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Protective effect of necrostatin-1 on myocardial 
tissue in rats with acute myocardial infarction
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ABSTRACT. The aim of this study was to investigate the protective 
effect of necrostatin-1 on myocardial tissue of acute myocardial 
infarction (AMI) rats and to provide a basis for necrostatin-1 for the 
treatment of acute myocardial infarction. AMI rats (45) were established 
by ligating the anterior descending branch of the left coronary artery. 
The rats were randomly divided into the model group and necrostatin-1 
low-dose and high-dose groups. The control group rats (15) underwent 
the sham operation. The rats in the necrostatin-1 low-dose and high-dose 
groups were injected with 1 and 4 mg/kg necrostatin-1, respectively, via 
the tail vein. The rats in the control and model groups were injected 
with isometric dimethyl sulfoxide, once daily, for 3 consecutive days. 
The levels of RIP1 and RIP3 mRNA and phosphorylated protein in the 
myocardial tissue of rats were detected by real time polymerase chain 
reaction and western blot. The myocardial infarct size was detected by 
tetrazolium chloride. Compared with that in the control group, the levels 
of RIP1 and RIP3 mRNA and phosphorylated protein significantly 
increased in the myocardial tissue of model group rats, necrostatin-1 
low-dose group, and high-dose group. The levels of RIP1 and RIP3 
mRNA and phosphorylated protein in the myocardial tissue of rats in 
the necrostatin-1 low-dose and high-dose groups decreased significantly 
compared with that in the model group (P < 0.05). The levels of RIP1 
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and RIP3 mRNA in the myocardium of the high-dose group rats were 
significantly lower than those of the low-dose group rats (P < 0.05). 
The myocardial infarct sizes significantly increased in model, low-
dose, and high-dose group rats. The apoptotic level of myocardial cells 
significantly decreased in the low-dose group and high-dose group after 
treatment with necrostatin-1 but was still higher than that of the control 
group (P < 0.05). In conclusion, necrostatin-1 can inhibit myocardial 
tissue apoptosis and necrosis in acute myocardial infarct rats and has a 
protective effect on myocardial tissue.
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INTRODUCTION

Acute myocardial infarction is a common clinical cardiovascular and cerebrovascular 
disease. The incidence is sudden and the mortality is high; therefore, it has become one of the 
major diseases leading to death of cardiovascular and cerebrovascular patients (DiNicolantonio 
et al., 2015; Fordjour et al., 2015). The pathological basis of acute myocardial infarction is 
that myocardial vascular blockage causes hypoxia and ischemia in myocardial tissue, marked 
apoptosis, and necrosis of myocardial tissue, eventually disrupting the function of myocardial 
cells (Malick et al., 2014; Luo et al., 2015). Myocardial cell apoptosis is reversible, but necrosis 
is not. Myocardial cell function is difficult to recover once necrosis occurs. Hence, myocardial 
necrosis needs to be inhibited in the early stages in order to preserve the function of myocardial 
tissue. The preliminary stage of cell necrosis is thought to represent a passive cell behavior. 
However, a large number of recent studies have confirmed that necrocytosis is also regulated by 
a gene, and necrosis is known as programmed cell necrosis (Christofferson and Yuan, 2010). It 
is a cysteine-aspartic acid-dependent programmed regulatory cell death type induced by death 
receptors. Programmed cell necrosis is mainly mediated by receptor interacting protein kinase 1 
(RIP1), RIP3, and mixed series of protein kinase-like structure and protein (MLKL) (Degterev 
et al., 2005; Zhang et al., 2009; Rosenbaum et al., 2010). In recent years, a study showed that 
necrostatin-1 could significantly inhibit the kinase activity of RIP1, to block the pathway of 
programmed cell necrosis (You et al., 2008; Han et al., 2009). Based on this theory, effectively 
blocking programmed cell necrosis by necrostatin-1 may protect the myocardial tissue of acute 
myocardial infarction patients, delay myocardial cell necrosis, and provide time needed to 
save the functions of myocardial cells. Therefore, the protective mechanism of necrostatin-1 
on myocardial cells in acute myocardial infarction rats was explored in this study. The results 
provide a theoretical basis for the treatment of acute myocardial infarction.

MATERIAL AND METHODS

Acute myocardial infarction model in rats

Healthy Sprague Dawley (SD) rats (SPF grade, 180-220 g) were purchased from 
Weitong Lihua Experimental Animal Co. Ltd., Beijing, China. Chloral hydrate solution (1 mL 
100 g/L 10%) was intraperitoneally injected into 45 experimental rats. The rats were fixed on 
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the experimental table in the supine position after being anesthetized. A 24 G trochar hose was 
inserted into the trachea as tracheal intubation to assist with ventilation. An incision was made 
in the left of the median chest, and the tissues were separated layer by layer. A thoracotomy 
was performed along the fourth intercostal space. The pericardium was separated. The heart 
was exposed from the left coronary anterior descending branch. A 6.0 needle with a non-
invasive thread was used to pass through the cardiac wall and ligate (if the color of myocardial 
tissue below the ligation became shallow, the ligation was successful). The heart was quickly 
placed back into the thoracic cavity. A thoracotomy was conducted on the rats in the sham 
operation group and the left coronary artery was not ligated. The 45 rats were randomly divided 
into the model group, low-dose group, and high-dose group. Then, 1 mg/kg necrostatin-1 
(Selleckchem, Houston, TX, USA) was injected into the rats of the low-dose group via the 
tail vein. Then, 4 mg/kg necrostatin-1 was injected into the rats of the high-dose group via the 
tail vein. Isometric phosphate buffered saline (PBS) was injected into the rats of the model 
group and control group via the tail vein. After treatment for 72 h, the rats were executed. The 
heart tissue and blood were collected. This study was performed in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Animals of the National 
Institutes of Health Eighth Edition, 2010 (Bethesda, MD, USA). The animal use protocol has 
been reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) 
of Huaihe Hospital of Henan University.

RT-PCR

Myocardial tissue (0.1 g) was removed from each rat and placed in a mortar. Liquid 
nitrogen was poured, ground, and dissolved in 1 mL Trizol (Invitrogen, Carlsbad, CA, USA), 
vortexed, and mixed. Chloroform (200 µL) was added and the solution was thoroughly 
mixed. The sample was placed on ice for 15 min. The fluid was stratified. The sample was 
centrifuged at 15,000 g for 15 min. The supernatant was partially transferred to a new EP 
tube. The isometric isopropanol was added, vortexed, placed on ice to precipitate RNA, 
and centrifuged at 15,000 g for 10 min. The supernatant was discarded. Precooled 75% 
ethanol was added to wash the precipitate twice. RNase-free water was added to dissolve 
the precipitate. The sample concentration was determined. RNA was transcribed into 
cDNA using the reverse transcription kit (TaKaRa, Dalian, China) to act as the template 
for PCR. According to the RIP1 and RIP3 mRNA sequences provided by GeneBank, the 
primers were designed as follows: RIP1-F: 5'-GGGTGTTCATCCATTCTC-3', RIP1-R: 
5'-CCCAGCATCTTGTGTTTC-3'; RIP3-F: 5'-GTGGGATGATGACGACG-3', RIP3-R: 
5'-TACGACCAGAGGCATACAGG-3'; GAPDH-F: 5'-GCGGGAAATCGTGCGTGAC-3', 
GAPDH-R: 5'-CGTCATACTCCTGCTTGCTG-3'. The cDNA obtained by reverse transcription 
was diluted 1:200. The reaction system was prepared according to the following volumes 
(20 µL): 2X SYBR Green universal qPCR Master Mix (Roche, Basel, Switzerland) 10 µL; 
cDNA template 8.8 µL, upstream/downstream primers (10 µM) 0.6 µL, respectively. Then, 
they were placed in the following reaction system for amplification: Reaction conditions: pre-
degeneration: 94°C or 30 s; degeneration: 94°C for 5 s; annealing: 94°C for 30 s; extension: 
72°C for 40 s; 35 cycles, terminal extension for 5 min at 72°C. The reaction was terminated, 
and the solubility curve was constructed. Finally, the data were read directly from the real-time 
fluorescence quantitative PCR instrument (Applied Biosystems, Foster City, CA, USA).
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Western blot

Myocardial tissue (0.5 g) from rats in each group was weighed and placed in a 1.5-mL 
EP tube. Tissue lysate (300 µL) was added. Then, the myocardial tissue was homogenized using 
the electric homogenate instrument. The sample was placed on ice for 20 min and centrifuged 
at 15,000 g for 10 min. The supernatant was used to detect the total protein concentration using 
the BCA protein ELISA kit from Biyuntian Co., Shanghai, China. Loading buffer (5X) was 
added according to the sample volume and boiled in water for 10 min. Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) was conducted according to the amount of 
the total protein. When bromophenol blue ran to the edge, the electrophoresis was stopped 
and the protein on SDS-PAGE was transferred to a polyvinyl difluoride (PVDF) membrane. 
The PVDF membrane was incubated with 5% skim milk powder for 30 min, coated overnight 
with RIP1 and RIP3 rabbit polyclonal antibody (Abcam, Cambridge, UK) and GAPDH mouse 
monoclonal antibody (Abcam). The membrane was washed with PBS three times the next day 
(5 min/wash), labeled with HRP sheep anti rabbit secondary antibody (ZSGB-BIO, Beijing, 
China) at room temperature for 1 h, and washed with PBS 3 times (5 min/wash). The sample 
was photographed and scanned after the illuminating agent was added.

TTC staining

After the rats in each group were executed, the hearts were quickly removed and 
washed with PBS. The atrium and the right ventricle were removed. The left ventricle was 
left intact, placed in -20°C for 20 min, and cut into sections with the freezing microtome. 
The thickness of each section was 2 mm. The sections were placed in a preheated 37°C TTC 
staining solution and incubated at 37°C in the dark for 15 min. The myocardial tissue was 
turned over for homogeneous dyeing and washed with PBS three times. At this time, the 
infarct area was white. The non-infarct area was deep red. The different staining areas were 
measured using image processing software. Myocardial infarct size = (infarct size/myocardial 
area x myocardial weight of the section)/left ventricular weight 100X.

Statistical analysis

All data were analyzed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). 
The measurement data are reported as means ± SD. The enumeration data was analyzed using 
the chi-square test. The two-two comparison among groups was analyzed using the least 
significant difference method. P < 0.05 was considered statistically significant.

RESULTS

Comparison of RIP3 and RIP1 mRNA levels in myocardial tissues of rats in each 
group

The RIP3 and RIP1 mRNA primer specificities were satisfactory and there was good 
consistency in the amplification curves. Fluorescence quantitative PCR analysis results are 
shown in Figure 1. Compared with that in the control group, the levels of RIP1 and RIP3 
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mRNA in the model group, low-dose group, and high-dose group rats significantly increased 
after the model was established. The difference was statistically significant (P < 0.05). The 
levels of RIP1 and RIP3 mRNA significantly decreased in rats in the low-dose and high-dose 
groups after treatment with necrostatin-1 (P < 0.05). Among them, the decrease in the high-
dose group was more significant than that of the low-dose group (P < 0.05).

Figure 1. Comparison of RIP3 and RIP1 mRNA levels in myocardial tissue of rats from each group. A. Comparison 
of RIP1 mRNA in the heart tissue of four groups; B. Comparison of RIP3 mRNA in the heart tissue of four groups.

Comparison of RIP1 and RIP3 protein levels in myocardial tissue of rats in each 
group

The levels of phosphorylated RIP1 and RIP3 proteins increased significantly in the 
myocardial tissue of the model group, low-dose group, and high-dose group compared to that 
in the control group. The difference was statistically significant (P < 0.05). After treatment with 
necrostatin-1, the levels of phosphorylated RIP1 and RIP3 proteins significantly decreased in 
the myocardial tissues of rats in the low-dose and high-dose groups (P < 0.05) (Figure 2).

Figure 2. Comparison of RIP1 and RIP3 protein levels in myocardial tissue of rats from each group. A. Western 
blot showing the RIP1 and RIP3 protein expression in the heart tissue from the four groups; B. Quantitative analysis 
of RIP1 protein in the heart tissue of the four groups; C. Quantitative analysis of RIP3 protein in the heart tissue 
of the four groups.
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Comparison of myocardial infarct size

Compared with that in the control group, the myocardial infarct size increased 
significantly in the rats of the model group, low-dose group, and high-dose group. After 
treatment with necrostatin-1, the myocardial infarct size decreased significantly in the rats of 
the low-dose and high-dose group compared with the model group (P < 0.05). The myocardial 
infarct size in the high-dose group significantly decreased compared to that of the low-dose 
group (P < 0.05) (Figure 3).

Figure 3. Comparison of myocardial infarct sizes in rats from each group. A. TTC showed myocardial infarct size 
of four groups (40X); B. Quantitative analysis of myocardial infarct size in four groups.

DISCUSSION

Acute myocardial infarction refers to acute myocardial ischemic necrosis. The 
coronary artery blood supply is drastically reduced or interrupted because of coronary artery 
lesions and the corresponding myocardium experiences persistent acute ischemia, resulting 
in myocardial necrosis. It is a severe type of coronary heart disease (Jeong et al., 2013; Jutla 
et al., 2014). The pathogenesis of acute myocardial infarction is characterized by plaque 
rupture hemorrhage, thrombosis, and a sharp decrease in coronary artery blood supply. This 
induces acute and persistent ischemia and hypoxia of the corresponding myocardium due 
to coronary atherosclerotic stenosis (Kivrak et al., 2014). The study showed that persistent 
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myocardial ischemia and hypoxia caused myocardial cell apoptosis and necrosis. These two 
phenomena accompany the process of acute myocardial infarction. It is believed that apoptosis 
mainly occurs in the early stage of acute myocardial infarction and necrosis mainly occurs 
in the middle-late stage. Therefore, effectively inhibiting acute myocardial necrosis in acute 
myocardial infarction patients is important for saving myocardial cell function.

Cellular necrosis is considered a passive, disordered, and irreversible process. 
Programmed cell death consists of a series of ordered signal regulating processes triggered 
by death receptors such as tumor necrosis factor receptor (TNFR) and Fas and mediated 
by receptor interacting protein 1/3 (RIPl/RIP3) kinase. It has the morphological features of 
necrotic cells, such as increased cell size, swelling organelles, and disrupted plasma membrane 
integrity (Galluzzi and Kroemer, 2008). Necrostatin-1 is a type of alkaloid that affects RIP3 
and RIPl kinases by inducing a loss in kinase activity, inhibiting the phosphorylation of RIPl 
and RIP3, thereby inhibiting programmed cell necrosis (Xu et al., 2007; Xu et al., 2010). 
Therefore, the effect of necrostatin-1 on the myocardial tissue of acute myocardial infarction 
rats was analyzed in this study.

The results showed that the expression of RIP1 and RIP3 mRNA decreased 
significantly in the myocardial tissue of acute myocardial infarction rats after treatment with 
necrostatin-1. Necrostatin-1 can inhibit the phosphorylation of RIPl and RIP3. The expression 
of phosphorylated RIPl and RIP3 proteins was analyzed by western blotting. The results showed 
that, compared with that in the model group, the levels of phosphorylated RIP1 and RIP3 
proteins significantly decreased in rat myocardial tissue after treatment with necrostatin-1, 
suggesting that necrostatin-1 can not only decrease the levels of RIP1 and RIP3 mRNA, but 
can also effectively inhibit the phosphorylation of RIP1 and RIP3, which is consistent with the 
biological activity of necrostatin (He et al., 2009).

The most direct consequence of acute myocardial infarction is myocardial necrosis. 
Can necrostatin-1 significantly affect the myocardial infarct size in acute myocardial infarction 
rats? The curative effect of necrostatin-1 was analyzed by TTC staining. The results showed 
that a large area of white infarcted area occurred in the myocardial tissue of rats in the model 
group after TTC staining. After treatment with necrostatin-1, the size of the infarcted white 
area significantly decreased, suggesting that necrostatin-1 can inhibit myocardial cell necrosis 
and protect myocardial cells from a larger area of infarction.

In conclusion, necrostatin-1 can decrease the expression of RIP1 and RIP3 mRNA 
and the phosphorylation of RIP1 and RIP3 mRNA protein, thereby inhibiting myocardial cell 
necrosis, reducing infarction area, and having a protective effect on myocardial cells.
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