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Abstract
The failing heart is energetically starved, where inefficient adenosine triphosphate (ATP) energy conversion and transfer is unable to match the high workload of the heart. Evidence emerging from the last
decades of research suggests that such reductions in ATP cannot solely explain the onset of contractile
dysfunction in human heart failure. Here, we propose that the “by-product” adenosine diphosphate
(ADP) may be a key driver underlying impaired cardiac function, as minute elevations of intracellular
ADP concentration augments the diastolic calcium (Ca2+) level and associates with slowing of myocardial relaxation with limited ventricular compliance due to high diastolic pressure. Drug therapies should
aim to lower use of ATP-consuming systems and to improve ADP conversion to ATP. L Heart Metab.
2016;71:37-39
Keywords: ADP elevation; cardiac contractility and energetics; cardiomyocyte contractile reserve;
diastolic dysfunction

Introduction

I

t is well established that the failing heart is an
“engine out of fuel,” where limited energetic supply is not able to match the heart’s mechanical
demands.1 In vivo global analysis of the myocardial
energy metabolism by phosphorus nuclear magnetic
resonance (31P-NMR) showed a reduced phosphocreatine (PCr)/adenosine triphosphate (ATP) ratio—an
indicator of energy deprivation—in various conditions
of human heart failure (HF), including aortic valve
disease, hypertrophic cardiomyopathy (HCM), and
ischemic dilated cardiomyopathy (DCM).1 Moreover,
the decrease in PCr/ATP ratio correlates with disease
severity in end-stage failing DCM patients.2 Studies
in animal models of HF also provided support for a

compromised myocardial energy metabolism. These
studies showed that the smaller PCr/ATP ratio is
largely attributed to a more severe reduction in the
pool of PCr (up to 50%) over ATP (≤25%),3-5 which
is confirmed by the equilibrium reaction of creatine
kinase (CK).6 CK regenerates the ATP pool at the
myofilaments at the expense of PCr, preventing an
accumulation of cytosolic adenosine diphosphate
(ADP).7 CK isoforms are reduced by approximately
30% in HF, and experimental blockade of cardiac CK
or a decrease in [PCr] associates with contractile dysfunction in rats in response to inotropic stimulation.4,8
Although [ATP] may decrease by 25%, the absolute
ATP levels may never run sufficiently low to impair
cardiac function. For instance, studies have shown
that the reduction in [ATP] is not rate limiting for
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Abbreviations
ADP: adenosine diphosphate; ATP: adenosine triphosphate; Ca2+: calcium; CK: creatine kinase; HF: heart
failure; PCr: phosphocreatine; 31P-NMR: phosphorous
nuclear magnetic resonance; SERCA: sarcoplasmic reticulum Ca2+-ATPase
cardiomyocyte relaxation at rest and under stressful
conditions. In HF, ATP decreases maximally from 10
to 7 mM;5,9 however, as little as 0.1 mM ATP is sufficient for cardiac relaxation.10 Additionally, estimates
of the thermodynamic limits of the sarcoplasmic
reticulum calcium (Ca2+)-ATPase (SERCA) suggest
that decreases in the free energy released from ATP
hydrolysis (∆GATP) in HF precede any large drops in
[ATP].6 This is corroborated by findings in animal
models of HF, where ATP levels measured by 31PNMR are practically unchanged, whereas substantial
diastolic abnormalities are present.8,9,11 These findings are consistent with the notion that ATP reduction
cannot explain the onset of cardiac dysfunction.
A role for ADP in cardiac dysfunction
Recent data from our group and others suggest that
the “by-product” ADP may be a key driver of impaired
cardiac function.8,9,11,12 Myocardial ADP levels in animal models are reported in the range of 10 to 50 μM
in healthy animals and in the range of 40 to 140 μM
in animals with disease, and the ADP level increases
further during stress or vigorous exercise.9 Selectively
increasing ADP levels without altering cytosolic ATP
levels increases left ventricle end-diastolic pressure
and limits myocardial relaxation in rats.8,9,11 Pathological ADP elevation may drive the myocardium into a
diastolic HF phenotype by increasing residual actomyosin interactions at diastolic Ca2+ levels.8 In a recent study, we showed that pathological ADP levels,
in concert with diastolic [Ca2+], lead to high myocardial stiffness and limited relaxation of the myocardium,
associated with reduced ventricular compliance.8 The
ADP-mediated enhancement of myofilament Ca2+
activation was associated with increased diastolic
[Ca2+].8 The high diastolic Ca2+ level probably results from Ca2+ buffering at the myofilaments (Ca2+ is
“trapped to sticky myofilaments”) and/or decreases in
the free energy released from ATP hydrolysis (∆GATP)
due to an extremely high ADP level that exacerbates
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diastolic Ca2+ overload by reducing ∆GATP required
for SERCA activity. Worth mentioning is the recently
established link between increased myofilament Ca2+
sensitivity as a proarrhythmic factor.13,14 This finding
indicates that a high myofilament Ca2+ level is sufficient to “trap” more Ca2+ at the myofilaments, which
in turn affects the electrical activity of the heart.
Apart from the ADP-mediated increase in myofilament Ca2+ sensitivity, high myofilament sensitivity
to Ca2+ has been related to a reduction in troponin I
phosphorylation due to desensitization and downregulation of the β-adrenergic receptor pathway during
disease progression. High myofilament Ca2+ sensitivity12,15,16 and myocardial energy deprivation are commonly seen in human HCM and end-stage HF1 and
may be sufficient to increase diastolic Ca2+ level. In
the human failing heart, high myofilament Ca2+ activation coincides with high myosin-ATPase consumption
at the myofilaments.16,17 As a consequence, the continuous high energetic demand may elevate cytosolic
ADP and Ca2+, leading to a vicious cycle.
Basic studies on ADP-mediated cardiac effects
may provide insight into how energy-sparing therapies exert a beneficial effect in human end-stage HF.
For instance, the clinically approved trimetazidine18
has been shown to improve symptoms and left ventricle function in HF patients, and this was associated with improved PCr/ATP ratio.19 Using an animal
model of chronic hypoxia, Wei and coworkers20 demonstrated that trimetazidine prevented elevation of
diastolic Ca2+ by promoting the metabolic shift from
lipid to glucose oxidation. Although lipid oxidation
provides highest energetic yield per molecule of substrate when compared with glucose, it is less efficient
with regard to ATP synthesis per molecule of oxygen
consumed.21 Overall, these studies indicate that drug
therapies that induce a metabolic shift may improve
cardiac efficiency and optimize the balance between
ATP and ADP and thereby improve diastolic performance of the heart.
Conclusion
In conclusion, rather than an “engine out of fuel,” the
heart may actually resemble an “engine running on
bad fuel,” where ADP elevation impairs diastolic performance. ADP elevates myofilament Ca2+ sensitivity
and stiffness and thereby compromises myocardial
relaxation and reduces ventricular compliance. These
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ADP-mediated defects may be explained by the putative role of ADP to “trap” more Ca2+ at the myofilaments, but also by its potential effects on SERCA
activity and on other ion pumps, due to alterations
in ∆GATP requirements. Drug therapies should aim to
lower use of ATP-consuming systems, in concert with
improving myocardial metabolism efficiency. L
REFERENCES
1.	Neubauer S. The failing heart - an engine out of fuel. N Engl J
Med. 2007;356:1140-1151.
2	Neubauer S, Horn M, Pabst T, et al. Contributions of 31P-magnetic resonance spectroscopy to the understanding of dilated
heart muscle disease. Eur Heart J. 1995;16:115-118.
3.	Neubauer S, Horn M, Naumann A, et al. Impairment of energy
metabolism in intact residual myocardium of rat hearts with
chronic myocardial infarction. J Clin Invest. 1995;95:10921100.
4.	Hamman BL, Bittl JA, Jacobus WE, et al. Inhibition of the creatine kinase reaction decreases the contractile reserve of isolated rat hearts. Am J Physiol. 1995;269:H1030-H1036.
5.	Pinz I, Ostroy SE, Hoyer K, et al. Calcineurin-induced energy
wasting in a transgenic mouse model of heart failure. Am J
Physiol Heart Circ Physiol. 2008;294:H1459-H1466.
6.	Allen DG, Orchard CH. Myocardial contractile function during
ischemia and hypoxia. Circ Res. 1987;60:153-168.
7.	Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger
HM. Intracellular compartmentation, structure and function of
creatine kinase isoenzymes in tissues with high and fluctuating energy demands: the ‘phosphocreatine circuit’ for cellular
energy homeostasis. Biochem J. 1992;281:21-40.
8.	Sequeira V, Najafi A, McConnell M, et al. Synergistic role of
ADP and Ca2+ in diastolic myocardial stiffness. J Physiol.
2015;593:3899-3916.
9.	Tian R, Nascimben L, Ingwall JS, Lorell BH. Failure to maintain
a low ADP concentration impairs diastolic function in hypertrophied rat hearts. Circulation. 1997;96:1313-1319.
10.	
Cooke R, Bialek W. Contraction of glycerinated muscle fi-

Sequeira and van der Velden
The failing heart: an engine operating on “bad fuel”

bers as a function of the ATP concentration. Biophys J.
1979;28:241-258.
11.	Tian R, Christe ME, Spindler M, et al. Role of MgADP in the
development of diastolic dysfunction in the intact beating rat
heart. J Clin Invest. 1997;99:745-751.
12.	Sequeira V, Najafi A, Wijnker PJ, et al. ADP-stimulated contraction: a predictor of thin-filament activation in cardiac disease.
Proc Natl Acad Sci U S A. 2015;112:E7003-E7012.
13.	Schober T, Huke S, Venkataraman R, et al. Myofilament Ca
sensitization increases cytosolic Ca binding affinity, alters intracellular Ca homeostasis, and causes pause-dependent Catriggered arrhythmia. Circ Res. 2012;111:170-179.
14.	Baudenbacher F, Schober T, Pinto JR, et al. Myofilament Ca2+
sensitization causes susceptibility to cardiac arrhythmia in
mice. J Clin Inv. 2008;118:3893-3903.
15.	Sequeira V, Wijnker PJ, Nijenkamp LL, et al. Perturbed
length-dependent activation in human hypertrophic cardiomyopathy with missense sarcomeric gene mutations. Circ Res.
2013;112:1491-1505.
16.	Hamdani N, Kooij V, van Dijk S, et al. Sarcomeric dysfunction
in heart failure. Cardiovasc Res. 2008;77:649-658.
17.	Witjas-Paalberends ER, Güçlü A, Germans T, et al. Genespecific increase in the energetic cost of contraction in hypertrophic cardiomyopathy caused by thick filament mutations.
Cardiovasc Res. 2014;103:248-257.
18.	Ponikowski P, Voors AA, Anker SD, et al; Authors/Task Force
Members. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. The Task Force for the
diagnosis and treatment of acute and chronic heart failure of
the European Society of Cardiology (ESC). Developed with the
special contribution of the Heart Failure Association (HFA) of
the ESC. Eur Heart J. 2016;37:2129-2200.
19.	Fragasso G, Perseghin G, De Cobelli F, et al. Effects of metabolic modulation by trimetazidine on left ventricular function
and phosphocreatine/adenosine triphosphate ratio in patients
with heart failure. Eur Heart J. 2006;27:942-948.
20.	Wei J, Xu H, Shi L, Tong J, Zhang J. Trimetazidine protects cardiomyocytes against hypoxia-induced injury through ameliorates calcium homeostasis. Chem Biol Interact. 2015;236:4756.
21.	
Giuseppe MC, Massimo F, Giuseppe C, Giuseppe B. Cardiac metabolism in myocardial ischemia. Curr Pharm Des.
2008;14:2551-2562.

39

