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Abstract

Ischemic preconditioning is a process which serves to mitigate reperfusion injury. Preconditioning
of the heart can be achieved through natural, pharmacological, and mechanical means. Mechanical
preconditioning appears to have the greatest chance of good outcomes while methods employing
pharmacologic preconditioning have been largely unsuccessful. Remote ischemic preconditioning
achieves a cardioprotective effect by applying cycles of ischemia and reperfusion in a distal limb,
stimulating the release of a neurohumoral cardioprotective factor incited by stimulation of afferent
neurons. The cardioprotective factor stimulates the reperfusion injury salvage kinase (RISK) and
survivor activator factor enhancement (SAFE) signaling cascades in cardiomyocytes which
promote cell survival by the expression of anti-apoptotic genes and inhibition of the opening of
mitochondrial permeability transition pores. Clinical application of ischemic preconditioning
involving targets in the RISK and SAFE signaling appears promising in the treatment of acute
myocardial infarction, however, clinical trials have yet to demonstrate additional benefit to current
therapy.
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INTRODUCTION

Ischemic heart disease is the leading cause of death globally, and death rates caused by
ischemic heart disease are projected to increasel. Reperfusion of blood flow to the ischemic
area is the current gold standard of treatment following a myocardial infarction or
myocardial ischemia. Reperfusion has been shown to limit infarct size, improve long-term
myocardial function and reduce mortality?. Additionally, restoration of blood flow has been
shown to induce myocardial salvage with a significant decrease in morbidity and mortality3.
Myocardial salvage is defined as the difference between actual and potential infarct size;
inducing salvage means to save myocardial cells from ischemic damage. While reperfusion
reduces mortality, a study by Jennings*® suggested reperfusion could facilitate the death of
reversibly injured cardiomyocytes. Reperfusion injury significantly contributes to final
infarct size, and infarct size directly relates to prognosis®—2. Reperfusion injury can be
transient resulting in ventricular arrhythmias and myocardial stunning; or permanent
resulting in lethal reperfusion injury®:11, Lethal reperfusion injury is a potentially
preventable phenomenon and should be a target of therapy.

Reperfusion injury is characterized by rapid correction of acidic pH, calcium overload, and
formation of reactive oxygen species (ROS). Those characterizations result in opening of the
mitochondrial permeability transition pore (MPTP) which causes cell death by releasing
cytochrome C into the cytoplasm and activating the caspase system®. Reperfusion injury is
currently a neglected therapeutic target, but natural phenomena, mechanical interventions,
and pharmacologic interventions mitigate reperfusion injury and limit infarct size. A review
by Miura and Miki2 concluded infarct size had to be <20% of left ventricular size to confer
any meaningful reduction of mortality13.

Reperfusion injury is mitigated through a process known as conditioning, where the
myocardium is prepared for an ischemic insult through brief episodes of ischemia and
reperfusion38. Conditioning can occur locally at the level of the heart, or remotely in distal
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organs. Conditioning the heart represents a form of cardioprotection, a term that refers to all
strategies aimed at the attenuation of the injurious sequelae of myocardial ischemia and
reperfusion. Sequelae include arrhythmias, decreased inotropy and coronary blood flow, and
myocardial infarction’. Natural ischemic conditioning has been observed in patients who
suffer from anginal pain immediately prior to an ischemic episode. These patients have
smaller infarcts and a better prognosis than patients without pre-infarction anginal#-15,
Ischemic preconditioning is currently the best form of myocardial protection against
infarction by attenuating ischemic damage.

Originally discovered in a study by Murray and colleagues® in canine models, ischemic
preconditioning significantly attenuated myocardial death by ischemic injury*16:17 Murray
demonstrated that 4-5 minutes of non-lethal coronary artery occlusion, followed by 5
minutes of reperfusion, is an adequate stimulus to produce a beneficial outcome. Ischemic
preconditioning represents the most powerful action for attenuating myocardial infarction
size in the ischemic heart®. Ischemic conditioning not only protects the myocardium, but
also the coronary microcirculationl3.

Infarct size is the preferred measurement to determine effects of conditioning since infarct
size is an unambiguous endpoint with clinical significance’. The purpose of this review is to
give an overview of cardiac ischemic conditioning by describing intracellular signaling
cascades implicated in conditioning, discuss pharmacologic and mechanical modalities of
ischemic conditioning, and provide a brief assessment of remote ischemic conditioning
compared to other modalities.

SIGNALING CASCADES ASSOCIATED WITH CARDIAC CONDITIONING

Local ischemic conditioning can be obtained mechanically by clamping coronary
vasculature, or pharmacologically by activation of cell surface receptors of adenosine,
bradykinin, opioids, acetylcholine, and generation of ROSE. Pharmacological conditioning
acts to prevent the opening of MPTP and thus prevent mitochondrial disruption without the
induction of ischemia3-16. Preconditioning results in two windows of protection; the first
window occurs due to protein modification and is transient in nature. It occurs 2—3 hours
following the preconditioning stimulus’-16-20, The second window occurs 24 hours
following the stimulus and lasts for approximately 48 hours due to the production of
cytoprotective proteins’-16-20, The early phase of protection is induced through the
mitochondria where a signaling ROS activates protein kinases such as Akt, Erk1/2, tyrosine
kinase, and protein kinase C. Late protection is due to activation of transcription factors by
these protein kinases, as well as recruitment of pro-survival signaling pathways to attenuate
infarct size. The two major pro-survival signaling pathways are the reperfusion injury
salvage kinase (RISK) pathway and the survivor activator factor enhancement pathway
(SAFE). RISK acts through Akt and Erk1/2, and SAFE is potentiated by TNF-a to
downstream Janus activated kinase (JAK) and signal transducer and activator of transcription
-3 (STAT3) to reduce reperfusion injury®. Although the end effectors remain unknown, the
proposed hypotheses suggest reperfusion injury is mitigated by the preservation of
mitochondrial function through inhibition of the MPTP and opening of mitochondrial Katp
channels810.18.17 This causes the mitochondrial membrane to depolarize, resulting in rapid
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loss of mitochondrial function and cell death through caspase activation”:16:17_ Inhibiting the
MPTP from opening improves cell survival. Molecules such as matrix metalloproteases
(MMPs), gaseous messengers, and miRNA have also been implicated in pathways
associated with cardiac conditioning20. However, the goal of this review article is to
highlight the RISK and SAFE pathways to identify proposed therapies to interact with the
key molecules in the signaling cascade.

RISK AND SAFE SIGNALING PATHWAYS

Preserving mitochondrial function in the presence of ischemia is the main mechanism of
conditioning. Three parallel signaling pathways act to achieve the cardioprotective afforded
by ischemic conditioning. One is the RISK pathway, which is activated by G-protein-
coupled receptors (GPCRs) and potentiated through protein kinase B (Akt). Another is
activation of protein kinase C which results in opening of mitochondrial Karp channels. A
third is the SAFE pathway, which includes the JAK/STAT system, most prominently
mitochondrial STAT3.

The RISK pathway was popularized by the studies of Yellon and Hausenloy?! and is
composed of a group of kinases that confer cardioprotection when activated immediately
prior to or at the time of reperfusion617, The RISK pathway can be activated by many
agents which bind to GPCRs to include growth factors, opioids, adenosine, bradykinin and
others6:22, Stimulation of GPCRs activates phosphoinositide 3 kinase (PI3K) and results in
phosphorylation of its downstream targets Akt, glycogen synthase kinase-3 beta (GSK-3p),
endothelial nitric oxide synthase(eNOS), protein kinase C, and anti-apoptotic factor Bcl-2
associated protein121, GSK-3 is proposed to be the convergence point of the RISK
pathway. Activation of the RISK pathway results in the inhibition of GSK-3p following
phosphorylation, and subsequent prevention of MPTP activation19.22,

Normally, the MPTP opens within the first moments of reperfusion due to the influx of ROS
and calcium. Studies by Crompton in the 1980s first implicated MPTPs as critical to
cardiomyocyte death?3, Opening is triggered by ATP depletion, mitochondrial calcium
overload, oxidative stress, and high phosphate levels. Cyclosporine-A prevents MPTP
activation and prolongs cell survival?2. Directly inhibiting the MPTP from opening before
reperfusion has been shown to have successful clinical outcomes in ST segment elevation
myocardial infarctions (STEMIs)16:24. However, the cardioprotective effects of MPTP
inhibition are lost if the MPTP inhibitor is administered after the first 15 minutes of
reperfusion?2,

Like the RISK pathway, protein Kinase C (PKC) may be activated directly during ischemic
preconditioning by binding of adenosine, opioids, or bradykinin to its GPCRs. The binding
of GPCR and its ligand will result in activation of PI3K and alpha serine/threonine kinase
(Akt) leading to nitric oxide synthase activation. Nitric oxide (NO) potentiates its signal
through soluble guanylyl cyclase, activating protein kinase G leading to protein kinase C
activation, which ultimately opens the mitochondrial Karp channel'6:25, It has been reported
that the MPTP and mitochondrial Karp channels are functionally linked, as opening of the
MPTP counteracts the effects of an open K arp channel®28, Since calcium overload is a
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stimulus to open the MPTP and an open Karp channel helps prevent calcium overload,
opening the Kagp channel helps to inhibit MPTP activation and thus prolong cell survival2®.
Recent studies have confirmed the role of PKC as a central mediator of ischemic
conditioning during reperfusion by abrogating its cardioprotective effects with
chlelerthyrine, a PKC inhibitor, during reperfusion28. Similarly, the PI3K/Akt pathway plays
an important role against reperfusion injury, and cardioprotection could be abrogated
following administration of the selective PI3K inhibitors wortmannin and LY 29400226,
Additionally, studies with overactivation of Akt in transgenic mice showed a reduced
myocardial infarct size when compared to controls?’. While the RISK pathway primarily
activates or inhibits various proteins, the SAFE pathway stimulates anti-apoptotic factors
and expression of genes to mitigate ischemic damage.

The SAFE pathway was originally described by Lecour and Opie?® in the /n vitro murine
models and is involved in both early and late phase ischemic preconditioning and
postconditioning®19. SAFE potentiates its effects though JAK, which is originally activated
by various cytokines including interleukin-6, and Tumor necrosis factor alpha (TNF-a). JAK
will subsequently activate STAT which will potentially affect mitochondrial respiration and
swelling granting a protective response!®. TNF-a may also stimulate the SAFE pathway
after binding to TNF Receptor 2, which activates STAT-3, which will then inhibit the
apoptotic factor forkhead box protein O1 (FOXO-1) in the nucleus. While TNF-a was
originally thought to contribute to reperfusion injury, it may paradoxically contribute to the
cardioprotection induced by pre- and postconditioning?8:2%. Increased concentrations of
TNF-a are noted in myocardial infarctions, but attempts to neutralize TNF-a resulted in
worsening heart failure2%. STAT-3 has been shown to increase the anti-apoptotic gene Bcl-2
and decrease the apoptotic gene Bax in response to a conditioning stimulus. While STAT-3 is
a transcription factor, many STAT-3 effects in a pre- or post-conditioning setting do not
occur at transcription, but are resultant of phosphorylation of various components, such as
the phosphorylation and inactivation of the pro-apoptotic factor Bad2®. Interestingly, STAT 5
rather than STAT 3 activation was noted in patients undergoing remote ischemic
conditioning before CABG, although the role of STAT 5 needs to be investigated furtherl®.

PHARMACOLOGIC CONDITIONING IN RISK AND SAFE SIGNALING
PATHWAYS

Targeting various levels of the RISK pathway to invoke a cardioprotective response has been
a long-desired therapy in pharmacology following the discovery of ischemic conditioning.
Thus far, pharmacologic therapy to protect against reperfusion injury has been largely
disappointing®10. This review describes several agents that interact with the molecules
involved in the RISK and SAFE signaling pathways including: metoprolol, PPAR agonists,
adenosine, nicorandil, volatile anesthetic agents, and cyclosporine-A17:18.:20, Metoprolol
administered prior to reperfusion in a porcine model reduced infarction size according to a
study performed by Ibanez and colleagues®3. Labne later supported this finding by
undertaking a clinical trial (METOCARD-CNIC trial) that demonstrated administering
metoprolol in the ambulance prior to angioplasty reduced infarct size and improved clinical
outcomes in anterior STEMI patients9. However, the EARLY BAMI trials, in which 600
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STEMI patients were randomized to IV metoprolol, did not show any reduction in infarct
size3L. The mixed results of the trials do not give credence to metoprolol’s efficacy as a
conditioning agent. Further, the premise of preconditioning rests on the ability to administer
agents before an ischemic event, making preconditioning an impossible therapy to apply
outside of a scheduled surgical setting where the timing of an ischemic event is known.
Patients with unstable angina or a recent Ml have a higher risk of subsequent Ml, so
administering drugs that mimic ischemic preconditioning may have a beneficial effect on
this group of patients?8.

Like metoprolol, PPAR activating drugs were thought to derive a cardioprotective effect by
activating PI3K-Akt proteins in the endothelial cells in the normal and diabetic heart32. The
pleiotropic effects of PPAR activating agents could prove to be beneficial adjuncts to
reperfusion therapy in the future. Activating those kinases were thought to lead to closure of
the MPTP or opening of the mitochondrial Karp channel. An in vivo study by Ravingerova
et al32 in hypertensive rats showed that PPARa agonists could serve as a mimetic of the
delayed phase of cardioprotection, resulting in a reduction in infarct size. While metoprolol
and PPAR activating drugs have been investigated, the most studied agents related to
ischemic conditioning thus far are: adenosine/acadesine (adenosine regulatory agent),
nicorandil (Karp channel opener), volatile anesthetics, and cyclosporine-A33. Unfortunately,
in several studies neither adenosine nor nicorandil reduced infarct size or improved
prognosis’. However, the PROTECTION AMI trial seems to demonstrate cyclosporine-A
reduced infarct size by preventing the MPTP from opening, but patient outcome data are not
currently available34. Figure 1 depicts the signaling cascades involved in ischemic
conditioning.

ADENOSINE

Adenosine is widely distributed throughout the body and plays a major role in the
cardiovascular system as a vasodilator, conduction blocker in the AV node and is thought to
contribute to the reactive hyperemia observed in cardiac muscle!®. Adenosine acts through
GPCRs leading to activation of the RISK pathway2°. Adenosine interacts with four
receptors: Ay, A oa, Ao, and Ag; Aq, Ao, and Ag are expressed in cardiomyocytes, while
Ay are more prevalent in coronary vesselsl16:19. A, receptors are associated with slowing
the atrial rate and conduction in nodal tissue, and adenosine released during ischemic
conditioning binds to A; and Az receptors activating protein kinase C19. Ultimately
adenosine acts to preserve mitochondrial function by preventing the MPTP from
opening6:19. Use of adenosine in vivo for cardioprotection has been limited due to the short
half-life of the molecule. Often the drug loses its efficacy before a cardioprotective effect
can occurl,

Adenosine receptor agonists have been used with some success; however, adenosine use as
adjunct therapy to reperfusion therapy in the Amistad | and Il trials did not demonstrate any
additional benefit compared to standard treatment16:30:35_ Some experimental studies have
shown varying effects of adenosine depending on the timing of administration. A beneficial
effect was observed when adenosine was given before coronary occlusion with remarkable
infarct reduction, a weaker response was noted when adenosine was given before
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reperfusion, and no effect is noted when given after reperfusioni8:36, Thus, the lack of
clinical effectiveness of adenosine observed in the AMISTAD trial may be due to delayed
administration of adenosine (after thrombolytic administration) in 50% of the patients18:35,

The AMISTAD Il trial appeared to demonstrate a reduction in infarct size associated with
adenosine administration in patients in a 3-hour time-period with an evolving anterior Ml
receiving thrombolytic therapy or angioplasty8:39:37. The major limitation of this trial was
sample size, the study population was too small to confirm the observed benefit of
adenosinel837. Opening mitochondrial Katp channels by nicorandil have been another
target of pharmacologic conditioning to induce cardioprotection.

NICORANDIL

Nicorandil is the only Kap channel-opening agent currently available for cardiovascular
usel8. The first clinical trial to examine the cardioprotective effects of nicorandil was
observed in patients with unstable angina in a study conducted by Patel and colleagues in the
CESAR 2 trial18:38, The study suggested opening the Karp channel along with standard
anginal therapy significantly reduced myocardial ischemic episodes and
tachyarrhythmias!838. Sakata and colleagues33 investigated the effects of an intravenous
bolus of nicorandil following primary angioplasty or thrombolytic therapy one month after
treatment. These investigators found improved myocardial blood flow and ventricular wall
motion in patients given nicorandil compared to control. Another study by Ito and
coworkers3? found that intravenous nicorandil in conjunction with coronary angioplasty was
associated with improved with in-hospital outcomes compared to angioplasty alone.
However, improved cardiac functioning following nicorandil in percutaneous coronary
intervention (PCI) settings is most likely due to improvement in microvascular perfusion
improvement opposed to myocardial conditioning!8. Currently, exercise-based research
appears to be the only viable and promising approach to uncovering Karp channel opening
and cardioprotection?0. Overall, the results of pharmacologic conditioning targeting
signaling pathways with adenosine and nicorandil have been disappointing, as none have
been able to demonstrate a prognostic benefit’. The only medications known to confer some
cardioprotection are anesthetic agents.

VOLATILE ANAESTHETIC AGENTS

Volatile anesthetic agents could precondition myocardium, the kidney, and the brain®’.
\olatile anesthetics substantially alter the myocardial oxygen requirements through direct
and indirect effects on systemic, pulmonary and coronary hemodynamics along with
autonomic nervous activity in a dose dependent manner#L. Those changes can give the
appearance of attenuated infarct, but not confer clinical benefitl. Experiments conducted in
the 1970s and 1980s using halothane, enflurane and isoflurane in canine models
demonstrated a protective effect!”4142, These studies were further supported by
independent groups demonstrating cardioprotection induced by volatile anesthetics in 3
animal models’43, These agents are hypothesized to trigger the RISK pathway by
stimulation of GPCRs. Current evidence suggests isoflurane, sevoflurane and desflurane
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could precondition and protect the heart and vascular endothelium in vitro in human and
animal myocardial tissue.1’

Some experiments suggest that cardioprotective effects increase from isoflurane to
sevoflurane to desflurane. Anesthetic agents other than volatile agents have been shown to
influence preconditioning. Propofol, which is not a volatile anesthetic, has been shown to
both block preconditioning by desflurane and remote ischemic preconditioning, but also act
synergistically with other agents to confer cardioprotection”-17:44.45 Experimental trials
conducted thus far demonstrate isoflurane, sevoflurane and desflurane could provide
myocardial protection, and the combination of volatile anesthetics and high dose of propofol
during bypass surgery and reperfusion might increase cardioprotection as demonstrated by
reductions in troponin 137, Additionally, morphine has shown promise as an agent that
enhances the pharmacologic preconditioning of isofluranel’.

One meta-analysis of patients in 27 trials showed reduced postoperative troponin I, higher
cardiac indices, and lower inotropic support for those given volatile anesthetics in coronary
artery bypass (CABG) surgery, but the authors noted low sample size to draw significant
conclusions!’. Laboratory experiments and proof of concept studies clearly suggest volatile
anesthetics may provide a cardioprotective effect when larger areas of myocardium sustain
ischemic injury®l. Experimental proof-of-concept trials have been promising, but larger
trials are necessary to demonstrate if anesthetic agents confer cardioprotection and if that
effect can be translated into a clinical setting.

CYCLOSPORINE A

The most promising pharmacologic agent to confer a cardioprotective effect is cyclosporine-
A, which inhibits cyclophilin D and thus prevents the opening of MPTP46:47_ A study by
Piot et al*8 in human subjects demonstrated decreased creatinine kinase in patients who
receive a bolus of cyclosporine-A immediately prior to PCI9:3046, Cyclosporine has
pleiotropic effects, and concerns over cardiac remodeling add skepticism to the effectiveness
of the agent as potential therapy. However, of the patients that participated in a proof-of-
concept trial, cardiac magnetic resonance imaging at 6 months’ follow-up showed that a
single bolus of cyclosporine had no effect on left ventricular remodeling®. The placebo
controlled CIRCUS (Cyclosporin and Prognosis in Acute Myocardial Infarction Patients)
assessed total mortality, hospitalization for heart failure and left ventricular remodeling
(increase of LV end-diastolic volume >15%) following administration of cyclosporine-
A%:47 Cung and colleagues found that administration of cyclosporine just before PCI did
not reduce the risk of death from any cause, worsening of heart failure, rehospitalization for
heart failure, or adverse left ventricular remodeling when compared to placebo?’. Unlike a
previous smaller trial, the CIRCUS trial did not demonstrate a reduction in creatine kinase,
which has been used as an approximate measure of infarction size*”. While pharmacologic
therapy has shown some promise, clinical application remains distant in the future. A more
practical and less invasive approach to cardioprotection is mechanical conditioning.
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NON-PHARMACOLOGICAL METHODS OF ISCHEMIC PRECONDITIONING

Mechanical modalities of ischemic condition have been far more successful than
pharmacologic conditioning in achieving cardioprotective effects. Ischemic preconditioning,
conditioning prior to an ischemic event, was first described in 1986 by Murray et al* who
demonstrated four 5-minute episodes of myocardial ischemia followed by 5 minutes of
reperfusion led to a 75% reduction in infarct size in a canine modell71949, The first
effective use of ischemic preconditioning in humans was observed by Yellon who found that
intermittent clamping and declamping of the aorta preserved myocardial ATP levels of
patients undergoing coronary artery bypass surgery6:24, |schemic preconditioning mitigates
infarct development opposed to mitigating reperfusion injury’-46. Several studies have
confirmed the cardioprotective benefit of preconditioning by measuring serum cardiac
enzymes, observing a reduction in ventricular arrhythmias, and shortened intensive care unit
stay®. Ischemic preconditioning has become the archetype for cardioprotection, because it
has demonstrated the greatest consistency and efficacy of any other intervention or drug’.
The exact threshold or “maximal dose” of ischemic preconditioning remains unknown, but a
recent meta-analysis described by Deng et al®0 suggests ischemic episodes less than five
minutes can be cardioprotective, but longer could induce deleterious effects. Natural
ischemic preconditioning has been observed in the context of pre-infarction angina, and
ischemia induced by exercise. Preconditioning has been studied in the setting of coronary
angioplasty and cardiac surgery to develop clinical applications to the process. Pre-infarction
angina mitigates infarction size by triggering ischemic pathways, such as RISK, that offer
protection to the cardiomyocytes.

Exercise-induced ischemia, or warm up angina, describes attenuation or abolition of angina
on a second effort when separated from a first exertion separated by a short period of rest>!.
Warm up angina is objectively defined by reduced ischemia (ST segment depression) or a
raised ischemic threshold compared to a first exertion®!. Studies by Okazaki and
colleagues® in human subjects with severe stenosis (>90%) in the left anterior descending
artery stenosis, demonstrated that the warm-up phenomenon is not due to increased blood
flow, but rather increased metabolic efficiency; a feature of ischemic preconditioning.
Recent experimental evidence suggests that attenuation of ischemic/reperfusion by exercise
is attributed to myocardial-specific biochemical alterations, and not on blood flow
alteration®, Myocardial ischemia, rather than exercise, is the predominant stimulus required
to initiate the maximal protective effect observed in warm-up angina®.. This ischemia may
activate intracellular mechanisms that confer a protective effect through the opening of Kagp
channels0:51,

Ischemic preconditioning in the context of coronary angioplasty was shown to reduce
anginal pain, ST segment shift, and mean pulmonary pressure in studies originally published
by Deutsch et al,53 then later confirmed by other angioplasty studies in human subjects?.
These findings support ischemic preconditioning by demonstrating that prior ischemia
lessens the malignant effects of subsequent ischemic episodes. ST-segment shift has been
shown to correlate with metabolic, mechanical, and clinical parameters of myocardial
ischemia, the greater the shift in the ST segment, the greater the derangement in metabolic,
mechanic, and clinical behavior of the heart.
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Intermittent ischemia has been achieved in cardiac surgery by cross clamping the aorta
during coronary artery bypass graft surgery. Yellon and colleagues found significantly higher
ATP content in the myocardium of patients exposed to aortic cross clamping than those who
were not?4, Increased ATP in a myocardial biopsy translates to increased function of those
cells, as ATP depletion in ischemic injury usually translates to cell death. Additional
therapies to facilitate preconditioning include the administration of hyperbaric oxygen prior
to cardiac surgery. A study by Yogaratnam®* and others found a reduction in myocardial
injury, intraoperative blood loss and postoperative complications following 10 minutes of
pressurization, two 30-minute periods interrupted with a five-minute “air break” followed by
a 25-minute depressurization period 24, 12, and 4 hours prior to CABG surgery®4:55,
However, the major disadvantage to ischemic preconditioning is the requirement to intervene
prior to an ischemic episode, which is impossible in the case of a myocardial infarction®’.

POSTCONDITIONING

The very initial study by Na et aP% showed that the heart could be protected against
myocardial infarction by interrupting reperfusion with intermittent ischemia, thus
demonstrating and coining the term “ischemic postconditioning”®6-59, Ischemic post
conditioning was originally performed by occluding then reperfusing the culprit lesion
before allowing full reperfusion in PCI146. Blood flow is reintroduced to the ischemic
myocardium in a stuttered or staccato-like manner before allowing complete restoration of
blood flow349, Postconditioning is thought to limit reflow enough to maintain acidosis in the
heart to prevent MPTP activation, and has been the best demonstration of therapy targeted
against lethal reperfusion injury to date346. Ischemic postconditioning acts to decrease
infarct size, while preconditioning attenuates ischemic damage although its cardioprotective
effect does not seem to be as significant as preconditioning’. Since prognosis is related to
infarct size, reducing infarct size is paramount to mitigate morbidity and mortality®16,
Postconditioning reduces infarct size by decreasing cardiomyocyte necrosis, reducing the
generation of ROS, inhibiting inflammatory cell adherence and accumulation, and reducing
calcium overload in the mitochondrial646. Postconditioning potentiates its signals through
the RISK pathway to inhibit opening of the MPTP.

The opportunity for therapeutic intervention in the context of STEMI for post-ischemic
conditioning has helped facilitate its transition into the clinical setting®:60. Although no
optimal protocol has been defined, postconditioning intervention must be performed within
the first few minutes of reperfusion’. Like other modes of conditioning, the larger the area at
risk during an infarct, the greater the amount of protection postconditioning can offer8.
Staat and colleagues®? studied postconditioning in humans undergoing angioplasty via
inflation and deflation of the angioplasty balloon. They found a reduction in creatinine
kinase release, a 36% reduction in infarction size, and a 7% increase in left ventricular
ejection fraction compared with control after 1 year’-18:58.61 However, other meta-analyses
have failed to demonstrate any benefits of ischemic postconditioning in terms of ST-segment
resolution, peak creatinine kinase, or major adverse cardiovascular events at 30 days®. The
effects of postconditioning on other facets of reperfusion injury such as myocardial
stunning, no-reflow phenomenon and arrhythmias remain largely unexplored; the only
established benefit has been the attenuation of lethal reperfusion injury and reduction of
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infarct size®8. While postconditioning has potential clinical application, the most promising
application of ischemic conditioning in a clinical setting is remote ischemic conditioning.

REMOTE ISCHEMIC CONDITIONING

Remote ischemic conditioning (RIC) uses transient ischemia in one distal organ to confer
ischemic conditioning to another. Unlike ischemic pre- and post-conditioning that involve
manipulation of the culprit vessel, remote ischemic conditioning occurs at a site distal to the
target organ and does not confer the same risk of microembolization’. The application of
brief cycles of nonlethal ischemia followed by reperfusion to an organ or tissue protects the
heart against acute reperfusion injury®:62. An jn vivo study by Przyklenk et al%3 in canine
models showed that preconditioning the coronary bed opposite to the vasculature subjected
to infarct still conferred a cardioprotective effect to the same extent as if the culprit vessel
was conditioned16:43.63 The observation of remote protection was further evaluated in
subsequent studies that suggest brief ischemia of noncardiac tissue such as the kidney,
intestine or skeletal muscle can also protect the myocardium against a subsequent
infarction”-18, Kharbanda et al® discovered that cardioprotection could be achieved by
inflating and deflating a blood pressure cuff in human subjects. This study established the
protocol used in subsequent studies to evaluate remote ischemic preconditioning®3.

A study by Hausenloy and coworkers compared the effects of remote ischemic
preconditioning by measuring Troponin T release rates at 6,12, and 24 hours in patients
undergoing CABG surgery24. Remote ischemic preconditioning (RICPre) was achieved
through alternating cycles of right upper limb ischemia induced by an automated cuff
inflator for 5 minutes followed by 5 minutes of reperfusion. Results showed an overall drop
in troponin T release at 6, 12, 24 and 48 hours after surgery in CABG patients. Additional
studies demonstrated reduced median troponin | release 24 hours after PCI in ST elevated
myocardial infarction patients, along with decreased chest pain, ST segment deviation on the
electrocardiogram, and decreased major cardiac and cerebral event rate 6 months after the
intervention18. Zografos and colleagues demonstrated that even one five-minute cycle of
transient upper limb ischemia reduced troponin I levels if administered before PC16°. The
underlying mechanisms and pathways activated within the target organ are suggested to be
the RISK and SAFE pathways®:62,

The RISK pathway appears to be the major signaling cascade potentiated by RICPre, as
patients given various antagonists to effectors in the RISK cascade failed to demonstrate a
reduction of infarct size following RIC administration*. Remote ischemic conditioning is
the most attractive method of inducing cardioprotection because of its safety profile and
feasibility”. An /n vivo study by Theilmann®® described a reduction in all-cause mortality
following administration of RICPre in human subjects. However, all-cause mortality
included sepsis and when sepsis was excluded, all-cause mortality remained lower in the
experimental group when compared to the control, but no longer significantly sof®. This
suggests RICPre may not have made any significant reduction in mortality or may protect
against sepsis, but the latter notion remains neither tested nor currently supported.
Additionally, RICPre elicits a systemic response opposed to the local one described in
ischemic pre- and postconditioning and can therefore offer protection to other organs. A
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study by Manchurov et al%” demonstrated for the first time that remote ischemic
preconditioning prior to primary PCI in patients with an acute myocardial infarction
improves endothelial function assessed by flow mediated dilation test and thrombolysis in
myocardial infarction (TIMI) flow grade. In fact, remote conditioning unlike local
conditioning, might lead to persistent protection®. A meta-analysis conducted by Le Page
and colleagues®® found that RICPre appears to be an effective method for reducing ischemic
and reperfusion injury and possibly reduce long-term clinical events*®.

The pathway that directs protection to the heart from a distal organ remains unclear, but the
current paradigm describes a neurohormonal route®7:43.69. A humoral factor and neural
signal generated from an ischemic event is transported to the heart where it can induce
protective effects®62, The mechanism in which remote ischemia conveys its protective signal
to the heart can be categorized into three interrelated events: generation of the
cardioprotective signal in the conditioned organ or tissue, the pathway that conveys that
signal to the heart, and the activation of signaling cascades within the heart that mediate the
protective effect43. Similarly, three hierarchical levels of signal transduction are described in
remote preconditioning: triggers such as adenosine, bradykinin or opioids that act on
sarcolemmal membrane receptors, an intracellular signaling cascade composed of protein
kinases, and the effectors such as mitochondria or the cytoskeleton”:19.62.70, Studies showed
blood taken from a preconditioned rabbit and transfused into a naive rabbit reduced
myocardial infarction size in the naive rabbit, thus suggesting that humoral factors were
transferred in the blood that carried a protective effect®:30.4344 Furthermore, resection of the
neural innervation of the limb, administration of a ganglion blocker (hexamethonium),
inhibition of preganglionic vagal neurons in the brainstem, and resection of the vagal nerve
supply to the heart have all been shown to abrogate the conditioning effects of limb RIC,
suggesting intact neural pathways are essential to achieve the desired effect®46, Figure 2 is a
flow chart depciting the mechanism of remote ischemic preconditioning.

Studies by Jensen et al”! confirmed the need for an intact neural pathway to the limb by
showing that the cardioprotective factor was not generated by limb RICPre in diabetic
patients with sensory neuropathy of the limb. This indicates that transient ischemia or
interruption of bloodflow is not a requisite trigger for remote protection?4. This neural
pathway appears to be stimulated by local factors, such as adenosine and bradykinin
implicating afferent and autonomic neurons play a significant role in intra-organ
protection®6. Furthermore, the dialysate from diabetic subjects after RICPre provided
protections to others if the donor did not have diabetic neuropathy, suggesting the nerves
provide a humoral signal®4.

Definitive evidence of the identity of the cardioprotective factor is lacking, but other agents
still may participate in conferring a cardioprotective effect, but not to the same degree as the
unknown “cardioprotective factor”8. Micro RNA-144 has been shown to increase the
phosphorylation and activation of several kinases such as Akt, GSK-3p, which leads to
increased activation of effectors in the RISK pathway’2. Direct stimulation of the nerve
leading to that limb, or other neurostimulation such as topical capsaicin resulted in the
generation of the cardioprotective factor and reduced myocardial infarct size in animal
models#3:46.73 Non-traumatic peripheral nociceptive signal which instigated by topical
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capsaicin was found to have a >70% reduction in infarct size in mice 15 minutes prior to
coronary artery occlusion®*. It can be concluded from various animal studies as well as
observations in diabetic patients that an intact neural pathway to the conditioned limb is
required to generate the blood-borne cardioprotective factor43.

The final element of the pathway must concern an efferent neural limb to the target organ to
activate downstream cardioprotective signal pathways#3. The mechanism of this efferent
pathway from the dorsal nuclei in the brainstem to the heart remains unknown*3. Notable
hypotheses suggest cardiac vagal and sympathetic efferent release cardioprotective
substances**. The most exciting aspect of RIC is the ability to translate its use to a clinical
setting. The most effective RIC stimulus is not currently known, but the timing of
administration of RIC is better understood.

RIC can be delivered at various times with respect to ischemia and reperfusion, granting
preconditioning (before ischemic event), perconditioning (after ischemic event but prior to
reperfusion) and postconditioning (during reperfusion)*3. The lack of significant temporal
restraints makes RIC use as therapy more enticing. Initial studies focused on applying limb
ischemia immediately prior to index myocardial ischemia in a preconditioning setting*3.
Limb ischemia to induce RIC was first investigated by Gunyadin et al”# in 2000, but Cheung
et al”® were the first to describe a cardioprotective effect in children undergoing cardiac
surgery for congenital heart disease.

RIC has been investigated in CABG surgery by observing a reduction in cardiac enzymes
such as troponin T and I, in major non-cardiac vascular surgery by measuring reduction in
the rise of cardiac enzymes such as creatinine kinase MB and troponin T and I, during
elective PCI by measuring the reduction in the rise of serum cardiac enzymes, and STEMI
treated by primary PCI by observing a reduction in infarct size and reduction in the rise of
cardiac enzymes*3. Yellon reported beneficial effects of RIC, describing a 43% reduction in
perioperative myocardial injury in STEMI patients24. RIC has been shown to reduce the
amount of cardiac enzyme release in patients undergoing CABG'3. A clinical trial by
Candilio and colleagues’® found similar results to D’ Ascenzo with a 26% reduction of
perioperative myocardial infarction, a 54% reduction in postoperative atrial fibrillation and a
47% decrease in acute kidney injury following a shortened remote ischemia preconditioning
protocol in patients undergoing CABG. Zimmerman et al”” were the first to report a
decrease in acute kidney injury (AKI) after administering RICPre to patients undergoing
cardiac surgery, and others later confirmed those results!4. Unfortunately, large prospective
multicenter randomized clinical trials did not demonstrate RIC had any additional beneficial
effect on major clinical outcomes in patients undergoing cardiac surgery®78. Thielmann
attributes these inconsistent to differences in study protocols, confounding comorbidities,
anesthetic regimens, surgical procedures, techniques, and protection regimens66.

Limb RIC in the setting of PCI has also been examined to determine its cardioprotective

effects. A recent meta-analysis described a benefit in patients undergoing elective PCI who
were administered limb RICS. The most promising application of limb RIC is in the setting
STEMIs. Several proof-of-concept studies have reported cardioprotective effects with limb
RIC in STEMI patients treated with primary coronary angioplasty’®. Davies et al® reports
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patients who received remote ischemic preconditioning prior to elective PCI resulted in
lower troponin | release and decreased major adverse cardiac and cerebral events
(MACCEsS). The study by Davies and colleagues support the notion that RIC promotes
lasting protection and maintained beneficial longitudinal outcomes, further indicating the
potential of RIC as part of STEMI or cardiovascular surgery therapy. RIC can be effective in
several settings such as when performed by paramedics in the ambulance, at the hospital
prior to angioplasty, at the onset of reperfusion in the hospital, and even after reperfusion
event6.43,

A study which applied 4 cycles of 5-minutes of upper arm ischemia and reperfusion in an
ambulance in patients with anterior infarcts, demonstrated statistically significant infarct size
reduction. Additionally, patients at highest risk were found to benefit more from RIC as an
adjunctive therapy to primary PCI than lower risk patients**. Only certain STEMI patients
may benefit from adjunctive therapy of RIC. Patients presenting with smaller infarcts often
from occlusions of the right coronary artery or the left circumflex artery do not benefit as
much as patients with larger infarcts such as those precipitated by occlusion of the left
anterior descending artery13:44,

Remote ischemic postconditioning (RICPost) involves invoking limb ischemia at the time of
reperfusion, and evidence suggest it involves activation of the SAFE pathway opposed to the
RISK pathway normally activated in preconditioning®3. In a randomized study of 100
patients, RICPost was determined to reduce infarct size by reducing creatine kinase-
myocardial band (CK-MB) release?. A recent meta-analysis of cardiovascular interventions
in STEMI patients suggests benefits from RICPost*3. The greatest reduction in cardiac
injury enzymes following RICPost was observed in cardiac surgery, while enzyme
reductions in PCI were more disparate*®. Confounders such as the use of propofol or volatile
anesthetics may explain disparities!4. Additionally, remote ischemic conditioning has been
shown to reduce platelet activation and reactivity following coronary angioplasty in a study
by Lanza and colleagues, and thus decrease risk for thrombotic events following coronary
angioplasty®.

The ERICCA (Effect of Remote Ischemic Preconditioning on Clinical Outcomes in CABG
surgery) and RIPHeart (Remote Ischemic Preconditioning in Heart Surgery) trials
investigated RIC outcomes associated with cardiovascular death, non-fatal MlI, coronary
revascularization and stroke at one year82:83, ERICCA and RIPheart gave a neutral result,
but was found that 90% of patients were given propofol anesthesia which has been
demonstrated to abrogate remote ischemic conditioning®3:82:83, The ongoing CONDI 2/
ERIC-PPCI study (Effect of Remote Ischemic Conditioning on Clinical Outcome in STEMI
Patients Undergoing Primary Percutaneous Coronary Intervention) on remote ischemic
preconditioning in patients with STEMI may provide the answer of the efficacy of this
potential new therapeutic intervention?3:30,

All studies that gave a neutral result and provided the anesthetic regimen had used propofol;
use of this drug appears to be the common denominator in all neutral or negative studies!3. It
has been difficult to adequately judge the effectiveness of RIC in large trial settings, in
addition to prove its effectiveness in patients with comorbid conditions such as diabetes
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mellitus. Proof of concept trials and meta-analyses of postconditioning and remote ischemic
conditioning have demonstrated the gold-standard outcome of decreased infarct size, but
larger scale clinical trials have been unsuccessful in demonstrating any difference. The
heterogeneity of the larger clinical trials includes methodological issues such as: primary
determinants of infarct size, timing of the conditioning algorithms, ischemic durations,
anesthetic regimen and others may account for the neutral results#®:58, The lack of optimal
postconditioning and remote conditioning protocol may result in hyperconditioning, where
excessive stimulus leads to a deleterious effect*®. Future applications of RICPost include
solid organ transplantation, and trials such as REPAIR assess renal function in both the
donor and recipient following limb RICPost!4.

DIABETES AND HYPERLIPIDEMIA IN CARDIAC CONDITIONING

Of the morbidities with the potential to compromise the protective mechanisms of the heart,
diabetes mellitus appears the most important to study36. Diabetes mellitus is associated with
higher mortality following an acute myocardial infarction due to the atherosclerotic vessels
and decreased function of the left ventricle36. A study by Lamblin et al® showed that
diabetic patients had increased rates of cardiovascular death and heart failure following their
first acute myocardial infarction than patients who did not have diabetes. Haffner and
colleagues showed that risk for a cardiovascular event in diabetic patients without a prior Ml
was the same as non-diabetic patients with a prior MI36:85_ In fact, with few exceptions,
most studies have shown that cardioprotection normally achieved by ischemic
preconditioning or postconditioning is impaired in diabetes mellitus; Tsang and coworkers
suggest that the threshold to induce cardioprotection is increased in diabetic hearts3:36:80.86
The most likely mechanism for cardioprotective-resistance is an impairment of intracellular
signaling important for cardioprotection26:38, PI3K-Akt signaling, and STAT3 activity were
found to be impaired in diabetic myocardium36. While the diabetic heart is at an increased
risk for cardiovascular event, and is more resistant to cardioprotective signals, that resistance
cannot be explained by hyperglycemia alone. Hyperglycemia has been shown to induce the
expression of phosphatase and tensin homolog protein (PTEN), a negative regulator of
P13K/Akt and decreased ability of the cell to keep the MPTP closed?6:36,

Studies by Tamareille et al®” using Langendorff-isolated-heart and in vivo ischemia-
reperfusion rat models demonstrated the resistance to ischemic conditioning is related to the
activation of GSK-3p,which impairs the RISK pathway. Activation, rather than the normal
inhibition by phosphorylation, disrupts cardioprotection by opening the MPTP26. Expression
and activation of GSK-3p in diabetic patients was found to be twice that of non-diabetic
patients26. Blockade by cyclosporine-A may be a viable treatment. In fact, infarct size 5
days after acute myocardial infarction was limited by cyclosporine-A and beneficial effects
continued 6 months later38. Similarly, closure of K arp channels has been shown in
hyperlipidemic hearts, and subsequent resistance to ischemic conditioning®. Ravingerova
and colleagues suggest administration of PPAR agonists may be a potential target for
treating ischemic injury in pathologically altered myocardium, such as the myocardium in
patients with diabetes mellitus32.
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A study which investigated rabbits in New Zealand who were exposed to high cholesterol
diets and cardiac ischemic and reperfusion injury, found that hyperlipidemia significantly
exacerbated reperfusion injury by increasing infarct size and extent of cardiomyocyte death
compared to rabbits with a normal diet®. Andreadou et a£° discussed the effects of a
hyperlipidemic heart on cardiac conditioning in animal models in a recent review. The
underlying mechanisms associated with hyperlipidemia is disruption of the endothelial
nitrous oxide-cyclic guanosine monophosphate cascade, RISK pathway, MMP-2 cascade,
and Karp and apoptotic pathways which serve to interrupt potential conditioning effects.
Other small clinical studies reviewed by Ferdninandy et aP8 showed hyperlipidemia
attenuates cardioprotective effects and exasperates cardiac ischemic and reperfusion injury.
The loss of cardioprotection in hyperlipidemic hearts has been associated with redistribution
of sarcolemmal and mitochondrial Connexin 43, leading to reduced activation of Akt, and
decreased opening of Karp channels®. Connexin 43 has been identified to be important in
cardiac ischemia and reperfusion injuries8®. Loss or redistribution of connexin 43 results in a
loss of gap junction communication at the intercalated disks or inner mitochondrial
membrane30.72, Conversely, RIC leads to increased phosphorylation of connexin 43 which
preserves the function of connexin and offers a protective role’2. Figure 3 depicts where
disease states or other agents can affect ischemic preconditioning.

LIMITATIONS AND CONTROVERSIES OF REMOTE CONDITIONING VERSUS
PHARMACOLOGIC CONDITIONING

While many proof-of-concept studies demonstrate some promising results of RIC,
incorporation of this evidence into treatment guidelines requires demonstration of benefit to
clear clinical hard endpoints*6. The most effective endpoint would be measurement of
infarct size, which can be quantified by cardiac magnetic resonance (CMR), with evaluation
of left ventricular ejection fraction as a surrogate functional parameter because it has been
associated with long-term mortality and morbidity following STEMI46. Since RIC reduces
final tissue necrosis, its effectiveness must be assessed by reduced post-infarction left
ventricular dysfunction and heart failure combined with mortality reduction as the primary
outcome’0. Furthermore, a study by Pryds et al®? demonstrated that RIC in the setting of
STEMI attenuates the detrimental effect of health system delay on myocardial salvage. This
means that more at risk or threatened myocardium was salvaged during reperfusion because
of remote ischemic preconditioning than what would have been salvaged with just
reperfusion due to the inherent delay of administering primary PCI in a hospital. Pryds and
colleagues suggest their findings indicate RIC as a potential adjunct to reperfusion therapy
in patients with prolonged treatment delays to alleviate the detrimental effects of those
delays®2.

All the published meta-analyses confirm a significant biomarker reduction following RIC,
but found no significant reductions in hard endpoints®0:78.79 No pharmacologic study has

been shown to effectively add benefit via either of those parameters while actions such as

remote ischemic conditioning and postconditioning have been shown to reduce infarct size
via CMR%6. RIC has been shown to reduce myocardial reperfusion injury in the setting of

STEMI, CABG, and open-heart surgery*392. A randomized clinical trial conducted by
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Theilmann et al®¢ demonstrated that RICPre reduces perioperative myocardial injury during
elective CABG surgery, and is a safe perioperative method that improves prognosis in
patients. Several trials do not factor comorbidities, such as diabetes, which may modify
responses to pre-and postconditioning and final infarct size36. If RIC proves to be beneficial
following clinical trials, anesthetists may have the option of expanding ischemic protection
to the heart, but also vulnerable organs such as the kidneys in the future’®. Yang and
colleagues confirmed kidney protection in meta-analysis studying patients in cardiac
surgery .

The only organ hypothesized not to benefit from remote ischemia is the bowel; mesenteric
ischemia in the setting of cardiovascular surgery is usually the result of large atheroemboli,
inadequate collateral circulation or systemic vasoconstriction, so relative resistance to
ischemia-reperfusion is unlikely to protect anything except some mucosal ischemia’®. Due
to the lack of efficacy of pharmacologic treatments and the ability to easily perform RIC
techniques and add to protocols, it is more reasonable to focus on mechanical means of
cardioprotection to optimize protocols’®. Although other therapies, such as hyperbaric
oxygen may be used as conditioning stimulus prior to CABG surgery and has been shown to
limit myocardial damage, improve myocardial function and exert a protective effect against
ischemic reperfusion injury preoperatively and postoperatively when performed correctly®>.

CONCLUSION

Infarct size is the great prognostic indicator in the setting of acute myocardial infarction, and
reperfusion of the ischemic myocardium is the gold standard of treatment following
coronary occlusion, but also results in expansion of the original infarct. Therapies that target
reperfusion injury have been explored, and the most promising include ischemic
conditioning of the heart. The heart can be conditioned naturally, mechanically, or
pharmacologically in a local setting, or remotely via ischemic events on distant organs. A
cardioprotective effect is propagated through several signaling cascades that include the
RISK and SAFE pathways which ultimately result in inhibition of the MPTP, opening of
Karp channels, or expression of prosurvival/protective genes. Pharmacologic conditioning
that serves to close the MPTP, open Karp or potentiate RISK and SAFE pathways have been
largely unsuccessful apart from some volatile anesthetic agents and cyclosporine-A.
Postconditioning has been employed as another strategy to reduce infarct size and mitigate
reperfusion injury and acts in a similar mechanistic manner to preconditioning. The greatest
potential for clinical application is remote ischemic conditioning (RIC) that can confer a
cardioprotective effect that can be achieved by inflating and deflating a blood pressure cuff
on the upper limb. RIC induces its cardioprotective effect though a neurohumoral pathway
that is incited by neural stimulation. Intact peripheral nerve pathways in the limb along with
intact vagal pathways are necessary for limb RIC to be effective. Additionally, RIC can be
applied in a flexible timeframe granting either pre- or post-conditioning effects. It should be
noted that many scientists call for more clinical trials to confirm the perceived beneficial
effects of RIC. While the common complaint of heterogeneity and confounders is valid, it
may be possible that RIC fits such a specific niche that its addition to treatment guidelines or
protocols may not add any benefits to patients. If drugs such as propofol or conditions such
as diabetes abrogate cardioprotective effects of RIC, assessing the population of patients
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who suffer from STEMIs with comorbidities of diabetes mellitus or those given propofol is
vital to determining if ischemic conditioning will benefit enough of the overall population to
incite a change in current protocols or guidelines. Since propofol administration can be
controlled, additional trials such as the CONDI/ERIC-PPCI trials, where propofol is not
administered should be assessed to determine the benefits of RIC. Evaluation of RIC in both
diabetic and non-diabetic patients would also be able to provide greater insight into the
application of RIC in clinical settings.
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This figure depicts a patient undergoing remote ischemic preconditioning using a blood
pressure cuff on his right arm. The cycles of ischemia and reperfusion stimulate release of
the cardioprotective factor from the afferent neuron. The cardioprotective factor travels
systemically via the blood interacting with various cells, including cardiomyocytes. The
cardioprotective factor facilitates the RISK and SAFE signaling cascades in cardiomyocytes.
At the same time, the afferent neuron potentiates an action potential to nuclei in the
brainstem. An unknown efferent neuron potentiates a signal to the heart which triggers
cardioprotective signaling pathways such as RISK and SAFE. Volatile anesthetic agents
have been shown to adjust hemodynamic properties of the body and stimulate RISK and
SAFE signaling cascades in cardiomyocytes to achieve a protective effect. (A) Depicts the
RISK signaling cascade. Adenosine, bradykinin or opioids bind to its G-protein coupled
receptor which results in phosphorylation and activation of PI3K. PI3K will phosphorylate
and activate Akt which has several downstream effects, the most notable is the interaction
with GSK3p. Akt can phosphorylate and hence inhibit GSK3p. GSK3p normally activates
and opens the MPTP, but inhibition of GSK3p through phosphorylation prevents the MPTP
from opening and promotes cell survival and resistance to ischemic damage. Akt can also
activate other signaling kinases such as eNOS, and PKC and inhibit pro-apoptotic factors
such as bad and bax; (B) Depicts a PKC signaling cascade. Adenosine, bradykinin or
opioids bind to its G-protein coupled receptor which results in phosphorylation and
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activation of PI3K. PI3K will phosphorylate and activate Akt, which will activate eNOS to
produce nitric oxide (NO). NO will activate soluble guanylyl cyclase, which will activate
protein kinase G (PKG), leading to activation of PKC. PKC can open the mitochondrial
Karp channel, which can prevent MPTP activation and promote cell survival and resistance
to ischemic damage, and (C) Depicts the SAFE signaling cascade. TNF-a. can bind to TNF
Receptor 2 (TNFR2) which will activate the JAK kinase. JAK will phosphorylate and
activate STAT-3. STAT-3 can inhibit the pro-apoptotic factor Bad, as well as form a
homodimer which can translocate into the nucleus of the cell. The dimerized STAT-3 can
induce transcription, increasing the expression of genes for Bcl-2, an anti-apoptotic protein,
and decrease the expression of genes for Bax, a pro-apoptotic protein. STAT-3 may also
inactivate FOXO-1, another transcription factor which has been shown to induce the
expression of apoptotic genes.
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This flowchart depicts the current paradigm describing the mechanism in which remote
ischemic conditioning provides cardioprotection. The initial stimulus to the limb may be
from direct nervous stimulation with pain, capsaicin or ischemia induced by a blood-
pressure cuff, or those modalities may result in the release of local factors such as adenosine,
bradykinin or opioids to act on local afferent neurons. Stimulation or activation of local
afferent neurons leads to the release of the “Cardioprotective factor” a humoral protein, or
nervous signaling up though the central nervous system and synapse in the vagal nuclei in
the brain stem. The cardioprotective factor released by the culprit afferent neurons will travel
through the blood before reaching the heart and activating the RISK and SAFE pathways to
confer a cardioprotective effect. The mechanism of the efferent limb of the neural pathway is
unknown, but experiments have demonstrated vagal stimulation has induced activation of the
RISK and SAFE pathways.
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Figure 3.
This figure depicts points along the remote ischemic preconditioning process where

pharmacologic agents or disease states can disrupt or potentiate cardioprotective effects.
Diabetes mellitus disrupts cardioprotective effects at various levels. Diabetic neuropathy
leads to a failure to secrete the cardioprotective factor and potentiate action potentials along
the by afferent neuron. RISK and SAFE cascades would not be activated by a remote
stimulus and no cardioprotection would be achieved. Increased sugars due to diabetes
increase activation of GSK3p, which increases activation of the MPTP and promotes cell
death. Propofol is a sedative agent that acts at various levels to disrupt ischemic
preconditioning. Propofol has been shown to disrupt remote ischemic preconditioning
though an unknown mechanism, as well as disrupt the cardioprotective effects stimulated by
volatile anesthetic agents. Cyclophilin D activates the MPTP and promotes cell death.
Cyclosporine A inhibits cylcophilin D and was suggested to help promote a cardioprotective
effect by its downstream inhibition of the MPTP. Current data does not suggest cyclosporine
A achieves a significant cardioprotective effect. Nicorandil stimulates opening of the Karp
channel and was suggested to give a cardioprotective effect. Recent studies show nicorandil
does not give a significant cardioprotective effect.
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