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Abstract

Brief periods of cardiac ischemia and reperfusion exert a protective effect against subsequent

longer ischemic periods, a phenomenon coined ischemic preconditioning. Similar, repeated brief

episodes of coronary occlusion and reperfusion at the onset of reperfusion, called post-

conditioning, dramatically reduce infarct sizes. Interestingly, both effects can be achieved by the

administration of any volatile anesthetic. In fact, cardio-protection by volatile anesthetics is an

older phenomenon than ischemic pre- or post-conditioning. Although the mechanism through

which anesthetics can mimic ischemic pre- or post-conditioning is still unknown, adenosine

generation and signaling are the most redundant triggers in ischemic pre- or postconditioning. In

fact, adenosine signaling has been implicated in isoflurane-mediated cardioprotection. Adenosine

acts via four receptors designated as A1, A2a, A2b, and A3. Cardioprotection has been associated

with all subtypes, although the role of each remains controversial. Much of the controversy stems

from the abundance of receptor agonists and antagonists that are, in fact, capable of interacting

with multiple receptor subtypes. Recently, more specific receptor agonists and new genetic animal

models have become available paving way towards new discoveries. As such, the adenosine A2b

receptor was shown to be the only 1 of the adenosine receptors whose cardiac expression is

induced by ischemia in both mice and humans and whose function is implicated in ischemic pre-

or post-conditioning. In the current review, we will focus on adenosine signaling in the context of

anesthetic cardioprotection and will highlight new discoveries, which could lead to new

therapeutic concepts to treat myocardial ischemia using anesthetic preconditioning.

Introduction

Ischemic heart disease is a major cause of mortality and heart failure in western countries

[1]. The prevalence of cardiovascular disease significantly affects the outcome of both

cardiac and non-cardiac surgery, and perioperative cardiac morbidity is one of the leading

causes of death following anesthesia and surgery [2]. In addition, as the average age of the

surgical population increases, anesthesiologists have to treat older patients with known or

suspected ischemic heart disease in the perioperative period [3]. Thus, developing novel

drugs or interventions to improve the clinical outcomes of patients with ischemic heart

disease is an imminent medical need.
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Because myocardial infarct size determines acute and long-term prognosis in patients with

acute myocardial infarction (AMI), reducing the size of the infarct is the therapeutic goal.

Early reperfusion can prevent the ischemia-induced myocardial damage and reduce infarct

size. This concept was quickly introduced for patients with AMI by the use of primary

percutaneous coronary intervention and thrombolytic therapy. Although reperfusion can

salvage myocardium after sustained ischemia, the reperfusion itself paradoxically induces

myocardial injury named “reperfusion injury”, which attenuates the benefits of myocardial

reperfusion [4].

Over 20 years ago, Murry et al. first demonstrated that brief episodes of nonlethal ischemia

and reperfusion before sustained ischemia reduce myocardial infarct size, and it was termed

“ischemic preconditioning” [5]. The infarct-size limiting effects of ischemic preconditioning

have been consistently confirmed in many species and different models of ischemia and

reperfusion (IR) injury [6–8]. Analogously, brief episodes of nonlethal ischemia and

reperfusion at the onset of reperfusion also reduce myocardial infarct size, known as

“ischemic postconditioning”. The therapeutic goal of ischemic postconditioning is to

attenuate “reperfusion injury” only.

After these landmark studies, extensive basic research has elucidated some underlying

mechanisms of ischemic preconditioning or postconditioning and led -in part- to their

translation into a clinical setting [9–13]. In addition, many studies have shown that volatile

anesthetics, which are used every day during surgery, may precondition the myocardium

against ischemia and infarction as well. This phenomenon was termed the anesthetic-

induced preconditioning. The cellular signaling of anesthetic-induced preconditioning

involves many protein kinases and signaling molecules such as adenosine [14–27].

However, detailed studies on the mechanisms of anesthetic-induced preconditioning are still

missing and therefore from the 4 adenosine receptors only the cardiac adenosine receptor A1

has been investigated so far [28]. Based on recent studies highlighting the importance of the

adenosine A2b receptor for cardiac ischemic preconditioning [29, 30] or postconditioning

[31, 32], a role for anesthetic-induced preconditioning is intriguing. Here, we will review the

potential mechanisms of cardiac anesthetic-induced preconditioning and its relation to

adenosine signaling, a core component of cardiac preconditioning.

Cardioprotection from bench to bedside: Pre- and Post-conditioning of the

heart

Ischemic preconditioning can reduce infarct size, lethal arrhythmia and contractile

dysfunction. Originally, Murry et al. hypothesized that ATP preservation during ischemia is

the major cardioprotective mechanism underlying ischemic preconditioning [5, 33, 34].

Mechanistic studies identified different signaling molecules such as adenosine, bradykinin,

opioids, or kinase signaling pathways that activate protein kinases through their respective

receptors. Although these findings are consistently observed in experimental models,

applying ischemic preconditioning in the clinical setting is restricted to scheduled cardiac

operation and elective percutaneous coronary intervention. A meta-analysis showed that

ischemic preconditioning may provide additional myocardial protection when compared to

cardioplegia alone. However, cardiovascular surgeons do not like to repeatedly clamp and
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unclamp the aorta in patients with advanced atherosclerosis, resulting in decreased usage of

the technique.

In 2003, Zhao et al. demonstrated that brief episodes of coronary occlusion and reperfusion

at the onset of reperfusion, following 60 minutes of coronary occlusion, reduced myocardial

infarct size by 40% in canine hearts. The protocols for ischemic postconditioning have been

extensively investigated and the cardioprotective effects afforded by ischemic

postconditioning have been confirmed in many species, including humans. Unlike

preconditioning, the experimental design of postconditioning theoretically allows direct

application to the clinical settings, especially during percutaneous transluminal coronary

angioplasty. In this case, inflation and deflation of the angioplasty balloon after reopening of

the coronary artery can mimic repetitive coronary artery clamping performed in

postconditioning animal models. Several clinical studies already suggest that

postconditioning by coronary angioplasty protects the human heart during acute myocardial

infarction [9–13].

Bacterial cell-wall-fragment induced cardioprotection

Since Murry's initial observation on cardiac preconditioning, it has been reported that a

variety of agents such as anesthetics, ligands of adenosine receptors, as well as ligands of

toll-like receptors (TLR), such as lipolysaccharide (LPS) or lipoteichoic acid (LTA), are

able to mediate preconditioning-like effects [35–43]. LPS is a wall fragment of gram-

negative bacteria. Upon recognition by its receptor TLR4, an intracellular signaling cascade

is activated leading to a systemic inflammatory response. LPS has proven cardioprotective

effects in different species and models of IR [35, 39, 40]. LTA, a wall fragment of gram-

positive bacteria and recognized by TLR2, can also elicit preconditioning effects on the

myocardium. In an in vivo model of myocardial IR, LTA-treated rats showed a reduction in

infarct size, a decreased expression of adhesion molecules, and subsequently an attenuated

recruitment of polymorphonuclear neutrophils (PMNs)[35], which are generally considered

to be the principal effectors of reperfusion injury. In fact, TLR antagonists are currently

under clinical development but will still need to be tested in a clinical setting of myocardial

ischemia and reperfusion injury [44]. Interestingly, increasing evidence indicates that

various endogenous ligands that act as 'danger signals', also called danger-associated

molecular patterns (DAMPs), are released upon injury and have been shown to act via TLRs

on leukocytes and parenchymal cells. From a therapeutic perspective, DAMPs are attractive

targets owing to their specific induction after injury [45]. However, if anesthetic-induced

cardioprotection could potentially activate these endogenous protective pathways will

require future studies.

Anesthetic-induced cardioprotection

The administration of several anesthetics produces a preconditioning-like effect, protecting

the myocardium from the effects of myocardial infarction and myocardial dysfunction.

Interestingly, the potential cardiac protective effects of volatile anesthetics were already

recognized before the introduction of the concept of anesthetic-induced preconditioning.

Warltier et al. described a better recovery of myocardial function after a 15-min coronary
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artery occlusion when a volatile anesthetic was administered before the occlusion [46]. In

dogs anesthetized with isoflurane or halothane, myocardial function returned to baseline

levels within 5 h after the start of reperfusion, whereas awake dogs that received the same

treatment without anesthesia still had a 50% decrease in myocardial function at the same

time point. Subsequent studies showed that anesthetic preconditioning, (i.e., administration

of a volatile anesthetic before the period of myocardial ischemia) resulted in a similar degree

of cardioprotection as observed after ischemic preconditioning, both for functional recovery

and for protection from ischemic damage to the heart [47] and lungs [48]. Beneficial effects

on myocardial stunning have been described for all commercially available volatile

anesthetics. However, the exact mechanisms of anesthetic-induced preconditioning need to

be elucidated. And, even though clinical studies show some degree of protection [49],

anesthetic-induced preconditioning in a clinical setting is not fully established yet.

The role of adenosine in anesthetic cardioprotection

Studies directed at understanding extracellular metabolism of nucleotides in cell and tissue

responses now suggest that a number of different cells can release ATP in an active manner,

particularly when oxygen levels are limited [50, 51]. It is now accepted that the major

pathway for extracellular hydrolysis of ATP/ADP or AMP is the ectonucleoside-

triphosphatediphosphohydrolase 1 (ENTPDase 1/CD39) or Ecto-5'-nucleotidase (CD73)

[52, 53] (see Figure 1). As a key enzyme, CD73 converts AMP into adenosine, which in turn

can activate any of the four extracellular transmembrane adenosine receptors (ARs; A1AR,

A2AAR, A2BAR, or A3AR) or can be internalized through equilibrative nucleoside

transporters [54]. As indicated by several studies, the induction of CD73 and the A2b

adenosine receptor (Adora2b) on endothelial cells leads to enhanced extracellular adenosine

generation and signaling, thereby mediating barrier protection during conditions of limited

oxygen availability [55–57]. Using a murine model of in situ myocardial ischemia and

preconditioning [58, 59], we showed a pivotal role of extracellular adenosine generation via

CD73 and signaling through the Adora2b in myocardial tissue protection [30]. In this study,

we found that mice incapable of extracellular adenosine generation (Cd73−/− mice) show

increased infarct sizes following ischemia and abolished cardioprotection by IP. As CD73

represents the key enzyme of extracellular adenosine generation, one would speculate that it

might play an important role for anesthetic-induced preconditioning as well. In fact, in a

very elegant study on the mechanisms of isoflurane preconditioning, the authors found a

significant increase of CD73 activity after isoflurane preconditioning in patients undergoing

elective CABG [60]. Moreover, several studies implicated adenosine receptor signaling in

cardiac preconditioning through volatile anesthetics [28, 61, 62]. However, the exact role of

the four adenosine receptors is not investigated yet. Based on recent findings on the

importance of the Adora2b receptor for IP [29, 30, 63] or PC [32], systematic studies on the

role of all four adenosine receptors in anesthetic-induced preconditioning are warranted

(Figure 1).

New perspectives: The central role of the Adora2b in cardioprotection

Despite it long being the focus of extensive studies, including its replication in humans, the

fundamental mechanism of ischemic preconditioning remains unclear. So far, the Adora2b
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receptor is the only one of the four-adenosine receptors whose cardiac expression is induced

by ischemia in both mice and humans and whose function is implicated in ischemic

preconditioning and postconditioning. Moreover, when we compared all gene-targeted mice

for the four ARs, we found that only in Adora2b−/− mice IP mediated cardioprotecion was

completely abolished and Adora2b receptor agonist treatment (BAY 60–6583) recapitulated

cardioprotection by ischemic preconditioning. Interestingly, following microarray studies in

mice with deletion of Adora2b signaling pathways during in situ myocardial ischemia

pointed us towards the circadian rhythm protein Period2 (Per2) [29]. Following up on these

microarray studies, we observed that Per2−/− mice had larger infarct sizes compared to wild-

type mice [29]. Metabolic in vivo studies with labeled tracers indicated a limited ability of

Per2−/− mice to use carbohydrates for oxygen-efficient glycolysis during myocardial

ischemia [29]. Consistent with the notion that Per2 is a light dependent protein, we found

that intense light exposure (daylight, 13,000 LUX) was capable of increasing cardiac Per2

protein levels (Figure 2). Finally, exposing mice to intense light prior to the onset of

ischemia provided induction of glycolytic enzymes and robust cardioprotection from

myocardial ischemia. As Adora2b signaling increases Per2 expression by altering both Per2

transcription and Per2 protein stability, Per2 seems to be a strong candidate for adenosine

elicited cardioprotection. Based on the similar mechanisms between ischemic

preconditioning, ischemic postconditioning or anesthetic-induced preconditioning, the

involvement of Adora2b induced circadian rhythm pathways in anesthetic-induced

cardioprotection is an appealing thought, which will require future studies (Figure 3).

The impact of circadian rhythmes on infarct size

In 1985, a multicenter analysis of the limitations of infarct size observed circadian

periodicity in the time of onset of the clinical manifestations of acute myocardial infarction,

with a peak incidence between 6AM and noon. This increased morning incidence has been

confirmed repeatedly in individual populations and in a meta-analysis of more than 60,000

patients. Other studies reported an increased incidence during early morning hours in

unstable angina, for sudden death, stroke, ventricular arrhythmias, cardiogenic shock, aortic

aneurysm rupture, stent thrombosis, and transient myocardial ischemia [64]. In fact, two

recent studies even found that patients have larger infarct sizes in the early morning hours

compared to other times of the day [65–67].

As cardiac metabolism is critical for the heart to adapt to ischemia, circadian variations in

metabolism could explain the above findings. In order to adapt its metabolism, the

cardiomyocyte has a number of important adaptive transcription factor pathways controlling

cardiac energy metabolism, including the Hypoxia inducible factor-1 α (Hif1α) pathway

[63, 68]. Hif1α is an important mediator of anaerobic glycolysis in mammalian cells. In our

recent studies, Per2 stabilization was associated with the induction of Hif1α dependent

anaerobic glycolysis, where hearts from Per2−/− mice were unable to produce lactate during

ischemia. This `lactate deficiency' led to dramatically increased infarct sizes when compared

to wildtype controls. Moreover, as Per2 but also Adora2b expression in the heart follows a

circadian kinetic, infarct sizes were found to be time-of-day dependent [29] as shown in

Figure 3. As myocardial ischemia seems to be worse at certain time points of the day in

mice and men, therapy should also be adapted to the time-of-day. In addition, time-of-day
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may need to be considered when conducting future studies on ischemic pre-,

postconditioning or anesthetic-induced preconditioning in a clinical setting (Figure 3).

Chronotherapeutics: Volatile anesthetics time of day dependent ?

Circadian rhythmicity of cardiac metabolism and susceptibility to ischemia suggests that the

outcome of experiments at the bench, or pharmacotherapy and interventions in a clinical

setting are time-of-day dependent. In fact, chronotherapeutics has already proven to be

promising for improving the therapeutic index of several drugs [69]. Whether or not this

could be true for drugs like adenosine A2b receptor agonists, Hif1a activators or

interventions like anesthetic-induced preconditioning needs to be elucidated yet. As many

studies in the past did not consider the time-of-day, this might explain why many

interventions, found at the bench, did not find their way into clinical practice. The findings

on a circadian adenosine-Per2-Hif1a axis [29], as endogenous cardioprotective mechanism

strongly support this idea. Moreover, not only might anesthetic-induced preconditioning be

time-of-day dependent, but also interventions such as heart surgery or angioplasty could

have different outcomes when performed at specific times of the day.

Summary

Anesthetic-induced preconditioning of the heart represents an interesting and promising

therapeutic strategy in a perioperative setting. While many mechanisms have been

elucidated in the past, many detailed studies on mechanism are still missing. Adenosine

signaling and circadian rhythms as important mechanisms in ischemic preconditioning could

play an important role for the mechanism of anesthetic-induced preconditioning mediated

cardioprotection. Time-of-day application of interventions such as anesthetic-induced

preconditioning could improve their therapeutic index but this will require future studies.
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Figure 1. Adenosine generation and signaling in cardioprotection
Extracellular generation via CD39 (Apyrase) and CD73 (5'-Ectonucleotidase) lead to

increased adenosine levels during conditions of limited oxygen availability such as hypoxia

or ischemia. Signaling via all four adenosine receptors (A1, A2a, A2b, A3) has been

associated with cardioprotection. The A2b (highlighted by dotted lines) is the only receptor

that has been shown to be induced in mice and men during ischemia and being involved in

pre- and postconditioning of the heart. The A1 is the only adenosine receptor investigated in

anesthetic preconditioning so far. APC=anesthetic preconditioning, IP= ischemic

preconditioning, PC= ischemic postconditioning.
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Figure 2. Light-elicited cardiac Period 2 stabilization
A hallmark of the mammalian circadian pacemaker is its ability to be synchronized by light,

thus allowing organisms to adapt to temporal variations of natural light conditions. Photic

stimuli are transmitted from the retina to target neurons in the brain, where they are

transduced to the molecular clockwork. Light activation of melanopsin receptors in the

retinal ganglion cells lead to the transcriptional induction of Period 2 (Per2) and concomitant

synchronization. Peripheral tissues display oscillations in Per2 expression similar to those of

the brain, probably through secreted signaling molecules. Following exposure to 12 h of

darkness, wildtype mice were exposed to indicated times of daylight (13,000 lux) and

compared to controls that were maintained at room light (200 lux). Analysis of cardiac Per2

protein levels revealed a significant protein increase - in a time dependent manner -

following daylight exposure when compared to room light.
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Figure 3. Diurnal variations of adenosine mediated cardioprotection
CD73, the key enzyme of adenosine generation, the adenosine receptor A2b (Adora2b), and

the Adora2b dependent circadian rhythm protein Period 2 (Per2) and infarct sizes follow a

circadian pattern over a 24 h time period. Infarct sizes are lowest when Adora2b or Per2

protein levels are highest in the heart. Based on these findings anesthetic preconditioning

could be most effective during time points where the heart is especially vulnerable to

ischemia. APC=anesthetic preconditioning.
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