+ out of the cell while transporting three Na+ ions into the cell. Conversely, under pathological conditions, NCX switches to a Ca2+-influx mode, pumping one Ca2+ into the cell and three Na+ ions out of the cell (Valentim et al., 2022; Rose et al., 2020). Thus, our above confusion may be explained by the following: under AMI conditions, the compensatory increase in NCX-1 expression due to the decrease in Ca2+ reuptake by SERCA, but NCX activity is dominated by Ca2+ influx. Therefore, the Ca2+ efflux function of NCX was greatly weakened, and Ca2+ removal from the cell took longer, which was reflected by the increase in TauNCX. The above speculation is supported by other studies; that is, both the expression of NCX-1 and the activity of NCX in Ca2+-influx mode are stronger under pathological conditions such as ischemia/reperfusion injury, arrhythmia, and heart failure (Matsumoto et al., 2003; Pott et al., 2011).
It is widely recognized that the consumption of raw garlic leads to an unpleasant odor in the oral cavity due to the presence of H2S. Previous research has indicated that other sulfur-containing compounds in garlic, such as diallyl disulfide (DADS) and S-allylcysteine (SAC), exhibit cardiovascular activities, including anti-myocardial ischemia and blood pressure reduction, by promoting H2S production (Bradley et al., 2016; Wen et al., 2018). Additionally, H2S and H2S donors, such as sodium hydrosulfide (NaHS) and sodium sulfide (Na2S), exhibit definite cardiovascular effects, including blood pressure reduction, atherosclerosis prevention, alleviation of pulmonary hypertension, and anti-myocardial ischemia (Cui et al., 2020; Li et al., 2019; Zhang et al., 2020). Consequently, we hypothesize that allicin, similar to other sulfur-containing compounds, can induce H2S production in vivo; thus, inhibiting myocardial ischemia through the regulation of Ca2+ transport. To substantiate this hypothesis, we observed whether the effects of allicin are decreased or eliminated when H2S production is inhibited by H2S synthase inhibitors. In mammalian systems, endogenous H2S production is primarily facilitated by three H2S synthases, namely, cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST) (Li et al., 2016). However, there is debate surrounding the tissue specificity of these three enzymes. For example, it is widely believed by most scholars that CSE is primarily expressed in the mammalian cardiovascular and respiratory systems, particularly in the vascular endothelium and cardiomyocytes (De Luca et al., 1974; Zhao et al., 2001). However, certain studies have demonstrated that CSE is also highly expressed in the liver, kidney, uterus, placenta, and pancreatic islets (Zhao et al., 2001; Yang et al., 2004). Regarding CBS, most scholars contend that it is primarily expressed in the central nervous system (Wang, 2012; Enokido et al., 2005), yet a few studies have indicated that it is highly expressed in cardiac tissues, liver, and kidney (Talaei et al., 2011). 3-MST is widely recognized to be expressed in all types of mammalian cells and tissues (Kimura, 2017), and is highly expressed in the brain, liver, kidney, testis, large intestine, and endocrine organs (Tomita et al., 2016). To determine the expression of H2S synthases in rat cardiac tissue, the levels of these three enzymes were evaluated through immunofluorescence staining in healthy rat myocardial tissue. The results revealed high expression of CSE and CBS, while 3-MST was scarcely expressed in the myocardial tissues of healthy rats (see Supplementary Figure S1). Consequently, we employed corresponding inhibitors of CSE and CBS to inhibit H2S production in this study. The results showed that the protective effects on AMI and the correction of Ca2+ transport disturbance caused by allicin were significantly weakened but not completely eliminated by the combination of a CSE inhibitor and a CBS inhibitor, suggesting that the mechanisms of allicin’s protective effects were related to H2S production, but there were other mechanisms unrelated to H2S. Importantly, the CSE inhibitor alone also significantly diminished the protective effects of allicin, while the CBS inhibitor alone did not significantly inhibit the protective effects of allicin. Furthermore, the strength of action of CSE inhibitors alone was equivalent to that of the combination of CSE inhibitor and CBS inhibitor. These findings indicate that allicin-mediated H2S generation is primarily mediated by CSE rather than CBS. Intriguingly, the present study revealed another noteworthy phenomenon: allicin not only elevates the levels of H2S in serum and myocardial tissues but also increases the levels of CSE and CBS, indicating that allicin not only acts as a direct H2S donor but also promotes H2S production by upregulating the levels of H2S synthases. Consequently, several questions arise. First, why does the AMI-protective effect of allicin remain largely intact when a CBS inhibitor alone is administered, despite the abundant expression of CBS in rat myocardial tissue? Furthermore, why is the protective impact of allicin not weakened by the CBS inhibitor alone, despite the inhibition of H2S production mediated by CBS, as indicated by reduced H2S levels in both serum and myocardial tissue? To some extent, a previously reported discovery may provide insight into these puzzling questions. An established CBS inhibitor known as AOAA (Zuhra et al., 2020; Petrosino et al., 2022), applied in this study, is recognized for its anti-inflammatory properties, as it inhibits the NLRP3-Caspase/IL-1β pathway. Consequently, this diminishes the area of myocardial infarction and enhances cardiac function in an AMI mouse model (Zhao et al., 2020). This revelation aids in understanding the aforementioned puzzling questions to a certain degree. Additionally, allicin can enhance H2S production either directly as a donor or indirectly by upregulating the expression of H2S synthases, CSE and CBS. However, the more effective pathway for promoting H2S production remains unclear. The specific mechanism by which allicin regulates CSE and CBS expression also requires further investigation. Future studies utilizing gene editing technology may provide deeper insights into these mechanisms and help clarify the precise role of allicin in H2S synthesis regulation.
5 CONCLUSION
In conclusion, our findings demonstrate that the anti-AMI effect of allicin can be attributed to its ability to regulate Ca2+ homeostasis in cardiomyocytes by promoting H2S generation. Therefore, the promotion of Ca2+ homeostasis and H2S production in cardiomyocytes may serve as a crucial therapeutic target for AMI, providing a novel direction for the treatment of AMI and other cardiovascular diseases associated with Ca2+ overload.
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