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Abstract
Impaired cardiac energy metabolism has been proposed as a mechanism common to different heart failure aetiologies. The 
energy-depletion hypothesis was pursued by several researchers, and is still a topic of considerable interest. Unlike most 
organs, in the heart, the creatine kinase system represents a major component of the metabolic machinery, as it functions as 
an energy shuttle between mitochondria and cytosol. In heart failure, the decrease in creatine level anticipates the reduction 
in adenosine triphosphate, and the degree of myocardial phosphocreatine/adenosine triphosphate ratio reduction correlates 
with disease severity, contractile dysfunction, and myocardial structural remodelling. However, it remains to be elucidated 
whether an impairment of phosphocreatine buffer activity contributes to the pathophysiology of heart failure and whether 
correcting this energy deficit might prove beneficial. The effects of creatine deficiency and the potential utility of creatine 
supplementation have been investigated in experimental and clinical models, showing controversial findings. The goal of 
this article is to provide a comprehensive overview on the role of creatine in cardiac energy metabolism, the assessment and 
clinical value of creatine deficiency in heart failure, and the possible options for the specific metabolic therapy.
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Abbreviations
ADP  Adenosine diphosphate
ATP  Adenosine triphosphate
AGAT   L-arginine:glycine amidinotransferase
Cr  Creatine
CK  Creatine kinase
CrT  Creatine transporter
GA  Guanidinoacetate
GAMT  S-adenosyl-L-methionine:guanidinoacetate 

N-methyltransferase
HF  Heart failure
MRS  Magnetic resonance spectroscopy
PCr  Phosphocreatine

Biochemistry of creatine

Creatine (Cr) is a guanidino compound that plays a vital role 
in the energy metabolism of cells. Cr kinase (CK) catalyses 
the reversible conversion of Cr and adenosine triphosphate 
(ATP) to phosphocreatine (PCr) and adenosine diphosphate. 
Many cells do not rely on ATP/adenosine diphosphate free 
diffusion and the CK/PCr/Cr system servers as energy 
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storage for immediate regeneration of ATP and as a shuttle 
of high-energy phosphate between the mitochondrial site 
of ATP production and cytosolic sites of ATP consumption 
[1] (Fig. 1). Specifically, the CK/PCr system serves 3 major 
functions: “temporal” energy buffer, employing PCr and Cr 
to maintain adequate ATP concentrations; “spatial” energy 
buffer, creating tightly coupled connections between ATP-
producing and ATP-consuming processes; and regulation 
of metabolic pathways. Under physiological conditions, the 
CK system is predominant and provides about two-thirds of 
the energy transfer, whereas the direct adenine nucleotide 
channelling contributes only to one-third [2]. Accordingly, 
Cr is particularly abundant in tissues with high and intermit-
tent energy fluctuations, such as skeletal muscle, heart, and 
brain [1].

Cr is endogenously synthesized and absorbed from die-
tary sources, then mainly stored in muscles. Endogenous 
biosynthesis involves 2 sequential steps: first, the trans-
fer of an amidino group from arginine to glycine, cata-
lysed by L-arginine:glycine amidinotransferase (AGAT), 
yields the intermediate guanidinoacetate (GA); GA is 
then converted into Cr via the enzyme S-adenosyl-L-
methionine:guanidinoacetate N-methyltransferase (GAMT) 
[3] (Fig. 2). GA is primarily produced in the kidney and 
methylated to Cr in the liver; then, Cr is released in the 
bloodstream to be delivered throughout the body [3]. Cr 
is a polar hydrophilic molecule unable to cross the plasma 
membrane; hence, it requires a specific  Na+/Cl−-dependent 
transporter (Cr transporter, CrT; solute carrier, SLC6A8) 
to enter the cells [4]. Cr transport is largely regulated by 

Fig. 1  Role of creatine in the cardiomyocyte. A specific carrier (CrT) 
mediates creatine (Cr) uptake from bloodstream into cardiomyocytes. 
Cr links adenosine triphosphate (ATP) production site to energy uti-
lization sites, like myofibrils and ion pumps. Phosphocreatine (PCr) 
acts as a highly mobile and short-term energy store. After releasing 
the phosphate group to generate ATP thanks to the cytosolic cre-

atine kinases (CK) closely coupled to ATPases, free Cr diffuses back 
to request further ATP production. β-FAO beta fatty acid oxidation, 
FATP1 fatty acid transport protein 1, FFA free fatty acid, GLUT4 
glucose transporter type 4, PiC mitochondrial phosphate carrier, TCA 
tricarboxylic acid
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substrate availability: the increase in extracellular Cr content 
reduces the rate of Cr uptake, whereas decreased intracel-
lular Cr content increases Cr transport. Although there is a 
unique CrT protein, its modulation is complex and tissue-
specific. With this regard, thioredoxin interacting protein has 
been identified as an important negative-feedback regulator, 
acting as a promoter of intracellular Cr concentration [5]. 
Furthermore, supporting the idea that Cr transport might be 
modulated by pathways that respond to changes in the over-
all cellular metabolic state, 5-AMP-activated protein kinase 
has shown to be a positive and physiological regulator of Cr 

transport, ensuring sufficient quantities of Cr and support-
ing myocellular function [6]. Similarly, several analyses in 
murine models have shown that in cardiac muscle, modula-
tion of Cr transport capacity is primarily regulated by post-
translational modifications of CrT protein, rather than by 
transcriptional changes [7].

Finally, Cr and PCr are subject to a slow, non-enzymatic, 
and unregulated dehydration and cyclisation yielding cre-
atinine (about 1.7% of Cr/PCr body pool): this end-product 
freely diffuses out the cell to be ultimately removed with 
urine.

Fig. 2  Creatine biosynthesis. Creatine 2-step biosynthesis: the 
transfer of an amidino group from arginine to glycine, catalysed by 
L-arginine:glycine amidinotransferase (AGAT), yields the guanidi-
noacetate (GA); GA is converted into Cr via the enzyme S-adenosyl-
L-methionine:guanidinoacetate N-methyltransferase (GAMT). The 

first step occurs in the kidney, the second in the liver. Cr and phos-
phocreatine (PCr), together with creatine kinase (CK), constitute an 
energy shuttle system. Cr degrades into creatinine, excreted by the 
kidney
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Physiology of creatine and phosphocreatine 
in cardiomyocytes

Chemical energy in the form of ATP is produced from 
multiple substrates (principally long-chain fatty acids, lac-
tate, and glucose), predominantly in the mitochondria via 
oxidative phosphorylation. To ensure that energy is read-
ily available at sites of utilization, a phosphagen system 
is required, consisting in the reversible interaction of Cr 
and ATP under the control of CK enzymes [8]. Tissue- 
and cell-specific CK isoforms are well known. At cardiac 
level, muscle-type CK and mitochondrial CK are the most 
represented [9]. Mitochondrial CK catalyses direct transfer 
of a high-energy phosphoryl group from ATP to Cr to form 
PCr, acting as a highly mobile, short-term energy store, as 
it is smaller and less polar than ATP [3]. The reverse reac-
tion is catalysed by the cytosolic CK dimers and generates 
ATP; then, the free Cr diffuses back to signal the need for 
further ATP production [9].

In addition to its role in ATP regeneration, PCr acts as 
membrane stabilizer [10]. PCr may therefore promote the 
transition of the mobile domain of membranes into a struc-
tured phase, leading to a decreased rate of phospholipids 
degradation into lysophospholipids and lipid peroxidation. 
This second mechanism is particularly relevant for cardiac 
function, since the PCr/Cr plays a protective role against 
ischaemic insults [10].

Assessment of cardiac creatine metabolism

Magnetic resonance spectroscopy (MRS) is the only tech-
nique capable to non-invasively measure the ratios and 
concentrations of endogenous cardiac high-energy phos-
phate metabolites and CK flux in human hearts. Cardiac 
MRS is a challenging technique, since the heart is con-
stantly in motion (ECG-gating, breath-holding) and due to 
the very low concentration of nuclei of interest (31P, 13C) 
if compared to 1H.

MRS has been first technology employed to obtain the 
measure of myocardial PCr/ATP ratio [11]. MRS can be 
used to measure the absolute concentrations of PCr and 
ATP, the CK reaction rate, and flux [12] by assessing phos-
phorus (31P MRS), as well as to measure total Cr pool by 
assessing proton (1H MRS) [13]. Combining 31P and 1H 
MRS, it is possible to characterize CK metabolism in the 
healthy and diseased human heart [14].

The PCr/ATP ratio has been used as a marker of car-
diac energetic status in heart failure (HF). Specifically, 
PCr level decreases in the initial phase, whereas ATP level 
decreases only in advanced stages of HF. Myocardial PCr, 
Cr, and CK enzyme levels are consistently low in HF, and 

can precede cardiac dysfunction [15], while they are pre-
served in other heart diseases such as ischaemic heart 
disease [11]. The PCr/ATP ratio, however, is not affected 
when proportional changes in both PCr and ATP concen-
trations occur. Beer and colleagues [16] observed that PCr 
and ATP concentrations are both reduced in dilated cardio-
myopathy, although with a greater reduction in PCr than 
in ATP. Thus, the PCr/ATP ratio alone may underestimate 
the extent of changes in high-energy phosphate levels, 
especially during the earlier stages of HF. Furthermore, 
experimental studies have earlier documented that the 
assessment of PCr and ATP cardiac concentrations might 
provide little information at the steady-state. In fact, if the 
energy machinery remains functional, as in the “stunned” 
heart, PCr and ATP can be re-synthesized at a suitable rate 
to support an increased demand [17].

Since the PCr/ATP ratio cannot provide reliable infor-
mation about the effective availability of high energy phos-
phates, other MRS indexes were developed. The product 
of the pseudo-first-order forward reaction-rate constant for 
the CK reaction (kf) and the PCr concentration (CK flux) 
allows the measurement of the forward rate of ATP synthesis 
through CK system [18] (Fig. 3). Studies combining assess-
ment of PCr and ATP concentration and CK flux demon-
strated in non-ischaemic dilated cardiomyopathy not only 
that PCr concentration is reduced, but also that the reduc-
tion in CK flux (∼35 to 70%) is greater than the reduction 
in the PCr/ATP ratio (∼10 to 20%) [12]. Thus, the reduced 
ATP supplied by the CK reaction, rather than the increase 
in adenosine diphosphate (ADP) concentration, might con-
tribute to the dysfunction. Another study showed that only 
CK flux is capable of predicting outcomes in non-ischaemic 
dilated cardiomyopathy [19]. Additionally, the loss in CK 
energy reserve matches the reduction in mechanical effi-
ciency, pointing to inadequate energy supply as a potential 
contributor to the contractile dysfunction observed in mild-
to-moderate HF. Finally, since CK flux reduction is more 
pronounced than PCr/ATP ratio reduction [12], it seems 
more reliable and accurate in predicting outcomes and mor-
tality even in earlier stages of HF [20].

The severity of the energetic deficit was also evaluated 
by determining the free energy of ATP hydrolysis, which 
is the driving force that powers cellular ATP-requiring pro-
cesses. The quantification in vivo of cardiac Pi concentration 
by higher-field MRS systems allows the calculation of ATP 
hydrolysis. In failing heart, the decrease in Cr concentra-
tion is initially thought to be a compensatory mechanism 
counteracting the expected increase in cytosolic ADP, with 
consequent preservation of the free energy of ATP hydroly-
sis [21]. However, in the scenario of high ATP consump-
tion, such as during exercise or stress, once CK activity is 
decreased, the higher ATP and ADP fluctuations reduce the 
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energy available from ATP hydrolysis, limiting the maxi-
mum available energy during peak demand [22].

MRS use is currently limited to research purposes, but 
it might improve our understanding of the pathophysiology 
of several cardiac conditions. Technical advances are still 
required for the clinical use of cardiac MRS.

Creatine deficiency in heart failure

According to the energy starvation hypothesis, altered 
myocardial metabolism anticipates and sustains contractile 
dysfunction [23]. The healthy heart has a high capacity for 
ATP turnover and, during exercise, cardiac output and  O2 
consumption may rise up to sixfold. This functional reserve 
is granted by a considerable number of mitochondria, bal-
ancing the limited amount of stored ATP and of phospho-
transfer systems. In HF, contractile reserve is limited both by 
an impairment of PCr/CK system [24] and by mitochondrial 
dysfunction [25].

Decreased cardiac Cr content and total CK activity are 
observed in HF regardless of underlying aetiology, promi-
nently in advanced stages [26]. Additionally, low PCr is an 

early indicator of an energetic deficit [24] and PCr/ATP ratio 
is associated with more severe HF symptoms [11], low con-
tractile function, and myocardial structural remodelling [27], 
proving to be an excellent predictor of cardiovascular mor-
tality in patients with dilated cardiomyopathy [28]. Cr loss is 
likely to occur secondary to a reduced expression of the CrT 
[29]. However, it is not completely clear to what extent the 
reduced PCr buffer activity contributes to the pathophysiol-
ogy of HF and if a correction of this energetic deficit would 
prove beneficial.

The functional role of high-energy phosphate metabolism 
in HF should be investigated focusing on the depletion of 
myocardial PCr and Cr levels. A way to achieve that condi-
tion could be by means of a pharmacological compound 
known to specifically reduce PCr and Cr in the heart, the 
β-guanidinopropionate. Specifically, β-guanidinopropionate 
is a Cr analogue that is taken up by the cardiomyocyte via 
the CrT and is then phosphorylated, causing the inhibition 
of CK reaction [30]. In normal heart, the depletion of PCr 
and Cr due to β-guanidinopropionate treatment impaired 
the capability of CK system to ensure high levels of sus-
tained contractile function [31]. In ischaemic condition, the 
β-guanidinopropionate-induced depletion of PCr (65%) and 

Fig. 3  31P magnetic resonance spectroscopy (MRS) cardiac evaluation. Characteristic cardiac 31P MRS spectra in A a healthy and B failing 
heart. In the pathological condition, PCr concentration and CK flux are reduced
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reduction of CK flux (75%) make the heart unable to over-
come the stress of an acute myocardial infarction; specifi-
cally, this finding might be due either to the remaining intact 
myocardium not being able to face the acute haemodynamic 
stress or to the induction of fatal ventricular arrhythmias — 
or both. However, chronic PCr and Cr depletion, obtained by 
β-guanidinopropionate treatment started after the recovery 
from coronary ligation, did not further impair myocardial 
performance, suggesting an adaptation of the chronically 
failing heart and highlighting the functional relevance of 
the PCr-CK system only in acutely induced HF [32]. How-
ever, β-guanidinopropionate has many limitations such as 
off-target effects, slow and incomplete creatine depletion, 
and the ability to partially compete in the creatine kinase 
reaction [33].

Genetically manipulated mouse models circumvent 
limitations of β-guanidinopropionate and provide a more 
accurate approach to assess the functional significance of 
the PCr/CK system. In particular, genetic loss-of-function 
mice have been described for all CK isoforms, for Cr-related 
enzymes (AGAT, GAMT) and for CrT. Even if muscle/mito-
chondrial  CK−/− mice show elevated end-diastolic pressure, 
impaired contractility, and pulmonary congestion [34], a pri-
mary deficiency of CK system does not determine per se 
an overt HF [35], but rather a cardiac phenotype that can 
be unmasked during acute stress conditions. Moreover, a 
genetically determined reduction of CK function is likely to 
result in long-term compensatory adaptations, which cannot 
be set during acute cardiac damage [34]. Cardiac functions 
of AGAT and GAMT have been studied in global knockout 
mice, since these enzymes are not expressed in the heart. In 
the AGAT −/− model, only low LV systolic pressure seems 
to be related to Cr depletion, whereas other haemodynamic 
alterations such as the reduced inotropy and the impaired 
contractile reserve are rescued after homoarginine supple-
mentation [36]. Similarly,  GAMT−/− model shows only a 
small reduction in LV systolic pressure and an impaired 
contractile reserve at baseline [37]; these alterations do not 
have consequences in terms of exercise performance and of 
cardiac function after myocardial infarction in Cr-deficient 
condition [38]. In particular, if the unaltered cardiac func-
tion at “resting” condition suggests that the CK/PCr system 
does not play a crucial role in maintaining cardiac perfor-
mance under low workload, on the opposite, the absence of 
a high-capacity CK/PCr system seems to aggravate myocar-
dial injury in case of acute myocardial stress due to energy 
demand/supply mismatch [37]. These findings suggest a pos-
sible redundancy of energy buffer and transfer systems at 
baseline and low workload. In fact,  GAMT−/− mice receiv-
ing a Cr-free diet accumulate GA, which can potentially 
compensate the Cr deficiency by participating in the CK 
reaction [38].

Mechanisms underlying the compensatory condition and 
their long-lasting effects are under investigation. There is 
evidence that 18 months old  GAMT−/− mice have reduced 
rates of contractility and relaxation [39]. This finding is not 
clearly related to the Cr deficiency or the to the GA toxicity, 
but might suggest that adaptations observed in young mice 
are subject to age-related decline [39].

The phenotypic characteristics at cardiac level of a  CrT−/y 
murine model have not been described yet, despite a reduced 
cardiac Cr concentration has been shown [40]. While Cr 
supplementation is not effective to increase intracellular Cr 
content due to the downregulation of CrT, the augmentation 
of the CrT activity is expected to be beneficial [8]. Increas-
ing myocardial Cr levels by 20–100%, via overexpression of 
the plasma membrane CrT, protects the murine heart against 
ischaemia/reperfusion injury through the improvement in 
energy reserves and increased PCr and glycogen levels [41]. 
However, no benefit in terms of cardiac remodelling and 
function was detected in a model of post-myocardial infarc-
tion chronic HF. Moreover, in case of very high cardiac Cr 
concentrations exceeding 100% of total increase, severe car-
diac hypertrophy and dysfunction are reported [42].

In conclusion, the PCr-CK system seems essential for 
supporting the function of hearts in healthy and in high 
energy demand or acute stress, whereas it loses its impor-
tance in chronic condition, probably due to the emergence of 
compensatory mechanisms. The interruption of a single step 
of the metabolic chain is probably not sufficient to mimic the 
complex interactions occurring in chronic HF.

Exercise training and creatine kinase system

Training increases exercise capacity, quality of life, and 
reduces morbidity and mortality in HF by improving 
endothelial function and coronary perfusion, decreasing 
peripheral resistance and ventricular remodelling, as well 
as neuro-endocrine and pro-inflammatory activation [43].

The positive effects of exercise on cardiac energy metabo-
lism, in particular on the Cr system, are not well-understood. 
An improvement in oxidative capacity and a restoration of 
CK activity after exercise training has been reported [44], 
confirming that the CK system actively takes part to the 
intracellular metabolism. On the opposite, GAMT knockout 
mice display exercise performance and survival similar to 
wild type mice [38], questioning if Cr is essential for high 
workload and chronic stress responses in heart and skeletal 
muscle.

Although preliminary evidence exists supporting an 
improvement in pro-inflammatory drive and endothelial 
dysfunction by the combination of Cr supplementation and 
regular exercise [45], further investigations are needed.
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Pharmacological approaches to improve 
cardiac metabolism in heart failure

Neurohormonal antagonists are the cornerstone of pharma-
cological therapy of HF. Since neuro-hormonal activation 
significantly contributes to the metabolic inefficiency of the 
heart [46], an indirect beneficial effect of neurohormonal 
antagonists on energy efficiency might be expected. How-
ever, although both beta-blockers and angiotensin-converting 
enzyme inhibitors increase PCr content, CK reaction velocity 
and mitochondrial CK activities also reduce free fatty acid 
availability, a state of low metabolic efficiency in both skel-
etal and cardiac muscles still persists in HF [47].

Pharmacological modulation of cardiac metabolism 
in HF was proposed in the early 1990s [48], based on 3 
mechanisms: reduction of ATP availability, decreased ATP 
transfer and availability to the myofibrils, and reduction of 
the free energy change of ATP hydrolysis.

Options to modify substrate utilization, shifting the myo-
cardial substrate from free fatty acid metabolism to glucose 
metabolism, have been largely investigated [49]. Myocar-
dial glucose oxidation can be achieved either directly with 
stimulation of glucose metabolism, or indirectly through 
inhibition of fatty acid beta-oxidation. Trimetazidine inhib-
its fatty acid oxidation by blocking 3-ketoacyl-coenzyme A 
thiolase and preserves myocardial high-energy phosphate 
intracellular levels [50, 51]. Similarly, ranolazine enhances 
myocardial utilization of glucose and significantly improves 
LV performance in experimental models of HF [52].

Cr supplementation showed to improve skeletal muscle 
mass and strength in chronic HF, while cardiac contractility 
was not affected [53], despite Cr induces better adaptive 
physiological responses mediated by hypoxia-inducible 
factor-1 and by the subsequent rise of cellular ATP and 
PCr content [54, 55]. Fumagalli et al. demonstrated an 
improvement in total work capacity and peak oxygen con-
sumption validating the positive effect of supplementation 
of Cr in combination with coenzyme Q10, which however 
could be related to the beneficial effect on the diseased 
skeletal muscle rather than to a direct action on the myo-
cardium [56]. With this regard, in the history of treatment 
strategies for HF — a status characterized by muscle wast-
ing and cachexia — the improvement of clinical status by 
enhancing muscular performance has also been noticed in 
case of other micronutrients, hence, the idea of a multiple 
micronutrient approach or a combination of nutrient sup-
plementation and exercise training [57]. In fact, Hemati and 
colleagues showed that the combination of Cr monohydrate 
and exercise attenuates inflammation and endothelial dys-
function markers in HF [45].

The unknown mechanisms regulating the organ distri-
bution of the total Cr pool could explain the lack of effect 

of Cr supplementation on surrogate markers of cardiac 
performance. The energy-demanding heart has a lower Cr 
intake compared to the liver. Further, tissues with high 
baseline Cr (i.e. heart) have less loading potential than 
tissues with low Cr (i.e. liver), possibly as a consequence 
of CrT inhibition.

The questionable results concerning the benefits of Cr 
therapy in HF might also be related to the use of the sole 
Cr monohydrate, whether other Cr forms are known to be 
more efficient in terms of bioavailability and tolerability 
[58]. Furthermore, an indirect benefit could derive from 
supplementation of other components of the Cr synthesis 
production chain, such as L-arginine that proved to be effi-
cacious in augmenting peripheral blood flow and improv-
ing functional status in a small cohort of HF patients [59].

Exogenous PCr has gained considerable attention as 
an effective and safe protective agent in different clinical 
settings, including cardiac surgery, myocardial infarction, 
and HF [60]. Treatment with PCr in patients with acute 
and chronic heart diseases might reduce all-cause short-
term mortality and is associated with an improvement in 
left ventricular ejection fraction in chronic HF and with a 
decrease in arrhythmic complications and left ventricular 
remodelling in patients undergoing cardiac surgery [61] 
(Central illustration). However, PCr studies are based on a 
small population and with the absence of long-term follow 
up [60]. The cardiac effect of PCr supplementation might 
be dependent on the route of administration, as intravenous 
route appears to be the only yielding significant and long-
lasting Cr elevation in myocardium. Moreover, differently 
from Cr, PCr is not carried within the cell by CrT; it does 
not easily cross membranes and its intracellular levels do 
not modulate CrT activity [62].

An overview of the principal clinical studies on Cr and 
PCr supplementation is illustrated in Table 1.

Chemically modified, highly lipophilic Cr (cyclocre-
atine or Cr esters) may exploit passive diffusion across 
the plasmatic membrane and overcome the CrT down-
regulation related to an elevated intracellular Cr content 
[8]. Furthermore, cyclocreatine is much more stable and 
is a superior long-acting phosphagen compared to PCr, 
since it longer sustains ATP synthesis during ischaemia by 
continuously phosphorylating ADP [63]. Although cyclo-
creatine has yielded positive effect on brain deficits in CrT 
knock-out mice [64], in a cardiac ischaemia/reperfusion 
model [65] and in cardiac surgery with a cardioprotective 
effect [66], its use is limited by pharmacological off-target 
effects and by a lower affinity for CK compared to Cr. 
Moreover, since the use of cyclocreatine is limited by its 
water insolubility and the need to be administered much 
earlier than the ischemic event, a new soluble preparation 
has been proposed and needs further investigation [63].
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Conclusions

As a component of the energy buffer system, Cr is involved 
in cardiac metabolism to transfer energy from site of pro-
duction to site of utilization. While a decreased cardiac Cr 
content is a feature of advanced HF, reduction in the rate 
of ATP synthesis through CK system might explain con-
tractile dysfunction and poor outcomes in HF patients even 
in earlier stages. Nevertheless, the effects of Cr analogue 
and PCr supplementation are controversial and probably 
need to be tested in randomized studies on top of current 
pharmacological and non-pharmacological therapies. In 
this regard, cardiac MRS is expected to grow in impor-
tance, as it might estimate, in a non-invasive fashion, the 
energetic response to metabolic therapies and provide use-
ful surrogate prognostic markers. Finally, future studies 
shall address Cr supplementation treatment only to HF 
patients with assessed Cr deficiency, by measuring the 
absorbed Cr content compared to the treatment dose.

Central illustration

Failing heart shows a decreased creatine (Cr) content 
and creatine kinase (CK) activity, as well as a reduced 
expression of Cr transporter. Phosphocreatine/adenosine 
triphosphate ratio (PCr/ATP), an index of efficiency of car-
diac energy metabolism, is also lower than normal value 
(< 1.60). Differently from Cr supplementation, treatment 
with PCr has showed to reduce short-term mortality, to 
improve left ventricular ejection fraction and to decrease 
the risk of major arrhythmias [61]. However, further inves-
tigation is needed for long-term treatment.
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