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REPERFUSION INJURY: DOES IT EXIST?
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Abstract

It is well established that reperfusion of the heart is the optimal method of salvaging previously
ischemic myocardium. However, the idea of reperfusion injury, i.e. injury caused by the process of
reperfusion per se still remains a controversial issue. In this review, we present mounting evidence
supporting the concept that reperfusion injury exists, based on work conducted with adenosine and
opioid receptor ligands, and the discovery of two new concepts regarding reperfusion injury:
‘postconditioning’ (POC) and the reperfusion injury salvage kinase (RISK) signaling pathway.

Introduction

The concept of reperfusion injury has been a subject of debate for the past three decades, in
which some investigators believe that all injury develops during the ischemic period whereas
others argue that blood reflow extends tissue injury due to the release of oxygen-derived free
radicals, dysregulation of intracellular and mitochondrial calcium, microvascular dysfunction
leading to incomplete return of blood flow to areas of the microcirculation (the no-reflow
phenomenon), an overzealous inflammatory reaction involving influx of various populations
of immune cells, and delayed cell death due to apoptosis. However, several key discoveries in
recent years have bolstered the concept of reperfusion injury. First, several different
pharmacological agents, including adenosine and opioid receptor ligands, have been shown to
attenuate myocardial injury when applied at the time of reperfusion [1-3]. Second, Vinten-
Johansen's group has introduced a novel method of reperfusion that provides marked
cardioprotection involving reinstitution of blood flow in a stuttering fashion [4,5]. This
phenomenon, termed ‘postconditioning’ (POC), is distinctly different and clearly more
clinically relevant than that of ischemic ‘preconditioning’, (IPC) whereby intermittent
ischemia/reperfusion is applied prior to a prolonged coronary occlusion [4,5]. Finally, a pro-
survival signaling pathway termed the reperfusion injury salvage kinase (RISK) pathway has
been uncovered in the myocardium [6]. Recent evidence suggests that this signaling cascade
may provide a molecular mechanism by which pharmacological agents as well as IPC and POC
may, in part, reduce reperfusion injury. This pathway (Figure 1) includes several anti-apoptotic
pro-survival signaling kinases (phosphatidylinositol-3-OH kinase [PI-3 kinase] - Akt,
mammalian target of rapamycin [MTOR], p70s6 kinase, glycogen synthase kinase 3
[GSK3B], p42/p44 extracellular signal-regulated kinases [ERK 1/2]), ATP sensitive potassium
(KaTp) channels, and the mitochondrial permeability transition pore (MPTP), which may serve
as a major convergence point that determines whether a cell survives or not. In this article, we
review current evidence to suggest that reperfusion injury exists, based on recent discoveries
in the field of cardioprotection with adenosine, opioids, and POC.
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Adenosine and Reperfusion Injury

Studies with adenosine arguably provide the strongest evidence to suggest that reperfusion
promotes tissues injury and that treatment with pharmacological agents can be used effectively
to diminish it. In 1987, Olafsson and colleagues [7] first demonstrated that treatment with
adenosine during reperfusion reduced infarct size in a dog model of left anterior descending
coronary artery (LAD) occlusion and reperfusion. These investigators [7] infused adenosine
directly into the coronary circulation of anesthetized dogs at a rate of 3.75 mg/min for the first
hour of reperfusion after 90 min of total occlusion of the LAD coronary artery. After 24 hours
of reperfusion, adenosine treatment was shown to reduce infarct size ~75% and to improve
both regional and global indices of ventricular function; adenosine treatment was also shown
to reduce the degree of neutrophil infiltration and capillary plugging and preserve endothelial
function. Although some suggested that adenosine was only effective if administered in
conjunction with lidocaine [8], subsequent work by others essentially confirmed this initial
finding by Olafsson and further observed that treatment with adenosine is only effective if the
period of occlusion is relatively short (<3 hrs; [9,10]). Using a similar dog model, Pitarys and
colleagues [11] demonstrated that adenosine is also effective if administered systemically.
These investigators [11] infused adenosine intravenously for the first hour of reperfusion in
dogs subjected to 90 min of LAD occlusion, and found that infarct size was reduced ~50% by
adenosine treatment after 72 hours of reperfusion. In this study [11], adenosine was
administered at a rate of 0.15 mg/kg/min, a dose that in anesthetized dogs did not decrease
heart rate or blood pressure. Collectively, these results provided strong evidence that
reperfusion injury exists, and that it comprises 50-75% of the final infarct size after reperfusion.
Furthermore, since many of these initial studies involved assessment of infarct size or function
after long periods of reperfusion (24-72 h), the results of these studies suggest that the
protection against tissue injury provided by adenosine treatment is permanent.

Based on these positive preclinical experiments, the AMISTAD (Acute Myocardial Infarction
Study of Adenosine) trials were initiated to determine whether intravenous treatment with
adenosine provides benefit to patients with an acute myocardial infarction undergoing
reperfusion therapy [12,13]. The AMISTAD-I trial (236 patients) was designed to determine
whether adenosine reduces infarct size in patients with an evolving myocardial infarction (ST-
segment elevation myocardial infarction; STEMI) subjected to reperfusion therapy with
thrombolytic agents [13]. The AMISTAD-I1 trial was a larger follow-up study (2,118 patients)
focused on determining whether treatment with adenosine during reperfusion with either
pharmacological or mechanical therapy improves clinical outcomes, defined as development
of new congestive heart failure or death within 6 months [12]. In both of these multicenter
prospective studies, adenosine was infused intravenously at a dose of 50 - 70 pug/kg/min for 3
hrs beginning no more than 6 hrs after the onset of symptoms, and infarct size was assessed
by single-photon emission computed tomography (SPECT) myocardial perfusion imaging with
technetium-99 m sestamibi™, Although there are varying interpretations of the results of the
AMISTAD trials, it is generally considered that treatment with adenosine in both studies
produced a significant reduction (~67% in the AMISTAD-I trial and ~60% in the AMISTAD-
Il trial with the 70 mg/kg/min dose) in infarct size in patients with anterior wall infarction, but
that it did not significantly improve clinical outcomes [12,13]. However, this apparent lack of
a beneficial effect of adenosine treatment on clinical outcomes was explained by the fact that
both of the studies were underpowered. Subsequent subset analysis of the AMISTAD-II trial
revealed that treatment with adenosine produced a significant improvement in clinical
outcomes if the analyses were confined to those patients that were successfully reperfused or
were administered adenosine within 3 hrs of symptom onset, results that are consistent with

*Infarct size was also assessed in a subset of 266 patients in the AMISTAD-II trial.
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the known cardioprotective profile of adenosine established previously in preclinical trials in
dogs [14]. Overall, the AMISTAD studies support the contention that treatable reperfusion
injury also exists in humans.

The AMISTAD trials also demonstrated that treating acute myocardial infarction patients with
intravenous adenosine exerts no serious adverse clinical effects, although it tended to slightly
increase the incidence of hypotension, bradycardia, heart block, and ventricular arrhythmias,
likely due to activation of A; adenosine receptors (AR) in conducting tissue and AypARS in
vascular smooth muscle cells [12-14]. In fact, an increased incidence in adverse events
contributed to the decision to test a lower dose of adenosine (50 pg/kg/min) in the second
AMISTAD trial. Thus, the cardioprotective effectiveness of adenosine, which is a non-
selective agonist with equal potency at activating A1, Aza, and A3ARST, appears to be limited
by side effects when administered by the intravenous route.

For this reason, preclinical efforts are currently focused on testing the cardioprotective efficacy
of subtype-selective adenosine receptor agonists in models of reperfusion injury. By targeting
specific adenosine receptor subtypes, it has been hypothesized that the cardioprotective
efficacy of selective agonists may not only produce fewer side-effects, but also be more
efficacious since it has been speculated that activation of some adenosine receptor subtypes
during reperfusion may promote tissue injury [15,16]. Particular attention has focused on
AuaAR agonists, since current evidence suggests that this receptor subtype mediates the
protective effects of adenosine during reperfusion injury. Similar to results obtained with
adenosine, intracoronary infusion with the A,paAR-selective agonist CGS 21680 has been
reported by several groups to effectively reduce infarct size in canine and swine models by
50-60%, but only at doses (0.15 — 2.0 pg/kg/min) that produced either hypotension or reflex
tachycardia [17-20]. Considering the importance of the ApaAR in regulating vascular tone,
these initial studies therefore suggested that the usefulness of A;aAR agonists may also be
confounded by undesirable hemodynamic effects. More recently, however, Glover and
associates [21] showed that intravenous infusion of the A;pAR agonist ATL 146e effectively
reduced infarct size in anesthetized dogs subjected to 90 min of LAD occlusion and 2 h of
reperfusion when administered at a low dose (0.01 pg/kg/min) that did not alter heart rate,
systemic blood pressure, or coronary blood flow. Since ATL 146e was infused prior to
occlusion, during occlusion, and throughout reperfusion in this study [21], it is unclear whether
it was effective by specifically reducing reperfusion injury. Nevertheless, this study supports
the concept that non-vasoactive doses of AxpAR agonists may be effective at reducing
reperfusion injury, suggesting that the cardioprotective potency of certain ApaAR agonists
may be greater than their potency to dilate blood vessels.

In additional to AoaAAR agonists, A3AR agonists have also been tested for their efficacy at
protecting against myocardial reperfusion injury. The A3AR is the most recent member of the
adenosine receptor family that, like the A1AR, is coupled to inhibitory G; proteins [22].
Although most previous work has focused on the involvement of the AzAR in IPC, we have
recently reported that intravenous bolus administration of 100 pg/kg of the AzAR agonist I1B-
MECA immediately before reperfusion reduced infarct size by 50% in dogs subjected to 60
min of LAD occlusion and 3 h of reperfusion, suggesting that activation of the AzAR can also
effectively reduce reperfusion injury [23]. Administration of IB-MECA in this study did not
alter systemic hemodynamic parameters or coronary blood flow [23]. Similar findings have
been reported by Tracey and colleagues [24] in dogs using the highly selective A3AR agonist
CP-602,903. Since the AzAR does not appear to be involved in regulating vascular tone or
heart contractile function, A3 agonists may have less potential for producing adverse
hemodynamic effects compared to adenosine or A;aAR agonists.

T Adenosine is also an agonist of the fourth adenosine receptor subtype, the A2g adenosine receptor, at 20-100-fold higher concentrations.
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Regarding specific mechanisms, compelling evidence suggests that adenosine and AppAR
agonists are effective by suppressing inflammation associated with reperfusion. Reperfusion
induces a vigorous inflammatory response characterized by a dramatic increase in neutrophil
adherence, which leads to capillary plugging, edema, and a reduction in coronary blood flow
[25]. A2aARs are highly expressed on cells involved in the inflammatory response including
neutrophils, macrophages, and endothelial cells [3,26-30]. Stimulation of AyaARS on
neutrophils inhibits oxidase activity, degranulation, and adhesion molecule engagement [3,
26-30]. Activation of ApaARs on endothelial cells and macrophages inhibits pro-inflammatory
cytokine/chemokine production and adhesion molecule expression [3,26-30]. Most of these
actions of the AppAAR are mediated by the G4 protein-cAMP signaling axis [3,26-30]. Thus,
AoaARs clearly play a critical role in inhibiting pro-inflammatory responses and reducing
immune cell-mediated injury. Numerous in vivo studies have provided supportive evidence to
suggest that adenosine and ApaAR agonists suppress indices of inflammation during
reperfusion injury, including neutrophil accumulation and pro-inflammatory protein
expression [3]. Interestingly, Yang and colleagues [31] recently conducted an elegant study
examining the mechanism by which ATL 146e reduces reperfusion injury using A,pAR gene
‘*knock-out” mice and immunocompromised Rag-1 ‘knock-out” mice lacking B and T
lymphocytes. These investigators [31] found that ATL 146e (5 or 10 ng/kg bolus given at the
onset of reperfusion) reduced infarct size in wild-type mice, but not in global A aAAR gene
knock-out mice, chimeric mice lacking the expression of ApaARs only on bone marrow-
derived cells, or RAG-1 ‘knock-out” mice. These findings provided additional evidence
supporting the theory that ApaAR activation reduces reperfusion injury by an anti-
inflammatory mechanism, but further pointed towards interactions with AoaARS expressed in
bone marrow-derived T and B lymphocytes [31]. Importantly, these results are the first to
implicate involvement of lymphocytes (probably T lymphocytes) in injury associated with
myocardial ischemia and reperfusion. Although it remains to be determined, it has been
speculated that neutrophils and monocytic cells may be recruited to the reperfused myocardium
by cytokines generated by specific subsets of natural killer T cells activated by tissue injury.

Current evidence also suggests that AsAR agonists effectively reduce reperfusion injury by
suppressing inflammatory responses. Ge and colleagues [32] recently presented preliminary
data showing that the A3AR agonist CI-IB-MECA effectively reduced infarct size in wild-type
mice, but not in AzAR gene knock-out mice or in bone marrow chimeric mice lacking the
expression of A3ARs on bone marrow-derived cells. Although the AsAR was initially labeled
as a pro-inflammatory receptor because it stimulates degranulation of mast cells from rodent
specifiesi, more recent work has uncovered that this receptor subtype may also serve anti-
inflammatory roles. For instance, it has been proposed that the AzAR inhibits cytokine
expression from certain cell types, although this remains controversial [27]. More recently, we
have demonstrated that activation of the A3AR inhibits superoxide production and chemotaxis
of mouse neutrophils [33]. Although most data suggests that AsARs are effective by inhibiting
inflammatory responses, Park and colleagues [34] have recently suggested that the AsAR
agonist IBMECA reduces reperfusion injury by inhibiting opening of the mitochondrial
permeability transition pore via pro-survival kinase signaling. In this study using rats [34],
however, it is unlikely that IB-MECA functioned via the AsAR since it was used at a very high
concentration and its effects were blocked by the human A3AR antagonist MRS 1334, which
displays very low potency for rodent AsARs [35].

Opioid Receptors and Reperfusion Injury

Endogenous opioid peptides and their respective receptors have been studied extensively in
the central nervous system in relation to pain perception. However, it is becoming increasingly

The A2BAR promotes degranulation of mast cells from non-rodent species.
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appreciated that the opioid system also functions in the myocardium where it regulates normal
and disease states. Of the three known opioid receptors (u, 8, and «), the G; protein-coupled
& and « receptors have been shown to be expressed in ventricular myocytes; these receptors
appear to be involved in the regulation of contractile force [36]. Large stores of endogenous
opioid peptide precursors are also found in the myocardium [37-40]. In this regard, it has been
shown that the heart has the ability to synthesize and release all three major opioid peptides
including the enkephalins, endorphins, and dynorphins [37-40]. Surprisingly, mRNA
expression of preproenkaphalin, the precursor peptide to the endogenous 6 opioid receptor
ligand enkephalin, is highest in the heart compared to all other organs, including the brain
[41]. Several studies have been conducted over the past several years supporting the concept
that opioid peptides are released in response to ischemia, which act upon & and « receptors to
contribute to both the early and late phases of IPC [37,40]. Furthermore, it is well established
that exogenous administration of opioid receptor agonists, including high doses of
morphine§, reduces myocardial ischemia/reperfusion injury when administered prior to the
ischemic insult [37,40].

More recent studies have focused on addressing whether opioid receptor ligands are also
cardioprotective when administered at the time of reperfusion. Gross and associates [42-44]
have shown that morphine, the & opioiod receptor agonists BW373U86, or the irreversible &
opioid receptor agonist fentanyl isothiocyanate reduced infarct size in rats subjected to 30 min
of coronary occlusion and 2 h of reperfusion to a similar extent when administered prior to the
coronary occlusion or 5 min before release of the occlusion. In contrast, the k opioid receptor
agonist U50,488 was not effective at reducing reperfusion injury [1]. Further mechanistic
studies showed that the protection provided by both morphine and the & opioid receptor agonists
was blocked by inhibitors of components of the RISK pathway including wortmannin/
LY294002 (PI-3 kinase inhibitors) and rapamycin (mTOR) and a p70s6 kinase inhibitor, and
that activation of opioid receptors increased phosphorylation of GSK within the ischemic
zone at serine® during early reperfusion [42]. Collectively, these data provide the first evidence
to suggest that activation of opioid receptors (most likely  opioid receptors) reduces
reperfusion injury by interacting with anti-apoptotic pro-survival kinase signaling pathways
[42]. Furthermore, these data support the continued use of morphine to treat patients with acute
ischemia/reperfusion injury as well as efforts to develop selective peripherally active & opioid
receptor agonists for treating reperfusion injury.

Postconditioning

The existence of POC is the newest evidence that has emerged to support the concept of
reperfusion injury. The term postconditioning refers to the phenomenon in which multiple brief
periods of reperfusion interspersed with brief periods of ischemia (10 — 60 s) results in a
reduction in infarct size [4,5]. Generally, 3 cycles of ischemia/reperfusion are required to
produce a maximal POC effect, although 4 and 6 cycles have been shown to be effective by
some investigators [4,5]. However, it is the interval of reperfusion and ischemia that is the most
critical factor in determining how efficacious POC will be. POC protocols shown to be
maximally effective at reducing infarct size range from 10 — 60 s depending on the specific
species being studied (10 — 15 s in mice or rats and 30 s in dogs [4,5]). These ischemia/
reperfusion cycles need to be performed precisely, since any variation for a given species results
in the failure of POC to be effective. It is also important to note that, like IPC, POC is only
effective at reducing infarction induced by relatively short periods of ischemia (30-45 min in
rodents/rabbits and 60-90 min in dogs/swine; [4,5]).

§Although morphine is considered to be a p opioid receptor agonist, it is effective in models of myocardial ischemia/reperfusion injury
at high doses most likely by activating 8 and/or « opioid receptors.

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gross and Auchampach Page 6

The initial studies by Zhao et al in Vinten-Johansen's laboratory was the first to discovery POC
[45], which was appropriately named to distinguish it from the more commonly studied
phenomenon IPC. The initial studies by Zhao et al [45] were carried out in anesthetized dogs
in which a 1-h coronary artery occlusion followed by 3 h of reperfusion was performed in the
presence or absence of POC induced by subjecting the hearts to 3 cycles of 30 s reperfusion/
30 s ischemia applied at the start of reperfusion. In this study [45], two additional groups were
included in the study that were subjected to IPC alone or in combination with POC. The results
revealed that POC produced an equivalent reduction in infarct size of ~40-50% compared to
IPC, and that POC combined with IPC produced no additive or synergistic protective effect
on infarct size [45]. Additional analyses demonstrated that POC reduced endothelial
dysfunction, apoptosis, lipid peroxidation, superoxide production, and neutrophil activation/
infiltration into the reperfused myocardium and that this effect was not a delay in injury, but
rather a sustained reduction in injury that persisted for at least 72 h [4,5]. Since these initial
studies, a number of other investigators have demonstrated the existence of POC in other
species including rodents, rabbits, and swine [4,5].

Importantly, evidence for the existence of POC has also been obtained in humans. Laskey et
al [46] and Staat et al [47] recently published two landmark studies in which POC was shown
to reduce ischemia/reperfusion injury in patients experiencing an acute myocardial infarction.
In the study by Staat et al [47], 30 patients with acute myocardial infarction being reperfused
by balloon angioplasty were subjected to either standard reperfusion therapy or a POC protocol
consisting of four cycles of 1-min reperfusion/1-min occlusion by catheter balloon inflation.
In this study [47], tissue necrosis was estimated by creatine kinase release over the ensuing 72
h. Interestingly, all of the standard determinants of infarct size including the size of the risk
region and collateral function were similar in the two treatment groups. However, the area-
under-the-curve calculated from plasma creatine kinase levels over time was significantly
smaller (36%) in the POC group [47]. This value is similar to the infarct size reduction observed
in the first report of POC in dogs by Zhao and colleagues [45]. These results in humans are
quite exciting and suggest that POC could become a routine procedure for use in patients
undergoing elective surgery including coronary bypass or angioplasty, or in patients with an
acute myocardial infarction. Certainly additional clinical studies are necessary to further assess
the efficacy of POC in various clinical conditions.

Interestingly, the mechanism of POC seems to involve enhanced release of endogenous
adenosine, which may reduce reperfusion injury by mechanisms similar to that provided by
exogenous administration of receptor agonists during reperfusion. Using an isolated buffer-
perfused rabbit heart model, Yang et al [48] demonstrated that the reduction in infarct size
induced by POC induced by 6 cycles of 10 s reperfusion/10 s occlusion was blocked by the
non-selective AR antagonist 8-SPT. Subsequent studies by Kin and colleagues [49] using an
isolated buffer-perfused mouse heart model demonstrated that protection provided by POC
appeared to be mediated via Apa and or AsARs, since it was blocked by administration of ZM
241385 or the rodent AsAR antagonist MRS 1523. This study also showed that POC delayed
washout of adenosine during reperfusion, which presumably would result in enhanced
activation of myocardial ARs [49]. Interestingly, evidence has been provided suggesting that
the release of endogenous opioid peptides may also be enhanced by POC. Preliminary results
recently demonstrated that administration of two different non-selective opioid receptor
antagonists naloxone or quaternary naloxone (peripherally acting), the selective & opioid
receptor antagonist naltrindole, or the selective k opioid receptor antagonist nor-BNI all
blocked the protective effect of POC in an in vivo rat model of infarction [4].

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 January 1.
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Conclusions

In summary, with the discovery of POC as well as new data showing a beneficial effect of
administering adenosine receptor and opioid receptor ligands at the time of reperfusion greatly
strengthen the concept of lethal reperfusion injury. Itis envisioned that the use of POC protocols
and pharmacological agents for treating reperfusion injury will soon become routine in the
clinical setting. Even though POC may be old wine in a new bottle, as suggested by Heusch
[50], the reintroduction of POC is undoubtedly one of the most exciting new concepts in
cardiology in recent years, providing a prime example of bench-to-bedside translational
research. Further studies are needed to decipher the cellular mechanisms by which POC and
RISK signaling produce cellular protection, and studies of POC in other organs such as the
brain and kidney where reperfusion injury is also a significant problem are warranted.
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The Reperfusion Injury Salvage Kinase (RISK) Pathway
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Schematic illustration of anti-apoptotic pro-survival signaling mechanisms, termed the
reperfusion injury salvage kinase (RISK) pathway, that have been proposed to protect the heart
from reperfusion injury. Reperfusion is believed to promote opening of the mitochondrial
permeability transition pore, which induces both apoptotic and necrotic cell death due to the
release of mitochondrial proteins and loss of ATP-generating capacity. Activation of G protein-
coupled receptors (opioid and potentially adenosine receptors) or growth factor receptors
during reperfusion is believed to initiate signaling mechanisms involving phosphatidy!l
inositol-3 kinase (P1-3k), akt, p42/p44 extracellular signal-regulated kinase (ERK),
mammalian target of rapamycin (TOR), p70s6 kinase, and glycogen synthase kinase 8
(GSKB) that prevents opening of the MPTP. It has been proposed that an isoform of the ATP
sensitive potassium channel (Katp) may also be expressed in the mitochondria that regulates

MPTP opening.

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 January 1.



