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D

ecades ago, coronary artery occlusion by thrombus formation at the site of a vulnerable
atherosclerotic plaque was identified as the precipitating mechanism of acute coronary
syndromes. Since then, great efforts have been made in order to design and test strategies
for the recanalization of occluded coronary arteries as a strategy to limit infarct size and
improve clinical outcomes. Today, over 95% of occluded vessels can be easily reopened in
the setting of STEMI. Unfortunately, the clinical impact of these interventions falls short of
expectations.
The reduction in mortality, though statistically significant, is of minor entity in absolute terms
and limited to patients treated early at tertiary referral centre. From a population point of view,
mortality for AMI is still dramatically high, and a large fraction of patients surviving the acute
phase is bound to develop heart failure.
Several factors contribute to these disappointing results, including incomplete understanding of the time course of myocardial cell death and underestimation of the contribution of
reperfusion injury to final infarct size.
In this issue of Heart and Metabolism, experts in ischemia-reperfusion injury, many from my
own center, elucidate the mechanisms of ischemic cell death, describe the time course of cellular damage, and discuss the impact of reperfusion on cells previously exposed to ischemia.
The message that can be extrapolated from these contributions is a complex one:
1. Ischemic damage is a time-dependent phenomenon that is completed in a few hours after
the occlusion of a coronary vessel. Survival of ischemic tissue may be prolonged by previous
exposure to ischemia, or by other interventions, but is certainly shorter than the 12 hours
currently accepted as the time limit for primary PCI.
2. Reperfusion injury adds to ischemic injury, but this has appreciable clinical consequences
only if flow is re-established when a sizable amount of myocardium is still viable, that is very
early, possibly within 2 hours. If flow is re-established later, when the ischemic cell death is
completed, reperfusion injury will not impact on final infarct size.
3. Reperfusion injury is triggered by a burst of oxygen free radicals that peaks at 2–5 minutes
after restoring flow. Therefore protective agents, to be effective, must be delivered to the
target area before restoring flow. ●
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Abstract
Ischemic heart disease (IHD) is the leading cause of death and disability worldwide. For patients presenting with an acute ST-segment elevation myocardial infarction (STEMI, the major cause of which is
an acute thrombotic coronary arterial occlusion), the most effective therapeutic strategy for limiting
myocardial infarct (MI) size, preserving left ventricular systolic function and improving clinical outcomes,
is by timely myocardial reperfusion using primary percutaneous coronary intervention (PPCI) to remove
the obstruction. However, restoring blood flow in the infarct-related coronary artery comes at a price,
as the process of myocardial reperfusion can in itself paradoxically inflict further injury to the myocardium—a phenomenon which has been termed “myocardial reperfusion injury.” Myocardial reperfusion
injury results in myocardial stunning, reperfusion arrhythmias, microvascular obstruction and cardiomyocyte death, and its presence contributes up to 50% of the final MI size. Although the process of
myocardial reperfusion by PPCI continues to be improved with recent advances in PCI technology,
anti-platelet and anti-thrombotic therapy, there currently exist no effective therapy for preventing myocardial reperfusion injury. Therefore, novel therapeutic interventions, which are capable of reducing
myocardial reperfusion injury, are needed to further reduce MI size, prevent the onset of heart failure
and improve clinical outcomes in STEMI patients undergoing PPCI. In this article, a brief overview of
myocardial reperfusion injury will be provided with special emphasis on its magnitude and relevance to
clinical cardiology practice today.
Keywords: myocardial reperfusion injury; primary percutaneous coronary intervention (PPCI);
ST-segment elevation myocardial infarction (STEMI)
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Introduction
Ischemic heart disease (IHD) is the leading cause of death and disability worldwide. The major
manifestation of IHD is an acute ST-segment elevation myocardial infarction (STEMI), which is
precipitated by the rupture of an unstable atherosclerotic plaque within the coronary artery and
the formation of an acute thrombus resulting in complete occlusion and acute myocardial
ischemia. For these patients, timely and effective myocardial reperfusion by primary percutaneous coronary intervention (PPCI) is the treatment of choice for limiting myocardial infarct (MI)
size, preserving left ventricular (LV) systolic function and improving clinical outcomes. Paradoxically, the process of myocardial reperfusion is a “double-edge sword” [1] and comes at a
price, as it can in itself paradoxically inflict further injury to the myocardium—a phenomenon
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which has been termed “myocardial reperfusion
injury” [1,2]. Although, the process of myocardial
reperfusion continues to be optimized with recent
advances in PCI technology, anti-platelet and antithrombotic therapy, there is currently no effective
therapy for reducing myocardial reperfusion injury.
Therefore, novel therapeutic interventions, which are
capable of preventing myocardial reperfusion injury
and which can be administered as adjunctive therapy
to PPCI, are needed to improve clinical outcomes in
STEMI patients undergoing IHD.
Myocardial reperfusion injury
Over 50 years ago, Jennings et al. [3] first documented
in the canine heart, the histological changes which
occurred on reperfusing ischemic myocardium.
These comprised contracture of myofibrils, disruption
of the sarcolemma, and the appearance of intramitochondrial calcium phosphate particles, features
which appeared within minutes of myocardial reperfusion and which differed from those induced by myocardial ischemia alone, confirming myocardial reperfusion injury as a distinct pathological entity. However,
the significance of these pathological findings only
become apparent in the 1980s and 1990s when myocardial reperfusion by thrombolytic therapy and primary PCI was introduced as a therapy for STEMI
patients. Clearly, myocardial reperfusion was shown
to be essential for myocardial salvage but it soon
emerged that the presence of myocardial reperfusion
injury diminished the benefits of thrombolysis and
PPCI in terms of MI size limitation. The effects of myocardial reperfusion injury include myocardial stunning
(a term which describes the “mechanical dysfunction
that persists after reperfusion despite the absence of
irreversible damage and despite restoration of normal
or near-normal coronary flow” and reperfusion arrhythmias, both of which are reversible and are easily managed in the clinical setting) [1,2]. This article will focus
on the more serious and irreversible consequences of
myocardial reperfusion injury, which are microvascular
obstruction and lethal myocardial reperfusion injury.
Microvascular obstruction
Microvascular obstruction (MVO) was first described in
1966 by Krug et al. [4] in the feline heart as the “inability
to reperfuse a previously ischemic region.” Its ultrastructural features were later characterized in the
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reperfused canine heart by Kloner et al in 1974 [5].
Despite intensive research, the actual cause of the
no-reflow phenomenon remains unclear although the
major contributory factors are thought to include capillary damage with impaired vasodilatation, external
capillary compression by endothelial cell and cardiomyocyte swelling, micro-embolization of friable material released from the atherosclerotic plaque, platelet
micro-thrombi, and neutrophil plugging [5,6]. In reperfused STEMI patients it has been reported that the
development of the coronary no-reflow phenomenon,
the angiographic manifestation of MVO, is determined
by several factors which include the extent of myocardial injury [7], the size of the myocardium at risk of
infarction [7], the patency of the infarct-related artery
[7], the presence of thrombus [8] or a large lipid pool [9]
in the culprit lesion. The presence of coronary noreflow at the time of PPCI is often treated with intracoronary adenosine or nitrates, although the efficacy of
these therapeutic agents is unclear. Importantly, up
to 60% of STEMI patients with normal coronary flow
(TIMI 3) post-PPCI may still have evidence of MVO on
cardiac MRI, the presence of which has been associated with a greater MI size, worse LV ejection fraction,
adverse LV remodeling, and worse short-term and
long-term clinical outcomes [10,11]. Therefore, a
large proportion of STEMI patients undergoing may
benefit from being administered at the time of PPCI,
a therapeutic intervention capable of reducing the incidence and extent of MVO.
Lethal myocardial reperfusion injury
The existence of lethal myocardial reperfusion injury as
a distinct entity, which is capable of independently
inducing cardiomyocyte death following a sustained
episode of myocardial ischemia, has been hotly
debated over the years [1,2,12,13]. Part of the problem has been the inability to directly demonstrate that
the actual process of reperfusion induces the death of
cardiomyocytes, which were viable at the end of the
ischemic episode. Indirect evidence for the existence
of myocardial reperfusion injury has been provided by
the large number of pre-clinical animal studies demonstrating 40–50% reductions in MI size with therapeutic
interventions applied at the onset of myocardial reperfusion. This data would suggest that myocardial reperfusion injury may account for 40–50% of the final
MI size [2]. The pathophysiology of lethal myocardial
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reperfusion injury is closely related to the abrupt effects
of myocardial reperfusion on mitochondrial function:
the re-energization of the electron transport chain,
the production of oxidative stress, mitochondrial calcium and phosphate overload, the rapid restoration of
physiological pH, and the opening of the mitochondrial
permeability transition pore (mPTP), a critical mediator
of cardiomyocyte death in reperfused hearts [14-16].
Clinical relevance of myocardial reperfusion injury
Among many clinical cardiologists, the idea that myocardial reperfusion by thrombolysis or PPCI, which is
essential for myocardial salvage in STEMI patients,
may actually have detrimental effects on the heart
appears implausible. After all, restoring coronary
blood flow and maintaining the patency of the infarctrelated artery are the major priorities of therapeutic
myocardial reperfusion. The evidence that lethal myocardial reperfusion injury exists in man and may actually be relevant to the clinical setting has been recently
provided in a small land-mark proof-of-concept clinical
study published in 2005 by Staat et al. [17]. These
authors demonstrated that a therapeutic intervention
applied to STEMI patients at the time of PPCI could
reduce MI size by 38% (measured by 72 hour area
under the curve total CK) [17]. The therapeutic intervention, ischemic postconditioning (IPost), which had
been demonstrated in pre-clinical animal studies to
reduce lethal myocardial reperfusion injury [18], comprised the interruption of coronary blood flow with
four-1 min low-pressure angioplasty balloon inflations/deflations within the infarct-related artery [17].
Subsequent clinical studies have confirmed the beneficial effects of IPost using myocardial nuclear scanning, echocardiography, and cardiac MRI [19,20].
Taken together these clinical cardioprotection studies
suggest that in STEMI patients undergoing PPCI,
about 40–50% of the final MI is due to lethal myocardial reperfusion injury. Therefore, by applying a therapeutic intervention to prevent lethal myocardial reperfusion injury in STEMI patients at the time of PPCI may
result in a further 40–50% reduction in MI size.
Myocardial reperfusion injury as a therapeutic target
Until the discovery of IPost, the translation of a large
number of therapeutic interventions proven to be cardioprotective in the pre-clinical animal setting, have
failed in the clinical setting. The reasons for this are
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many and have been the topic of recent discussion
and some of these problems may be overcome in
the future with more rigorous testing of novel cardioprotective interventions in the pre-clinical setting and
more careful design of the clinical studies [21-23].
However, there are a number of promising therapeutic
interventions for reducing myocardial reperfusion injury
in the clinical setting including cyclosporin A (an mPTP
inhibitor) [24], exenatide (a glucagon-like protein 1 agonist) [25], and remote ischemic perconditioning (four5 min cycles of upper limb ischemia/reperfusion
induced by cuff inflation/deflation) [26], which have
been demonstrated in proof-of-concept clinical studies to reduce MI size in STEMI patients when administered prior to PPCI. Large multicenter clinical trials are
now required to determine whether preventing lethal
myocardial reperfusion injury can improve clinical outcomes in STEMI patients treated with PPCI.
Conclusion
Myocardial reperfusion by PPCI is the treatment of
choice for salvaging viable myocardium in patients presenting with a STEMI. However, the full benefits of
myocardial reperfusion, in terms of myocardial salvage, are diminished due to the presence of myocardial reperfusion injury, which contributes up to 50% of
the final MI size, and for which there currently exists no
effective therapy. Therefore, the discovery of novel
therapeutic interventions which are able to prevent
myocardial reperfusion injury in STEMI patients undergoing PPCI, may allow us to realize the full benefits of
myocardial reperfusion with further reductions in MI
size, preserved LV systolic function and improved
clinical outcomes. ●
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Abstract
Pharmacological agents administered right at the onset of reperfusion, have the potential to reduce the
impact of ischemia reperfusion injury (IRI), and have been proposed as possible strategies to induce
cardioprotection (CP) in patients presenting with acute coronary syndromes. Treatment with these
agents, mimicking preconditioning, can be instituted at the time of reperfusion obtained by successful
coronary angioplasty. In the last two decades, growing body of evidences have elucidated the mechanisms involved in IRI and CP, while several animal and clinical studies have tested different drugs with
putative role in CP. In this article we describe first the pathway involved in IRI and in CP; subsequently,
while focusing on adenosine, we briefly review other pharmacological agents proposed to induce
cardioprotection.
Keywords: ischemia-reperfusion injury; cardioprotection; preconditioning; postconditioning; mitochondrial
permeability transition pore; adenosine
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Introduction
Coronary artery disease accounts for more than 50% of cardiovascular events, and has a significant impact on the global economics as a leading cause of disability and loss of productivity. Acute myocardial infarctions, as well as procedures such as percutaneous coronary interventions (PCI) or cardiac surgeries are associated with ischemia and subsequent ischemia–
reperfusion injury (IRI). A systematic study by Reimer et al. [1] confirmed that necrosis progressed in a “wavefront” pattern related to the duration of ischemia, which firmly established
the concept that myocardium could be salvaged by initiating reperfusion as early as possible.
Jennings et al [2] subsequently recognized and first introduced the concept of IRI. They
described significant morphological alterations that appear after the onset of reperfusion,
including cardiomyocytes swelling, mitochondrial clarification, amorphous/flocculent densities
representing calcium phosphate deposits, hypercontracture, and loss of sarcomere organization. The existence of lethal reperfusion injury is strongly supported by evidence of reduced
infarct size achieved by interventions when applied at the onset of reperfusion. Lethal reperfusion injury occurs only after severe ischemic injury and does not take place after fully reversible
ischemic episodes. Reperfusion initiates a cascade of events within the first minutes after restoration of flow, and causes injury in a relatively short time (Fig. 1). The mechanisms of IRI have
been under intense investigation for several decades, and have been reviewed elsewhere in
this issue. Numerous agents and mechanical interventions have demonstrated significant
infarct size reduction in experimental studies. Decreasing the burden of ischemia–reperfusion
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Fig. 1 The concept of lethal reperfusion injury. During ischemia,
irreversible cell injury leading to cell death occurs within the ischemic
risk zone in a time-dependent manner. In the absence of reperfusion,
ischemic injury would progressively, eventually accounting for near
total cell death (red line). Reperfusion halts the process of ischemic
cell death but in its early stages imposes injury that results in further
cell death, beyond that due to the ischemic period: this is lethal
reperfusion injury. The net result, however, is that the reperfused tissue sustains less cell death than would occur in ischemic tissue
without reperfusion. Hence, targeting cell death due to reperfusion
has the potential to maximize cell salvage. Postconditioning applied
at the onset of reperfusion limits the extent of reperfusion injury
and maximizes reperfusion salvage. The beneficial effects of reperfusion and of adjunctive cardioprotective strategies decrease with
longer ischemic time.

injury is a focus of continued research, and it seems
that conditioning the heart may become a promising
approach that could translate into clinical practice in
the near future.
Ischemia reperfusion injury and the role of mPTP
Mitochondria play a crucial role in cell life and death.
They provide cells with ATP produced via oxidative
phosphorylation under physiological conditions, and
initiate cell death through both apoptosis and necrosis in response to severe stress. Oxidative stress
accompanied by calcium overload and ATP depletion
induces the formation of pathological, non-specific
mitochondrial permeability transition pores (mPTP) in
the inner mitochondrial membrane. Opening of the
mPTP with a high conductance results in matrix swelling ultimately inducing rupture of the mitochondrial
outer membrane and releasing pro-apoptotic proteins
into the cytoplasm. Cardiac cells undergoing ischemia
followed by reperfusion possess exactly the same
conditions mentioned above to induce mPTP opening.
Due to its critical role in cell death, inhibition of mPTP
opening has been accepted as a promising therapeutic approach to protect the heart against IRI. Indeed
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emerging studies suggest that cardioprotection (CP)
elicited by both ischemic preconditioning and postconditioning may be mediated through the modulation
of the mPTP, whose opening uncouple oxidative
phosphorylation and induce mitochondrial swelling.
Both ischemic preconditioning and postconditioning,
and pharmacological preconditioning have been demonstrated to confer cardioprotection in part through
the inhibition of the mPTP.

Cardioprotection
The concept of cardioprotection refers to a variety of
pharmacological agents or non-pharmacological strategies that applied before or after prolonged ischemia
have been shown to reduce the negative impact of
ischemia and attenuate the effect of reperfusion injury
on the ischemic myocardium. Short episodes of ischemia before the onset of sustained ischemia produce
ischemic preconditioning (IPreC). Intermittent reperfusion with repetitive episodes of recurrent ischemia is
termed ischemic postconditioning (IPostC). Transient
ischemia in a remote organ, which prevents ischemiareperfusion injury in the heart at distance, is known as
remote ischemic conditioning (RPostC). Administration of pharmacological agents able to activate those
signaling pathways thought to be involved in cardioprotection is known as pharmacological conditioning.
These interventions involve a complex and incompletely understood network of molecular triggering
and signaling pathways. Agonist that have shown to
provide CP in vivo and in vitro models (Fig. 2) include
adenosine, opioids, nitric oxide, bradykinin, tumor
necrosis factor-alfa, brain natriuretic peptides, and
interleukin-6. Putative signaling pathways include
opening of sarcolemmal and/or mitochondrial adenosine triphosphate-dependent potassium channels and
activation of prosurvival kinases (Akt and ERK-1/2),
protein kinase C and G, hypoxia-inducible factor-1,
endothelial nitric oxide synthase, and the recently
described survivor activating factor enhancement
(SAFE) pathway. Blockade of the mPTP is considered
a final common pathway. Pharmacological pre and
postconditioning may be achieved by administration
of agents that activate these cytoprotective pathways
(Fig. 3). This review will discuss briefly on pharmacological agents able to induce cardioprotection, focusing most on the role of adenosine.
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and others mediators
+

Ca2+
Channel and
exchanger

ANP
BNP

Adenosine
bradykinin
IGF-1
opioids
IGF-2
UCN

NPR
pGC

NO
IL-6 type
cytokines TNF α

RTK

GPCR

gp130
JAK

TNF-R

?

RISK and SAFE pathways

PI3K
RISK
Pathway
Sarcoplasmic
reticulum

Akt

ERK

STAT3
SAFE

eNOS

Inhibition of mPTP opening, activation of mKATP channels,
Reduced ROS generation and enhanced glucose oxidation

P70S6K
cGMP/PKG

NO

GSK3β

Cardioprotection from IRI
Fig. 2 Triggers, mediators, and end-effectors proposed to play
a role in the mechanism of pre- and post-conditioning. catechol.
catecholamine; MAP mitogen-activated protein.

Adenosine in preconditioning and post conditioning
A number of locally acting mediators of cardioprotection, acting in an autocrine–paracrine fashion, have
been identified. The best-characterized autacoid that
can trigger CP by receptor-mediated mechanisms is
adenosine. Downey et al. [3] opened the door to the
investigation on mechanisms of preconditioning with a
report showing that protection by ischemic preconditioning was abolished by the inhibition of the adenosine receptor before sustained ischemia in vivo. This
suggested that adenosine was a trigger of ischemic
preconditioning. However, they later reported a conflicting result in vitro. In this study, preischemic treatment with either adenosine or selective adenosine-A1
receptor agonist, 2-chloro-N6-cyclopentyladenosine,
exerted minimal protection [4], implying that adenosine
was not a candidate for pharmacological preconditioning. This inconsistency was overcome by later reports
from other groups showing successful pharmacological preconditioning with selective adenosine-A1
receptor agonists, 2-chloro- N6 cyclopentyladenosine
or R-phenylisopropyladenosine, strongly supporting a
major role for adenosine receptor activation in ischemic preconditioning [5,6]. In conjunction with other
receptors, various membrane adenosine receptors
are thought to play an important role in the transduction of extracellular signals, leading to protection by
preconditioning, lasting 1–3 hr. Adenosine A1- and
A3-receptors mediate inhibition of adenylate cyclase
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Fig. 3 Proposed mechanisms and effectors involved in cardioprotection. Adenosine, bradykinin, opioid peptides, and other autacoids natriuretic peptides (ANP and BNP), peptide growth factors
(IGF-1 and FGF-2), and TNF-alpha could play a role in induce conditioning (pre and/or postconditioning). After binding to cell surface
receptors, these autacoids promote the activation of kinase signaling pathways. Evidence from some models implicates the activation
of PI3K/Akt and p42/p44 ERKs. This pathway, known as the RISK
pathway, is proposed to result in inhibition of mPTP opening at
reperfusion, via distal components of the cascade which include
NO and inhibition of GSK3β. Furthermore, it has been proposed
that the activation of an intramitochondrial pool of PKC1 might
cause opening of the mitochondrial KATP channel (mitoKATP),
resulting in a slight increase in reactive oxygen species (ROS) formation which eventually causes mPTP inhibition. An alternative pathway, the so-called SAFE pathway, has been proposed to play
a role in ischemic postconditioning. The major components
of the SAFE pathway are TNF-a, the kinase JAK, which phosphorylates the transcription factor STAT3. It is proposed that after translocation to the nucleus, STAT3 controls the transcription of factors
that confer cardioprotection. Also a mitochondrial localization
of STAT3 has been suggested; however, both actions of STAT3
need to be finally proven. eNOS endothelial nitric oxide synthase;
GPCR G-protein coupled receptor; GSK3β glycogen synthase
kinase-3β; MPTP mitochondrial permeability transition pore; ERK,
p42/p44 extracellular regulated kinase; NPR natriuretic peptide
receptor; pGC particulate guanylyl cyclase; PKG cGMPdependent protein kinase; RTK receptor tyrosine kinase; SR sarcloplasmic reticulum; TNF-R TNF receptor. A question mark (?) indicates that the link between those two pathways is not completely
understood. Adapted from [30].

via a guanine nucleotide binding inhibitory protein (Gi/o).
A2-receptors couple to a comparable stimulatory
protein (Gs). Adenosine receptors are found in many
tissues, including the heart. A1-receptors are located
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on cardiomyocytes and vascular smooth muscle cells,
A2-receptors on endothelial and vascular smooth
muscle cells, and A3-receptors on ventricular myocytes. Ischemic preconditioning by endogenous adenosine takes place through A1- and A3-receptors.
A2A/B-receptor activation results in vasodilation. Signals from different receptors converge at PKC, reaching a threshold activation of the kinase necessary to
induce protection. Tyrosine and mitogen-activated
protein kinases may play a role in addition to PKC.
However, this hypothesis has been questioned by
some studies and reports that have failed to show that
preconditioning-induced cardioprotection was associated with an increase in the intramyocardial level of
adenosine. Possible reasons for these observations
might be due to the sensitivity of the method used
for adenosine measurement and, the extremely short
biological half-life of adenosine. Conversely, the adenosine hypothesis has been supported by the observation that cardioprotection could be restored by the
addition of exogenous adenosine or by extending its
biological half-life by either a coadministration with
dipyridamole to delay clearance through intracellular
uptake [7] or a sustained targeting release using a liposomal envelope [8].
Given the role of adenosine to induce preconditioning, it is logical to assume that administration of adenosine at the time of reperfusion will have a beneficial effect
on protecting the heart from IRI. Adenosine has
provided to have anti-inflammatory and anti-platelet
effects. It is thought that part of the beneficial effect of
adenosine involves opening ATP-sensitive potassium
channels (mKATP), whose opening can protect the mitochondria from Ca2+ overload and prevent cytochrome
c loss [9,10]. It replenishes high-energy phosphate
stores in endothelial cells and myocytes. Adenosine
inhibits cytokine release from mononuclear cells, oxygen free radical formation, and neutrophils activity and
accumulation. It reduces cardiomyocytes apoptosis,
improves microvascular function and causes preconditioning responses [11]. The efficacy of adenosine as
pharmacological postconditioning drug was clearly
documented by Marzilli et al. [12]. In this study,
54 patients with acute myocardial infarction, referred
for primary PCI (pPCI) within 3 hour from symptoms
onset, were enrolled and received either intracoronary
injection of adenosine (n=27, 4 mg of adenosine/2 ml of
saline solution) or placebo (n=27, saline solution) at the
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time of pPCI. No deaths occurred in the adenosine
group while five patients in the saline group died in hospital (p=0.02). The composite end point of recurrent
angina, nonfatal MI, heart failure, and cardiac death
was present in 5 patients in the adenosine group and
in 13 patients in the control group (p=0.03). This proof
of concept clinical trial clearly demonstrated that intracoronary administration of high dose of adenosine was
well tolerated by patients and effective in inducing cardioprotection. However, three larger randomized trials
have reported limited benefits from adenosine in acute
myocardial infarction. The Acute Myocardial Infarction
Study of Adenosine (AMISTAD) was performed in
236 patients with anterior and inferior infarctions [13].
Patients received thrombolytic therapy plus continuous
intravenous adenosine infusion (70 μg/kg per min)
together with PCI had a smaller infarct size and a better
functional recovery than those without adenosine infusion, especially in the instances of anterior wall infarction
and adenosine infusion. The Attenuation by Adenosine
of Cardiac Complications (ATTACC) study was a prospective, large-scale, randomized, placebo-controlled
study using a low dose of adenosine (10 μg/kg per
min) infused intravenously for six hours in patients
undergoing thrombolysis. At the six-month follow-up
of 292 patients with anterior infarcts, the adenosine
group showed a trend for less all-cause mortality
(8.4% versus 15.3%; p=0.07) and cardiovascular mortality (8.4% versus 14.6%; p=0.08). In a post hoc analysis of a subgroup with anterior infarcts and severely
depressed left ventricle function, the six-month death
rate was significantly lower in the adenosine group
(2.0% versus 12.1%; p=0.007) [14]. However, the
Acute Myocardial Infarction Study of Adenosine II
(AMISTAD-II) specifically designed to investigate the
role of adenosine in 2,118 patients with anterior
STEMI undergoing thrombolysis or pPCI, found no difference in the primary end point of new congestive
heart failure, rehospitalization for CHF, or death from
any cause within 6 months. Two doses of adenosine
were tested: 50 and 70 μg/kg per min [15]. Despite
the lack of difference between the two groups in
terms of major clinical endpoints, the infarct size tended
to decrease in a dose-dependent manner with a
marked reduction in infarct size observed in the
high-dose group. In a post hoc analysis, among
patients receiving reperfusion therapy within three
hours of symptoms, adenosine reduced one-month
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and six-month mortality rates significantly: 5.2%
versus 9.2% (p=0.014) and 7.3% versus 11.2%
(p=0.03), respectively [16].
Statins
Among recent studies using the cardioprotective
signaling of postconditioning, the use of 3-hydroxy-3methylglutaryl-CoA inhibitors (statins) is reported as a
readily available, safe, and hopeful option to date. The
immediate use of statins either before the onset of
ischemia [17] or around the reperfusion period [18],
reduced infarct size regardless of hyperlipidemia. This
result was also shown in humans [19]; in addition, as
shown in the MIRACL trial, administration of statins
reduced adverse outcomes when used as late as
24 h after reperfusion. This evidence strongly suggests
that cardioprotection induced by statins goes beyond
lipid lowering and involves the signaling cascades of
postconditioning, such as Akt activation and oxidative
stress reduction [20].
Volatile anesthetics
Although the exact signaling pathway is not yet fully
understood, the beneficial effect of volatile anesthetic
on the heart seems to be mediated by adenosine A1
receptors, G proteins, reactive oxygen species, protein kinase C, and KATP channels [21,22]. The cardioprotective effects of sevoflurane were studied in
human volunteers as well as in patients with ischemic
heart disease. It seems that a relatively low dose of
sevoflurane is sufficient to provide protective effect
[23,24]. Sevoflurane administration during cardiac surgery was found to significantly reduce the incidence of
myocardial infarction, intensive care unit and hospital
stay, time on mechanical ventilation, in-hospital mortality and long term cardiac events [25,26]. The data
regarding sedation with sevoflurane in patients not
undergoing surgery are limited. In a small study
involving patients undergoing elective PCI, low-dose
sevoflurane before PCI, had no effect on myocardial
damage after PCI [27].
Cyclosporine A
Another emerging target is the use of the mPTP inhibitor cyclosporine A. The role of cyclosporine A was first
investigated by Pioer et al [28] which documented cardioprotection in patients presenting with acute myocardial infarction. Patients were randomized to receive
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intravenous bole of cyclosporine A or normal saline
immediately before undergoing pPCI. Administration
of cyclosporine was associated with a reduction in
infarct size of approximately 40%, measured in terms
of CK release, although a not significant reduction in
troponin I levels. MRI image on day 5 after infarction
confirmed the decrease in infarct size in the cyclosporine group. The findings of protection by cyclosporine
are now expanded in endothelial function upon reperfusion in humans [29] but seem still immature and need
further confirmation in large-scale clinical trials to
establish evidence-based medicine.

Conclusions
Clinical trials on cardioprotective strategies and drugs
have given inconsistent results. These may be related
to 1) not applying the intervention at the beginning of
reperfusion, 2) delaying its application beyond the brief
window within which salvage is achievable. Any strategy used to induce cardioprotection is time-sensitive;
it can exert beneficial effect only if applied when there
are still viable cells that can be salvaged during reperfusion. Therefore, the most striking difference among
animal and humans studies is that pharmacological
conditioning in animals is applied within few minutes
after reperfusion and that, most importantly, reperfusion is initiated 30 minutes to 1 hour after the onset of
ischemia. This important concept is well manifested in
the study from Marzilli et al. in which they have shown a
beneficial effect of adenosine as a pharmacological
intervention to induce postconditioning, by using i.c.
infusion of adenosine at the onset of reperfusion,
including only those patients in which the ischemic
time was less than 3 hours.
The controversial results reported about mechanisms involved in cardioprotection can be further
explained by the differences between protocols
applied to induce ischemia-reperfusion, and by the
choice of animal models. Although one of the goals
of experimental studies using animals is translational
to humans, species differences remain a critical issue
that needs to be taken into account. Importantly animal used to study the effect of ischemia-reperfusion
had no coexisting comorbidities, and no pharmacological treatment that could attenuate or enhance the
expected results from the intervention used to induce
cardioprotection. However, animal study remains of
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particular importance in order to verify new hypothesis and test the effectiveness of the interventional
strategy. ●
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Abstract
Microvascular damage is frequently observed in the setting of acute coronary syndromes (ACS). Imaging of the microcirculation is playing an increasingly important role in the risk stratification of patients
presenting with acute coronary syndromes, furthering our understanding about coronary microcirculatory patho-physiology in this setting. Of the available imaging methods, cardiac magnetic resonance
(CMR) holds particular promise for in vivo detection and assessment of microvascular dysfunction. The
CMR methods currently available are described in this review with an overview of how CMR may be
used to improve our understanding of microvascular damage in ACS and allow the development of
potential cardio-protective measures.
Keywords: microvascular dysfunction; magnetic resonance imaging (MRI); acute coronary syndrome;
myocardial infarction
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Introduction
Myocardial perfusion is controlled by various factors acting to regulate the coronary circulation.
The epicardial arteries contribute only 7% to overall coronary resistance, while the microcirculation (arterioles <150 um in diameter) exerts most control on coronary blood flow and subsequent myocardial perfusion [1]. The microvasculature is hence responsible for the maintenance
of coronary vasomotor tone, allowing a dilator stimulus such as ischemia to cause a three- to
five-fold increase in coronary flow [2]. This vasodilatory reserve is progressively weakened in
the presence of coronary atherosclerosis, as the coronary resistance is redistributed from the
microvasculature to the less elastic epicardial circulation. Ultimately, vasodilator reserve is lost,
and myocardial hypoperfusion ensues, prolonged periods of which cause irreversible myocardial necrosis. The severity and degree of irreversibility correlate proportionately with the extent
of microvascular injury within the boundaries of the infarcted muscle [3].
In clinical practice microvascular dysfunction is frequently observed in the setting of acute
coronary syndromes, especially following reperfusion of acute myocardial infarction. Despite
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establishing angiographic patency of the infarctrelated epicardial artery, myocardial blood flow can
remain inadequate, a phenomenon known as “noreflow” [4]. No-reflow occurs in up to 30% of patients,
and is thought to be a consequence of microemboli
and subsequent microvascular obstruction (MVO) [5].
The severity of microvascular dysfunction post infarction has been demonstrated to be an important correlate of left ventricular (LV) functional recovery, cardiovascular morbidity and mortality and is proportionate
to infarct size [6,7]. Additionally, MVO has been
shown to be a powerful independent predictor of
adverse outcome [7,8].
Kloner et al. first described to the presence of MVO in
a canine coronary artery occlusion-reperfusion model,
demonstrating a link between angiographic no-reflow
phenomenon and severely damaged intramural microvessels with specific histological features of endothelial
cell swelling, protrusions, and decreased pinocytic vesicles [9]. Additional histological changes that have been
suggested to occur during the formation of MVO are the
production of reactive oxygen species leading to the
disruption of endothelial cells, fibrin and platelet deposition, neutrophil activation, and hemorrhagic red cell
extravasation following reperfusion. Epicardial thrombi
and microvasculature thrombosis may also result from
necrotic plaque particulates being showered distally into
the myocardium following plaque rupture or as a result
of coronary interventional procedures [10–13].
Imaging of the microcirculation is playing an increasingly important role in the risk stratification of patients
presenting with acute coronary syndromes, furthering
our understanding about coronary microcirculatory
patho-physiology in this setting. This may subsequently
allow development of potential cardio-protective
measures to aid current therapies [14].
Several techniques and modalities have been
described to identify microvascular injury following
acute MI [6,7,15–18]. Of these, cardiac magnetic
resonance (CMR) imaging has become the reference
standard for assessment of myocardial injury as it
allows accurate assessment of function, perfusion
abnormalities, extent of infarction, edema, and myocardial salvage [19] (a composite marker of adverse
outcome), as well as delineation of MVO in a single
examination [20]. The most frequently used CMR techniques to delineate and differentiate microvascular
damage are described in the remainder of this article.
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Late-gadolinium enhancement
Most current gadolinium-based contrast media are
extracellular agents, with rapid distribution within the
intravascular and interstitial space, but exclusion from
the intracellular space of intact myocytes. In the context of acute myocardial injury, the cell membranes can
no longer exclude the contrast from the intracellular
space and injured myocardium therefore takes up
and retains more contrast agent than viable myocardium. In addition, clearance of contrast agent from
injured myocardium is reduced. The CMR technique of
late-gadolinium enhancement (LGE) makes use of
the differences in the distribution volume of the contrast agent, and with appropriate imaging parameters
depicts acutely infarcted myocardium as an area of
hyper-enhanced myocardium compared to regions of
non-infarcted myocardium [21]. Due to its high spatial
resolution and tissue contrast LGE imaging can accurately depict the extent and transmurality of myocardial
injury after acute myocardial infarction including microinfarcts as low as 1 gram of tissue [22]. In addition, the
pattern of hyperenhancement can be used to differentiate infarction from other types of acute injury such as
myocarditis [22,23]. In the presence of MVO, MRI contrast media do not reach the infarct core affected by
the reperfusion injury. On LGE images, the MVO zone
therefore appears as a dark core residing within a
hyper-enhanced infarct zone (Fig. 1). The appearance of
the MVO on LGE imaging is a highly dynamic process
and due to contrast agent diffusion into the infarcted
core, the size of the dark MVO core reduces with
increasing imaging time from contrast injection. Therefore, images are often acquired 1–2 minutes after
contrast administration, when the MVO appears largest
(Fig. 2). However, it is not certain, when the optimal

A

B

Fig. 1 A) Lateral wall LGE with MVO. B) T2-weighted image showing edematous region with dark core in area of MVO, suggesting
intramyocardial hemorrhage.
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Fig. 2 CMR of a patient presenting with an AMI 2 days ago and with ‘no-relow’ observed during angiography. A) First-pass perfusion
images acquired at rest show a septal wall defect in the area of MVO. B) Early gadolinium enhancement (EGE) acquired 2 minutes after
first pass perfusion shows a similar defect caused by MVO. C) LGE images acquired 10 minutes later delineate the infarct zone in white
and a smaller MVO (due to contrast diffusion into the MVO over time).

time is to image MVO and some studies have
suggested that imaging at 10 minutes is most predictive of remodeling [24]. The transmurality of LGE and
the amount MVO present are both inversely related to
the eventual left ventricular (LV) ejection fraction and
predicts the likelihood of recovery of regional wall
motion [25,26].

T2 weighted imaging
One of the patho-physiological consequences of acute
ischaemia is an increase in unbound water in the ischemic tissue [27]. T2-weighted CMR (T2w CMR) is sensitive to the water content of tissue and therefore allows
the delineation of acutely ischemic myocardium. The
area of high signal on T2w CMR has been shown to
accurately correlate with the area at risk assessed by
microspheres [27]. Additionally, increased myocardial
T2 signal may be observed within 30 minutes of ischemia onset—detecting myocardial injury prior to both troponin and LGE [28]. Some controversy remains about
the precise mechanism of hyperenhacement on T2w
CMR in acute ischaemic injury and T2w CMR methods
have lower signal to noise ratio than LGE methods and
may be more prone to flow and motion related artifacts
[29]. Expertise is therefore needed for the acquisition
and interpretation of T2w images. In patients who have
severe microvascular dysfunction, reperfusion injury can
result in a hemorrhagic transformation of the infarct core,
often seen following PCI, which has independent
adverse effects on LV remodeling [30]. Hemorrhage
present within the myocardium lowers T2 signal, allowing these areas to be identified as a hypointense core
within the infarct (Fig. 1) [31].
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Myocardial salvage index
Mortality following myocardial infarction is related to
several factors, one of which is the amount of myocardium subtended by the infarct-related vessel; the
hypoperfused area at risk (AAR) as a result of the
ischemic insult [32,33]. Combined, LGE and T2
weighted CMR allow the distinction between infarcted
and potentially viable myocardium; LGE delineates the
former, whilst T2- imaging determines the latter (Figs. 1
and 3). These CMR methods therefore permit the
calculation of a myocardial salvage index (MSI), by
correcting the amount of necrotic myocardium for the
extent of AAR. From a microcirculatory perspective
this index combines information regarding irreversibly
damaged microvasculature (LGE) and potentially viable microvasculature (T2w CMR), and if timely reperfusion occurs, the degree of myocardium salvaged is the
principal mechanism by which patients with recent
myocardial infarction benefit from reperfusion therapies [34]. Reaffirmed by Eitel et al.’s recent prospective
demonstration that MSI is a strong independent predictor of both major adverse cardiovascular events

A

B

Fig. 3 A) LGE image - subendocardial inferior myocardial infarction.
B) T2-weighted image of “area at risk.”
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Fig. 4 Dynamic first-pass perfusion image – anterior and inferior
ischemia.

and mortality at six months and in the longer term
(median of 19 months) following reperfused STEMI
[19, 35].
Perfusion CMR
Dynamic contrast-enhanced myocardial perfusionCMR is based on the monitoring of contrast medium
wash-in kinetics into the myocardium. Data can be
acquired at rest and during a hyperemic state, which
is most frequently pharmacologically induced with a
concurrent intravenous adenosine infusion. One of
the key advantages of perfusion-CMR over other
imaging methods is its high spatial resolution of
<3mm or even higher with recent methods, allowing
the differentiation of perfusion to the subendocardial
and subepicardial myocardial layers (Fig. 4) [36]. In
myocardial regions supplied by arteries with hemodynamically significant coronary disease, myocardial
perfusion CMR during hyperemia shows delayed and
reduced wash-in of contrast agent compared to
regions with normal myocardial perfusion [37,38]. In
the setting of acute MI, myocardial perfusion CMR
can demonstrate areas of MVO during first pass
assessment. Subsequent late gadolinium enhancement can be used to confirm the presence of the MVO
and assess its change in size over time (Fig. 2) [5].
Conclusion
The coronary microcirculation is critical in the perfusion and mechanical functioning of the myocardium.
Increased understanding of the importance of this
vascular compartment has allowed improvements in
therapeutic strategies in the management of various
conditions such as acute myocardial infarction. Noninvasive imaging, particularly with the advent and
advancement of CMR, has allowed improved risk
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stratification of patients, with greater understanding
about possible prognosis and likely recovery in function following ischemic injury. The numerous facets
to cardiac magnetic resonance imaging are both
valuable, and synergistic to one another, in assessing and differentiating myocardial necrosis from
injured but viable myocardium. Further advancement
will allow routine quantification of all of these parameters, further enhancing the reproducibility and
applicability of CMR in both clinical and research
settings. ●
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Abstract
Early and successful reperfusion is mandatory to limit infarct size, and reduce morbidity and mortality
from acute coronary syndrome. However, reperfusion is a double edge sword, with the potential to
induce additional damage to the ischemic myocardium (reperfusion injury). The reperfusion injury may
account for up to 50% of final infarct size. By stimulating cardioprotective pathway, postconditioning
(ischemic, remote and pharmacological postconditioning) can reduce the negative impact of ischemia
and reperfusion on the heart. In the present article, we briefly elucidate the mechanisms involved in cardiac protection and discuss the available supporting data for the use of postconditioning in the clinical
scenario.
Keywords: ischemia reperfusion injury; cardioprotection; post-conditioning; remote conditioning
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Introduction
In the clinical setting, the application of coronary thrombolysis or percutaneous coronary intervention (PCI) for faster recanalization has been shown to improve the outcomes of patients
with acute myocardial ischemia. However, even if the ischemic period is short or limited, the
functional recovery of a reperfused heart is often less successful than expected due to “reperfusion injury” [1]. Therefore, it is important to fully understand the mechanisms of ischemiareperfusion injuries and to consider the naturally cardioprotective strategies that the heart
uses to attenuates the damage induced by ischemia and subsequent reperfusion (Fig. 1).
This concept is supported by the clinical observation that patients experiencing preinfarctional angina (preconditioning) have better prognosis, and by animal and clinical studies
in which a short periods of ischemia, preceding the index ischemia, induce less myocardial
damage [2].
Despite increasing data supporting the importance of ischemia-reperfusion injury and therefore cardioprotection, little is known about these phenomena and even less about how to prevent and protect the heart from them.
Preconditioning
Before the concept of ischemic preconditioning (IPreC) arose, cardiologists observed that
patients with acute myocardial infarction who had experienced episodes of prodromal angina
often exhibited less chest pain, less variation in the ST segment of ECGs, less cardiac dysfunction, and smaller myocardial infarct size. This occurred despite a paradoxical increase in the
total ischemic time. This phenomenon was called the “cardiac warm-up phenomenon” [3]. In
1986, Murry et al. [4] confirmed the existence of “preconditioning with ischemia” in a canine
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Fig. 1 Common mechanisms thought to be involved in cardioprotection. Differences and similarities between preconditioning
and postconditioning pathways. See text for more details. Modified
from [19].

model and defined it as a phenomenon where brief
periods of ischemia followed by reperfusion just
before sustained ischemia exerted 1) a delay in ATP
depletion, 2) a reduction in oxygen consumption, 3) a
retention of intracellular structure, and 4) a delay or
reduction of cellular necrosis due to ATP expiration,
finally resulting in delayed progression or reduction of
infarct size, despite an increase in the total ischemic
period. This is now recognized as a narrow definition
of ischemic preconditioning.
It has become clear that the strength of protection
by ischemic preconditioning critically depends on the
interval between preconditioning ischemia and the
onset of index ischemia. Two windows of cardioprotectionhave been identified, termed “early and late
phase” preconditioning. The first period is limited to
the initial 3 hours and thesecond one, associated with
the increased expression of cardioprotective heat
shock proteins (HSPs), is in the following 24–72 h.
These two phases appear to involve different pathways; the former involvingreactions that arecompleted in a short period of time, such as activation of
ion channels, phosphorylation/activation of existing
enzymes, or rapid turnover/translocation of sub-
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stances, the latter involving more time-consuming
reactions, such as genomic modulation and expression of channel proteins, receptor proteins, enzymes,
molecular chaperone proteins, or immunotransmitters.
Multiple, parallel mechanisms seem to induce cardioprotection by preconditioning ischemia, among these
adenosine, the activation of alfa and/or beta receptor,
G protein-coupled receptor (GPCR) members, opioid
receptors, and bradykinin-B2 receptors. However,
controversies still exist about the multiple and complicated mechanisms involved in cardiac protection
before the onset of prolonged ischemia.
Postconditioning
Because the clinical application of cardioprotection
induced by preconditioning is limited by the unpredictable occurrence of acute coronary syndromes, most
of the recent translational therapeutic strategies
aimed at reducing the damage related to ischemiareperfusion injury, are applied at the time of reperfusion, after the onset of ischemic insult. Indeed, postconditioning has recently been shown to have potential as a novel cardioprotective intervention against
ischemia-reperfusion injury, when applied at the
onset of reperfusion following sustained ischemia
[5].This protocol is followed because the “final effectors of preconditioning” share some common pathways with the “contributors of postconditioning” at
reperfusion [6]. Three forms of postconditioning:
ischemic (IPosC), remote (RPostC), and pharmacological conditioning (discussed in another section of this
journal issue) have been explored both in the bench
and the bedside.
Ischemic postconditioning
IPosC is defined as brief periods of ischemia alternating with brief periods of re-flow applied at the
onset of reperfusion following sustained ischemia.
Recently, IPosC has been introduced as mechanical
intervention to attenuate reperfusion injury specifically [7]. Similarly to ischemic preconditioning, where
brief episode of ischemia preceding prolonged
ischemia induce resistance to IRI, ischemic postconditioning effectively reduces myocardial infarct size in
all species tested so far, including humans (Fig. 2).
IPosC is a simple and safe maneuver, but because
reperfusion injury is initiated within minutes of reflow,
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Fig. 2 Ischemic postconditioning protocols used in animal
and human studies. Modified from [20].

postconditioning must be applied at the onset
of reperfusion. The mechanisms through which postconditioning induces protection include: formation
and release of several autacoids and cytokines;
maintained acidosis during early reperfusion; activation of protein kinases; preservation of mitochondrial
function, most strikingly the attenuation of opening of
the mitochondrial permeability transition pore. It has
also been documented that IPosC reduces neutrophil accumulation and attenuate endothelial injury.
Exogenous recruitment of some of the identified
signaling steps can induce cardioprotection when
applied at the time of reperfusion in animal experiments, but more recently also cardioprotection was
observed in a proof-of-concept clinical trial [8].
Although postconditioning is in its relative infancy
as clinical strategy, several studies have shown it
to be cardioprotective in both the catheterization
laboratory in conjunction with PCI and in cardiac
surgery. Studoes in patients with an acute myocardial
infarction showed a reduction of infarct size and
improved left ventricular function when undergoing
ischemic postconditioning. In the catheterization laboratory setting, repeated balloon inflations attenuated
electrocardiographic changes (ST-segment elevation), lactate release, and left ventricular segmental
dysfunction relative to the first balloon inflation suggestive of a preconditioning-like effect. Laskey [9]
reported that repetitive 90-s balloon occlusions
during angioplasty reduced ST-segment elevations,
increased the rate of ST-segment elevation resolution
(a marker of improved viability and perfusion) and
increased flow velocity reserve in the infarct-related
artery.

22

The beneficial effect of postconditioning have been
demonstrated to be persistent, with improved functional recovery and reduced infarct size at 1 year [10].
However, the salvage impact varies among the studies,
probably depending on critical requirements in postconditioning maneuvers, and it seems that protocol
with fewer cycles or longer intermission [11], or applied
after long ischemic time are less protective [11–13]. In
cardiac surgery, postconditioning was induced by two
30-s cycles of aortic clamping and declamping at the
time of reperfusion (release of the aortic cross-clamp) in
children undergoing surgery for congenital malformations. Plasma troponin I levels were significantly less in
the postconditioning group compared with no postconditioning. An alternative way to subject the heart to
postcondition is to deliver a reperfusate via the cardioplegia line in a cyclical manner, i.e., 30–60 s pulses that
mimic the cyclical perfusion pattern of the IPosC. Yellon
et al. [14] and Alhulaifi et al. [15] reported that preconditioning the heart by short periods of aortic crossclamping preceding elective ventricular fibrillation conserved high energy phosphate (i.e., ATP) levels in myocardial biopsy samples, suggestive of a cardioprotective effect. The impact of these observations is limited
by the declining use of induced ventricular fibrillation
during aorto-coronary artery bypass in favor of some
form of chemical cardioplegia and by the hesitation of
surgeons to repeatedly cross-clamp aorta that may
have some degree of atheromatous plaque and/or
adherent thrombi that may dislodge and embolize, particularly in the brain, causing stroke. Alternatively, the
heart may be preconditioned remotely, for example by
inducing transient limb ischemia before ventricular fibrillation or ischemia. Less CK release, greater myocardial
ATP levels, and greater dP/dt values (a soft surrogate
measure of function in vivo) suggestive of better contractility upon reperfusion were reported after ischemically preconditioning of patients undergoing chemical
cardioplegia and aortic and mitral valve replacement
surgery [16]. However, in a study using chemicalcardioplegia during surgery, preconditioning was reported to
be associated with increased release of CK-MB compared with non-preconditioned patients. All these data
need to be verified in largemulticenter-studies that may
explore the role ofpostconditioning in other surgical procedures such as correction of the ascending aortic
aneurism, which are associated with high rates of
cardiac dysfunction and mortality.
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Remote postconditioning
Another step forward, cardioprotection is the discovery that ischemia at a distant site can elicit the same
protective effects of ischemic preconditioning. Przyklenk et al. [17] first demonstrated that brief ischemic
episodes of the left circumflex coronary artery significantly reduced myocardial infarct size following sustained occlusion of the left anterior descending coronary artery. Following the initial discovery of RPostC in
the heart, it was reported that brief, intermittent ischemia of distant organs such as the skeletal muscle, kidney and intestine could also induce protection of the
heart against prolonged myocardial ischemia and
reperfusion. From a mechanistic standpoint, RPostC
very closely resembles traditional IPreC and depends
on the very same trigger mechanisms and second
messenger signaling pathways to promote cardioprotection. At present, there are three main hypotheses
regarding the mechanism responsible for RPostC
[18]. The first theory is the neural hypothesis, which
proposes that the ischemic remote organ releases
endogenous substances (i.e., adenosine, bradykinin)
that activate local afferent neural pathways that, in
turn, activate efferent neural pathways to trigger target
organ protection. A second theory is the humoral
hypothesis, which suggests that the target organ
releases humoral mediators such as adenosine and
bradykinin into the blood stream, which are then transported to the remote organ where the humoral factor
directly triggers the intracellular survival pathways. A
third theory is termed as the “inflammatory suppression theory,” which proposes that the transient,
remote organ ischemia produces a systemic antiinflammatory phenotype that protects the distant target organ against subsequent ischemia-reperfusion
injury. It is not clear which of the three proposed
hypotheses accounts for the majority of cardioprotective effects mediated by RPostC. However, it is possible that all three of these hypotheses are correct, and
there are interactions between endogenous substances such as adenosine, and local afferent neural
pathways that synergize to promote cardioprotection
and subsequently produce systemic suppression of
inflammation.
Pitfalls of postconditioning
Currently, the most important issue is how to transfer
the results of basic research into the clinical scenario
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and how to incorporate them in therapeutic strategies.
Itis unfortunately true that there is an inevitable gap in
the scientific approaches used in basic science and in
clinicalmedicine. Clinical science largely relies on statistics because ofheterogeneity of disease conditions
and individuals, such asage, sex, background diseases, and their comorbidities. It has been suggested
that cardioprotection by ischemic and pharmacological postconditioning is attenuated in animal models of
left ventricle hypertrophy and it seems to be the same
in humans, although few studies have been published
on this point. Discrepancy regarding the efficacy of
postconditioning has also been reported in animal
models of hypercholesterolemia, diabetes and obesity.
Future directions and conclusion remarks
Postconditioning has shown to be an effective and
easy strategy to be applied in the clinical setting, and
is able to exert protective effects on the heart and
reduce the ischemia reperfusion injury. Therefore, we
strongly support the use of this approach to protect
the heart in addition to other pharmacological agents
to further optimize the beneficial effect of reperfusion
and revascularization. However, it must be admitted
that no definitive results are available regarding the
beneficial effect of this strategy in special subset population such as diabetic, obese and hypercolestrolemic patients. More animal and clinical studies are
warrantied in order to elucidate and encourage the
widespread use of this cost-effective technique. ●
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Abstract
Several animal and clinical studies have clearly demonstrated the clinical importance of ischemia reperfusion injury (IRI) in the setting of an acute coronary syndrome (ACS). It is well known that a shift of glucose metabolism from oxidative phosphorylation to substrate level phosphorylation (glycolysis) occurs
during prolonged ischemia. As a consequence, protons and lactic acid accumulate within the cells,
while ATP, NADH and NAD+ dehydrogenase levels decrease. Fatty acid oxidation contribute in the
ischemic myocardium to the increased production of reactive oxygen species (ROS), that participate to
mitochondrial uncoupling further reducing mitochondrial efficiency and ATP production. These and
other changes in cardiac metabolism contribute to the opening of the mitochondrial permeability transition pore (mPTP), responsible for myocytes apoptosis. Varieties of pharmacological approaches have
been proposed to minimize IRI and maximize the myocardial salvage, than those achieved by reperfusion alone. This brief review will provide the rationale for the use of metabolic approaches to protect
the heart from ischemia and during reperfusion.
Keywords: cardiac ischemia; ischemia/reperfusion injury; cardioprotection; trimetazidine
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Introduction
The process of restoring blood flow to the ischemic myocardium can induce per se injury. This
phenomenon, known as myocardial ischemia reperfusion injury (IRI), can paradoxically reduce
the beneficial effects of myocardial reperfusion. IRI is defined as injury and death of cardiac
myocytes that were viable before reperfusion induced by the restoration of coronary blood
flow to an ischemic tissue. Therefore, the IRI decreases the beneficial effects that myocardial
reperfusion would have on infarct size and prognosis, by independently inducing cardiomyocyte death.
While investigators have progressively identified multiple mechanisms that participate to the
IRI, the concept of metabolic protection of the ischemic myocardium is in continuous evolvement. Indeed, it is expected that a clear understanding of the mechanisms responsible for
myocytes death during myocardial ischemia, and reperfusion, will provide fundamental knowledge in order to generate successful strategies for the treatment of acute ischemic events.
Cardiac metabolism in normal condition
In normal condition, the heart is able to utilize multiple fuel sources (i.e., fatty acids, glucose,
and lactate, ketone bodies) to generate high-energy phosphates (particularly ATP), necessary
for the daily demands. Fatty acids (FA) constitute the predominant source of energy in the normal heart, supplying from 60 to 80% of energy. Carbohydrate metabolism is controlled by the
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rate of FA oxidation (Randle phenomenon), which
strongly inhibits the rate of glucose and lactate uptake
and oxidation. This inhibition, determined by elevated
FA oxidation levels is mediated by increased ratio
of NADH/NAD+ and of acetyl co-A/free co-A and
enhanced activity of pyruvate dehydrogenase kinase
(PDHK), which conversely phosphorylates and inhibits
pyruvate dehydrogenase (PHD) activity.

Myocardial ischemia and reperfusion alters cardiac
metabolism and cell homeostasis
Myocardial ischemia dramatically alters cardiac
metabolism, energy production and cellular homeostasis. During ischemia, due to reduced oxygen level,
glucose taken up by the myocardium is not efficiently
oxidized into mitochondria but is rather converted to
lactate. As a consequence, a switch from lactate
consumption to lactate production is observed in the
ischemic myocardium. These changes lead to disruption of cell homeostasis, with reduction in ATP content
within the cells. Accumulation of lactate and H+ induce
a fall in intracellular pH and decrease in contractile
work. Paradoxically, the ischemic myocardium continues to drive most of its energy (50–70%) from the
oxidation of fatty acids despite there being a high rate
of lactate production. In this condition high rates of FA
oxidation further inhibit glucose oxidation (Fig. 1). FA
oxidation in this setting contributes to further reduce
mitochondrial efficiency and during reperfusion participate to the generation of the IRI.

Mitochondria use oxygen as a substrate, so by
default their respiration is inhibited during ischemia.
During ischemia, excess protons due to lactic acidosis
drive a cytosolic Na+ overload via the Na+/H+
exchanger (NHE) [1]. This Na+ exits via the Na+/Ca2+
exchanger, causing a cytosolic Ca2+ overload. The
ischemic lack of ATP prevents adequate management
Ca2+ by the SERCA pump, and subsequently Ca2+ is
increased in the cytosol. While some Ca2+ uptake into
mitochondria can occur during ischemia, it is not sufficient to trigger opening of the mPTP, which is also
held closed during ischemia due to the acidic pH [2].
Prompt reperfusion will induce a rapid restoration of
substrates essential for the generation of ATP, as well
as rapid increase in the oxygen supply, and prompt
normalization of the extracellular pH. All these events
concur to IRI. Rapid normalization of the extracellular
pH will instantly create an extreme H+ gradient across
the plasma membrane that triggers a robust Na+/H+
exchange and a massive Na+ influx. This Na+ gradient
triggers the passive, inverted action of the surface
Na+/Ca2+ exchanger, called “reverse mode,” which
in turn allows intracellular Ca2+ overload. Also at this
moment a burst of ROS generation occurs, which
together with high mitochondrial Ca2+ concentration
and re-alkalinization triggers mPTP opening [3], leading to cytochrome c release and cell death [4].
Mitochondrial cytochrome c release also inhibits mitochondrial respiratory function increasing ATP deficency in the post-ischemic heart [5].
Metabolic targets to induce cardioprotection
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Inhibited glycolysis
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Fig. 1 Ischemia induced alteration in cardiac metabolism.
See text for details. Modified from [20].
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The concept of metabolic protection of the ischemic
myocardium is in constant evolution and has recently
been supported by clinical studies. Historically,
enhanced glucose metabolism and glycolysis were
proposed as anti-ischemic mechanisms of cardioprotection. The metabolic cardioprotection paradigm
includes 1) the benefit of improved coupling of glycolysis to glucose oxidation, 2) a more gradual wake-up of
mitochondrial function at reperfusion. Consistent with
this hypothesis in cardioprotective mechanisms, some
studies have demonstrated that only protocols able to
induce a significant delay in pH recovery were able to
afford cardioprotection. Furthermore, a close correlation between the delay in pH recovery and the magnitude of myocardial salvage was documented [5]. The
beneficial effect of coupling glycolysis to glucose
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oxidation explains the efficacy of FA inhibitor such as
trimetazidine. This hypothesis is supported by the
sub-cellular linkage between key glycolytic enzymes
and the activity of two survival-promoting membranebound pumps, namely the sodium-potassium
ATPase, and the calcium uptake pump of the sarcoplasmic reticulum (SERCA). Indeed, it has been demonstrated that metabolic agents that decrease FA oxidation and increase the rate of glucose and lactate
combustion induce enhanced viability after reperfusion. This metabolic strategy affords cardioprotection
because glucose oxidation is more “oxygen efficient”
than FA oxidation, producing more ATP for mole of
oxygen consumed. The same effect might be achieved
by administration of insulin-glucose-potassium (GIK)
solution, but to date no conclusive results support a
wide clinical use of this approach.
Metabolic cardioprotective agents
Mitochondria play a critical role in cardiac function, and
are also recognized as crucially involved in signaling
cardioprotective pathways. Targets of cardioprotection
include Ca2+ overload, oxidative stress (ROS), ATPdependent potassium channels (mKATP), mechanisms
that ultimately lead to disruption of the inner mitochondrial membrane and opening of the nonspecific
mitochondrial permeability transition pore (mPTP)
complex causing cell death [6].
By increasing NADH and decreasing FAD content,
cardiac ischemia conditions mitochondria to be in a relatively reduced state. Consistent with this notion are the
observations that during ischemia NADH increases
(reduced mitochondria) but on reperfusion NADH
decrease and FAD increase, suggesting a more mitochondrial oxidation state [7]. The implications of these
results are that a reduced redox state in the cardiac cell
could be an important condition for efficient resumption
of the H+ gradient for ATP synthesis and hence for better functional recovery. Prevention of ATP hydrolysis to
maintain mitochondrial membrane ΔΨ during ischemia
is therefore a valid goal for preserving function. Along
with these observations, a recent studyhas investigated
the role of ranolazine in protecting against the IR injury.
Its mechanisms of protection are not clearly understood
but evidence points to blocking the late Na+ current
that arises during ischemia, inhibition of mitochondrial
complex I activity, or modulating mitochondrial metabolism. Mitochondria isolated from ranolazine-treated
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hearts had mild resistance to permeability transition
pore (mPTP) opening and less cytochrome c release
than control hearts, suggesting that ranolazine was
effective in protecting the heart against the IR injury [8].
Other pharmacologic reagents that inhibit complex I
activity have now demonstrated to afford protection
against IR injury. These include amobarbital [9], rotenone [10], S-nitrosothiols [11], analgesics such as capsaicin [12], volatile anesthetics such as halothane and
isoflurane [13], and anti-diabetics such as metformin
[14]. Complex I (NADH ubiquinone oxidoreductase) is
a key site of electron entry into the respiratory chain in
cardiac mitochondria, owing to the heavy reliance of the
heart on β-oxidation of fatty acids and subsequent generation of NADH from acetyl-CoA in the Krebs’cycle. In
addition to playing a role in cardiac metabolism, complex I is also an important site of ROS generation, and a
regulator of NADH/NAD+ redox balance in the mitochondrion. Notably, the latter has been shown to be
critical in determining the open probability of the
mPTP, such that complex I inhibition can directly inhibit
pore opening via an increased NADH/NAD+ ratio.
Since high fatty acid oxidation rate markedly
decreases glucose oxidation, another approach to
induce cardioprotection is to increase glucose oxidation, by inhibiting fatty acid oxidation. Pharmacological
agents that inhibit fatty acid oxidation include direct
beta-oxidation inhibitors. This novel group of compounds includes the 3-ketoacyl-coenzyme A thiolase
(3KAT) inhibitor trimetazidine (TMZ). TMZ is a metabolic
anti-ischemic agent with cardioprotective properties
[15] that selectively inhibits the long chain3-ketoacyl
CoA thiolase (3-KAT) activity. This leads to reduction
in fatty acid oxidation and stimulation of glucose oxidation that is independent of anyhemodynamic effects
that influence myocardial oxygen consumption. Various studies demonstrated that it inhibits mitochondrial
oxidation of palmitoyl carnitine, thus only slightly altering oxidation of pyruvate and preserving mitochondrialoxidative functions [16]. It also stimulates PDH
activity, therate-limiting enzyme for glucose oxidation. As a result, TMZ attenuates the adverse effects
of free fatty acid-associated oxidative stress [17], lessens oxygen demand by decreasing oxygen consumption [18], and improves mitochondrial metabolism and cardiac performance during ischemia [19].
TMZ has been reported to attenuate neutrophil activation, thereby protecting post-ischemic hearts from
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neutrophil-mediated injury. At the cellular level, TMZ
conserves ATP production and lowers intracellular
acidosis and calcium overload, while maintaining cellular homeostasis. It reduces oxidative damage to the
mitochondria and protects the heart from IR induced
damage arising from mitochondrial respiration. TMZ
has also shown cytoprotective efficacy in several
models of myocardial infarction. In addition to its beneficial effects in the treatment of IRI, TMZ has been
reported to induce protection in patients experiencing
acute periods of ischemia when undergoing PCI. ●
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Abstract
A 42-year-old man was admitted to our department with a diagnosis of myocardial infarction with
ST-elevation. The coronary angiography showed the thrombotic occlusion of both circumflex and right
coronary arteries. Only the dependent territory of circumflex artery, treated before recanalization with
adenosine, showed a total recovery.
Keywords: myocardial infarction; adenosine; cardioprotection; microcirculation
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History
A 42-year-old man was referred to our department for chest pain lasting for three and a half
hours. The electrocardiogram (ECG), obtained at the Emergency Department upon arrival,
showed a ST-elevation in the inferior leadsand in V6 (Fig. 1).
The patient had been asymptomatic until that afternoon. His cardiovascular risk profile
included: a family history for coronary artery disease (his mother suffered from a large myocardial infarction); smoking on 20 cigarettes/day; arterial hypertension treated with ACE-inhibitors
and β-blockers.
The physical examination showed the patientwas suffering, the blood pressure was
160/90 mmHg, the pulse was 90/min, oxygen saturation was 96%. A grade II olosystolic
murmur was heard together with a third heart sound. The chest and the abdomen examinations were normal; no peripheral edema was found.
The echocardiogram revealed akinesia of the mid-basal segments of the infero-lateral and
inferior walls andhypokinesia of the antero-lateral wall with a mild left ventricular systolic dysfunction (EF 46%). In addition, there was a moderate mitral regurgitation.
The patient was treated with oxygen, aspirin, andglycoprotein IIbIIIa inhibitors, and he was
immediately referred to the cardiac catheterization laboratory.
The patient underwent a left ventriculography confirmed the akinesia of the mid-basal inferior wall with normal left ventricular volume and mildly depressed ejection fraction.
On the coronary angiography, the left main coronary artery was free from critical stenosis;
the left anterior descending coronary artery (LAD) had a focal stenosis in the proximal segment
followed by minor irregularities in the middle tract and a tight stenosis in the distal segment.
The circumflex coronary artery (Circ) was occluded at the origin of a large second marginal
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Immediately after the PCI, we repeated the echo
examination and we confirmed both the akinesia of
the mid-basal segments of infero-lateral and inferior
walls and the hypokinesia of the antero-lateral wall.
Abciximab was administrated for 12 hours after the
stenting procedure; the patients also received aspirin,
enalapril, metoprololp.o., high dose of atorvastatin and
lansoprazol.

Fig. 1 ECG in the Emergency Department.

A

B

Fig. 2 These coronary frames show the total Circ (panel A)
and RCA (panel B) occlusion.

branch (Fig. 2, panel A); another large marginal
branch was free of stenosis. The right coronary artery
(RCA) was dominant and was occluded in its middle
tract (Fig. 2, panel B), immediately after the origin of
the marginal branch. So, we found two vessels, the
circumflex coronary artery and the right coronary
artery, simultaneously occluded; that being so, both
arteries could have been considered responsible for
the clinical set. Given the technical difficulties of putting the catheter into the right coronary artery, first
we decided to treat the Circ; so, in order to prevent
the myocardial ischemia/reperfusion injury, a bolus of
adenosine was directly injected into the marginal
branch (4 mg in 2 ml saline) before performing the
percutaneous coronary intervention (PCI) [1]. Then, a
bare metal stent was implanted in the second marginal branch. After all we finally performed PCI and
stenting of the medium tract of the right coronary
artery (RCA).
The patient, returned to the Intensive Coronary Unit,
was asymptomatic for chest pain. The ECG revealed a
mild ST elevation in the inferior leads and ST depression in V1–V6.
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From the second day after the PCI, the echo exam
revealed a complete recovery of the prominent hypokinesia at the antero-lateral wall, while the alterations in
the infero-lateral and inferior wall continued to be.
Besides, we found a moderate to severe mitral regurgitation (eccentric jet, vena contracta width, got in
long-axis parasternal view: 0.7 cm; mild dilated left
atrial) and a restrictive diastolic pattern (E/A 1.6; DT
120 ms; average lateral and septal Tissue Doppler E’:
mm; E/E’ 18).

Discussion
In animal models, infarct size and subsequent
impairment of ventricular function are determined in a
non-linear way after coronary occlusion [2]. In dogs, if
reperfusion is activated after 5–15 minutes of vessel
closure, there is almost complete recovery of the myocardium at risk. A significant recovery is still possible
after occlusion lasting up three hours. When the
“occlusion time” is extended beyond three hours,
reperfusion does not result in recovery of contractile
function [3].
Attempts to transfer these concepts on the clinical
level have led to conflicting results (4–6). A relatively
recent study about the effects of “ischemia time” on
some clinical variables demonstrated that the favorable
effects of thrombolysis on infarct size and ejection
fraction are exclusive to patients who receive the optimal treatment within two hours after onset of symptoms
[7]. Nevertheless, numerous studies have shown that
status of coronary microcirculation plays a fundamental
role in the prognosis of patients after an acute myocardial infarction. Failure to restore myocardial perfusion
after recanalization of the artery responsible for infarction, documented by contrast echocardiography, is a
strong negative prognostic factor and it is related to
worse recovery of contractile function [8].
In a study of 31 patients with myocardial infarction,
coronary velocity-flow after angioplasty and stenting
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was demonstrated being an important predictor for
the recovery of global and regional left ventricular
function [9].
In recent times it has been shown that the presence
of antegrade flow in the infarct before reperfusion,
results in myocardial salvage and a good early functional recovery of stunned myocardium [10]. In the
long-term follow-up was observed that patients with
evidence of reperfusion before performing primary percutaneous transluminal coronary angioplasty (PTCA)
had a more favorable course, with a significantly
reduction of cardiogenic shock, with a better result of
the procedure, with small size of the myocardial infarct
area, and reduction in mortality [11].
Our group has shown that the intracoronary administration of adenosine immediately before reopening
the culpit-lesion vessel dramatically improves myocardial perfusion. This reperfusion strategy is associated
with an early recovery of contractile function [12]. More
recently, Claeys et al. obtained similar results [13].
However, the administration extra-venously of lower
adenosine doses did not alter significantly the clinical outcomes of patients with STEMI enrolled
nell’AMISTAD-II trial [14], while achieving a reduction
in size of the myocardial infarct area.
Several mechanisms contribute to the ischemiareperfusioninjury, including production of oxygen-free
radicals, neutrophilactivation, endothelial and myocyte
edema, loss of antioxidant enzymes, and cardiomyocyte apoptosis [15]. Given this complex pathogenesis, several strategies are currentlyunder investigation
to prevent or lessen myocardial damage. Adenosine,
an endogenous purine nucleoside, antagonizes many
of the biochemical and physiological mechanisms
implicated in ischemia-reperfusion injury and has
been shown to reduce post-ischemic ventricular dysfunction and myocyte necrosis and apoptosis [16,17].
The exact mechanism of the cardioprotective effect of
adenosine is not fully understood, although inhibition
of neutrophil activation and prevention of endothelial
damage seem to play a major role. Encouraged by
this theoretical and experimental framework, we
investigated the effects of adenosine as an adjunct
to PTCA in acute myocardial infarction (AMI). Given
the disappointing results of intravenous adenosine
administration [18], we developed a strategy for the
selective treatment of the ischemic territory right
before the onset of reperfusion.
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Fig. 3 Post-procedural ECG.

Conclusion
In this case report, we documented the relatively rare
occurrence of two coronary arteries both responsible
of myocardial infarction, but only one territory was
protected with adenosine.
Ischemia and reperfusion both contribute to myocardial damage in AMI. Adenosine has been shown
to limit ischemia-reperfusion injury in animal models.
In this study, we have shown that adenosine administration in the infarct-related artery is feasible in the
setting of primary angioplasty and that this treatment
is safe and well tolerated and does not prolong procedural time. In this pilot study, intracoronary adenosine
administration was associated with beneficial effects
on coronary flow, on ventricular function, and on clinical course (Fig. 3). These observations are consistent
with the hypothesis that a component of the ischemiareperfusion injury can be prevented in humans by
adenosine adjunct to primary PTCA. ●
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Abstract
Ischemic injury and reperfusion injury have been largely investigated in vitro and in animal models. This
wide research body has elucidated several mechanisms involved in the processes. However, clinical
applications of this information are limited andscanty. In the present article we attempt to summarize
the different time course and the mechanisms involved in ischemic damage versus reperfusion injury.
A better understanding of these complex phenomena may help in a more efficient application of cardioprotective and reperfusion strategies. This in turn could ameliorate the clinical outcome in patients with
acute coronary syndromes.
Keywords: ischemic injury; reperfusion injury; endothelial damage; cardioprotection
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Introduction
Reperfusion therapy in acute myocardial infarction (AMI) aims to restore myocardial perfusion
in order to salvage jeopardized myocardium. Major advances in interventional techniques and
pharmacological adjunctive therapy have made it possible to reopen and maintain patent over
95% of occluded vessels. But, paradoxically, this high recanalization rate has highlighted the
limitations of current strategies in regards to restoring adequate tissue perfusion and improving
patient prognosis. In fact, although we have observed an overall reduction in mortality, in
hospital mortality still approaches 10% and over 25% of patients surviving acute phase are
bound to develop heart failure syndrome.
Ischemic injury
Several studies have conclusively demonstrated that survival in the acute phase of myocardial
infarction is directly related to the duration of ischemia and to recovery of tissue perfusion. The
salvage of jeopardized myocardium is primarily determined by: 1) total ischemic time, 2) microcirculatory perfusion, and 3) myocytes and non-myocytes (endothelial cells and fibroblasts predominantly) preservation after the ischemia–reperfusion sequence [1,2]. This is consistent
with animal models of ischemia and reperfusion described by Reimer et al. [3]. Few changes
are detectable in the myocytes during the early phase of ischemic injury, while damage
becomes evident and irreversible after 30–40 minutes of ischemia. This transition to irreversibility is associated with new ultrastructural changes [4], including diffuse mitochondrial swelling,
the appearance of amorphous densities in the matrix space of the mitochondria, virtual
absence of glycogen, marked peripheral aggregation of nuclear protein and the appearance
of discontinuities in the cell membrane. This holds true in patients with STEMI, as clearly indicated in a recent work by Agati and al. using cMRI [5]. They observed that patients reperfused
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within <90 min had a smaller infarct size, showed less
severe microvascular damage and greater myocardial
salvage after reperfusion, whereas patients reperfused later (>6 hours) presented with larger infarcts
and greater microvascular obstruction and limited, if
any, myocardial salvage. They also reported that the
area at risk reduced over time only in patients reperfused within 90 min while it progressed to irreversible
damage when reperfusion was achieved later. These
data clearly confirm that the potential for myocardial
salvage decrease dramatically with time and that
after 90 minutes of ischemia there is limited benefit, if
any, in term of infarct size reduction [2].
Reperfusion injury
Ultrastructural images obtained at a different time of
coronary occlusion (20–80 minutes) in a dog model
of coronary ligation and reperfusion, demonstrated
that microvascular damage appears after 60 minutes
of occlusion and always lags behind myocardial cell
injury, appearing as early as 20 minutes after the
beginning of ischemia. Microvascular alterations were
consistently located in areas of irreversibly damaged
myocytes [6]. The extension of non-reperfused area,
within the ischemic zone, was larger after severe and
prolonged ischemia and after prolonged reperfusion
[7,8]. Additional studies have also confirmed that the
area of no reperfusion increases with time, suggesting
an independent progression of the reperfusion injury
[9,10]. Microvascular damage has been identified as
one of the key components of the no-reflow phenomenon. The cardiac no-reflow phenomenon was originally described in 1974 by Kloner et al. [11,12]. When
canine myocardium was exposed to short periods of
ischemia (<40 min of ischemia), no significant changes
were noted in small cardiac vessels. However, when
ischemia was maintained up to 90 min, dramatic
changes appeared in the endothelial cells at capillary
level. Electron microscopy studies revealed severe
endothelial damage with capillary swelling and blebs
causing intraluminal protrusions. Cellular and interstitial edema were also noted. Manciet et al. [13] demonstrated that ischemia for less than 30 min did not have
a significant effect on small vessels. However, when
arteries were exposed to ischemia of longer duration,
capacity for endothelium-mediated relaxation progressively decreased and was totally lost after
120 min of ischemia. With loss of normal endothelial
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function the vascular system lost the metabolic regulation capacity, i.e., lost the capacity to dilate in
response to myocardial needs. In addition, intracellular
edema and endothelial cell swelling occurred during
myocardial infarction [14], resulted in compression of
capillaries and small arterioles, further increasing resistance to flow through these dysfunctional vessels [13].
Ambrosio et al. [9] studied canine hearts submitted to
90-minute occlusions followed by reperfusion for
either 2 minutes or 3.5 hours. The areas of absent
capillary filling were larger after 3.5 hours than after
2 minutes of reperfusion and resulted primarily from
intracapillary erythrocyte stasis and marked intravascular neutrophil accumulation. Reperfusion injury is a
multifactorial process, including the “endothelial trigger” and “the inflammatory amplification” steps [15].
One of major determinants of endothelial dysfunction
[16] is the loss of the endothelial cells capacity to
release nitric oxide (NO) [17], which occurs within
2.5–5 min following re-establishment of flow. The
reduced release of NO from the ischemic-reperfused
endothelium occurs after 2.5–5 min of reperfusion,
persists for hours, and appears to be related to superoxide radicals production by the abrupt reoxygenation
[18]. Thus, a component of the reduced NO release is
due to enhanced quenching of NO by superoxide
radicals. This is followed by a dramatic increase in
polymorphonuclear cells (PMN) adherence to the
reperfused endothelium, becoming highly significant
at 20 min post-reperfusion. This enhanced leukocyte
adherence to the endothelium leads to capillary plugging and edema formation resulting, in turn, in coronary blood flow reduction. Leukocytes present in the
coronary microcirculation at the time of reperfusion
play a central role in the no-reflow phenomenon [19].
Following PMN adhesion to the endothelium, transendothelial migration of activated PMNs can occur
resulting in PMN accumulation in the myocardium.
Even if capillary leucocyte trapping is prominent in
the area of no-reflow, the effects of leucocytes are
probably not limited to mechanical plugging, but may
involve complex interactions with endothelium, platelets, and perhaps with myocytes. Polymorphonuclear
cells are able to release ROS, proteolytic enzymes,
and lipooxygenase products (leukotrienes) that influence platelet and endothelial function. Endothelial
cells can modulate leucocyte function by the expression of adhesion molecules—for example, intercellular
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adhesion molecule-1 (ICAM-1) or P-selectin—and by
release of soluble factors including nitric oxide, prostacyclin, endothelin, and platelet activating factor. Platelets affect polymorphonuclear cell activation by
release of thromboxane A2, platelet derived growth
factor, serotonin, lipooxygenase products, proteases,
and adenosine [19].
Latchman et al. [20] have further investigated the
specific ways and time of death of endothelial cell
(EC) and cardiac myocytes during ischemia and reperfusion in a rat model of ischemia/reperfusion. Apoptosis after ischemia/reperfusion proceeds in a cell- and
time-dependent manner. Ischemia alone was not sufficient to complete the apoptotic death of myocyte and
non-myocyte cells. Apoptosis of EC was initially visible
in small coronary vessels to appear later on also in
larger vessels and was associated with a progressively enlarging perivascular cuff of cardiomyocytes
apoptosis. After 2 hours of reperfusion, the proportion
of apoptotic EC decreased, and apoptotic cardiomyocytes were more homogenously distributed. This led
the authors to suggest that ischemia without reperfusion can initiate the molecular pathway of apoptosis,
although reperfusion is required to complete the DNA
fragmentation and morphological changes typical
of an end-stage apoptotic cell. This requirement for
reperfusion in completing the apoptotic program is
consistent with previous studies [21,22]. The observation that EC apoptosis precedes that of cardiomyocytes has two important implications. First, mediator
(s) generated during the ischemic period, released
into the circulation may be necessary to complete the
apoptotic process during reperfusion. Second, cardiomyocytes apoptosis may be triggered by the diffusion
into the myocardium of soluble apoptogenic mediators
derived from damaged EC. Several candidate mediators for this paracrine apoptosis of cardiomyocytes
have been postulated, including those that ligate to
tumor necrosis factor-alpha or Fas ligand and free
radicals. The potential involvement of soluble factors
in apoptosis after ischemia/reperfusion injury suggests
that strategies based on their scavenging or inhibition
may allow endothelial cell rescue and protect the
myocardium.
Summary and conclusions
These observations are consistent with the hypothesis
that cellular injury at the microvascular level is already
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initiated during the ischemic insult, and that injurious
mechanism(s) continues to operate, as a vicious
cycle, during the reperfusion process. Therefore the
final extent of microvascular damage and myocytes
death is determined by the processes developing during the occlusion period as well as by the time at which
reperfusion is applied. Ischemic damage needs no longer than 30 to 40 minutes to be established and reperfusion damage occurs within minutes from coronary
blood flow restoration. These observations have two
major consequences. First, they impose to reperfuse
as soon as possible in order to reduce infarct size and
second, they mandate the use protective strategies at
the time of reperfusion to limit myocardial damage. The
potential beneficial effect of these cardioprotective
strategies is higher when reperfusion occurs early (less
than 2 hours), i.e., when significant amount of viable
myocardium is still present. Reperfusion damage
contributes little to final infarct size when the myocardium is reperfused later after completing ischemic cell
death. ●
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O

besity is a well-established risk factor for cardiovascular disease, including hypertension
(HTN), heart failure (HF), and coronary heart disease (CHD) [1]. Interestingly, for each increment of 1 unit in body-mass index (BMI), an increase in the risk of heart failure of 5% for men
and 7% for women has been estimated [2]. However, once the disease is established, data
from clinical cohorts suggest that overweight and obese patients with HTN, HF, and CHD
tend to have a more favorable short- and long-term prognosis, a phenomenon termed as
“obesity paradox” [3,4]. Although the underlying mechanisms remain elusive, the obesity paradox has led physicians to question whether obesity should be treated when associated with HF.
Obesity paradox clearly represents a controversial area, and this is reflected both in the lack
of finite directions from the HF international guidelines, as well in some of the issues regarding
data in the literature. First of all, the available data are mostly retrospective in nature and, as
such, cannot replace prospective studies. Moreover, although weight loss in chronic HF has
consistently been linked to impaired survival [5], there are no data to support that purposeful
weight gain improves clinical outcomes of HF patients. In addition, none of the major studies
accounted for non-purposeful weight loss (an important phenotype of advance HF patients)
or duration of disease. Indeed, over the past 50 years, the prevalence of HF has continuously
risen due to improved survival [6]. As a consequence, HF patients present with a longer and a
more advanced disease history, which is associated with an increased catabolic state. In this
regard, obese patients with HF may represent a patient population with a greater metabolic
reserve [5,7] or, in other words, a less advanced disease stage. In fact, obese patients with
HF are, on average, younger, have lower natriuretic peptide levels, have more skeletal muscle,
better appetite and are less catabolic.
On the other hand, when assessed in other cardiovascular disease setting such as CHD,
purposeful weight loss as a result of cardiac rehabilitation program appears to have a favorable
impact on long-term outcome, regardless of initial BMI [8]. Moreover, despite the obesity paradox in HF, trials have suggested that weight loss can induce improvements in left-ventricular
(LV) mass as well as in systolic and diastolic ventricular function [9–11]. In addition, it has
been suggested that, when separately assessed, weight loss and fat loss may have a different
impact on mortality rates [12,13].
As outlined, the “weight” of evidence does not support weight gain as a treatment choice in
HF patients. Systematic studies on purposeful changes in body composition in HF are warranted to establish the pathophysiology and evidence-driven management of nutritional status
in this patient population. ●
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Adenosine
Adenosine is a purine nucleoside comprised of adenine attached to a ribose sugar that plays a key role
in cellular processes such as energy transfer and
signal transduction.
Akt
Akt, also known as protein kinase B, is a kinase activated upon insulin stimulation that aids in facilitating
glucose uptake into insulin sensitive tissues such as
the skeletal muscle.
ATP-sensitive potassium channels (KATP)
KATP are potassium channels gated by ATP present in
the sarcolemmal, mitochondrial, and nuclear membranes. Increased ATP levels cause these channels
to close, resulting in depolarization.
Cyclosporin A
Cyclosporin A is an immunosuppressive agent that
inhibits MPTP opening via binding to cyclophilin D.
Electron transport chain
The electron transport chain encompasses a series of
four inner mitochondrial membrane protein complexes
that allow electron transfer between electron donors
(i.e., NADH/FADH2) and electron acceptors such
as O2. The transfer of electrons between these complexes causes the transfer of protons from inside the
mitochondrial matrix outside into the mitochondrial
inner membrane space, which drives an electrochemical proton gradient used to drive ATP synthesis in the
process of oxidative phosphorylation.
Exenatide
Exanatide is the synthetic version of the GLP-1 receptor agonist hormone, exendin-4, and is currently used
in the treatment of type 2 diabetes due to its ability to
enhance glucose-stimulated insulin secretion.
FGF-2 (fibroblast growth factor-2)
FGF-2 exists as low molecular weight (18 kDa) and
high molecular weight isoforms (20-34 kDA). It belongs
to a large family (FGF-1-FGF23) of highly conserved
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heparin binding growth factors that act by binding to
and activating cell surface receptors (FGFR1-FGFR4)
possessing intrinsic tyrosine kinase activity.
Heat shock proteins (HSPs)
Heat shock proteins are cytoprotective, molecular
chaperone proteins, belonging to five families based
on molecular weight (kDa)—HSP100, HSP90, HSP70,
HSP60, and small HSPs (12-43 kDa).
Insulin-like growth factor-1 (IGF-1)
IGF-1 is a 70 amino acid peptide hormone that is
structurally related to insulin, IGF-1 contributes to a
wide range of processes including the regulation of
cellular growth, differentiation, survival, and energy
homeostasis.
Mitochondrial permeability transition pore(MPTP)
The MPTP is a protein pore that forms in the inner
mitochondrial membrane during cellular stresses
such as ischemia/reperfusion injury, resulting in mitochondrial swelling and subsequent cellular death via
either apoptosis or necrosis.
Reperfusion injury salvage kinase (RISK) pathway
The RISK pathway is acytoprotective kinase signaling
pathway comprised of the pro-survival kinases
phosphotidly-inositol 3-kinase, Akt, and the extracellular regulated mitogen activated protein kinases
(ERK1/2). It is implicated in limiting myocardial ischemia reperfusion injury.
Sevoflurane [1,1,1,3,3,3-hexafluoro-2(fluoromethoxy)propane]
Sevoflurane is a volatile liquid that is utilized as an
inhalation anesthetic to induce and maintain general
anesthesia.
Survivor activating enhancer (SAFE) pathway
The SAFE pathway is a cytoprotective kinase signaling
pathway that requires the activation of signal transducer and activator of transcription 3 (STAT-3) and is
implicated in limiting myocardial ischemia reperfusion
injury. ●
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