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The development of novel adjuvant strategies capable of attenuating myocardial ischaemia-reperfusion injury and reducing
infarct size remains a major, unmet clinical need. A wealth of preclinical evidence has established that ischaemic ‘conditioning’
is profoundly cardioprotective, and has positioned the phenomenon (in particular, the paradigms of postconditioning and
remote conditioning) as the most promising and potent candidate for clinical translation identified to date. However, despite
this preclinical consensus, current phase II trials have been plagued by heterogeneity, and the outcomes of recent
meta-analyses have largely failed to confirm significant benefit. As a result, the path to clinical application has been perceived
as ‘disappointing’ and ‘frustrating’. The goal of the current review is to discuss the pitfalls that may be stalling the successful
clinical translation of ischaemic conditioning, with an emphasis on concerns regarding: (i) appropriate clinical study design
and (ii) the choice of the ‘right’ preclinical models to facilitate clinical translation.

LINKED ARTICLES
This article is part of a themed section on Conditioning the Heart – Pathways to Translation. To view the other articles in this
section visit http://dx.doi.org/10.1111/bph.2015.172.issue-8

Abbreviations
CABG, coronary artery bypass graft; GSK-3β, glycogen synthase kinase 3β; MI, myocardial infarction; PCI, percutaneous
coronary intervention; RISK, reperfusion injury salvage kinase; SAFE, survival activating factor enhancement; SPECT,
single-photon emission computed tomography; STEMI, ST segment elevation myocardial infarction
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Coronary heart disease, culminating in the acute obstruction
of one or more coronary arteries and the death or infarction
of cardiomyocytes distal to the site of occlusion, remains
the leading cause of mortality in the United States and
Europe (Nichols et al., 2013; Go et al., 2014). The current
standard of care for the treatment of acute myocardial infarc-
tion (MI) is prompt restoration of blood flow to the ischaemic
territory in an effort to curtail cardiomyocyte death and thus
limit infarct size. However, although reperfusion is a de facto
requirement for the salvage of ischaemic myocardium, the
benefits of early reperfusion are in part undermined by the
phenomenon of lethal reperfusion injury, or paradoxical
death (rather than rescue) of myocytes in response to the
reintroduction of oxygen (Braunwald and Kloner, 1985;
Yellon and Hausenloy, 2007; Sanada et al., 2011; Heusch,
2013; Przyklenk, 2013).

Considerable effort has been devoted throughout the past
four decades to the investigation of novel adjuvant therapies
aimed at mitigating myocardial ischaemia-reperfusion injury,
reducing infarct size and thereby improving patient out-
comes post-MI (Lefer and Bolli, 2011; Longacre et al., 2011;
Hausenloy et al., 2013b). Among the host of potential candi-
dates that have been identified, the intervention that has,
without question, shown the greatest preclinical potential to
achieve this elusive goal is ischaemic conditioning, encom-
passing the paradigms of preconditioning, postconditioning
and remote conditioning (Murry et al., 1986; Przyklenk et al.,
1993; Zhao et al., 2003; Heusch, 2013; Przyklenk, 2013).
Nonetheless, despite the consensus that, in experimental
models, ischaemic conditioning has a profound infarct-
sparing effect, ‘the outcome of attempting to effect the trans-
lation of this most potent and basic cardioprotective response
to the clinical environment’ has been described as ‘some-
where between frustrating and disappointing’ (Schevchuck
and Laskey, 2013). The goals of the current review are to
discuss the issues contributing to this frustration and disap-
pointment, and identify the pitfalls that may be stalling the
successful translation of ischaemic conditioning from pre-
clinical and clinical trials to clinical practice.

Basic principles: the ‘what’ and ‘how’
of ischaemic conditioning

Ischaemic conditioning is the phenomenon whereby one or
more episodes of brief ischaemia (too brief in themselves to
cause tissue necrosis) render the heart resistant to ischaemia-
reperfusion injury and reduce myocardial infarct size
(Heusch, 2013; Przyklenk, 2013). Three basic variants of con-
ditioning have been identified – ischaemic preconditioning,
postconditioning and remote conditioning (Murry et al.,
1986; Przyklenk et al., 1993; Zhao et al., 2003), each of which
are distinct in terms of the timing and site at which the
protective stimulus is applied (Figure 1). Ischaemic precondi-
tioning, as described in the seminal report by Murry et al.
(1986), is by definition a pretreatment: a conditioning stimu-
lus typically composed of two to four 5 min episodes of
transient ischaemia, each interspersed with 5 min of inter-
vening reperfusion, is applied to the heart before the onset of
the sustained ischaemic insult. In contrast, postconditioning,

as first discovered by Zhao et al. (2003), is a derivative of
the concept of ‘gentle’, graded and controlled reperfusion
described nearly two decades earlier (Okamoto et al., 1986):
relief of sustained ischaemia is achieved by reintroduction of
blood flow to the ischaemic myocardium in a stuttered or
staccato manner [with typical algorithms consisting of three
to six cycles of (10–30 s of reflow + 10–30 s of reocclusion)]
before instituting full and complete reperfusion. The phe-
nomenon of remote conditioning is uniquely different from
both pre- and postconditioning in that the brief cardiopro-
tective stimulus is applied either in a separate myocardial
vascular territory [intra-cardiac conditioning, as first demon-
strated by Przyklenk et al. (1993)] or, of greater practical rel-
evance, in a distant tissue or organ such as skeletal muscle
[inter-organ conditioning (Kharbanda et al., 2002)]. Indeed,
protection can be achieved by simple inflation/deflation of a
blood pressure cuff positioned on an arm or leg, initiated
either before the onset of sustained myocardial ischaemia
(remote preconditioning), during the sustained ischaemic
insult (remote perconditioning) or at reperfusion (remote
postconditioning) (Vinten-Johansen and Shi, 2011a;
Przyklenk and Whittaker, 2013; Wider and Przyklenk, 2014)
(Figure 1).

Figure 1
Schematic diagram illustrating the key temporal aspects of precon-
ditioning, postconditioning, and remote pre-, per- and postcondi-
tioning. Red boxes denote the conditioning stimulus. Reprinted with
permission from Wider et al. (2014).
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Common themes
Despite these logistic differences among the three condition-
ing paradigms, all share a common fundamental theme: the
undisputed hallmark of pre-, post- and remote conditioning
is attenuation of myocardial ischaemia-reperfusion injury
and reduction of infarct size beyond that achieved by reper-
fusion alone (Heusch, 2013; Przyklenk, 2013; Wider and
Przyklenk, 2014). In addition, all forms of conditioning
appear to share commonalities in terms of molecular mecha-
nisms, with the general scenario of: (i) GPCR stimulation
(by adenosine, bradykinin, opioids and other autocoids)
on cardiomyocyte membranes; (ii) post-receptor cardiac
up-regulation of multiple kinases [including key components
of the reperfusion injury salvage kinase (RISK) and survival
activating factor enhancement (SAFE) pathways]; and, ulti-
mately (iii) stabilization of mitochondria (including closure
of the mitochondrial permeability transition pore), proposed
to play a role in establishing a conditioned phenotype
(reviewed in Heusch et al., 2008; Murphy and Steenbergen,
2008; Hausenloy and Yellon, 2009; Cohen and Downey,
2011; 2015; Hausenloy et al., 2011a; Heusch, 2013; Przyklenk,
2013; Przyklenk and Whittaker, 2013; Kleinbongard and
Heusch, 2015; Schmidt et al., 2015; Wider and Przyklenk,
2014).

A notable exception to this concept of commonality
among conditioning paradigms is the added mechanistic
component inherent in remote conditioning: that is, the
communication or transfer of the protective stimulus from
the remote organ to the heart. Details regarding the identity
of the protective factor(s) and route(s) of communication
remain incompletely resolved. However, there is compelling
evidence in support of two primary hypotheses: remote con-
ditioning may be triggered by: (i) one or more blood- or
perfusate-borne humoral factors released during the remote
ischaemic stimulus (with potential candidates including
adenosine, bradykinin, opioids, cytokines and an elusive
small <15 kDa hydrophobic molecule) or (ii) stimulation of
sensory neurons at the site of the remote stimulus and sub-
sequent activation of autonomic reflex pathways (Dickson
et al., 2001; Serejo et al., 2007; Shimizu et al., 2009; Saxena
et al., 2010; Przyklenk and Whittaker, 2011; 2013;
Mastitskaya et al., 2012; Albrecht et al., 2013; Donato et al.,
2013; Przyklenk, 2013; Gourine and Gourine, 2014; Schmidt
et al., 2015; Wider and Przyklenk, 2014). Moreover, this com-
munication phase may be complex and, in some in vivo
models, require an amalgam of both humoral and neuronal
components (Lim et al., 2010; Steensrud et al., 2010;
Przyklenk and Whittaker, 2011; 2013; Redington et al., 2012;
Przyklenk, 2013; Schmidt et al., 2015; Wider and Przyklenk,
2014).

Early phase versus late phase of ischaemic
conditioning
All of the aforementioned discussion has focused the
so-called classic or early phase of ischaemic conditioning, in
which the protective stimulus is applied within minutes of
the sustained ischaemic insult (Figure 1). For ischaemic pre-
conditioning (and, possibly, remote conditioning): (i) prolon-
gation of the time interval between the brief ischaemic
stimulus and the onset of sustained ischaemia to a period of

∼2 to 4 h results in a loss in cardioprotective efficacy, while (ii)
a further extension to ∼12 to 24 h initiates a second and
distinct, delayed or late phase of protection that persists for
∼3 to 4 days (Bolli, 2000; Kanoria et al., 2007; Huffmyer and
Raphael, 2009). Late phase ischaemic preconditioning differs
from the classic, early phase of the phenomenon in terms of
both timing and mechanisms: that is, late phase conditioning
is reportedly a consequence of kinase-mediated up-regulation
of transcription factors responsible for the coordinated acti-
vation of multiple stress-responsive genes and subsequent
increased expression of inducible proteins including (but not
limited to) inducible NOS and COX-2 (Bolli, 2000; Kanoria
et al., 2007). Although the emphasis of the current review is
on the clinical translation of early phase ischaemic condi-
tioning, the temporal gap in efficacy between the early and
late phases of conditioning-induced cardioprotection is
clearly an important consideration in both the design and
interpretation of conditioning protocols.

The path to clinical translation

With rare exceptions (Nakano et al., 2002; Schwartz and
Lagranha, 2006; Dow and Kloner, 2007; Sachdeva et al.,
2014), there has been unprecedented agreement among pre-
clinical studies that all forms of ischaemic conditioning
render the heart resistant to ischaemia-reperfusion injury and
reduce myocardial infarct size. However, despite this near
consensus among experimental models, and the enthusiasm
that the concept of endogenous cardioprotection has gener-
ated among investigators, progress in capitalizing on this
wealth of evidence and translating ischaemic conditioning
into clinical practice has been neither rapid nor smooth
(Cohen and Downey, 2011; Heusch, 2013; Schevchuck and
Laskey, 2013).

During the past decade, attention has largely focused on
the investigation of postconditioning and remote condition-
ing (which, in contrast to preconditioning, do not require
subjecting the heart to an antecedent ischaemic stimulus) in
three clinical settings: percutaneous coronary intervention
(PCI) for the treatment of ST segment elevation myocardial
infarction (STEMI), non-emergent PCI and cardiac surgery. In
multiple landmark studies, encouraging successes were
achieved. For example, the first trial that sought to apply
postconditioning to improve outcome in STEMI patients
documented a significant reduction in creatine kinase release,
a surrogate biomarker for infarct size, in patients randomized
to receive four 1 min cycles of angioplasty balloon inflation/
deflation begun within the first minute after establishing
reflow (Staat et al., 2005). More importantly, this was fol-
lowed by evidence of long-term benefit [i.e. persistent reduc-
tion of infarct size, as quantified by single photon emission
computed tomography (SPECT), at 6 months post-MI] in the
postconditioned cohort versus patients who received stand-
ard PCI (Thibault et al., 2008). Similar observations – acute
and presumably favourable attenuation of cardiac enzyme
release, and subsequent longer term evidence of improve-
ment in hard clinical end points – have been reported with
remote conditioning in patients undergoing coronary artery
bypass graft (CABG) surgery (Thielmann et al., 2010; 2013),
patients undergoing elective PCI (Hoole et al., 2009; Davies
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et al., 2013) and STEMI patients undergoing primary PCI
(Botker et al., 2010; Sloth et al., 2014). However, when all
current phase II trials are considered, outcomes with postcon-
ditioning and remote conditioning have been mixed, ranging
from protective to statistically neutral to, in some instances,
deleterious with significant exacerbation of cardiac injury
(Iliodromitis et al., 2006; Ovize et al., 2010; 2013; Rahman
et al., 2010; Freixa et al., 2012; Carrasco-Chinchilla et al.,
2013; Heusch, 2013; Limalanathan et al., 2014). Indeed,
recent systematic reviews and meta-analyses of randomized
controlled trials were unable to confirm a significant benefit
of postconditioning in patients undergoing PCI for the treat-
ment of acute MI (Schevchuck and Laskey, 2013; Abdelnoor
et al., 2014) and unable to establish a significant effect of
remote preconditioning on clinical end points in adult sur-
gical patients (Healy et al., 2014) (Table 1).

How can this apparent dichotomy between preclinical
success and clinical capriciousness be explained? The answer
may lie, at least in part, in the inherent complexities involved
in adapting the carefully orchestrated and time phenomenon
of ischaemic conditioning and its gold standard end point
(reduction of infarct size) from the controlled environment of
the laboratory to the heterogeneity and uncertainty of the
clinical setting. Two facets of this issue warrant consideration:
(i) clinical study design (i.e. are the ‘right’ patients being
enrolled in appropriately designed trials that heed the lessons
learned from preclinical studies?) and (ii) choice of experi-
mental models (have we used the ‘right’ models to facilitate
clinical translation?).

Clinical study design: the recurring
theme of heterogeneity

Postconditioning and remote conditioning as
adjunct treatment in acute MI
The undisputed hallmark of ischaemic conditioning is reduc-
tion of myocardial infarct size. The primary determinants of
infarct size are well established and include the volume of
at-risk myocardium, together with the duration and severity
of ischaemia. In addition, the ability to conclude with con-
fidence that ischaemic conditioning (or, indeed any interven-
tion) is cardioprotective requires the accurate quantification
of infarct size and risk region, and the consideration of area at
risk, duration of coronary artery occlusion and severity of
ischaemia (i.e. magnitude of collateral blood flow) as covari-
ates in the analysis (Reimer et al., 1977; Reimer and Jennings,
1979; Ovize et al., 2013). For studies conducted in preclinical
models, the meticulous control of these variables is de rigueur.
Assessment of these end points in STEMI patients is, however,
challenging (Ovize et al., 2013). Lastly, logic would suggest
that clinical trials aimed at investigating the efficacy of infarct
size reduction with postconditioning or remote conditioning
should be designed to follow, as closely as possible, the tem-
poral and physiological criteria for cardioprotection eluci-
dated in the preclinical models, including the appropriate
timing of the conditioning stimulus. However, a recurring
theme in recent meta-analyses is heterogeneity, as reflected in
terms of both its statistical definition (Higgins et al., 2003;
Schevchuck and Laskey, 2013; Abdelnoor et al., 2014) and, as
discussed below, protocol design. Ta
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Methodological issues include variation among trials in
the details and timing of the conditioning algorithms, ischae-
mic duration, and the techniques used to assess infarct size or
myocardial salvage, as well as scatter within study cohorts in
ischaemic times, risk regions and collateral blood flow (Ovize
et al., 2013; Schevchuck and Laskey, 2013; Abdelnoor et al.,
2014). For example, clinical postconditioning protocols have
utilized two to four cycles of stuttered reflow, with the dura-
tions of balloon inflation and deflation ranging from 10 to
90 s and 30–300 s, respectively (Heusch, 2013; Schevchuck
and Laskey, 2013). Moreover, repeated balloon inflation-
deflations have been applied after stent placement in some
protocols (Staat et al., 2005; Thibault et al., 2008; Thuny et al.,
2012), before stent placement in others (Laskey et al., 2008;
Xue et al., 2010; Garcia et al., 2011; Limalanathan et al., 2014)
and, in at least one study, timing was mixed and at the
discretion of the operator (Hahn et al., 2013). The optimal
postconditioning stimulus has not however been identified
(Przyklenk, 2013), and it is unclear whether these differences
contribute importantly to the disparate outcomes among
studies. However, preclinical evidence has demonstrated that
a delay of only 1 min in the initiation of stuttered reflow
compromises the infarct-sparing effect of postconditioning
(Kin et al., 2004).

An additional technical issue that, to date, has not been
considered is whether introduction of the guide wire or
balloon catheter through the culprit coronary lesion in some
instances initiates gradual, gentle reperfusion that may, in
itself, be protective (Okamoto et al., 1986). If so, this may
further undermine the magnitude of benefit that can be
achieved by the subsequent postconditioning algorithm.

Finally, when studies were stratified according to the
method used to assess myocardial salvage, the estimated
treatment effect achieved significance in protocols in which
cardiac enzyme release served as the primary end point, but
was not significant in trials in which infarct size was quanti-
fied by cardiac magnetic resonance or SPECT. The reasons for
this apparent disagreement are unknown (Schevchuck and
Laskey, 2013; Abdelnoor et al., 2014) (Table 1).

While the consequences of the aforementioned sources
of variability remain poorly defined, heterogeneity in the
primary determinants of infarct size, both among and within
studies, may be of particular relevance. For example, patients
with small risk regions, extensive collateral perfusion and/or
spontaneous reperfusion before PCI will develop small
infarcts irrespective of treatment and thus will gain minimal
benefit from ischaemic conditioning. A similar paradigm will
be manifest in patients with prolonged ischaemic times: if
reperfusion is initiated at ∼8 to 12 h after the onset of symp-
toms and collateral flow is negligible, evolution of the infarct
may be complete, and, in the absence of salvageable myocar-
dium, conditioning will again be of negligible benefit (Botker
et al., 2010; Ovize et al., 2013; Schevchuck and Laskey, 2013;
Roubille et al., 2014). Thus, failure to consider the determi-
nants of infarct size in the enrollment criteria, and the
ensuing heterogeneity within and among protocols, may
mask the ability to reliably discern an infarct-sparing effect of
postconditioning and remote conditioning in the subset of
STEMI patients that may benefit most: that is, cohorts with
large risk regions and minimal collateral blood flow, in whom
reperfusion is initiated within an appropriate window of

ischaemic times (Botker et al., 2010; Ovize et al., 2013;
Schevchuck and Laskey, 2013).

Remote conditioning and
cardiovascular surgery
The majority of trials investigating the efficacy of remote
ischaemic conditioning have been conducted in patients
undergoing CABG and other cardiovascular surgical proce-
dures. Conclusions regarding benefit are again confounded
by heterogeneity within and among studies (Heusch, 2013;
Ovize et al., 2013; Przyklenk, 2013; Healy et al., 2014).

Sources of variation in the surgical setting include, first
and foremost, differences among protocols in the timing and
site of the conditioning algorithm: remote stimuli have
encompassed three to four cycles of limb ischaemia/
reperfusion, achieved by inflation/deflation of a blood pres-
sure cuff for durations of 4–10 min, on either an arm or leg.
As with postconditioning, there is no consensus on the
optimal remote conditioning protocol, and it has in fact been
proposed that an excessive conditioning stimulus (termed
‘hyperconditioning’) may be deleterious rather than protec-
tive (Ovize et al., 2013; Przyklenk, 2013; Healy et al., 2014;
Whittaker and Przyklenk, 2014). A second issue that may be
of critical importance is the heterogeneity among studies in
the precise time at which the remote preconditioning stimu-
lus was administered: in most protocols, brief limb ischaemia
was applied after induction of anaesthesia but before com-
mencement of surgery, while in others the remote trigger was
initiated after making the first incision (Rahman et al., 2010;
Young et al., 2012; Ovize et al., 2013; Healy et al., 2014). Addi-
tional sources of variability that are unique to surgical trials
and may confound outcomes include differences among pro-
tocols in the types of surgeries and patients that were
included, as well as the choice of cardioplegic agents and
anaesthetic regimens. For example, some studies focused
exclusively on stable patients undergoing CABG, while others
included valve surgeries, patients with unstable coronary
disease and, in some instances, high-risk patients undergoing
multiple procedures. In terms of anaesthesia, the use of
propofol is problematic in that the agent reportedly mitigates
conditioning-induced cardioprotection, while volatile anaes-
thetics and opioids are cardioprotective per se and thus may
provide limited scope for added benefit (Kottenberg et al.,
2012; 2014; Heusch, 2013; Ovize et al., 2013; Przyklenk,
2013; Healy et al., 2014; Zaugg et al., 2014).

Interestingly, despite the aforementioned heterogeneity
within and among surgical trials, systematic reviews and
meta-analyses focused on cardiac enzyme release have con-
sistently concluded that remote preconditioning has a
favourable effect on outcome (reviewed in Healy et al., 2014).
In contrast, in the only meta-analysis to date that focused
exclusively on hard clinical end points (including death,
perioperative MI, cerebrovascular accident and length of hos-
pital stay), no significant beneficial effect of remote ischaemic
conditioning was discerned (Healy et al., 2014) (Table 1).
Definitive evidence supporting (or refuting) a clinical benefit
of remote conditioning in cardiac surgery will presumably
emerge upon the highly anticipated completion of two
ongoing large-scale phase III trials (Hausenloy et al., 2011b;
Meybohm et al., 2012; Healy et al., 2014).
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Remote conditioning in elective PCI
There has also been interest (albeit limited) in the possibility
of utilizing remote preconditioning to attenuate peri-
procedural MI in patients undergoing non-emergent elective
PCI. Among the six randomized and controlled studies con-
ducted to date, most have reported cardiac enzyme release as
the primary end point, and the outcomes appear even more
variable than those for conditioning applied in the setting of
primary PCI and cardiac surgery (Schevchuck and Laskey,
2013). There is evidence from one trial of both short-term
and long-term benefits (Hoole et al., 2009; Davies et al.,
2013), an outcome that may be considered surprising given
the fact that the remote conditioning stimulus was applied
∼1 h in advance of the procedure and thus may be predicted
to fall within the temporal gap in efficacy between early
phase and late phase conditioning. Moreover, the observa-
tion that remote conditioning attenuated peri-procedural
cardiac enzyme release in this cohort in which the magnitude
of biomarker release was, as expected, small, appears to con-
tradict the aforementioned premise that patients with small
infarcts will obtain minimal benefit from ischaemic condi-
tioning. Nonetheless, despite these conceptual issues, the
heterogeneity among studies and the resultant wide confi-
dence intervals, systematic review and meta-analysis of
cardiac enzyme release encompassing data from five studies
concluded that remote preconditioning significantly reduced
the incidence of MI following elective PCI (D’Ascenzo et al.,
2014) (Table 1).

Choice of the ‘right’ preclinical
models: confounders
and comorbidities

The wealth of data obtained in preclinical models demon-
strating infarct size reduction with ischaemic conditioning
has provided the groundwork – and the impetus – for clinical
translation of these cardioprotective strategies. However, of
the >2500 experimental studies indexed to date in PubMed
that have investigated conditioning-induced cardioprotec-
tion and included myocardial infarct size as a primary end
point, the overwhelming majority (>95%) has been con-
ducted using healthy juvenile or adult animal models
(Ferdinandy et al., 2007; 2014; Przyklenk, 2011; 2013;
Vinten-Johansen et al., 2011b; Miki et al., 2012; Wider and
Przyklenk, 2014). Accordingly, our standard models: (i) do
not reflect the fact that cardiovascular disease and acute MI
are typically manifest in middle-aged and elderly popula-
tions, and (ii) do not incorporate the well-established risk
factors and comorbidities (including, most notably, type-2
diabetes) seen in an increasing proportion of patients
(Whiting et al., 2011; Go et al., 2014; Gregg et al., 2014). This
is potentially problematic given the growing evidence that
aged and diabetic models display defects in cardiac expres-
sion and phosphorylation of multiple kinases implicated in
cardioprotection, including isoforms of PKC as well as PI3K/
Akt, ERK, p70S6 kinase, glycogen synthase kinase 3β (GSK-
3β), JAK and STAT (i.e. key constituents of the RISK and SAFE
signalling pathways) (Boengler et al., 2009; Przyklenk, 2011;
2013; Vinten-Johansen et al., 2011b; Miki et al., 2012; Wider

and Przyklenk, 2014). These issues raise the question: have we
used the ‘right’ preclinical models to provide the foundation
for the clinical translation of ischaemic conditioning?

Ageing
The prevalence of cardiovascular disease and acute MI are
well recognized to increase with increasing age: that is, in
men, the annual rate for a first cardiovascular event is 0.3% in
cohorts aged 35–44 years and escalates to 7.4% at age 85–94
years (Go et al., 2014). It is therefore not surprising that, in
conditioning trials conducted to date, the patient popula-
tions are not young adults, but rather are typically middle
aged (mean of ∼55 to 65 years) (Schevchuck and Laskey, 2013;
D’Ascenzo et al., 2014; Healy et al., 2014).

Initial insights into the possible consequences of increas-
ing age on conditioning-induced cardioprotection were
obtained in rat models of classic ischaemic preconditioning:
the infarct-sparing effect of preconditioning was attenuated
in so-called middle-aged rats (aged 9–12 months) and lost in
cohorts of 18- to 22-month-old rats (Fenton et al., 2000;
Schulman et al., 2001). This concept of an age-associated
decline in the efficacy of preconditioning has, with few
exceptions (Dai et al., 2009), been corroborated in subsequent
studies conducted in rats and mice (Boengler et al., 2007;
Adam et al., 2013), and has been attributed to defects in
adenosine receptor-mediated cardioprotective signalling
(including impaired activation of PKC) and age-associated
alterations in mitochondrial end effectors [including reduced
mitochondrial connexin 43 content and failed GSK-3β-
mediated modulation of mitochondrial stability (Schulman
et al., 2001; Boengler et al., 2007; Zhu et al., 2013)] (reviewed
in Boengler et al., 2009; Abete et al., 2010; Przyklenk, 2011).

In contrast, protocols conducted in models with a longer
lifespan have yielded more complex results. Sustained
preconditioning-induced cardioprotection was documented
in both ‘senescent’ 5- to 8-year-old sheep (Burns et al., 1996)
and ‘aged’ 4-year-old rabbits (Przyklenk et al., 2001; 2003). The
outcome in the sheep model was arguably predictable given
their >20 year life expectancy coupled with the lack of molecu-
lar evidence of cardiac senescence in this cohort (Burns et al.,
1996; Barja and Herrero, 2000; Boengler et al., 2009). However,
the observation of a persistent infarct-sparing effect of precon-
ditioning in 4-year-old rabbits is noteworthy, in that despite
their lengthy (∼13 years) maximum lifespan (Barja and
Herrero, 2000; Boengler et al., 2009), the ‘aged’ 4-year-old
cohort was confirmed to display unambiguous hallmarks of
cardiovascular ageing (Przyklenk et al., 2001). Moreover, there
was an apparent age-associated change in cardioprotective
signalling (in particular, a diminished role of the ε-isoform of
PKC) in old versus adult animals (Przyklenk et al., 2003). Taken
together, these data raise the intriguing but as-yet unexplored
possibility that, if there is indeed an age-associated loss in
preconditioning-induced cardioprotection, this may include a
temporal phase of plasticity in survival kinase signalling
during which redundant or alternative mediators are recruited
(Przyklenk et al., 2003; Przyklenk, 2011).

For the more clinically relevant forms of conditioning –
postconditioning and remote conditioning – only three
studies have quantified infarct size in ageing cohorts, and all
used postconditioning as the protective stimulus (Table 2A).
Among these protocols, a spectrum of results was obtained.
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Postconditioning failed to reduce infarct size in 2-year-old
mice, an effect attributed to a defect in ERK phosphorylation
and possibly caused by an age-associated up-regulation in one
or more MAPK phosphatases (Przyklenk et al., 2008). For
13-month-old mice, the efficacy of postconditioning-induced
cardioprotection was reportedly attenuated: that is, an ampli-
fied stimulus was required to evoke a reduction in infarct size
possibly due to an age-related attenuation in STAT3 phospho-
rylation (Boengler et al., 2008). Despite the differences in
proposed mechanisms, the outcomes of these two studies
are consistent with the concept that, at least in the mouse
model, the infarct-sparing effect of postconditioning may
wane with increasing age. However, in apparent contrast, 16-
to 18-month-old rats showed no deficit in cardioprotective
signalling and no loss in the ability of postconditioning to
reduce infarct size (Yin et al., 2009). The current paucity of
data, and complete absence of data from large animal models
that might arguably be considered more clinically relevant,
precludes the ability to draw meaningful conclusions on
whether the infarct-sparing effect of postconditioning is com-
promised with increasing age. No data are available, and thus
no conclusions can be made, on whether infarct size reduction
with remote conditioning is mitigated versus maintained in
ageing cohorts (Table 2).

Type-2 diabetes
The development of novel clinical strategies to attenuate
myocardial ischaemia-reperfusion injury and reduce infarct
size is of particular importance to patients with type-2 diabe-

tes. The urgency and scope of this issue is exemplified by: (i)
the >2-fold greater incidence of cardiovascular disease and
acute MI in diabetic versus non-diabetic cohorts; (ii) the two-
to fourfold greater incidence of cardiovascular disease-related
deaths in diabetic patients; and (iii) the predicted escalation
in the incidence of type-2 diabetes during the next 20–30
years (Haffner et al., 1998; Murcia et al., 2004; Alegria et al.,
2007; Krempf et al., 2010; Sarwar et al., 2010; Go et al., 2014;
Gregg et al., 2014; Wider and Przyklenk, 2014).

The first studies aimed at investigating conditioning-
induced cardioprotection in the setting of type-2 diabetes
again (as with ageing) utilized classic ischaemic precondition-
ing as the protective stimulus. All protocols were conducted
using either Zucker fatty or Goto-Kakizaki rats, and there was
a consensus that the efficacy of infarct size reduction with
preconditioning was either attenuated (with an amplified
stimulus required to evoke protection) or lost in the diabetic
cohorts (Kristiansen et al., 2004; Tsang et al., 2005; Katakam
et al., 2007; Hausenloy et al., 2013a) (reviewed in Wider and
Przyklenk, 2014). Moreover, in one particularly innovative
study, the combined effects of diabetes and ageing were inves-
tigated and the general theme of ‘waning cardioprotection’
was recapitulated: young (3- to 8-month-old) Goto-Kakizaki
rats remained responsive to an augmented preconditioning
stimulus whereas 12- to 18-month-old diabetic rats were
refractory to the infarct-sparing effect of ischaemic precondi-
tioning (Whittington et al., 2013).

In the five studies published to date in which postcondi-
tioning was used as the protective trigger in models of type-2

Table 2
Efficacy of infarct size reduction with postconditioning and remote conditioning in preclinical models of ageing and type-2 diabetes

Author Model
Reduction in
infarct size? Comments/mechanistic insights?

A. Ageing

Postconditioning

Przyklenk et al. (2008) Mouse: 20–24 months No Impaired ERK phosphorylation

Boengler et al. (2008) Mouse: >13 months Attenuated Efficacy attenuated; amplified postconditioning stimulus
required to achieve protection

Attenuated STAT3 phosphorylation

Yin et al. (2009) Rat: 16–18 months Yes Persistent PI3K/Akt-GSK-3β signalling in the old cohort

Remote conditioning

No published studies

B. Type-2 diabetes

Postconditioning

Wagner et al. (2008) Rat: WOKW No Impaired ERK, GSK-3β phosphorylation

Bouhidel et al. (2008) Mouse: ob/ob No Impaired Akt, ERK, p70S6 kinase, AMPK phosphorylation

Przyklenk et al. (2011) Mouse: db/db No Impaired ERK phosphorylation

Zhu et al. (2012) Mouse: db/db No Loss of protection associated with differential regulation of
mitochondrial proteome

Oosterlinck et al. (2013) Mouse: ob/ob Attenuated No mechanism proposed

Remote conditioning

No published studies

WOKW, Wistar Ottawa Karlsburg W rat.
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diabetes, four were conducted in mouse strains (db/db or
ob/ob) and one utilized the Wistar Ottawa Karlsburg W rat
(Table 2B). Outcomes were similar to those obtained with
ischaemic preconditioning: infarct size reduction with post-
conditioning was either absent (Bouhidel et al., 2008; Wagner
et al., 2008; Przyklenk et al., 2011; Zhu et al., 2012) or, in one
study, diminished (Oosterlinck et al., 2013) in diabetic
animals when compared with normoglycaemic controls
(reviewed in Wider and Przyklenk, 2014). Moreover, as with
ageing, the loss in efficacy of postconditioning seen in the
diabetic models was, perhaps not surprisingly, ascribed to
defects in one or more components of RISK or SAFE signal-
ling, including impaired ERK, PI3K/Akt, p70S6 kinase and/or
GSK-3β phosphorylation, as well as possible abnormalities in
mitochondrial end effectors (Bouhidel et al., 2008; Wagner
et al., 2008; Przyklenk et al., 2011; Zhu et al., 2012; Wider and
Przyklenk, 2014) (Table 2B). Finally, it is interesting to note
that: (i) a diminished responsiveness to postconditioning was
observed before the onset of significant hyperglycaemia in
Zucker fatty rats (Katakam et al., 2007), and (ii) similar find-
ings [loss of postconditioning-induced (and preconditioning-
induced) cardioprotection] have been reported in models of
type 1 diabetes (reviewed in Ferdinandy et al., 2007; 2014;
Przyklenk, 2011; 2013; Vinten-Johansen et al., 2011b; Miki
et al., 2012; Wider and Przyklenk, 2014). These latter data
imply that the apparent diabetes-associated impairment in
survival signalling is not a simple consequence of hypergly-
caemia, hyperinsulinaemia, hyperlipidaemia or obesity.

Taken together, there is general agreement among the
small number of published preclinical studies: type-2 diabetes
appears to have a confounding effect on the infarct-sparing
effect of postconditioning. This conclusion is, however, based
exclusively on data obtained in rodent models. Whether
infarct size reduction with remote conditioning is similarly
compromised in diabetic cohorts is currently unknown
(Table 2B).

Clinical relevance of comorbid models?
The preceding discussion raises an important conceptual
question: can the results obtained from rat and mouse models
of ageing and type-2 diabetes be considered clinically mean-
ingful? That is, are these in fact the ‘right’ models (or more
relevant models) to guide the clinical translation of postcon-
ditioning and remote conditioning?

It could be argued that the concept of ageing and possible
(albeit inconclusive) evidence of an age-associated loss in
conditioning-induced cardioprotection should be translat-
able among models and species, including man. However,
ageing is a continuum and attempts to define ‘old’ cohorts
based on chronological age and lifespan are, without ques-
tion, subjective and may not correlate with cardiovascular
indices of ageing on the organ, cellular, biochemical or
molecular level (Przyklenk et al., 2001; 2003; 2008; Przyklenk,
2011; Vinten-Johansen et al., 2011b). This may in part under-
lie the variability in outcomes among experimental studies in
which postconditioning was used as the protective stimulus
(Table 2A), and apparent discrepancies among the small
number of clinical conditioning studies (including pre- and
postconditioning protocols) in which post hoc subset analyses
based on age were performed (Abete et al., 1997; Kloner et al.,
1998; Jimenez-Navarro et al., 2001; Wu et al., 2001;

Vinten-Johansen et al., 2011b). For example, in two similarly
designed analyses assessing the effect of pre-infarct angina (a
presumptive preconditioning stimulus) on the incidence of
in-hospital death, congestive heart failure and/or shock, one
reported persistent benefit in patients >60 years of age (Kloner
et al., 1998), while the second concluded that the favourable
effects of pre-infarct angina were lost in ‘senescent’, >65-year-
old patients (Abete et al., 1997). Only one post hoc analysis
has been reported to date in which outcome (in this case,
cardiac enzyme release) in response to postconditioning was
stratified according to age: in the subset of patients >65 years
of age, no significant infarct-sparing effect of postcondition-
ing was observed (Darling et al., 2007; Vinten-Johansen et al.,
2011b).

A second consideration is the fact that all preclinical
models are simplistic; even novel ageing models displaying a
second concomitant comorbidity (Ebrahim et al., 2007; Dai
et al., 2009; Whittington et al., 2013) do not mimic the com-
plexities of patients with cardiovascular disease. This ques-
tion of complexity extends beyond the issue of multiple
comorbidities. First, extrapolation of results obtained from
animals enrolled days-weeks after the onset of diabetes,
and typically characterized by extreme hyperglycaemia
[>5.00 mg ml−1 (Przyklenk et al., 2011)], to patients with
long-standing disease may be problematic. A second and
related corollary is that preclinical studies do not typically
incorporate the pharmacological therapies routinely admin-
istered to patients as standard of care for the management of
diabetes and, in many instances, other attendant comorbidi-
ties. For example, there is evidence that nitrates, statins,
opioids and anti-platelet agents are cardioprotective per se
and mimic the benefits of ischaemic conditioning (reviewed
in Przyklenk, 2011; Heusch, 2013; Ferdinandy et al., 2014).
Sulfonylurea agents administered for glycaemic control in
patients with type-2 diabetes can purportedly have complex
and opposing consequences: glibenclamide has a well-
documented, antagonistic effect and prevents conditioning-
induced cardioprotection via inhibition of cardiac ATP-
sensitive potassium channels, while glimepiride, although
not cardioprotective when administered alone, has been
shown to facilitate and re-establish the efficacy of ischaemic
preconditioning in the Goto-Kakizaki rat model of type-2
diabetes (Hausenloy et al., 2013a; Ferdinandy et al., 2014).
Interestingly, potentiation of the infarct-sparing effect of
preconditioning with glimepiride could not be attributed to
reductions in blood glucose concentration, but rather may
be due to a proposed up-regulation in survival kinase signal-
ling (Hausenloy et al., 2013a). Finally, effective treatment of
the comorbid condition may favourably modulate the
response to ischaemic conditioning. This latter concept
is illustrated by the finding that restoration of plasma
insulin concentrations in the mouse model of
streptozotocin-induced type 1 diabetes (achieved by islet cell
transplantation) re-established the infarct-sparing effect of
postconditioning, thereby suggesting that the cardiac signal-
ling defect(s) responsible for preventing postconditioning-
induced cardioprotection in this model are labile and
reversible (Przyklenk et al., 2011). Whether similar results are
obtained with appropriate pharmacological management of
type-2 diabetes that does not involve the use of sulfonylu-
reas is currently unknown.
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Given these caveats, the question remains: does the
concept of a loss in efficacy of conditioning-induced cardio-
protection derived from rodent models of type-2 diabetes
have translational relevance? Subset analyses of diabetic
cohorts have been reported for two clinical trials in which
cardiac enzyme release following acute MI served as the
primary end point: preconditioning (triggered by preinfarct
angina) had no beneficial effect while postconditioning
tended to exacerbate biomarker release (and, presumably,
infarct size) in the diabetic subgroup (Ishihara et al., 2001;
Yetgin et al., 2014). Similarly, a third study concluded that
remote conditioning, administered after non-emergent PCI,
increased the incidence of peri-procedural MI in patients with
versus without diabetes (Carrasco-Chinchilla et al., 2013).
These three observations appear to corroborate the concept of
failed conditioning-induced cardioprotection seen in pre-
clinical diabetic models. In contrast, the recent systemic
review and meta-analysis of five randomized trials assessing
the effect of remote preconditioning in the setting of elective
PCI yielded the opposite conclusion: meta-regression
revealed no interaction between diabetes or age on the rate of
peri-procedural MI. That is, there was no apparent loss in
efficacy of remote conditioning in these patient cohorts
(D’Ascenzo et al., 2014).

Conclusions and future directions

There is no question that: (i) the development and imple-
mentation of novel adjuvant strategies to attenuate myocar-
dial ischaemia-reperfusion injury and reduce infarct size
remains a major, unmet clinical need; (ii) a wealth of pre-
clinical data has positioned ischaemic conditioning (in par-
ticular, postconditioning and remote conditioning) to fulfil
this need; yet (iii) the translation of ischaemic conditioning
from preclinical models to clinical practice has been stalled.
The slow progress in realizing the clinical potential of ischae-
mic conditioning, and the attendant frustration and disap-
pointment, may be due in part to the heterogeneity within
and among the currently completed phase II clinical trials,
together with the still-limited body of evidence that the
infarct-sparing effect of ischaemic conditioning may be com-
promised in diabetic (and, possibly, aging) cohorts. Robust
evidence supporting (or refuting) the clinical efficacy of post-
conditioning and remote conditioning will require large-scale
trials that have been designed and executed to heed the
lessons learned from preclinical studies, including considera-
tion of the determinants of myocardial infarct size, the
importance of the timing of treatment and enrollment of
the ‘right’ patient cohorts. It is hoped that the outcomes
of the current and highly anticipated phase III trials will
facilitate – and accelerate – the successful clinical translation
of this most promising cardioprotective strategy.
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