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Abstract

:

Heart transplantation with donation after circulatory death (DCD) provides excellent patient outcomes and increases donor heart availability. However, unlike conventional grafts obtained through donation after brain death, DCD cardiac grafts are not only exposed to warm, unprotected ischemia, but also to a potentially damaging pre-ischemic phase after withdrawal of life-sustaining therapy (WLST). In this review, we aim to bring together knowledge about changes in cardiac energy metabolism and its regulation that occur in DCD donors during WLST, circulatory arrest, and following the onset of warm ischemia. Acute metabolic, hemodynamic, and biochemical changes in the DCD donor expose hearts to high circulating catecholamines, hypoxia, and warm ischemia, all of which can negatively impact the heart. Further metabolic changes and cellular damage occur with reperfusion. The altered energy substrate availability prior to organ procurement likely plays an important role in graft quality and post-ischemic cardiac recovery. These aspects should, therefore, be considered in clinical protocols, as well as in pre-clinical DCD models. Notably, interventions prior to graft procurement are limited for ethical reasons in DCD donors; thus, it is important to understand these mechanisms to optimize conditions during initial reperfusion in concert with graft evaluation and re-evaluation for the purpose of tailoring and adjusting therapies and ensuring optimal graft quality for transplantation.
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1. DCD as a Solution to Cardiac Graft Shortage


For patients with end-stage heart failure, heart transplantation is the most effective treatment to improve the quality of life and survival [1]; however, insufficient graft supply has become a critical obstacle. Conventionally, cardiac grafts for transplantation are obtained with donation after brain death (DBD). Unfortunately, the number of patients on waiting lists for heart transplantation far exceeds the number of suitable donor organs [2]. As a consequence, the shortage of cardiac grafts has become a major problem [3,4], and mortality for patients on the waiting list is high.



Widespread adoption of donation after circulatory death (DCD) in heart transplantation is expected to provide benefits in organ availability and will help to diminish waiting list mortality. Indeed, the feasibility of adult heart transplantation with DCD has been demonstrated with excellent results [5,6,7,8,9]. Notably, patient outcomes are similar to those with conventional donation after brain death at six-month [10] and one-, four-, and five-year time points [9,11,12]. Furthermore, with the addition of DCD, a 15–48% increase in adult heart transplant activity has been observed [9,11].



Despite these extremely promising results, clinical protocols for DCD heart transplantation remain to be optimized, as cardiac grafts from DCD donors are exposed to conditions different from those in conventional DBD. For example, a DBD heart is perfused until organ procurement, whereas, in DCD, the heart undergoes a period of warm, global, no-flow ischemia between circulatory arrest and procurement [3]. Although hearts undergo ischemia in both DBD and DCD, DBD hearts are first protected by cooling and cardioplegia, while with DCD, ischemia occurs under warm, unprotected conditions. Warm ischemia is of particular concern, as it can rapidly lead to severe and irreversible tissue damage. Furthermore, conditions surrounding circulatory arrest, such as increased circulating catecholamines, as well as increasingly severe cardiac hypoxia under working conditions are also likely to contribute to cardiac damage. As such, the procurement and preservation protocols established for DBD hearts are not optimal for DCD hearts.



Importantly, opportunities to intervene prior to procurement to improve the protection of organs for donation are limited for ethical reasons [13]. The Belgian protocol, for example, marks one exception, where antemortem interventions are not prohibited by law as long as they do not directly cause the patient harm or discomfort. This allows for antemortem heparin administration and insertion of a guidewire or cannula [14]. As such, clinically relevant techniques to optimize cardiac tolerance to warm ischemia, such as protective reperfusion strategies, must be identified; approaches that are best adapted for cardiac preservation during graft storage must be developed for previously ischemic hearts, and reliable means to assess the viability of DCD grafts need to be established [4].



The introduction of ex situ heart perfusion (ESHP), used widely in DCD heart transplantation, is an emerging area that offers new possibilities for the application of strategies directed at cardioprotection, as well as graft evaluation. Optimization of the DCD procurement protocol was initially implemented with the addition of erythropoietin (EPO) and glycerin trinitrate (GTN) to the preservation solution [15], and further optimization has included the use of methylprednisolone; increased perfusate albumin; and flow-targeted, rather than pressure-targeted, ex situ perfusion [16]. These more recent changes led to a strong decline in the requirement for post-operative extracorporeal membrane oxygenation (ECMO) support reported by the Australian team, indicating that heart function following transplantation was improved [16].



In this review, we aim to bring together knowledge about changes in cardiac energy metabolism and its regulation that occur in the DCD donor during withdrawal of life-sustaining therapy, during circulatory arrest, and following the onset of warm ischemia. A better understanding of these changes and their implications in cardiac injury should help to optimize therapeutic strategies aimed to minimize tissue damage when interventions are possible and/or at the time of reperfusion.




2. Sequence of Events in the DCD Donor


Several different conditions can be observed surrounding donation after circulatory death. Therefore, four main Maastricht categories for DCD donors have been defined [17]. The first category is dead on arrival, which includes, for example, victims of an accident outside the hospital. The second category is unsuccessful resuscitation, which includes patients brought into the hospital during resuscitation. The third category is awaiting cardiac arrest. It includes patients that are in the hospital and from whom the family has agreed to withdraw life-sustaining therapy (WLST). This category is also called controlled DCD because the circumstances and the time of warm ischemia are known and kept to a minimum. The fourth category is cardiac arrest while braindead. These patients suffer an unexpected cardiac arrest after brain death [17]. For DCD heart transplantations, generally, donors of the controlled Maastricht category III, in which the WLST is planned, are currently used [12,15,18]. Following WLST, circulatory arrest will ensue, and then a stand-off period must be awaited according to legal requirements and institutional policies. Only once the stand-off period has elapsed can the heart be accessed by the surgeon. Protocols differ with respect to heart procurement and assessment, with thoraco-abdominal-normothermic regional perfusion (ta-NRP) in the donor, or direct procurement and perfusion (DPP). The sequences of events in the donor up until accessing the heart are similar in DPP and ta-NRP; however, opportunities for managing conditions and therapeutic interventions at reperfusion are more limited in ta-NRP. For the purposes of this review, we will concentrate on the direct procurement and perfusion protocol (DPP; Figure 1). In this context, the main concern for DCD organs is damage incurred during the withdrawal (before circulatory arrest); during warm ischemia; and upon normothermic, oxygenated reperfusion with ESHP.



2.1. Withdrawal Phase


In a Maastricht category III donor, the organs are subjected to multiple systemic changes before and during the process of dying. Typically, these donors do not meet formal brain death criteria prior to WLST, but have non-recoverable neurologic injury [19]. The withdrawal phase consists of the time between the moment when life-sustaining therapy is withdrawn and the moment when circulatory/cardiac arrest is declared [20].



The duration of the withdrawal phase can vary substantially among donors, as teams await progression to circulatory arrest for differing periods according to local regulations. For example, this period ranges from approximately 1.5 h in Australia and Austria to 4 h in the UK; if circulatory arrest does not occur within these times, the transplant team will stand down [16]. For the 78% of potential donors who progress to circulatory arrest within the acceptable durations, the time from WLST to asystole is approximately 10 min in Australia [11] and 12 min in the UK [9].




2.2. Warm Ischemic Time (WIT)


Despite the lack of consensus on FWIT definitions, the sequences of events affecting cardiac energy metabolism during DCD organ donation remain the same. There is currently no standardized definition for warm ischemic time (WIT) in clinical practice. Given the potential for hemodynamic instability following WLST, some centers consider WIT to start at WLST [16]. Accordingly, the use of functional warm ischemic time (FWIT) has been introduced for a more precisely defined organ ischemia, and is considered to start when decreases in the donor fall below the predefined values for systolic blood pressure (usually 90–50 mmHg) or oxygen saturation (70%) [16]. Furthermore, the end of WIT is considered to coincide with the administration of cardioplegia by some, or with oxygenated blood reperfusion by others [11,12]. As the tolerance of the heart to warm ischemia is very limited, clinical data supports limiting FWIT to a maximum of 30 min [4,21]. The median FWIT duration was reported by the Papworth DCD center to be 24 min (range: 8–49) [9], and the mean FWIT duration was reported by the St. Vincent’s DCD center to be 22 min (range: 14–35) [16]. Thus, potential donor hearts procured using the DPP protocol are subjected to similar conditions, regardless of the precise FWIT definition.




2.3. Hemodynamic Changes


Much insight into hemodynamic changes in DCD donors can be gained from preclinical research. White et al. [22] categorized the hemodynamic changes occurring following WLST in a porcine model into different phases. The first 1.5 min following WLST was called the pulmonary vasoconstriction phase, during which oxygen partial pressure, cardiac output, and systemic oxygen delivery decrease, accompanied by a decline in left ventricular function and systemic vascular resistance. In the hyperdynamic phase (1.5–4 min), heart rate, biventricular function, cardiac output, and systemic vascular resistance increase, and systolic aortic pressure rises. During the agonal phase (4–7 min), a rapid decline in cardiac output and biventricular function occurs [22]. At 7–8 min, central venous pressure reaches levels similar to mean arterial pressure and is therefore termed the circulatory arrest phase. Also, in a porcine DCD model, Iyer et al. reported similar phases, with an immediate and progressive fall in systemic arterial pressure after WLST, a hyperdynamic phase after the first 2–3 min, and central venous pressure increasing in the first five minutes [23]. Similar patterns have been observed in DCD rat models, with a hemodynamic compensation after WLST followed by progressive hypotension and, ultimately, circulatory arrest [24,25]. However, the time from WLST to circulatory arrest is substantially shorter in rat models compared to pig models (3–5 min [24,25] vs. 7–8 min [22,23], respectively).





3. Metabolic Changes in the DCD Donor and Their Impacts on the Heart


Few reports have described the (patho)physiologic changes that occur in humans following WLST until circulatory arrest; however, preclinical models of DCD provide some information [22,23,24,25,26].



After the hyperdynamic period, hypoxia is followed by a decrease in arterial blood pressure and pulsatility, resulting in cardiac ischemia when cardiac perfusion is insufficient to prevent the metabolic shift from aerobic to anaerobic glycolysis [27]. Indeed, with the start of warm cardiac ischemia defined as systolic blood pressure < 50 mmHg, coronary hypoperfusion and myocardial ischemia are ostensibly already ongoing [23]. Dramatic changes in cardiac metabolism and function develop as a result of oxygen demand exceeding its supply [28]. The main ATP production machinery, oxidative phosphorylation, ceases, and the aerobic–anaerobic metabolic transition occurs [27,29,30].



3.1. Hypoxia


Partial oxygen pressure and systemic oxygen delivery decline rapidly following WLST and a hyperdynamic period ensues [22,23,24,25], which results in exposure of the heart to potentially damaging conditions in the progression to FWIT. In human DCD, the course and timing of progression to hypoxia following WLST is variable [16]; however, all hearts will be exposed to hypoxia, even if only briefly, prior to the start of FWIT. In preclinical DCD models, progression to hypoxia occurs within the first minute following WLST and continues for approximately 4–6 min until the start of FWIT (according to the definition of SAP < 50 mmHg), resulting in the heart being under hypoxic conditions for approximately 6 min before circulatory arrest [22,23].



Hypoxia leads to the accumulation of hypoxia-induced factor 1 (HIF1), which promotes glycolysis. The effects of acutely increased pre-ischemic glycolysis rates on subsequent graft quality have not been investigated in the context of DCD heart transplantation; however, they would be expected to decrease the myocardial glycogen content prior to global warm ischemia, which could be protective for the heart by limiting acidosis during ischemia and the resulting Na+ and Ca2+ overload [31]. Importantly, HIF-regulated pathways tune the balance of metabolic pathways to provide ATP and activate cell-survival pathways, and, therefore, help to protect the heart against hypoxia [32]. Hypoxia may, therefore, also exert protective effects, as it could stimulate pathways activated in pre-conditioning. However, reported protocols with hypoxic pre-conditioning generally require intermittent application by several (short) cycles of hypoxia and reperfusion prior to the index ischemia [33].




3.2. Catecholamines


Catecholamines are rapidly released into the circulation in response to hypoxia. Indeed, in DCD pig and rat models, steep increases in both circulating adrenaline and noradrenaline occur within the first 4 min post-WLST and continue to rise during FWIT [22,23,25]. In turn, sympathetic activity leads to rapid catecholamine (noradrenaline, adrenaline, and dopamine) increases in the myocardial interstitial fluid [34,35,36]. The effects of catecholamines on cardiac metabolism are numerous, including increased intracellular and mitochondrial calcium; mobilization of glycogen stores; as well as stimulation of glycolysis, beta-oxidation, and lipid accumulation, as reviewed by Wells and colleagues [37]. Importantly, adrenaline treatment before ischemia has been reported to reduce post-ischemic recovery of the rat myocardium, possibly as a result of exacerbated calcium overload [38]. Furthermore, catecholamine-induced increases in circulating energy substrates (glucose, free fatty acids) likely also contribute to altered cardiac energy metabolism prior to FWIT. Notably, the effects of increased circulating glucose have not been investigated; however, the acute effects of high circulating fatty acids lead to reduced post-ischemic recovery [39].



Sympathetic activity of the heart is closely related to the progression of cell injury in myocardial ischemia. Efferent sympathetic nerves are activated in early ischemia due to a fall in cardiac output and blood pressure. Adenosine, which is formed in the ischemic myocardium, suppresses the exocytosis of noradrenaline and prevents its excessive accumulation. However, with the progression of ischemia beyond 10 min, the myocardium is no longer protected and its release increases, leading to excessive interstitial noradrenaline concentrations. Furthermore, myocardial ischemia increases the number of β-adrenergic receptors, which causes enhanced catecholamine sensitivity in the heart during early ischemia. Within 20 min of ischemia, the extracellular noradrenaline concentration in the heart is 100–1000 times higher than normal, and the combination of enhanced responsiveness to catecholamines with extremely high concentrations of noradrenaline is believed to accelerate irreversible cell damage [40]. Importantly, very high catecholamine concentrations lead to sympathetic overstimulation, which contributes to systemic changes in energy metabolism, for example, hyperglycemia, insulin resistance, and elevated levels of circulating free fatty acids [41].




3.3. Carbohydrate Metabolism


After WLST, circulating lactate levels progressively increase and profound acidosis develops [22,23,25]. In addition, we have recently measured statistically significant increases in glycemia during the progression from WLST to FWIT in a porcine model of DCD [42].



Although increased pre-ischemic levels of circulating lactate reduce cardiac rates of glycolysis and fatty acid oxidation [43], the effects on post-ischemic cardiac recovery are not well studied. In an isolated rat heart model of DCD, brief exposure of hearts to increased pre-ischemic lactate (1 mM) significantly reduced cardiac recovery, as determined by ventricular function and release of cell death markers, compared to hearts exposed to physiologic pre-ischemic lactate (0.5 mM). Greater post-ischemic mitochondrial damage and calcium overload in hearts with higher pre-ischemic lactate levels provide a potential mechanism for the reduced cardiac recovery [44].



Lactate has long been considered simply as a by-product of glucose metabolism; however, it is now believed to play an important role as a signaling molecule (see detailed description below) [45]. Although lactate is a substrate for oxidative phosphorylation [45], during global ischemia, its role is limited. Thus, DCD conditions will result in high circulating lactate levels prior to ischemia, and further generation of lactate will occur during warm ischemia by the heart itself.



As a result of limited oxygen availability during ischemia, the rates of glucose and fatty acid oxidation (FAO) rapidly decrease. As ATP demand quickly exceeds production levels, the concentration of intracellular ADP and AMP rises. High AMP and low ATP levels promote 5′-AMP-activated protein kinase (AMPK) activity to increase GLUT translocation to the plasma membrane and stimulate glucose transport and glycolysis [46,47]. Additionally, glycogen stores are mobilized to support glycolysis [48]. Because glucose oxidation “uncouples” from glycolysis and FAO decreases, the heart becomes a net lactate producer and accumulates H+, resulting in intracellular acidosis [47,48]. Glycolysis–glucose oxidation uncoupling, as well as diminished energy production and nutrient availability, dysregulate ion concentrations, leading to H+, potassium, sodium, and calcium overload [47]. Importantly, with extended ischemia, glycolysis will be inhibited by its accumulated products (lactate, protons, and NADH) [49,50].




3.4. Fat Metabolism


In Maastricht category III DCD donors, acute, high levels of circulating free fatty acids are expected as a result of increased circulating adrenaline and heparin administration (when permitted) [39]. The first indication of circulating free fatty acids levels in a rat DCD model reported concentrations of 1.22 ± 0.69 mmol/L at FWIT [25], representing an approximately three-fold increase compared to reported physiologic levels [51]. Our group has also recently measured similar increases in a porcine DCD model, with an approximate four-fold increase between pre-surgical and FWIT levels [42].



Conditions or treatments affecting circulating free fatty acids may impair myocardial metabolism during hypoxia, ischemia, and reperfusion; [52] for example, high levels of free fatty acids will impair glycolysis and glucose oxidation [50], and can influence cardiac recovery during reperfusion. In several pre-clinical studies, differences in cardiac metabolism and recovery after ischemia have been investigated in hearts from fasted and fed rats. Fasting elevates serum fatty acids and myocardial fatty acid uptake, promoting a substrate shift towards greater fatty acid use [53]. This increase in fatty acid oxidation (FAO) elevates the glycogen content through the inhibition of the glycolytic pathway [31,53,54,55]. Fed rats, on the other hand, present higher glucose and insulin concentrations in the blood, and, therefore, shift cardiac metabolism towards greater glucose oxidation [56,57]. However, the findings are inconsistent; while some report an increased post-ischemic cardiac recovery in fasted compared to fed rats [31,53,54,55,56], others claim the exact opposite [57,58]. In an isolated rat heart model of DCD, a brief pre-ischemic exposure to high levels of free fatty acids (1.2 mM palmitate) lowered post-ischemic functional recovery by 50% compared to glucose as the sole pre-ischemic energy substrate [39].



Importantly, high pre-ischemic levels of free fatty acids may predispose hearts to lipotoxicity upon reperfusion. During ischemia, secondary to the lack of oxygen availability for mitochondrial oxidative phosphorylation and the resulting accumulation of reduced equivalents, FAO is decreased. Lipotoxicity can occur when the rates of fatty acid uptake exceed those of FAO, such as during ischemia, and results in the accumulation of toxic fatty acid metabolites such as acyl-CoA and acylcarnitine in the cytosol and mitochondrial matrix [34,35,59]. In cardiac mitochondria, accumulation of long-chain acylcarnitines is proposed to occur during ischemia as a result of increased transport into the mitochondria (via activation of carnitine palmitoyl transferase 1), and decreased activity of carnitine palmitoyl transferase 2 as a result of reduced oxidative metabolism [59]. Accumulation of long-chain acylcarnitines leads to inhibition of mitochondrial oxidative phosphorylation, mitochondrial membrane hyperpolarization, and excess ROS production [59]. These intermediates can promote the formation of amorphous intramitochondrial densities and disruption of mitochondrial cristae, which may ultimately disrupt mitochondrial function [34]. Furthermore, accumulation of lipid species in the heart has been associated with structural myocardial damage, impaired myocardial contractility, cardiac fibrosis, inhibition of the insulin signaling pathway, activation of NFκB and inflammatory cytokine signaling, and cell death [60].




3.5. Ketone Metabolism


Although, under physiologic conditions, the majority of cardiac ATP is derived from fatty acids (40–60%) and carbohydrates (20–40%), ketone bodies (β-hydroxybutyrate, acetoacetate and acetone) may be used as alternative energy sources contributing 10–15% of ATP [61,62]. The heart metabolizes ketone bodies to acetyl-CoA, which acts as a substrate for the TCA cycle, and several recent studies have suggested that ketone bodies affect cardiac metabolism in pathologic conditions [61,62]. Increased circulating levels of ketones could be expected in DCD donors as a result of both increased catecholamines and administration of heparin [63,64,65]. Although increased ketone body oxidation may be considered beneficial by helping to maintain oxidative metabolism, it may also support increased mitochondrial protein acetylation, which compromises cardiac energetics [61]. Furthermore, ketone body oxidation may also lead to decreased oxidative metabolism through the depletion of tricarboxylic acid cycle intermediates (i.e., decreased anaplerosis) [66]. Importantly, high concentrations of acetate have been demonstrated to selectively impair fatty acid metabolism in isolated rat hearts [67], which may contribute to further accumulation of toxic fatty-acid intermediates in DCD grafts. In contrast, a recent study in mice showed that after ligation of the left anterior descending artery, administration of β-hydroxybutyrate at reperfusion reduced infarct size (by 50%), preserved cardiac function, and increased autophagy [68]. Given these reports of both beneficial and detrimental effects, further investigation of circulating ketones and cardiac ketone metabolism in the context of DCD is required in order to precisely understand their role in cardiac graft quality.




3.6. Branched-Chain Amino Acid Metabolism


Branched-chain amino acids (BCAAs; isoleucine, leucine, and valine) are essential amino acids that play a role in metabolic homeostasis. The catabolic pathway of BCAAs ends with the generation of acetyl-CoA and succinyl-CoA and their oxidation in the TCA cycle or anaplerosis [69]. In a healthy heart, BCAAs contribute 1–2% to the cardiac ATP production [37].



During ischemia, circulating and cardiac BCAAs accumulate, which leads to decreased pyruvate dehydrogenase (through a downregulation of the hexosamine biosynthetic pathway, decreasing O-linked N-acetylglucosamine (O-GlcNAc) modification of PDH) and, therefore, an inhibition of glucose oxidation [69]. As mentioned above, glycolysis–glucose oxidation uncoupling during reperfusion exacerbates H+, sodium, and calcium overload [47].




3.7. Cellular Signaling


As mentioned above, in addition to acting as energy substrates for the heart, metabolites and their intermediates also play key roles in cellular signaling and the regulation of many cellular processes. Importantly, several key energy sensing/metabolism regulating signaling pathways are triggered under conditions of metabolic stress, as occur in DCD, and possess wide-ranging effects, as described below.



AMPK is a stress signaling enzyme that orchestrates energy production by modulating anabolic and catabolic metabolic pathways [70,71]. It is activated following hypoxia or ischemia and is rapidly normalized upon reperfusion. This cellular energy sensor, also known as the “metabolic master switch”, and its mediators regulate diverse targets, e.g., Akt substrate of 160 kDa (AS160), protein kinase C (PKC), endothelial nitric oxide synthase (eNOS), and p38 mitogen-activated protein kinase/transforming growth factor β-activated protein kinase 1-binding protein complex (TAB) 1 [72,73]. They also promote energy-producing processes (glucose uptake, glycolysis, and fatty acid metabolism) while inhibiting energy-consuming processes (protein, glycogen, and fatty acid synthesis) [70,71,74].



In addition, lactate and hypoxia-inducible factor 1 (HIF-1), the master regulator of oxygen homeostasis, are mutually regulated, i.e., increased lactate levels promote HIF-1 stabilization and expression of HIF-1-induced genes, while HIF-1 stimulates glucose uptake and glycolysis and, thereby, lactate production [75,76,77].




3.8. Cardiac Status at Procurement


There are differing levels of vulnerability and severity of metabolic changes induced by ischemia, depending on the region of the heart. Under aerobic conditions, levels of pyruvate, lactate, and ATP are uniform in the outer, middle, and inner regions of the heart [28,78]. However, after 30 s of ischemia, tissue lactate levels are elevated and tend to increase from the subepicardium to the subendocardium [28,78]. The first 15-min period after the onset of total ischemia is thought to be a guide value at which myocardial tissue can still be saved by restoring the blood flow with minimal cell death (Figure 2) [28,30]. When oxygenated blood flow is not restored within this reversible period of 15 min, irreversible injury concomitant with cell death begins [28,30]. One view of cell death during ischemia is the concept of a critical ATP level; once the concentration undershoots this threshold, vital cell functions cease [70]. Anaerobic glycolysis can provide some ATP at the beginning of ischemia [28,30], but by 40–60 min, anaerobic metabolism slows down markedly and ceases [30]. By this time, most ATP is also gone. The cessation of energy production and accumulation of metabolites along with histological changes represent crucial points in the irreversible damage of the myocardium [30].



As a consequence of energy demand not being met during ischemia, the adenine nucleotide pool is steadily depleted [27,79]. Decreased ATP production during ischemia compromises various cellular processes. For example, reduced activity of Na+/K+-ATPase, responsible for ionic homeostasis, results in intracellular Na+ overload [34]. In addition, Ca2+ released during contraction can no longer be taken up by sarcolemmal and sarcoplasmic reticulum Ca2+ ATPases; hence, intracellular Ca2+ accumulation occurs, while intracellular acidosis simultaneously blunts myofilament Ca2+ sensitivity [34]. As a result, ischemic cells cease their contractile function, but can remain viable for some time [30]. Concentrations of inosine and AMP peak at 20–30 min after ischemic onset [28,79], while hypoxanthine becomes the most abundant purine catabolite with longer periods of ischemia [27,79].



As mentioned in Section 2.2, a maximum period of 30 min of warm ischemia is considered acceptable for cardiac grafts in DCD transplantation, and has afforded excellent recipient outcomes. Furthermore, several successful cases of DCD heart transplantation have been reported with FWITs exceeding 30 min, suggesting that there may be room to extend our window of acceptable warm ischemic durations; however, a more precise mechanistic, pathophysiological understanding, as well as means to evaluate and treat cardiac grafts, are required. Indeed, severe metabolic dysregulation has occurred by the time of heart access and protective interventions are possible, which should be carefully managed to guarantee optimal graft quality. Importantly, DCD with DPP offers the opportunity to tightly control multiple aspects of the initial cardiac reperfusion, which is recognized to play a key role in the ultimate level of cardiac IR injury. However, the optimal conditions for the reperfusion of DCD hearts have yet to be defined.





4. Metabolic Considerations during Procurement and Early Reperfusion of Cardiac Grafts


4.1. Cold Ischemia


With DPP, functional warm ischemia of the cardiac graft is followed by a short period of cold static storage to prepare the heart for ESHP and prime the ESHP system. It is recognized that one major protective mechanism of cold preservation is reducing metabolic rates; however, it does not prevent ATP consumption completely [37]. To date, no consensus regarding the optimal composition of the initial cardioplegia in clinical DCD exists. In general, St. Thomas N°2 or Custodiol solutions supplemented with the cardioprotective agents erythropoietin (EPO) and glyceryl trinitrate (GTN) are used [15,80,81]. Both of these cardioplegic solutions were originally designed for DBD hearts and are therefore hyperkalemic in order to arrest the heart. Importantly, little information is available on the effects of these conditions on metabolic effects in cardiac grafts obtained with DCD. In these hearts, which are already asystolic and have undergone warm ischemia for approximately 30 min at the time of cardioplegia, oxidative metabolism is certainly already arrested, and glycolytic activity is likely limited. Thus, the cold ischemia may have a lower impact on the metabolism of DCD grafts, but high potassium levels may exacerbate calcium overload and therefore aggravate IRI and be detrimental for the vascular endothelium [19,82]. Preservation solutions should be reconsidered to minimize IRI and optimize the recovery of cardiac metabolism in the context of DCD heart transplantation.




4.2. Reperfusion Injury


Rapid oxygen reintroduction at the beginning of reperfusion leads to changes in mitochondrial metabolism, including membrane potential collapse, calcium overload, mitochondrial swelling, cytochrome c release, cellular membrane disruption, and, lastly, cell necrosis [41].



Upon reperfusion, FAO typically recovers rapidly, while glucose oxidation rates remain repressed. High rates of FAO inhibit glucose metabolism; importantly, FAO inhibits glucose oxidation to a greater extent than glycolysis, leading to further uncoupling between glycolysis and glucose oxidation [83]. Shifting energy substrate metabolism during early reperfusion away from FAO and towards glucose oxidation has been shown to improve post-ischemic contractile recovery and limit ischemia–reperfusion injury (IRI) [84,85,86]. Along these lines, differing cardioprotective approaches have been validated, for example, direct stimulation of glucose oxidation through the addition of dichloroacetate, an inhibitor of pyruvate dehydrogenase kinase (PDK) [83,87], or pyruvate itself, which also inhibits PDK and therefore stimulates pyruvate dehydrogenase and the coupling of glycolysis with glucose oxidation [88,89]. Furthermore, the inhibition of FAO with the addition of a malonyl-CoA decarboxylase (MCD) inhibitor [90], trimetazidine (an inhibitor of the β-oxidation enzyme ketoacyl-CoA-thiolase) [91], or etomoxir (an inhibitor of the carnitine palmitoyltransferase 1) [92] improves cardiac function after ischemia. Several beneficial effects are induced by promoting glucose metabolism. Firstly, glycolytically-derived ATP plays a critical role in ion homeostasis, whereas the ATP produced during glucose oxidation is mainly used for contraction [46,93]. Therefore, an optimal balance between glycolysis and glucose oxidation is essential for post-ischemic cardiac recovery, guaranteeing sufficient glycolysis to restore the ion homeostasis after ischemia, but remaining at a level that allows coupling between glycolysis and glucose oxidation to limit further H+ production [85]. Secondly, cardiac efficiency (cardiac work performed per amount energy consumed) is affected by alterations in energy metabolism [94]. Cardiac work requires ATP, and the type of energy substrate being utilized for ATP production differs in oxygen efficiency (ATP produced by oxygen consumed), with glucose being more efficient than fatty acids. In fact, one glucose molecule requires 6 O2 and produces 31 ATP by going through glycolysis and glucose oxidation (5.2 ATP/O2 consumed), whereas oxidation of one palmitate molecule requires 23 O2 and produces 105 ATP per molecule (4.6 ATP/O2 consumed) [94]. Accordingly, energy substrate preference is particularly important during early reperfusion, when oxygen may still be limited.




4.3. Challenges and Opportunities


Although DCD cardiac grafts have a significant impact on increasing donor heart availability, there are several hurdles that need to be overcome to adopt this technique globally and effectively, as reviewed by Large and colleagues [13]. The question of pretreatment in the donor is one of several points debated amongst ethicists, as is the possibility of restoring circulation in the donor for heart evaluation prior to procurement [13]. Regardless of the precise clinical protocol used, the tolerance of a human donor heart to the conditions of DCD donation and the resulting status of the graft should be thoroughly understood. Importantly, the use of DPP and ESHP offers a multitude of possibilities to optimize and tailor therapies. Indeed, the ideal perfusion conditions and perfusate composition remain to be established—particularly during the first minutes of oxygenated reperfusion, at which time there is great potential to limit or prevent IRI [95,96]. In parallel, it is crucial to develop reliable means for graft evaluation to enable informed therapeutic action, determine suitability for transplantation, and optimize graft quality.



In the setting of DCD heart transplantation, little attention has been given to differences in cardiac graft quality and ischemia–reperfusion tolerance between male and female donors. Importantly, several preclinical studies have demonstrated that pre-menopausal female rat hearts are more tolerant than male hearts in both cellular [97] and animal models [98] of IR and/or myocardial infarction. Furthermore, sex differences in energy metabolism and metabolic flexibility have been identified. Sexual dimorphism in myocardial acylcarnitine and triglyceride metabolism has been reported in non-obese diabetic (NOD) rats; male NOD rats exhibited an accumulation of triglycerides, and female NOD rats presented a lower triglyceride content together with an accumulation of acylcarnitines [99]. These sex differences in the expression of genes involved in lipid metabolism may contribute to the sexual dimorphism observed in diabetic cardiovascular disease [99]. Furthermore, these results indicate that lipid metabolism may be handled differently in the context of DCD, with acute high levels of free fatty acid exposure in males and females, and therefore influence graft quality. Several other reported cardiac sex differences are also likely to play a role in the context of DCD: post-ischemic glycolysis/glucose oxidation coupling [100,101], mitochondria size, coupling between oxygen consumption and ATP production, ROS production both under physiologic conditions and after ischemia–reperfusion [98,102], and mitochondrial calcium storage capacity [103]. However, one preclinical study reported no difference in infarct size between males and females in a rat model of DCD [104]. Nonetheless, sex-specific differences in DCD cardiac graft quality merit further investigation, and corresponding, tailored reperfusion treatments should be considered.




4.4. Potential Metabolic-Based Cardioprotective (Reperfusion) Strategies


Strategies to minimize cardiac ischemia and reperfusion injury have been extensively studied and are highly effective in animal models of myocardial infarction, although clinical translation to patients has been disappointing [105]. Despite this, potentially beneficial strategies should be reconsidered in DCD. Indeed, many of the identified obstacles for successful translation in acute myocardial infarction are absent or curtailed in DCD heart transplantation; for example, timely application of reperfusion strategies is a prerequisite, and co-medications and comorbidities are limited through donor selection. Furthermore, with DPP, perfusate composition and conditions can be tightly controlled and tailored to minimize IRI at reperfusion [19]. Additionally, during the time when the heart is undergoing ESHP, it can be aggressively treated without the potential detrimental impact of drugs or drug doses on other organ systems [19]. For example, the reported hepatotoxicity of etomoxir [106] can be disregarded in that context.



Given the profound metabolic derangements, with critical implications for IRI, to which hearts are subjected during DCD [107], targeting metabolic pathways to optimize graft quality is a promising therapeutic approach (Figure 3). Indeed, it has been demonstrated that ESHP can help to normalize DCD-induced metabolic derangements in a porcine model [108]. One therapeutic targeting example is hypothermic, oxygenated perfusion (HOPE), which has been demonstrated to substantially improve cardiac recovery in preclinical models [109]. Importantly, oxygenated normothermic reperfusion immediately following ischemia, as occurs in DPP, is likely not optimal. In a DCD rat model, HOPE improved cardiac recovery after warm ischemia, and was most likely mediated through multiple mechanisms, including the preservation of mitochondrial function (via succinate oxidation) [109] and nitric oxide synthase activity [110]. Furthermore, HOPE may also help to deplete toxic fatty acid intermediates accumulated during ischemia before ESHP to reduce lipotoxicity. In addition, a substrate shift away from fatty acid metabolism and towards glucose metabolism in early reperfusion would lead to more efficient ATP generation [48]. Additional reports supporting metabolic targets to reduce acute IRI include the inhibition of the malate–aspartate shuttle, mitochondrial oxygen consumption, fatty acid oxidation, and mitochondrial succinate metabolism [50]. Succinate accumulates during ischemia, leading to mitochondrial ROS production during reperfusion via reverse electron transport through mitochondrial complex I [111]. Inhibition of this process with malonate is cardioprotective and would also be expected to improve cardiac recovery following DCD [112]. Indeed, in a rat model of DCD, the transient inhibition of mitochondrial complex I during early reperfusion led to reduced cardiac injury, likely due to decreased ROS production [113]. Also, an inhibitor of reverse electron transport (RET), which is a key mechanism for mitochondrial ROS production during reperfusion, could be used [111], or indeed, ROS scavengers. Furthermore, other studies in animal models have demonstrated that mitochondrial transplantation during reperfusion exerts cardioprotective effects by replacing damaged mitochondria with new, viable mitochondria. As a result, cellular respiration, oxygen uptake, and tissue ATP content are increased [114,115]. Additional reports highlight the potential benefits of metabolic targeting for cardioprotection, advocating for the utilization of SGLT2 inhibitors (e.g., empagliflozin). These inhibitors are noted for their ability to enhance palmitate uptake while reducing the accumulation of metabolites from incomplete fatty acid oxidation, thus contributing to a cardioprotective effect [116]. Transient activation of AMPK at reperfusion, with metformin or AICAR (5-amino-4-imidazolecarboxamide-riboside), may also be cardioprotective by increasing anaerobic glycolysis and, thus, providing energy to the heart. However, prolonged activation of AMPK will lead to increased acidosis and a decrease in cardiac recovery [117]. An increase in the hexosamine biosynthesis pathway leading to modification of proteins with O-linked attachment of N-acetylglucosamine moiety (O-GlcNAc) is cardioprotective, and can be achieved pharmacologically at the time of reperfusion [118]. Glucagon-like peptide-1 receptor agonists have also been shown to be cardioprotective, potentially through multiple effects, such as increasing cardiomyocyte glucose uptake, enhancing ATP synthesis, or modulating the activity of sodium–potassium adenosine triphosphatase [119].



Ultimately, a multi-targeted strategy may provide optimal cardioprotection [95]. For example, a cocktail of protective drugs (which includes ketone bodies and a range of other cytoprotective agents) has been used to preserve and recover cells in pig organs following 1 h of whole-body warm ischemia [120].





5. Limitations


There are limited data from our clinical experience as well as from pre-clinical research regarding the effects of DCD heart transplantation and the associated metabolic dysregulation on cardiac graft quality. As such, we have reported potential metabolic-based strategies that have mainly been tested in animal models of myocardial infarction. Further investigation is required in order to characterize metabolic changes and metabolic-based therapeutic strategies in the setting of DCD, both in large animal models and in clinical practice. Furthermore, research is lacking related to sex-specific differences and personalized approaches, which could be facilitated by the use of ESHP.




6. Conclusions


To conclude, acute metabolic, hemodynamic, and biochemical changes in DCD donors expose hearts to high circulating catecholamines, hypoxia, and warm ischemia, which could all negatively impact the heart and profoundly alter cardiac energy metabolism. Further metabolic changes and cellular damage occur with reperfusion. The altered energy substrate availability prior to organ procurement likely plays an important role in graft quality and post-ischemic cardiac recovery. Therefore, these aspects should be considered in clinical protocols as well as in pre-clinical DCD models (Figure 4). Notably, interventions prior to graft procurement are limited for ethical reasons in DCD donors; therefore, it is important to understand these mechanisms to optimize conditions during initial reperfusion in concert with graft evaluation and re-evaluation for the purpose of tailoring and adjusting therapies during ESHP, thereby ensuring the highest graft quality for transplantation. Concretely, we suggest (1) to reconsider the composition of the initial preservation solution (e.g., DCD-adapted solutions for pre-arrested, ischemic hearts); (2) to include a short period before ESHP with a hypothermic, oxygenated perfusion (HOPE); and (3) to optimize the reperfusion solution during ESHP (multi-targeted approach including shifting energy substrate metabolism towards glucose metabolism). Furthermore, personalized and sex-specific approaches should be considered in order to achieve both optimal graft quality and recipient outcomes.







Author Contributions


Conceptualization: M.A. and S.L.L.; resources: M.A., P.D. and S.L.L.; visualization: M.A., P.D., A.H. and S.L.L.; writing—original draft preparation: M.A., P.D., S.M.D., A.H., G.B. and S.L.L.; writing—review and editing: M.A., S.M.D., A.H., G.B., S.R.L., M.S. and S.L.L.; supervision: S.L.L.; funding acquisition: M.A., M.S. and S.L.L. All authors have read and agreed to the published version of the manuscript.




Funding


S.M.D. acknowledges the support of the British Heart Foundation (PG/19/51/34493, PG/21/10798) and the Thompson Family Foundation. We would like to thank the Stiftung zur Förderung der herzchirurgischen Forschung am Inselspital, the Swiss National Science Foundation (310030_205073), and the Strategic Funding Board of the Faculty of Medicine, University of Bern (SF Board Grant: Ex vivo Heart Perfusion—Technology that innovates cardiac transplantation and precision therapies) for their financial support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This article is based upon work from the COST Action METAHEART (CA 22169), supported by COST (European Cooperation in Science and Technology). All figures were created with BioRender.com (accessed on 19 February 2024).




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Lund, L.H.; Edwards, L.B.; Kucheryavaya, A.Y.; Benden, C.; Dipchand, A.I.; Goldfarb, S.; Levvey, B.J.; Meiser, B.; Rossano, J.W.; Yusen, R.D.; et al. The Registry of the International Society for Heart and Lung Transplantation: Thirty-Second Official Adult Heart Transplantation Report—2015; Focus Theme: Early Graft Failure. J. Heart Lung Transplant. 2015, 34, 1244–1254. [Google Scholar] [CrossRef] [PubMed]

	



Eurotransplant Annual Report 2020. Available online: https://www.eurotransplant.org/wp-content/uploads/2022/03/ET_AR2020_LR_def.pdf (accessed on 4 April 2024).

	



Longnus, S.L.; Mathys, V.; Dornbierer, M.; Dick, F.; Carrel, T.P.; Tevaearai, H.T. Heart Transplantation with Donation after Circulatory Determination of Death. Nat. Rev. Cardiol. 2014, 11, 354–363. [Google Scholar] [CrossRef] [PubMed]

	



Dhital, K.K.; Chew, H.C.; Macdonald, P.S. Donation after Circulatory Death Heart Transplantation. Curr. Opin. Organ Transplant. 2017, 22, 189–197. [Google Scholar] [CrossRef] [PubMed]

	



Messer, S.; Page, A.; Colah, S.; Axell, R.; Parizkova, B.; Tsui, S.; Large, S. Human Heart Transplantation from Donation after Circulatory-Determined Death Donors Using Normothermic Regional Perfusion and Cold Storage. J. Heart Lung Transplant. 2018, 37, 865–869. [Google Scholar] [CrossRef] [PubMed]

	



Macdonald, P.; Dhital, K. Heart Transplantation from Donation-after-Circulatory-Death (DCD) Donors: Back to the future―Evolving Trends in Heart Transplantation from DCD Donors. J. Heart Lung Transplant. 2019, 38, 599–600. [Google Scholar] [CrossRef] [PubMed]

	



Tchana-Sato, V.; Ledoux, D.; Detry, O.; Hans, G.; Ancion, A.; D’Orio, V.; Massion, P.B.; Amabili, P.; Bruls, S.; Lavigne, J.P.; et al. Successful Clinical Transplantation of Hearts Donated after Circulatory Death Using Normothermic Regional Perfusion. J. Heart Lung Transplant. 2019, 38, 593–598. [Google Scholar] [CrossRef] [PubMed]

	



Abbasi, J. “Donation After Circulatory Death” Heart Transplant Is a US First. JAMA 2020, 323, 111. [Google Scholar] [CrossRef] [PubMed]

	



Messer, S.; Cernic, S.; Page, A.; Berman, M.; Kaul, P.; Colah, S.; Ali, J.; Pavlushkov, E.; Baxter, J.; Quigley, R.; et al. A 5-Year Single-Center Early Experience of Heart Transplantation from Donation after Circulatory-Determined Death Donors. J. Heart Lung Transplant. 2020, 39, 1463–1475. [Google Scholar] [CrossRef]

	



Schroder, J.N.; Patel, C.B.; DeVore, A.D.; Bryner, B.S.; Casalinova, S.; Shah, A.; Smith, J.W.; Fiedler, A.G.; Daneshmand, M.; Silvestry, S.; et al. Transplantation Outcomes with Donor Hearts after Circulatory Death. N. Engl. J. Med. 2023, 388, 2121–2131. [Google Scholar] [CrossRef]

	



Chew, H.C.; Iyer, A.; Connellan, M.; Scheuer, S.; Villanueva, J.; Gao, L.; Hicks, M.; Harkness, M.; Soto, C.; Dinale, A.; et al. Outcomes of Donation After Circulatory Death Heart Transplantation in Australia. J. Am. Coll. Cardiol. 2019, 73, 1447–1459. [Google Scholar] [CrossRef]

	



Messer, S.; Page, A.; Axell, R.; Berman, M.; Hernández-Sánchez, J.; Colah, S.; Parizkova, B.; Valchanov, K.; Dunning, J.; Pavlushkov, E.; et al. Outcome after Heart Transplantation from Donation after Circulatory-Determined Death Donors. J. Heart Lung Transplant. 2017, 36, 1311–1318. [Google Scholar] [CrossRef] [PubMed]

	



Large, S.; Tsui, S.; Messer, S. Clinical and Ethical Challenges in Heart Transplantation from Donation after Circulatory Determined Death Donors. Curr. Opin. Organ Transplant. 2017, 22, 251–259. [Google Scholar] [CrossRef]

	



Vandenbriele, C.; Brouckaert, J.; Hans, G.; Tchana-Sato, V.; Vandendriessche, K.; Gunst, J.; Ancion, A.; Van Cleemput, J.; Ledoux, D.; Rex, S.; et al. The Role of Transesophageal Echocardiography in Guiding Heart Donation after Circulatory Death. Clin. Transplant. 2022, 36, e14783. [Google Scholar] [CrossRef] [PubMed]

	



Dhital, K.K.; Iyer, A.; Connellan, M.; Chew, H.C.; Gao, L.; Doyle, A.; Hicks, M.; Kumarasinghe, G.; Soto, C.; Dinale, A.; et al. Adult Heart Transplantation with Distant Procurement and Ex-Vivo Preservation of Donor Hearts after Circulatory Death: A Case Series. Lancet 2015, 385, 2585–2591. [Google Scholar] [CrossRef]

	



Scheuer, S.E.; Jansz, P.C.; Macdonald, P.S. Heart Transplantation Following Donation after Circulatory Death: Expanding the Donor Pool. J. Heart Lung Transplant. 2021, 40, 882–889. [Google Scholar] [CrossRef]

	



Thuong, M.; Ruiz, A.; Evrard, P.; Kuiper, M.; Boffa, C.; Akhtar, M.Z.; Neuberger, J.; Ploeg, R. New Classification of Donation after Circulatory Death Donors Definitions and Terminology. Transpl. Int. 2016, 29, 749–759. [Google Scholar] [CrossRef]

	



García Sáez, D.; Bowles, C.T.; Mohite, P.N.; Zych, B.; Maunz, O.; Popov, A.F.; Hurtado, A.; Raj, B.; Rahman-Haley, S.; Banner, N.; et al. Heart Transplantation after Donor Circulatory Death in Patients Bridged to Transplant with Implantable Left Ventricular Assist Devices. J. Heart Lung Transplant. 2016, 35, 1255–1260. [Google Scholar] [CrossRef]

	



White, C.W.; Messer, S.J.; Large, S.R.; Conway, J.; Kim, D.H.; Kutsogiannis, D.J.; Nagendran, J.; Freed, D.H. Transplantation of Hearts Donated after Circulatory Death. Front. Cardiovasc. Med. 2018, 5, 8. [Google Scholar] [CrossRef] [PubMed]

	



Detry, O.; Le Dinh, H.; Noterdaeme, T.; De Roover, A.; Honoré, P.; Squifflet, J.-P.; Meurisse, M. Categories of Donation After Cardiocirculatory Death. Transplant. Proc. 2012, 44, 1189–1195. [Google Scholar] [CrossRef]

	



Messer, S.; Page, A.; Berman, M.; Tsui, S.; Large, S. Prolonged Donation Withdrawal Ischaemic Time (DWIT) Does Not Impact on DCD Heart Transplant Outcomes. J. Heart Lung Transplant. 2018, 37, S14–S15. [Google Scholar] [CrossRef]

	



White, C.W.; Lillico, R.; Sandha, J.; Hasanally, D.; Wang, F.; Ambrose, E.; Müller, A.; Rachid, O.; Li, Y.; Xiang, B.; et al. Physiologic Changes in the Heart Following Cessation of Mechanical Ventilation in a Porcine Model of Donation After Circulatory Death: Implications for Cardiac Transplantation: Physiologic Response to Donor Extubation. Am. J. Transplant. 2016, 16, 783–793. [Google Scholar] [CrossRef] [PubMed]

	



Iyer, A.; Chew, H.C.; Gao, L.; Villanueva, J.; Hicks, M.; Doyle, A.; Kumarasinghe, G.; Jabbour, A.; Jansz, P.C.; Feneley, M.P.; et al. Pathophysiological Trends During Withdrawal of Life Support: Implications for Organ Donation After Circulatory Death. Transplantation 2016, 100, 2621–2629. [Google Scholar] [CrossRef] [PubMed]

	



Kearns, M.J.; Miller, S.D.; Cheung, A.; Bashir, J.; Wong, S.; Seidman, M.A.; Boyd, J.H. A Rodent Model of Cardiac Donation After Circulatory Death and Novel Biomarkers of Cardiac Viability During Ex Vivo Heart Perfusion. Transplantation 2017, 101, e231–e239. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, M.; Méndez-Carmona, N.; Wyss, R.K.; Joachimbauer, A.; Casoni, D.; Carrel, T.; Longnus, S. Comparison of Experimental Rat Models in Donation After Circulatory Death (DCD): In-Situ vs. Ex-Situ Ischemia. Front. Cardiovasc. Med. 2021, 7, 596883. [Google Scholar] [CrossRef] [PubMed]

	



Obeid, N.R.; Rojas, A.; Reoma, J.L.; Hall, C.M.; Cook, K.E.; Bartlett, R.H.; Punch, J.D. Organ Donation After Cardiac Determination of Death (DCD): A Swine Model. ASAIO J. 2009, 55, 562–568. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Reimer, K.A.; Steenbergen, C. Myocardial Ischemia Revisited. The Osmolar Load, Membrane Damage, and Reperfusion. J. Mol. Cell. Cardiol. 1986, 18, 769–780. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Reimer, K.A. The Cell Biology of Acute Myocardial Ischemia. Annu. Rev. Med. 1991, 42, 225–246. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Reimer, K.A.; Hill, M.L.; Mayer, S.E. Total Ischemia in Dog Hearts, in Vitro. Circ. Res. 1981, 49, 892–900. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Reimer, K.A. Lethal Myocardial Ischemic Injury. Am. J. Pathol. 1981, 102, 241. [Google Scholar]

	



Schaefer, S.; Ramasamy, R. Glycogen Utilization and Ischemic Injury in the Isolated Rat Heart. Cardiovasc. Res. 1997, 35, 90–98. [Google Scholar] [CrossRef]

	



Knutson, A.K.; Williams, A.L.; Boisvert, W.A.; Shohet, R.V. HIF in the Heart: Development, Metabolism, Ischemia, and Atherosclerosis. J. Clin. Investig. 2021, 131, e137557. [Google Scholar] [CrossRef] [PubMed]

	



Verges, S.; Chacaroun, S.; Godin-Ribuot, D.; Baillieul, S. Hypoxic Conditioning as a New Therapeutic Modality. Front. Pediatr. 2015, 3, 58. [Google Scholar] [CrossRef]

	



Jaswal, J.S.; Keung, W.; Wang, W.; Ussher, J.R.; Lopaschuk, G.D. Targeting Fatty Acid and Carbohydrate Oxidation—A Novel Therapeutic Intervention in the Ischemic and Failing Heart. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2011, 1813, 1333–1350. [Google Scholar] [CrossRef]

	



Lopaschuk, G.D.; Ussher, J.R.; Folmes, C.D.L.; Jaswal, J.S.; Stanley, W.C. Myocardial Fatty Acid Metabolism in Health and Disease. Physiol. Rev. 2010, 90, 207–258. [Google Scholar] [CrossRef]

	



Lameris, T.W.; de Zeeuw, S.; Alberts, G.; Boomsma, F.; Duncker, D.J.; Verdouw, P.D.; Veld, A.J.M.I.; van den Meiracker, A.H. Time Course and Mechanism of Myocardial Catecholamine Release During Transient Ischemia In Vivo. Circulation 2000, 101, 2645–2650. [Google Scholar] [CrossRef] [PubMed]

	



Wells, M.A.; See Hoe, L.E.; Heather, L.C.; Molenaar, P.; Suen, J.Y.; Peart, J.; McGiffin, D.; Fraser, J.F. Peritransplant Cardiometabolic and Mitochondrial Function: The Missing Piece in Donor Heart Dysfunction and Graft Failure. Transplantation 2021, 105, 496–508. [Google Scholar] [CrossRef]

	



Shimada, Y.; Yamamoto, F.; Yamamoto, H.; Oka, T. Effect of Preischemic Catecholamine Treatment on Ischemia-Reperfusion Injury of the Myocardium: Subtype, Dose, and Temperature Dependency. Jpn. Circ. J. 1998, 62, 517–526. [Google Scholar] [CrossRef] [PubMed]

	



Niederberger, P.; Farine, E.; Arnold, M.; Wyss, R.K.; Sanz, M.N.; Méndez-Carmona, N.; Gahl, B.; Fiedler, G.M.; Carrel, T.P.; Tevaearai Stahel, H.T.; et al. High Pre-Ischemic Fatty Acid Levels Decrease Cardiac Recovery in an Isolated Rat Heart Model of Donation after Circulatory Death. Metabolism 2017, 71, 107–117. [Google Scholar] [CrossRef]

	



Schömig, A.; Strasser, R.; Richardt, G. Release and Effects of Catecholamines in Myocardial Ischemia. In Pathophysiology of Severe Ischemic Myocardial Injury. Developments in Cardiovascular Medicine; Springer: Dordrecht, The Netherlands, 1990; Volume 104, pp. 381–412. ISBN 978-0-7923-0459-3. [Google Scholar]

	



Dambrova, M.; Zuurbier, C.J.; Borutaite, V.; Liepinsh, E.; Makrecka-Kuka, M. Energy Substrate Metabolism and Mitochondrial Oxidative Stress in Cardiac Ischemia/Reperfusion Injury. Free Radic. Biol. Med. 2021, 165, 24–37. [Google Scholar] [CrossRef]

	



Hubacher, V.; Egle, M.; Graf, S.; Arnold, M.; Segiser, A.; Sanz, M.N.; Casoni, D.; Garcia Casalta, L.; Nettelbeck, K.; Mihalj, M.; et al. Open- versus Closed-Chest Pig Models of Donation after Circulatory Death. 2024; manuscript in preparation. [Google Scholar]

	



van der Vusse, G.J.; de Groot, M.J.M. Interrelationship between Lactate and Cardiac Fatty Acid Metabolism. Mol. Cell. Biochem. 1992, 116, 11–17. [Google Scholar] [CrossRef]

	



Arnold, M.; Segiser, A.; Graf, S.; Méndez-Carmona, N.; Sanz, M.N.; Wyss, R.K.; Kalbermatter, N.; Keller, N.; Carrel, T.; Longnus, S. Pre-Ischemic Lactate Levels Affect Post-Ischemic Recovery in an Isolated Rat Heart Model of Donation After Circulatory Death (DCD). Front. Cardiovasc. Med. 2021, 8, 669205. [Google Scholar] [CrossRef] [PubMed]

	



Brooks, G.A. The Science and Translation of Lactate Shuttle Theory. Cell Metab. 2018, 27, 757–785. [Google Scholar] [CrossRef] [PubMed]

	



Depre, C.; Vanoverschelde, J.-L.J.; Taegtmeyer, H. Glucose for the Heart. Circulation 1999, 99, 578–588. [Google Scholar] [CrossRef] [PubMed]

	



Brown, D.I.; Willis, M.S.; Berthiaume, J.M. Influence of Ischemia-Reperfusion Injury on Cardiac Metabolism. In The Scientist’s Guide to Cardiac Metabolism; Elsevier: London, UK, 2016; pp. 155–167. [Google Scholar]

	



Doenst, T.; Bugger, H.; Schwarzer, M.; Faerber, G.; Borger, M.A.; Mohr, F.W. Three Good Reasons for Heart Surgeons to Understand Cardiac Metabolism. Eur. J. Cardio-Thorac. Surg. 2008, 33, 862–871. [Google Scholar] [CrossRef] [PubMed]

	



King, L.M.; Opie, L.H. Glucose Delivery Is a Major Determinant of Glucose Utilisation in the Ischemic Myocardium with a Residual Coronary Flow. Cardiovasc. Res. 1998, 39, 381–392. [Google Scholar] [CrossRef] [PubMed]

	



Zuurbier, C.J.; Bertrand, L.; Beauloye, C.R.; Andreadou, I.; Ruiz-Meana, M.; Jespersen, N.R.; Kula-Alwar, D.; Prag, H.A.; Eric Botker, H.; Dambrova, M.; et al. Cardiac Metabolism as a Driver and Therapeutic Target of Myocardial Infarction. J. Cell. Mol. Med. 2020, 24, 5937–5954. [Google Scholar] [CrossRef] [PubMed]

	



Lopaschuk, G.D.; Collins-Nakai, R.; Olley, P.M.; Montague, T.J.; McNeil, G.; Gayle, M.; Penkoske, P.; Finegan, B.A. Plasma Fatty Acid Levels in Infants and Adults after Myocardial Ischemia. Am. Heart J. 1994, 128, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Oliver, M.F. Fatty Acids and the Risk of Death during Acute Myocardial Ischaemia. Clin. Sci. 2015, 128, 349–355. [Google Scholar] [CrossRef] [PubMed]

	



Marina Prendes, M.G.; Hermann, R.; Torresin, M.E.; Souto, P.; Tallis, S.; Savino, E.A.; Varela, A. Involvement of Energetic Metabolism in the Effects of Ischemic Postconditioning on the Ischemic-Reperfused Heart of Fed and Fasted Rats. J. Physiol. Sci. 2011, 61, 303–312. [Google Scholar] [CrossRef]

	



Doenst, T.; Guthrie, P.H.; Chemnitius, J.-M.; Zech, R.; Taegtmeyer, H. Fasting, Lactate, and Insulin Improve Ischemia Tolerance in Rat Heart: A Comparison with Ischemic Preconditioning. Am. J. Physiol.-Heart Circ. Physiol. 1996, 270, H1607–H1615. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Taegtmeyer, H. Fasting in Vivo Delays Myocardial Cell Damage after Brief Periods of Ischemia in the Isolated Working Rat Heart. Circ. Res. 1991, 68, 1045–1050. [Google Scholar] [CrossRef] [PubMed]

	



Montessuit, C.; Papageorgiou, I.; Tardy, I.; Lerch, R. Effect of Nutritional State on Substrate Metabolism and Contractile Function in Postischemic Rat Myocardium. Am. J. Physiol.-Heart Circ. Physiol. 1996, 271, H2060–H2070. [Google Scholar] [CrossRef] [PubMed]

	



Liepinsh, E.; Makrecka, M.; Kuka, J.; Makarova, E.; Vilskersts, R.; Cirule, H.; Sevostjanovs, E.; Grinberga, S.; Pugovics, O.; Dambrova, M. The Heart Is Better Protected against Myocardial Infarction in the Fed State Compared to the Fasted State. Metabolism 2014, 63, 127–136. [Google Scholar] [CrossRef] [PubMed]

	



van Hoorn, D.E.C.; Boelens, P.G.; van Middelaar-Voskuilen, M.C.; Nijveldt, R.J.; Prins, H.; Bouritius, H.; Hofman, Z.; M’rabet, L.; van Leeuwen, P.A.M.; van Norren, K. Preoperative Feeding Preserves Heart Function and Decreases Oxidative Injury in Rats. Nutrition 2005, 21, 859–866. [Google Scholar] [CrossRef] [PubMed]

	



Liepinsh, E.; Makrecka-Kuka, M.; Volska, K.; Kuka, J.; Makarova, E.; Antone, U.; Sevostjanovs, E.; Vilskersts, R.; Strods, A.; Tars, K.; et al. Long-Chain Acylcarnitines Determine Ischaemia/Reperfusion-Induced Damage in Heart Mitochondria. Biochem. J. 2016, 473, 1191–1202. [Google Scholar] [CrossRef] [PubMed]

	



D’Souza, K.; Nzirorera, C.; Kienesberger, P.C. Lipid Metabolism and Signaling in Cardiac Lipotoxicity. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2016, 1861, 1513–1524. [Google Scholar] [CrossRef] [PubMed]

	



Lopaschuk, G.D.; Ussher, J.R. Evolving Concepts of Myocardial Energy Metabolism: More Than Just Fats and Carbohydrates. Circ. Res. 2016, 119, 1173–1176. [Google Scholar] [CrossRef]

	



Karwi, Q.G.; Lopaschuk, G.D. CrossTalk Proposal: Ketone Bodies Are an Important Metabolic Fuel for the Heart. J. Physiol. 2022, 600, 1001–1004. [Google Scholar] [CrossRef] [PubMed]

	



Brunner, M.P.; Shah, S.H.; Craig, D.M.; Stevens, R.D.; Muehlbauer, M.J.; Bain, J.R.; Newgard, C.B.; Kraus, W.E.; Granger, C.B.; Sketch, M.H.; et al. Effect of Heparin Administration on Metabolomic Profiles in Samples Obtained During Cardiac Catheterization. Circ. Cardiovasc. Genet. 2011, 4, 695–700. [Google Scholar] [CrossRef]

	



Bahnsen, M.; Burrin, J.M.; Johnston, D.G.; Pernet, A.; Walker, M.; Alberti, K.G. Mechanisms of Catecholamine Effects on Ketogenesis. Am. J. Physiol.-Endocrinol. Metab. 1984, 247, E173–E180. [Google Scholar] [CrossRef]

	



Krentz, A.J.; Freedman, D.; Greene, R.; McKinley, M.; Boyle, P.J.; Schade, D.S. Differential Effects of Physiological versus Pathophysiological Plasma Concentrations of Epinephrine and Norepinephrine on Ketone Body Metabolism and Hepatic Portal Blood Flow in Man. Metabolism 1996, 45, 1214–1220. [Google Scholar] [CrossRef] [PubMed]

	



Russell, R.R.; Taegtmeyer, H. Changes in Citric Acid Cycle Flux and Anaplerosis Antedate the Functional Decline in Isolated Rat Hearts Utilizing Acetoacetate. J. Clin. Investig. 1991, 87, 384–390. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, A.D.; Elkins, N.; Reiss, O.K.; Chan, L.; Shapiro, J.I. Effects of Acetate on Energy Metabolism and Function in the Isolated Perfused Rat Heart. Kidney Int. 1997, 52, 755–760. [Google Scholar] [CrossRef] [PubMed]

	



Chu, Y.; Hua, Y.; He, L.; He, J.; Chen, Y.; Yang, J.; Mahmoud, I.; Zeng, F.; Zeng, X.; Benavides, G.A.; et al. β-Hydroxybutyrate Administered at Reperfusion Reduces Infarct Size and Preserves Cardiac Function by Improving Mitochondrial Function through Autophagy in Male Mice. J. Mol. Cell. Cardiol. 2024, 186, 31–44. [Google Scholar] [CrossRef] [PubMed]

	



McGarrah, R.W.; White, P.J. Branched-Chain Amino Acids in Cardiovascular Disease. Nat. Rev. Cardiol 2023, 20, 77–89. [Google Scholar] [CrossRef] [PubMed]

	



Lopaschuk, G. The Role of Fatty Acid Oxidation in Cardiac Ischemia and Reperfusion. Adv. Stud. Med. 2004, 4, S803–S807. [Google Scholar]

	



Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR Regulate Autophagy through Direct Phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [Google Scholar] [CrossRef] [PubMed]

	



Heidrich, F.; Schotola, H.; Popov, A.F.; Sohns, C.; Schuenemann, J.; Friedrich, M.; Coskun, K.O.; von Lewinski, D.; Hinz, J.; Bauer, M.; et al. AMPK—Activated Protein Kinase and Its Role in Energy Metabolism of the Heart. Curr. Cardiol. Rev. 2010, 6, 337–342. [Google Scholar] [CrossRef] [PubMed]

	



Bairwa, S.C.; Parajuli, N.; Dyck, J.R.B. The Role of AMPK in Cardiomyocyte Health and Survival. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2016, 1862, 2199–2210. [Google Scholar] [CrossRef]

	



Angin, Y.; Beauloye, C.; Horman, S.; Bertrand, L. Regulation of Carbohydrate Metabolism, Lipid Metabolism, and Protein Metabolism by AMPK. In AMP-Activated Protein Kinase; Cordero, M.D., Viollet, B., Eds.; Experientia Supplementum; Springer International Publishing: Cham, Switzerland, 2016; Volume 107, pp. 23–43. ISBN 978-3-319-43587-9. [Google Scholar]

	



Ferguson, B.S.; Rogatzki, M.J.; Goodwin, M.L.; Kane, D.A.; Rightmire, Z.; Gladden, L.B. Lactate Metabolism: Historical Context, Prior Misinterpretations, and Current Understanding. Eur. J. Appl. Physiol. 2018, 118, 691–728. [Google Scholar] [CrossRef]

	



Nalbandian, M.; Takeda, M. Lactate as a Signaling Molecule That Regulates Exercise-Induced Adaptations. Biology 2016, 5, 38. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, T.K.; Aslam, R.S.; Beckert, S.; Wagner, S.; Ghani, Q.P.; Hussain, M.Z.; Roy, S.; Sen, C.K. Aerobically Derived Lactate Stimulates Revascularization and Tissue Repair via Redox Mechanisms. Antioxid. Redox Signal. 2007, 9, 1115–1124. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, R.B.; Griggs, D.M. Transmural Gradients in Ventricular Tissue Metabolites Produced by Stopping Coronary Blood Flow in the Dog. Circ. Res. 1975, 37, 438–445. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, R.B.; Murry, C.E.; Steenbergen, C.; Reimer, K.A. Development of Cell Injury in Sustained Acute Ischemia. Circulation 1990, 82, II2-12. [Google Scholar] [PubMed]

	



Page, A.; Messer, S.; Large, S.R. Heart Transplantation from Donation after Circulatory Determined Death. Ann. Cardiothorac. Surg. 2018, 7, 75–81. [Google Scholar] [CrossRef] [PubMed]

	



Smail, H.; Garcia-Saez, D.; Stock, U.; Ahmed-Hassan, H.; Bowles, C.; Zych, B.; Mohite, P.N.; Maunz, O.; Simon, A.R. Direct Heart Procurement After Donation After Circulatory Death With Ex Situ Reperfusion. Ann. Thorac. Surg. 2018, 106, e211–e214. [Google Scholar] [CrossRef] [PubMed]

	



Parolari, A.; Rubini, P.; Cannata, A.; Bonati, L.; Alamanni, F.; Tremoli, E.; Biglioli, P. Endothelial Damage during Myocardial Preservation and Storage. Ann. Thorac. Surg. 2002, 73, 682–690. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Docherty, J.C.; Rendell, J.C.T.; Clanachan, A.S.; Lopaschuk, G.D. High Levels of Fatty Acids Delay the Recovery of Intracellular pH and Cardiac Efficiency Inpost-Ischemic Hearts by Inhibiting Glucose Oxidation. J. Am. Coll. Cardiol. 2002, 39, 718–725. [Google Scholar] [CrossRef] [PubMed]

	



Stanley, W.C. Myocardial Substrate Metabolism in the Normal and Failing Heart. Physiol. Rev. 2005, 85, 1093–1129. [Google Scholar] [CrossRef]

	



Ussher, J.R.; Wang, W.; Gandhi, M.; Keung, W.; Samokhvalov, V.; Oka, T.; Wagg, C.S.; Jaswal, J.S.; Harris, R.A.; Clanachan, A.S.; et al. Stimulation of Glucose Oxidation Protects against Acute Myocardial Infarction and Reperfusion Injury. Cardiovasc. Res. 2012, 94, 359–369. [Google Scholar] [CrossRef]

	



Taegtmeyer, H. Switching Metabolic Genes to Build a Better Heart. Circulation 2002, 106, 2043–2045. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Clanachan, A.S.; Schulz, R.; Lopaschuk, G.D. Cardiac Efficiency Is Improved After Ischemia by Altering Both the Source and Fate of Protons. Circ. Res. 1996, 79, 940–948. [Google Scholar] [CrossRef] [PubMed]

	



Mallet, R.T.; Sun, J.; Knott, E.M.; Sharma, A.B.; Olivencia-Yurvati, A.H. Metabolic Cardioprotection by Pyruvate: Recent Progress. Exp. Biol. Med. 2005, 230, 435–443. [Google Scholar] [CrossRef]

	



Smolenski, R.T.; Amrani, M.; Jayakumar, J.; Jagodzinski, P.; Gray, C.C.; Goodwin, A.T.; Sammut, I.A.; Yacoub, M.H. Pyruvate/Dichloroacetate Supply during Reperfusion Accelerates Recovery of Cardiac Energetics and Improves Mechanical Function Following Cardioplegic Arrest. Eur. J. Cardio-Thorac. Surg. 2001, 19, 865–872. [Google Scholar] [CrossRef] [PubMed]

	



Dyck, J.R.B.; Cheng, J.-F.; Stanley, W.C.; Barr, R.; Chandler, M.P.; Brown, S.; Wallace, D.; Arrhenius, T.; Harmon, C.; Yang, G.; et al. Malonyl Coenzyme A Decarboxylase Inhibition Protects the Ischemic Heart by Inhibiting Fatty Acid Oxidation and Stimulating Glucose Oxidation. Circ. Res. 2004, 94, e78–e84. [Google Scholar] [CrossRef]

	



Lopaschuk, G.D.; Barr, R.; Thomas, P.D.; Dyck, J.R.B. Beneficial Effects of Trimetazidine in Ex Vivo Working Ischemic Hearts Are Due to a Stimulation of Glucose Oxidation Secondary to Inhibition of Long-Chain 3-Ketoacyl Coenzyme A Thiolase. Circ. Res. 2003, 93, e33–e37. [Google Scholar] [CrossRef]

	



Lopaschuk, G.D.; McNeil, G.F.; McVeigh, J.J. Glucose Oxidation Is Stimulated in Reperfused Ischemic Hearts with the Carnitine Palmitoyltransferase 1 Inhibitor, Etomoxir. Mol. Cell. Biochem. 1989, 88, 175–179. [Google Scholar] [CrossRef] [PubMed]

	



Xu, K.Y.; Zweier, J.L.; Becker, L.C. Functional Coupling between Glycolysis and Sarcoplasmic Reticulum Ca2+ Transport. Circ. Res. 1995, 77, 88–97. [Google Scholar] [CrossRef]

	



Fillmore, N.; Lopaschuk, G.D. Impact of Fatty Acid Oxidation on Cardiac Efficiency. Heart Metab. 2011, 53, 33–37. [Google Scholar]

	



Davidson, S.M.; Ferdinandy, P.; Andreadou, I.; Bøtker, H.E.; Heusch, G.; Ibáñez, B.; Ovize, M.; Schulz, R.; Yellon, D.M.; Hausenloy, D.J.; et al. Multitarget Strategies to Reduce Myocardial Ischemia/Reperfusion Injury. J. Am. Coll. Cardiol. 2019, 73, 89–99. [Google Scholar] [CrossRef]

	



Niederberger, P.; Farine, E.; Raillard, M.; Dornbierer, M.; Freed, D.H.; Large, S.R.; Chew, H.C.; MacDonald, P.S.; Messer, S.J.; White, C.W.; et al. Heart Transplantation with Donation after Circulatory Death: What Have We Learned From Preclinical Studies? Circ. Heart Fail. 2019, 12, e005517. [Google Scholar] [CrossRef] [PubMed]

	



Ross, J.L.; Howlett, S.E. Age and Ovariectomy Abolish Beneficial Effects of Female Sex on Rat Ventricular Myocytes Exposed to Simulated Ischemia and Reperfusion. PLoS ONE 2012, 7, e38425. [Google Scholar] [CrossRef] [PubMed]

	



Lagranha, C.J.; Deschamps, A.; Aponte, A.; Steenbergen, C.; Murphy, E. Sex Differences in the Phosphorylation of Mitochondrial Proteins Result in Reduced Production of Reactive Oxygen Species and Cardioprotection in Females. Circ. Res. 2010, 106, 1681–1691. [Google Scholar] [CrossRef] [PubMed]

	



Devanathan, S.; Whitehead, T.D.; Fettig, N.; Gropler, R.J.; Nemanich, S.; Shoghi, K.I. Sexual Dimorphism in Myocardial Acylcarnitine and Triglyceride Metabolism. Biol. Sex Differ. 2016, 7, 25. [Google Scholar] [CrossRef] [PubMed]

	



Saeedi, R.; Wambolt, R.B.; Parsons, H.; Antler, C.; Leong, H.S.; Keller, A.; Dunaway, G.A.; Popov, K.M.; Allard, M.F. Gender and Post-Ischemic Recovery of Hypertrophied Rat Hearts. BMC Cardiovasc. Disord. 2006, 6, 8. [Google Scholar] [CrossRef] [PubMed]

	



Rueda-Clausen, C.F.; Morton, J.S.; Lopaschuk, G.D.; Davidge, S.T. Long-Term Effects of Intrauterine Growth Restriction on Cardiac Metabolism and Susceptibility to Ischaemia/Reperfusion. Cardiovasc. Res. 2011, 90, 285–294. [Google Scholar] [CrossRef] [PubMed]

	



Colom, B.; Oliver, J.; Roca, P.; Garciapalmer, F. Caloric Restriction and Gender Modulate Cardiac Muscle Mitochondrial H2O2 Production and Oxidative Damage. Cardiovasc. Res. 2007, 74, 456–465. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, R.F.; Ronconi, K.S.; Morra, E.A.; Do Val Lima, P.R.; Porto, M.L.; Vassallo, D.V.; Figueiredo, S.G.; Stefanon, I. Sex Differences in the Regulation of Spatially Distinct Cardiac Mitochondrial Subpopulations. Mol. Cell. Biochem. 2016, 419, 41–51. [Google Scholar] [CrossRef]

	



Chen, Q.; Akande, O.; Lesnefsky, E.J.; Quader, M. Influence of Sex on Global Myocardial Ischemia Tolerance and Mitochondrial Function in Circulatory Death Donor Hearts. Am. J. Physiol.-Heart Circ. Physiol. 2023, 324, H57–H66. [Google Scholar] [CrossRef]

	



Heusch, G. Critical Issues for the Translation of Cardioprotection. Circ. Res. 2017, 120, 1477–1486. [Google Scholar] [CrossRef]

	



Holubarsch, C.J.F.; Rohrbach, M.; Karrasch, M.; Boehm, E.; Polonski, L.; Ponikowski, P.; Rhein, S. A Double-Blind Randomized Multicentre Clinical Trial to Evaluate the Efficacy and Safety of Two Doses of Etomoxir in Comparison with Placebo in Patients with Moderate Congestive Heart Failure: The ERGO (Etomoxir for the Recovery of Glucose Oxidation) Study. Clin. Sci. 2007, 113, 205–212. [Google Scholar] [CrossRef] [PubMed]

	



Truby, L.K.; Kwee, L.C.; Bowles, D.E.; Casalinova, S.; Ilkayeva, O.; Muehlbauer, M.J.; Huebner, J.L.; Holley, C.L.; DeVore, A.D.; Patel, C.B.; et al. Metabolomic Profiling during Ex Situ Normothermic Perfusion before Heart Transplantation Defines Patterns of Substrate Utilization and Correlates with Markers of Allograft Injury. J. Heart Lung Transplant. 2023; in press. [Google Scholar] [CrossRef] [PubMed]

	



Hautbergue, T.; Laverdure, F.; Van, S.D.; Vallee, A.; Sanchis-Borja, M.; Decante, B.; Gaillard, M.; Junot, C.; Fenaille, F.; Mercier, O.; et al. Metabolomic Profiling of Cardiac Allografts after Controlled Circulatory Death. J. Heart Lung Transplant. 2023, 42, 870–879. [Google Scholar] [CrossRef]

	



Wyss, R.K.; Méndez Carmona, N.; Arnold, M.; Segiser, A.; Mueller, M.; Dutkowski, P.; Carrel, T.P.; Longnus, S.L. Hypothermic, Oxygenated Perfusion (HOPE) Provides Cardioprotection via Succinate Oxidation Prior to Normothermic Perfusion in a Rat Model of Donation after Circulatory Death (DCD). Am. J. Transplant. 2021, 21, 1003–1011. [Google Scholar] [CrossRef]

	



Egle, M.; Mendez-Carmona, N.; Segiser, A.; Graf, S.; Siepe, M.; Longnus, S. Hypothermic Oxygenated Perfusion Improves Vascular and Contractile Function by Preserving Endothelial Nitric Oxide Production in Cardiac Grafts Obtained with Donation after Circulatory Death. J. Am. Heart Assoc. 2024, 13, e033503. [Google Scholar]

	



Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijević, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.; Smith, A.C.; et al. Ischaemic Accumulation of Succinate Controls Reperfusion Injury through Mitochondrial ROS. Nature 2014, 515, 431–435. [Google Scholar] [CrossRef]

	



Valls-Lacalle, L.; Barba, I.; Miró-Casas, E.; Alburquerque-Béjar, J.J.; Ruiz-Meana, M.; Fuertes-Agudo, M.; Rodríguez-Sinovas, A.; García-Dorado, D. Succinate Dehydrogenase Inhibition with Malonate during Reperfusion Reduces Infarct Size by Preventing Mitochondrial Permeability Transition. Cardiovasc. Res. 2016, 109, 374–384. [Google Scholar] [CrossRef]

	



Akande, O.; Chen, Q.; Cholyway, R.; Toldo, S.; Lesnefsky, E.J.; Quader, M. Modulation of Mitochondrial Respiration During Early Reperfusion Reduces Cardiac Injury in Donation After Circulatory Death Hearts. J. Cardiovasc. Pharmacol. 2022, 80, 148–157. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Z.J.; Kim, S.; Cui, H.X.; Han, K.; Lee, H.K.; Kim, C.-H.; Kang, Y.C.; Zhang, Y.H. Human Platelet Mitochondria Improve the Mitochondrial and Cardiac Function of Donor Heart. Pflug. Arch.-Eur. J. Physiol. 2023, 475, 267–275. [Google Scholar] [CrossRef]

	



Guariento, A.; Doulamis, I.P.; Duignan, T.; Kido, T.; Regan, W.L.; Saeed, M.Y.; Hoganson, D.M.; Emani, S.M.; Fynn-Thompson, F.; Matte, G.S.; et al. Mitochondrial Transplantation for Myocardial Protection in Ex-Situ—perfused Hearts Donated after Circulatory Death. J. Heart Lung Transplant. 2020, 39, 1279–1288. [Google Scholar] [CrossRef]

	



Makrecka-Kuka, M.; Korzh, S.; Videja, M.; Vilks, K.; Cirule, H.; Kuka, J.; Dambrova, M.; Liepinsh, E. Empagliflozin Protects Cardiac Mitochondrial Fatty Acid Metabolism in a Mouse Model of Diet-Induced Lipid Overload. Cardiovasc. Drugs Ther. 2020, 34, 791–797. [Google Scholar] [CrossRef] [PubMed]

	



Paiva, M.A.; Gonçalves, L.M.; Providência, L.A.; Davidson, S.M.; Yellon, D.M.; Mocanu, M.M. Transitory Activation of AMPK at Reperfusion Protects the Ischaemic-Reperfused Rat Myocardium Against Infarction. Cardiovasc. Drugs Ther. 2010, 24, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Jones, S.P.; Zachara, N.E.; Ngoh, G.A.; Hill, B.G.; Teshima, Y.; Bhatnagar, A.; Hart, G.W.; Marbán, E. Cardioprotection by N -Acetylglucosamine Linkage to Cellular Proteins. Circulation 2008, 117, 1172–1182. [Google Scholar] [CrossRef] [PubMed]

	



Kadowaki, S.; Siraj, M.A.; Chen, W.; Wang, J.; Parker, M.; Nagy, A.; Steve Fan, C.; Runeckles, K.; Li, J.; Kobayashi, J.; et al. Cardioprotective Actions of a Glucagon-like Peptide-1 Receptor Agonist on Hearts Donated After Circulatory Death. J. Am. Heart Assoc. 2023, 12, e027163. [Google Scholar] [CrossRef]

	



Andrijevic, D.; Vrselja, Z.; Lysyy, T.; Zhang, S.; Skarica, M.; Spajic, A.; Dellal, D.; Thorn, S.L.; Duckrow, R.B.; Ma, S.; et al. Cellular Recovery after Prolonged Warm Ischaemia of the Whole Body. Nature 2022, 608, 405–412. [Google Scholar] [CrossRef]








[image: Ijms 25 04153 g001] 





Figure 1. Sequence of events in direct procurement and perfusion clinical protocols for DCD heart transplantation with Maastricht category III donors. ESHP, ex situ heart perfusion; FWIT, functional warm ischemic time; WLST, withdrawal of life-sustaining therapy. 
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Figure 2. Metabolic changes during the sequence of events in direct procurement and perfusion clinical protocols for DCD heart transplantation. ATP: adenosine triphosphate; ESHP: ex situ heart perfusion; FFA: free fatty acids; FWIT: functional warm ischemic time; GLY: glycolysis; GO: glucose oxidation; IRI: ischemia–reperfusion injury; mPTP: mitochondrial permeability transition pore; ROS: reactive oxygen species; WLST: withdrawal of life-sustaining therapy. 
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Figure 3. Potential metabolic-based cardioprotective reperfusion strategies. AMPK: 5′-AMP-activated protein kinase; ATP: adenosine triphosphate; CPT1: carnitine palmitoyl transferase 1; eNOS: endothelial nitric-oxide synthase; EPO: erythropoietin; FA: fatty acid; FAO: fatty acid oxidation; FFA: free fatty acids; GO: glucose oxidation; GLP1: glucagon-like peptide 1; GTN: glyceryl trinitrate; HIF: hypoxia-induced factor; HOPE: hypothermic oxygenated perfusion; MCD: malonyl-CoA decarboxylase; mPTP: mitochondrial permeability transition pore; PDK: pyruvate dehydrogenase kinase; RET: reverse electron transport; ROS: reactive oxygen species; SDH: succinate dehydrogenase; SGLT2: sodium glucose transporter 2. 
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Figure 4. Metabolic changes and potential therapeutic approaches during the different phases of DCD heart transplantation. ATP: adenosine triphosphate; ESHP: ex situ heart perfusion; FAO: fatty acid oxidation; FFA: free fatty acids; FWIT: functional warm ischemic time; GLY: glycolysis; GO: glucose oxidation; HOPE: hypothermic oxygenated perfusion; mPTP: mitochondrial permeability transition pore; ROS: reactive oxygen species. 






Figure 4. Metabolic changes and potential therapeutic approaches during the different phases of DCD heart transplantation. ATP: adenosine triphosphate; ESHP: ex situ heart perfusion; FAO: fatty acid oxidation; FFA: free fatty acids; FWIT: functional warm ischemic time; GLY: glycolysis; GO: glucose oxidation; HOPE: hypothermic oxygenated perfusion; mPTP: mitochondrial permeability transition pore; ROS: reactive oxygen species.



[image: Ijms 25 04153 g004]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
pulmonary hyperdynamic
vasoconstriction phase
phase

start
FWIT

declaration heart
of death access

circulatory
arrest

pre-ischemia hypoxia

o * FFA
ypoxia,
hemodynamic * lactate )
instability, v O, —» *catecholamines
catecholamines4 J pH

4 glucose

functional warm ischemia cold ischemia

accumula