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PERSPECTIVES

Anaesthetic preconditioning and its role in protecting patients at risk of myocardial ischaemia
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Abstract

Ischaemic preconditioning is a phenomenon where prior minor ischaemic events allows organs to better withstand further episodes of ischaemia. Preconditioning downgrades the effects of ischaemia from necrosis to apoptosis to cell survival. It occurs in a wide variety of tissues, but it is most widely studied in the heart, and it occurs after a range of stimuli including hypoxia and the use of volatile anaesthetic agents. In this article, we look at the basic science, mechanisms, and potential uses of preconditioning.
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Introduction

There is growing evidence that volatile agents may offer organs protection from ischaemia, in particular, the heart. Volatile agents appear to offer both short- and long-term protection from ischaemic insults [1], which is known as anaesthetic preconditioning. This article describes the types of preconditioning and the mechanisms by which they are thought to occur. It also describes the clinical application of preconditioning, focussing on its role in cardiac protection.

Preconditioning occurs across a wide variety of tissues; however, it was first noted to prevent ischaemia in the myocardium. The heart is one of the few organs where it is possible to measure function or damage (troponins, echocardiograms, etc.), meaning it has been the most widely investigated. Later preconditioning has also been observed in the brain, and now, it has been suggested to offer protection to the liver, kidneys, muscle and gut.

Types of preconditioning

Ischaemic preconditioning

After a period of minor ischaemia, organs undergo biomolecular changes that allow them to better withstand further episodes of ischaemia; this is called ischaemic preconditioning [2]. Ischaemic preconditioning was the first type of preconditioning to be discovered and is consequently the most studied.

Remote preconditioning is related to ischaemic preconditioning. In remote preconditioning, distant myocardium is protected from ischaemia following an area of myocardium being exposed to sustained ischaemia [3]. This suggests that preconditioning may be caused by substances produced in one area of the heart and transported to a distant area. Remote preconditioning has also been demonstrated using a tourniquet on an upper limb [4].

Anaesthetic preconditioning

All modern volatile agents (halothane, enflurane, isoflurane, desflurane and sevoflurane) appear to cause preconditioning [5]. From animal studies, it appears that desflurane has the greatest protective effect of all the volatile agents, followed by sevoflurane, and then isoflurane [6]. It also appears that other drugs used in anaesthesia, including morphine and lidocaine, have preconditioning properties [7, 8]

Evidence

Most of the evidence for all types of preconditioning is obtained from animal studies. It is difficult to evaluate in humans due to obvious difficulty in studying an organ after an ischaemic event; clearly damaging human organs purely for research is unethical. The availability of markers of myocardial damage in humans makes the heart the most studied organ. As ischaemia to an organ is an unpredictable event, most of these studies have taken place during coronary artery bypass grafting (CABG) or during percutaneous angioplasty (PCA), where periods of ischaemia can be predicted.

Laboratory

There is a wide range of evidence showing preconditioning in laboratory studies. Dogs that have been given isoflurane prior to the left anterior descending artery being occluded showed better recovery of myocardial function [9]. This was initially thought to be due to vasodilation of the coronary arteries or collateral circulation or decreased metabolic rate caused by the volatile gas. However, if the isoflurane had been washed out for 5 or 30 min, the myocardial function was still preserved [10]. This suggests that the anaesthetic gases brought about a change, which protected the myocardium. In another study, human right atrial muscles taken during CABG, which were exposed to desflurane for 15 min, showed an improved contractile recovery from a prolonged period of ischaemia [11]. This has also been repeated in tissues, which were treated with opioid, again with similar results [12]. In addition, lidocaine infusion has been shown to protect isolated rat hearts from ischaemia [8].

Ischaemic preconditioning

Ischaemic preconditioning, in addition to its laboratory evidence, has some evidence in humans in relation to ‘walk through angina’. ‘Walk through angina’ is where someone has increased exercise tolerance a few minutes after experiencing angina due to exertion. It has been observed that patients who have episodes of angina just prior to having a myocardial infarction (MI) have a better prognosis from the MI [13]. The ischaemic preconditioning effect has been prevented by administering adenosine antagonists [14], opioid receptor antagonists [15] and K-ATP channel blockers [16]; suggesting that these have a role to play in preconditioning.

Anaesthetic preconditioning

Direct evidence for anaesthetic preconditioning is difficult to produce; however, there are some limited studies, most of which involve CABG. In one of the studies, an isoflurane anaesthetic was shown to lead to a decrease in troponin levels postoperatively [17]. In another study, the use of enflurane leads to better post-ischaemic function despite levels of troponin and creatine kinase C being unchanged [18]. It should be noted, however, that the numbers of subjects in these groups are small, that is, around 20–30 subjects in each trial, and there are many confounding factors that could influence these results.

Clinical trials

Clinical trials into anaesthetic preconditioning are difficult to conduct, so few exist. The Remote Ischemic Preconditioning for Heart Surgery (RIPHeart) study was a large multicentre study, which examined whether remote ischaemic preconditioning (using a tourniquet on the participant’s leg) would have any effect on mortality, morbidity or cardiac function after major cardiac surgery [19]. The study found that remote ischaemic preconditioning conferred no clinical improvement and had no effect on cardiac function on transoesophageal echocardiography immediately post-surgery, and after 1 year.

A Cochrane meta-analysis comparing volatile agents with total intravenous anaesthetic (TIVA) for patients undergoing cardiac surgery showed significant improvement in mortality from use of volatile agents [20]. However, the meta-analysis had several limitations; many of the trials included were small and not double-blinded, the indirect evidence used in the Bayesian analysis is subject to confounding, and once the largest study was removed, only desflurane was shown to confer any benefit. However, with increasing focus on the environmental effects of volatile agents, this will undoubtedly generate an interesting discussion.

Mechanisms

It is likely that volatile agents cause preconditioning via several mechanisms. They act at receptors via a second messenger system (most likely protein kinase C) on receptors in the mitochondria or alter the production of reactive oxygen species (ROS). They cause the transcription of new proteins, which may lead to the late phase of preconditioning. To fully understand the mechanism of action, we consider ischaemia and the role of apoptosis and necrosis.

Ischaemia

During periods of ischaemia, there is a decrease in adenosine triphosphate (ATP) production, leading to the Na/K pumps being inhibited and a consequent build-up of Na+ in the cell. As a result, there is also an accumulation of H+ ions within the cell. To preserve pH levels, hydrogen ions are excreted from the cell in exchange for Na+ and Ca2+, and some of the Na+ is exchanged for Ca2+. High levels of Ca2+ ions within the cell lead to apoptosis, and at higher levels, necrosis.

Apoptosis

In response to ischaemia, a cell can either survive, undergo apoptosis or undergo necrosis, with worsening effects for the organ. Preconditioning downgrades the reaction from necrosis to apoptosis or cell survival. Apoptosis is the programmed destruction of a cell; this is energy dependent and is tightly regulated. During apoptosis, the contents of the cell are broken down in a controlled manner, with the cell wall broken down last, meaning that the antigenic material is not released. There is no inflammatory response, and further damage to the organ is minimised. If a cell undergoes necrosis, the cell bursts and antigenic material is released, leading to an inflammatory reaction. Consequently, there is further organ damage. Apoptosis is mediated by mitochondria.

Adenosine

Receptors have an important role in preconditioning. There are multiple receptors involved, having varying degrees of importance. In ischaemic preconditioning, it has been shown that the release of adenosine and its effects on the A1 receptor are particularly significant. Ischaemia of the myocardium leads to the release of adenosine, which has several protective effects [21]. These include vessel vasodilatation, which increases oxygen delivery to the heart, reduced chronotropy and inotropy, leading to reduced oxygen demand, decreased free radical release causing reduced vascular injury and inhibition of platelet aggregation. Volatile anaesthetic agents are thought to activate adenosine A1 receptors, mimicking these effects [9].

In addition, it has been shown that preconditioning effects can be reduced by blocking adenosine receptors [14]. 8-Cyclopentyl-1,3-dipropylxanthine is an A1 receptor antagonist; however, it has been shown to only partially reduce the preconditioning effects of isoflurane [22]. This would suggest that isoflurane acts on other receptors to cause preconditioning.

Second messengers

Protein kinase are a group of second messenger proteins that are implicated in anaesthetic preconditioning [22, 23]. Sevoflurane and isoflurane both cause protein kinase C to transfer to cytosol within the cell. Protein kinase C has effects on the ATP-dependent K+ channels and regulates the production of ROS. Protein kinase B second messengers that inhibit apoptosis have been shown to be activated by anaesthetic volatile agents [24]. Cardiac protective effects of ischaemic preconditioning were found to be completely eliminated by infiltration of the combination of tyrosine kinase and protein kinase inhibitors [25]

Nitric oxide is known to be involved in preconditioning. Preconditioning effects caused by desflurane in animal studies have been shown to be reversed by nitric oxide inhibitors; however, the exact role of nitric oxide is unclear [26].

In animal studies, injection of a PI3K inhibitor was shown to lead to increased cardiac damage after an ischaemic insult [27]. PI3K is implicated in the reperfusion injury salvage kinase (RISK) pathway, which is found to play a major role in preconditioning.

Finally, bradykinin is also thought to play a role in preconditioning. Activation of bradykinin receptors in rats by exogenous administration of bradykinin has shown to cause preconditioning; however, the mechanism is unclear [28].

ATP K-dependent channels

ATP K-dependent channels in the mitochondria are of vital importance in preconditioning [10]. When these open there is an influx of K into the inner membrane of the mitochondria, causing depolarisation of the mitochondria and a disruption of ATP production [10]. This limits the swelling of mitochondria by closure of other ion channels, and importantly limits the amount of Ca2+ ions entering the mitochondria. High levels of Ca2+ lead to apoptosis or necrosis of the mitochondria with consequent damage to the cell and organs. Volatile agents directly open these channels, and drugs that block these channels prevent preconditioning.





Table 1.Summary of mechanisms of preconditioning


	Second messengers
	Protein kinase C
Tyrosine kinase
Reactive oxygen species
Nitric oxide synthases
P13K-AKT



	Anaesthetic drugs and receptors
	Opiate
Adenosine
Bradykinin
Lidocaine
Volatile agents



	Ischaemia and apoptosis (mitochondrial effects)
	Reduced Ca2+

K-ATP channels
Conservation of ATP



	Cell nucleus
	Protein transcription – late preconditioning





Reactive oxygen species

As part of their normal function, the mitochondria produce a small amount of ROS, which include hydrogen peroxide (H2O2-) and superoxide (O2-). These react with proteins and cause damage. This is an important function in human physiology as they can remove damaged or unwanted proteins; however, at high levels this can become unregulated with resulting damage to the cell. It has been shown that volatile agents decrease dityrosine formation (a marker of ROS) and protect from this effect [29].

Uses of preconditioning

The potential uses of anaesthetic preconditioning are extensive. The first obvious group is in the high-risk surgical patient, particularly patients undergoing major surgery. One of the major causes of death in this group is from co-existing cardiovascular conditions. Anaesthetic preconditioning has the potential to reduce this by limiting the effect of ischaemia. Clinical trials looking into effects of anaesthetic preconditioning have so far been inconclusive. The low incidence of clinically relevant endpoints, such as mortality, makes this a difficult area to investigate. So far, uses for anaesthetic preconditioning have been theoretical.

Coronary artery bypass grafting

With coronary bypass grafting there is considerable mortality from damage to the myocardium for patients with pre-existing cardiac disease [30]. There is also the chance of a stroke during bypass. Anaesthesia is maintained during bypass by infusion of propofol or injection of a volatile agent from the bypass circuit. As discussed above, volatile agents may offer cardiac protection and a faster recovery, as suggested by lower post-operative troponin levels [17].

During an angiogram, there is some interruption of blood supply to the organ being imaged. While most of this work is undertaken under sedation, it may be that those patients with high risk of complications may be better served by carrying this out under volatile anaesthetic. This may also be the case in other procedures in high-risk patients, which are usually carried out under sedation.

Controversies

The clinical implications of anaesthetic preconditioning are still unclear. The most likely group to benefit would seem to be the high-risk surgical group, those undergoing cardiac surgery and those with pre-existing cardiac conditions; however, there may be other groups that could also benefit. Traditionally, high-risk surgical groups have significant respiratory or cardiovascular co-morbidities, so these may already have ischaemic preconditioning, and it may be that anaesthetic preconditioning offers no additional benefit.

There are many uncertainties surrounding anaesthetic preconditioning. It is not clear how much exposure to volatile agents is required for preconditioning to occur in humans, and if there is a dose-dependent benefit. Also, the length of time of exposure required for preconditioning to occur has not been well demonstrated. There is the possibility that other drugs may confer these benefits.

Most of the currently available evidence comes from animal studies or relates to other forms of preconditioning, such as remote preconditioning. Generating clinical evidence of the benefit of anaesthetic preconditioning is extremely difficult. To conduct a large, well-designed trial to show direct clinical outcomes from the use of anaesthetic preconditioning would be fraught with difficulty. There are many confounding factors affecting clinical endpoints, so it is likely that a sufficiently powered trial would have been very large. It would be unethical to conduct a double-blind trial into this subject, as it could potentially affect patient safety.

Conclusion

There is little doubt of the existence of anaesthetic preconditioning as a phenomenon within a wide variety of tissues. However, its clinical relevance has still to be established. It is difficult to study the effects or magnitude in clinical situations. Part of this issue arises from the variety of ways from which preconditioning occurs.

Clinical trials would be either unethical, unsafe or have large amounts of confounding factors, which could influence the results. Despite this, there are some small clinical trials, suggesting that volatile agents may have some benefits to the myocardium. It will take further work to either confirm or refute this. However, there is the potential for an exciting change in the way that volatile agents are used, or for there to be a new category of patients who could benefit from an anaesthetic.
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