JOURNAL OF SURGICAL RESEARCH 178 (2012) 797—806

Available online at www.sciencedirect.com

SciVerse ScienceDirect -

journal homepage: www.JournalofSurgicalResearch.com

Research review

Remote ischemic perconditioning—a simple, low-risk method
to decrease ischemic reperfusion injury: Models, protocols
and mechanistic background. A review

Attila Szijarté, MD, PhD,* Zoltan Czigany, MD, Zsolt Turéczi, MD, and

Laszl6 Harsdnyi, MD, PhD

First Department of Surgery, Semmelweis University, Budapest, Hungary

ARTICLE INFO

ABSTRACT

Article history:

Received 5 December 2011
Received in revised form

18 June 2012

Accepted 26 June 2012
Available online 28 July 2012

Keywords:

Ischemia

Reperfusion

Remote ischemic per-conditioning
Myocardium

Interruption of blood flow can cause ischemic reperfusion injury, which sometimes has
a fatal outcome. Recognition of the phenomenon known as reperfusion injury has led to
initial interventional approaches to lessen the degree of damage. A number of efficient
pharmacologic agents and surgical techniques (e.g., local ischemic preconditioning and
postconditioning) are available. A novel, alternative approach to target organ protection is
remote ischemic conditioning triggered by brief repetitive ischemia and reperfusion
periods in distant organs. Among the different surgical techniques is so-called remote
ischemic perconditioning, a method that applies short periods of ischemic reperfusion to
a distant organ delivered during target organ ischemia. Although ischemic reperfusion
injury is reduced by this technique, the explanation for this phenomenon is still unclear,
and approximately only a dozen reports on the topic have appeared in the literature. In our
study, therefore, we investigated the connective mechanisms, signal transduction, and
effector mechanisms behind remote perconditioning, with a review on molecular back-
ground and favorable effects. In addition, we summarize the various treatment protocols
and models to promote future experimental and clinical research.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

idea of reperfusion injury in 1960, several surgical and
nonsurgical cardioprotective strategies have been developed

Decreasing the degree of ischemia-reperfusion (I-R) injury has
great practical significance, considering that this clinical
problem involves a large number of patients. The possibility of
severe I-R injury should be considered during acute arterial
occlusions (myocardial infarction, percutaneous coronary
interventions, ischemic stroke, mesenteric ischemia, and
lower limb vascular occlusions), valve replacements, and
organ transplantations. Since Jennings et al [1] introduced the

to lessen the degree of injury, some more successful than
others. Murry et al [2] described ischemic preconditioning (IPC)
in 1986. The essence of this adaptive surgical method is to
induce short periods of local ischemia and reperfusion before
target organ ischemia. There is a vast literature on the strong
protective effect of IPC, which has been proven by numerous
experimental and clinical studies. However, the technique is
limited to elective situations in which the onset of ischemia
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can be predicted. Local preconditioning cannot be used in
acute clinical settings such as acute myocardial infarction,
ischemic stroke, or acute major vascular occlusion. It there-
fore became necessary to develop new techniques suitable for
providing protection against unpredictable ischemic events.
One option is modification of the reperfusion period by means
of brief coronary artery occlusions and reperfusions applied at
the onset of myocardial reperfusion, a phenomenon called
ischemic postconditioning (IPOST). Although Na et al [3]
formulated the seminal idea and terminology, the first easily
reproducible experimental results on this topic were pub-
lished in 2003 by Zhao et al [4]. A shortcoming of both pre-
conditioning and postconditioning is the prolongation in
operative time, possibly even for a duration of 15—-20 min. A
further negative aspect is that in the presence of atheroscle-
rosis, these invasive techniques can lead to serious, life-
threatening complications, such as plaque rupture.

Reducing the extent of I-R injury via short episodes of
ischemia and reperfusion instituted at a remote site is a novel
idea. As for local conditioning techniques (IPC and IPOST),
remote ischemic conditioning can be applied before target
organ ischemia (remote ischemic preconditioning [R-IPC]) or
at the onset of reperfusion (remote ischemic postconditioning
[R-IPOST]). When the site of conditioning is located remotely,
the conditioning cycles can be applied during target organ
ischemia—a novel phenomenon known as remote ischemic
perconditioning (R-IPER) (Fig. 1).

Przyklenk et al [5] originally developed the idea of remote
conditioning in 1993. In their study, the authors described the
effects of regional preconditioning of the myocardium, with
manipulations in the same vascular bed (the territory of the
left coronary artery). They demonstrated that transient
occlusion of the circumflex artery provided subsequent
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Fig. 1 — Treatment algorithms of local and remote adaptive
surgical ischemic conditioning techniques. Black bands =
interruption of circulation; white bands = unimpeded
circulation.

protection in the myocardial territory of the left anterior
descending artery exposed to sustained, potentially lethal
ischemic insult. This finding assumes the presence of certain
transportable mediators and other protective signals that are
delivered via the circulation to the distant myocardium.
Although the protocol used in the study cannot be considered
an example of genuine remote ischemic preconditioning, it
provided the basis for further research. Investigations over the
past 2 decades have demonstrated that short I-R episodes
applied to kidney [6], the splanchnic area [7], or limbs [8] may
induce organ protection against a prolonged ischemic period.
For clinical application, the invasiveness of the procedure and
the cost-benefit ratio are the two most important criteria.
Obviously, the best clinical approach to treatment is the use of
noninvasive or minimally invasive techniques, because the
most important goal is to decrease both frequency of
complications and the technical risks [9]. Birnbaum et al [10]
provided the basis for minimally invasive treatments. In
1997, they showed that myocardial infarct size can be reduced
by conditioning applied on the flexor muscles of the lower
limb. Oxman et al [8] reported the first noninvasive technique,
carrying out conditioning cycles on the lower limb by the use
of an elastic tourniquet. In their experimental model, the
authors found a significant decrease in the frequency of
reperfusion arrhythmias of the heart in rats.

Unfortunately, however, remote preconditioning shares
the major disadvantages of local preconditioning: among
others, the restriction to elective ischemic conditions and the
prolongation of operative time. Hence, it cannot be applied to
a wide range of clinical situations.

Remote ischemic postconditioning [11—14] was developed
as a protective strategy bearing similarity to local post-
conditioning (IPOST). Therefore, it extends the range of
application of the conditioning techniques (Fig. 1).

Remote ischemic perconditioning, first proposed in 2007 by
Schmidt et al [15], has even more beneficial features from
a practical point of view. The essence of this strategy is that
brief, remote ischemic attacks are applied after the induction
of target organ ischemia, but before the onset of reperfusion
(Fig. 1).

Whereas the perconditioning technique reduces ischemic
reperfusion injury, the explanation for the phenomenon is
unclear. The technique could become most feasible to
perform in clinical settings; yet, there is scant literature on the
subject.

This review summarizes the available literature on R-IPER
and discusses the underlying mechanistic pathways and
favorable effects involved in the strategy. Furthermore, we
attempted to provide guideline for future experimental and
clinical settings.

1.1. Terminology

There is much confusion in the literature regarding the
concept called “ischemic perconditioning.” Three different
terms exist for this strategy, meaning “the induction of brief,
repetitive interruptions of blood flow at a distance, concur-
rently with sustained target organ ischemia”: (1) remote per-
conditioning [15—21]; (2) remote periconditioning [22,23]; and
(3) remote postconditioning [24—27]. The term “R-IPOST” can
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be excluded first as proper terminology, because it implicates
that the conditioning cycles take place after (“post”) the
target organ ischemia (Fig. 1). The distinction between peri-
conditioning and perconditioning is more a semantic rather
than a methodical one. The Greek prefix peri means “around
something in time,” and is found in the expression “perinatal
mortality.” In contrast, the meaning of the prefix “per” is
“over, through, during the course of something,” such as
“perennial rhinitis.” Thus, from a linguistic point of view, the
term “per” is suitable for describing this method. Further-
more, Schmidt et al [15], who were the pioneers of this
procedure, proposed the term “remote perconditioning,” as
well. Accordingly, “perconditioning” seems the suitable term
for all cases in which brief ischemic and reperfusion cycles are
instituted after the onset of target organ ischemia and
completed before reperfusion.

2. Ischemic perconditioning: underlying
mechanisms

There is scarce evidence as to how brief cycles of I-R on
a distant organ during prolonged target organ vascular
occlusion are able to provide organ protection. Here, we
discuss the mechanistic background of the perconditioning
technique, to understand the mechanistic process. However,
it is also necessary to touch on the experimental and clinical
data available on other conditioning strategies.

Recently, Hausenloy et al [28] and Lim and Hausenloy [29]
gave a detailed review of the underlying mechanisms of R-IPC.
According to their theory, three main mechanisms—humoral,
neural, and systemic—hypothetically interact with each other

to provide target organ protection from a remote site [28,29].
However, their categorization cannot be applied directly to
R-IPER, owing to the lack of sufficient literature. We have
therefore attempted to extend the classification on the basis of
available data, to provide better understanding of the mecha-
nisms behind remote perconditioning.

According to our hypothesis, there are two main different
groups of inter-organ protective pathways: (1), connective
mechanisms, which provide linkage between distant and
target organs (principally the classical humoral, neural,
neurohumoral, and systemic mechanisms); and (2) signal
transduction and effector mechanisms, which are mainly
molecular, subcellular, and channel-related components
(most likely participants of the distal pathways of inter-organ
protection). Based on previous studies, most of these are
downstream-acting agents compared with the classical
connective components (Fig. 2 and Table 1).

These mechanisms are related in a complex manner;
hence, neither of these artificial classification models can
perfectly reflect in vivo pathophysiologic conditions. None-
theless, a classification is essential to understand this
complicated phenomenon.

A further consideration is that the concentration or activa-
tion status of the molecular, humoral, and subcellular partici-
pants, for instance, may vary significantly among the different
remote ischemic conditioning subtypes (R-IPC, R-IPER, and
R-IPOST): namely, the timing of these procedures is radically
different (before, during, or after target organ ischemia). On the
other hand, itis assumed that the main biochemical and signal
transduction pathways might be similar among the condi-
tioning techniques, so some comparison between the remote
conditioning strategies is inevitable [30].
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Fig. 2 — Underlying mechanisms. Different components of inter-organ protection. (1) Connective mechanisms between
remote and target organ are mostly humoral, neurohumoral, and systemic. (2) Effector and signal transduction components
are mostly channel-related, subcellular, and molecular mechanisms. Knowledge gaps and problematic components and
relationships between the participants are marked with a question mark.
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Table 1 — Experimental and clinical studies available at present regarding remote ischemic perconditioning.

Study Model R-IPER protocol I/R time; tissue, End point Mechanism
region
Connective mechanisms
Tsubota Mice 5 min left hind limb I and 5min 180 min/24 h Skeletal muscle, Muscle necrosis reduction 62% Adenosine receptors
et al [25] reperfusion before right hind right leg
limb reperfusion
Tang et al [27] Rabbit 5 min left pulmonary artery 30 min/180 min; Reduction of blood creatinine eNOS activation
occlusion and 5 min reperfusion =~ Myocardium, LAD kinase 23%, and
malondialdehyde
concentrations 47%. Increased
SOD activity by 63%
Hausenloy Pig 4 x 5 min limb ischemia and 60 min/180 min; Infarct size reduction 63% Adenosine receptor—
et al [21] 5 min reperfusion Myocardium, LAD independent mechanism
Signal transduction and effector mechanisms
Xin et al [16] Rat 3—4 x 5 min limb ischemia 45 min/120 min; Infarct size reduction 54% RISK cascade activation
and 5 min reperfusion in Myocardium,
combination with IPOST left coronary artery
Tamareille Rat 10 min limb I and 10 min 40 min/120 min; Myocardium, Infarct size reduction 67% RISK and SAFE cascade
et al [70] reperfusion in combination LAD activation
with IPOST
Hausenloy Pig 4 x 5 min limb ischemia and 60 min/180 min; Infarct size reduction 63% RISK-independent mechanism
et al [21] 5 min reperfusion Myocardium, LAD
Schmidt Pig 4 x 5 min limb ischemia and 40 min/120 min; Infarct size 37% and reperfusion =~ K"ATP channel activation
et al. [15] 5 min reperfusion Myocardium, LAD arrhythmia reduction
Zhao et al [22] Mini-swine 4 x 5 min limb ischemia and 180 min/120 min; Infarct size 24%, no-reflow K"ATP channel activation via
5 min reperfusion Myocardium, LAD reduction 45% Rho kinase inhibition
Loukogeorgakis =~ Human model 2 x 5 min limb ischemia and 20 min/—; Skeletal muscle, arm Preventing of endothelial I-R K"ATP channel activation
et al [24] 5 min reperfusion injury (preserved flow mediated
dilation) 59%
Wei et al [55] Rat 4 x 5 min limb ischemia and 45 min/28 d; Improved survival, infarct size Attenuated inflammatory

Further studies with no mechanistic investigations
Lujan et al [89] Rat

Liet al [17] Human patients underwent
valve replacement

(clinical trial)

Botker et al [94] Human patients with STEMI
underwent primary

PCI (clinical trial)

5 min reperfusion

Partial hind limb occlusion
during coronary artery occlusion

3 x 4 min right lower limb
ischemia and 4 min reperfusion
(by tourniquet)

4 x 5 min upper limb ischemia
and 5 min reperfusion (by blood
pressure cuff)

Myocardium, LAD

Left coronary artery was
occluded until onset of
ventricular arrhythmia (but no
longer than 8 min)

46.7 + 16.6 min aortic clamping
in perconditioned group (but
with no significant differences
among groups)

Chest pain within 12 h of onset

reduction 34%, suppression of
inflammatory responses

Increased ventricular

arrhythmia threshold by 38%

Reduced cardiac troponin-I
release by 40%

Increased mean myocardial
salvage index by 21%

responses

008

908—/6/ (T10¢C) /1 HOYVISIY TVDIDINS 40 TYNYNO[
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Increased ejection fraction by 9%

Chest pain within 12 h of onset
30 d after intervention in

4 x 5 min upper limb ischemia
and 5 min reperfusion (by blood

pressure cuff)

Human patients with STEMI
underwent primary PCI

(clinical trial)

Munk et al [95]

patients with extensive area at

risk

Neuroprotective effect

Symptoms within 4.5 h of onset

4 x 5 min upper limb ischemia
and 5 min reperfusion (by blood

pressure cuff)

Human patients with

Hougaard

(data evaluation in progress)

acute ischemic stroke,

et al [19]

underwent thrombolysis

(clinical trial)

Rat

120 min middle cerebral artery Infarct size reduction 41%

4 x 5 min of hind limb ischemia
and 5 min reperfusion

(by tourniquet)

Hahn et al [20]

occlusion, and 24 h reperfusion

left anterior descending; RISK = reperfusion injury salvage kinases.

percutaneous coronary interventions; LAD =

PCI =

2.1. Connective mechanisms

As a result of remote organ ischemia, soluble mediators are
washed into the circulation, which are suspected to be
responsible for the protective effect. McClanahan et al [6] re-
ported the first evidence of humoral factors. Since their
discovery, numerous models have become available to verify
the role of humoral factors [31—-37]. Cardioprotection was
achieved in untreated isolated hearts by means of blood
transfusion from remote conditioned animals to untreated
ones [32]. Investigations on denervated hearts—therefore
excluding the neural component—were also carried out[38,39].
Among the suspected humoral mediators are bradykinin [40],
adenosine [41,42], opioids [43], calcitonin gene-related peptide
(CGRP) [44], and endocannabinoids [45]. Regarding the subject
of the present review (R-IPER), it appears that adenosine has
key role in mice, given the fact that the protective effects of
remote lower limb conditioning during sustained contralateral
limb ischemia can be abolished by the nonselective adenosine
receptor antagonist 8-sulfophenyl theophylline [25]. In
contrast to these results, Hausenloy et al [21] were not able to
demonstrate this adenosine receptor—dependent effect on pig
myocardium, because 8-sulfophenyl theophylline had no
influence on perconditioning-induced cardioprotection [21].
The reasons behind these controversial results lay dormant.
The differences between the various experimental models
could be held accountable (different species and target organs);
hence, this complex issue needs further investigation.

Other studies have implicated the role of opioids and
nitrogen monoxide (NO) [27]. Gho et al [7] showed that the
potential role of remote ischemic conditioning in reducing
myocardial infarct size can be diminished by the ganglion
blocker hexamethonium, which suggests the presence of
neural factors. Further investigations with various receptor
blocking agents indicated that afferent neuron stimulation
from a remote organ by humoral mediators such as adenosine
[41,42], bradykinin [40], and CGRP [42,46] provides the neural
component in organ protection.

Calcitonin gene-related peptide release from capsaicin-
sensitive sensory neurons is presumably caused by NO
generation during remote organ I-R [47,48]. A study by Ren et al
[11] confirmed the role of CGRP regarding the protective effect
of remote conditioning, which could be delayed by neural
inhibition with capsaicin.

To date, there is no available evidence to support the role of
neural components in remote ischemic perconditioning.
However, the presence of certain neural elements among the
components of perconditioning is most likely.

It has been confirmed that target as well as remote organ
ischemic conditioning is able to change the gene expression
profile of the whole system (including target organ and circu-
lating leukocytes) in an anti-inflammatory and antiapoptotic
direction. This is partially due to the down-regulation of
specific proinflammatory genes and the up-regulation of
specific anti-inflammatory genes [49,50]. The secretion of
certain cytokines, the tumor necrosis factor—receptor signaling
pathway, and the processes of innate immunity and apopto-
sis—via repression of caspase-8—are also all suppressed. Anti-
inflammatory gene up-regulation also occurs (i.e., in case of
heat-shock protein [HSP] 70 or calpastatin [51]). Inhibition of
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proinflammatory cytokine secretion results in reduced
leukocyte-endothelial adhesion and tissue infiltration, which
leads to a milder local inflammatory response [52]. Less
leukocyte infiltration results in fewer leukocyte-related reac-
tive oxygen species (ROS) production, which is an important
factor in the late phase of reperfusion. This phenomenon
suggests a partial explanation for both the observation of
Harkin et al [53] and our findings [54], according to which lower
limb ischemic preconditioning and postconditioning can
reduce remote lung injury and leukocyte sequestration after
local limb I-R injury. In these cases, however, the dominating
factor is presumably the local I-R injury reducing effect of the
conditioning strategy, which in turn leads to less remote organ
damage. Nonetheless, Wei et al [55] reported a remission in
inflammatory responses caused by R-IPER, as well. Those
authors observed that perconditioning significantly diminished
the infiltration of macrophages and neutrophil granulocytes in
rat myocardium (Table 1).

2.2.  Signal transduction and effector mechanisms

Regarding remote conditioning strategies, the gene regulatory
effect is presumably mediated by similar signal transduction
cascades: First, the ligand binds to the G-protein—linked
receptor; then, the intracellular kinase PKC epsilon [56,57] and
other signaling mechanisms (NO, reactive oxygen species
[ROS], and mitochondrial K*ATP channels) are activated
[16,22,41,58]. Similar signal pathways are present both in IPC
[59] and IPOST [60].

It is well known that local preconditioning, post-
conditioning, and remote organ conditioning result in the
activation of certain pro-survival kinase elements of the
reperfusion injury salvage kinase (RISK) cascade. However,
the mechanism of RISK activation during remote conditioning
is unknown. The RISK pathway seems to be particularly
important, mediating the protective effects of the different
conditioning procedures. In view of local ischemic pre-
conditioning, the most clearly defined mechanism—the PI3K-
Akt-eNOS-cGMP-PKG pathway—results in the opening of
mitochondrial ATP-sensitive K* (K*ATP) channels. This, in
turn, leads to ROS production and more survival kinase acti-
vation (p38, JNK, ERK, PKC, AKT, and TK), so as a consequence,
the KTATP channel opening induces further effector mecha-
nisms [57]. A similar consistent kinase chain has not been
found so far in any other conditioning procedure.

In the case of remote ischemic perconditioning, Xin et al
[16] confirmed the activation of certain elements of the RISK
pathway. According to their results, R-IPER was able to induce
significantly higher Akt and ERK1/2 activation compared with
the I-R control group (Table 1). However, the results obtained
are controversial, despite the impressive strides made. In their
study, Hausenloy et al [21] reported that R-IPER can reduce
myocardial I-R injury in an unknown manner, independent of
RISK activation.

Adenosine triphosphate—sensitive K* channels are
actively investigated components of the conditioning strate-
gies, with confirmed roles in every existing technique
[15,24,39,61,62]. Regarding the widely explored local pre-
conditioning, both sarcolemmal and mitochondrial channels
have an important role in the mechanisms, but “it is the

mitochondrial channels that are sine qua non of the pre-
conditioning effect” [18].

Schmidt et al [15] demonstrated that the protective effect of
R-IPER was abolished by administration of the K*ATP channel
inhibitor glibenclamide. Furthermore, Zhao et al [22] recog-
nized that during remote perconditioning, K*ATP channel
activation is achieved by inhibition of Rho-kinase (Table 1).
This Rho-kinase inhibition is mediated by protein kinase A
(PKA), which Sanada et al [63] also confirmed. It is therefore
likely for the PKA-induced inhibition of Rho-kinase to resultin
K"ATP channel activation.

Although the exact role of K"ATP channel activation in the
reduction of I-R injury is unclear, its key role in preserving
mitochondrial function is suspected, by way of moderating
ATP depletion [63,64] and inhibiting mitochondrial perme-
ability transition pore (mPTP) channel opening [65]. The
mPTPs are nonselective channels in the mitochondrial inner
membrane. As the consequence of their opening, the selective
permeability of the inner membrane disintegrates: Oxidative
phosphorylation is disturbed and mitochondrial integration is
completely abolished, leading to cell death [66]. The previ-
ously mentioned opioids also have a major role in the inhi-
bition of mPTP opening via opioid receptor-mediated signal
transduction [26,67,68].

A further well-known participant in the mechanism of the
different conditioning strategies is the so-called survivor
activating factor enhancement (SAFE) pathway, in which
signal transducer and activator of transcription proteins
(STATs) are suspected key elements. Boengler et al [69]
demonstrated that activation of mitochondrial STAT iso-
forms (STAT 1 and 3) can inhibit mPTP channel opening in
mouse myocardium. Based on these data, mPTP channels
could represent the final common path elements for both the
RISK and SAFE pathways.

Tamareille et al [70] recently demonstrated an improvement
in cardioprotection with the use of R-IPER in combination with
IPOST, as opposed to IPOST alone. The authors associated this
phenomenon with the recruitment of the SAFE pathway [70]
(Table 1). Their study indicated the existence of a complex
cross-talk between the RISK and SAFE pathways. They re-
ported that inhibition of both cascades can abolish the car-
dioprotective effects of the R-IPER+IPOST combination. They
observed decreased activation of the RISK pathway achieved
by administering SAFE inhibitors, and vice versa when RISK
inhibitors were given. These data suggest that there are many
elements in common among the various conditioning
methods; yet, the specific role of these common mediators in
the different procedures still needs to be investigated.

Several studies report on the key role of ROS production as
a second messenger in the mechanism of conditioning proce-
dures during the early phase of reperfusion [71-76]. The
protective effects most likely prevail in local preconditioning
[77] and postconditioning [78] via activation of the RISK path-
ways and inhibition of the mPTP channels. However, the posi-
tive effects of ROS production are to be sharply separated from
the extensive ROS generation observed during reperfusion,
which correlates with tissue injury and subsequent cell death
[79]. These results are consistent with the findings of Xin et al
[16], who demonstrated reduction of malondialdehyde—an
indicator of lipid peroxidation—and superoxide levels related to
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R-IPER. Furthermore, those authors observed increased survival
kinase activation, which suggests an inverse correlation with
malondialdehyde and superoxide levels (Table 1).

The role of alterations in heat-shock protein (HSP) gene
expression as a major factor in the mechanism of the different
conditioning procedures has been intensively investigated.
Marber et al [80] showed that an increase in tissue HSP-70
expression is associated with better ischemic tolerance in
arodent myocardial ischemic reperfusion injury model. Other
studies have also verified this observation in different organs
such as the liver [81,82] and in the central nervous system [83].

Heat-shock-70 has manifold roles, is possibly a major
participant in I-R injuries, and is likely to have a role in the
protective subcellular mechanisms of the various procedures.
Furthermore, HSP-70 inhibits protein accumulation as a molec-
ular chaperone and facilitates disassembly of the un-reparable
proteins [84,85]. In addition, it inhibits the NF-«B transcription
factor [86] and enhances the expression of HSP genes [87].

Nevertheless, the participation of HSPs in relation to R-IPER
has not yet been extensively studied, and presents a gap in our
knowledge requiring examination.

3. Other favorable effects of remote ischemic
perconditioning

Schmidt et al [15] reported that remote ischemic percondi-
tioning has a profound effect on te reduction in myocardial
infarct size and preservation of left ventricular function.
Moreover, a considerable decrease in the frequency of malig-
nant reperfusion arrhythmias was notable in their model.
These findings are consistent with those of other studies
[16,22,55,88] (Table 1).

A study by Hahn et al [20] showed that remote ischemic
perconditioning significantly reduced brain infarct size in a rat
transient middle cerebral artery occlusion model of acute
stroke. These authors observed a potent neuroprotective
effect by both remote preconditioning and perconditioning;
however, the remote perconditioning treatment resulted in
superior neuroprotection compared with R-IPC.

Other studies demonstrated that R-IPER has positive
effects on the myocardial no-reflow phenomenon and coro-
nary blood flow during reperfusion [22], ischemia-induced
ventricular arrhythmia thresholds [89], vascular endothelial
function [24], and cardiac function after valve replacements
[17] (Table 1).

4. Models and treatment protocols for
remote ischemic perconditioning

The treatment sequence has great importance for research
practice. Based on our available knowledge about local pre-
conditioning [90,91] and postconditioning [91], it is assumed
that the most important parameters in the perconditioning
protocol are timing of the treatment and length of the cycles.
Nevertheless, despite the many reports dealing with the
length of applied brief I-R cycles, a reliable guideline is still not
within reach. An experimental study by Xin et al [16] aimed to
compare different perconditioning procedures. In their model,

one to two cycles of 10-min remote perconditioning could not
provide extra cardioprotection in combination with local
postconditioning, similar to treatment performed in four
cycles of 1- to 3-min ischemia followed by 1- to 3-min reper-
fusion. They reported that only three to four cycles of 5-min
ischemia followed by 5-min reperfusion resulted in a further
decrease in myocardial infarct size. Several other authors
confirmed their finding [15,17,22].

The other point at issue concerns optimal timing. Reported
treatment protocols involve timing at either the early [17] or
late [19,22,25] phase of target organ ischemia, or continuous
application during the whole period of the target organ
ischemia [15,24]. Each strategy has proved to be effective; yet,
the most widely used method is late phase timing, because it
appears that during reperfusion, the highest concentration of
transportable mediators (with unknown serum half-life) can
be achieved by this procedure.

5. Clinical application of R-IPER

As previously discussed, compared with other conditioning
techniques, R-IPER does not prolong the operative time. In
addition, this noninvasive technique is suitable for applica-
tion in nonelective ischemic situations, and target organ
protection can also be achieved in this setting. Considering
the beneficial features mentioned earlier, it is perhaps the
most promising protective strategy among the adaptive
surgical techniques discussed in this review. The use of
invasive exclusion techniques to induce perconditio-
ning—introduced in experimental research—is less accept-
able in clinical settings owing to the notable complication rate
and risk of large vessel exclusion [92,93]. It can be concluded
that the most practical way to induce brief ischemic and
reperfusion cycles is to apply simple blood pressure cuffs
placed around the proximal part of the limb.

Previous clinical studies in the field of cardiovascular
research reported that R-IPER has desirable cardioprotective
effects when used as an additional treatment in case of valve
replacements [17]. In a blinded, randomized study, Hougaard
et al [19] aimed to prove R-IPER efficiency in neuroprotection.
Their study is currently recruiting patients with acute
ischemic stroke at Aarhus University Hospital in Denmark,
using R-IPER as an additional therapy combined with regular
thrombolysis. Recent studies by Botker et al [94] and Munk et al
[95] confirmed the advantageous properties of this method. In
these clinical studies of acute myocardial infarction and
ischemic stroke, R-IPER was applied during transport to
hospital. In such emergency situations, with the application of
this additional procedure, more functionally intact tissue can
be spared, with possible better postinterventional outcome
and survival (Table 1).

This easy-to-use, low-risk procedure can be applied in
every elective as well as unscheduled situation, whenever
a greater danger of developing I-R injury exists. Cardiac
surgery, coronary bypass surgery, valve replacements,
vascular reconstructions, organ transplantations, major liver
resections, and invasive cardiology are just a few of the many
possibilities for use of this promising method. Remote
ischemic perconditioning can be beneficial in organ
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transplantation during donor surgery, possibly in combi-
nation with remote ischemic postconditioning (or precondi-
tioning), to achieve a higher level of organ protection in the
recipient. In their recent study, Wei et al [55] described the
positive effects of this combination in a rat myocardial
infarction model.

6. Conclusions

The protective strategy discussed in this review (remote per-
conditioning) seems suitable for application in a wide range of
clinical settings. Nevertheless, further studies are required
before introducing remote perconditioning in everyday clin-
ical practice. The efficiency of this method should also be
confirmed by multicentric clinical trials. Further important
aspects that need consideration are the fine details of
connections between remote and target organs, as well as the
subcellular mechanisms required to reach the target points.
The end result would be an efficient and practical pharma-
cologic conditioning technique.
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