
6360

Abstract. – OBJECTIVE: At present, the inci-
dence of acute myocardial infarction is increas-
ing year by year, and it has become one of the 
diseases with the highest mortality rate in hu-
mans. Myocardial ischemia-reperfusion injury 
(MIRI) is a major problem in the treatment of 
myocardial infarction, but clinically there is no 
effective way to treat MIRI. This study used Cys-
tatin C (Cys C) to treat cardiomyocytes and rats 
to investigate the effect of Cys C on MIRI.

MATERIALS AND METHODS: We used H2O2 
to induce rat cardiomyocytes (H9c2 cells) in-
jury and stimulated the cells with Cys C. Cell 
counting kit 8 (CCK8) assay was used to deter-
mine the optimal concentration of H2O2 and Cys 
C to stimulate H9c2 cells. We determined the 
effects of Cys C on oxidative stress and apop-
tosis levels in H9c2 cells by measuring the ac-
tivity of dehydrogenase (LDH), superoxide dis-
mutase (SOD) and malondialdehyde (MDA), and 
the expression of apoptosis-related molecules 
(caspase3/8/9, Bax and Bcl-2). Changes in the 
activity of the NF-κB signaling pathway in H9c2 
cells were also detected. In addition, we made 
rat MIRI models by ligating the coronary arter-
ies and used Cys C to treat rats to verify the ef-
fect of Cys C on MIRI.

RESULTS: According to the results of the 
CCK8 assay, 1000 μM of H2O2 and 15 μM of Cys 
C were used to stimulate H9c2 cells. Cys C alle-
viated H2O2-induced H9c2 cell injury, manifested 
as a decrease in LDH and MDA activity and an 
increase in SOD activity. Cys C also reduced the 
apoptosis level in H9c2 cells. The activity of NF-
κB signaling pathway in injured H9c2 cells was 
increased, and stimulation of Cys C could inhib-
it the NF-κB signaling pathway in H9c2 cells. The 
application of Cys C in MIRI rats also verified its 
therapeutic effect on MIRI.

CONCLUSIONS: Cys C reduced the oxida-
tive stress and apoptosis levels of cardiomyo-
cytes by inhibiting the activity of NF-κB signal-
ing pathway in cardiomyocytes, thereby reduc-
ing cardiomyocyte injury and treating MIRI.

Key Words:
Cystatin C, H9c2, Myocardial ischemia-reperfusion 

injury, Apoptosis.

Introduction

Acute myocardial infarction (AMI) is one of 
the main causes of death worldwide1. Its main 
cause is the acute obstruction of coronary blood 
flow, which causes acute ischemia and hypoxia in 
the cardiomyocytes of the corresponding blood 
supply area. Timely reperfusion to restore cor-
onary blood flow is the most effective method 
to save surviving ischemic cardiomyocytes and 
reduce mortality in patients with myocardial in-
farction. Reperfusion terminates further ischemic 
injury, but it may cause fatal cardiomyocyte inju-
ry, called myocardial ischemia-reperfusion injury 
(MIRI), which together with ischemia-induced 
injury determines the final area of ​​myocardial 
infarction and the process of ventricular remod-
eling and eventually progresses to heart failure2. 
The mechanism of MIRI involved increased ox-
ygen free radical production, calcium overload, 
and inflammatory reactions caused by the activa-
tion of various immune cells3. MIRI reduces the 
therapeutic effect of reperfusion therapy in pa-
tients with AMI, so exploring the mechanism of 
MIRI is an urgent problem in the prevention and 
treatment of ischemic diseases4. The adjustment 
of endogenous protective mechanism can reduce 
reperfusion injury and improve the prognosis of 
AMI patients. The current methods of mobiliz-
ing endogenous protective mechanisms to reduce 
MIRI include ischemic preconditioning, ischemic 
postconditioning and pharmacological postcon-
ditioning5. The myocardial protective effect of 
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ischemic preconditioning was first discovered by 
Murry et al6 in 1986. This measure needs to be 
performed before ischemia. Due to the unpredict-
ability of myocardial infarction in patients, the 
clinical application of ischemic preconditioning is 
very limited6. The myocardial protective effect of 
ischemic postconditioning was first discovered by 
Zhao et al7. It is used after myocardial ischemia 
before reperfusion, but the balloon needs to be 
expanded repeatedly in the implementation pro-
cess. There may be a risk of vessel wall damage 
and plaque falling off to form microthrombus, so 
its application is also limited. Pharmacological 
postconditioning refers to a class of myocardial 
protection measures that administer drugs within 
a few minutes before or after reperfusion to reg-
ulate the endogenous protective mechanism in vi-
vo8. Its advantage is to avoid mechanical damage 
to the vascular system caused by ischemic post-
conditioning. Pharmacological postconditioning 
occurs after ischemia. It has the characteristics 
of predictability, controllability, and convenient 
operation, so it has a good clinical application 
prospect in the treatment of MIRI9. At present, 
some animal experiments have found that the use 
of various substances can reduce MIRI, such as 
bradykinin, adenoids, opioids, adrenomedullin, 
natriuretic peptide, urotensin, urothelin, leptin, 
Glucagon-like skin-1, certain endogenous lipid 
molecules (such as sphingosine-1-phosphate) and 
cytokines (such as erythropoietin)10. However, 
few effective drugs have been used clinically to 
treat MIRI. Therefore, it is of great clinical signif-
icance to find an effective MIRI drug.

Cystatin is a class of natural cysteine protease 
inhibitors that are widely distributed in organ-
isms and participate in various physiological and 
pathological processes, such as protein catab-
olism, infection and immunity, tumor invasion 
and metastasis, and so on11. Serum cystatin C 
(Cys C) is a member of the endogenous Cystatin 
superfamily. Cys C has a variety of biological 
functions, such as inhibiting cysteine peptidase, 
controlling extracellular proteolysis, regulating 
the immune system, and antibacterial and antivi-
ral activity12. It plays an important role in the me-
tabolism of peptides and proteins in cells. Studies 
have shown that the level of Cys C in serum 
increases with the severity of heart failure13. In 
addition, the level of Cys C in patients with heart 
failure who had adverse cardiovascular events 
was significantly higher than those who did not, 
indicating that the level of Cys C is closely related 
to the severity of heart disease and the prognosis 

of patients14. However, the effects of Cys C on 
cardiomyocytes have not been studied. Therefore, 
in this study, we used Cys C to treat rat cardio-
myocytes (H9c2 cells) to study the effect of Cys 
C on cardiomyocytes, and used rat MIRI models 
to verify the effect of Cys C on MIRI.

Materials and Methods

Cell Culture
H9c2 cells were used. Fetal bovine serum 

(FBS; Gibco, Rockville, MD, USA) was added to 
Dulbecco’s Modified Eagle’s Medium (DMEM; 
Gibco, Rockville, MD, USA) to configure the 
complete medium with 10% FBS. H9c2 cells were 
cultured in cell culture dishes and we changed 
the DMEM medium once every two days. All 
cell experiments were performed in a sterile 
ultra-clean bench, and cell culture dishes were 
placed in an incubator with 37°C and 5% CO2. 
H2O2 is used to stimulate H9c2 cells to induce 
cardiomyocyte injury.

Cell Counting Kit 8 (CCK8) Assay
Water-soluble tetrazolium salt-WST-8 is re-

duced to orange-yellow formazan under the ac-
tion of 1-methoxy PMS. The amount of formazan 
is directly proportional to the number of living 
cells. We first seeded H9c2 cells in 96-well plates, 
and added 100 μL of medium to each well. After 
processing the cells, we added 10 μL of CCK8 
reagent (Dojindo Molecular Technologies, Kuma-
moto, Japan) to each well and placed the 96-well 
plate in the incubator for 2 hours. The blank 
group had only medium and no cells; the control 
group had cells but no treatment. Finally, we used 
a microplate reader (Molecular Devices, Santa 
Clara Valley, MD, USA) to detect the absorbance 
(OD) of each well at a wavelength of 450 nm. Cell 
viability = (ODintervention group-ODblank group) / (ODcontrol 

group-ODblank group).

RNA Isolation and Quantitative Real 
Time-Reverse Transcription Polymerase 
Chain Reaction (RT-PCR)

H9c2 cells were digested and collected us-
ing trypsin. After discarding the supernatant 
by centrifugation (1500 rpm, 5 min), we added 
phosphate-buffered saline (PBS) to the centrifuge 
tube to wash the cells and centrifuge again (1500 
rpm, 5 min). 1 mL of TRIzol (Sigma-Aldrich, 
St. Louis, MO, USA) was added to the centri-
fuge tube for full cell lysis. After centrifugation 
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(12000 rpm, 5 min, 4°C), we collected the super-
natant and transferred them to new Eppendorf 
(EP) tubes. 200 μL of chloroform was added to 
each EP tube. After thorough mixing, we collect-
ed the supernatant by centrifugation (12000 rpm, 
5 min, 4°C) and added 500 μL of isopropanol. 
After full oscillation, precipitation is collected by 
centrifugation (12000 rpm, 5 min, 4°C). Finally, 
we washed the RNA precipitation with 75% eth-
anol and lysed the RNA with RNase-free water 
(Sigma-Aldrich, St. Louis, MO, USA). The RNA 
solution was stored in a refrigerator at -80°C.

We used a NanoDrop spectrophotometer to 
measure the RNA concentration, and then took 
1 μg of RNA based on the RNA concentration 
for reverse transcription. 5 × HiScript II qRT 
SuperMix (Invitrogen, Carlsbad, CA, USA) was 
used to reverse mRNA into complementary de-
oxyribose nucleic acid (cDNA). The reverse sys-
tem was 1 μg RNA + 4 μL 5 × HiScript II qRT 
SuperMix + RNase-free ddH2O (to 20 μL). The 
cDNA was stored at -20°C. 2 × SYBR Green 
qPCR Mix (Invitrogen, Carlsbad, CA, USA) was 
used to amplify cDNA. The system is 25 μL 2 × 
SYBR Green qPCR Mix + 2 μL DNA Template 
+ 1 μL Forward Primer + 1 μL Reserve Primer + 
21 μL ddH2O. The primer sequences are shown 
in Table I. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) expression was used as control. 
2-ΔΔCt is used to represent the relative concentra-
tion of RNA.

Immunocytofluorescence (IF) Staining
We placed cell slides in 24-well plates and 

seeded H9c2 cells into 24-well plates. After pro-
cessing the cells, we took the 24-well plate and 
discarded the medium. We washed the cells with 
cold phosphate-buffered saline (PBS) and fixed 
them with 4% paraformaldehyde for 15 minutes. 
We then treated the cells with 0.1% TritonX-100 
for 20 minutes. After washing the cells with 

PBS, we blocked the cells with 10% goat serum 
(Sigma-Aldrich, St. Louis, MO, USA) for 1 hour. 
We then discarded the blocking solution and in-
cubated the cells at 4°C with primary antibody 
dilution (caspase3, ab13847; caspase9, ab32539; 
p65, ab16502; IKKα, ab178870; IκBα, ab109300; 
Abcam, Cambridge, MA, USA) overnight. After 
washing the cells with PBS, we incubated the 
cells with fluorescent secondary antibody dilution 
(Sigma-Aldrich, St. Louis, MO, USA) for 1 hour 
in the dark. We then washed the cells with PBS 
and incubated the cells with DAPI (Sigma-Al-
drich, St. Louis, MO, USA) for 15 minutes. Final-
ly, we used Antifade Mounting Medium to fix the 
slide on a glass slide and observed the staining 
results with a fluorescence microscope (LEICA, 
Koln, Germany) in the dark.

Animals and MIRI Model
This investigation was approved by the Animal 

Ethics Committee of Guangxi Medical Univer-
sity Animal Center. A total of 20 6-week-old 
male Sprague Dawley (SD) rats were used in 
this study. Rats were purchased and bred at the 
Guangxi Medical University Experimental An-
imal Center. The rearing conditions included 
the room temperature of 22-24°C, the relative 
humidity of 40-75% and alternating light for 12 
hours. We selected littermates and divided them 
into Sham group, MIRI group, MIRI + Cys C (10 
μg/kg) (Abcam, Cambridge, MA, USA) group 
and MIRI + Cys C (20 μg/kg) group. Rats in the 
Sham group were only opened the thorax and 
ligated the coronary arteries. Rats in the MIRI 
group, MIRI + Cys C (10 μg/kg) group and MIRI 
+ Cys C (20 μg/kg) group were ligated with the 
left anterior descending coronary artery to make 
MIRI models. Rats in the MIRI + Cys C (10 μg/
kg) group and MIRI + Cys C (20 μg/kg) group 
were injected subcutaneously with Cys C daily 
one week before the modeling.

Table I. RT-PCR primer sequences.

	 Name	 Sense sequences (5’-3’)	 Anti-sense sequences (5’-3’)

caspase3	 GGAACGCGAAGAAAAGTG	 ATTTTGAATCCACGGAGGT
caspase8	 CACATCCCGCAGAAGAAG	 GATCCCGCCGACTGATA
caspase9	 GGAGTTGACTGAGGTGGGA	 GGAGTTGACTGAGGTGGGA
Bax	 GAGGTCTTCTTCCGTGTGG	 GATCAGCTCGGGCACTTT
Bcl-2	 AGGAACTCTTCAGGGATGG	 GCGATGTTGTCCACCAG
p65	 GGGGAAGGGAAGGAAGA	 CGACTAAAAGGACCGCAA
IKKα	 GCAAATGAGGACCAGAGC	 CGCAGGAAAGATGACCAC
IκBα	 CACCAACTACAACGGCCACA	 TTCAACAGGAGCGAGACCAG
GAPDH	 ATGGCTACAGCAACAGGGT	 TTATGGGGTCTGGGATGG
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After weighing the rats with an electronic bal-
ance, we anesthetized the rats by intraperitoneal 
injection using 2% sodium pentobarbital (0.25 
ml/100 g) and fixed the rats on the operating 
table. We used scissors to cut fur off the neck 
and chest of rats, and then disinfected the skin 
with iodophors. We used scissors to cut the neck 
skin down from the thyroid cartilage along the 
midline of the rat neck, and then used a hemostat 
to bluntly separate the subcutaneous tissue and 
muscle. Then, we cut the cartilage ring under 
the thyroid cartilage and insert the endotracheal 
tube. Then, we connected the ECG lead to the 
limbs of the rat and set the tidal volume of the 
ventilator to 7 ml, the respiration ratio to 3:2, 
and the frequency to 75/min. We use scissors 
to cut the skin and muscles of the left chest and 
cut the left three or four ribs. After exposing 
the heart, we opened the pericardium and found 
the left coronary artery between the left atrial 
appendage and the arterial cone. We then used 
sutures to ligate the left descending coronary 
artery. Graying of the left ventricular anterior 
wall and ST-segment elevation in ECG lead II 
indicated successful myocardial ischemia. After 
40 minutes, we loosened the suture. The dis-
appearance of cyanosis and the decrease of ST 
segment in the ischemic area of ​​the left ventricle 
indicated successful reperfusion. We then took 
rat serum and collected heart tissue.

Histology and Hematoxylin-Eosin (HE) 
Staining

After obtaining rat myocardial tissues, we 
placed them in 4% paraformaldehyde solution 
for 24 hours. Myocardial tissues were then de-
hydrated in gradient alcohol and then placed in 
turn in xylene and paraffin. We use an embedder 
to make paraffin blocks and a microtome (LEI-
CA RM2235, Koln, Germany) to make paraffin 
sections. Before HE staining, paraffin sections 
were baked in a 55°C incubator for 1 hour. We 
put paraffin sections into xylene and gradient 
alcohol in order to dewax and hydrate. After 
rinsing the sections with running water, we 
soaked the sections in hematoxylin solution 
for 1 minute. We then rinsed the sections with 
running water and differentiated them with hy-
drochloric acid alcohol. The sections were then 
placed in eosin solution for 1 minute and contin-
ued to dehydrate in gradient alcohol. Finally, we 
used a high power light microscope to observe 
the results.

2, 3, 5-Triphenyl Tetrazolium Chloride 
(TTC) Staining

We collected rat hearts and immersed them in 
1% heparinized saline at 37°C and cleaned them. 
We then perfused the hearts with 1% Evans Blue. 
Myocardial tissue in the non-ischemic area will 
gradually turn blue. The myocardial tissues were 
frozen in a refrigerator at -20°C for 20 minutes. 
We cut the myocardial tissue into 2mm thickness 
tissue pieces along the direction perpendicular to 
the longitudinal axis. We then placed the tissue 
pieces in 2% TTC solution (Sigma-Aldrich, St. 
Louis, MO, USA) and incubated them at 37°C for 
15 minutes. The blue area means the non-isch-
emic myocardial tissue; the red area means the 
ischemic and non-infarcted myocardial tissue; the 
gray-white area means the infarcted myocardial 
tissue. The sum of the red and gray-white areas 
is the danger zone. Ischemic myocardial area = 
area of the dangerous / area of the left ventricle 
× 100%; infarct range = area of the infarct area / 
area of the dangerous area × 100%.

Detection of Lactic Dehydrogenase 
(LDH), Troponin T (TnT), Superoxide 
Dismutase (SOD) and Malondialdehyde 
(MDA)

LDH and TnT are markers of myocardial in-
jury. We detected the activity of LDH and TnT 
in rat serum and the activity of LDH, MDA and 
SOD in H9c2 cell culture fluid. We collected 
rat blood and left it at room temperature for 
30 minutes. After centrifugation (8000 rpm, 5 
min, 4°C), we collected the serum and used the 
LDH detection kit (R&D Systems, Emeryville, 
CA, USA) and TnT detection kit (R&D Sys-
tems, Emeryville, CA, USA) to detect the ac-
tivity of LDH and TnT in the serum according 
to the manufacturer’s instructions. In addition, 
we collected cell culture fluid and collected the 
supernatant by centrifugation (12000 rpm, 15 
min, 4°C). We then used the LDH, MDA and 
SOD detection kit to detect activity of LDH, 
MDA and SOD.

Statistical Analysis
Measurement data are expressed as mean ± SD 

(standard deviation). We used Statistical Product 
and Service Solutions (SPSS) 20.0 (IBM, Ar-
monk, NY, USA) and GraphPad Prism 7.0 (La 
Jolla, CA, USA) statistical software for statistical 
analysis. Comparison between multiple groups 
was done using One-way ANOVA test followed 
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by Post-Hoc Test (Least Significant Difference). 
p<0.05 was considered statistically significant. 
All experiments were repeated 3 times.

Results

Cys C Increased Cardiomyocyte 
Viability and Reduced H2O2-Induced 
Cardiomyocyte Injury

To determine the effect of Cys C on H9c2 
cells, we stimulated the cells with Cys C and 
detected the cell viability by CCK8 assay (Figure 
1A). To find the optimal concentration of Cys C 
for cardiomyocyte stimulation, we used different 
concentrations of Cys C (1 μM, 5 μM, 10 μM, 
15 μM, 20 μM) to stimulate H9c2 cells. 15 μM 
was considered to be the optimum concentration 
for Cys C to stimulate H9c2 cells in subsequent 
experiments. H2O2 is used to induce H9c2 cell 
injury. We detected the effects of different con-
centrations of H2O2 on H9c2 cells through CCK8 
assay (Figure 1B). 1000 μM and 2000 μM H2O2 
can significantly reduce the activity of H9c2 cells, 
so we use 1000 μM H2O2 to stimulate H9c2 cells 

in subsequent experiments. The cells were divid-
ed into control group, Cys C group, H2O2 group 
and H2O2 + Cys C group. We detected the activ-
ity of LDH, MDA and SOD in H9c2 cells. After 
H2O2 was used to stimulate cells, the activity of 
LDH (Figure 1C) and MDA (Figure 1D) in the 
cells increased and the activity of SOD (Figure 
1E) decreased. However, stimulation of Cys C 
could lead to the opposite result. On the basis of 
H2O2 stimulation, Cys C intervention can reduce 
the damaging effect of H2O2 on H9c2 cells.

Cys C Reduced H2O2-Induced 
Cardiomyocyte Apoptosis

To further determine the effect of Cys C on 
cardiomyocyte injury, we examined changes in 
the apoptosis level of H9c2 cells. First, we detect-
ed the expression of the pro-apoptotic molecules 
caspase3 (Figure 2A) and caspase9 (Figure 2B) 
by IF staining. The results showed that Cys C 
reduced the expression of caspase3 and caspase9 
in H9c2 cells, while H2O2 increased their expres-
sion. After using Cys C to treat H9c2 cells on the 
basis of H2O2, the promotion effect of H2O2 on 
the expression of caspase3 and caspase9 was sig-

Figure 1. Cys C increased cardiomyocyte viability and reduced H2O2-induced cardiomyocyte injury. A-B, Optimum 
concentration of Cys C and H2O2 was determined by CCK8 assay; C, LDH activity in H9c2 cells; D, MDA activity in H9c2 
cells; E, SOD activity in H9c2 cells. (“*” means the difference is statistically significant, p<0.05).
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nificantly weakened. In addition, we detected the 
expressions of pro-apoptotic molecules caspase3 
(Figure 2C), caspase8 (Figure 2D), caspase9 (Fig-
ure 2E) and Bax (Figure 2F) mRNA, and an-
ti-apoptotic molecules Bcl-2 (Figure 2G) mRNA 
by RT-PCR. Cys C was found to reduce caspase3, 
caspase8, caspase9 and Bax at the mRNA level 
and promote Bcl-2 mRNA expression.

Cys C Inhibited NF-κB Signaling 
In Cardiomyocytes

NF-κB signaling pathway is an important path-
way for cardiomyocyte injury. We examined the 
expression of p65 (Figure 3A), IKKα (Figure 3B) 

and IκBα (Figure 3C) by IF staining. The results 
showed that stimulation of H2O2 increased the ex-
pression of p65 and IKKα, the key signaling mol-
ecules of the NF-κB signaling pathway in H9c2 
cells, and reduced IκBα. After using Cys C to 
treat H9c2 cells, the activity of NF-κB signaling 
pathway was significantly reduced. The results of 
RT-PCR also proved that Cys C can inhibit the 
activity of NF-κB signaling pathway at mRNA 
level (Figure 3D-3F).

Cys C Relieved MIRI In Rats
To verify the effect of Cys C on rat MIRI, 

we made rat MIRI models and treated rats with 

Figure 2. Cys C reduced H2O2-induced cardiomyocyte apoptosis. A-B, IF staining detected the expression of caspase3 and 
caspase9 (magnification: 200×); C-G, RT-PCR detected the expression of caspase3, caspase8, caspase9, Bax and Bcl-2 mRNA. 
(“*” means the difference is statistically significant, p<0.05).
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different concentrations of Cys C. HE staining 
revealed cardiomyocyte disorders in MIRI rats, 
indicating that the MIRI model was successfully 
made. After treatment of MIRI rats with Cys C, 
the morphology of cardiomyocytes was signifi-
cantly improved (Figure 4A). TTC staining de-
tected the range of myocardial infarction in rats. 
The area of myocardial ischemia (Figure 4B) and 
the range of myocardial infarction (Figure 4C) in-
creased significantly in MIRI rats, and Cys C was 
found to reduce the area of myocardial ischemia 

and myocardial infarction. We also measured 
the activity of myocardial injury markers LDH 
(Figure 4D) and TnT (Figure 4E) in rat serum. 
Cys C was shown to effectively reduce LDH and 
TnT activity in rat serum. This again proved the 
protective effect of Cys C on rat myocardium.

Discussion

Fatal cell injury due to reperfusion reduces 
the therapeutic effect of coronary recanaliza-

Figure 3. Cys C inhibited NF-κB signaling in cardiomyocytes. A-C, IF staining detected the expression of p65, IKKα and 
IκBα (magnification: 200×); D-F, RT-PCR detected the expression of p65, IKKα and IκBα mRNA. (“*” means the difference 
is statistically significant, p<0.05).
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tion in patients with ischemic heart disease. 
It is of great clinical significance to further 
study the mechanism of MIRI and explore 
strategies to alleviate MIRI15. Pharmacological 
postconditioning is an effective cytoprotective 
mechanism, which has better clinical applica-
tion prospects than preconditioning8. We used 
H9c2 cells and SD rats in this study. First, we 
successfully induced cardiomyocyte injury us-
ing H2O2. The intervention of Cys C increased 
the H9c2 cells viability, reduced the activity 
of LDH and MDA in cardiomyocytes and in-
creased the activity of SOD, indicating that Cys 
C can reduce the cardiomyocytes injury induced 
by H2O2. Therefore, the apoptosis level of H9c2 
cells also changed accordingly. The pro-apop-
totic molecules (caspase3, caspase8, caspase9 
and Bax) of H2O2 stimulated cardiomyocytes 
increased significantly, while the anti-apoptotic 
molecules (Bcl-2) decreased significantly. Cys 
C stimulated cardiomyocytes had a relatively 
low level of apoptosis and Cys C inhibited 
the pro-apoptotic effect of H2O2. The NF-κB 
signaling pathway is an important pathway 
leading to the occurrence and development of 
MIRI. The activity of NF-κB signaling path-

way in H2O2 stimulated cardiomyocytes was 
also significantly increased, while the activity 
of NF-κB signaling pathway was significantly 
inhibited in Cys C stimulated cardiomyocytes, 
which may be an important mechanism for 
Cys C to protect cardiomyocytes. Finally, we 
used Cys C in a MIRI rat model to verify its 
therapeutic effect on MIRI. Histological and 
molecular biological experiments have verified 
the alleviating effect of Cys C on MIRI.

Myocardial apoptosis is one of the important 
causes of myocardial infarction and MIRI16. 
Cardiomyocytes are terminally differentiated 
cells and cannot be regenerated17. The de-
crease of cardiomyocytes caused by apopto-
sis is considered to be the main reason for 
the continuous decline of ventricular function 
during ischemia-reperfusion and the patholog-
ical basis for the development of the heart 
from compensatory hypertrophy to patholog-
ical hypertrophy18. The morphological char-
acteristics of apoptosis are vesicularization, 
cell shrinkage, nuclear division, and chroma-
tin condensation. Activation of caspase family 
members is its main biological characteristic. 
Signal transduction pathways of apoptotic cells 

Figure 4. Cys C relieved MIRI in rats. A, HE staining of rat myocardium (magnification: 200×); B-C, TTC staining detected 
the ischemic myocardial area and infarct range; D, LDH activity in rat serum; E, TnT activity in rat serum. (“*” means the 
difference is statistically significant, p<0.05).
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can occur through extrinsic (death receptor) 
and intrinsic (mitochondrial) pathways, and 
there are multiple biochemical and function-
al connections between the two pathways19. 
Extrinsic or death receptor pathways include 
death receptors composed of TNFR family 
members (TNFR1/2, Fas and DR3/4/5), and 
their related ligands (TNF-α, FasL, TRAIL 
and TWEAK). The ligands induce receptor ac-
tivation, which in turn forms a death-inducing 
signal complex with the death domain-con-
taining linker proteins FADD and TRADD, 
activating caspase8 and caspase3. Caspase3 
can hydrolyze various cellular proteins and 
cause apoptosis20. Bcl-2 family proteins control 
intrinsic pathways of apoptosis. Anti-apoptotic 
proteins Bcl-2 and Bcl-xL are localized on the 
outer membrane of mitochondria and inhibit 
the release of pro-apoptotic proteins such as 
cytochrome C. The pro-apoptotic members of 
the Bcl-2 family, Bad, Bid, Bax and Bim, are 
located in the cytoplasm21. Various apopto-
sis-stimulating signals, such as hypoxia and ra-
diation, cause Bax protein to shift to the outer 
membrane of the mitochondria and polymerize 
to form membrane channels, which stimulates 
the mitochondria to release cytochrome C and 
Smac. Cytochrome C and caspases9 can form 
apoptotic bodies, leading to the downstream 
cascade reaction. Smac regulates apoptosis by 
promoting this cascade reaction. The ratio of 
Bcl-2/Bax protein is one of the important fac-
tors determining the sensitivity of apoptosis. 
When Bcl-2 level is higher than Bax, cells 
are not sensitive to apoptosis, otherwise cells 
are prone to apoptosis. Pro-apoptotic Bcl-2 
family members are up-regulated in ischemic 
cells. Bax activation, translocation, and inte-
gration into the mitochondrial membrane can 
also occur22. Cardiomyocyte apoptosis plays 
a dominant role in the pathogenesis of MIRI 
and is also the main cause of persistent myo-
cardial dysfunction after reperfusion23. The in-
crease of cardiomyocyte necrosis rate is related 
to the duration of myocardial ischemia, and 
continuous ischemia and reperfusion can in-
duce cardiomyocyte apoptosis. Especially after 
reperfusion, the supply of oxygen and glucose 
is restored, which provides the energy required 
for apoptosis, and a large number of oxygen 
free radicals are generated, which accelerates 
the occurrence of apoptosis24. Inhibiting car-
diomyocyte apoptosis can reduce the infarct ar-
ea by 50-70% and reduce the incidence of car-

diac dysfunction after ischemia-reperfusion25. 
In H9c2 cells, Cys C effectively inhibited the 
expression of the caspase family and increased 
Bcl-2/Bax. In addition, the increase in SOD 
activity and the decrease in MDA activity also 
confirmed the antioxidant effect of Cys C on 
H9c2 cells.

NF-κB signaling pathway plays a key role 
in the MIRI process. It has been observed 
on an in vitro heart model that simple short-
term ischemia of the heart can cause a rapid 
increase in NF-κB activity, while short-term 
ischemia plus ischemia-reperfusion can fur-
ther increase NF-κB activity. This showed that 
NF-κB is a fast-expressing gene for cardiac 
stress response26. Functional NF-κB binding 
sequences are widely found in promoters and 
enhancers of cytokines and adhesion mole-
cules such as TNF-α and ICAM-1. The ac-
tivation of NF-κB leads to the expression of 
the above genes, and the TNF-α and ICAM-1 
produced by transcription can directly cause 
damage to vascular endothelial cells and car-
diomyocytes27. Currently, TNF-α, in addition 
to having direct effects on local tissues and 
cells, also induces the expression of a variety 
of adhesion molecules in vascular endothelial 
cells and cardiomyocytes, and mediates the 
adhesion of leukocytes to vascular endothelial 
cells. Leukocytes migrate out of blood vessels, 
adhere to cardiomyocytes, release cytotoxic-
ity, and damage myocardium. Reducing the 
secretion of TNF-α and ICAM-1 is beneficial 
to myocardial cells27. In short, the NF-κB sig-
naling pathway indirectly mediates the binding 
of leukocytes and vascular endothelial cells, 
which is a key step in MIRI. We found a de-
crease in the activity of the NF-κB signaling 
pathway in H9c2 cells treated with Cys C. This 
is the key to the treatment of MIRI by Cys 
C. Through this study, we hope to clarify the 
protective effect of Cys C on cardiomyocytes 
and the therapeutic effect on MIRI, so as to 
provide a new method and theoretical basis for 
clinical MIRI treatment.

Conclusions

Cys C was found to reduce H2O2-induced 
cardiomyocyte injury. By inhibiting the activity 
of the NF-κB signaling pathway, Cys C reduced 
the oxidative stress and apoptosis levels in H9c2 
cells, thereby alleviating H9c2 cell injury. In 
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addition, the results of in vivo experiments also 
verified the therapeutic effect of Cys C on MIRI 
rats.
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