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Abstract

New Potent Inhibitor of Necrotic Cell Death 

: Novel Therapeutic Potential of Necrosis Inhibitor Against 

Myocardial Ischemia-Reperfusion Injury

  Ji-Hyun Kim 

   Department of MMBS

 The Graduate School 

 Seoul National University

Introduction: Reperfusion, although essential for salvage of 

ischemic myocardium, paradoxically causes a wide variety of 

injuries. The opening of the mitochondrial permeability pore and 

Ca
2+

overload contribute to myocardial I/R injury. In this study, we 

investigated the protective role of a novel necrosis inhibitor 

against myocardial ischemia-reperfusion (I/R) injury, using in 

vitro and in vivo models.

Methods: H9C2 cardiomyoblasts and neonatal rat cardiomyocytes 

were exposed to hypoxia-reoxygenation injury after pretreatment 

with dimethyl sulfoxide (vehicle), necrosis inhibitor (NecX), 

antioxidant (vitamin C, E or combination, or N-acetyl cysteine) 

or apoptosis inhibitor (Z-VAD-fmk). We analyzed the pathways 

and mechanisms of cell death, mitochondrial membrane potential 

and mitochondrial Ca
2+

level. Using Sprague-Dawley rats exposed 

to myocardial ischemia for 45 minutes followed by reperfusion, 

we compared the in vivo therapeutic efficacy of NecX and 

cyclosporine A (CsA) with 5% dextrose (control), each 

administrated 5 minutes before reperfusion. 
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Results: Protection of cell death from hypoxia-reoxygenation 

stress was mainly achieved by NecX, inhibitor of necrosis, but 

not by Z-VAD-fmk, inhibitor of apoptosis (necrotic cells in 

NecX, 13.5±1.9%; vehicle, 44.1±3.1%; Z-VAD, 40.1±3.6 %, p = 

0.049).  This powerful cell protection effects of NecX was based 

on its potent ROS scavenging activity and inhibitory effect on 

ROS-generating enzyme compared with antioxidant vitamin C or 

E or combination, or NAC. NecX preserves mitochondrial 

membrane potential, mitochondrial structure, and prevents Ca
2+ 

influx. Inhibition of necrosis by NecX was accompanied by 

reduction of phospho-p38 MAPK and phospho-JNK (signals of 

mitochondrial ROS), and decrease of HMGB1 (an early mediator 

of I/R injury). In vivo model, Pretreatment with NecX markedly 

inhibited myocardial necrosis {NecX=7.8±7.8%: CsA=32.3±5.1%: 

control=65.4±2.4%: (p=0.041 NecX vs CsA) (p=0.017 NecX vs 

control)}, reduced the fibrotic area {NecX= 4.8±0.9%; 

CsA=18.8±1.3%; control=25.7±1.6%, (p=0.006, NecX vs CsA) 

(p=0.011, NecX vs control) and attenuated the release of cardiac 

enzymes. Additionally, NecX preserved systolic function {LVEF at 

14
th
day; NecX=57.9±2.4%; CsA=46.7±3.0%; control=44.6±1.9%, 

(p=0.012, NecX vs CsA) (p=0.008, NecX vs control)} and 

prevented pathologic dilatory remodeling of left ventricle {LVESD 

at 14
th
day; NecX=4.6±0.3mm; CsA=5.6±0.3mm; control= 

6.3±0.2mm, (p=0.075, NecX vs CsA) (p=0.003, NecX vs 

control)}.

Conclusion: The novel necrosis inhibitor has a significant 

protective effect against myocardial I/R injury, indicating that it is 

a promising candidate for cardioprotective adjunctive therapy with 

reperfusion in patients with myocardial infarction.

----------------------------------------
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Introduction

Despite tremendous progress in the treatment of myocardial 

infarction (MI), the mortality and morbidity of MI is still one of 

the most important health-care problems (1). After appropriate 

revascularization therapy to treat infarction itself, reperfusion 

injury might occur, causing a wide variety of injuries to the 

myocardium (2). Although the net effect of reperfusion is a 

reduction in infarct size, the introduction of blood flow into an 

ischemic zone generates reactive oxygen species (ROS), calcium 

ion (Ca
2+

)influx, and a rapid correction of acidosis, all of which 

induce the opening of the mitochondrial permeability transition 

pore(mPTP)(3). Therefore, during reperfusion, a damaged 

myocardium suffers additional cell death and increasing infarct 

size, known as myocardial ischemia-reperfusion (I/R) injury.

Necrosis, the main mechanism of cell death during I/R injury to 

the myocardium, is an uncontrolled cell death, a pathologic 

condition accompanying inflammatory responses (4,5). Although 

necrotic cell death plays important roles in various disease 

conditions, quantitative measurement of necrosis is difficult due to 

the paucity of surrogate markers and molecular targets, limiting 

this research.

The newly developed necrosis inhibitor (NecX) has a broad 

spectrum of applications against necrotic insults (6). NecX 

scavenges mitochondrial ROS and reactive nitrogen species 

(RNS), thereby blocking necrotic cell death (7-9). This new 

chemical inhibits a mitochondrial Ca
2+ 

uniporter and protects 

mitochondria from hypoxia-reoxygenation injury(10). It also 

prevents the release of high-mobility group box 1 (HMGB1) 
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protein (11).

The aim of this study was to confirm the protective role of this 

novel necrosis inhibitor against myocardial I/R injury using in 

vitro and in vivo models through anti-necrosis pathway. In 

addition, we investigated whether the treatment with NecX 

preserves cardiac function and geometry against myocardial I/R 

injury more than does CsA, the current drug of choice.
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Methods 

Material: Necrosis Inhibitor

The novel necrosis inhibitor, NecroX, is a newly synthesized 

indole-derived chemical by LG Life Science (Seoul, Korea). 

Based on preliminary experiments of various compounds in the 

NecroX series, we chose NecroX-7 (C25H32N4O4S2) considering 

its efficacy, stability and bioavailability.

In Vitro Models

Cell Culture and Conditioning

H9C2 rat cardiomyoblasts and primary cardiomyocytes from 

neonates of Sprague-Dawley rats were used. The cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. Cultures proceeded when the confluence 

was about 80~90%. A day before the experiment, the cells were 

seeded into 35 mm and 150 mm dishes. When the confluence was 

about 80%, the media were changed to DMEM with 0.5% FBS and 

antibiotics, and then cells were exposed to hypoxia for 24 hours. 

At 23.5 hours, cells were pretreated with one of the following 

treatments: 0.01% dimethyl sulfoxide (DMSO); NecX 20 μM; 

vitamin C, 10 μM or 20 μM; vitamin E (trolox) 20 μM; a 

combination of vitamin C, 10 μM, and vitamin E, 20 μM; 

N-acetylcysteine (NAC) 250μM or Z-VAD-fmk 20 μM. Then, 

the cells were exposed to H2O2 and incubated at 37˚C for 

90minutes, following the traditional and relevant method to 

simulate I/R injury in vitro (12,13).
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FDA/PI Staining and Cell Counting 

H9C2 cardiomyoblasts and neonatal rat cardiomyocytes cultured 

in the 35 mm dishes were stained with fluorescein diacetate 

(FDA) and propidium iodide (PI) (Sigma-Aldrich, St Louis, MO). 

After rinsing the cells with PBS, 4.5 μL of FDA solution (5 

mg/mL) and 4 μL of PI solution (2 mg/mL) were added to 1.5 

mL of cell media. We analyzed FDA/PI stained images by 

fluorescent microscope. Viable and dead cells were counted using 

image analysis system (ImagePro version 4.5, Media Cybernetics, 

Bethesda, MD).

Flow Cytometric Analysis of Necrotic and Apoptotic 

Cells 

We identified apoptotic and necrotic cells by flow cytometric 

analysis, using FITC Annexin V Apoptosis Detection Kit 1 (Cat 

No.556547; BD Pharmingen, San Diego, CA). Cells seeded in 35 

mm dishes were used for controls, single and double staining with 

PI and Annexin V-FITC. After exposure to hypoxia- 

reoxygenation stress, cells were collected and spun at 2000 rpm 

for 10 minutes at 4˚C. The supernatants were discarded and the 

pellets were re-suspended in Annexin V binding buffer. Then the 

cells were stained with 5 μL of PI (50 μg/mL) and 5 μL of 

Annexin V-FITC (25 μg/mL) in the dark for 15minutes. After 

adding Annexin V binding buffer, the cells were analyzed by the 

fluorescence-activated cell sorter (FACS).

Analyses of ROS Scavenging Activity 

 The 2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich, St 
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Louis, MO) assay was used to demonstrate free radical 

scavenging activities of NecX in comparison with other 

antioxidants including vitamin C, vitamin E (trolox), tocopherol, 

epicatechin, and NAC. Briefly, a 0.2 mM solution of ethanolic 

DPPH solution was prepared. The initial absorbance of the DPPH 

in ethanol was measured at 517 nm and did not change 

throughout the period of assay. An aliquot (0.1 mL) of each 

sample was added to 0.1 ml of ethanolic DPPH solution. 

Discolorations were measured after incubation for 30 min at 

25°C in the dark. Measurements were performed at least in 

triplicate. The half maximal inhibitory concentrations (IC50) denote 

the concentration of a sample required to decrease the 

absorbance by 50%.

With the use of dihydrorhodamine 123 (DHR 123; D1054, 

Sigma-Aldrich, St Louis, MO) which is not fluorescent until 

oxidized by ROS to the highly fluorescent product rhodamine 123, 

we assessed the levels of mitochondria-selective ROS in H9C2 

rat cardiomyoblasts treated with vehicle, NecX, vitamin C, vitamin 

E, a combination of vitamin C and E, NAC, and Z-VAD-fmk. A 

50 mM DHR123 stock solution was prepared in DMSO and used 

to each sample at the final concentration of 16.6 μM. Formation 

of rhodamine 123 was monitored by confocal fluorescence 

microscopy using excitation and emission wavelengths of 488 and 

555 nm, respectively. 

Intracellular productions of ROS in H9C2 rat cardiomyoblasts 

were also examined by using 2′,7′-dichlorofluorescein diacetate 

(H2DCF-DA; Molecular Probes, Invitrogen, Carlsbad, CA) assay. 

When DCF-DA is taken up by the H9C2 cardiomyoblasts, it is 

hydrolyzed to the membrane-impermeable polar derivative H2DCF 

by intracellular esterases. Then, the non-fluorescent H2DCF is 



6

rapidly oxidized to the highly-fluorescent DCF by intracellular 

ROS. We added H2DCF-DA to the H9C2 cells 10 minutes before 

reoxygenation. After exposure to 400 μM H2O2,the cells were 

washed twice in PBS and intracellular ROS were detected. 

Fluorescence was measured by using a Cary Eclipse fluorescence 

spectrophotometer (Varian, CA, USA) with excitation wavelength 

at 485 nm and emission at 530 nm.

Inhibitory Effect on ROS-Generating Enzyme

NADPH oxidase activities were measured in the lysates of H9C2 

rat cardiomyoblasts using lucigenin-enhanced chemiluminescence. 

In brief, 2×10
5 

cells were resuspended with 50 μL of lysis 

buffer containing 20 mM KH2PO4 (pH 7.0), 1mM ethylene glycol 

tetra acetic acid (EGTA) and protease inhibitor cocktail (Complete 

; Roche Molecular Biochemicals, Mannheim, Germany). 50 μg of 

cell lysate was placed in reaction buffer composed of 50 mM 

KH2PO4, 1 mM EGTA, and 300 mM sucrose. By adding 1 mM 

lucigenin and 200 μM NADPH (Sigma-Aldrich) simultaneously, 

the reaction was started and the relative light unit (RLU) of 

chemiluminescence was measured by GLOMA2 0/20 luminometer 

(Promega, WI).

Isolation of Mitochondria

H9C2 rat cardiomyoblasts were seeded in 150 mm dishes and 

exposed to hypoxia-reoxygenation stress with different 

pretreatment conditions. Then we isolated functional mitochondria 

to measure the mitochondrial swelling. The cells were collected 

and spun at 2000 rpm for 10 minutes at 4˚C in 0.05% trypsin. 

The supernatants were discarded and the pellets were 
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re-suspended in 1 mL of PBS then spun at 2000 rpm for 10 

minutes at 4˚C. After discarding the supernatant, the pellets 

were re-suspended in 500 μL of filtered isolation buffer (IB; 10 

mM Tris-MOPS, 1 mM EGTA/Tris, 200 mM sucrose). The cells 

were lysed by forcing through a syringe and their numbers were 

counted after staining with Trypan Blue 0.4% (Cat 

No.15250-061; Invitrogen Gibco, Carlsbad, CA). When most of 

cells were lysed, the cells were spun at 600 × g for 10 minutes 

at 4˚C with no break. The supernatants containing mitochondria 

were collected and spun at 7000 × g for 10 minutes at 4˚C. 

The supernatants were discarded and the pellets containing 

mitochondria were re-suspended in 200 μL of IB. 

Mitochondrial Swelling Measurement 

After isolation, we quantified mitochondrial proteins using the 

Protein Assay Kit (Product No.23225; Thermo Scientific, 

Rockford, IL). The quantified mitochondrial proteins were placed 

in 96 well dishes and read by spectrophotometer at 513 nm.

Mitochondria Visualization

For visualization of mitochondria, H9C2 rat cardiomyoblasts 

seeded in 35 mm confocal dishes were used. We prepared 1 mM 

of MitoTracker Green FM (M7514; Molecular Probes, Invitrogen), 

dissolved in DMSO. Then the cells were rinsed with culture media 

and stained with 0.5 mM of MitoTracker Green FM and 4 μL of 

PI. After 1 hour, we visualized the shape of mitochondria by 

confocal fluorescence microscopy (LSM 710 META, Carl Zeiss, 

Peabody, MA).
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Measurement of Mitochondrial Membrane Potential 

and Ca
2+

Influx

Mitochondrial membrane potential (Δψm) was measured by the 

use of JC-1 (MP03168; Molecular Probes, Invitrogen). 

J-aggregate (the predominant form at high Δψm) emits orange 

fluorescence and JC-1monomer(the predominant form at low Δψ

m) emits green fluorescence. H9C2 cardiomyoblasts and neonatal 

rat cardiomyocytes were stained with 10 μM JC-1 for 10 

minutes at 37°C. Then, the cells were washed and placed in a 

perfusion chamber. Fluorescence was detected by laser scanning 

confocal microscopy and the Δψm in isolated mitochondria was 

evaluated by flow cytometry FL1 and FL2 channels, detecting 

JC-1 monomer and J-aggregate forms, respectively.

Mitochondrial Ca
2+ 

retention capacity, a sensitive and qualitative 

measure of the ability of mitochondria to open mPTP in response 

to accumulated Ca
2+

influx,was assessed. After incubation in 

hypoxic chamber for 24hours, cells were treated with 

MitoTracker Green FM (M7514; Molecular Probes, Invitrogen) for 

5 minutes, and then, the media was changed. NecX 20 μM or 

0.01% DMSO was treated with Rhod-2 (R1244; Molecular 

Probes, Invitrogen), a calcium indicator, for 5 minutes in room 

temperature. Immediately after the addition of 400 μM of H2O2, 

mitochondrial calcium level (Rhod-2 fluorescence) and 

mitochondrial shape were examined by confocal microscopy. 

Images were taken every 30 seconds until 20minutes.
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In Vivo Model

Animal Care

Male Sprague-Dawley rats (age, 8 weeks; weight, 270 to 360 

g) were used. All animal experiments were approved from the 

Biomedical Research Institute of Seoul National University 

Hospital and complied with the guide for the care and use of 

laboratory animals of the Institutional Animal Care and Use 

Committee.

Myocardial Ischemia-Reperfusion Injury Model

The experimental I/R model was induced by temporary ligation 

of the left anterior descending coronary artery (LAD) for 45 

minutes, followed by releasing the ligature. Rats were assigned to 

3 groups: control group (0.5 mL of 5% dextrose), CsA-treated 

group (5 mg/kg diluted in 0.5 mL of 5% dextrose, 

intraperitoneally) and NecX-treated group (1 mg/kg diluted in 0.5 

mL of 5% dextrose, intravenously), each administered 5 minutes 

before reperfusion. This dosage of NecX was selected to achieve 

physiological relevance based upon in vitro and in vivo data.

In rats that underwent measurement of the necrotic area, 

anti-myosin heavy chain (MHC) antibody (Cat No.3-48; Abcam, 

Cambridge, MA) was intravenously injected 30 minutes before 

LAD ligation. If sarcolemmal structures are damaged by I/R 

injury, anti-MHC antibody binds to the exposed myosin, enabling 

measurement of the necrotic area.

Among the rats followed for 14 days, the NecX-treated group 

was fed 30 mg/kg of oral NecX daily for three consecutive days 

after I/R injury, based upon the bioavailability and half-life.
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Histological Analysis of Infarcted Rat Heart

At 12 hours after I/R injury, 15 rats (n=5 per group) pretreated 

with anti-MHC antibody were euthanized to measure the areas of 

necrotic myocardium and cardiomyocytes, using an image analysis 

program (ImagePro version 4.5, Media Cybernetics, Bethesda, 

MD).

In 15 rats (n=5 per group), fibrotic areas were measured 14 

days after I/R injury on Masson’s trichrome-stained slides.

Functional Assessments of Infarcted Rat Heart by 

Echocardiography

In total, 30 rats (n=10 per group) underwent serial 

echocardiographic assessment before LAD ligation, 3, 7 and 14 

days after I/R injury. 

Statistical Analysis

All data were presented as means ± standard error of means 

(SEM). Kruskal-Wallis test, Mann-Whitney test, analysis of 

variance (ANOVA) with post hoc Bonferroni’s correction or 

repeated-measures ANOVA was used when appropriate. Values 

of p<0.05 were considered significant and all analyses were 

performed with SPSS version 18.0 (SPSS Inc., Chicago, IL).
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Results

Main Mechanism of Cell Death after Hypoxia- 

Reoxygenation Stress was not Apoptosis but 

Necrosis that was Prevented by the Necrosis 

Inhibitor

In order to understand the nature of cell death after 

ischemia-reperfusion injury to heart, we stained rat H9C2 

cardiomyoblasts with fluorescein diacetate (FDA) or propidium 

iodide (PI) after exposure to hypoxia-reoxygenation stress 

(Figure 1B). Dead cells were not observed after hypoxia alone or 

oxidative stress alone, whereas were abundantly observed after 

exposure to the sequence of hypoxia-reoxygenation stress. 

Vehicle-treated cells had significantly more dead cells. Similar 

result was observed in the apoptosis inhibitor (Z-VAD-fmk) 

pretreated group. Other antioxidants suppressed hypoxia- 

reoxygenation stress, but to a lesser degree than did necrosis 

inhibitor. NecX was the most effective drug against hypoxia- 

reoxygenation stress. In neonatal rat cardiomyocytes, NecX had 

the same significant protective effect (Figure 2).

Using flow cytometry analysis of Annexin-V/PI staining, we 

compared the proportions of necrotic (PI +) vs. apoptotic cells 

(Annexin-V/PI +/-) (Figure 1C). In the NecX group, 15.2 ± 

2.0% of total cells were necrotic, whereas 51.8 ± 9.1% were 

necrotic in the vehicle group (p = 0.050). Other groups did not 

show a cytoprotective effect against necrosis. In contrast, the 

minor apoptotic fraction did not significantly differ among the 

groups after hypoxia-reoxygenation stress. 
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Figure 1. Protection of cardiomyocytes against necrotic cell 

death after hypoxia-reoxygenation stress in vitro by NecX

A, Experimental protocol. B, Representative figures of fluorescein 

diacetate(FDA)/propidium iodide (PI) stained H9C2 rat 

cardiomyoblasts. Necrosis inhibitor (NecX) was the most effective 

drug against hypoxia-reoxygenation stress. Percent of dead cells 
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was lowest in NecX-treated group. * p = 0.050 vs. vehicle, † p 

= 0.050 vs. vehicle, ‡ p = 0.050 vs. vehicle, § p = 0.050 vs. 

vehicle, || p = 0.050 vs. vehicle, ¶ p = 0.050 vs. NecX, # p = 

0.050 vs. NecX, ** p = 0.050 vs. NecX, †† p = 0.050 vs. 

NecX, and ‡‡ p = 0.050 vs. NecX. 

C, Contour plots of Annexin-V vs. PI, showing necrotic cells in 

red color (PI +; upper gate) and apoptotic cells in blue color 

(Annexin-V/PI +/-; lower gate). Percent of viable, apoptotic and 

necrotic cells calculated from the results of flow cytometry 

analysis. Necrotic cells were significantly fewer in NecX-treated 

group. * p = 0.050 vs. vehicle, † p = 0.050 vs. Z-VAD-fmk. 

Bars represent the mean ± SEM from 3 independent 

experiments.
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Figure 2. The NecX protected primary rat neonatal ventricular 

cardiomyocytes from necrotic cell death after hypoxia-reoxygenation 

stress.

A, Representative figures of fluorescein diacetate (FDA)/ propidium 

iodide (PI) stained primary cardiomyocytes. NecX was the only 

effective drug against hypoxia-reoxygenation injury. B, Percent of 

dead cells was lowest in NecX-treated group. *Overall P=0.001, †

P=0.008 vs. vehicle, ‡P=0.008 vs. vitamin C, §P=0.008 vs. 

Z-VAD-fmk, ||P=0.008 vs. vehicle, and #P=0.032 vs. vitamin C; 

n=5 per group.
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We analyzed necrosis and apoptosis of H9C2 rat cardiomyoblasts 

after hypoxia-reoxygenation stress using Western blot analysis of 

apoptotic (89 kDa) or necrotic (55 kDa) fragments of 

cleaved-poly(ADP-ribose) polymerase 1 (PARP1) (Figure 3A). 

The apoptotic fragment was significantly induced by doxorubicin 

treatment, but not by hypoxia-reoxygenation stress. In contrast, 

necrotic fragment of cleaved-PARP1 was significantly induced by 

hypoxia-reoxygenation stress, which was markedly prevented by 

NecX. An increased level of cleaved caspase-3 was noted in 

cells treated with doxorubicin. However, the levels did not differ 

between the three treatment groups; NecX, vitamin C and 

Z-VAD-fmk. 

Hypoxia-reoxygenation stress in the vehicle-treated cells 

significantly increased the levels of RIP1 and RIP3 (Figure 3B), 

which was effectively reduced by NecX. More specifically, RIP3 

reduction by NecX was remarkable compared with vitamin C or 

Z-VAD-fmk. The ratio of phospho-p38 MAPK / total p38 was 

increased by hypoxia-reoxygenation stress, which was prevented 

by NecX treatment, but not by vitamin C or Z-VAD-fmk. The 

ratio of phospho-c-Jun N-terminal kinase (JNK) / total JNK was 

significantly lower in the NecX-treated cells.
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Figure 3. Activation of necrotic death and its signaling pathways 

after hypoxia-reoxygenation stress that was reversed by NecX. 

A, PARP1 (poly-ADP-ribose polymerase 1) has two cleaved 

forms; apoptotic fragment of cleaved PARP1(89 kDa) and necrotic 

fragment of cleaved PARP-1 (55 kDa). The cleaved caspase-3 

reflects apoptosis activity as well as necrosis in part. The 

necrotic fragment of PARP1 was significantly induced by 

hypoxia-reoxygenation (left), but not by apoptosis inducer 
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(doxorubicin). This necrotic fragment was significantly reduced by 

NecX. B, Western blot analyses of several key molecules involved 

in necrosis: RIP1, RIP3, phospho-p38 MAPK, total p38 MAPK, 

phospho-JNK, and total JNK. Hypoxia-reoxygenation significantly 

induced RIP1, RIP3, p38-MAPK, p-JNK, which was reversed by 

NecX more dramatically than by the other agents. Bars represent 

the mean ± SEM from 2 independent experiments.
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The Novel Necrosis Inhibitor is a Potent ROS 

Scavenger and a Strong Inhibitor of NADPH Oxidase

 In order to understand such a powerful cell protection effect of 

NecX, we compared antioxidant activity of NecX with various 

kinds of antioxidants, such as, vit-C, vit-E, their combination, 

and NAC. First, we compared scavenging activity of mitochondrial 

ROS among these antioxidants using dihydrorhodamine 123 (DHR 

123) assay, revealing that NecX was the strongest one among 

antioxidants including vit-C, vit-E, combination, and NAC (Figure 

4A). Fluorescence intensity of rhodamine 123, the oxidized form 

of DHR 123 by mitochondrial ROS, was significantly lower in the 

NecX-treated cells. Second, we compared whole intracellular ROS 

among these antioxidants using the 2′,7′-dichlorofluorescein 

diacetate (DCF-DA) assay, revealing that NecX showed the 

lowest intracellular ROS than any other antioxidant in rat H9C2 

cardiomyoblasts exposed to hypoxia-reoxygenation stress. 

(Figure 4B). Third, we compared the effect on NADPH oxidase 

activity and found that NecX was the strongest inhibitor on 

NADPH oxidase among these antioxidants (Figure 4C). 
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Figure 4. Comparison of antioxidant activity of NecX and other 

antioxidative agents. 

A, Mitochondria-specific ROS was measured in H9C2 rat 

cardiomyoblasts under hypoxia-reoxygenation stress using DHR 
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123 assay. Mitochondrial ROS (yellow-green and red 

fluorescences) was significantly decreased in NecX-treated cells 

(middle, left). * p = 0.050 vs. vehicle, † p = 0.050 vs. NAC, ‡ 

p = 0.050 vs. Z-VAD-fmk. B, Levels of intracellular ROS were 

quantified using the DCF-DA assay. NecX (middle, left) 

demonstrated comparable ROS scavenging activity. * p = 0.010 

vs. vehicle, † p = 0.007 vs. vehicle, ‡ p = 0.007 vs. vehicle, § 

p = 0.005 vs. vehicle, and || p = 0005 vs. vehicle. C, NADPH 

oxidase activity was markedly attenuated by NecX. * p = 0.037 

vs. vehicle, and † p = 0.025 vs. Z-VAD-fmk. Bars represent 

the mean ± SEM from 3 independent experiments, performed in 

duplicate.
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Necrosis Inhibitor Prevented Mitochondrial Swelling 

and Preseved Mitochondrial Membrane Potential 

under Hypoxia-Reoxygenation Stress in Cardio 

myoblasts

Mitochondria are the main target intracellular organelle in 

ischemia-reperfusion injury and we analyzed the drugs’ effect 

on mitochondria. Compared to vehicle-treated group, the cells 

pretreated with NecX showed significantly higher absorbance, 

indicating less mitochondrial swelling (Figure 5A). We observed 

mitochondrial morphology of H9C2 rat cardiomyoblasts with 

confocal microscope using double staining with MitoTracker as 

green mitochondria and PI as red nuclei of dead cells (Figure 

5B). Exposure to hypoxia or oxidative stress alone did not elicit 

marked necrosis or apoptosis. However, the sequence of hypoxia 

and reoxygenation induced significant mitochondrial swelling and 

cell death. Vitamin C or Z-VAD-fmk did not prevent 

mitochondrial swelling and cell death, whereas NecX preserved 

normal elongated shape of mitochondrial and prevented cell death. 

In the same manner, NecX prevented mitochondrial swelling in 

neonatal rat cardiomyocytes (Figure 6). Transmission electron 

microscopy revealed that NecX prevented swelling or rupture of 

mitochondria and preserved the ultrastructure of cells (Figure 

5C). Vehicle-treated cells had swollen and ruptured mitochondria 

with degenerated crista and electron dense bodies, and 

intra-cytoplasmic vacuoles, which are typical features of necrotic 

cell death.  
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Figure 5. Prevention of mitochondrial swelling by NecX in H9C2 

cells. 

A, Mitochondrial turbidity evaluated by spectrophotometer. 

NecX-treated cells had higher absorbance, indicating less 

mitochondrial swelling. * p = 0.050 versus vehicle. Bars 

represent the mean ± SEM from 5 independent experiments. B, 

Confocal images revealed mitochondrial morphology (MitoTracker; 

green) and nucleus of dead cell (PI; red). NecX preserved 

mitochondrial shape and prevented necrotic cell death. C, 

Transmission electron microscopic photomicrographs (50000x). 
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Vehicle-pretreated H9C2 cells (upper) showed typical signs of 

necrotic cell death, whereas NecX pretreatment (lower) preserved 

the ultrastructure of cells, including mitochondria.

Figure 6. Prevention of mitochondrial swelling by NecX in the 

primary cardimyocytes 

 NecX preserved mitochondrial shape and prevented necrotic cell 

death in the prmary cardimyocytes, same as H9C2 cell. 
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To detect the opening of mPTP which causes the dissipation of 

mitochondrial membrane potential (Δψm), we used JC-1 

fluorescent probes (Figure 7A, 8A). Necrotic cells with low Δψm 

(JC-1 monomer, green) and globular shaped mitochondria were 

observed in vehicle-treated cells. Cells pretreated with vitamin C 

or Z-VAD-fmk showed similar dissipation of Δψm. However, 

ppretreatment with NecX significantly preserved high Δψm, orange 

fluorescence. Flow cytometry analysis confirmed the markedly 

preserved high Δψm in the NecX-treated group compared to the 

other groups (Figure 7B, 7C and Figure 8B, 8C ).
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Figure 7. Preservation of mitochondrial membrane potential 

(Δψm) by NecX in H9C2 cell cardiomyoblasts.

A, Pretreatment with NecX maintained high Δψm, orange 

fluorescence. B and C, Analyses of flow cytometry dot plots of 

JC-1 monomers (low Δψm; R2) vs. J-aggregates (highΔψm; 

R1) indicated that only NecX-treated cells maintained normal 

mitochondrial membrane potential.* p = 0.050 vs. vehicle, † p = 

0.050 vs. Z-VAD-fmk.
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Figure 8. Mitochondrial membrane potential (Δψm) in the primary 

cardiomyocytes

Mitochondrial membrane potential (Δψm) was measured in the 

primary cardiomyocytes. The cells pretreated with NecX showed 

significantly preserved high Δψm, compared to vehicle, vitamin C, 

or apoptosis inhibitor.
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Necrosis Inhibitor Blocked Ca
2+ 

Influx into Mitochondria  

The final step of mitochondrial disruption is Ca influx. We 

compared the influx of Ca
2+ 

into mitochondrial level (Figure 9). In 

vehicle-treated cells, Ca
2+ 

level level (Rhod-2 fluorescence) 

increased dynamically after hypoxia-reoxygenation stress and 

their mitochondria were swollen indicating the opening of mPTP. 

The increase in Ca
2+ 

level began in mitochondria, showing 

co-localization of green (mitochondria) and red (Ca
2+

). Overtime, 

Ca
2+ 

levels increased in mitochondria as well as cytoplasm and 

nucleus, leading to necrotic cell death. In contrast, increases in 

Ca
2+

influx and changes in mitochondrial shape were minimal in the 

NecX-treated cells, even 90 minutes after reoxygenation. 
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Figure 9. Prevention of calcium influx into mitochondria by NecX.

Two vertical columns depict the changes of mitochondrial 

Ca
2+

level (red) and mitochondrial shapes (green) according to 

time course. Vehicle-treated cells had a rapid increase in  

Ca
2+

influx and mitochondrial swelling (left column). In contrast, 

NecX-treated cells showed minimal Ca
2+ 

influx and changes in 

mitochondrial shape (right column). Representative figures at 20 

minutes were enlarged (right).
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Necrosis Inhibitor Reduces Infarct Size and Preserved 

Heart Function In Vivo

In vivo cardioprotective effect of NecX was compared with those 

of CsA and vehicle in rat I/R injury models (Figure 10). Figure 

10B shows the size of myocardial necrosis 12 hours after I/R 

injury. Necrotic areas were visualized by the use of anti-MHC 

antibody, which bound to the damaged sarcolemma. Necrotic area 

was the largest in the control group (16.4 ± 5.2%; Figure 10C). 

The cardioprotective effect of CsA was less than that of NecX 

(CsA, 9.1 ± 4.5% vs. NecX, 1.4 ± 1.2%; p = 0.034). Using 

immunohistochemistry and confocal microscopy, we counted 

anti-MHC positive necrotic cardiomyocytes and confirmed the 

cardioprotective effect of NecX against I/R injury (Figure 10D and 

10E). The percent of necrotic cardiomyocytes was lowest in the 

NecX group, and lower in the CsA group than in the control 

group.

Fibrosis areas and echocardiographic measurements showed 

similar results (Figure 11). We observed significant differences in 

absolute area, length and percent of myocardial fibrosis among 

the three groups 14 days after I/R injury (Figure 11B and 11C). 

The NecX-treated group had a larger reduction in myocardial 

fibrosis than did the CsA-treated group. NecX preserved LV 

systolic function and also prevented pathologic dilatory remodeling 

(Figure 11D). LV ejection fraction and fractional shortening were 

highest in the NecX-treated group, whereas LV cavity sizes were 

smallest.

Serum concentrations of inflammatory cytokines 12 hours after 

I/R injury were higher in the control group but comparable 

between CsA and NecX groups, except for TNF-α which was 
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significantly lower in the NecX-treated group (Figure 12). 

Releases of cardiac enzymes including lactate dehydrogenase 

(LDH), creatine kinase, and troponin T were significantly lower in 

the NecX group. Tissue expressions of HMGB1 were attenuated 

in the NecX-treated group (Figure 13).
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Figure 10. Reduction of myocardial ischemia-reperfusion injury in 

vivo by NecX 

A, Experimental protocol. B, Heart tissue sections showing 

necrotic zones. C, Necrotic areas expressed as the percent of total 

LV areas. * p = 0.034 vs. control; n = 5 per group. D, Results 

from immunohistochemistry. E, Necrotic cardiomyocytes expressed 

as the percent of total myocytes.  *Overall p = 0.013, † p = 

0.034 vs. control, ‡ p = 0.017 vs. control, and § p = 0.041 vs. 

CsA; n = 5 per group. Bars represent the mean ± SEM.
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Figure 11. Prevention of myocardial fibrosis and preservation of 

myocardial function after ischemia-reperfusion injury by NecX. 

A, Experimental protocol. B, Representative Masson’s trichrome 

-stained slides. C, Fibrosis areas, lengths and percents.* p = 

0.027 vs. control, †p = 0.011 vs. control, ‡p = 0.006 vs. CsA, 

§p = 0.011 vs. control, ||p = 0.006 vs. CsA, #p = 0.027 vs. 

control, ** p = 0.011 vs. control, and ††p = 0.006 vs. CsA; n 
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= 5 per group. D, The beneficial effects of NecX on cardiac 

function and geometry were greater than those of CsA. * p<0.05 

vs. control, ** p<0.01 vs. control, † p<0.05 vs. CsA, and ‡ 

p<0.01 vs. CsA; n = 10 per group. Bars represent the mean ± 

SEM.

Figure 12. Serum concentrations of inflammatory cytokines and 

cardiac enzymes 12 hours after ischemia-reperfusion injury.

A, Serum concentrations of IL-6 were higher in the control group 

and comparable between CsA and NecX groups. B, Release of 

TNF-α was significantly reduced in the NecX group. *P=0.026 

vs. control. C, Serum levels of HMGB1 tended to be lower in the 

CsA and NecX groups. D, Serum concentrations of LDH were 



34

significantly higher in the control group and comparable between 

CsA and NecX groups. *P=0.029 vs. control, and †P=0.029 

vs.control. E, CKwas significantly reduced in the NecX group. 

*P=0.021 vs. control, and †P=0.029 vs. CsA. F, Release of 

troponin T was significantly attenuated in the NecX group. 

*P=0.029 vs. control. Each bar represents mean±SEM; n=4 per 

group.

 

Figure 13. Necrosis inhibitor significantly reduced tissue 

expressions of high-mobility group box-1.

Ischemia-reperfusion (I/R) injury caused extensive necrosis of 

myocytes in rats pretreated with 5% dextrose (control; upper) and 

cyclosporine A (CsA; middle), showing increased expression of 

high-mobility group box-1 (HMGB1). Rats pretreated with the 

necrosis inhibitor (NecX; lower) showed less expression of HMGB1, 

indicating the potent protective effect against myocardial I/R injury.
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Discussion

In this study, we investigated the protective effect of NecX 

against myocardial I/R injury using both in vitro and in vivo 

models In H9C2 rat cardiomyoblasts and neonatal rat 

cardiomyocytes exposed to hypoxia-reoxygenation stress, which 

physiologically mimicked I/R injury to myocardium, the main 

mechanism of cell death was not apoptosis but necrosis. Thus 

protection of cell death from hypoxia-reoxygenation stress was 

mainly achieved by NecX, inhibitor of necrosis, but not by 

Z-VAD-fmk, inhibitor of apoptosis. This powerful cell protection 

effects of NecX was based on its potent ROS scavenging activity 

and inhibitory effect on ROS-generating enzyme. NecX directly 

targets mitochondrial ROS, preserves mitochondrial membrane 

integrity, and prevents Ca
2+ 

influx. Inhibition of necrosis by NecX 

was accompanied by reduction of phospho-p38 MAPK and 

phospho-JNK (signals of mitochondrial ROS), and decrease of 

HMGB1(a nearly mediator of I/R injury). Rats pretreated with 

NecX had significantly smaller areas of myocardial necrosis and 

fibrosis after I/R injury than those with CsA. NecX also preserved 

cardiac function and geometry.

These findings strongly suggest the cardioprotective effect of 

NecX against I/R injury. Our study is the first to demonstrate in 

vivo that NecX markedly reduced myocardial necrosis in 

comparison with CsA, with definitive supporting in vitro evidence.

Mechanism of Myocardial Ischemia-Reperfusion Injury

Myocardial I/R injury is defined as myocardial injury caused by 

the restoration of coronary blood flow after an ischemic episode 
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(1,2). Both apoptosis and necrosis have been suggested to be 

involved, but more evidence supports necrosis as the main 

pathophysiologic mechanism of I/R injury in which mitochondrial 

dysfunction plays a pivotal role (4,14). The inner mitochondrial 

membrane is impermeable under normal physiologic conditions. 

Reperfusion induces generation of mitochondrial ROS and 

Ca
2+

influx, which leads to the opening of a nonspecific pore, 

known as the mPTP. In response to lower levels of mitochondrial 

ROS, signaling molecules are activated to adapt to the stress 

(15). However, when an incompatible stress such as I/R injury 

occurs, mitochondrial cyclophilin D binds to adenosine nucleotide 

translocase in response to ROS and Ca
2+

overload, resulting in a 

dissipation in mitochondrial membrane potential, swelling of 

mitochondria and finally, necrotic cell death necrotic cell death 

(14).

A Newly Developed Necrosis Inhibitor

This novel class of necrosis inhibitor has strong scavenging 

activity against mitochondrial ROS (7). NecX inhibited 

caspase-independent cell death with necrotic morphology and 

protected against streptozotocin-induced pancreatic β-cell 

destruction, CCl4-induced and acetaminophen-induced 

hepatotoxicity. In a hepatic I/R injury model, administration of 

NecX attenuated the release of HMGB1, alanine transferase, 

aspartate transferase, and LDH, while liver tissues showed less 

severe necrosis (11). Another derivative of NecX inhibited the 

mitochondrial Ca
2+ 

uniporter and protected mitochondria against 

hypoxia- reoxygenation stress (10). Additionally, the priming with 

NecX enhanced the transplantation efficacy of cardiac fibroblasts 
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to create myocardial fibrosis (16).

We demonstrated that the cytoprotective effects of NecX 

originated from both direct ROS scavenging activity, especially of 

mitochondrial ROS, and inhibition of an ROS-generating enzyme. 

Because the increase in ROS causes necrosis through the opening 

of mPTP and activation of necrotic pathways (5,15,17), the action 

mechanism of NecX explains its protective effect.

Cardioprotective Effect of the Necrosis Inhibitor

In this study, NecX inhibited mitochondrial swelling and 

maintained mitochondrial membrane potential. The protective 

effect of NecX was also confirmed by measuring mitochondrial 

Ca
2+ 

influx. These findings are concordant with previous reports 

suggesting that NecX prevents the opening of the mPTP (7,10).

Levels of cleaved caspase-3 were suppressed in all 

experimental conditions of hypoxia-reoxygenation stress. Since 

caspase-3 is a critical executer of apoptosis and cleaved 

caspase-3 is a typical result of apoptosis (18), our result 

confirmed that hypoxia-reoxygenation stress causes necrosis in 

H9C2 cells. PARP-1 is a 113 kDa nuclear enzyme that is cleaved 

into fragments of 89 and 24 kDa during apoptosis, whereas a 55 

kDa fragment is produced during necrosis (19). In this study, 89 

kDa of cleaved PARP1 was increased only in cells treated with an 

apoptosis inducer. In contrast, H9C2 cells exposed to 

hypoxia-reoxygenation stress produced high expression level of 

55 kDa fragments of PARP-1 indicative of necrosis, whereas 

NecX-treated cells expressed significantly lower level of the 

necrotic fragment. Thus, we concluded that the cytoprotective 

effect of NecX originated from inhibition of necrosis, not 



38

apoptosis.

The action mechanism of NecX was also revealed by the 

analysis of RIP1 and RIP3. RIP3 is required for necrosis but does 

not affect RIP1-mediated apoptosis (20,21). Levels of RIP1 and 

RIP3 increased in the vehicle-treated cells due to necrosis. 

NecX-treated cells demonstrated significant decrease in the 

levels of RIP3, indicating that NecX inhibited necrosis.

The p38 MAPK pathway, known to be activated by mitochondrial 

ROS, integrates extracellular stress, participates in various 

cellular responses including cytokine production, and is important 

in many inflammatory diseases such as myocardial I/R injury 

(15,17,22,23). Inhibition of p38 MAPK blocks the production of 

IL-1, IL-6, TNF-α, and other inflammatory cytokines, and thus 

attenuates I/R injury to myocardium (17,24). We found a 

significantly reduced level of phospho-p38 MAPK, an activated 

form of p38 MAPK, in cells treated with NecX compared to the 

other-treated groups. We assume that the difference in level of 

phospho-p38 MAPK is another evidence of necrosis inhibition by 

NecX through the preservation of normal mitochondrial function. 

As shown in this study, NecX inhibits the opening of mPTP, 

maintains mitochondrial membrane potential, blocks Ca
2+ 

influx and 

thus inhibits necrotic cell death. Consequently, the attenuated 

hostile stimuli seem to result in both decreased inflammatory 

cytokines and phospho-p38 MAPK. The level of phospho-JNK 

was also reduced in the NecX-treated cells. Since the activated 

JNK pathway results in necrosis in association with increased 

mitochondrial ROS(15), these results support the cytoprotective 

effect and its mechanism of NecX against hypoxia-reoxygenation 

stress and address its potency as a cardioprotective agent against 

I/R injury.
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HMGB1, an early mediator of I/R injury, is secreted from 

necrotic cells and activates MAPK pathways (25), which then 

signals the induction of inflammatory cytokines such as TNF-α, 

IL-1, IL-6, IL-8, and IL-18, and these upregulated cytokines 

further stimulate necrotic cell death in reperfused myocardium 

(26,27). Although serum level of HMGB1 did not show 

statistically significant inter-group difference, NecX-treated rats 

showed relatively lower serum level of HMGB1 with dramatically 

lower tissue level. Because of the immediate postoperative status 

of animals in this study, serum level of HMGB1 may be more 

influenced by nonspecific operation wound and may not be an 

appropriate marker to reflect the myocardial damage. Indeed, 

cardiac enzymes revealed obvious differences between the three 

groups; the NecX-treated group had the lowest levels.

Clinical Implications

The clinical significance of myocardial I/R injury and the absence 

of effective therapeutic strategies led to the development of many 

compounds (1,2). Despite their effectiveness in animal models, 

most of the compounds failed to show efficacy in humans due to 

the low potency of the compounds, inadequate study design, and 

comorbidities or drugs of patients (28). Even CsA produced 

conflicting data in human trials, showing both positive and 

negative results (29,30). Because the benefit of cardioprotection 

would be obvious in patients with large infarcts, appropriate 

patient selection and incorporation of risk stratification algorithm 

are especially important (31). However, we expect that NecX will 

have a marked cardioprotective effect against I/R injury in 

humans for the following reasons.
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First, the potency of NecX should be noted, which reduced the area 

of necrosis and fibrosis after I/R injury, preserved cardiac functions 

and prevented dilatory remodeling. NecX demonstrated a potent 

inhibition of mPTP opening, ROS scavenging activity and inhibition of 

a ROS-generating enzyme. Consistent results of our study provide 

solid evidence for the cardioprotective effect of NecX. 

Second, the superiority of NecX over CsA should be emphasized. 

As an inhibitor of mPTP opening, CsA has been suggested for 

prevention of I/R injury (14,32). A randomized controlled study 

showed the promising result of 40% reduction in infarct size 

(29). However, the statistical power was limited due to its small 

size and the possible toxicity of this immunosuppressive agent 

should be considered. Furthermore, administration of CsA failed to 

reduce the infarct size or improve clinical outcomes in a recent 

trial (30). Similar to the results of previous studies (33), CsA 

protected about 40% of reperfused myocardium in this study. On 

the other hand, NecX protected nearly 80% of reperfused 

myocardium, twice the CsA effect. This difference seems 

attributable to a greater inhibition of mPTP opening by NecX than 

by CsA, as well as its potent ROS scavenging activity and 

inhibition of NADPH oxidase. Taken together, NecX has 

advantages over CsA against I/R injury, due to its more 

pronounced inhibition of cardiomyocyte necrosis.

 Third, a phase I clinical trial of the novel necrosis inhibitor was 

launched in December 2012 (NCT01737424) after approval of the 

Investigational New Drug application by Korean Food and Drug 

Administration, and was finished without any adverse events. 

Although the cardioprotective effect of NecX must be proved in 

the following phase II clinical trial, the impressive preclinical 

results and the safety profiles are encouraging.
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Conclusion

The novel necrosis inhibitor, NecX, protected against myocardial 

I/R injury. NecX prevented mitochondrial swelling, maintained 

mitochondrial membrane potential, blocked Ca
2+ 

influx into 

mitochondria and protected the cells from necrosis. Administration 

of NecX at the time of reperfusion reduced infarct size, to a 

greater extent than did CsA. NecX is a potent necrosis inhibitor 

and is a promising candidate for cardioprotective adjunctive 

therapy with reperfusion in patients with MI.
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국문 초록

 연구 배경 : 허혈 심근을 살리기 위해 심혈관 재관류술은 최선의 치료법

이나 역설적으로 그 자체가 오히려 재관류 손상을 유발할 수 있다. 이러

한 재관류 손상의 주된 기전으로는 미토콘드리아의 막투과성의 변화와 세

포 내부 칼슘 이온의 과부하가 잘 알려져 있으며 이로 인해 세포괴사가 

진행하게 된다. 이에 괴사 억제제로 알려진 necroX(necX)를 심근 허혈/

재관류 모델에서 전처치하여 세포자멸사가 아닌 세포 괴사를 억제, 재관

류 손상을 효과적으로 예방할 수 있는지 밝히고자 하였다. 

방법 및 결과 : 심근섬유아세포인 H9C2세포와 백서 태아의 심근모세포

를 저산소 환경에서 세포를 배양한 후 necX, 세포자멸사 억제제, 비타민

이나 N 아세틸 시스테인과 같은 항산화효과가 있는  약제를 전처치한 후 

재산화 손상을 유도하였다. 저산소-재산화 손상에서 necX 투약군이 효

과적으로 세포사를 예방하였다. DHR 123 분석을 통해 항산화제로 알려

진 타 약제 투여군과 necroX 전처치군을 비교해 보았을 때 necroX 투여

군에서 효과적으로 활성화된 산소 라디칼을 제거하고 활성 라디칼에 관여

하는 효소들을 억제하는 것을 확인할 수 있었다. 또한 necX 투여군은 재

산화 손상 중 미토콘드리아의 막전위와 구조를 유지하고 효과적으로 칼슘

의 세포 내 과부하가 차단되는 것을 확인할 수 있었다. 웨스턴 블럿 분석

에서 necX를 전처치한 세포에서 미토콘드리아의 활성 라디칼에 관여하는 

phospho-p38 MAPK과 phospho-JNK의 발현이 감소하였으며 초기 재

산화 손상에 관여하는 인자로 알려져 있는 HMGB1도 억제되는 것을 입

증하였다. 

 동물실험은 SD 백서의 좌관상동맥 결찰/재관류 모델을 이용하여 진행하

였다. 대조군으로 5% 포도당 용액 처리군과 양성 대조군으로 

cyclosporine A(CsA), 실험군으로 NecroX를 재관류 5분전 중심정맥을 

통해 정주하였다. 심장기능 평가와 좌심실 내경 측정은은 모델 형성 직전

과 수술 후 3일, 1주, 2주째 심초음파도로 평가하였고 2주째 동물들을 

희생시켰다. 5% 포도당을 전처치한 대조군과  cyclosporin 투약한 양군 
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모두와 비교시 necX 투약군은 심근괴사를 효과적으로 억제하였고 

{NecX=7.8±7.8%: CsA=32.3±5.1%: 대조군=65.4±2.4%(p=0.041 

NecX vs. CsA) (p=0.017 NecX vs. 대조군)}, 좌심실 섬유화를 감소

시키며{NecX= 4.8±0.9%; CsA=18.8±1.3%; 대조군=25.7±1.6%, 

(p=0.006, NecX vs. CsA) (p=0.011, NecX vs control) 초기 손상시 

혈청에서 증가하는 심근효소 수치를  감쇄시켰다. 또한 NecX 투약군에서 

좌심실 수축기능은 효과적으로 유지되었으며{14일째 좌심실 구혈율; 

NecX=57.9±2.4%; CsA=46.7±3.0%; 대조군=44.6±1.9%(p=0.012, 

NecX vs. CsA)(p=0.008, NecX vs. 대조군)} 좌심실의 확장성 재형성

을 효과적으로 예방하였다{14일째 수축기말 좌심실 내경; NecX= 4.6± 

0.3mm; CsA=5.6±0.3mm; control=6.3±0.2mm, (p=0.075, NecX 

vs CsA)(p=0.003, NecX vs control)}.

결론: 새로운 세포괴사 억제제인 necroX는 심근 허혈-재관류 손상을 예

방하는 효과를 보이며 이로 인해 심근경색 환자의 재관류 치료에 심근보

호를 위해 부가적 치료 약제로서의 가능성을 보여 주었다. 

----------------------------------------

주요어: 심근허혈/재관류 손상, 괴사 억제제,  심근 보호

학번: 2009-24112
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