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Abstract

Ischaemic postconditioning (IPostC) was introduced for the first time by Zhao et al. as a feasible method for reduction of myocardial
ischaemia-reperfusion (IR) injury. The cardioprotection by this protocol has been extensively evaluated in various species. Then, further
research revealed that IPostC is a safe and convenient approach in limiting IR injury of non-myocardial tissues such as lung, liver, kidney, intes-
tine, skeletal muscle, brain and spinal cord. IPostC has been conducted with different algorithms, resulting in diverse effects. The possible
important factors leading to these differences are the difference in activation levels of signalling pathways and protective mediators by any algo-
rithm, presence or absence of 1PostC effectors in each tissue, or intrinsic characteristics of the tissues as well as the methodological biases.
Also, the conflicting results have been shown with the application of the same algorithm of IPostC in certain tissues or animal species. The
effectiveness of IPostC may depend upon various parameters including the species and the tissues characteristics. For example, different heart
rates and metabolic rates of the species and unequal amounts of perfusion and blood flow of the tissues should be considered as the important
determinants of IPostC effectiveness and should be thought about in designing IPostC algorithms for future studies. Due to these discrepancies,
there is still no optimal single IPostC algorithm applicable to any tissue or any species. This issue is the main topic of the present article.
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Introduction

The concept of reducing reperfusion injury in the animal models of
myocardial infarction (MI) and in patients undergoing surgery for the
opening of coronary artery stenosis was introduced for the first time
in the late 1970s by Buckberg et al. [1, 2]. Myocardial reperfusion
injury leads to a series of complications including coronary vascula-
ture dysfunction, activation of endothelium-derived adhesive mole-
cules and migration of inflammatory cells to the damage area, tissue
oedema, electrophysiological dysfunctions, myocardial infarction and
apoptosis [3]. Therefore, finding the new strategies to reduce the
complications of the process and improve the patients’ outcome is
clinically very important [4]. In 2003, Zhao et al. were the first
researchers to use the term ischaemic postconditioning (IPostC) as a
potential approach to increase the resistance of the heart against
myocardial damages induced by ischaemia and reperfusion (IR)
injury [5, 6]. IPostC is performed in the form of a series of repeated
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cycles of reperfusion/ischaemia with the specific timings and epi-
sodes, applied immediately at the onset of reperfusion. The studies
showed that this strategy leads to a significant reduction in ventricu-
lar arrhythmias and considerably reduces the infarct size of the
ischaemic heart [7, 8]. Although it does not seem that cardioprotec-
tive effect of IPostC is stronger than those of ischaemic precondition-
ing (which is applied before the index ischaemia), the conclusions of
investigations from different laboratories indicate its protective
potency against IR insults not only in the heart but also in different
tissues of many species [7, 9]. However, despite extensive pre-clini-
cal studies indicating the positive effects of IPostC especially in the
field of cardioprotection, the translation of IPostC results from animal
studies to the clinical setting has been encountered with problems.
Some clinical studies using IPostC protocols have reported positive
effects [10-12], while others have showed no or negative results [13,
14]. On the other hand, many research with considerable results has
been carried out in the field of protective effects of IPostC in different
tissues of animal models [15-22], but in humans, in spite of notable
research on myocardial IR injury, there is a few or lack of study in the
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field of the effectiveness of IPostC strategy on the protection of other
human tissues such as kidney, liver, lung, intestine, and brain [23]. In
the case of renal protection, there is only one pilot study (with 20
patients undergoing kidney transplantation), in which 1PostC strategy
(3 x 1 min.) could not exert considerable effects on renal delayed
graft function 3 months after transplantation [24]. There was no sig-
nificant difference in reducing effects of IPostC on serum creatinine
levels between experimental and corresponding control groups [24].
In addition, in a study conducted by Ricca et al. on 50 patients under-
going liver transplantation, the effects of IPostC on AST levels and
other markers of liver function were similar with those of control
patients. Even in some patients in this study, the histological damage
was greater in IPostC-receiving group, and this protocol could not
reduce the apoptosis but instead increased significantly the level of
autophagy in periportal areas [25]. There is no study in the case
of other tissues in human. Therefore, as human studies in the field of
IPostC effects on the protection of non-cardiac organs are very lim-
ited, it is too early to achieve a definite conclusion regarding the effi-
cacy of this strategy in protecting these tissues in humans. Although
the primary scope of this article is discussion about the reasons for
the variation in the efficacy of IPostC algorithm in various tissues, the
main reasons for the lack of translation of cardioprotective effects of
IPostC from basic into clinical settings are discussed first.

Optimization of IPostC-induced
cardioprotection indicators based on
the translatable results from animal
models to humans

In general, the main parameter involved in the lack of good translation
of postconditioning (and other protective interventions) results from
animal studies to the clinical setting is related to the issues about the
designing of the basic and pre-clinical studies, for example, inappro-
priate myocardial infarction models, and lack of attention to various
pathophysiology of the ischaemia/reperfusion disorders, resulting in
the implementation of a poorly designed study. In addition, most of
the clinical studies do not appropriately think through the pre-clinical
data that has already been carried out, in their trials settings [26, 27].
Many factors should be considered in designing the pre-clinical and
clinical studies to obtain a reliable and translatable result and reduce
the burden of IR injury, which they are introduced below in the case
of the cardioprotective efficacy of IPostC.

Confounding factors in cardioprotective efficacy
of IPostC

In patients with coronary heart disease, confounding factors could
potentially alter the vulnerability of IR injury and negate the car-
dioprotective effects of clinical interventions. The most important
confounder in human patients with myocardial IR injury is the
presence of cardiovascular comorbidities and risk factors such as
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ageing, hypertension, hyperlipidaemia, atherosclerosis, diabetes
mellitus, left ventricular hypertrophy and heart failure [28-30].
These comorbidities can explain the weakness of cardioprotective
effects of IPostC in the clinical setting and the majorities of pre-
clinical basic studies ignore the presence of them in designing
their studies. These concomitant diseases, as well as drugs used
for their treatments, may lead to critical changes in the activity of
the molecular signalling pathways (see below) necessary for the
cytoprotective efficacy of IPostC and myocardial salvage during IR
insults [28].

In addition, most tissues in healthy individuals have an innate
collateral blood flow that makes the ischaemic tissue to adapt the
damaged conditions [31]. Some studies have shown that above-men-
tioned risk factors considerably impair the responsiveness of collat-
eral flow in ischaemic conditions [32, 33]. Thus, the inefficiency of
IPostC strategies in clinical myocardial IR trials is also attributable to
the insufficient coronary collateral circulation in the presence of
comorbidities. Furthermore, in the case of percutaneous coronary
interventions (PCI), repetitive inflation/deflation of angioplasty balloon
as the cycles of IPostC at the beginning of reperfusion in atheroscle-
rotic obstructed vessels may detach the sclerotic debris or endothelial
cells as a result of balloon’s expansion pressure, which they can block
again the microvascular system, ultimately leading to the failure of
coronary collateral circulation.

Another important confounding factor for cardioprotection by
IPostC in patients is concomitant medication for controlling the
cardiovascular comorbidities or timely treatment of acute myocar-
dial infarction. These medications per se have shown their both
inhibitory and activatory effects on cardioprotection in pre-clinical
and clinical studies [27, 30]. Thus, both aspects of this result
should be considered in interpretation and evaluation of the
degree of IPostC success in cardioprotection. Inhibitory effects of
concomitant medication can be one of the causes of the ineffi-
ciency of IPostC, and on the other hand, protective effects of
these medications may lead to the manifestation of the false posi-
tive results by IPostC administration. Therefore, due to the men-
tioned interferences in cardioprotection, larger scale cohort studies
should be conducted based on the presence of cardiovascular risk
factors in certain subgroups to analyse more clearly the influences
of age, gender, comorbidities and co-treatments on 1PostC protec-
tive efficacy [26].

Lack of an optimized and standard algorithm in
clinical trials

The IPostC has been applied with different algorithms in different clin-
ical studies, for example, with three or four cycles of 30 or 60 sec. of
repetitive reperfusion/ischaemia [34, 35]. The lack of standard and
optimized algorithm will lead to different results in various clinical
studies. Comparison of the effectiveness of some similar IPostC algo-
rithms in clinical studies is seen in Table 1. The same algorithm of
IPostC has shown diverse results that may be related to the interfer-
ence of confounders, discussed above.
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Table 1 Comparison of the effectiveness of similar IPostC algorithms in clinical studies. As seen in the table, the same algorithm of IPostC
has shown diverse results that may be related to the interference of confounders discussed in the text. The negative results of IPostC are

usually seen when the duration of ischaemia is longer

Positive results

Neutral or negative results

Study Time of ischaemia AT of. Study _Tlme 0 . Zone of obstruction
obstruction ischaemia
IPostC Protocol
4 x 1 min. (inflations and deflations of angioplasty balloon)
Staat et al. [34] >6 hrs Upstream of stent Sorensson et al. [53] >6 hrs Within the stent
. - (at the site of lesion)
Thibault et al. [52] >6 hrs Tarantini et al. [54] <6 hrs
Araszkiewicz et al. [12] >6 hrs Freixa et al. [55] <12 hrs
Hahn et al. [56] <12 hrs
Eitel ef al. [35]
4 x 0.5 min. (inflations and deflations of angioplasty balloon)
Lonborg et al. [11] <12 hrs Within the stent Dwyer et al. [14] <6 hrs Within the stent
(at the site of lesion)
DANAMI 3 [13] <12 hrs

IPostC: ischaemic postconditioning.

Long versus short durations of previous
ischaemia

The time length of acute myocardial ischaemia is one of the main and
primary determinants of the development of infarct size (Table 1). In
comparison, this acute ischaemic time in patients with ST-elevation
MI (STEMI) was up to 12 hrs [36], while in animal M| modelling was
usually lower than 3 hrs [37]. This variation can significantly lead to
the variances in IPostC-induced cardioprotection among the basic
and clinical studies. In addition, coronary artery obstruction in clinical
cases occurs gradually and over the time and it varies from patient to
patient, for example, it takes 5 months in one patient, but more than
2 years in another. Hence, the patients who have experienced this
process will have different previous ischaemia experiences (in terms
of time and intensity) before hospitalization. This process results in
the induction of different intensities of preconditioning effects on
ischaemic tissue, leading to different responsiveness of tissue to the
IPostC protocols.

The absence of a common standard method to
assess the infarct size both in animal models
and human patients

Different techniques such as cardiac biochemical markers, echocar-
diography, magnetic resonance imaging (MRI), computed tomogra-
phy (CT), single-photon emission computed tomography (SPECT)
and positron emission tomography (PET) imaging, histology, tetra-
zolium chloride and propidium iodide staining are available to esti-
mate the area at risk and infarct size [38, 39]. Two standard methods
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SPECT and cardiovascular MRI are usually used for clinical cases
[40], while in animal models, the staining methods are still used to
assess the efficacy of cardioprotective strategies mainly due to the
low cost of the method [39]. Therefore, there is no common standard
method, yet, in pre-clinical and clinical studies to evaluate the infarct
size as the main indicator of cardiac injury and protection. These dif-
ferent techniques for the estimation of 1PostC outcome can lead to
dissimilar, non-comparable results.

Variability of ischaemia region in the patients’
hearts because of the possibility of occlusion
development along the coronary artery

As seen in Figure 1, the regions for coronary occlusion in cardiac
patients may vary throughout the entire length of the left anterior
descending (LAD) coronary artery (any point from beginning to the
end of the artery), while in animal modelling the ligation place is cho-
sen by the researchers in a certain restricted place of LAD. So, dis-
placement of LAD ligations and occlusions along the coronary artery
would alter the severity of IR injury (the closer of occlusion to the ori-
gin of the LAD, more severe the IR extent, and vice versa), and this
issue can influence the exact efficacy of cardioprotection.

Previous history of experiencing mild ischaemia
or receiving protective interventions

The other important factor that may impede the IPostC effects and
should be considered in designing the clinical trials is the past history
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of experiencing mild ischaemia or receiving protective interventions
like thrombolytic therapy and PCI in patients. Patients who have pre-
viously received one of such interventions, their hearts have been pre-
conditioned yet and more likely IPostC would not be able to induce
further protection.

Time of IPostC administration in clinical case

As the body is influenced by daytime physiological changes such as
alterations in hormonal levels, nervous system activity, body temper-
ature and circadian rhythms (sleep and arousal), these changes may
be also involved, even to some extent, in the IPostC intervention’s
efficacy. Thus, administration of IPostC intervention to patients dur-
ing certain times of 24 hrs a day (morning, noon, evening or night)
may lead to an even slight difference in the effectiveness of IPostC.

Cellular mechanisms of IPostC effects

The proposed mechanisms of actions of IPostC in the literature indi-
cate that the protective effect of IPostC is essentially associated with
reversing the reperfusion-induced pathologies including oxidative
stress, intracellular calcium overload, endothelial dysfunction and
inflammatory responses [4]. The most crucial finding is that the sig-
nalling pathways activated by IPostC during the initial minutes of
reperfusion ultimately lead to the blockade of the mitochondrial per-
meability transition pores (mPTP), which its opening is a critical event
leading to the cell death during reperfusion [41]. Three separate sig-
nalling pathways for IPostC actions have been proposed: (1) reperfu-
sion injury salvage kinase (RISK) pathway that includes the activation
of PI3K/Akt and ERK and eventually inhibition of GSK-3; (2) survivor
activating factor enhancement (SAFE) pathway that JAK/STAT and
TNF-o are the main components of this pathway; and (3) cGMP/PKG
as a supplementary pathway, in which activation of natriuretic pep-
tides and soluble guanylyl cyclase leading to the opening of mito-
chondrial ATP-sensitive potassium channels. Although these
pathways have been investigated separately, their cytoprotective
activities eventually convergence on the mitochondria and especially
inhibit the opening of mPTP. To better understand the signalling path-
ways of IPostC in the myocardium, see Figure 2.
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Most pre-clinical and some clinical studies have confirmed the
necessity of RISK, SAEF and guanylyl cyclase signalling pathways for
the effectiveness of cardioprotective interventions in IR injury. As the
activation of different intracellular signalling pathways is based on
type of intervention modalities and stimulation of cell membrane
receptors, the presence and activity levels of these receptors on cells
membrane and signalling machinery inside the cells of different tis-
sues can determine the similarities or differences of mechanisms of
protection in those tissues. Interestingly, the involvement of any of
these signalling pathways in IPostC protection has been confirmed in
certain species, but not in the others. For example, RISK pathway is
the main mediator of the IPostC effects in the hearts of rats, while it
is not the case in the guinea pig. In addition, the activation of this
pathway by IPostC has been also shown in atrial muscle sampled
from patients undergoing coronary artery bypass grafting (CABG)
surgery. Accordingly, the studies have revealed that adenosine recep-
tors (especially AR1 and AR3) show their protective roles through
almost similar mechanisms in IR injury of various tissues such as
heart, lung, kidney, liver, and brain [42, 43]. In addition, Wen et al.
[44] have indicated that the IPostC reduces IR injury in the small
intestine through the activation of JAK/STAT pathway, however, Guo
et al. [45] have reported that the effects of IPostC are achieved via
Akt-eNOS-NO-HIF signalling pathway in the hepatic IR insult. On the
other hand, based on the studies of Chen et al. [46] and Zhang et al.
[47], the RISK pathway plays a pivotal role in IPostC-induced protec-
tion against IR injury in renal tissue. However, the reasons for these
differences are unknown and it is still impossible to conclude with the
certainty that whether different or similar signalling pathways mediate
the protective effects of IPostC in different tissues.

IPostC protocols in various tissues
and its algorithms

Many experimental and clinical studies have shown that IPostC is a
simple and safe approach to increase protection against damages
caused by IR insults to various organs such as the heart, brain, kid-
ney, liver, intestine, lung, skeletal muscle and spinal cord [9, 48].
Despite the effectiveness of this method in various organs of humans
and experimental models, many fundamental questions linked to the
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Fig. 2 Schematic design for signalling pathways and mechanisms of IPostC in the myocardium. ANP, atrial natriuretic peptide; BNP, brain natriuretic
peptide; NPR, natriuretic peptide receptor; PKG, cGMP-dependent protein kinase; SERCA, sarcoplasmic/endoplasmic reticulum calcium ATPase; SR,
sarcoplasmic reticulum; GSK-3p, glycogen synthase kinase-3; mKarp, mitochondrial Karp channel; mPTP, mitochondrial permeability transition
pore; ROS, reactive oxygen species; NBC, Na* bicarbonate co-transporter; NCE, Na*/Ca®* exchanger; NHE1, Na*/H* exchanger; NO, nitric oxide;
STAT3, signal transducer and activator of transcription-3; JAK, Janus kinase; TNF-o, tumour necrosis factor alpha; TNFR, TNF receptor; GPCR,
G-protein-coupled receptors; eNOS, endothelial nitric oxide synthase; ERK, extracellular-regulated kinase; RTK, receptor tyrosine kinase; PI3K, phos-
phatidylinositol-3-kinase; Akt, a serine/threonine kinase also known as protein kinase B; P70S6K, ribosomal protein S6 kinase beta-1; sGC, soluble

guanylyl cyclase.

protective effects of IPostC are still unanswered. One of the main
issues regarding the IPostC is its algorithm, that is, the number of
each IPostC episode, and the duration or timing of each episode. In
several tissues of different species, the 1PostC is applied with different
algorithms or protocols, for example, with three cycles of 30-sec.
reperfusion/30-sec. ischaemia, six cycles of 10-sec. reperfusion/10-
sec. ischaemia, or three cycles of 1-min. reperfusion/1-min. ischae-
mia. Although different algorithms of IPostC may put forth different
effects in a certain tissue, the same algorithm has not similar effects
in different tissues. Table 2 has summarized the IPostC algorithm of
three cycles of 30-sec. reperfusion/30-sec. ischaemia used in human
and animal studies with different tissues.

The reasons for the variation of
effectiveness of IPostC algorithms in
various tissues

Since the introduction of 1PostC, many types of research have been
conducted in vitro and in vivo models of rats, rabbits, mice, dogs,
pigs and in humans to confirm the effectiveness of the IPostC

© 2017 The Authors.

protocols. Even though some studies have reported no effect of a
given IPostC protocol, research is still going on to figure out its sig-
nificant effects [37]. IPostC effects are undoubtedly affected by its
algorithms, including a number of cycles, duration of each occlusion/
reperfusion episode and the entire duration of IPostC modality [49].
The algorithms with an extra number of cycles or with a duration
longer than a critical period abolish the protective effect of IPostC on
the myocardium [50]. According to the studies in various species,
IPostC algorithms may be varied based on animal’s heart rate and
metabolic rate, so that in small-body animals like rats and mice which
have higher heart rates and metabolic rates, shorter periods (5
10 sec.) of occlusion/reperfusion episodes have demonstrated better
effects. Whereas, in larger species such as dogs and pigs, which have
lower heart rates, longer duration (30-60 sec.) of episodes works
better. In human, typically longer periods (minutes) have been used
(Fig. 3). On the other hand, there is still no acceptable reason for this
difference and disparity [50, 51]. Similarly, an optimized protocol that
can be applicable for all species and various tissues has not been
identified yet.

Several possible factors contributing to this variation include
age, gender, race and species and nutritional conditions of the ani-
mals used for study, as well as the duration of ischaemia or other
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Fig. 3 IPostC algorithms, applied at the onset of reperfusion, vary from species to species. IPostC as a simple mechanical intervention during reper-
fusion has considerable therapeutic aspects in various vital organs undergoing ischaemia and reperfusion injury.
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Fig. 4 Unequal blood flow and perfusion of tissues.

methodological biases. As the ageing complications and related
comorbidities are manifested in different forms in different tissues,
the effect of similar IPostC algorithm will not be necessarily simi-
lar in tissues with different age. With advancing age as well as in
the presence of comorbidities, the functions and responsiveness
of tissues are declined in a different manner. So, it is obvious that
the effect of IPostC strategy and other protective protocols can be
affected by the age of the animals selected by each study. The
same issue would be true about the gender, race and species or
other features of the animals. Next contributor is the ischaemic
time. As the tissues differently withstand a certain time of ischae-
mia (due to different metabolic rate and perfusion levels of tissues

2264

of blood flow per unit
mass of tissue

Kidney has greater perfusion than liver because of its
more vascular density and more blood supply per 100
gram of tissue

_h

as discussed below), whatever the duration of ischaemia rises, the
functional recovery of different tissues during reperfusion would
be achieved differently. Thus, this issue may negatively or posi-
tively affect the outcome of 1PostC algorithms.

On the other hand, IPostC algorithms should be designed based
on the kind of tissues or organs used in different species, because
some features of the tissue such as the nutrients’ requirements, and
the volume, and the velocity of blood flow vary from tissue to tissue.
In other words, a selected IPostC algorithm should be matched with
the tissues’ requirements for nutrients, vascular density and meta-
bolic status, activity levels of intracellular protein kinases and sig-
nalling pathways of the tissues and so on. One algorithm may exert
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very good effects in the protection of one tissue, but it has a moderate
effect in another tissue and very weak or even negative impact in
another else. This is also true for different species. Thus, in certain
tissue (and species), one algorithm may work very better than the
others. For example, the heart tissue is extremely sensitive to oxygen,
so its IPostC algorithm patterns would be different from those of
skeletal muscle which it has compensatory mechanisms during the
lack of blood supply such as consumption of oxygen stored in myo-
globin. In addition, blood flow (I/min.) and perfusion (I/min. x g of
tissue) are two very important variables of each tissue that are associ-
ated with this issue. IPostC is extremely dependent upon the perfu-
sion than blood flow per se. If these two parameters are compared in
liver and kidney (Fig. 4), the liver has greater blood flow but lower
perfusion rate than the kidney which has a greater distribution of
blood vessels in given mass of the tissue. Thus, if the same algorithm

J. Cell. Mol. Med. Vol 21, No 10, 2017

of IPostC has different effects in these tissues, one can attribute this
discrepancy to the inequality in perfusion levels of the tissues.

According to the comparison of similar algorithms of IPostC hav-
ing diverse results in different tissues (Table 2), it can be concluded
that selecting a certain IPostC algorithm for all tissues is yet question-
able and we cannot easily optimize the same algorithm for any tissue,
because of diversity in tissues’ physiological requirements. Therefore,
different features of tissues (and species) should be considered when
designing an optimal working IPostC algorithm for the protection of
those tissues against IR insults.
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