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ABBREVIATIONS 

A, Adrenaline 

AMP, Adenosine monophosphate 

AMPK, AMP-activated protein kinase  

AR, Adrenoceptor 

ATP, Adenosine triphosphate 

β-AR, beta-adrenoceptor 

BSD, Brain stem death 

Ca2+, Calcium 

cAMP,  cyclic adenosine monophosphate 

CAV, Cardiac allograft vasculopathy 

CBF, Coronary blood flow 

CBN, Contraction band necrosis 

CFR, Coronary flow reserve 

CPP, Cerebral Perfusion Pressure 

CPT-1, Carnitine palmitoyl-transferase I  

CSS, Cold static storage 

DAMP’s, Danger associated molecular patterns  

eNOS, Endothelial nitric oxide 

FA, Fatty acid 

FFA, Free fatty acid 

GLUT4, Glucose transporter type 4  

GRK2, G-protein receptor kinase 2 

HEP, High energy phosphates 

HF, Heart failure 
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HPA, Hypothalamic-pituitary-adrenal  

HRT, Hormone replacement therapy 

HTX, Heart transplantation 

ICP, Intracranial Pressure 

IRI, Ischaemia reperfusion injury 

LDH, Lactate dehydrogenase 

mPTP, mitochondrial permeability transition pore 

NA, Noradrenaline 

NO, Nitric oxide 

OCS, Organ Care Systems  

PDH, Pyruvate dehydrogenase 

PDK, Pyruvate dehydrogenase kinase 

PFK-1/2, Phosphofructokinase-1/2 

PKA, Protein Kinase A 

ROS, Reactive oxygen species 

SERCA, sarcoplasmic reticulum Ca2+ -ATPase  

T3, triiodothyronine 

TCA, Tricarboxylic acid  

VSM, Vascular smooth muscle 
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ABSTRACT 

Primary graft dysfunction (PGD) is an important cause of morbidity and mortality after cardiac 

transplantation.  Donor brain stem death (BSD) is a significant contributor to donor heart 

dysfunction (DHD) and PGD. There remain substantial gaps in the mechanistic understanding 

of peritransplant cardiac dysfunction. One of these gaps is cardiac metabolism and metabolic 

function. The healthy heart is an ‘omnivore’, capable of utilising multiple sources of nutrients 

to fuel its enormous energetic demand. When this fails, metabolic inflexibility leads to 

myocardial dysfunction. Data have hinted at metabolic disturbance in the BSD donor and 

subsequent HTx, however, there is limited evidence demonstrating specific metabolic or 

mitochondrial dysfunction. This review will examine the literature surrounding cardio-

metabolic and mitochondrial function in the BSD donor, organ preservation, and subsequent 

cardiac transplantation. A more comprehensive understanding of this subject may then help to 

identify important cardioprotective strategies to improve the number and quality of donor 

hearts. 
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Introduction 

The gold standard treatment for end-stage heart failure (HF) is heart transplantation (HTx). 

One of the greatest limitations to HTx, is the poor supply of donor hearts to meet the increasing 

demand for HTx. The reasons for this shortage are multifactorial, but donor heart dysfunction 

is 1 of the major reasons why more than 50% of donor hearts are considered unsuitable for 

transplantation. Cardiac dysfunction is initiated at brain injury, eventually resulting in donor 

brain stem death (BSD),1 is worsened with cold static storage (CSS) through ischaemia and 

nutrient depletion,2 and exacerbated with reperfusion.3 Experimental studies incorporating 

cardiac transplantation are challenging to perform and as a result, mechanistic data beyond 

standard clinical measures are lacking. This situation creates islands of uncharted 

pathophysiology. One such island is cardiac metabolism, a crucial determinant for adequate 

cardiac function.  

Mitochondria comprise 1/3 of the cellular contents of the myocardium, which is necessary for 

the substantial adenosine triphosphate (ATP) requirement for continual contraction.  This large 

energetic demand is the reason for the heart’s inherent metabolic versatility, allowing the 

utilisation of several nutrient sources (e.g., glucose, fatty acids, amino acids) (Fig 1).4-6 Periods 

of cardiac stress or damage can interfere with the heart’s metabolic ‘omnivorous’ nature. This 

interference is referred to as metabolic inflexibility, which describes the heart’s inability to 

preferentially utilise substrates, which in turn causes metabolite build up and influences 

mitochondrial function [7]. Metabolic inflexibility has been implicated in the pathology of heart 

failure, diabetic cardiomyopathy and acute myocardial infarction.7,8 Consequently, metabolic 

disorders lead to bio-energetic failure, initiating signalling cascades resulting in 

cardiomyopathy. In the context of HTx, the donor heart must endure similar pathology to other 

well-known cardiovascular diseases with an additional significant ischaemic insult.  
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Studies investigating peritransplant and BSD-mediated cardio-metabolic changes have focused 

on circulating metabolites or tissue ATP levels. There are important limitations in the models 

used, primarily the lack of accurate clinical relevance. For example, short BSD time frames (6-

12 hrs) which do not correlate with the longer time frames observed clinically (24-48 hrs), or 

the use of isolated Langendorff perfusion in place of transplantation are frequently used. Given 

the reversible nature of donor cardiac dysfunction, BSD time is an important factor affecting 

experimental data. Another important consideration is the method of metabolic assessment, 

such as blood metabolite and tissue ATP. While these data are useful, metabolism is dynamic 

and complex, therefore a more thorough metabolic evaluation of clinically relevant models is 

necessary.  

Currently, changes in metabolic profiles are rarely used to identify pathophysiological 

mechanisms and potential therapeutic targets. Instead, efforts focus on the identification and 

development of biomarkers for graft dysfunction through “Omic” type approaches.9-11 In renal 

and liver transplantation, “Omics” has identified changes in lipid, amino acid, carbohydrate 

and purine metabolism which yield reliable predictions for graft dysfunction.12-14 While it is 

appreciated that a useful biomarker must have an underlying biological mechanism, an often-

overlooked opportunity in these studies is the identification of targets for therapeutics in 

complex yet interconnected systems, such as metabolism and mitochondrial function to 

improve graft function.  

Mitochondrial and metabolic function is an important determinant in cardiac regulation. 

However, their impact in the context of HTx is undervalued. This review aims to discuss the 

known cardio-metabolic and mitochondrial effects of HTx by following the journey the donor 

heart travels. The well-known pathophysiological mechanisms precipitating poor graft function 

will also be discussed in relation to their close links with metabolism or mitochondrial function. 

Areas of future research within cardio-metabolic regulation will also be highlighted.   
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The Heart Donor 

There has been considerable investigation into characterising the physiological responses to 

BSD. These studies have led to the improvement of patient management and the realisation of 

important mechanisms behind donor cardiac dysfunction. These mechanisms are closely linked 

to metabolism and mitochondrial function, which to date remains largely understudied (Table 

1). Investigating these metabolic and mitochondrial alterations may provide alternative 

strategies to improve both patient outcomes and donor heart function. 

To date, only 1 study has directly examined mitochondrial respiration post-BSD. Sztark et al,15 

permeabilised muscle fibres from the peroneus longus muscle of patients with BSD and found 

depressed state 3 respiration independent of substrate, and lower respiratory control compared 

to non-BSD patients.15 In conjunction with elevated lactate to pyruvate ratios, Sztark suggested 

that donor BSD induced global energetic failure as a consequence of myocardial ischaemia. 

Sztark concluded that the metabolic status of BSD donors should be evaluated for donor risk 

stratification and highlighted metabolism as a potential management strategy.  

Approximately 20 years prior to Sztark, Novitzsky and colleagues in the 1980’s described 

metabolic alterations in a baboon model of brain death.16-18 These seminal studies described a 

switch to anaerobic respiration, evidenced by reductions in labeled glucose, pyruvate and 

palmitate utilisation and increases in lactate.17 These findings were substantiated in further 

works measuring blood metabolites19, 20; however, to our knowledge there has been no direct, 

thorough investigation of metabolic derangement beyond plasma metabolites. 

Novitzky suggested that these alterations lead to depleted energy stores of high energy 

phosphates (HEP).17. However, despite an initial drop in HEP during the autonomic storm, 

studies have found that HEP concentrations remain conserved thereafter.21-23 This result is 

consistent throughout species and analytical methods. Two studies found that the right ventricle 

(RV) post-BSD, was susceptible to a drop in HEP; however, these results failed to reach 
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statistical significance.21, 24 There are several features of BSD such as the catecholamine storm, 

vascular/endothelial dysfunction and endocrine dysfunction that precede metabolic 

dysfunction but are inexorably linked.  

Catecholamine Storm 

The catecholamine storm is the most well-recognized response to donor brain injury. As 

intracranial pressure (ICP) increases due to brain injury, cerebral perfusion pressure (CPP) 

decreases, initiating the cerebral ischaemic response. Sympathetic regulatory centers of the 

brain stem activate to increase systemic sympathetic outflow to elevate CPP. Thus, circulating 

levels, as well as postganglionic levels of catecholamines, surge, in some cases by 100 fold.25 

The catecholamine storm reportedly lasts between 3-30 mins, after which levels return to 

baseline.19,26-28 This creates 2 haemodynamic phases post-BSD, the hyperdynamic phase [19-

21] (hypertension, tachycardia,22-24 vasoconstriction) and the hypoactive phase (hypotension, 

bradycardia, loss of vasomotor tone).29 Total sympathectomy or adrenergic antagonism has 

been shown to ameliorate these effects, confirming the deleterious role of catecholamines.25 

The nonhaemodynamic actions of catecholamines are rarely studied in relation to the organ 

donor. This is particularly important when considering the management of both the potential 

organ donor and recipient. Inotropic support of donor heart dysfunction is most frequently 

performed using sympathomimetics such as adrenaline, noradrenaline and/or dopamine. High 

inotrope dosage is defined as dopamine/dobutamine infusions >10 µg·kg-1·min·-1 and 

noradrenaline infusions >0.05 µg·kg-1·min-1 and an inability to wean doses at this level may 

persuade some transplant programs from accepting a donor heart.30, 31 This notion has recently 

been questioned with both experimental and retrospective studies (examining relative risk) 

demonstrating clinical acceptability of donor hearts from patients with high inotropic support.32 
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The hyperdynamic phase of BSD 

The hyperdynamic phase is the focus of most BSD studies trying to explain mechanisms 

involved in the development of the hypoactive phase. The hypothesis generated by Novitzky’s 

studies suggests that a metabolic shift to anaerobic metabolism occurs as a consequence of 

endocrine changes (discussed below).  Catecholamines, however, are important regulators of 

cardiac metabolism in situations of stress and therefore, are involved in anaerobic metabolism 

and its deleterious consequences.   

Adrenergic agonism activates several key signalling molecules and metabolic enzymes. Firstly, 

β-adrenoceptor (AR) agonism increases cyclic adenosine monophosphate (cAMP) levels, a 

positive regulator of glycogen phosphorylase, which increases glucose 1-phosphate.33, 34 This 

allows fast substrate access to the glycolytic pathway to increase ATP. In addition, cAMP 

activation of protein kinase A (PKA), which increases cytosolic Ca2+ (c[Ca2+]) activates 

phosphofructokinase-2 (PFK-2).33 PFK-2 then stimulates PFK-1, an important enzyme in the 

irreversible production of fructose 1,6-bisphosphate.33 Collectively, catecholamines can 

quickly increase glycolysis through cAMP-PKA for energy production.  

The observed increases in lactate during BSD is interpreted as an anaerobic shift. However, 

increases in glycolytic rate are usually accompanied by physiological increases in lactate 

formation, which the heart can utilise. Lactate reportedly contributes 10-15% to energy 

production via the catalytic conversion of lactate to pyruvate via lactate dehydrogenase 

(LDH).35 The formation of pyruvate couples glycolysis with glucose oxidation in the 

mitochondria. The uncoupling of glycolysis with glucose oxidation is a hallmark of heart 

failure and contributes to the progression of the disease.7,35,36 Increases in reactive oxygen 

species (ROS), mitochondrial dysfunction and ischaemia may initiate glycolytic uncoupling.  

BSD-mediated catecholamines may facilitate ROS, mitochondrial dysfunction and ischaemia, 

and thus promote uncoupling. Catecholamines have been shown to increase the production of 
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ROS by increasing mitochondrial rate, auto-oxidation and deamination via monoamine 

oxidases.37 Ischaemia develops from vascular α1-AR-mediated vasoconstriction and increases 

in c[Ca2+]. Intracellular Ca2+ overload promotes hypercontracture, thus reducing diastolic time, 

the period in which myocardial perfusion takes place. Evidence of this has been demonstrated 

via reductions in inotropy and myocardial O2 extraction in a porcine model of BSD.38  

β-AR mediated increases in c[Ca2+] correspondingly increase mitochondrial Ca2+ (m[Ca2+]), 

effectively matching energy supply with demand.39 This is achieved by m[Ca2+] activation of 

tricarboxylic acid (TCA) cycle dehydrogenases to increase rates of oxidative 

phosphorylation.39,40 Evidence of contraction and coagulation band necrosis post-BSD is 

attributed partially to c[Ca2+] overload as a consequence of elevated β-AR agonism.41-43 

Increased m[Ca2+] uptake, however, activates the mitochondrial permeability transition pore 

(mPTP), leading to mitophagy, energy depletion and consequently decreased contractility. 

Ultimately these catecholamine-mediated actions may increase acetyl-CoA:free CoA and 

NADH:NAD+ ratios, negatively regulating pyruvate dehydrogenase (PDH), causing glycolytic 

uncoupling.44,45 This results in increased lactate and proton production, which contributes to a 

decrease in intracellular pH and thus cardiomyocyte function.  

Direct assessment of glucose oxidation in the context of BSD has not been conducted outside 

of lactate production. Indeed, there are increases in glycolytic rates; however, high energy 

phosphates remain unchanged in the face of high energetic demand. Given the brief, yet intense 

catecholamine signal and reductions in myocardial oxygen extraction it is difficult to ascertain, 

i) if glycolytic uncoupling is present, ii) how much this contributes to cardiac dysfunction and 

iii) how long metabolic dysfunction persists post-BSD and thus closer to donation. 

Identification of glycolytic uncoupling would open new avenues to therapeutic intervention, 

i.e. ‘metabolic resuscitation’. Improvements in the efficacy of glucose oxidation via inhibition 
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of pyruvate dehydrogenase kinase (PDK) and thus, activation of PDH, has shown increased 

cardiac function and efficiency in settings of heart failure and myocardial ischaemia. 35,46  

In opposition to increases in glycolytic rate, catecholamines can also increase pathways 

involved in the inhibition of glucose metabolism. In periods of ischaemia, adenosine 

monophosphate (AMP) levels rise, which stimulates the activity of AMP-activated protein 

kinase (AMPK).45,47 AMPK relieves the inhibition of malonyl-CoA on carnitine palmitoyl-

transferase I (CPT-1) via acetyl-CoA carboxylase inhibition45,48 (Fig 2). CPT-1 is a rate-

limiting step in free fatty acid (FFA) oxidation (β-Oxidation), therefore, AMPK acts to increase 

rates of β-Oxidation.45,47 Moreover, combined β1/β2 or selective β2-AR stimulation increases 

the rate of β-oxidation and lipid accumulation.49-51 Lipid accumulation in the setting of 

oxidative stress also predisposes the heart to lipid toxicity and mitochondrial uncoupling, 

triggering cardiomyocyte damage and contributing to electrophysiological changes. Enhanced 

β-oxidation results in substrate competition between FFA and glucose utilisation where 

upregulation of 1 inhibits the other, referred to as the ‘Randle Cycle’.52   

Given this reciprocal relationship, reducing β-oxidation rates thus improving glucose oxidation 

is of therapeutic interest. Inhibitors of CPT-1 (etomoxir, perhexiline) have been shown to 

increase glycolytic rate and improve cardiac energetics and function in preclinical HF 

models.35,53 However, their use is also associated with hepatoxicity and neurotoxicity, and may 

produce rebound energetic dysfunction via uncompensated energetic demand through 

glycolytic pathways.35,53,54 Inhibiting long-chain 3-ketoacyl-CoA thiolase (e.g., Trimetazidine) 

can provide equal benefits as CPT-1 inhibitors without hepatoxicity. Trimetazidine use in HF 

is also associated with a reduction in HF class, hospitalisation rate and mortality.55,56  

Noncardiac actions of catecholamines also have disparate metabolic activities. Catecholamine 

activation of pancreatic α2-AR’s produces a potent suppression of insulin release.57 Whereas 

α1/β-AR’s promote hepatic glycogenolysis, adipocyte lipolysis and increased insulin secretion 

ACCEPTED

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



13 
 

with β-AR stimulation.57 The donor heart is therefore subject to a precarious state of substrate 

delivery in combination with altered utilisation, a situation referred to as ‘futile cycling’.45   

Determining the changes in metabolic flux in response to brain injury and consequently BSD, 

could potentially uncover important mechanisms of donor cardiac dysfunction. Understanding 

bioenergetics of the neurogenically stunned myocardium may reveal exciting new avenues for 

therapeutic regulation which have proven useful in the context of HF.35  

The hypoactive phase of BSD 

The hypoactive phase of BSD is of clinical interest as this is the time where potential donor 

hearts are assessed for adequate function. This phase is also vital in terms of patient 

management, specifically vasoactive support. Commonly, the first stage of haemodynamic 

management is the use of fluids and vasopressin to treat vasoplegia, diabetes insipidus and 

hypovolemia, and thus increase blood pressure.58 However, if hypotension persists, 

sympathomimetics such as noradrenaline, adrenaline or dopamine may be used. Exogenous 

catecholamines during this phase, therefore, may exacerbate the metabolic dysfunction carried 

forward from the hyperdynamic phase. The catecholamine ‘profile’ between the 2 phases are 

discrete, an intense, acute signal during the first phase, and a smaller, more chronic profile 

(inotropic support) for the hypoactive phase.  

Chronic overstimulation of β-AR’s leads to the well-described phenomenon of desensitisation, 

specifically homologous desensitisation. This process is initiated by deactivation of agonist 

occupied adrenergic receptors by G-protein coupled receptor kinase 2 (GRK2) and promoting 

β-Arrestin mediated internalisation. Overall expression and membrane activity of GRK2 

increases in models of BSD terminating after 6 hrs into the hypoactive phase59 This essentially 

uncouples cardiac excitation with energetic demand, thus lower overall metabolic flux and 

oxidation as observed in the study by Sztark.15 There is increasing evidence however, that 

GRK2 is an important signalling molecule in metabolic function.60 It has been shown that 
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GRK2 can localise to the mitochondria where it influences mitochondrial biogenesis, substrate 

utilisation, oxidative phosphorylation and increases ROS.60-62 The translocation of GRK2 and 

its effects on the BSD heart and adrenoceptor sensitivity have not been studied in models with 

longer, more clinically relevant BSD times.21,59 

The metabolic influence on insulin signalling may also play a key role in substrate selection 

and therefore, utilisation. Chronic β-AR activation can reduce glucose transporter type 4 

(GLUT4) levels, as well as fatty acid and insulin stimulated glucose metabolism.63,64 This 

process may also involve GRK2 and β-Arrestin upregulation, increasing PI3K-Akt signalling, 

resulting in phosphorylation of insulin receptor-β.65,66 Mangmool et al proposed that this is a 

β2-mediated response, which is supported by evidence of greater apical metabolic 

dysfunction.65 The justification behind this is β2-AR densities are highest at the apex and 

decline toward the base.67 These regional differences share similarities with that of Tako-tsubo 

cardiomyopathy, sometimes referred to as stress cardiomyopathy given its occurrence after 

elevations in catecholamine levels. BSD-mediated dysfunction also shares these similarities, 

and the same mechanisms are likely to be involved.43  

Historically, catecholamine toxicity in the potential organ donor was considered a 

contraindication for transplantation. Due to increasing demand, the acceptable donor criteria 

has widened to those donors who require high inotropic support. This has successfully 

increased the amount of available hearts with no obvious adverse post-HTx outcomes, even 

with the presence of donor ischaemic injury.68 The cardio-metabolic interaction with 

catecholamines gives further insight into donor heart dysfunction, and may introduce new 

therapeutic targets within patient management to further increase viable donor numbers.  
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Endothelial and vascular dysfunction 

In 1988, Novitzky et al were the first to examine coronary vascular smooth muscle (VSM) in 

a baboon model of BSD.69 Seventeen animals were subject to BSD, with 70% of these 

presenting with contraction band necrosis (CBN) of coronary VSM. This effect was 

ameliorated entirely after total cardiac sympathectomy and verapamil administration. These 

results highlight the importance of a catecholamine storm-mediated calcium overload in VSM 

cell dysfunction post-BSD.  

Studies investigating vascular endothelial function suggest that BSD leads to an initial increase 

in coronary blood flow (CBF) during the catecholamine storm, followed by a reduction in CBF 

below baseline 40-60 mins post-BSD induction. Szabo and Oishi found that after acetylcholine 

administration (endothelial dependant vasodilation), CBF and coronary flow reserve (CFR) 

were reduced via paradoxical vasoconstriction indicating endothelial dysfunction.70,71 

Endothelial independent function, however, appears to be “time from BSD” dependent. Oishi70 

found a reduction in CBF and CFR following sodium nitroprusside (SNP) administration 1 hr 

post BSD induction, while Szabo71 found no change in CBF 3 hrs post-BSD. It may be that in 

the presence of a damaged endothelium, VSM may recover if given enough time post BSD, 

i.e.,>3 hrs post-BSD. These functional analyses, however, seem to be in contrast with the 

histological findings of VSM CBN in the study by Novitzky.69  In this study, the number of 

CBN-affected vessels varied between healthy and BSD, and also within the BSD groups. 

Perhaps catecholamine-mediated vascular CBN post-BSD is insufficient to invoke functional 

deterioration of CBF.   

Another important determinant in effective coronary vasculature function is nitric oxide (NO) 

signalling, which relies on key metabolites. To synthesise NO, endothelial nitric oxide synthase 

(eNOS) requires l-arginine and a variety of other cofactors. The uncoupling of cofactors to 

NOS and competition for l-arginine can both reduce the bioavailability of NO.72 Arginase also 
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utilises l-arginine to produce l-ornithine and urea, and in situations of hypoxia, inflammation 

and production of ROS can increase arginase activity and thus compete with eNOS. Whether 

arginase activity is upregulated or eNOS uncoupling is present in hearts following BSD is 

unknown. Andrási and colleagues showed altered NO metabolism in the renal vasculature of 

BSD donors, causing increases in nitrogenous ROS and poor vascular function , measured via 

in vivo changes in renal blood flow.73 These effects were mitigated with l-arginine 

supplementation. However, NO metabolism in the heart has not been studied in the context of 

BSD. 

Vascular dysfunction as a consequence of BSD may reduce myocardial perfusion, thereby 

causing the established ischaemic responses such as contraction band necrosis and metabolic 

switch.  In agreement, Szabo found no cardiac dysfunction or evidence of metabolic 

compromise post-BSD if loading conditions (and CBF) were kept constant, despite the usual 

hyperdynamic phase.74 Therefore, post-BSD cardiac depression reflects a parallel decrease in 

ventriculo-arterial coupling with maintained mechanical efficiency, through the Anrep and 

Frank-Starling mechanisms. These data suggest decreased coronary perfusion pressure as an 

important mechanism initiating donor cardiac dysfunction and thus cardio-metabolic and 

mitochondrial dysfunction. Profiling the time course of endothelial and vascular changes from 

initial brain injury toward organ procurement is necessary in order to determine a causal 

relationship between BSD mediated vascular damage and cardiac dysfunction. 

Endocrine Changes 

The insult of brain death leads to severe dysfunction of the hypothalamic-pituitary-adrenal 

(HPA) axis.75 Early work by Novitzky in baboons and pigs revealed endocrine changes as a 

consequence of anterior/posterior pituitary failure.17 The HPA axis is essential to adequate 

metabolic, inflammatory and immunological functioning. The identification of hormonal 

disturbance in BSD has led to the adoption of hormone replacement therapy (HRT) in donor 
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management strategies. Recently, however, the efficacy and safety of HRT have come into 

question.  

Triiodothyronine (T3) depletion was 1 of the first described hormonal disturbances in BSD.17,76 

Released in a circadian rhythm by the thyroid gland, T3 is the most biologically active thyroid 

hormone (10X higher than T4).77 Functionally, T3 regulates a wide range of physiologic 

responses (metabolism, thermogenesis, catecholamine responsiveness) via genomic and 

nongenomic mechanisms.77,78 T3 depletion in BSD is characterised in animal models by a 

gradual decrease over time from neurological injury to suboptimal levels 3-6 hours post-BSD. 

The cardioprotective effects of T3 are mediated by increasing the expression of sarcoplasmic 

reticulum Ca2+ -ATPase (SERCA), β1-AR, Na+/K+ ATPase and voltage-gated potassium 

channels.75,79 It is generally believed that T3 also increases mitochondrial biogenesis, oxidative 

phosphorylation, and some evidence suggests that T3 prevents the opening of the mPTP.80 

Data from early studies demonstrated that rescuing T3 depletion could reverse the metabolic 

changes, alleviate inotropic support and improve cardiac function.17,75,81,82 Bugge et al 

reviewed organ donor management strategies and highlighted that in patients with confirmed 

BSD, T3 levels varied with only 15% of patients reaching critically low levels.83 Multiple 

levels of evidence, including systematic reviews and meta-analyses,84,85 literature 

reviews75,83,86 and experimental research papers87,88 have concluded that T3 therapy was not 

beneficial in improving haemodynamics or procurement yield. The contradictory findings may 

be due to the heterogeneity in study design, poor controls, aggressive donor management and 

combination HRT. Most studies employed T3, vasopressin, insulin and corticosteroid therapy, 

essentially obscuring a causal relationship.  

Corticosteroid inclusion in donor management stems from the association between BSD and 

adrenal insufficiency. Clinical data show no change in cortisol levels after stimulation with 

adrenocorticotropic hormone, revealing an impaired adrenocortical response, resulting in 
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diabetes insipidus and electrolyte disturbances.83 Adrenal insufficiency is reportedly present in 

almost 90% of brain dead patients, and is characterised by poor responsiveness of the adrenal 

glands (particularly cortisol) to cortical regulation.89,90 Cortisol is a well-known regulator of 

glucose metabolism, increasing utilisation and insulin release, and at chronically high levels 

can cause hyperglycaemia and insulin resistance. This action is beneficial in the acute 

hyperdynamic phase of BSD, however, once BSD ensues, cortisol levels decrease, thus 

contributing to glycolytic unavailability.  

It is now well-appreciated that there is a complex feedback regulation between inflammation 

and mitochondrial function. Danger associated molecular patterns (DAMPs) are endogenously 

produced and provoke numerous cell signalling cascades involved in changes to mitochondrial 

oxidative phosphorylation, dynamics (fission and fusion), ROS production, mitophagy and 

calcium handling.91 In turn, these changes in mitochondrial function and dynamics release 

further proinflammatory DAMPs. In the context of BSD, there exists a large inflammatory 

response which persists unabated in the presence of decreasing levels of cortisol. As mentioned, 

combined HRT including corticosteroids has not shown any haemodynamic benefits.  

Yeager and colleagues, however, described a more complex relationship between cortisol and 

inflammation.92 They suggest that cortisol acts more on a bell curve, permitting inflammation 

at low levels and suppressing inflammation at high doses. However, this is dependent mainly 

on the physiological context, pharmacological interactions and responsiveness of receptors. 

The clinical effectiveness of hormone therapy as a standard of care is still under investigation. 

Future studies should investigate the complex relationship between mitochondrial function and 

inflammation in the context of donor BSD-mediated cardiac dysfunction. These studies should 

also include the use of anti-inflammatory therapies, such as corticosteroids to determine their 

effectiveness at both reducing inflammation, but preserving cardiac function.93 In a systematic 

review and meta-analysis, Dvirnik et al found that in 16 013 cardiac surgery patients, steroids 
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at the time of surgery had an undetermined impact on mortality and increased the risk of 

myocardial infarction [94]. Further, DAMP’s such as circulating mitochondrial DNA may prove 

as a useful biomarker for tissue injury and thus risk stratification for graft failure, which has 

proven useful in kidney transplant studies.95  

Organ Storage and Preservation 

During organ procurement, the aortic cross-clamp is applied, cold cardioplegia infused into the 

aortic root and when infusion is complete, the heart is excised and stored in ice slush, known 

as cold static storage (CSS).  CSS has been the standard method of transporting donor hearts 

for 5 decades of cardiac transplantation. The aim of CSS is three-fold, i) reduce myocardial 

metabolism, ii) maintain graft viability and reduce swelling, and iii) reduce ischaemia-

reperfusion injury (IRI) by reducing ROS production and inflammation.96 However, 

hypothermic metabolic arrest (such as CSS), while capable of reducing metabolic rate up to 

12-fold, does not prevent ATP consumption completely.2,96,97   

During CSS, activation of the Na+-H+ exchanger increases intracellular Na+ ions in the presence 

of dysfunctional 3Na+-2K+ATPase. This causes the reverse action of the Na+-Ca2+ exchanger, 

leading to Ca2+ overload, and further inhibiting mitochondrial function. Despite hypothermia, 

CSS causes a depletion of HEP’s, enhancing anaerobic metabolism and acidosis.22,24,98 

Depletion in HEP’s also increases intracellular AMP and as mentioned above, increases the 

activity of AMPK leading to enhanced, yet oxygen inefficient β-oxidation.  

Initially, strategies to improve CSS were centred on improving preservation solutions. An 

extensive review of preservation solutions is not within the scope of this review. However, 

their impact on cardiac performance is nonetheless crucial. Further reading on the subject can 

be found in several comprehensive reviews.96,99-102 Preservation solutions fall into 1 of 2 

categories, intracellular (Na+ < 70 mmol/L and K+ between 30 and 125 mmol/L) and 

extracellular (Na+ ≥ 70 mmol/L and K+ between 5 and 30 mmol/L) solutions.96,101 Both types 
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cause rapid myocardial depolarisation, cessation of electrical activity and by altering or adding 

components, reduce inflammation and prevent ROS production.99,101 In the United States alone, 

there are reportedly 167 different organ preservation solutions, 5 of which are used clinically 

worldwide. Currently, there is no clear consensus regarding the most effective preservation 

solution for CSS.96,99,100 

Recently, however, there has been a shift from halting metabolic rate, to supporting metabolism 

and aiding with waste product removal. The formulation of a new preservation solution, 

Somah,96,101,103 which contains several key metabolic substrates and ROS scavengers has 

shown promising experimental results. It was demonstrated that Somah worked best at 21°C, 

challenging the clinical standard of 4 °C. Zhu et al supplemented traditional University of 

Wisconsin solution with the mitochondrial targeted H2S donor AP39, which reduced IRI injury, 

improved post-HTx cardiac and mitochondrial function and reduced oxidative stress in a 

murine model.104 Further enhancing the bioenergetic properties of heart storage, recent 

technological advances have prompted a revisit to perfusion assisted preservation, first utilised 

by Wincomb et al in 1984.105 Renewed market interest has sparked the advent of Organ Care 

Systems (OCS) designed to mechanically perfuse the heart in normothermia or hypothermia.106  

The utilisation of experimental normothermic machine perfusion has been shown to reduce 

lactate accumulation and improve energy dynamics compared to CSS by supplying the heart 

with oxygen and nutrients.106,107 Sommer et al and Iyer et al showed that NEVP enabled 

successful resuscitation and transplantation, respectively, of DCD hearts.107,108 Further, 

Trahanas et al successfully extended organ preservation time utilising NEVP in porcine hearts 

beyond clinical standards to up to 12 hrs with >50% survival.109,110 In all studies, elevated 

perfusate and post-HTx [107] serum lactate correlated with cardiac dysfunction, highlighting 

lactate as a potential metabolic biomarker in assessing organ viability and recoverability.  
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These results are similar to those utilising HEVP techniques. Porcine hearts preserved for 4 hrs 

utilising HEVP followed by Langendorff reperfusion showed improved lactate, HEP profiles 

and contractile function compared with hearts preserved via CSS.111 Qin et al utilised 8hrs of 

HEVP in porcine hearts and found improved endothelial and contractile performance of the 

coronary vasculature measured via ex vivo organ bath experiments.112 Recently, Que et al 

successfully preserved mouse heart at -8°C using a nonfreezing, supercooled technique, 

extending the preservation time to an impressive 144 hrs with revival and 96 hr with good long-

term graft survival, ATP content and post-HTx function.113 Presently, there has been no direct 

comparison of graft viability between NEVP and HEVP.  

To further improve machine perfusion efficacy, some studies have investigated the use of 

blood-based perfusate. McLeod et al114 and Church et al115 demonstrated in sheep that plasma 

from a donor animal, cross circulated with the heart of another, in normothermic working state, 

extended the preservation time to 72 hrs with normal haemodynamics,  oxygen kinetics and 

blood lactate levels. A whole-blood and plasma based perfusate was also shown by White et al 

to be cardioprotective in NEVP, demonstrating superior LV performance and metabolic 

recovery compared to preservation solution alone.116 Mcleod and White et al suggested that an 

as yet unknown component of blood/plasma or the normal physiological milieu of the perfusate 

prevents capillary leakage, maintains vasomotor tone and thus improves cardiac function.   

The only perfusion system in clinical trials however, is the warm and beating Transmedics 

system, the effectiveness of which was investigated in the multicentre PROCEED II trial. HTx 

candidates were randomised into either a CSS group (n=63) or OCS perfused group (n=67), 

with the primary endpoint of 30-day graft survival. The results showed no difference between 

the OCS over CSS in terms of short-term patient outcomes.117 Comprehensive biochemical 

studies investigating and comparing machine perfusion systems including temperature, 

perfusion protocol and preservation solutions are required in order to determine the most 
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effective perfusion strategy and to highlight potential biomarkers of graft success prior to 

transplantation.   

Heart Function Post-implantation 

Electrophysiological and contractile dysfunction observed in the recipient may be explained 

by 3 interconnected mechanisms; donor BSD, ischaemic time (cross-clamp to reperfusion) and 

IRI. It is believed that the damage sustained from the consequences of BSD can be carried 

through to CSS and transplantation, where PGD is accentuated by ischaemia and reperfusion 

injuries (Fig 3). Surprisingly, little is known about the transfer of BSD-mediated cardiac 

dysfunction toward transplantation in the recipient. This may be due to the methodological 

difficulties in performing such a study. Several factors can influence metabolism and 

mitochondrial function, and hence influence post-Tx graft function (Table 2). Similar to BSD-

mediated studies, the cardio-metabolic and mitochondrial effects post-HTx are not well 

established. 

The transplanted heart is denervated resulting in a higher resting heart rate and theoretically 

may increase basal metabolic demand. Studies in dogs have suggested reduced metabolic 

demands, assumed from measures of CBF118 Whilst Bengel and colleagues in a human study 

with 11C acetate coupled with positron emission tomography have shown preserved myocardial 

efficiency posttransplantation.119  This suggests that sympathetic innervation may not play a 

large role posttransplant on cardiac oxygen consumption. 

It has been shown that cardiac denervation post-HTx increases the sensitivity of the 

myocardium to catecholamines.120 This is due to an absent noradrenaline reuptake mechanism, 

specifically uptake 1, which acts presynaptically.121 Gilbert and colleagues in 1989 showed 

downregulation of β-AR’s in biopsies from human transplant recipients over time.121 This data 

is in agreement with ischaemic models that show downregulated β-AR’s.122,123 The adrenergic 
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concerns of donor grafts are mostly in the context of inotropic support, and not the bio-energetic 

effects. 

During the transplant procedure, the donor heart rests within the chest cavity as anastomoses 

are completed. During this time, the heart unavoidably warms and metabolism increases 

concomitantly, exhausting the remaining ATP and substrates for ATP generation left from 

CSS. Van Caenegem found that upon reperfusion after CSS, both the lactate concentration and 

the AMP/ATP ratio increased, implying bio-energetic compromise.111 Stoica also showed that 

energy status was not fully recoverable after reperfusion in human donor hearts and was 

associated with future cardiac dysfunction.24  

A significant insult hindering successful transplantation is IRI. Upon re-establishment of blood 

supply to the heart, several biochemical responses act in unison to promote injury. The rapid 

restoration of pH activates Na+-H+ and Na+-HCO-, the consequence of which is 

hypercontracture and opening of the mPTP124 leading to cardiomyocyte cell death. Despite a 

re-establishment of blood flow and thus oxygen delivery, β-oxidation predominates as the 

primary energetic pathway. This promotes further declines in glycolytic coupling and 

contributes to cardiomyocyte damage via enhanced glycolysis-lactate production, leading to 

acidosis and ionic disturbances.35, 45 As with donor-mediated dysfunction, enhancing 

glycolysis-glucose oxidation coupling may prove beneficial post-HTx. Contradictory to this, 

animal models have shown that supplementation at the time of reperfusion with specific fatty 

acids (n-3 fatty acids) can reduce IRI injury. It is hypothesised that this cardio-protection is 

accomplished through multiple signalling mechanisms, and potentially replenishing oxidised 

lipids from lipid peroxidation produced in the donor, thus repairing cellular membranes.125,126  

Accumulation of succinate at reperfusion is a well-known driver of ROS production 

contributing to IRI. Chouchani and colleagues suggest a ‘unifying mechanism’ for this action 

involving Complex I of the respiratory chain.127 That is, rapid mitochondrial production and 
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oxidation of succinate generate high proton motive forces via Complexes II and IV. In turn, 

this drives reverse electron flow through Complex I and the production of ROS.127 ROS targets 

are prolific throughout the myocardium and coronary circulation, resulting in metabolic and 

mitochondrial dysfunction, cell death and the initiation of a vicious cycle of ROS-induced ROS 

production.124  

Clinical trials utilising antioxidants, however, have not shown a conclusive improvement to 

cardiac function post-IRI. This may, in part, be due to the difficulty of antioxidants to enter the 

cell or their nonspecific actions.128 The mitochondria possess 11 sites of electron leakage, 

which can lead to ROS production.129-131 Initial preclinical trials with specific inhibitors of the 

IQ site of electron slip and ROS production on respiratory Complex I have shown promising 

results.132 Lastly, mitochondrial re-energisation promotes mitochondrial Ca2+ overload and 

opening of the mPTP channel.  

Post-HTx, immunosuppression with calcineurin inhibitors to prevent rejection can induce 

dyslipidaemia and diabetes.133 Post-HTx hyperlipidaemia has been associated with poor patient 

outcomes and the development of cardiac allograft vasculopathy (CAV), a significant 

determinant of long-term mortality and morbidity. In an animal model of autotransplantation, 

Drake-Holland et al (2001) found that chronic denervation (as in HTx) induced upregulation 

of FA metabolism.134 Combined with a hyperlipidaemic state, it is possible that the transplanted 

heart may be subject to lipotoxicity-mediated damage, similar to that observed in diabetic 

patients.135 Further metabolic studies are required in hearts posttransplant to determine the 

cardiac metabolome and its impact on cardiac dysfunction.  

Proteomic biomarker discovery has been used in transplant recipient studies to identify early 

graft dysfunction. Lin et al (2017) recently used a heterotopic HTx rat model to determine the 

metabolic profile post-BSD in serum.136 They found a panel of 4 metabolites, D-tagatose, 

choline, C16 sphinganine and D-glutamine, could accurately diagnose early rejection. 
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Additionally, they observed an increase in oxoglutaric acid, which plays a significant role in 

immune function, the rate of the TCA cycle and amino acid production. Given the 

accumulation of succinate and its role in ROS production, it seems likely that the increase in 

oxoglutaric acid may drive this and other functions, making it an important metabolic and 

immunological therapeutic target. However, this study was performed in rats with a known 

difference in metabolic regulation to humans.  

Metabolism and mitochondrial function in the transplanted heart is evidently disturbed. Future 

studies profiling these changes in myocardium and biofluids with thorough biochemical 

techniques (eg metabolomics, magnetic resonance imaging), across acute and chronic post-

HTx stages are necessary to ascertain therapeutic targets and the metabolic state of the 

transplanted heart. Targeting aberrant signalling, altering metabolic function (as in those 

studies on HF35) or identifying risk of graft failure via metabolic biomarkers such as those 

identified by Lin et al136, or the panel of metabolites identified in liver10 and kidney 

transplant11,12 studies,  may thus improve patient outcomes.  

Conclusion 

The heart is the most mechanically active organ in the body. As such, it leverages the inherent 

flexibility of several metabolic pathways for bio-energetic gain. A common factor in 

cardiovascular diseases is the inflexibility of cardiac metabolism. This ultimately constrains 

cardiovascular function and eventually leads to cardiovascular disease. The metabolic status of 

the donor heart has not been thoroughly investigated but may simultaneously preclude 

progression toward transplantation and contribute to cardiac dysfunction post-HTx. Machine 

perfusion is expected to improve metabolic compromise imposed by CSS. However, targeting 

aberrant metabolism both pre (donor) and post-HTx may prove equally as advantageous at 

improving cardiac function. This approach has shown cardioprotective benefits in settings of 

HF, IRI and infarction. Further research should mechanistically investigate peritransplant 
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cardio-metabolic changes and identify or incorporate therapeutic targets to realise clinical 

applicability. 
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8. TABLES 

TABLE 1. Summary of Cardio-Metabolic Considerations in the donor. 

TABLE 2. Summary Cardio-Metabolic Considerations for the recipient. 
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9. FIGURE LEGENDS 

Figure 1. Schematic overview of inherent cardiac metabolic flexibility and the relative 

contribution of each pathway to ATP production, in percentages. Adult cardiomyocytes prefer 

β-oxidation, but will switch to glucose oxidation in times of increased metabolic demand. 

Ketone and lactate oxidation contribute a small proportion to ATP production, whilst glycolysis 

(in the presence of adequate levels of O2) and BCAA oxidation contribute the least. GLUT4, 

glucose transporter-4; FAT, fatty acid transporter; FATP, fatty acid transporter protein; 

FABPpm, plasma membrane associated fatty acid binding protein; BCAA, branched chain 

amino acids; LDH, lactate dehydrogenase; Lac, lactate; PDH, pyruvate dehydrogenase; BCKD, 

branched chain α-keto acid dehydrogenase; BDH, β-hydroxybutyrate dehydrogenase;ETC, 

electron transport chain. [4-7] 

Figure 2. Mechanisms of catecholamine induced cardiac dysfunction during the hyperdynamic 

of BSD. In the hyperdynamic phase CAT’s cause vasoconstriction, Ca2+ overload, increased 

uptake of FFA and glucose, and an increase in glycolysis. Vasocontstriction causes a decrease 

in O2 supply leading to an anaerobic switch via glycolytic uncoupling, thus increasing lactate 

concentrations and lowering cellular pH, which consequently leads to cardiomyocyte death. 

Increases in i[Ca2+] leads to hypercontracture and increases in m[Ca2+]. m[Ca2+] build-up then 

leads to mPTP opening, mitophagy, decreases in ATP production, cell death, and thus 

decreases in contractility. cAMP- cyclic adenosine monophosphate, PKA-Protein kinase A, 

LAC-Lactate, OXPHOS-oxidative phosphorylation, mPTP-mitochondrial permeability 

transition pore, PYR- Pyruvate , PDH- pyruvate dehydrogenase, LDH- lactate dehydrogenase, 

AMP- adenosine monophosphate, AMPK- adenosine monophosphate kinase, ACC- acetyl-

CoA carboxylase, CPT-1 - carnitine palmitoyl-transferase I, FFA- Free fatty acids, Ca2+-

calcium 
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Figure 3. Cardio-metabolic journey from donor BSD to CSS and HTx. Donor BSD is 

thought to induce increases in glycolysis, lipid accumulation, intracellular Ca2+ and ROS, with 

decreases in O2 delivery, and thus glucose oxidation (GluOX) leading to depletions in acetyl-

CoA and NADH which may be as a consequence of, and possibly induce mitochondrial 

dysfunction in the donor heart. During CSS, oxygen delivery is hindered and pH falls depleting 

the heart of HEP’s, and leading to mitochondrial damage. Simultaneously, succinate 

concentrations may increase alongside ROS. Upon reperfusion during HTx procedure, GluOX 

may be reduced, increasing lactate production and lipid metabolism. IRI leads to mitochondrial 

dysfunction depleting HEP’s and causing an increase in ROS production, possibly as a 

consequence of high succinate oxidation, accumulated from CSS.   
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Table 1. Summary of Cardio-Metabolic Considerations in the donor.  

 Phenomenon Metabolic Effects 

Catecholamine 
Storm 

Increased NA, A 
and Dopamine19,26-

28 
Increased GRK2 
expression21,59 

Hypermetabolism 
Substrate switch 

Calcium overload→Mitochondrial 
dysfunction 

Endothelial/Vascular 
Dysfunction 

Vasoconstriction  
VSM calcium 

overload69 
Endothelial 

activation71,137,138 

Poor lactate clearance 
Decreased O2 delivery initiating 

ischaemia 

Endocrine Changes 

Decreased T3 
Decreased Insulin 
Decreased Cortisol 

75,76 

T3 mediated decrease in 
mitochondrial respiration and 

metabolism 
Inflammation precipitating 
mitochondrial dysfunction 

 

NA-Noradrenaline, A-Adrenaline, GRK2-G-protein receptor kinase 2, VSM- 
vascular smooth muscle, T3-triiodothyronine 
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Table 2. Summary Cardio-Metabolic Considerations for the recipient.  

 Actions Metabolic Effects 

Adrenergic failure 

Downregulated β-
AR’s 
Hypersensitivity to 
CAT’s 
High inotrope usage 

Catecholamine mediated 
mitochondrial dysfunction 
Increased lactate production 
Deficiencies in upregulating 
metabolic rate to meet demand 

Endothelial/Vascular 
Dysfunction 

CAV 

Poor metabolite delivery and lactate 
clearance 
Decreased O2 delivery initiating 
anaerobic respiration 
Ischaemic damage 

IRI 

Rapid pH 
restoration 
Ca2+ overload 
ROS production 

Mitochondrial Dysfunction 
Succinate build-up 
Increased ROS induced 
mitochondrial damage 

Pharmacological 
Treatment 

Immunosuppression Lipotoxicity 

β-AR- beta-adrenoceptor, CAT-catecholamines, CAV-cardiac allograft 
vasculopathy, ROS-reactive oxygen species 
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