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Creatine is a key player in  energy metabolism of excitable cells. This is an essential outline of its role and procurement by

the organism, adapted by the author (Balestrino M, University of Genoa, Italy) from his Open Access paper  Role of
Creatine in the Heart: Health and Disease, that was published in Nutrients, 2021; 13(4):1215.
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1. Functions of Creatine

Creatine plays a key role in cellular energy metabolism. The creatine kinase enzyme reversibly phosphorylates it to

phosphocreatine. Then, when phosphocreatine is reverted to creatine, its phosphate bond breaks, and such a break

provides enough energy to allow phosphorylating a molecule of adenosine diphosphate (ADP) to adenosine triphosphate

(ATP). Thus, phosphocreatine acts as an energy reserve to synthesize ATP rapidly, with no need for oxygen. The reaction

is the following one:

Creatine + ATP ⇆ Phosphocreatine + ADP + H

This reaction plays a crucial role in heart contraction . Its roles have been reviewed elsewhere  and are, in summary:

(1) Transfer of ATP from its production site (mitochondria) to its place of exploitation (neuronal membrane or cytoplasm).

This function is often called “the ATP shuttle”. To carry out this transport (“shuttle”) of ATP energy, creatine first receives

the phosphate from ATP near the mitochondria, becoming phosphocreatine. It then diffuses through its concentration

gradient to the periphery of the cell. Near cytoplasmic ATPase, it donates its phosphate to ADP, effectively forming ATP far

away from the mitochondria and delivering it precisely where and when it is required. In doing so, it reverts to creatine and

diffuses back, again along its concentration gradient, to the mitochondrion to start the cycle again. The reason why the cell

needs this complex mechanism to transport energy between mitochondria and cytoplasmic ATPase is that ATP is a very

large molecule, therefore its diffusion through the organelle-filled cytoplasm is slow and cumbersome. By contrast,

phosphocreatine is a much smaller molecule, thus it diffuses more quickly through the cytoplasm.

(2) Restoration by phosphocreatine of ATP concentration in conditions of increased energy demand and in diseases

involving a reduced supply of blood or oxygen. In the first scenario, the consumption of ATP is excessive compared to the

ability of the cell to synthesize it. For instance, a muscle exposed to a particularly intense effort quickly uses more ATP

than it can produce, thus exhausting its reserve. In the second scenario, an organ cannot produce enough ATP because

of a blood deficiency (ischemia) or an oxygen deficiency (anoxia). For example, in case of a myocardial infarction,

phosphocreatine intervenes by transferring its phosphoric group to ADP, to provide ATP at a time when the heart cannot

synthesize it due to ischemia.

Among all the biochemical reactions that our cells use to synthesize ATP, the one that starts from the

creatine/phosphocreatine system is the quickest in buffering ATP levels at times of increased energy expenditure . This

explains the researchers’ interest in this molecule, whose administration has been proposed in various conditions, both

physiological and pathological .

2. Procurement of Creatine by the Organism, with Specific Reference to
the Heart

Creatine is normally degraded to creatinine , leading to a steady depletion of the body creatine store. The creatine store

is replenished partly from endogenous synthesis and partly by ingesting creatine with food .
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2.1. Endogenous Synthesis of Creatine

In the body as a whole, creatine is synthesized in the kidney and in the liver . Specifically, the kidney accomplishes the

first step of the synthesis, forming guanidinoacetic acid from arginine and glycine. Guanidinoacetic acid is then

transported to the liver, where it is converted into creatine with the intervention of the methyl donor S-adenosyl-methionine

. Specific organs can additionally synthesize creatine for their own consumption, such as the brain  and the testis 

. Concerning the heart, it is generally believed that cardiomyocytes cannot synthesize creatine . However, there is

evidence that such synthesis may actually occur, i.e., cardiomyocytes may indeed synthesize creatine just as other

organs do. In fact, the heart expresses the first enzyme of creatine synthesis, arginine-glycine amidino transferase

(AGAT). Its expression in the heart is comparable to that of other tissues under basal conditions and increases several

fold in pathological states . Moreover, experiments showed that the addition of arginine (a precursor of creatine) to the

incubation medium of toad hearts mitigated the decrease in creatine upon in vitro incubation, as if arginine was

metabolized to creatine . Furthermore, the addition of arginine to isolated rabbit hearts caused an increase in their

content of creatinine (the product of creatine cyclization) . Both these latter experiments strongly suggested that in the

isolated heart arginine is indeed converted into creatine, as it is in other organs . However, the possible creatine

synthesis by the heart has received so far very little attention, and additional research is definitely warranted .

2.2. Uptake of Creatine from Dietary or Supplement Sources

About half of the creatine that the organism needs is normally ingested and taken up from dietary sources . Creatine is

not present in vegetables, but it is only present in foods of animal origin . Thus, subjects who do not regularly consume

meat or fish tend to have some degree of creatine deficiency, and should supplement their diet with it .

Moreover, exogenous supplementation of creatine permits administering high amounts of this compound, and increasing

its content above normal levels . Throughout the paper, only supplementation with creatine monohydrate will be

reviewed, as this is by far the most used and best-known way of supplementing creatine. When administered in this way

at adequate doses, creatine is stored in the tissues, where it increases the intracellular pool of both creatine and

phosphocreatine. Such an increase is especially relevant for the muscular tissue. Creatine supplementation allows the

muscles to contract more powerfully and to a longer extent , an effect that is exploited by athletes to improve their

performance .

Specific mechanisms of the benefit provided by creatine supplementation include:

Restoration of normal creatine content when it is lower than normal due to lifestyle (e.g., vegetarian or vegan subjects

) or to disease (e.g., heart failure, see below).

Increase in energy availability (obtained by increasing phosphocreatine concentration in the tissue) in cases where the

balance between energy availability and requirement is limited by decreased energy production (as is the case in

hypoxia or ischemia), or by increased demand (e.g., the muscle of athletes during athletic performance).

Finally, we should note that creatine by itself does not enter cells, instead it needs a specific transporter to cross plasma

membranes . The same happens in the heart, where the creatine transporter is present on the plasma membrane of

the myocytes and is necessary for creatine to enter myocardial cells .
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