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A B S T R A C T   

Background: Necroptosis, a novel form of programmed cell death wherein the necrotic 
morphology is characterized by swelling of the cells, rupture of the plasma membrane, and 
dysfunction of the organelle, has been always observed in cardiovascular diseases. Sugarcane leaf 
polysaccharide (SLP) are primary components present in sugarcane leaves that exert cardiovas-
cular protective effects. However, the positive effect of SLP and underlying mechanisms in 
myocardial ischemia-reperfusion (MI/R) remain unexplored. 
Aim: In this study, the protective effects of SLP on MI/R injury were investigated under in vitro 
and in vivo conditions. 
Methods: The protective effects of SLP on MI/R injury were assessed using tertiary butyl hydrogen 
peroxide (TBHP)–stimulated-H9c2 cells in the in vitro assay and using Sprague Dawley rats in the 
in vivo assay. 
Results: In vitro, SLP significantly reversed TBHP-induced H9c2 cell death by inhibiting nec-
roptosis and oxidative stress. SLP exerted antioxidant activity through the Nrf2/HO-1 pathway. 
SLP suppressed necroptosis by decreasing phosphorylation of RIP1, RIP3, and MLKL in TBHP- 
stimulated H9c2 cells. In vivo, SLP attenuated MI/R injury by decreasing the myocardial infarct 
area; increasing myeloperoxidase and superoxide dismutase levels; and reducing malondialde-
hyde, interleukin-6, and tumor necrosis factor-α levels.   

1. Introduction 

In recent decades, cardiovascular disease has become increasingly prevalent in China and is the leading cause of mortality [1]. 
Owing to the complexity and multi-mechanisms of cardiovascular disease and its integration with other diseases, the treatment for this 
disease has become inevitably challenging [2,3]. Myocardial ischemia, a major cause of sudden death, occurs as a result of sharp 
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decrease in the coronary artery blood flow to the heart owing to thrombosis or atherosclerosis, leading to cardiovascular disease [4]. 
Reperfusion, a process by which coronary artery blood flow to the ischemic myocardium is restored, is the most common therapeutic 
strategy. However, sudden reperfusion to the ischemic myocardium leads to oxidative stress and cell necroptosis, further exacerbating 
the injury, known as myocardial ischemia reperfusion (MI/R) injury [5–7]. MI/R injury is an intricate pathophysiological process that 
involves several mechanisms including inflammatory responses, oxidative stress, and cellular apoptosis [8–10]. Myocardial necrosis 
occurs because of prolonged myocardial ischemia and is therefore an irreversible process. After acute coronary artery occlusion, either 
partial or complete, the ischemia is restored to normal perfusion for a certain duration, while tissue injury undergoes progressive 
aggravation. A series of reperfusion-induced traumatic changes in terms of energy metabolism, electrophysiology, myocardial ul-
trastructure, and cardiac function are more prominent than ischemia-related changes; sometimes, severe cases may result in sudden 
death. Nevertheless, the mechanisms underlying the pathological development of MI/R injury are currently unclear. Mitochondrial 
reactive oxygen species (ROS) promote necroptosis and activate various molecular cascades of apoptosis, thereby aggravating MI/R 
injury [11–13]. Therefore, the management of MI/R injury should involve cessation of the increase in free radical production and 
necroptosis aggravation. 

Necroptosis is a novel form of programmed cell death wherein the necrotic morphology is characterized by swelling of cells, 
rupture of the plasma membrane, and dysfunction of organelles. This phenomenon involves several biological processes including 
immune response, inflammation, metabolic abnormalities, and embryonic development [14]. Compared with apoptosis, necroptosis 
causes fracture of the cytomembrane and the subsequent leakage of cellular contents, thereby triggering inflammation and activating 
the immune system. Although the mechanisms by which necroptosis occurs remain unclear, several necroptosis-triggered signaling 
complexes have been unraveled, in which the RIP1/RIP3 necrosome signaling complex is probably the most mature [15]. Necroptosis 
plays an important role in MI/R injury [16]. Accordingly, inhibition of necroptosis is an alternative potential treatment for MI/R 
injury. The Nrf2/HO-1 pathway is important for regulating ROS generation, and ROS always result in cellular necroptosis [17,18]. 
Therefore, effective treatment of MI/R injury involves the reduction of ROS-induced necroptosis and the regulation of the Nrf2/HO-1 
signaling pathway [19]. 

Verapamil (molecular formula: C27H38N2O4) belongs to class IV antiarrhythmic drugs. It has the potential to reduce the rate of 
depolarization automaticity in the heart during the diastolic phase by inhibiting calcium ion inflow and to slow down the impulse and 
electrical conductivity of the sinoatrial node. Moreover, it causes the peripheral blood vessels to dilate, leading to a drop in the blood 
pressure, thereby controlling the elevated blood pressure. Additionally, this drug can also control the reflex heart rate because of the 
drop in blood pressure [20]. It has a diastolic effect on the coronary artery by increasing coronary artery blood flow, improving 
myocardial oxygen supply, and inhibiting platelet aggregation [21]. Therefore, it is often used as a positive control drug in rat 
myocardial ischemia-reperfusion experiments. 

Sugarcane (Saccharum officinarum Roxb) is a perennial plant belonging to the family Gramineae; it is mainly cultivated in Guangxi, 
Guangdong, Fujian, Yunnan, and Taiwan, among which the cultivated amount of sugarcane in Guangxi accounts for more than half of 
the national quantity [22]. In addition to being an important raw material for sugar production, sugarcane has a high comprehensive 
utilization value. For example, it can be used as a source for the isolation and production of many metabolites with promising anti-
oxidant potential [23]. Sugarcane leaves contain flavonoids, organic acids, polyphenols, vitamins, polysaccharides, and other 
chemical components that can be widely used in pharmaceuticals, yeast breeding, and alcohol production [24,25]. Polysaccharides, 
which exist widely in organisms, constitute the structural components and the energy source for cells; participate in cell recognition 
and signal transduction; and regulate the metabolism, growth, and development of organisms [26]. Sugarcane leaf polysaccharide 
(SLP), one of the main components in sugarcane leaves, possesses antioxidant, antitumor, and hypoglycemic effects and exerts 
therapeutic effects on myocardial infarction in rats [27]. However, thus far, the protective mechanisms of SLP against MI/R injury 
remain unexplored. 

The present study investigated the protective effects of SLP against MI/R injury and the underlying mechanisms in vitro and in vivo. 

2. Materials and methods 

2.1. Chemical and reagents 

SLP was provided by Hou Xiaotao’s research group at the Guangxi University of Chinese Medicine (Nanning, China). (±)-Verapamil 
hydrochloride was purchased from Shanghai Macklin Biochemical Technology Co., Ltd (Shanghai, China). Tertiary butyl hydrogen 
peroxide (TBHP), MTT, and 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) were bought from Sigma-Aldrich (St. Louis, MO, 
USA). Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were obtained from Gibco Laboratories (Grand 
Island, NY, USA). Interleukin (IL)-6 and tumor necrosis factor (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits were obtained 
from Neobioscience technology (Shenzhen, China). Superoxide dismutase (SOD), malondialdehyde (MDA), and myeloperoxidase 
(MPO) detection kits were selected and supplied by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Bicinchoninic acid 
protein detection kit was supplied by Thermo Fisher Scientific (Waltham, MA, USA). Furthermore, p-RIP1 (AF7088), RIP1 (AF7877), 
p-RIP3 (AF7443), RIP3 (AF7942), p-MLKL (AF7420), and GAPDH (AF7021) were purchased from Affinity Biosciences (Cincinnati, OH, 
USA). HO-1 (#70081) and secondary antibody (#7074) were procured from Cell Signaling Technology (Beverly, MA, USA). Nrf2 
(ab137550), NQO1 (ab80588), and MLKL (ab196436) were obtained from Abcam (Cambridge, UK). 
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2.2. Drug preparation 

Sugarcane leaf samples (10 g) were ground into 60 mesh coarse powder. For extraction of the powder, 30 times the amount of pure 
water was used, and the process was repeated thrice at 100 ◦C for 2 h each time. The total filtrates were concentrated to saturation, 
after which 80 % ethanol was added to the filtrates. After 12 h, the solution mixture was centrifuged, and the precipitate was collected 
and then washed several times with ethanol, acetone, and ether. The SLP powder was obtained by vacuum-drying. The SLP con-
centration was determined as 68 % by phenol-sulfuric acid colorimetry according to a method described previously [28]. 

2.3. Cell culture 

H9c2 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and maintained in an incubator 
at 37 ◦C and 5 % CO2. The cells were cultivated in DMEM supplemented with 10 % FBS and 1 % penicillin/streptomycin. The medium 
was replenished every 2 days. 

2.4. Cell viability assay 

Cell viability was detected using the MTT assay. H9c2 cells were seeded in 96-well plates at a density of 3.5 × 103 cells per well 
overnight. Subsequently, the cells were pretreated with SLP (25, 50, and 100 μg/mL) for up to 3 h before induction with TBHP (50, 
100, and 150 μM) for 8 h. Absorbance was then determined at 570 nm using a microplate reader (BioTek, Winkowski, VT, USA). 

2.5. LDH release assay 

Cell cytotoxicity was detected using a lactate dehydrogenase (LDH) assay kit (Beyotime, Shanghai, China). This test quantifies the 
LDH released into the culture medium after TBHP-induced cell membrane damage. After treatment, the cell culture medium was 
analyzed, according to the manufacturer’s instructions. Absorbance was determined at 490 nm using a microplate reader (BioTek, 
Winkowski, VT, USA). 

2.6. Detection of ROS level 

The ROS level in H9c2 cells was measured by flow cytometry using the FITC channel. Cells were cultured overnight in 12-well 
plates at a density of 6.0 × 104 cells per well, and subsequently, they were pretreated with SLP (25, 50, and 100 μg/mL) for 3 h 
and induced with TBHP (100 μM). The ROS-sensitive dye DCFH2-DA (1 μM) was co-incubated with the cells at 37 ◦C for 30 min. The 
results were quantified using BD FACS software. 

2.7. MMP detection assay 

Mitochondrial dysfunction can induce the occurrence of cardiovascular diseases [29]. Mitochondrial membrane potential (MMP) 
was measured by JC-1 staining. In line with our previous study [30], H9c2 cells were cultured overnight in 96-well plates at a density of 
4 × 103 cells per well. After treatment, JC-1 (5 μg/mL) was co-incubated with the cells at 37 ◦C for 1 h. After staining, a fluorescence 
microscope was used to capture images. 

2.8. Immunofluorescence assay 

H9c2 cells were cultured overnight in confocal dishes at a density of 6.0 × 104 cells in each well and then pretreated with 100 μg/ 
mL SLP for 3 h and stimulated with 100 μM TBHP for 8 h. After fixation, punching, and blocking, cells in the dishes were incubated 
overnight with Nrf2 antibody (1:500 dilution) at 4 ◦C. Finally, the cells were co-incubated with a secondary antibody (AlexaFluor 488). 
Hoechst 33342 staining was performed to detect the nuclei. Fluorescence images were captured under a confocal microscope. 

2.9. Animal experiments 

The Laboratory Animal Management Ethics Committee of Guangxi University of Traditional Chinese Medicine has approved license 
to this study (approval number: DW20220526-115). According to the Guidelines for the Care and Use of Laboratory Animals of the 
Guangxi University of Traditional Chinese Medicine, all animals were taken care of humanely. Hunan Saike Jingda Experimental 
Animal Co., Ltd (Changsha, China), supplied healthy male Sprague Dawley (SD) rats (180–200 g), which were acclimated for 1 week. 
Under controlled conditions of suitable temperature (25 ◦C) and humidity (50 %), the rats were reared under standard specific- 
pathogen-free environmental conditions with a 12:12 h light-dark cycle, wherein they had free access to water and diet. 

2.10. Establishment of the MI/R SD rat model 

Chloral hydrate (10 %; 4 mL/kg) was intraperitoneally injected to rats for anesthesia induction. After successful induction of 
anesthesia, all rats were subjected to immobilization of the limbs and underwent endotracheal intubation with a needle. The needle 
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was connected to a ventilator specific for small animals. The third and fourth ribs were cut open to leave the heart almost completely 
exposed. The left anterior descending (LAD) coronary artery was ligatured at the distal one-third with 6-0 silk suture, which resulted in 
the paleness of the apex of the heart promptly. After occlusion for 30 min, the ligation was disengaged, and reperfusion was performed 
for 2 h [31]. BL-420 N biological signal acquisition and analytical system (Chengdu, China) was used to monitor and record elec-
trocardiogram (ECG) changes throughout the experiment. 

2.11. Treatments 

Conventionally, the SD rats were randomly and uniformly distributed into five groups: (1) sham-operated group: the rats were 
pretreated with an equal amount of 0.9 % normal saline (NS) at the corresponding time, and after being anesthetized, they were 
sutured under the LAD coronary artery without blocking. (2) MI/R group: the rats received 0.9 % NS at the corresponding time and the 
LAD coronary artery was sutured and occlusion was restored. (3) SLP-L group: the rats received SLP (10 mg/kg) by gavage intra-
peritoneally once daily and the LAD coronary artery was sutured and occlusion was restored; (4) SLP-H group: the rats received SLP 
(20 mg/kg) by gavage intraperitoneally once daily and the LAD coronary artery was sutured and occlusion was restored; and (5) the 
positive control medicine verapamil hydrochloride (Ver) group: the rats received Ver (20 mg/kg) by gavage intraperitoneally once 
daily and the LAD coronary artery was sutured and occlusion was restored. The drugs were pre-administered for 1 week ahead of 
modeling. The coronary artery was occluded for up to 30 min, followed by reperfusion for 2 h. After reperfusion, blood samples were 
collected from the abdominal aorta. 

2.12. Hematoxylin & eosin (H&E) staining 

The heart tissue was harvested and sequentially fixed with 4 % paraformaldehyde and embedded in paraffin. The embedded tissue 
was sliced into 4-mm-thick sections, after which they were dewaxed and hyalinized with alcohol and xylene at a gradient of con-
centration. Hematoxylin solution was then used to stain the nucleus, and the eosin solution was used to stain the cytoplasm. Histo-
pathological examination was performed using an optical microscope (DSZ5000X; UOP, China) to observe the pathological changes in 
the heart tissue slices. 

2.13. Determination of myocardial infarct size 

Both Evans blue and TTC (2,3,5-triphenyltetrazolium chloride) were used to stain and measure the myocardial infarct area (INF). 
After reperfusion, 1.5 mL of 1 % Evans blue staining was injected into the femoral vein. As an iconic manifestation, the right side of the 
heart tissue appeared blue, after which it was immediately removed and washed with NS. After processing, the sample was stored at a 
low temperature. The heart was sectioned (2 mm) and then incubated with 2 % TTC at 37 ◦C for 20 min. Biopsies that stained red with 
TTC indicated areas at risk (AARs). The nonischemic myocardium appeared dark blue when stained with Evans blue. The INF appeared 
pale after staining. The infarct size was evaluated as a percentage of INF over AAR (INF/AAR%). 

2.14. Determination of SOD, MDA, MPO, IL-6, and TNF-α 

Immediately after harvesting, the heart tissue was stored at − 80 ◦C and was homogenized using a tissue grinder. According to the 
manufacturer’s instructions, the levels of SOD, MDA, and MPO were measured using the corresponding kits [32,33]. IL-6 and TNF-α 
levels were determined using the corresponding ELISA kits. 

2.15. Western blotting analysis 

In vitro, H9c2 cells were cultured overnight in a dish and pretreated with SLP (25, 50, and 100 μg/mL) for 3 h and subsequently with 
TBHP for 8 h. In vivo, the heart tissue was harvested to detect relevant protein expression. Total protein was extracted from the cells and 
heart tissues using radioimmunoprecipitation assay buffer with 1 % phenylmethylsulfonyl fluoride and 1 % cocktail. Total protein 
concentration was determined using the bicinchoninic acid kit, according to the manufacturer’s instructions. After denaturing, the 
proteins were separated using 10 % sodium dodecyl sulfate–polyacrylamide gel electrophoresis and subsequently transferred from the 
gel onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). Then, 5 % skim milk was used to block the 
PVDF membrane for 2 h to prevent nonspecific antigen–antibody binding. The membrane was incubated with primary antibodies 
(1:1000 dilution) at 4 ◦C for 12 h. The membranes were washed with Tris-buffered saline containing Tween 20 three times and then 
incubated with secondary antibodies (1:5000 dilution) for 2 h at room temperature, after which ChemiDoc™ MP Imaging System (Bio- 
Rad, Hercules, CA, USA) was used to detect antibodies in the membrane. GAPDH was used as the housekeeping protein and Lamin B1 
was used as a housekeeping protein in the nucleus. 

2.16. Statistical analysis 

Every experiment was repeated at least three times. All data were normally distributed and expressed as mean ± standard devi-
ation. One-way analysis of variance or Student’s t-test was performed using GraphPad Prism 6.0 software. When p < 0.05, the results 
were considered to be statistically significant. 
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3. Results 

3.1. SLP attenuated TBHP-stimulated cell death in H9c2 cells 

MTT was used to detect the toxicity of SLP. Cell viability showed no significant difference between the SLP group (25, 50, and 100 
μg/mL) and the control group (Fig. 1A). Cells were induced with different concentrations of TBHP (50, 100, and 150 μM) to mimic MI/ 
R injury. Compared with the control group, cell viability in the 100 μM and 150 μM TBHP groups was significantly decreased (Fig. 1B), 
wherein 100 μM TBHP was used to stimulate cells. To detect the effect of SLP, H9c2 cells were pretreated with different concentrations 
of SLP and then exposed to 100 μM TBHP. SLP attenuated TBHP-stimulated cell death in a dose-dependent manner (Fig. 1C). SLP 
reversed TBHP-stimulated LDH release in H9c2 cells (Fig. 1D). 

3.2. SLP mitigated TBHP-induced ROS generation and MMP loss in H9c2 cells 

Under diversified pathological circumstances, ROS can cause cardiac dysfunction, which is suggestive of mitochondrial oxidative 
stress. For this reason, the DCFH2-DA probe was used to monitor ROS levels. TBHP can induce a sharp augment of ROS levels and 
promote oxidative stress [34]. ROS generation was determined using the flow cytometry assay. TBHP caused a surge of the ROS level 
when H9c2 cells were stimulated for 1 h, and SLP evidently suppressed TBHP-stimulated ROS generation (Fig. 2A and B). To conclude, 
SLP reversed TBHP-induced oxidative stress. 

MMP plays a critical physiological role in the energy storage process by oxidative phosphorylation, and its decrease suggests 
mitochondrial dysfunction [35]. TBHP led to MMP destabilization and was not conducive to the maintenance of regular physiological 
activities of cells [36]. After MMP detection through JC-1 staining, the image of H9c2 cells was viewed using a fluorescence micro-
scope. The results clearly indicated that, under physiological conditions, JC-1 existed in the mitochondria of cells in the form of 
polymer and appeared with a bright red fluorescence; however, after TBHP exposure, the JC-1 did not appear as a polymer in the 
mitochondrial matrix [37]. Therefore, the intensity of the red fluorescence had significantly reduced, whereas the intensity of the 
green fluorescence had enhanced significantly in the cytoplasm. In cells pretreated with SLP (100 μg/mL), the fluorescence intensity 

Fig. 1. SLP attenuated TBHP-stimulated cell death and LDH release in H9c2 cells. (A) Cell viability of H9c2 cells was determined by MTT after cells 
were treated with SLP at a series of concentrations up to 24 h. (B) Cell viability of H9c2 cells was measured by MTT after cells were treated with 
TBHP for a series of concentrations up to 8 h. (C) Cell viability of H9c2 cells was detected by MTT after cells were pretreated with SLP for 3 h and 
then exposed to TBHP for 8 h. (D) The LDH release level was detected by LDH kit after treatment. n = 3. nsp >0.05, ###p < 0.001, vs. the control 
group. **p < 0.01, ***p < 0.001, vs. TBHP group. 
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was markedly reversed (Fig. 2C). Collectively, SLP (100 μg/mL) could rescue TBHP-stimulated elevated ROS levels and MMP loss. 

3.3. SLP activated the Nrf2/HO-1 signaling pathway to mitigate oxidative stress injury 

The Nrf2/HO-1 signaling pathway plays a vital role in mitigating oxidative stress. Nrf2, a nuclear transcription factor, coopera-
tively modulates the elementary and derivable expression of antioxidant enzymes and phase 2 detoxification enzymes including HO-1 
and NQO-1 [17,38,39]. The results indicated that SLP remarkably promoted the protein expression of Nrf2, HO-1, and NQO-1 
(Fig. 3A–D). SLP mitigates oxidative stress injury by increasing the expression of antioxidant proteins. 

MDA is a product of lipid peroxidation with cytotoxicity and reflects the potential antioxidant ability of the body. It is not only 
directly related to the intensity and rate of lipid peroxidation but also indirectly related to the degree of damage due to tissue per-
oxidation. Compared with the control group, MDA levels in the TBHP group evidently increased and SLP reversed these effects 
(Fig. 3E). 

SLP upregulated nuclear translocation of Nrf2. The transcription factor Nrf2 regulates the expression of antioxidant genes including 
HO-1 [40]. To investigate the particular mechanism by which SLP exerts protective effects to mitigate oxidative stress through the 
Nrf2/HO-1 signaling pathway, western blotting and immunofluorescence analyses were performed to monitor the nuclear 

Fig. 2. SLP mitigated TBHP-induced ROS generation and MMP loss detected by flow cytometry and fluorescence microscopy images. (A) Cells were 
pretreated with SLP (25, 50, and 100 μg/mL) for 3 h and stimulated with TBHP (100 μM) for 1 h. Afterward, H9c2 cells were stained with DCFH2-DA 
(1 μM) for 30 min to monitor ROS level. (B) Statistical analysis of the ROS level in each group. (C) Pretreated with SLP (100 μg/mL) for 3 h and 
stimulated by TBHP (100 μM) for 2 h, H9c2 cells were stained with JC-1 (5 μg/mL) for 1 h and relevant photographs were captured under a 
fluorescence microscope. Scale bar: 5 μm, n = 3. ###p < 0.001, vs. the control group. ***p < 0.001, vs. TBHP group. 
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translocation of Nrf2. SLP promoted the translocation of Nrf2 from the cytoplasm into the nucleus, which suggested that SLP activated 
Nrf2 and occupied an important position against oxidative stress (Fig. 4A and B). Compared with the TBHP stimulation group, the SLP 
group showed increased expression of the Nrf2 protein in the nucleus but reduced expression in the cytoplasm, consistent with the 
results of immunofluorescence analysis (Fig. 4C). 

3.4. SLP alleviated TBHP-stimulated cell necroptosis through the RIP1/RIP3/MLKL signaling pathway 

The RIP1/RIP3/MLKL signaling pathway is involved in the regulation of necroptosis [41]. Compared with the control group, TBHP 
promoted phosphorylation of RIP1, RIP3, and MLKL, while SLP reversed this effect (Fig. 5A–D). In conclusion, SLP ameliorated 
TBHP-stimulated necroptosis. 

3.5. SLP attenuated MI/R injury and ameliorated cardiac function in SD rats 

ECG was used to monitor the cardiac function of rats in each stage of MI/R injury. Ischemia resulted in the apparent elevation of ST 
segment in all rats, but reperfusion gradually reduced it (Fig. 6A). Compared with the MI/R group, ECG of the SLP-treatment group and 
Ver-treatment group taken after 2 h showed that reperfusion ameliorated the condition. The degree of damage due to myocardial tissue 
peroxidation was assessed using H&E staining. The results indicated that the sham-operated group showed normal observations, 
indicated by the absence of bleeding or neutrophil infiltration. However, the myocardium was severely damaged after MI/R injury at 

Fig. 3. SLP mitigated oxidative stress through the Nrf2/HO-1 signaling pathway in H9c2 cells. (A) H9c2 cells were pretreated with SLP (25, 50, and 
100 μg/mL) for 3 h, respectively, and then exposed to TBHP (100 μM) for 8 h. The expression of Nrf2, HO-1, and NQO-1 proteins was detected by 
using western blotting. (B–D) Statistical analysis of protein expressions of Nrf2, HO-1, and NQO-1. (E) MDA level in each group was determined 
using MDA kits. n = 3. ##p < 0.01, ###p < 0.001, vs. the control group. ***p < 0.001, vs. TBHP group. 
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the ischemic area, where myocardial fibers dissolved and congregated with inflammatory cells such as neutrophils. SLP and Ver 
recovered myocardial injury resulting from MI/R (Fig. 6B). To evaluate the protective effect of SLP on MI/R injury, we performed 
Evans blue and TTC double staining to measure the myocardial infarct size. Compared with the MI/R group, the SLP-L and SLP-H 
groups showed a significant decrease in the INF/AAR ratio, which suggested that SLP could diminish the myocardial infarct area 
(Fig. 6C and D). 

3.6. SLP inhibited oxidative stress and inflammatory cytokine release in SD rats 

The mechanism of MI/R injury involves neutrophil infiltration, calcium overload, energy metabolism disorder, and other theories, 
among which the oxidative stress theory is the current hotspot topic of research [42,43]. In this study, MI/R decreased SOD activity 
and improved MDA and MPO activity, but SLP pretreatment reversed these effects (Fig. 7A–C). Additionally, TNF-α and IL-6, which are 
inflammatory cytokines in the heart tissue that are detected using ELISA kits, showed elevated levels after MI/R injury, while SLP (10 
and 20 mg/kg) could reduce the levels of these cytokines (Fig. 7D and E). 

3.7. SLP alleviated MI/R injury by diminishing oxidative stress 

The Nrf2/HO-1 signaling pathway was found to play a crucial role in the treatment of MI/R injury by diminishing oxidative stress 
[44,45]. SLP activated the Nrf2/HO-1 signaling pathway to reduce oxidative stress–induced MI/R injury. SLP increased MI/R injur-
y–induced protein expression of Nrf2, HO-1, and NQO-1 (Fig. 8). 

Fig. 4. SLP upregulated the nuclear translocation of Nrf2 in H9c2 cells. (A) H9c2 cells were incubated with SLP (100 μg/mL) and treated with TBHP 
(100 μM), and the nucleus and cytoplasmic protein expression of Nrf2 was determined using western blotting. (B) Statistical analysis was performed 
with the data of protein expression in the nucleus and cytoplasm. (C) Nuclear translocation of Nrf2 was detected, and photographs of immuno-
fluorescence analysis results were captured. n = 3. #p < 0.05, ###p < 0.001, vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001, vs. 
TBHP group. 
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3.8. SLP ameliorated MI/R injury by diminishing myocardial necroptosis 

The in vitro study indicated that SLP reversed cell necroptosis through the RIP1/RIP3/MLKL signaling pathway. In vivo, SLP 
recovered MI/R-induced necroptosis by reducing phosphorylation of RIP1, RIP3, and MLKL proteins (Fig. 9). 

4. Discussion 

MI/R injury, an immanent response to reperfusion after ischemia, is an intricate pathological process involving multiple mecha-
nisms within and outside the cellular environment, some of which are modulated by ROS [46]. The main sources of ROS are mito-
chondrial oxidation, unsaturated fatty acid oxidation, and cytochrome oxidase. When the balance between ROS production and 
clearance is disturbed, cells undergo irreversible damage, eventually undergoing apoptosis and necroptosis [47]. TBHP is a good 
alternative to unstable H2O2 and is an organic peroxide that is widely used in various studies on oxidative stress to determine ROS 
release, and it causes damage due to oxidative stress [48]. The significant increase in intracellular ROS leads to cellular necrosis [49, 
50]. Thus far, the role of TBHP stimulation in oxidative stress and cell necroptosis has rarely been explored. 

In fact, the Nrf2/HO-1 signaling pathway plays a crucial role in the treatment of oxidative stress [51]. Nrf2 cooperatively regulates 
the elementary and derivable expression of antioxidant and phase 2 detoxification enzymes including HO-1 and NQO-1. HO-1, a target 
gene of Nrf2, regulates the production and elimination of cellular ROS [52,53]. NQO-1 has a potent antioxidant effect and exerts a 
cytoprotective function [54]. During oxidative stress, Nrf2 is dissociated from Keap-1 and transported to the nucleus, where it com-
bines with antioxidant response element (ARE) and regulates the transcription of ARE-dependent phase II and antioxidant defense 
enzymes, which include NAD(P)H: quinone acceptor oxidoreductase 1 (NQO-1) as well as heme oxygenase 1 (HO-1). In this way, the 
Nrf2/HO-1 signaling pathway reduces cellular oxidative stress [55]. In TBHP-induced H9c2 cell death and in the MI/R injury rat 
model, the expression levels of the Nrf2, HO-1, and NQO-1 proteins reduced evidently, consistent with the results of a previous study 
[44]. Yet, both in vitro and in vivo results showed increased expression levels of Nrf2, HO-1, and NQO-1 proteins with SLP pretreatment. 

Necroptosis, a novel form of programmed cell death, is mainly regulated by the receptor-interacting protein kinases RIP1 and RIP3 
and the mixed lineage kinase domain–like protein MLKL. The RIP1/RIP3/MLKL signaling pathway plays a vital role in regulating 
various physiological processes and is related to myocardial damage [36,37]. When necroptosis is induced and activated, the complex 

Fig. 5. SLP alleviated TBHP-stimulated cell necroptosis through the RIP1/RIP3/MLKL signaling pathway in H9c2 cells. (A) H9c2 cells were 
incubated with SLP (25, 50, and 100 μg/mL) and then treated with TBHP (100 μM). The protein expression of p-RIP1, RIP1, p-RIP3, RIP3, p-MLKL, 
and MLKL was determined using western blotting. (B–D) Statistical analysis of the above protein expressions. n = 3. ##p < 0.01, ###p < 0.001, vs. 
the control group. *p < 0.05, **p < 0.01, ***p < 0.001, vs. TBHP group. 
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formed by RIP1/RIP3 initiates the downstream signal transduction involving MLKL, and then the MLKL signaling factor is phos-
phorylated and oligomerized by RIP3 and then translocated to the plasma membrane to stimulate necroptosis [52]. Therefore, this 
study explored the expression of this signaling pathway in MI/R injury. RIP1, RIP3, and MLKL proteins were significantly phos-
phorylated in both TBHP-stimulated H9c2 cell death and the MI/R injury SD rat model. However, SLP treatment significantly reversed 
this effect in vitro and in vivo. 

Fig. 6. SLP attenuated MI/R injury and ameliorated cardiac function in SD rats. (A) Representative ECG records in each group. (B) H&E staining for 
the determination of the injury degree of the rat myocardial tissue. (C) Iconic images were presented: normal area (blue), area at risk (AAR: red and 
white), and the infract area (INF: white). (D) The infarct area and INF/AAR ratio were quantitatively analyzed. Scale bar: 100 μm n = 3, ###p <
0.001, vs. sham group. *p < 0.05, **p < 0.01, ***p < 0.001, vs. MI/R group. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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SLP is a polysaccharide component present in sugarcane leaves. Accumulating evidence suggests that SLP possesses antioxidant 
activity and can prevent cardiovascular diseases including myocardial infarction and diabetic cardiomyopathy. In our study, SLP could 
promote the transfer of Nrf2 from the cytoplasm to the nucleus by activating the Nrf2/HO-1 signaling pathway. The antioxidant and 
detoxification enzymes (Nrf2, HO-1, and NQO-1 proteins) showed upregulated expression and could reduce ROS production and 
diminish oxidative stress injury. Excess ROS levels affected mitochondrial performance by reducing MMP, which could be mitigated by 
SLP treatment (100 μg/mL). In vivo, SLP effectively reversed MI/R injury in rats, prevented myocardial fibrinolysis and neutrophil 
infiltration, improved SOD activity in the myocardial tissue, decreased the activity of MDA and MPO induced by MI/R injury, and 
significantly inhibited TNF-α and IL-6 levels. To prevent the myocardium from undergoing injury due to operated treatment, SLP 
treatment can be used to obtain a preventive effect. In this study, SLP exerted an evident protective function in alleviating MI/R injury. 

This study has some limitations, which should be considered. The H9C2 cells in the in vitro experiments did not fully reflect the 
H9C2 cells in the in vivo experiments, and pretreatment with SLP to the MI/R rat model also had some limitations. However, the 
findings of the present study suggest that oxidative stress and necroptosis could be potential targets in clinical therapy in patients with 
myocardial infarction refusion or used in early diagnosis by detecting the related gene and protein expression of molecules involved in 
oxidative stress and necroptosis in the serum of patients with myocardial infarction. 

5. Conclusions 

This study demonstrated that SLP alleviated oxidative stress and necroptosis by modulating the Nrf2/HO-1 and RIP1/RIP3/MLKL 
signaling pathways (Fig. 10). In the in vitro experiment, SLP alleviated TBHP-stimulated cell necroptosis, MMP loss, ROS generation, 

Fig. 7. SLP inhibited oxidative stress and inflammatory cytokine release in SD rats. (A–C) SOD activity, MDA level, and MPO activity were 
determined using SOD, MDA and MPO kits. (D, E) TNF-α and IL-6 levels in the heart issue were determined by corresponding ELISA kits. n = 5, nsp 
>0.05, *p < 0.05, **p < 0.01, ***p < 0.001, vs. MI/R group. ##p < 0.01, ###p < 0.001, vs. the sham group. 
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and oxidative stress by activating Nrf2/HO-1 and inhibiting RIP1/RIP3/MLKL signaling pathways. In the in vivo experiment, SLP 
ameliorated MI/R injury by diminishing oxidative stress and necroptosis. These potential mechanisms of SLP indicated that oxidative 
stress and necroptosis may become a new focus of cardiovascular disease research and that SLP plays an important role in cardio-
vascular protection and has the potential to be developed as a new drug for the treatment of cardiovascular diseases. 
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(B–D) Statistical analysis of the protein expression of Nrf2, HO-1, and NQO-1. n = 5, ##p < 0.01, ###p < 0.001, vs. the sham group. nsp >0.05, *p <
0.05, **p < 0.01, ***p < 0.001, vs. MI/R group. 
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Fig. 9. SLP ameliorated MI/R injury-induced myocardial necroptosis by inhibiting the RIP1/RIP3/MLKL signaling pathway. After ischemia for 30 
min and reperfusion induction for 2 h, the rat hearts were harvested and cryopreserved at − 80 ◦C. To determine the related necroptosis proteins, the 
tissues were homogenized and the supernatant was collected. (A). The protein expressions of p-RIP1, RIP1, p-RIP3, RIP3, p-MLKL, and MLKL was 
measured using western blotting. (B–D) Statistical analysis of the protein expressions of p-RIP1, p-RIP3, and p-MLKL. n = 5, ##p < 0.01, ###p <
0.001, vs. the sham group. nsp >0.05, *p < 0.05, **p < 0.01, ***p < 0.001, vs. MI/R group. 

Fig. 10. Schematic diagram of the effects of SLP in cardiovascular protection. The mechanism of SLP in alleviating oxidative stress and necroptosis 
in vitro was through the Nrf2/HO-1 and RIP1/RIP3/MLKL signaling pathways. 
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