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Time is Myocardium !

• Treatment flow for STEMI 

Early reperfusion therapy 

: the first priority in the treatment of STEMI

- thrombolytic therapy

- Percutaneous coronary intervention (PCI)



Reperfusion

Reperfusion immediately causes myocyte necrosis and sarcolemmal

disruption, with the leakage of cell contents into the extracellular space.

Apoptosis is a coordinated involution of myocytes that circumvents the 

inflammation associated with necrotic cell death. Because apoptosis is an 

energy-dependent process, cells can be forced to switch to a necrotic 

pathway if energy levels are depleted below critical levels. 

In more chronic settings, autophagy can contribute to the mechanisms of 

myocyte death. 





1. Oxygen paradox

2. Calcium paradox

3. pH paradox

4. Inflammation due to 

necrosis

Ischemia-reperfusion injury

Mitochondrial 

Permeability Transition Pore 

(mPTP) opening



[ ISCHEMIA ]

[ REPERFUSION ]

ATP depletion, anaerobic gylcolysis↑

pH drop. [Na+]↑, [Ca2+] ↑ 

Mitochondria [Ca2+]  overload

Oxygen and glucose depletion 

Burst of reactive oxygen species

Ca2+ influx

mPTP opening

Mitochondria matrix swelling, 

Outer mitochondrial membrane rupture

*Hallmark of necrosis

Reintroduction of oxygen

Rapid correction of acidosis 

Necrotic cell death



The 30-year anniversary of the discovery of “ischemic preconditioning”

Ischemic conditioning to prevent I/R injury



1) Reperfusion Injury Salvage Kinase (RISK) pathway (PI3K–Akt and Mek1/2–Erk1/2)

2) Survivor Activator Factor Enhancement (SAFE) pathway (TNF and JAK–STAT), 

3) cGMP–protein kinase G (PKG) pathway 

 inhibitory effect on mitochondrial permeability transition pore (mPTP) opening

Signaling pathways of ischemic conditioning

Hausenloy DJ, et al. Nat Rev Cardiol 2016



Hausenloy DJ, et al. Nat Rev Cardiol 2016

Ischemic conditioning to prevent I/R injury

*Clinical implication

1) Ischemic in situ conditioning & post-conditioning

2) Pharmacological cardioprotection



Hausenloy DJ, et al. Nat Rev Cardiol 2016

Clinical results of post-conditioning (STEMI)
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Clinical results of post-conditioning (STEMI)



Hausenloy DJ, et al. Nat Rev Cardiol 2016

Clinical results of post-conditioning (STEMI)

ACC 2016, DANish-iPOST (DANAMI 3-iPOST): DANish Study of Optimal Acute Treatment of Patients 

with ST-segment Elevation Myocardial Infarction: iPOST conditioning during primary PCI, Denmark 

•Results: Ischemic post-conditioning after STEMI did not result in a reduction in death rates or HF 

hospitalization.



Piot et al. (NEJM 2008)

Objective: determine whether cyclosporine A can reduce infarct size in STEMI patients

Direct stenting

Coronary artery occlusion Reperfusion

t0t-10 min

Cyclosporine A (or saline)
(2.5 mg/kg, IV bolus)

Day 1-3

CK / TnI release

Day 5

MRI 

Infarct size

STEMI < 12 hrs

PCI treatment

LAD TIMI flow grade 0-1

No visible collaterals
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Clinical results of pharmacological cardioprotection

410 patients: large ST-segment elevation MI 

within 6 h of symptom onset

*CsA (Sandimmune): Novartis, Switzerland

970 patients: acute anterior ST-segment elevation myocardial 

infarction (STEMI) who were undergoing PCI within 12 hours 

after symptom onset

*CicloMulsion: NeuroVive Pharmaceutical, Sweden



Targeting Myocardial IR Injury — The Search Continues 

58 patients: acute STEMI within the 12 h of the onset of symptoms

*exenatide: 10 μg SC and IV bolus 10 μg injection of BYETTA®  (Amylin-Lilly) 5 min before 

the onset of reperfusion. In addition, 10 μg SC bid on the following 2 days.



Targeting Myocardial IR Injury — The Search Continues 

Derivative and combination of products

Necrosis inhibitor, NecroX ? 

NecroX-7; from LG life sciences (SH Kim, PhD) 

Anti-necrotic effect by some mechanisms

via 1) Strong antioxidant 

2) Inhibition of HMGB1

3) Mitochondrial ROS and ONOO- scavenger

Well-known the effect on hepatic ischemia/reperfusion injury
Transplant Proc 2010



Mechanism of necrosis inhibitor, NecroX

Myocardial 

Infarction

&

Reperfusion

50 μm 

Necrotic 

cardiomyocyte

mPTP

Mitochondrial swelling

ROS burst
Ca2

+
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Ischemia/Reperfusion Ca2
+
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Necrotic cardiomyocyte



Necrosis inhibitor

In vitro Design 

Hypoxia with 1% O2 Oxidative stress

With H2O2 400μM

and Reoxygenation

with 20% O2

Harvest

24 Hours of

incubation period 

1.5 Hours of 

Reoxygenation

Pre-treatment 
1. Vehicle : 0.01% DMSO

2. Necrosis inhibitor: NecroX 20 μM

3. Antioxidant: Vitamin C 10 μM

4. Apoptosis inhibitor: Z-vad 20 μM

Hypoxia-Oxidative stress/Reoxygenation (H-O/R) model using H9C2 cell 

(myoblast cell line) 

Seeding :H9C2 cells
0.5X105 Cells /35mm dish, 

1.5X105 Cells /60mm dish, 

1.5X106 Cells/100mm dish

24 Hours  of  Hypoxia 

23.5 Hours 30min



Measurement of mitochondrial Ca2+ influxVehicle

Vehicle treated 

group showed 

prominent calcium 

influx (red stain) in 

the swollen 

mitochondria via 

mPTP opening 

Hypoxia 24h + Oxidative stress with H2O2

Mitotracker : mitochondria Rhod-2 : Ca2+ influx

NecroX

Necrosis Inhibitor  

revealed protective 

effect on mPTP

opening under I/RI
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Vehicle ( 3~5 minutes) Necrosis Inhibitor  (over 30minutes)

Under hypoxia and oxidative stress condition 

Measurement of mitochondrial Ca2+ influx



Necrosis inhibitor

In vivo Design 

IV continuous infusion for 20min.

Like as Preconditioning  (N=13)

1. Vehicle

2. Cyclosporin A (5 mg/kg) 
for positive control 

3. NecroX-7 (1 mg/kg)

45min. of Ischemia

25min. 20min. 

Reperfusion

Ischemia by 

Ligation of LAD

Harvest

After EchoCG & 

blood sampling  

3 Days 11 Days 

14 days after I/RI injury 

EchoCG under anesthesia

EchoCG under anesthesia

At 7days after I/RI

NecroX-7 (30 mg/kg) 
P.O. daily

Formalin fixed tissue 



Necrosis inhibitor
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Necrosis inhibitor

Quantification for Necrosis 

Control Cyclosporin A Necrosis inhibitor

Necrotic zone Non-necrotic zone

100 μm 

50 μm 50 μm 

Necrotic myocyte (MHC+) WGA (Sarcolemma) Nucleus

100 μm 100 μm 

50 μm 

Control Cyclosporin A Necrosis inhibitor

P < 0.01 

P < 0.01 

Black arrow indicated necrotic myocyte. 

White arrow indicated necrotic myocyte. 



Necrosis inhibitor: dose finding preclinical study

Necrotic area Non-necrotic area

Vehicle 0.03 mg/kg 0.1 mg/kg 0.3 mg/kg 1.0 mg/kg 3.0 mg/kg

NecroX-7

• NecroX prevented myocardial 

necrosis from I/R injury.

• The minimal effective dose (MED) in 

Rat MI/R model was 0.3 mg/kg.



Necrosis inhibitor: clinical trials

Phase 1. 건강핚 남성 피험자를 대상으로 LC28-0126의 안전성, 내약성 및 약동학적
특성을 평가하기 위핚 용량군별 무작위배정, 이중눈가림, 위약대조, 단회투여, 

단계적 증량 제 1상 임상시험

Phase 2a. ST분절 상승 심근경색(ST-segment Elevation Myocardial Infarction) 

환자를 대상으로 경피적 관상동맥 중재술 (Percutaneous Coronary Intervention, PCI) 

전, LC28-0126을 단회 정맥 주사 시 효능, 안전성 및 약동학적 특성을 평가하기 위핚
다기관, 무작위 배정, 병행설계, 이중눈가림, 위약 대조, 임상 2상 시험

Phase 2b. Ongoing



Benefit of Reperfusion & Prevention of IR injury

Lancet. 2013;382:644–657

• Solid line: the benefit of reperfusion in terms of lives saved at 35 days

• Dotted line: relation between an effective cardioprotective intervention and 

reperfusion



Cardio-protection before reperfusion

The mitochondrial PTP is a nonselective channel of the inner mitochondrial membrane. Opening the 

channel collapses the mitochondrial membrane potential and uncouples oxidative 

phosphorylation, resulting in ATP depletion and cell death. 

During myocardial ischemia, the mitochondrial PTP remains closed, only to open within the first few 

minutes after myocardial reperfusion in response to mitochondrial Ca2+ overload, oxidative 

stress, restoration of a physiologic pH, and ATP depletion.

Therefore, the mitochondrial PTP is a critical determinant of lethal reperfusion injury, and as such it is 

an important new target for cardioprotection.



Thank you for your attention 
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