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Introduction
According to the mortality rate data, in 2007, more than 2200 

Americans die of cardiovascular disease each day, giving an average 
of 1 death every 39 seconds [1]. During the same year, an estimated 
1 of every 6 deaths were caused by coronary heart disease. The recent 
statistics published in Circulation review indicate that approximately 
every 25 seconds, an American will have a coronary event, approxi-
mately every minute, someone will die of one and on average, every 
40 seconds, someone in the United States has a stroke [1]. With this 
rate, cardiovascular diseases are the leading cause of death in the US 
after cancer. Ischemic myocardial injury occurs in many clinical condi-
tions such as heart transplantation, cardiac bypass, and coronary stent-
ing after acute myocardial infarction. Understanding the mechanisms 
occurring during an ischemia/reperfusion sequence to protect patient 
against damage caused by this events has become a public health prob-
lem. In the clinic, drug administration to patient is the principal ap-
proach used to help patient to better recovery. Despite, encouraging 
results obtained in the past, for example from 1998 to 2008, the stroke 
death rate fell 34.8%, and the actual number of stroke deaths declined 
19.4% according to the American Heart Association, in conjunction 
with the Centers for Disease Control and Prevention,the National In-
stitutes of Health report [2]. Cardiovascular diseases continue to be a 
big preoccupation of health care authorities in US. The development 
of new approaches, including new techniques as well as the discovery 

of novel molecules could provide means for new ways of heart protec-
tion, new opportunities to better treat cardiovascular complications. 
To this aim, several pre-clinical studies have proposed new technique 
to protect the heart against ischemic myocardial injury. In 1986, Murry 
et al. [3] came up with the ingenious idea to perform short cycl es of 
ischemia/reperfusion before a prolonged ischemic insult and found 
that this maneuver attenuated myocardial infarct size. Several stud-
ies have been performed to elucidate the mechanisms of this powerful 
method [4,5]. However, the clinical application of this technique has 
been rather difficult because administration of drug at the onset of the 
ischemia is clinically impractical. It becomes more than necessary to 
protect the ischemic myocardium during the reperfusion. This alterna-
tive approach is more relevant and clinically practical. Two promising 
approaches have been described to protect the ischemic myocardium 
against injury: The controlled reperfusion [6] and postcondtioning [7].

In this paper, we will first gain insight into the physiopathological 
events and mechanisms occurring during ischemia/reperfusion, intro-
duce and review some general consideration in the use of these two 
methods of protection as well as critically discuss the clinical relevance 
of this approach.

Modifications due to Ischemia

Ischemia is an inadequate blood flow to a local area of an organ 

Abstract
The heart is an organ that requires an important energy input to ensure its contractile function. Myocardial ischemia 

happens when there is a deficiency of blood flow that is responsible for the passage from an aerobic to anaerobic 
metabolism. Myocardial ischemia results from an imbalance between inputs and the needs of nutrient and oxygen to 
the myocardium. The restoration of myocardial perfusion called reperfusion is a way to save the ischemic myocardium. 
However, although reperfusion is beneficial for the survival of the ischemic myocardium, it also induces a deleterious 
effect in addition to that of ischemic stress. Three decade ago, while several studies, strived to elucidate the protective 
effect of preconditioning, a phenomenon performed before ischemia and having a powerful protective effects against 
ischemia/reperfusion injury, very few have believed in the possibility of protecting the myocardium after ischemia (during 
reperfusion). Actually, both ischemic and pharmacological postconditioning as well as controlled reperfusion methods 
to protect the ischemic heart has proved effective in the reduction of damage related to ischemia/reperfusion. The 
possibility of protecting the myocardium during reperfusion opens a new area in the research against damage caused 
by ischemia/reperfusion because these methods are easily transferable in a clinic setting.
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due to blockage of the blood vessels in that area. This inadequate blood 
supply to the heart may lead to several consequences, which depend on 
the following conditions of the ischemia: The duration of the occlusion 
[8], the temperature [9], whether this ischemia is partial or global, and 
the collateral circulation [10]. Ischemia is the cause of the imbalance 
between inputs and needs in nutrient and oxygen of the myocardium. 
The reduction of the oxygen input in the myocardium is the cause of 
mitochondrial dysfunction, which is responsible to the reduction of 
ATP production. Shrader [11] observed a reduction of 65% in ATP 
from the basal value, after 15 minutes ischemia. Similarly, jones et al. 
[12] in murine model has observed a significant decrease of ATP (95%
of basal value) after 40 minutes ischemia.

During the beginning of ischemia, oxygen is not disponible and 
unable to bind to hydrogen and the electron given from the substrates 
of the electron transfer chain. Due to this effect, the oxydative phos-
phorylation stops to work. From this moment, there is a transition 
from aerobic to anaerobic respiration, which is easily detectable by 
observation of the electrocardiographic modifications [13] and the de-
crease of the myocardial contractility [14].

In the myocardium, the activated glycolgenolysis during the first 
second of global ischemia is quickly slowed down by the increase of re-
duced equivalents like NADH and FADH2 and the decrease of the pH.

The β-oxydation stops quickly during ischemia, inducing the re-
lease of free fatty acids, which causes arythmias and inhibits the K+- 
ATP synthase in mitochondria [15].

Ionic perturbations also are prevalent during ischemia. Garlick et 
al. [16] reported that after global ischemia, the intracellular pH decreas-
es and reaches 6.2 after 10 min in rat model. The cause of the decrease 
in pH during ischemia is not clear. However, Opie [17] suggested that 
the accumulation of lactic acid and the production of CO2 from the 
Krebs cycle might be responsible for this decrease in pH.

During ischemia, the intracellular concentration of calcium in-
creases, resulting in acidosis, the decrease of Na+/H+-ATPase and 
Ca2+-ATPase activity [18]. The intracellular concentration of K+ also 
decreases due to the inhibition of the Na+/K+-ATPase [19] (Figure 1). 
In addition, during ischemia, cell swelling occurs, due to many factors 
that happen in succession: 1) The accumulation of the metabolites from 

glycogenolysis (lactates, protons), from the usage of the phosphocre-
atines (creatine, inorganic phosphates), and the catabolism of the high 
energy phosphate. The accumulation of these metabolites causes an 
osmotic charge (120-150 mOsmol/l), which leads to the entry of water 
into the cells [20]. 2) The inactivation of the Na+/K+-ATPases due to 
the lack of ATP [21] is responsible for the increase of Na+ in the cells 
[22]. During global normothermic ischemia, the water in the tissues is 
stable and its entry into cells is limited. However, during reperfusion, 
edema may occur due to the unlimited supply of water in the plasma. 
Figure 1 summarizes different events occurring in cardiomyocytes dur-
ing ischemia.

Modifications due to the Reperfusion
After ischemia, the restoration of perfusion called “reperfusion” is 

a way to save the ischemic heart. Reperfusion may reduce the damage 
due to ischemia if it is performed early on [23]. However, although the 
reperfusion is beneficial for the survival of the ischemic myocardium, 
it can induce deleterious effect [24]. In other words, ischemia weakens 
the myocardium, which worsens during reperfusion due to free radical 
production, increase in cytosolic calcium concentration, and the return 
of the pH to normal physiological levels as indicated in Figure 2.

As said above, the pH decreases in the cytosol during ischemia, and 
returns to normal physiological values at the beginning of reperfusion. 
Bond et al. [25] reported a significant increase of cell death concomi-
tants with the return of the pH to physiological value. When the pH 
decreases, it induces the inhibition of the mitochondrial permeability 
transition pore (mPTP) opening [26]. The total mPTP opening inhibi-
tion becomes when the pH reaches 6.2 [27]. It is probable that with the 
return of the pH to normal physiological levels during reperfusion, it 
increases the susceptibility of the mPTP to open and induce cell death. 
The cellular damage due to the variation in pH during reperfusion is 
called the “pH paradox” [28].

It’s well accepted that the production of Reactive Oxygen Species 
(ROS) in mitochondria causes cell death. During reperfusion, oxygen is 
important for aerobic respiration and ATP production. However, this 
massive input of the oxygen may cause the increase of ROS produc-
tion in the mitochondria. If the ability of mitochondria to eliminate 
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Figure 1: A schematic representation showing the different mechanisms 
leading to calcium accumulation into mitochondria during ischemia.
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Figure 2: A schematic representation of calcium accumulation into mito-
chondria during the reperfusion and physiopathological consequences.
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this ROS is superior to the amount that is being produced, these free 
radicals will not be deleterious. But, if the capacity of the mitochondria 
to eliminate the ROS is inferior to the production, this ROS will be 
responsible for cell death.

The other event that occurs during the reperfusion is calcium over-
load. The calcium enters the cell via the exchanger Na+/Ca2+ and the 
L-type channel [29]. After long ischemia, the cells are not able to re-
store the calcium homeostasis, causing the calcium overload, which is
responsible for:

- Activation of proteases, lipases, and nucleases,

- Stiffening of the myofibrils of the contractile apparatus,

- The opening of the mPT pore.

Stone et al. [30] observed the decrease in post-ischemic injury and
the improvement of cardiac functional recovery using the red of ruthe-
nium, an inhibitor of the calcium uniporter. This indicates the involve-
ment of this channel in calcium homeostasis. 

In 1993, Kloner [31] reported the following events which are di-
rectly related to reperfusion after long period of ischemia: arrhythmias 
due to free radical [31,32], endothelium dysfunction caused by the phe-
nomenon of “no reflow” [33], and the myocardial stunning described 
by Braunwald and Kloner [34].

Controversy about the Cell Death Specific to Reperfu-
sion

For many years, several authors thought that reperfusion has only a 
beneficial effect on the ischemic myocardium [35,32,31]. According to 
these authors, there was no cell death 7 related to myocardium reper-
fusion. However, others authors have shown that hearts in which cell 
death by apoptosis is programmed during ischemia will die during re-
perfusion [36]. In this theory, the reperfusion only accelerates the death 
of already irreversibly damaged cardiomyocytes during ischemia, but 
does not induce death of the cells still viable.

The concept of “reperfusion injury” differ to this above descrip-
tion by the fact that reperfusion by itself may be able to induce death 
to cells that have survived through ischemia, and eventually any cell in 
which death is programmed. One of the principal reason of the contro-
versy resides in the fact that it is impossible to estimate the own effects 
of reperfusion. Recently, Zhao et al. [7] showed that performing three 
cycles of thirty second I/R at the onset of the reperfusion induces car-
dioprotection effect. This amazing discovery of Vitten-Johansen team 
has marked the end of the first theory and at the same time confirmed 
the existence of a so-called “reperfusion injury”.

Protection of Myocardium during the Reperfusion
Reperfusion is a way to save the ischemic myocardium. However, 

as indicated above, experimental work has indicated an adverse effect 
of reperfusion on the ischemic myocardium known as “reperfusion in-
jury”. In clinic, the use of preconditioning recognized as a powerful 
means of protection against myocardial necrosis and apoptosis, conse-
quences of I/R, was not translational because of its intervention before 
ischemia. For this reason, protecting

the ischemic myocardium at the reperfusion has become a neces-
sary approach to limit the deleterious effects of I/R. For this reason, 
we have undertaken to review the known methods performed during 
reperfusion, which can be cardioprotective against damage caused by 
I/R. These methods can eventually be used easily in a clinical setting.

Controlled reperfusion

During ischemia-reperfusion, part of the cardiac alterations occurs 
during reperfusion. For this reason, several studies have tried to modify 
the conditions of reperfusion to protect the myocardium against dam-
age caused by I/R [37,38]. These changes concern 8 both the myocar-
dium pressure of reperfusion as well as the concentration of oxygen in 
the physiological solution used. The idea of changing the conditions of 
reperfusion to protect the ischemic myocardium started three decades 
ago [39]. Since that moment, several studies have been performed on 
different models [6,40], and in both normothermic ischemia [6,41], as 
well as hypothermic conservation [42]. However the pathophysiologi-
cal mechanisms underlying this protection were only partially identi-
fied.

Protective effect of controlled reperfusion against ischemia/re-
perfusion injury: Several studies have tried to change some param-
eters of the reperfusion to protect the ischemic myocardium against 
I/R injury [43,39]. These parameters include both physical parameters 
(coronary flow and perfusion pressure) and chemical parameters (oxy-
gen partial pressure, CO2, concentration of certain salts, and addition 
of some subtractive).

Okamoto et al. [40] tested the hypothesis that more muscle salvage 
after acute ischemia is possible by “gentle,” temporary reperfusion than 
with sudden, complete revascularization. Using dog model that un-
derwent left anterior descending coronary artery ligation followed by 
reperfusion, they found that early temporary gentle reperfusion limits 
the post-ischemic damage that occurs with sudden, complete revascu-
larization. This observation was confirmed by Peng et al. [44] in pig 
model indicating that controlled reperfusion lessens end-diastolic wall 
thickness, reduces myocardial calcium deposition, increases the rate of 
mitochondrial oxidative phosphorylation, and preserves cellular high-
energy phosphate stores in the ischemic-reperfused myocardium when 
compared to the uncontrolled reperfusion state Similar observation 
was also reported by Mrak et al. [45] also in pig model. 

Hori et al. [46] reported that an intracoronary infusion of hydrogen 
chloride, which mimicked the change in pH in coronary venous blood 
of the staged reperfusion, attenuated myocardial stunning. In a study 
comparing reperfusion at pre-ischemic flow rate (9.0 ml.g-1.min-
1; ordinary flow rate) and reduced flow rates (0.9-8.1 ml.g-1.min-1), 
Takeo et al. [47] found that reduced flow rate reperfusion attenuated 
ischemia/reperfusion-induced increase in left ventricular end-diastol-
ic pressure, alteration in tissue of Na+, K+, Ca2+, 9 and Mg2+, release 
of creatine kinase and ATP metabolites. Thus, in isolated guinea pig 
hearts, Massoudy et al. [48] observed that controlled oxygen delivery 
during postischemic reperfusion by both, reduction of coronary flow 
and PO2, improves recovery of pump function and is accompanied 
by less oxidative stress. Further, Kaneda et al. [49] reported that high 
PO2 leads to myocardial reperfusion damage; however, maintaining 
a more physiologic PO2 during reperfusion following ischemia may 
attenuate reperfusion injury. Recent trials from our team in isolated 
rat heart confirmed the protective effect of controlled reperfusion after 
both warm ischemia [6] and hypothermic conservation [50]. The use 
of controlled reperfusion has also been successfully used after hypo-
thermic preservation of rabbit lungs [51], and has been found to exert 
neuroprotective effects on the spinal cord against I/R injury [52]. In 
a clinic setting, controlled reperfusion has been used in transplant of 
cardiac grafts subjected to a prolonged cold ischemia [42].

Mechanism of controlled reperfusion: Although the use of con-
trolled reperfusion to protect the myocardium against I/R injury is 
well accepted, the mechanism of this protective effect still needs to be 
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clarified and further studies are necessary to completely understand its 
mechanism. Takeo et al. [47] attributed this protective effect to a limi-
tation of the cytosolic accumulation of Na+ and Ca2+ after 35 min of 
global ischemia in the isolated rat heart. Hori et al. [46] demonstrated 
that staged reperfusion attenuates myocardial stunning via a delayed 
correction of acidosis during the first minutes of reperfusion. Recent-
ly, in two separate studies, our group has shown that low-pressure of 
reperfusion induced the inhibition of the mitochondrial permeability 
transition pore (mPTP) opening using an isolated rat heart model af-
ter both normothermic [6] and hypothermia [50,53] conditions, this 
resulted in increase of mitochondrial calcium overload and reduction 
of reactive oxygen species production, since low pressure is associated 
with a decrease of myocardial malondialdehyde [41]. The mechanism 
leading to inhibition of mPTP opening in controlled reperfusion-in-
duced cardioprotection is not completely understood. However, we 
found that the low pressure-induced cardioprotection effect involv-
ing the up-regulation of Akt phosphorylation and inhibition of mPTP 
opening after I/R was prevented by the addition of both PI-3K inhibi-
tors, wortmannin and LY294002 [54]. This work indicated that the 10 
inhibition of the mPTP opening by low-pressure of reperfusion is me-
diated by activation of the pro-survival PI/3K/Akt pathway. However, 
clarifying the precise link between PI-3K activation and inhibition of 
mPTP opening in low-pressure reperfusion action still needs further 
investigation. Thus, identifying the receptor by which the low-pressure 
of reperfusion acts upon will completely clarify the mechanism of this 
protective method.

Ischemic postconditioning
In 1986, Murry et al. [3] showed that short cycles of I/R performed 

before a long and deleterious ischemia confers a cardioprotective effect 
against I/R injury. This method to reduce the myocardial infarction was 
name “ischemic preconditioning”. Although this method is powerful 
and is easily performed in experimental conditions, its transfer in clinic 
setting is almost impossible. Recently, Zhao et al. [7] had the ingenious 
idea of performing the very short sequences of ischemia reperfusion at 
the onset of the reperfusion. Surprisingly, they found that this maneu-
ver was able to reduce the infarct size comparable to that induced by 
preconditioning. This method was named postconditioning by opposi-
tion of preconditioning which is performed before ischemia.

Protective effect of ischemic postconditioning: This discovery of 
Vitten-Johansen team provided clear evidence of ability to protect the 
ischemic myocardium at the reperfusion [7]. This approach was soon 
replicated by many independent teams on different models, in vivo 
[55,56], ex vitro [54] and in vitro [57,58]. The postconditioning was 
found to reduce the infarct size by nearly 60% after I/R [7]. Our group 
has shown that in isolated perfused rat heart, ischemic postcondition-
ing decreases irreversible injury measured by lactate dehydrogenase, 
creatine kinase and troponin I release. Dosenko et al. [59] observed in 
cardiomyocytes that postconditioning induces an anti-apoptotic and 
anti-autophagic effect after ischemia. Many other effects of postcon-
ditioning were also reported like anti-arrhythmias [60], attenuation 
of the overproduction of ROS, and I/R-induced inflammation [61], 
reduction of oxidative senescence mouse [62]. The beneficial effect of 
postconditioning was also found in divers organs, including the brain 
[63,64], liver [65,66], kidney [67], lung [68,69] and in intestinal mucosa 
barrier function [70].

The remote postconditioning effect was also reported first by Ker-
endi et al. [71]. In fact, this group indicated that remote renal postcon-
ditioning applied immediately before the onset of coronary artery re-
perfusion provides significant myocardial infarct size reduction likely 

exerted during the first minutes of coronary artery reperfusion [71]. 
Remote postconditioning beneficial effects have been confirmed by 
many others authors [69,72].

In clinic, Ovize team first pointed the veracity of postcondition-
ing in helping patients with coronary disease [73]. In fact, the study of 
Staat et al. [73] have shown a decrease of creatine kinase in the group 
of patients having a postconditioning maneuver during angioplasty 
compared to those having only angioplasty. Further, Dragoni et al. [74] 
found a significant decrease of endothelium dysfunction with post con-
ditioning. Ma et al. [75] have confirmed this observation with patients 
having their first acute myocardial infarction who underwent revascu-
larization. However, these results were recently challenged by Freixa 
et al. [76]. In fact, Freixa et al. [76] in a randomized study found that 
Postconditioning during primary percutaneous coronary intervention 
(PCI) did not reduce infarct size or improve myocardial function re-
covery at both short- and long-term follow-up. This controversy has 
the merit to indicate that there is still much to do in the long steps lead-
ing to the use of postconditioning in clining setting and explained the 
requirement of some optimal experimental conditions when perform-
ing postconditining.

Experimental limits of ischemic postconditioning: Ischemic 
postconditioning consists of performing brief sequences of I/R at the 
onset of the reperfusion. The number and the duration of cycles of I/R 
are the major factors to be considered for the success of postcondition-
ing.

Kin et al. [55] showed in rat model that postconditioning with 3 
cycles of I/R of 10 seconds has the similar efficiency than with 6 cy-
cles of I/R at the same time. However, the same team reported that in 
mouse model that postconditioning performed with 3 sequences of I/R 
of 10 seconds had no effect; in contrast they observed a improvement 
of post-ischemic systolic and diastolic function of hearts effect when 
using 6 cycles of the same duration [77]. Further, Yang et al. [57] in-
dicated that in rabbit model that postconditioning with 4 sequences of 
I/R of 30 seconds has the similar efficiency than 12 with 6 cycles of I/R. 
Further, Staat et al. [73] observed a beneficial effect of postconditioning 
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with 4 cycles of I/R of 60 seconds in clinic. Piper et al. [78] indicated 
that the first minute of the reperfusion was the critical phase for car-
diomyocytes survival. Thus, Kin et al. [55] showed that after the first 
minute of reperfusion, the postconditioning was no longer expressed. 
In agreement with this observation, Yang et al. [57] showed in rabbit 
model that 10 minutes after reperfusion, that postconditioning was no 
longer expressed. These observations were recently challenged by Rou-
bille et al. [79]. In fact, these authors have shown that in mouse model, 
delaying the intervention of postconditioning to 30 minutes does not 
abrogate the cardioprotective effect of postconditioning.

Mechanism of postconditioning: Although its mechanism is not 
completely elucidated, several studies have tried to clarify the mecha-
nism of postconditioning. The initial report indicated that the pre-or 
postconditioning seemed to use the same signaling pathway [80]. An 
interesting hypothesis has been described by Tsang et al. [81]. In this 
theory, the postconditioning has two modes of action: one passive and 
the other active (Figure 3).

The passive pathway is caused by the gradual reperfusion of post-
conditioning. This stress causes a decrease in the production of free 
radicals, a decrease of the release of neutrophils involved in inflam-
mation, and also the decrease in mitochondrial calcium concentration.

The active pathway is represented by RISK (Reperfusion injury 
Salvage Kinase) that involves PI-3K and induces the activation of the 
Akt by phosphorylation, which is the principal regulator in cell sur-
vival. The involvement of the up-regulation of Akt phosphorylation in 
postconditioning was confirmed by our group in isolated perfused rat 
heart [54]. In this study, we showed that PI-3K/Akt pathway mediates 
postconditioning induced inhibition of mPTP opening. The role of the 
inhibition of the mPTP in postconditioning has been first showed by 
Argaud et al. [82]. Furthermore, in a study investigating the effect of 
ischemic postconditioning on I/R injury in isolated 13 hypertrophied 
rat heart, Peng et al. [83] indicated that postconditioning attenuated 
I/R injury effect in isolated hypertrophied rat heart, which were partly 
mediated through PI-3K/Akt/GSK-3beta signaling pathway. In the 
other hand, the RISK pathway induces activation of MAPK, involving 
the phosphorylation of ERK. The involvement of ERK pathway activa-
tion in postconditioning has been confirmed by the work of Darling et 
al. [84].

The activation of ERK and Akt leads to the translation of proteins 
via the phosphorylation of p70S6K protein. However, some authors 
have observed that postconditioning induces activation of Akt and 
ERK without providing a protective effect against I/R injury in the pig 
model [85].

Since, several studies have been performed and have helped to 
better understand the mechanisms of postconditioning indicated that 
adenosine receptors (A2A and A3) were involved in postconditioning-
induced cardioprotection [55]. Serviddio et al. [86] have shown that 
postconditioning induces protection against infarction is associated 
with the decrease in the production of peroxide and reduction the glu-
tathione. 

In isolated ischemic rat heart, Inserte et al. [87] showed that post-
conditioning delay intracellular pH recovery and prevent calpain ac-
tivation, inducing cardioprotective effect against I/R. However, the 
mechanisms by which delaying the restoration of physiological pH 
induces protection effect needs to still be understood [88], but it could 
be associated with signaling pathways activated by postconditioning 
[89,87]. Although, several studies have determined signaling molecules 

involved in postconditioning, further studies are necessary to elucidate 
the mechanism of this method.

Pharmacological postconditioning: Besides ischemic postcondi-
tioning, which consists to perform short cycles of I/R at the onset of the 
reperfusion, several authors tried to protect the ischemic myocardium 
against I/R injury by addition of pharmacological agents in the perfusat 
during the reperfusion [90-92]. This method is called pharmacological 
postconditioning. The team of Yellon has observed a cardioprotective 
effect of GIK (glucose-insuline potassium) cocktail given during the 
reperfusion. The author authors also found that the protective effect 
induced by addition of GIK was mediated by the activation of the PI14 
3K/Akt pathway. The beneficial effect of GIK was later confirmed by 
Jonassen et al [93]. However, the benefic effect of this cocktail in clini-
cal setting has been recently challenged [94]. In this international study 
named CREATE-ECLA, Randomized controlled trial conducted in 470 
centers worldwide among 20,201 patients with a ST-Segment Elevation 
Myocardial Infarction (STEMI), the authors conclude that high-dose 
GIK infusion had a neutral effect on mortality, cardiac arrest, and car-
diogenic shock in patients. It is important to indicate that several in-
dependent groups have had many concerns about the clinical features 
of the CREATE-ECLA trial [95,96]. To further elucidate the beneficial 
role of the GIK in clinic, actually an important trial named IMMEDI-
ATE is ongoing. The result of this trial will determine the future of the 
use of this cocktail in clinic. Adenosine was also abundantly reported 
to have cardioprotective effect in preclinical studies [97,98]. However, 
there is not unanimity in it positive effect in clinical trial AMISTAD 
and AMISTAD 2 [99,100]. As reported in a recent review from Kloner 
and Gerczuk [101], during the last decade, several clinical trials using 
diverse agents, which have been reported to induce cardioprotective 
effect in animal model, failed to reduce injury in clinical setting (Table 
1). We report in this review some of the clinical trials: HALT-MI (Leu-
koArrest, a CD11/CD18 leukocyte integrin receptor inhibitor), ESCA-
MI (Eniporide, a Na+/H+ exchange inhibitor), CASTEMI (Caldaret, an 
intracellular Ca2+-handling modulator), J-WIND-KATP (Nicorandil, 
a K+ channel opener/vasodilator), PROTECTION-AMI (Delcasertib, 
a δ-protein kinase C inhibitor), REVEAL, using Erythropoietin). An-
esthetic agents have been also abundantly used with success during 
reperfusion to protect the myocardium against damage related to I/R 
[102,103]. Several studies have successfully used different pharmaco-
logical agents during the reperfusion to protect the ischemic myocar-
dium [104,91,92,105].

Conclusion
Several pre-clinical studies have been performed in divers model 

to protect the myocardium against I/R injury. These trials indicate that 
it is possible to protect the ischemic myocardium during reperfusion. 
Controlled reperfusion and ischemic postconditioning methods were 
found to be able to reduce the myocardial infarct size 15 and improve 
the cardiac functional recovery after both normothermic and hypo-

Clinical trial Agents Animal research
PROTECTION-AMI δ-protein kinase C inhibitor Inagaki et al. 2003 106

REVEAL Erythropoietin Shi et al. 2004 107
CASTEMI Intracellular Ca2+-handling 

modulator
Kawasumi et al 2007 

108
AMISTAD 2 Adenosine Yao et al. 1994 109

ESCAMI Na+/H+ exchange inhibitor Gumina et al 2000 110
CREATE-ECLA Glucose-insulin-potassium (GIK) Jonassen et al 2000 111
J-WIND-KATP K+ channel opener/vasodilator Tsuchida et al 2002 112

Table 1: Represent different agents used in animal model and clinical trial.
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mic and hypothermic ischemia. The mechanism underlying the myo-
cardial protection during reperfusion still needs further investigations. 
Although clinical trials using pharmacological agents has shown in 
many cases negative results, we hope that the protection of the myocar-
dium during reperfusion by controlled reperfusion and postcondition-
ing will be one day used in clinic settings.

References

1. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, et al. (2011) Heart 
disease and stroke statistics--2011 update: a report from the American Heart 
Association. Circulation 123: e18-e209.

2. Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, et al. (2012) Heart 
disease and stroke statistics--2012 update: a report from the American Heart 
Association. Circulation 125: e2-e220.

3. Murry CE, Jennings RB, Reimer KA (1986) Preconditioning with ischemia: a 
delay of lethal cell injury in ischemic myocardium. Circulation 74: 1124-1136.

4. Kloner RA, Rezkalla SH (2006) Preconditioning, postconditioning and their ap-
plication to clinical cardiology. Cardiovasc Res 70: 297-307.

5. Hausenloy DJ, Yellon DM (2008) Preconditioning and postconditioning: new 
strategies for cardioprotection. Diabetes Obes Metab 10: 451-459.

6. Bopassa JC, Michel P, Gateau-Roesch O, Ovize M, Ferrera R (2005) Low-
pressure reperfusion alters mitochondrial permeability transition. Am J Physiol 
Heart Circ Physiol 288: H2750-H2755.

7. Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, et al. (2003) Inhibi-
tion of myocardial injury by ischemic postconditioning during reperfusion: com-
parison with ischemic preconditioning. Am J Physiol Heart Circ Physiol 285: 
H579-H588.

8. Jennings RB, Murry CE, Steenbergen C Jr, Reimer KA (1990) Development of 
cell injury in sustained acute ischemia. Circulation 82: II2-I12.

9. Chien GL, Wolff RA, Davis RF, van Winkle DM (1994) “Normothermic range” 
temperature affects myocardial infarct size. Cardiovasc Res 28: 1014-1017.

10. Jennings RB, Reimer KA (1983) Factors involved in salvaging ischemic myo-
cardium: effect of reperfusion of arterial blood. Circulation 68: I25-I36. 

11. Shrader D (1986) On dying more than one death. Hastings Cent Rep 16: 12-17.

12. Jones CE, Thomas JX, Parker JC, Parker RE (1976) Acute changes in high 
energy phosphates, nucleotide derivatives, and contractile force in ischaemic 
and nonischaemic canine myocardium following coronary occlusion. Cardio-
vasc Res 10: 275-282.

13. Ross J Jr, Franklin D (1976) Analysis of regional myocardial function, dimen-
sions, and wall thickness in the characterization of myocardial ischemia and 
infarction. Circulation 53: I88-I92.

14. Harden WR 3rd, Barlow CH, Simson MB, Harken AH (1979) Temporal rela-
tion between onset of cell anoxia and ischemic contractile failure. Myocardial 
ischemia and left ventricular failure in the isolated, perfused rabbit heart. Am J 
Cardiol 44: 741-746.

15. Paucek P, Yarov-Yarovoy V, Sun X, Garlid KD (1996) Inhibition of the mito-
chondrial KATP channel by long-chain acyl-CoA esters and activation by gua-
nine nucleotides. J Biol Chem 271: 32084-32088.

16. Garlick PB, Radda GK, Seeley PJ (1979) Studies of acidosis in the ischaemic 
heart by phosphorus nuclear magnetic resonance. Biochem J 184: 547-554.

17. Opie LH (1976) Effects of regional ischemia on metabolism of glucose and fatty 
acids. Relative rates of aerobic and anaerobic energy production during myo-
cardial infarction and comparison with effects of anoxia. Circ Res 38: I52-I74.

18. Benhabbouche S, Crola da Silva C, Abrial M, Ferrera R (2011) [The basis of 
ischemia-reperfusion and myocardial protection]. Ann Fr Anesth Reanim 30: 
S2-16.

19. Kleber AG (1983) Resting membrane potential, extracellular potassium activ-
ity, and intracellular sodium activity during acute global ischemia in isolated 
perfused guinea pig hearts. Circ Res 52: 442-450.

20. Farber JL, Chien KR, Mittnacht S Jr. (1981) Myocardial ischemia: the patho-
genesis of irreversible cell injury in ischemia. Am J Pathol 102: 271-281.

21. Kupriyanov VV, Yang L, Deslauriers R (1996) Cytoplasmic phosphates in 

Na(+)-K+ balance in KCN-poisoned rat heart: a 87Rb-, 23Na-, and 31P-NMR 
study. Am J Physiol 270: H1303-H1311.

22. Pine MB, Kahne D, Jaski B, Apstein CS, Thorp K, et al. (1980) Sodium perme-
ability and myocardial resistance to cell swelling during metabolic blockade. Am 
J Physiol 239: H31-H39.

23. Gersh BJ, Anderson JL (1993) Thrombolysis and myocardial salvage. Results 
of clinical trials and the animal paradigm--paradoxic or predictable? Circulation 
88: 296-306.

24. Ovize M (2006) [Postconditioning: lethal reperfusion injury as a therapeutic tar-
get]. Ann Cardiol Angeiol (Paris) 55: 66-69. 

25. Bond JM, Chacon E, Herman B, Lemasters JJ (1993) Intracellular pH and Ca2+ 
homeostasis in the pH paradox of reperfusion injury to neonatal rat cardiac 
myocytes. Am J Physiol 265: C129-C137.

26. Nicolli A, Petronilli V, Bernardi P (1993) Modulation of the mitochondrial cyclo-
sporin A-sensitive permeability transition pore by matrix pH. Evidence that the 
pore open-closed probability is regulated by reversible histidine protonation. 
Biochemistry 32: 4461-4465.

27. Halestrap AP (1991) Calcium-dependent opening of a non-specific pore in the 
mitochondrial inner membrane is inhibited at pH values below 7. Implications 
for the protective effect of low pH against chemical and hypoxic cell damage. 
Biochem J 278: 715-719.

28. Lemasters JJ, Bond JM, Chacon E, Harper IS, Kaplan SH, et al. (1996) The pH 
paradox in ischemia-reperfusion injury to cardiac myocytes. EXS 76: 99-114.

29. Smart SC, Sagar KB, Warltier DC (1997) Differential roles of myocardial Ca2+ 
channels and Na+/Ca2+ exchange in myocardial reperfusion injury in open 
chest dogs: relative roles during ischemia and reperfusion. Cardiovasc Res 
36: 337-346.

30. Stone D, Darley-Usmar V, Smith DR, O’Leary V (1989) Hypoxia-reoxygenation 
induced increase in cellular Ca2+ in myocytes and perfused hearts: the role of 
mitochondria. J Mol Cell Cardiol 21: 963-973.

31. Kloner RA (1993) Does reperfusion injury exist in humans? J Am Coll Cardiol 
21: 537-545.

32. Opie LH (1989) Reperfusion injury and its pharmacologic modification. Circula-
tion 80: 1049-1062.

33. Kloner RA, Ganote CE, Jennings RB (1974) The “no-reflow” phenomenon after 
temporary coronary occlusion in the dog. J Clin Invest 54:1496-1508.

34. Braunwald E, Kloner RA (1982) The stunned myocardium: prolonged, postisch-
emic ventricular dysfunction. Circulation 66: 1146-1149.

35. Braunwald E, Kloner RA (1985) Myocardial reperfusion: a double-edged 
sword? J Clin Invest 76: 1713-1719.

36. Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL (1994) Reperfu-
sion injury induces apoptosis in rabbit cardiomyocytes. J Clin Invest 94: 1621-
1628.

37. Angelos MG, Kutala VK, Torres CA, He G, Stoner JD, et al. (2006) Hypoxic 
reperfusion of the ischemic heart and oxygen radical generation. Am J Physiol 
Heart Circ Physiol 290: H341-H347.

38. Petrosillo G, Di Venosa N, Ruggiero FM, Pistolese M, D`Agostino D, et al. 
(2005) Mitochondrial dysfunction associated with cardiac ischemia/reperfusion 
can be attenuated by oxygen tension control. Role of oxygen-free radicals and 
cardiolipin. Biochim Biophys Acta 1710: 78-86.

39. Okamoto F, Allen BS, Buckberg GD, Young H, Bugyi H, et al. (1986) Reperfus-
ate composition: interaction of marked hyperglycemia and marked hyperos-
molarity in allowing immediate contractile recovery after four hours of regional 
ischemia. J Thorac Cardiovasc Surg 92: 583-593.

40. Okamoto F, Allen BS, Buckberg GD, Bugyi H, Leaf J (1986) Reperfusion condi-
tions: importance of ensuring gentle versus sudden reperfusion during relief of 
coronary occlusion. J Thorac Cardiovasc Surg 92: 613-620.

41. Bopassa JC, Michel P, Gateau-Roesch O, Ovize M, Ferrera R (2005) Low-
pressure reperfusion alters mitochondrial permeability transition. Am J Physiol 
Heart Circ Physiol 288: H2750-H2755.

42. Obadia JF, Girard C, Ferrara R, Chuzel M, Chassignolle JF, et al. (1997) Long 
conservation organs in heart transplantation: postoperative results and long-
term follow-up in fourteen patients. J Heart Lung Transplant 16: 256-259.

43. Allen BS, Okamoto F, Buckberg GD, Bugyi H, Young H, et al. (1986 ) Immedi-

Citation: Chrisostome BJ (2012) Protection of the Ischemic Myocardium during the Reperfusion: Between Hope and Reality. J Develop Drugs 1:101. 
doi:10.4172/2329-6631.1000101

Volume 1 • Issue 4 • 1000101
J Develop Drugs
ISSN:   JDD, an open access journal 

http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/22179539
http://www.ncbi.nlm.nih.gov/pubmed/3769170
http://www.ncbi.nlm.nih.gov/pubmed/16516180
http://www.ncbi.nlm.nih.gov/pubmed/17825079
http://www.ncbi.nlm.nih.gov/pubmed/15653760
http://www.ncbi.nlm.nih.gov/pubmed/12860564
http://www.ncbi.nlm.nih.gov/pubmed/2394018
http://www.ncbi.nlm.nih.gov/pubmed/7954586
http://www.ncbi.nlm.nih.gov/pubmed/6861325
http://www.ncbi.nlm.nih.gov/pubmed/3957650
http://www.ncbi.nlm.nih.gov/pubmed/954015
http://www.ncbi.nlm.nih.gov/pubmed/1253375
http://www.ncbi.nlm.nih.gov/pubmed/225947
http://www.ncbi.nlm.nih.gov/pubmed/8943260
http://www.ncbi.nlm.nih.gov/pubmed/44193
http://www.ncbi.nlm.nih.gov/pubmed/5202
http://www.ncbi.nlm.nih.gov/pubmed/21703480
http://www.ncbi.nlm.nih.gov/pubmed/6831660
http://www.ncbi.nlm.nih.gov/pubmed/7008623
http://www.ncbi.nlm.nih.gov/pubmed/8967370
http://www.ncbi.nlm.nih.gov/pubmed/8967370
http://www.ncbi.nlm.nih.gov/pubmed/7396015
http://www.ncbi.nlm.nih.gov/pubmed/8319343
http://www.ncbi.nlm.nih.gov/pubmed/16708988
http://www.ncbi.nlm.nih.gov/pubmed/8338121
http://www.ncbi.nlm.nih.gov/pubmed/7682848
http://www.ncbi.nlm.nih.gov/pubmed/1654889
http://www.ncbi.nlm.nih.gov/pubmed/8805791
http://www.ncbi.nlm.nih.gov/pubmed/9534854
http://www.ncbi.nlm.nih.gov/pubmed/2479760
http://www.sciencedirect.com/science/article/pii/073510979390700B
http://circ.ahajournals.org/content/80/4/1049.short
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC301706/
http://circ.ahajournals.org/content/66/6/1146.short
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC424191/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC295322/
http://ajpheart.physiology.org/content/290/1/H341.short
http://www.ncbi.nlm.nih.gov/pubmed/16325647
http://www.ncbi.nlm.nih.gov/pubmed/3747586
http://www.ncbi.nlm.nih.gov/pubmed/3747588
http://www.ncbi.nlm.nih.gov/pubmed/15653760
http://www.ncbi.nlm.nih.gov/pubmed/9059938
http://www.ncbi.nlm.nih.gov/pubmed/2875224


Page 7 of 8

ate functional recovery after six hours of regional ischemia by careful control of 
conditions of reperfusion and composition of reperfusate. J Thorac Cardiovasc 
Surg 92: 621-635.

44. Peng CF, Murphy ML, Colwell K, Straub KD (1989) Controlled versus hyper-
emic flow during reperfusion of jeopardized ischemic myocardium. Am Heart J 
117: 515-522.

45. Mrak RE, Carry MM, Murphy ML, Peng CF, Straub KD (1990) Reperfusion 
injury in ischemic myocardium: protective effect of controlled reperfusion. Am J 
Cardiovasc Pathol 3: 217-224.

46. Hori M, Kitakaze M, Sato H, Takashima S, Iwakura K, et al. (1991) Staged 
reperfusion attenuates myocardial stunning in dogs. Role of transient acidosis 
during early reperfusion. Circulation 84: 2135-2145.

47. Takeo S, Liu JX, Tanonaka K, Nasa Y, Yabe K, et al. (1995) Reperfusion at re-
duced flow rates enhances postischemic contractile recovery of perfused heart. 
Am J Physiol 268: H2384-H2395.

48. Massoudy P, Mempel T, Raschke P, Becker BF (1999) Reduction of oxygen 
delivery during post-ischemic reperfusion protects the isolated guinea pig 
heart. Basic Res Cardiol 94: 231-237.

49. Kaneda T, Ku K, Inoue T, Onoe M, Oku H (2001) Postischemic reperfusion 
injury can be attenuated by oxygen tension control. Jpn Circ J 65: 213-218.

50. Bopassa JC, Vandroux D, Ovize M, Ferrera R (2006) Controlled reperfusion 
after hypothermic heart preservation inhibits mitochondrial permeability transi-
tion-pore opening and enhances functional recovery. Am J Physiol Heart Circ 
Physiol 291: H2265-H2271.

51. Sakamoto T, Yamashita C, Okada M (1999) Efficacy of initial controlled perfu-
sion pressure for ischemia-reperfusion injury in a 24-hour preserved lung. Ann 
Thorac Cardiovasc Surg 5: 21-26.

52. Shi E, Jiang X, Kazui T, Washiyama N, Yamashita K, et al. (2007) Controlled 
low-pressure perfusion at the beginning of reperfusion attenuates neurologic 
injury after spinal cord ischemia. J Thorac Cardiovasc Surg 133: 942-948.

53. Bopassa JC, Vandroux D, Ovize M, Ferrera R (2006) Controlled reperfusion 
after hypothermic heart preservation inhibits mitochondrial permeability transi-
tion-pore opening and enhances functional recovery. Am J Physiol Heart Circ 
Physiol 291: H2265-H2271. 

54. Bopassa JC, Ferrera R, Gateau-Roesch O, Couture-Lepetit E, Ovize M (2006) 
PI 3-kinase regulates the mitochondrial transition pore in controlled reperfusion 
and postconditioning. Cardiovasc Res 69: 178-185.

55. Kin H, Zhao ZQ, Sun HY, Wang NP, Corvera JS, et al. (2004) Postconditioning 
attenuates myocardial ischemia-reperfusion injury by inhibiting events in the 
early minutes of reperfusion. Cardiovasc Res 62: 74-85.

56. Kerendi F, Kin H, Halkos ME, Jiang R, Zatta AJ, et al. (2005) Remote postcon-
ditioning. Brief renal ischemia and reperfusion applied before coronary artery 
reperfusion reduces myocardial infarct size via endogenous activation of ad-
enosine receptors. Basic Res Cardiol 100: 404-412.

57. Yang XM, Proctor JB, Cui L, Krieg T, Downey JM, et al. (2004) Multiple, brief 
coronary occlusions during early reperfusion protect rabbit hearts by targeting 
cell signaling pathways. J Am Coll Cardiol 44: 1103-1110.

58. Yang XM, Philipp S, Downey JM, Cohen MV (2005) Postconditioning’s protec-
tion is not dependent on circulating blood factors or cells but involves adenos-
ine receptors and requires PI3-kinase and guanylyl cyclase activation. Basic 
Res Cardiol 100: 57-63.

59. Dosenko VE, Nagibin VS, Tumanovskaya LV, Moibenko AA, Vaage J (2005) 
Postconditioning prevents apoptotic necrotic and autophagic cardiomyocyte 
cell death in culture. Fiziol Zh 51: 12-17.

60. Galagudza M, Kurapeev D, Minasian S, Valen G, Vaage J (2004) Ischemic 
postconditioning: brief ischemia during reperfusion converts persistent ven-
tricular fibrillation into regular rhythm. Eur J Cardiothorac Surg 25: 1006-1010.

61. Guo JY, Yang T, Sun XG, Zhou NY, Li FS, et al. (2011) Ischemic postcondition-
ing attenuates liver warm ischemia-reperfusion injury through Akt-eNOS-NO-
HIF pathway. J Biomed Sci 18: 79.

62. Lauzier B, Delemasure S, Debin R, Collin B, Sicard P, et al. (2008) Beneficial 
effects of myocardial postconditioning are associated with reduced oxidative 
stress in a senescent mouse model. Transplantation 85: 1802-1808.

63. Zhou C, Tu J, Zhang Q, Lu D, Zhu Y, et al. (2011) Delayed ischemic post-

conditioning protects hippocampal CA1 neurons by preserving mitochondrial 
integrity via Akt/GSK3beta signaling. Neurochem Int 59: 749-758.

64. Zhang W, Miao Y, Zhou S, Jiang J, Luo Q, Qiu Y (2011) Neuroprotective effects 
of ischemic postconditioning on global brain ischemia in rats through upregula-
tion of hippocampal glutamine synthetase. J Clin Neurosci 18: 685-689.

65. Lin HC, Lee TK, Tsai CC, Lai IR, Lu KS (2012) Ischemic postconditioning pro-
tects liver from ischemia-reperfusion injury by modulating mitochondrial perme-
ability transition. Transplantation 93: 265-271.

66. Wang N, Ma QJ, Lu JG, Chu YK, Lai DN (2005) [Protective effect of ischemic 
postconditioning on ischemic reperfusion injury of rat liver graft]. Zhonghua Wai 
Ke Za Zhi 43: 1533-1536.

67. Szwarc I, Soullier S, Gayrard N, Mejean C, Mourad G, et al. (2007) Ischemic 
postconditioning prevents ischemic acute renal failure. Transplant Proc 39: 
2554-2556.

68. Xia ZY, Gao J, Ancharaz AK (2009) Protective effect of ischemic postcondition-
ing on lung ischemia-reperfusion injury in rats and the role of heme oxygen-
ase-1. Chin J Traumatol 12: 162-166.

69. Tang YH, Xu JJ, Li JX, Cheng XS (2011) Remote postconditioning induced by 
brief pulmonary ischemia and reperfusion attenuates myocardial reperfusion 
injury in rabbits. Chin Med J (Engl ) 124: 1683-1688.

70. Ding JT, Zhang LY (2011) Protective effects of ischemic postconditioning on 
intestinal mucosa barrier function in rabbits with crush injury of hind limb: an 
experimental study. Chin J Traumatol 14: 92-95.

71. Kerendi F, Kin H, Halkos ME, Jiang R, Zatta AJ, et al. (2005) Remote postcon-
ditioning. Brief renal ischemia and reperfusion applied before coronary artery 
reperfusion reduces myocardial infarct size via endogenous activation of ad-
enosine Receptors. Basic Res Cardiol 100: 404-412.

72. Liu S, Wu XF, Zhang WZ, Sun YX, Cai SL (2007) [Remote postconditioning by 
brief renal ischemia and reperfusion reduces acute myocardial ischemia and 
reperfusion induced myocardial apoptosis in rabbits]. Zhonghua Xin Xue Guan 
Bing Za Zhi 35: 757-760.

73. Staat P, Rioufol G, Piot C, Cottin Yves, Cung TT, et al. (2005) Postconditioning 
the human heart. Circulation 112: 2143-2148.

74. Dragoni S, Di SG, Sicuro S, Lisi M, Parker JD, et al. (2006) Postconditioning 
fails to prevent radial artery endothelial dysfunction induced by ischemia and 
reperfusion: evidence from a human in vivo study. Can J Physiol Pharmacol 
84: 611-615.

75. Ma X, Zhang X, Li C, Luo M (2006) Effect of postconditioning on coronary blood 
flow velocity and endothelial function and LV recovery after myocardial infarc-
tion. J Interv Cardiol 19: 367-375.

76. Freixa X, Bellera N, Ortiz-Perez JT, Jimenez M, Pare C, et al. (2012) Ischaemic 
postconditioning revisited: lack of effects on infarct size following primary per-
cutaneous coronary intervention. Eur Heart J 33: 103-112.

77. Kin H, Zatta AJ, Lofye MT, Amerson BS, Halkos ME, et al. (2005) Postcondi-
tioning reduces infarct size via adenosine receptor activation by endogenous 
adenosine. Cardiovasc Res 67: 124-133.

78. Piper HM, Meuter K, Schafer C (2003) Cellular mechanisms of ischemiareper-
fusion injury. Ann Thorac Surg 75: S644-S648.

79. Roubille F, Franck-Miclo A, Covinhes A, Lafont C, Cransac F, et al. (2011) De-
layed postconditioning in the mouse heart in vivo. Circulation 124: 1330-1336.

80. Hausenloy DJ, Tsang A, Yellon DM (2005) The reperfusion injury salvage ki-
nase pathway: a common target for both ischemic preconditioning and post-
conditioning. Trends Cardiovasc Med 15: 69-75.

81. Tsang A, Hausenloy DJ, Mocanu MM, Yellon DM (2004) Postconditioning: a 
form of “modified reperfusion” protects the myocardium by activating the phos-
phatidylinositol 3-kinase-Akt pathway. Circ Res 95: 230-232.

82. Argaud L, Gateau-Roesch O, Raisky O, Loufouat J, Robert D, et al. (2005) 
Postconditioning inhibits mitochondrial permeability transition. Circulation 111: 
194-197.

83. Peng LY, Ma H, He JG, Gao XR, Zhang Y, et al. (2006) [Ischemic postcon-
ditioning attenuates ischemia/reperfusion injury in isolated hypertrophied rat 
heart]. Zhonghua Xin Xue Guan Bing Za Zhi 34: 685-689.

84. Darling CE, Jiang R, Maynard M, Whittaker P, Vinten-Johansen J, et al. (2005) 
Postconditioning via stuttering reperfusion limits myocardial infarct size in rab-
bit hearts: role of ERK1/2. Am J Physiol Heart Circ Physiol 289: H1618-H1626.

Citation: Chrisostome BJ (2012) Protection of the Ischemic Myocardium during the Reperfusion: Between Hope and Reality. J Develop Drugs 1:101. 
doi:10.4172/2329-6631.1000101

Volume 1 • Issue 4 • 1000101
J Develop Drugs
ISSN:   JDD, an open access journal 

http://www.ncbi.nlm.nih.gov/pubmed/2875224
http://www.ncbi.nlm.nih.gov/pubmed/2919530
http://www.ncbi.nlm.nih.gov/pubmed/2095828
http://www.ncbi.nlm.nih.gov/pubmed/1657451
http://www.ncbi.nlm.nih.gov/pubmed/7611491
http://www.ncbi.nlm.nih.gov/pubmed/10505422
http://www.ncbi.nlm.nih.gov/pubmed/11266197
http://www.ncbi.nlm.nih.gov/pubmed/16798830
http://www.ncbi.nlm.nih.gov/pubmed/10074564
http://www.ncbi.nlm.nih.gov/pubmed/17382631
http://www.ncbi.nlm.nih.gov/pubmed/16798830
http://www.ncbi.nlm.nih.gov/pubmed/16216231
http://www.ncbi.nlm.nih.gov/pubmed/15023554
http://www.ncbi.nlm.nih.gov/pubmed/15965583
http://www.ncbi.nlm.nih.gov/pubmed/15337225
http://www.ncbi.nlm.nih.gov/pubmed/15614590
http://www.ncbi.nlm.nih.gov/pubmed/16108220
http://www.ncbi.nlm.nih.gov/pubmed/15145002
http://www.ncbi.nlm.nih.gov/pubmed/22035453
http://www.ncbi.nlm.nih.gov/pubmed/18580474
http://www.ncbi.nlm.nih.gov/pubmed/21867737
http://www.ncbi.nlm.nih.gov/pubmed/21371894
http://www.ncbi.nlm.nih.gov/pubmed/22198494
http://www.ncbi.nlm.nih.gov/pubmed/16412292
http://www.ncbi.nlm.nih.gov/pubmed/17954171
http://www.ncbi.nlm.nih.gov/pubmed/19486559
http://www.ncbi.nlm.nih.gov/pubmed/21740777
http://www.ncbi.nlm.nih.gov/pubmed/21453574
http://www.ncbi.nlm.nih.gov/pubmed/15965583
http://www.ncbi.nlm.nih.gov/pubmed/17963639
http://circ.ahajournals.org/content/112/14/2143.short
http://www.ncbi.nlm.nih.gov/pubmed/16900245
http://www.ncbi.nlm.nih.gov/pubmed/17020559
http://www.ncbi.nlm.nih.gov/pubmed/21846677
http://www.ncbi.nlm.nih.gov/pubmed/15949476
http://www.sciencedirect.com/science/article/pii/S0003497502046866
http://circ.ahajournals.org/content/124/12/1330.short
http://www.ncbi.nlm.nih.gov/pubmed/15885573
http://www.ncbi.nlm.nih.gov/pubmed/15242972
http://circ.ahajournals.org/content/111/2/194.short
http://www.ncbi.nlm.nih.gov/pubmed/17081389
http://www.ncbi.nlm.nih.gov/pubmed/15937101


Page 8 of 8

85. Schwartz LM, Lagranha CJ (2006) Ischemic postconditioning during reperfu-
sion activates Akt and ERK without protecting against lethal myocardial isch-
emia-reperfusion injury in pigs. Am J Physiol Heart Circ Physiol 290: H1011-
H1018.

86. Serviddio G, Di Venosa N, Federici A, D Agostino D, Rollo T, et al. (2005) 
Brief hypoxia before normoxic reperfusion (postconditioning) protects the heart 
against ischemia-reperfusion injury by preventing mitochondria peroxyde pro-
duction and glutathione depletion. FASEB J 19: 354-361.

87. Inserte J, Barba I, Hernando V, Garcia-Dorado D (2009) Delayed recovery of 
intracellular acidosis during reperfusion prevents calpain activation and deter-
mines protection in postconditioned myocardium. Cardiovasc Res 81: 116-122.

88. Cour M, Gomez L, Mewton N, Ovize M, Argaud L (2011) Postconditioning: from 
the bench to bedside. J Cardiovasc Pharmacol Ther 16: 117-130.

89. Cohen MV, Yang XM, Downey JM (2007) The pH hypothesis of postcondi-
tioning: staccato reperfusion reintroduces oxygen and perpetuates myocardial 
acidosis. Circulation 115: 1895-1903.

90. Jonassen AK, Brar BK, Mjos OD, Sack MN, Latchman DS, et al. (2000) Insulin 
administered at reoxygenation exerts a cardioprotective effect in myocytes by a 
possible anti-apoptotic mechanism. J Mol Cell Cardiol 32: 757-764.

91. Zitta K, Meybohm P, Bein B, Rodde C, Steinfath M, et al. (2010) Hypoxia-
induced cell damage is reduced by mild hypothermia and postconditioning with 
catalase in-vitro: application of an enzyme based oxygen deficiency system. 
Eur J Pharmacol 628: 11-18.

92. Honisch A, Theuring N, Ebner B, Wagner C, Strasser RH, et al. (2010) Post-
conditioning with levosimendan reduces the infarct size involving the PI3K 
pathway and KATP-channel activation but is independent of PDE-III inhibition. 
Basic Res Cardiol 105: 155-167.

93. Jonassen AK, Sack MN, Mjos OD, Yellon DM (2001) Myocardial protection by 
insulin at reperfusion requires early administration and is mediated via Akt and 
p70s6 kinase cell-survival signaling. Circ Res 89: 1191-1198.

94. Mehta SR, Yusuf S, Diaz R, Zhu J, Pais P, et al. (2005) Effect of glucose-insu-
lin-potassium infusion on mortality in patients with acute ST-segment elevation 
myocardial infarction: the CREATE-ECLA randomized controlled trial. JAMA 
293: 437-446.

95. Cobb LA, Killip T, Lambrew CT, MacLeod BA, Rackley CE, et al. (2005) Glu-
cose-insulin-potassium infusion and mortality in the CREATE-ECLA trial. JAMA 
293: 2597.

96. Dey J, Blonde L, Burshell A, Bolton P, Richard A (2005) Glucose-insulin-potas-
sium infusion and mortality in the CREATE-ECLA trial. JAMA 293: 2597-2598.

97. Toombs CF, McGee S, Johnston WE, Vinten-Johansen J (1992) Myocardial 
protective effects of adenosine Infarct size reduction with pretreatment and 
continued receptor stimulation during ischemia. Circulation 86: 986-994.

98. Thornton JD, Liu GS, Olsson RA, Downey JM (1992) Intravenous pretreatment 
with A1-selective adenosine analogues protects the heart against infarction. 
Circulation 85: 659-665.

99. Kloner RA, Forman MB, Gibbons RJ, Ross AM, Alexander RW, et al. (2006) 
Impact of time to therapy and reperfusion modality on the efficacy of adenosine 
in acute myocardial infarction: the AMISTAD-2 trial. Eur Heart J 27: 2400-2405.

100. Ross AM, Gibbons RJ, Stone GW, Kloner RA, Alexander RW (2005) A ran-
domized, double-blinded, placebo-controlled multicenter trial of adenosine 
as an adjunct to reperfusion in the treatment of acute myocardial infarction 
(AMISTAD-II). J Am Coll Cardiol 45: 1775-1780.

101. Gerczuk PZ, Kloner RA (2012) An update on cardioprotection: a review of the 
latest adjunctive therapies to limit myocardial infarction size in clinical trials. J 
Am Coll Cardiol 59: 969-978.

102. Zheng Z, Yang M, Zhang F, YU J, Wang J, et al. (2011) Gender-related differ-
ence of sevoflurane postconditioning in isolated rat hearts: focus on phospha-
tidylinositol-3-kinase/Akt signaling. J Surg Res 170: e3-e9.

103. Rahman S, Li J, Bopassa JC, Umar S, Iorga A, et al. (2011) Phosphorylation 
of GSK-3beta mediates intralipid-induced cardioprotection against ischemia/
reperfusion injury. Anesthesiology 115: 242-253.

104. Sicard P, Jacquet S, Kobayashi KS, Flavell RA, Marber MS (2009) Pharmaco-
logical postconditioning effect of muramyl dipeptide is mediated through RIP2 
and TAK1. Cardiovasc Res 83: 277-284.

105. Tissier R, Waintraub X, Couvreur N, Gervais M, Bruneval P, et al. (2007) 

Pharmacological postconditioning with the phytoestrogen genistein. J Mol Cell 
Cardiol 42: 79-87.

106. Inagaki K, Chen L, Ikeno F, Lee FH, Imahashi K, et al. (2003) Inhibition of 
delta-protein kinase C protects against reperfusion injury of the ischemic heart 
in vivo. Circulation 108: 2304-2307.

107. Shi Y, Rafiee P, Su J, Pritchard KA Jr, Tweddell JS, et al. (2004) Acute cardio-
protective effects of erythropoietin in infant rabbits are mediated by activation 
of protein kinases and potassium channels. Basic Res Cardiol 99: 173-182.

108. Kawasumi H, Satoh N, Kitada Y (2007) Caldaret, an intracellular Ca2+ han-
dling modulator, limits infarct size of reperfused canine heart. J Pharmacol Sci 
103: 222-233.

109. Yao Z, Gross GJ (1994) A comparison of adenosine-induced cardioprotection 
and ischemic preconditioning in dogs. Efficacy, time course, and role of KATP 
channels. Circulation 89: 1229-1236.

110. Gumina RJ, Auchampach J, Wang R, Buerger E, Eickmeier C, et al. (2000) 
Na(+)/H(+) exchange inhibition-induced cardioprotection in dogs: effects on 
neutrophils versus cardiomyocytes. Am J Physiol Heart Circ Physiol 279: 
H1563-H1570.

111. Jonassen AK, Brar BK, Mjos OD, Sack MN, Latchman DS, et al. (2000) Insulin 
administered at reoxygenation exerts a cardioprotective effect in myocytes by 
a possible anti-apoptotic mechanism. J Mol Cell Cardiol 32: 757-764.

112. Tsuchida A, Miura T, Tanno M, Sakamoto J, Miki T, et al. (2002) Infarct size 
limitation by nicorandil: roles of mitochondrial K(ATP) channels, sarcolemmal 
K(ATP) channels, and protein kinase C. J Am Coll Cardiol 40: 1523-1530.

Citation: Chrisostome BJ (2012) Protection of the Ischemic Myocardium during the Reperfusion: Between Hope and Reality. J Develop Drugs 1:101. 
doi:10.4172/2329-6631.1000101

Volume 1 • Issue 4 • 1000101
J Develop Drugs
ISSN:   JDD, an open access journal 

http://www.ncbi.nlm.nih.gov/pubmed/16214840
http://www.ncbi.nlm.nih.gov/pubmed/15746178
http://www.ncbi.nlm.nih.gov/pubmed/18829701
http://www.ncbi.nlm.nih.gov/pubmed/20938041
http://www.ncbi.nlm.nih.gov/pubmed/17389262
http://www.ncbi.nlm.nih.gov/pubmed/10775481
http://www.ncbi.nlm.nih.gov/pubmed/19917279
http://www.ncbi.nlm.nih.gov/pubmed/19842009
http://www.ncbi.nlm.nih.gov/pubmed/11739285
http://www.ncbi.nlm.nih.gov/pubmed/15671428
http://www.ncbi.nlm.nih.gov/pubmed/15928278
http://www.ncbi.nlm.nih.gov/pubmed/15928277
http://www.ncbi.nlm.nih.gov/pubmed/1516210
http://www.ncbi.nlm.nih.gov/pubmed/1735160
http://www.ncbi.nlm.nih.gov/pubmed/16782719
http://www.ncbi.nlm.nih.gov/pubmed/15936605
http://www.ncbi.nlm.nih.gov/pubmed/22402067
http://www.ncbi.nlm.nih.gov/pubmed/21704330
http://www.ncbi.nlm.nih.gov/pubmed/21691195
http://www.ncbi.nlm.nih.gov/pubmed/19213760
http://www.ncbi.nlm.nih.gov/pubmed/17141266
http://www.ncbi.nlm.nih.gov/pubmed/17141266
http://www.ncbi.nlm.nih.gov/pubmed/14597593
http://www.ncbi.nlm.nih.gov/pubmed/15088102
http://www.ncbi.nlm.nih.gov/pubmed/17299242
http://www.ncbi.nlm.nih.gov/pubmed/8124811
http://www.ncbi.nlm.nih.gov/pubmed/11009442
http://www.ncbi.nlm.nih.gov/pubmed/10775481
http://www.ncbi.nlm.nih.gov/pubmed/12392845

	Title
	Abstract
	Corresponding author
	Keywords
	Non-standard Abbreviations and Acronyms
	Introduction
	Modifications due to Ischemia
	Modifications due to the Reperfusion
	Controversy about the Cell Death Specific to Reperfusion
	Protection of Myocardium during the Reperfusion
	Controlled reperfusion
	Ischemic postconditioning
	Conclusion
	Table 1
	Figure 1
	Figure 2
	Figure 3
	References




