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positive results, e.g., showing prevention of arrhythmia and 
improvement in cardiac parameters. Nevertheless, large 
clinical trials are needed to confirm these results in the con-
text of modern reperfusion interventions. So far, the most 
compelling evidence for creatine and/or phosphocreatine 
use in cardiology is as an addition to cardioplegic solu-
tions, where positive effects have been repeatedly reported.
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Creatine supplementation in cerebrovascular 
disease

Background

Creatine (Cr) effects in the brain can be divided into (1) 
effects concerning the generation and the distribution of 
energy (so-called “ergogenic” effects) and (2) effects rela-
tively independent on energy generation and distribution 
(so-called “pleiotropic” effects) (Wallimann et al. 2011).

To affect energy production and distribution, creatine is 
reversibly phosphorylated to phosphocreatine (P-Cr). Cr 
and P-Cr are in equilibrium inside the cells. The ergogenic 
effects of this phosphocreatine/creatine system are twofold 
(Andres et al. 2008).

Firstly, under physiological conditions the phosphocre-
atine/creatine system enables the so-called “P-Cr shuttle”. 
Creatine near the mitochondria is phosphorylated to P-Cr 
by creatine-kinase (CK), using newly mitochondrion-gen-
erated ATP. P-Cr then passively diffuses into the cytoplasm, 
reaching cytosolic ATPases, such as the membrane Na/K-
ATPase that regulates intra- and extra-cellular ion concen-
trations. Here, due to functional coupling of the ATPase 

Abstract Creatine is of paramount importance for main-
taining and managing cellular ATP stores in both physio-
logical and pathological states. Besides these “ergogenic” 
actions, it has a number of additional “pleiotropic” effects, 
e.g., antioxidant activity, neurotransmitter-like behavior, 
prevention of opening of mitochondrial permeability pore 
and others. Creatine supplementation has been proposed 
for a number of conditions, including neurodegenerative 
diseases. However, it is likely that creatine’s largest thera-
peutic potential is in those diseases caused by energy short-
age or by increased energy demand; for example, ischemic 
stroke and other cerebrovascular diseases. Surprisingly, 
despite a large preclinical body of evidence, little or no 
clinical research has been carried out in these fields. How-
ever, recent work showed that high-dose creatine supple-
mentation causes an 8–9 % increase in cerebral creatine 
content, and that this is capable of improving, in humans, 
neuropsychological performances that are hampered by 
hypoxia. In addition, animal work suggests that creatine 
supplementation may be protective in stroke by increas-
ing not only the neuronal but also the endothelial creatine 
content. Creatine should be administered before brain 
ischemia occurs, and thus should be given for prevention 
purposes to patients at high risk of stroke. In myocardial 
ischemia, phosphocreatine has been used clinically with 
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with a cytosolic CK isoform, P-Cr cedes its phosphate 
group to ADP, to generate locally (in the vicinity of the 
ATPase) ATP for enzyme fuelling. In so doing P-Cr reverts 
back to Cr which then diffuses back to the mitochondrion, 
where the cycle begins again (Wallimann et al. 2011).

Moreover, under pathological conditions, where energy 
production is hampered (anoxia or ischemia), P-Cr rapidly 
transfers its phosphate group to ADP, thus reconstituting 
the ATP store that could not otherwise be replenished due 
to ischemia or anoxia. In this way, the phosphocreatine/cre-
atine system prevents or delays the exhaustion of the ATP 
store that would otherwise be caused by the lack of oxida-
tive glycolysis consequent to anoxia or ischemia.

While nature developed Cr as an endogenous molecule 
to fulfill the above-described “ergogenic” duties, Cr has a 
number of additional effects, which are independent of its 
ergogenic role and are known as “pleiotropic” effects (Wal-
limann et al. 2011). These effects include among else an 
antioxidant action (Sestili et al. 2011), a stimulating effect 
on muscle differentiation and growth (Deldicque et al. 
2007; Sestili et al. 2015), neuronal differentiation (Andres 
et al. 2005; Ducray et al. 2007), inhibition of the apopto-
sis-inducing mitochondrial permeability transition pore 
(Dolder et al. 2003), expression of transcription factors and 
other genes (Allen et al. 2015), stabilization of cell mem-
branes (in its phosphorylated form: Tokarska-Schlattner 
et al. 2012), prevention of excitotoxicity (Genius et al. 
2012), and more (Wallimann et al. 2011). A neuromodula-
tor role of Cr has also been hypothesized (Almeida et al. 
2006).

Creatine supplementation as a medicinal therapeutic 
intervention for neurological diseases

Based on the above considerations, Cr supplementation 
has been proposed as an adjuvant therapy for a number of 
brain diseases and pathological conditions, including neu-
rodegenerative diseases (e.g., Parkinson’s disease, Hun-
tington’s disease, and amyotrophic lateral sclerosis) (Fer-
rante et al. 2000). It is important to realize that use of Cr in 
neurodegenerative diseases does not primarily exploit the 
“ergogenic” properties of Cr. In fact, although hampered or 
damaged mitochondrial function has been demonstrated in 
several neurodegenerative diseases (Chaturvedi and Beal 
2013; Cozzolino et al. 2013) in neurodegenerative diseases, 
there is no major energy shortage for Cr to correct, or at 
least this is not usually considered the main pathophysi-
ological change leading to disease (Choonara et al. 2009). 
Thus, the rationale for using Cr in neurodegenerative dis-
eases is usually considered to lay in the “pleiotropic” 
effects of Cr (Beal 2011).

As an example, it was suggested that Cr might be used in 
the treatment of Parkinson’s disease (Matthews et al. 1999). 

The suggestion was raised because of the antioxidant prop-
erties of Cr, because of its broadly defined “neuroprotec-
tive” effects, and because of the protection it afforded to 
mitochondria in some preclinical models (O’Gorman et al. 
1997). While these Cr effects certainly provided a ration-
ale for Cr use in Parkinson’s disease, it is obvious that 
energy shortage may not represent the only pathogenic 
entity of this disease. Unfortunately, a large randomized 
and placebo-controlled clinical trial failed to demonstrate 
a therapeutic role of Cr for Parkinson’s disease (Kieburtz 
et al. 2015). Similar negative or partially negative results 
were reported for Huntington’s disease (Wild Ed 2015) and 
amyotrophic lateral sclerosis (Rosenfeld et al. 2008; Klive-
nyi et al. 1999).

The negative or partially negative results in the treat-
ment of these diseases in humans should not be inter-
preted to mean that Cr has no role whatsoever in the treat-
ment of neurodegenerative diseases. It probably does play 
a role, but this role is likely confined to very specific con-
ditions. For example, while it was recently reported that 
Cr failed to prove efficacy for Huntington’s disease (Wild 
2015), it was suggested that it might be capable to slow 
down disease progression in pre-symptomatic patients 
(Rosas et al. 2014). Thus, Cr may have some role in neu-
rodegenerative disease, but this role is probably not a 
prominent one and is limited to specific conditions, e.g., 
to pre-symptomatic Huntington’s disease patients. This 
problem (Cr being only marginally indicated for diseases 
that do not have energy deprivation or imbalance as a 
major pathogenic mechanism) may be even more impor-
tant, in clinical practice, because Cr uptake by the brain is 
slow and limited (see below). From this point of view, it is 
a pity that most of the human studies of Cr in neurodegen-
erative diseases did not measure brain levels of Cr after 
supplementation. It is theoretically conceivable that is we 
had ways to more efficiently carry Cr across the blood–
brain barrier (e.g., lipophilic Cr-derived drugs) we could 
have better success.

We should, thus, be careful in hypothesizing a general 
therapeutic role for Cr, since repeated failures might lead to 
widespread, general skepticism on the potential of this very 
interesting compound. As a warning, we should not forget 
that the repeated failures of other compounds on neuro-
protection in stroke generated skepticism, despite scores 
of preclinical positive trials (Röther 2008). Thus, creatine 
should be first and above all used in those diseases where 
its potential is maximal, i.e., those diseases where energy 
failure is the main cause of the disease itself. In this regard, 
we agree with Turner et al. (2015), who recently wrote: 
“the CK/PCr system is of greater potential relevance in 
disease states where there is disruption to cellular energy 
metabolism and a diminished capacity to meet neuronal 
energy needs”.
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In contrast, clinical research has still not tapped the 
potential of Cr in the treatment of neurological conditions 
where energy shortage is the main pathogenic mechanism. 
This is of concern as energy generation and management 
are probably the most reliable and powerful effects of Cr.

Prevention by creatine of ischemic or anoxic brain 
damage: preclinical evidence

Given the ergogenic role of Cr, its possible use in prevent-
ing brain damage due to energy shortage (brain ischemia or 
anoxia) has been investigated in animal models. For exam-
ple, Krivánek and coworkers were the first to demonstrate 
a positive effect of Cr, showing in in vitro brain slices that 
the content of P-Cr was related to the maintenance of tis-
sue polarization during oxygen deprivation (Krivanek et al. 
1958). Later, the neuroprotective effect of Cr against anoxic 
damage was repeatedly confirmed, e.g., it was shown by 
Whittingham and Lipton (1981) that addition of 25 mM Cr 
to the incubating medium for brain slices increased the Cr 
and P-Cr content in the tissue, and that this in turn protected 
cerebral synaptic transmission during anoxia by delaying 
or preventing P-Cr or ATP disappearance, respectively. The 
same authors also showed (Lipton and Whittingham 1982) 
that the higher the P-Cr content of brain slices was, then 
the longer the evoked potential during anoxia was main-
tained. Yoneda et al. (1983, 1989) confirmed these findings. 
They also showed that increase in P-Cr could be obtained 
with a Cr concentration in the incubating medium as low 
as 5 mM. Moreover, they showed that recovery of P-Cr 
after reoxygenation, too, was improved by Cr pretreatment. 
Carter et al. (1995) moved the evidence to the biochemical 
field, showing that Cr countered anoxia-induced failure of 
protein synthesis in brain tissue. Wilken et al. (1998) dem-
onstrated that Cr preincubation maintained the function of 
the bulbar respiratory center kept in vitro. One of us (MB) 
and others confirmed these findings; moreover, they added 
that Cr preincubation delayed anoxic depolarization (Bal-
estrino 1995) and that its neuroprotective effect was main-
tained even by a Cr concentration in the incubating medium 
as low as 1 mM (Balestrino et al. 1999). Creatine is able 
to delay the disappearance of the population spike during 
anoxia (Adriano et al. 2011), an effect that is due to longer-
lasting maintenance of ATP levels during anoxia (Whitting-
ham and Lipton 1981). Figure 1 illustrates this effect.

Given these promising findings, Cr pre-administration 
was investigated in vivo, too. Several workers were con-
cerned that the notoriously poor crossing by Cr of the 
blood–brain barrier might be an obstacle to the full exploi-
tation of its neuroprotective effect in vivo. In fact, to enter 
brain cells, circulating creatine needs to cross both the 
blood–brain barrier and the brain cells’ plasma membrane. 
Since creatine crosses poorly lipid-rich membranes, both 

uptakes need a dedicated transporter (Ohtsuki et al. 2002; 
Lunardi et al. 2006). Despite the transporter, the blood-
to-brain transport of creatine is rather slow (Perasso et al. 
2003). This problem was by-passed by injecting Cr directly 
into the brain, via an implanted osmotic pump. In this 
case, the osmotic pumps were used to continuously inject 
Cr into the lateral ventricle of rats for several days before 
and after transient global ischemia. In this way, exogenous 
Cr only had to cross the brain cells’ plasma membrane, not 
the blood–brain barrier. Through this means, neuroprotec-
tion by Cr was demonstrated in three separate experiments 
(Otellin et al. 2003; Lensman et al. 2006; Korzhevskii et al. 
2005). Figure 2 (from Otellin et al. 2003) and Fig. 3 (from 
Lensman et al. 2006) exemplify the effects of creatine pre-
treatment in vivo.

Another way of circumventing the poor crossing of 
blood–brain barrier by Cr was to modify the Cr molecule, 
making it more lipophilic. One such molecule was cyclo-
creatine, which in in vivo brain ischemia showed both posi-
tive (Woznicki and Walker 1980) and negative (Artru and 
Michenfelder 1982) results before being abandoned for 
brain ischemia and repositioned as a possible treatment for 
Cr transporter deficiency (Enrico et al. 2013; Kurosawa 
et al. 2012). Another such molecule was phosphocreatine 
(P-Cr) magnesium complex acetate, which showed neuro-
protection in rats against transient middle cerebral artery 

Fig. 1  Time course of population spike (PS) disappearance after 
beginning of anoxia. The abscissae represent time (seconds) from 
the beginning of anoxia (nitrogen instead of oxygen in the gas phase 
of the slices) and the ordinate represent the amplitude of population 
spike (normalized as a percentage of pre-anoxia value). Data are 
shown as mean ± standard error (SEM). Creatine is capable of delay-
ing population spike disappearance (p = 0.02, ANOVA). Asterisks 
show points of significant difference between controls and creatine-
treated slices (p < 0.01). N = 25 for controls, N = 19 for creatine. 
From Adriano et al. 2011 (modified)
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occlusion (Perasso et al. 2009). Recently, Kratirova et al. 
(2012) showed neuroprotection against transient occlusion 
of the middle cerebral artery by creatine glycine ethylic 
ether fumarate.

Nevertheless, some researchers have used Cr as such by 
systemic administration before transient brain ischemia. 
Wick et al. (1999) found in Cr-pretreated rats a non-signif-
icant reduction in diffusion-weighted changes in rats sub-
jected to transient global ischemia (12 min) that had been 
pretreated with dietary Cr. Zhu et al. (2004) found that a 
Cr-fortified diet increased the P-Cr content in brain and 
reduced ischemic area and caspase activation in rats sub-
jected to transient focal ischemia.

Perhaps the most intriguing paper was by Prass et al. 
(2007). They found that Cr pretreatment improved both his-
tological and behavioral damage following middle cerebral 
artery occlusion despite the fact that Cr supplementation 
was not able to increase the level of Cr in brain. In other 

words, Cr added to the diet did not increase brain Cr con-
tent yet it improved neurological outcome after transient 
focal ischemia. These authors tried to solve this paradox by 
proposing that exogenous Cr may be taken up by vascular 
endothelial and/or smooth muscle cells. In agreement with 
this hypothesis, they found that Cr increased both survival 
of cultured endothelial cells after oxygen-glucose depriva-
tion and dilation of isolated middle cerebral artery induced 
by potassium or by acidosis. As a result, in Cr-pretreated 

Fig. 2  Glial astrocyte reactivity a in control rats, b after transient 
global brain ischemia, and c in rats with ischemia treated with cre-
atine. Transient brain ischemia was induced by compression of both 
carotid arteries for 12 min. Creatine was administered intra-cerebro-
ventricularly (ICV) using an osmotic pump (Alzet) for 5 days before 
ischemia, at the 50 mM concentration. Immunocytochemical staining 
for glial acid fibrillar protein. Intense staining of the sections indi-
cates the activation of the glial astrocyte functioning, a parameter that 
correlates with post-ischemic damage. Magnification, 5×. From Otel-
lin et al. 2003 (modified)

Fig. 3  Neurological scores of rats (after Combs and D’Alecy 1987) 
subjected to global transient ischemia with the two-vessel occlu-
sion model and infused intra-cerebro-ventricularly (ICV) with saline 
solution (controls) or with 50 mM creatine. “Prophylactic” means 
that animals were treated with creatine before ischemia, “Treat-
ment” means that the animals were treated after ischemia. The lower 
the score, the more severe the neurological impairment. Values are 
expressed as means and SEM. Asterisks show statistically signifi-
cant difference as compared to one day before ischemia (p < 0.05, 
Wilcoxon test); ns not significant as compared to one day before 
ischemia. A significant difference was observed between the two 
groups at 2 days after ischemia in the “prophylaxis” protocol (brack-
eted arrows, Mann–Whitney test). The data show that creatine admin-
istration was effective in protecting from ischemic damage when 
administration occurred before ischemia, not when it occurred after 
it. Number of rats was as follows: a “Prophylaxis” protocol: N = 18 
in the controls group, N = 9 in the creatine group. b “Treatment” pro-
tocol: N = 13 in the controls group, N = 27 in creatine group. From 
Lensman et al. 2006
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rats, cerebral blood flow upon reperfusion was higher than 
in controls. Prass et al. (2007) hypothesized that Cr exerted 
its neuroprotective effect by entering endothelial cells and 
increasing their survival and vasodilatory responses. This 
hypothesis provides a further rationale for the use of Cr in 
cerebrovascular diseases.

It should be noted that in all of the above studies, Cr 
had been administered before hypoxia or ischemia. This 
enables a build-up of creatine–phosphocreatine before 
hypoxia or ischaemia to delay ATP exhaustion after oxy-
gen or blood deprivation. Less encouraging results have 
been obtained when Cr was administered after stroke onset. 
For instance Lensman et al. (2006) found much less protec-
tion in this condition compared to the protection they found 
with administration of Cr before stroke and Prass et al. 
(2007) found no protective effect when Cr was given after 
stroke onset.

Finally, besides the above-summarized beneficial 
effects on models of stroke and of generalized ischemia, 
pre-administration of Cr has demonstrated to improve sur-
vival and neurological outcome in animal models of neo-
natal hypoxia–ischemia (Adcock et al. 2002; Dickinson 
et al. 2014). In this case, Cr is given to the mother before 
hypoxia–ischemia of the pups or neonates. Interestingly, in 
neonatal animals Cr may provide neuroprotection (includ-
ing infarct size reduction) even when administered after 
hypoxic–ischemic insult (Allah Yar et al. 2015; Iqbal et al. 
2013).

Prevention by creatine of ischemic or anoxic brain 
damage: evidence in humans

Despite the wealth of preclinical supportive evidence, 
Cr has not so far been used in humans to treat or prevent 
anoxic or ischemic damage, with two notable exceptions.

First, Skřivánek et al. (1995) (also quoted by Stru-
mia et al. 2012) administered P-Cr (as opposed to Cr) to 
119 ischemic stroke patients within 8 h after the onset of 
symptoms, finding a statistically non-significant improve-
ment of symptoms. This paper is noteworthy because it is, 
to the best of our knowledge, the only attempt to use P-Cr 
in human stroke patients. Results, however, were negative 
as the authors found only a statistically non-significant dif-
ference. The negative results can easily be explained both 
by the fact that the treatment was administered a long time 
after stroke (up to 8 h after stroke onset). As detailed above, 
in most of the preclinical studies a robust effect of Cr was 
found only when Cr was administered before stroke, while 
little or no effect was found when creatine was adminis-
tered after stroke.

Turner et al. (2015) investigated whether or not Cr sup-
plementation was capable of reverting the harmful effects 
of hypoxia in humans. In their investigation, healthy human 

volunteers breathed hypoxic air for 90 min, a condition that 
worsened their performance on a number of neuropsycho-
logical tests. Using a placebo-controlled design, they inves-
tigated whether or not Cr (20 g/day for 7 days before the 
experiment) was able to revert such hypoxia-induced impair-
ment. Using H magnetic resonance spectroscopy (MRS) 
the investigators verified that the supplementation regime 
was able to increase the cerebral Cr content. The average 
increase in the brain creatine content was 9.2 %, comparable 
to that shown earlier by Dechent et al. (1999) and by Lyoo 
et al. (2003). Although all authors conclude that the increase 
they saw occurred in the brain parenchyma, one may won-
der whether endothelial uptake may contribute to such an 
increase, in a way similar to what was suggested by Prass 
et al. (2007). Further research is needed to fully clarify this 
issue; nevertheless in vitro (where no endothelium obviously 
exists) we and others showed that the beneficial effects of 
creatine against anoxic damage were linked to the increase in 
the intracellular content of Cr or PCr (Balestrino et al. 1999; 
Whittingham and Lipton 1981). Turner et al. (2015) consid-
ered nine cognitive domains, some of which were negatively 
affected by hypoxia in a statistically significant way. When 
hypoxia was preceded by Cr administration, performance 
was significantly restored in the “complex attention” domain, 
while trends for improvements were observed in “executive 
function”, “cognitive flexibility” and “neurocognitive index”. 
The study confirms that high-dose Cr supplementation effec-
tively increases the cerebral Cr content in humans. Secondly, 
it confirms that such an increase is functionally relevant to 
human performance. Similarly, Andres et al. (2008) had 
demonstrated usefulness of creatine administration under 
conditions where energy provision in the brain was ham-
pered by ischemia or hypoxia. McMorris et al. (2006, 2007) 
showed that creatine administration improved cerebral func-
tion when the brain was challenged by a heavy workload.

In an accompanying editorial comment to the paper of 
Turner et al. (2015), Engl and Garvert (2015) noted that it 
would not have been possible for P-Cr to buffer ATP short-
age for such a long period of time (90 min), as with the high 
rate of ATP hydrolysis in hypoxia or ischemia P-Cr could 
only delay its exhaustion by a matter of seconds. This is a 
valid argument; however, it refers to conditions of total oxy-
gen deprivation. Under such conditions, ATP exhaustion 
quickly leads to anoxic depolarization, a spreading depres-
sion-like condition that causes severe and often irreversible 
damage to brain tissue (Kaminogo et al. 1998; Balestrino 
and Somjen 1986; Balestrino 1995). In humans, cortical 
spreading depression causes a severe loss of function of the 
brain areas it affects, leading to such symptoms as loss of 
vision, hemiparesis, and the like (Lauritzen et al. 2011), none 
of which were suffered by Turner et al.’s (2015) patients. 
Thus, it is unlikely that hypoxia in Turner et al.’s subjects 
was so profound as to cause anoxic depolarization. Instead, 
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it should be noted that a lesser degrees of anoxia or ischemia 
can disrupt neuronal functioning without causing anoxic 
depolarization (Schiff and Somjen 1987), and this was prob-
ably the case in Turner et al.’s subjects. Further research is 
needed to understand exactly the cellular pathophysiology of 
the hypoxia-induced loss of function that Turner et al. (2015) 
found. However, we can already conclude that it involved 
energy shortage, but did not involve anoxic depolarization.

Prevention by creatine of ischemic or anoxic brain 
damage: future perspectives

The above-reviewed experimental evidence allows for sev-
eral conclusions.

Firstly, it is by now evident that oral administration of 
Cr is indeed able to increase in humans, albeit to a limited 
extent, the Cr content of the brain. Very recently, Turner 
et al. (2015) reported a 9.2 % increase of Cr in the cerebral 
cortex. This confirms previous findings by Dechent et al. 
(1999) who found an average increase of 8.7 % and by 
Lyoo et al. (2003) who found an 8.1 % and 9.3 % increase 
in the Cr/N-acetyl aspartate and Cr/choline ratios, respec-
tively. Thus, all three papers reported a strikingly similar 
Cr increase. We should note that in all papers at least one 
week of Cr administration was required, and that the daily 
dose given (20 g/day) corresponds to the amount athletes 
take during the high-loading phase (7 days), which then is 
usually followed by a maintenance phase at a lower dosage 
(about 2g/day) (Hall and Trojian 2013). However, this 20 g 
Cr dose was apparently safe, and is only twice the daily 
dose that Parkinson’s disease patients received (10 g/day) 
for about 5 years with no adverse effects (Kieburtz et al. 
2015). Moreover, the recent paper by Turner et al. (2015) 
shows that the albeit limited increase in brain Cr that was 
obtained with this dose is functionally relevant. In fact, the 
paper by Turner et al. (2015) shows that this albeit limited 
increase was sufficient to counter at least some of the harm-
ful effects of hypoxia on brain function. One possible way 
to further improve this result may be finding Cr-derived 
molecules that are able to better cross the blood–brain bar-
rier while retaining Cr’s biological effects. Such molecules 
would have better brain penetration and for this reason they 
may be even more effective than Cr itself.

Secondly, the paper by Prass et al. (2007) strongly sug-
gests that the mechanism of action by Cr in stroke is prob-
ably not only an increase of energy charge in neuronal 
and glial cells, but also an improvement in the endothelial 
function of cerebral arteries. In this case, Cr is thought 
to increase both survival during ischemia and vasodila-
tion, thus leading to an improvement in cerebral blood 
circulation.

Thirdly, pretreatment is advised. Although we can-
not fully rule out that Cr may have some effects when 

administered after stroke, the evidence suggests that Cr is 
much more effective when administered before ischemia 
or anoxia than when it is administered afterwards. While 
it is not possible to foresee the occurrence of a stroke, we 
can identify conditions (for example, transient ischemic 
attacks or high-risk carotid or cardiac surgery) where a 
high risk of stroke exists. Prophylactic therapy in such 
cases may make sense. This represents the “prophylactic 
neuroprotection” that Savitz and Fisher (2007) first sug-
gested and that was discussed in an earlier paper (Perasso 
et al. 2013).

Fourth, Cr is already available, and its use is wide-
spread among, for example, athletes (Volek and Rawson 
2004). It has already been used in clinical settings where, 
as we noted above, its long-term use at high dosages has 
proven quite safe (Kieburtz et al. 2015). As we propose, it 
should be used for preventing ischemic damage in high-
risk patients (“prophylactic neuroprotection”, see Savitz 
and Fisher 2007) rather than for patients who already had 
a stroke. Thus, we do not propose Cr for curing stroke, 
and the latter is already commercially and safely available. 
This in our opinion should allow researchers to moderate 
the importance of the lengthy and costly preclinical inves-
tigations that are recommended for experimental drugs that 
are developed by the industry as neuroprotectant to be used 
after stroke occurred (Stroke Therapy Academic Industry 
Roundtable (STAIR) 1999).

In conclusion, a strong rationale exists for Cr use against 
anoxic or ischemic brain damage. To this aim, Cr must be 
administered at high dosage (20 g/day for at least 1 week) 
before ischemia occurs. The latter fact implies that Cr 
should be used as a prophylactic treatment in patients who 
carry a very high risk of stroke in the short term (“prophy-
lactic neuroprotection”, Savitz and Fisher 2007). We hope 
that pilot clinical trials reflecting all of the above may be 
proposed in the near future.

Creatine supplementation in ischemic heart 
disease

Background

Myocardial cells specifically depend on aerobic metabo-
lism, given their typical “unrest” working condition. 
Moderate ATP reduction during hypoxia causes inotropic 
impairment; this reflects in exercise limitations but rep-
resents an important mechanism of protection, prevent-
ing further ATP depletion that could lead to irreversible 
contracture and myocardial loss (Kubler and Katz 1977). 
Acting as an energy (read “ATP”) buffer and regulator, the 
creatine system grants stability to the ATP concentration in 
myocardial cells.
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Experimental models show that P-Cr/Cr plays a sub-
stantial role in the myocardium during stressing condi-
tion. Transgenic mice unable to synthesize Cr, given the 
lack of the enzyme guanidinoacetate N-methyltrans-
ferase (GAMT), showed a reduced inotropic reserve and 
increased susceptibility to ischemia–reperfusion injury 
associated with P-Cr/Cr deficiency. While P-Cr seemed to 
protect the myocardium from anoxic stress, its role seems 
to be marginal for cardiac function at rest (Hove et al. 
2005). Branovets et al. showed that cardiomyocytes from 
resting animals with GAMT deficiency has preserved mito-
chondrial organization and intracellular compartmentation 
even in the absence of an active P-Cr/Cr system (Branovets 
et al. 2013). A reasonable hypotheses is that the deficiency 
in P-Cr/Cr causes metabolic-contractile impairment only 
during stressing conditions (with increased or variable ATP 
demand), but subsequent results from Lygate et al. made 
such a hypothesis more questionable: their GAMT-deficient 
mice has unaltered maximal exercise capacity and response 
to chronic myocardial infarction (survival and remodeling), 
and no obvious metabolic adaptations (Lygate et al. 2013). 
In another model of acquired P-Cr/Cr depletion induced by 
chronic administration of β-guanidinopropionate (β-GP, a 
Cr analog) the compromised P-Cr system induced minor 
contractile dysfunction in the resting healthy rat (Neubauer 
et al. 1999). In a subsequent study in a murine model of 
post-myocardial infarction (MI) heart failure, treatment 
with β-GP lead to a lack of ATP homeostasis, even if the 
functional data of left-ventricle developed pressure was not 
additionally reduced by MI and β-GP. On the other side, 
when β-GP treatment was initiated before MI, no animals 
survived. (Horn et al. 2001).

Even if P-Cr/Cr has minor impact on myocardial func-
tion in the normal heart at resting workload, the failing 
heart typically shows reduced P-Cr and P-Cr/ATP ratio, 
revealing a “low-energy” status (Neubauer 2007). Interest-
ingly, some years ago different authors discussed the ques-
tion whether an altered energy status in the myocardium is 
a cause or an “adaptive” consequence of altered load con-
ditions. (Ingwall 1993; Neubauer et al. 1999). Anyway, 
even if P-Cr reduction may be a cause, an indirect marker 
or even an adaptation, it seems to be an unfavorable sign, 
given that a low P-Cr/ATP ratio is a strong predictor of 
mortality in dilated cardiomyopathy (Neubauer et al. 1997).

The so-called “pleiotropic” effects of Cr are at work in 
the heart, as well. For example, PCr, but much less so Cr, 
was shown recently to bind directly to biological mem-
branes and to exert a strong membrane-stabilizing effect 
against mechanical or oxidative membrane stress in eryth-
rocyte membranes (Tokarska-Schlattner et al. 2012). On the 
other hand, earlier date with myocardial cells demonstrated 
that Cr not only stabilized cell membranes (Zucchi et al. 
1989) but also in liver cells over-expressing mitochondrial 

CK it reduced oxidative-stress and maintained the mito-
chondrial permeability transition pores (mPTP) closed 
(Dolder et al. 2003). Lygate et al. (2012) showed in mouse 
heart that creatine reduces mPTP opening. In addition, Cr 
supplementation reduced some cardiovascular risk factors 
such as homocysteine and lipid peroxidation (Deminice 
et al. 2009). However, it seems that Cr supplementation in 
the heart mainly exploits the ergogenic effects of Cr, which 
plays its most powerful and physiological role for energy 
provision in the form of P-Cr.

Creatine in heart disease: preclinical evidence

Creatine (Cr) and phosphocreatine (P-Cr) have been tested 
for potential medical applications, based on the aforemen-
tioned rationale derived from biological studies.

Several models of myocardial injury were investigated. 
Studies used “in vitro” anoxia, “ex vivo” and “in vivo” 
ischemia–reperfusion models such as transient coronary 
occlusion and cardiac arrest with cardioplegia.

Parratt and Marshall observed P-Cr effects on isolated 
guinea-pig cardiac muscle preparations. Hearts perfused 
with P-Cr were more resistant to the effects of anoxia as 
manifested by a gradual decrease both in developed ten-
sion and in the rate of tension development. In the pres-
ence of P-Cr, the time taken to reach 25, 50, and 75 % of 
the control resting heart performance values was signifi-
cantly increased by approximately 60 %. Of note, free Cr 
or inorganic phosphate did not improve these parameters 
(Parratt and Marshall 1974), and thus it must have been the 
effect of P-Cr itself that preserved cardiac function under 
ischemia–reperfusion.

The same authors also observed an antiarrhythmic 
effect of P-Cr in an in vivo model of myocardial ischemia. 
Pretreatment with P-Cr significantly reduced ventricu-
lar arrhythmias following acute coronary ligation in the 
dog (Marshall et al. 1974). This antiarrhythmic effect was 
confirmed again some years later by other authors in a rat 
model of ischemia or ischemia–reperfusion (Fagbemi et al. 
1982; Hearse et al. 1986).

More recently, Woo et al. (2005) showed that intrave-
nous P-Cr administration successfully prevents ventricu-
lar dysfunction in a rodent model of a transient coronary 
occlusion. In P-Cr-treated animals a significantly greater 
preservation of myocardial ATP levels correlated with 
improved hemodynamic parameters at multiple time points, 
such as maximum pressure, maximum left ventricular dP/
dt ejection fraction, and stroke work (Robinson et al. 1984).

Further results on P-Cr cardioprotection came from its 
experimental use in cardioplegia. Since its introduction, 
the cardioplegic solution was progressively developed to 
target three different mechanisms of cardioprotection: car-
diac arrest, hypothermia and energy preservation. P-Cr has 
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been proposed as a new compound to be added to cardio-
plegic solutions in addition to the more usual constituents, 
as preservation of cardiac P-Cr and ATP concentrations 
directly relate to faster cardiac recovery following cardiac 
surgery.

Robinson et al. (1984) added P-Cr to the St. Thomas’ 
Hospital cardioplegic solution, then tested it in a rat heart 
model of cardiopulmonary bypass and ischemic arrest. 
Dose–response studies indicated that 10.0 mmol/L of P-Cr 
was the optimal concentration. In this study, improved 
recovery of aortic flow and cardiac output was found 
after a 40-min period of normothermic (37 °C) ischemic 
arrest increased from 21.2 to 32.8 % in the PCr-free con-
trol group to 82.5 and 82.6 % (P < 0.001), respectively, in 
the P-Cr-treated group. In addition, the P-Cr group showed 
a decreased CK release from the myocardium into the 
blood serum, as well as a decrease in reperfusion arrhyth-
mias, and a significantly shorter time between crossclamp 
removal and return of regular rhythm, thus completely 
obviating the need for electrical defibrillation (Woo et al. 
2005).

31P-NMR spectrometry was used by Sharov et al. 
(1987) to study the effects of P-Cr on the isolated, per-
fused rat heart. The hearts were chemically arrested using 
St. Thomas’ Hospital solution and made totally ischemic 
for 35 min at 37 °C. In the presence of P-Cr (10 mmol/L), 
almost complete recovery of heart function and myocar-
dial P-Cr content was observed, as well as a 61 % recov-
ery of ATP content measured after 30 min of reperfusion. 
In addition, sarcolemma protection and integrity were also 
improved (Robinson et al.1984).

Antiarrhythmic effects of P-Cr in post-ischemic reperfu-
sion were in accordance with electrophysiological studies.

In an animal model, P-Cr pretreatment induced a sig-
nificant difference in the action potential occurring in the 
main left papillary muscles subjected to a 40-min period of 
hypoxia compared to control animals: vis à vis a significant 
(11 %) decrease in the maximum rate of depolarization and 
a significant (14 %) increase in the duration of the action 
potential (Sharov et al. 1987).

Of note, an unfavorable result has been reported in a 
study by Webster et al. (2012) with Cr administration. 
They compared sedentary and exercised rats, both divided 
into two groups with and without a Cr supplement in the 
diet. Rats were then tested for their resistance to a typical 
ischemia–reperfusion injury. The heart from sedentary, 
untreated rats performed better in recovering cardiac out-
put, while creatine supplementation induced a worsen-
ing in both sedentary and exercised rats. (Webster et al. 
2012) Another study on oral administration by Neubauer 
found that a dietary supplementation of Creatine is ineffec-
tive in preventing ventricular remodeling after myocardial 
infarction. The authors hypothesized a reduced Cr uptake 

in dysfunctional myocardium, due to Cr transporter down-
regulation (Neubauer et al. 1998).

Ever since a poor uptake of exogenous extra Cr by myo-
cardial cells was first demonstrated, Cr-derived molecules 
with an improved myocardial uptake have been sought 
(Neubauer et al. 1998; Horn et al. 1998). For example, 
cyclocreatine is a synthetic analog of Cr that possibly can 
reach higher concentrations in the myocardium. We should 
underline that cyclocreatine does not get converted into 
creatine. Instead, it is phosphorylated as such but with a 
slower CK reaction velocity. This may still be beneficial in 
preserving ATP during ischaemia, but may limit the rapid 
availability of energy reserve during times of peak energy 
demand. It has been demonstrated that ischemic hearts of 
rats previously fed with 1 % cyclocreatine were able to 
maintain their total ATP much better than controls after 
ischemia. In addition, the same hearts showed a marked 
delay of rigor-contracture onset and glycolysis cessation. 
These results were confirmed later using nuclear magnetic 
resonance spectroscopy with 31P (MRS) (Loike et al. 1988; 
Roberts and Walker 1982). A subsequent study by Osbak-
ken et al. (1992) provided a direct comparison between Cr 
and cyclocreatine administration, in addition to a control 
group. They tested a rat model of myocardial ischemia with 
31P-MRS, looking at the time needed for a 50 % depletion 
of high-energy phosphates, as a measure of ischemic endur-
ance. The time to halve the concentration of ATP and P-Cr 
was twofold and threefold, respectively, in cyclocreatine-
treated rats, in comparison to the Cr-treated ones which 
did not differ from the controls. Moreover, among the three 
groups a similar time was required for cardiac mechanical 
function to recover, even if given the experimental design 
the cyclocreatine-treated group had undergone a longer 
time of ischemia (Jacobstein et al. 1989).

Creatine in heart disease: evidence in humans

To date intervention studies of the P-Cr/Cr system in 
humans during myocardial ischemia have used only P-Cr 
and not Cr, probably with the rationale that P-Cr was the 
“active” high-energy compound of Cr. In addition, intrave-
nous administration of P-Cr better fits in the acute clinical 
setting of myocardial infarction. Despite some evidence for 
a potential benefit of non-phosphorylated Cr, animal mod-
els of myocardial ischemia and human studies on heart fail-
ure have been unsuccessful with Cr alone (Osbakken et al. 
1992).

Some of the best evidence of an antiarrhythmic action 
of P-Cr is the work by Ruda et al. (1988), who carried out 
a clinical trial with 60 randomized patients presenting with 
acute myocardial infarction. To these patients, P-Cr was 
administered intravenously within 6 h of symptom onset (2 
g of P-Cr i.v. bolus, followed by a 2-h infusion at a rate 
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of 4 g/h). Twenty-four-h Holter monitoring showed a sig-
nificant decrease in the frequency of ventricular premature 
beats and of the number of ventricular tachycardia parox-
ysms in the treatment group.

A biomarker study by Reimers et al. (1994) observed 
markedly reduced CK and MB-CK release after myo-
cardial infarction when a prolonged treatment with 
intravenous P-Cr was administered in the immediately 
post-acute phase. Reduced enzyme release and/or reduc-
tion of arrhythmias have been observed in P-Cr-treated 
patients in other trials (Reimers et al. 1994; Coraggio 
et al. 1987).

Even if most of the results on myocardial ischemia 
have been acquired in the so-called “pre-reperfusion” era, 
Iosseliani et al. (2004) have confirmed the effects of P-Cr 
in the setting of primary angioplasty. These authors ran-
domized patients to receive intracoronary injections of 
P-Cr during percutaneous coronary intervention for acute 
myocardial infarction. The treated group showed a signifi-
cantly lower extent of myocardial necrosis, as indicated 
by the significantly lower peaks in troponin I, which in 
other studies correlated with a significantly greater left 
ventricular ejection fraction (Raisaro et al. 1989; Iosseli-
ani et al. 2006).

Other significant results on cardioprotective efficacy 
of P-Cr have come from experience gained in cardiac 
surgery. The effects of supplementing cardioplegic solu-
tion with P-Cr were evaluated in 40 patients undergoing 
mitral valve replacement. It was shown that in the P-Cr-
treated group the Vmax of hexokinase, malate dehy-
drogenase, glutamate dehydrogenase and total NADH 
cytochrome c reductase (evaluated in samples of papil-
lary muscle obtained from the removed valve) was signif-
icantly greater, and a better cardiac functional state was 
observed after cardiopulmonary bypass (Pastoris et al. 
1991).

Subsequently, another group studied the effect of PCr 
supplementation of the St. Thomas’ Hospital cardiople-
gic solution on 50 patients undergoing valve replacement. 
While they did not find any differences in recovery of 
function, myocardial high-energy phosphate content, and 
ultrastructure, they showed a higher incidence of sponta-
neous sinus rhythm in the treated group compared to con-
trols. Furthermore, they showed in the PCr-treated patients 
a reduction of the incidence of postoperative arrhythmias 
and a better response to inotropic support (Chambers et al. 
1996).

These findings have been supported by other stud-
ies. Specifically, Cossolini et al. (1993) tested the addi-
tion of P-Cr as cardioprotection in newborn infants and 
pediatric patients from 9 days to 13 years (mean age 
33.9 months) undergoing open heart surgery for congen-
ital heart disease.

Recently, the clinical use of P-Cr in cardioplegic solu-
tion was tested during coronary artery bypass graft in 
elderly patients (Guo-han et al. 2013). Use of P-Cr sig-
nificantly increased the concentration of superoxide dis-
mutase in the blood after the release of aortic clamping, 
decreased the blood concentration of CK, CK-MB, lactate 
dehydrogenase, and cardiac troponin T after clamp release, 
and improved the morphological appearance of cardiac 
mitochondria. These results were in agreement with a pre-
vious study, showing improved “electrical” recovery and 
reduced inotropic support requirements (Cossolini et al. 
1993).

Creatine in heart disease: future perspectives

A Cochrane meta-analysis (Horjus et al. 2011) on Cr and 
Cr analogs in cardiac disease and hypertension defined as 
“unclear” the effects on mortality, progression of myocar-
dial infarction and ejection fraction, while it found some 
evidence that Cr supplementation might improve dysrhyth-
mia and dyspnoea. The authors summarized the results 
as “inconclusive evidence to decide on clinical applica-
tion of Cr analogs for hypertension and heart diseases”, 
and they underlined the limitations related to heterogene-
ity of the studies using different analog, dose and route of 
administration.

Furthermore, a review of the literature suggests some 
interesting considerations. There is only limited informa-
tion concerning actual uptake of PCr by the human heart. 
However, we should underline that, while we ourselves 
did not find PCr uptake by brain cells in vitro (Perasso 
et al. 2008), Preobrazhenskiı̆ et al. (1986) found, on the 
contrary, that 32P-phosphocreatine was indeed taken up 
by isolated perfused rat hearts, the more so after they 
were made ischemic. Moreover, Soboll et al. (1997) found 
that phosphocreatine was taken up by both isolated rat 
heart mitochondria and liposomes. Thus, we cannot rule 
out that phosphocreatine may, at least to some extent, be 
actually taken up as such by heart cells and in this way 
increase the creatine/phosphocreatine system. However, 
additional protective mechanisms by phosphocreatine in 
the heart have also been suggested. Specifically, phospho-
creatine may protect myocardial cells by inserting itself 
into the sarcolemma and modifying its physical properties 
(Saks et al. 1992). It inhibits platelet aggregation (Saks 
et al. 1992; Panchenko et al. 1994), thus probably exert-
ing a beneficial effect in clinical conditions of coronary 
thrombosis.

Parenteral administration of P-Cr has, instead, some 
practical limitations especially in a “pre-medication” set-
ting, as P-Cr is unstable in solution being quickly hydro-
lysed. Not surprisingly, the best clinical results with heart 
so far were obtained with PCr in cardioplegic solutions, 
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probably because of the combination of favorable time 
of administration (before cardiac ischemia) and the high 
bioavailability due to the route of direct intra-venous 
administration.

From a pharmacological perspective, a potentiation of 
the P-Cr/Cr content could possibly be obtained with two 
alternative strategies. One may consider either to use a pre-
medication with Cyclocreatine (Osbakken et al. 1992); or 
to boost the Cr transporter (Lygate et al. 2012). A reduc-
tion in the endogenous Cr-synthesis or Cr dietary intake 
is unlikely to underly the fall in P-Cr/Cr depletion in heart 
dysfunction. More likely it is a combination of down-regu-
lation of the cardiac Cr transporter, reducing Cr uptake, as 
well as a modifications in the cardiac CK isoform expres-
sion pattern, all of which will influence the local levels of 
Cr and the PCr/Cr ratio, as well as CK function in general 
(Horjus et al. 2011; Neubauer et al. 1999).

In summary, our current knowledge of the phosphocre-
atine/creatine system provides the rationale for further clin-
ical investigations. A key point is the identification of the 
best Cr-derived molecule to be effective for each clinical 
setting: acute “coronary” ischemia, chronic ischemia dur-
ing heart failure, ischemia during cardiac surgery. Probably, 
a better choice than Cr is P-Cr, when parenteral adminis-
tration is possible for a limited time, remembering that its 
effects probably depend more on “pleiotropic” effects such 
as sarcoplasmatic membrane stabilization.

Cyclocreatine, hypothetically could be considered for 
preconditioning and treatment (instead of Cr), but up to 
date we have found only positive results in preclinical stud-
ies of heart disease. We believe that future results could 
come from these directions, if systematically explored. 
Nevertheless, cyclocreatine is not converted to creatine 
being instead phosphorylated as such but with a slower CK 
reaction velocity. This may limit its capability to rapidly 
provide energy at times of energy failure.

Summing up, direct intra-venous administration of 
phosphocreatine (PCr) to patients is still the most prom-
ising intervention for reinforcing the cardiac P-Cr/Cr sys-
tem in the acute–subacute clinical phase of myocardial 
ischemia. Since P-Cr is chemically unstable, it has to be 
dissolved from either a solid PCr powder that is stored 
frozen or from a frozen sterile PCr-containing stock solu-
tion, which, however, is somewhat more complicated and 
demanding for the clinical personnel than just oral Cr sup-
plementation (which itself appears to be much less effec-
tive). It is important that the results reviewed here on the 
use of P-Cr in myocardial reperfusion will be confirmed in 
future larger clinical trials.
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