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clinical effects in this group of patients, who will go on to 
develop HD symptoms. Taken together, the use of Cr sup-
plementation has so far proved disappointing in clinical 
studies with a number of symptomatic neurodegenerative 
diseases.

Keywords  Creatine · Neuroprotection · 
Neurodegenerative disease · Mitochondrial dysfunction

Rationale of creatine for neuroprotection

Creatine (Cr) is a natural compound that plays an impor-
tant role in mitochondrial energy metabolism. In combina-
tion with phosphocreatine (PCr) and the creatine kinases 
(CK), it serves as an efficient energy buffering and energy 
transportation system (Hemmer and Wallimann 1993; 
Wallimann et  al. 2011). It is widely used by athletes as a 
nutritional supplement to enhance muscular performance 
(Tarnopolsky 2010). It also has anti-apoptotic, anti-exci-
totoxic, and direct anti-oxidative properties, both in  vitro 
and in vivo (Bender et al. 2005; Genius et al. 2012; Lawler 
et al. 2002; O’Gorman et al. 1997). These properties make 
it an attractive neuroprotective candidate, because oxida-
tive stress, excitotoxicity, apoptosis, and mitochondrial 
dysfunction are all suggested to contribute to neurode-
generation, such as in Parkinson disease (PD) and amyo-
trophic lateral sclerosis (ALS) (Olanow 2007; Cleveland 
and Rothstein 2001). As Cr has a very good safety profile 
even in aged individuals with chronic diseases, is readily 
available as a supplement or naturally occurring in fish 
and meat, and has demonstrated a wide spectrum of sup-
posedly positive effects, it is suggested to be beneficial in 
several neurological and non-neurological human diseases 
(Bender et al. 2008; Gualano et al. 2012). In fact, Cr meets 
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these pathomechanisms are implicated to play a role in sev-
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neuroprotective strategy has received a lot of attention with 
several positive animal studies in models of Parkinson’s 
disease (PD), Huntington’s disease (HD), and amyotrophic 
lateral sclerosis (ALS). This has led to a number of rand-
omized clinical trials (RCT) with oral Cr supplementation, 
with durations up to 5 years. In this paper, we review the 
evidence and consequences stemming from these trials. In 
the case of PD, the initial phase II RCT was promising and 
led to a large and well-designed phase III trial, which, how-
ever, turned out to be negative for all outcome measures. 
None of the RCTs that have examined effects of Cr in ALS 
patients showed any clinical benefit. In HD, Cr in high 
doses (up to 30 g/day) was shown to slow down brain atro-
phy in premanifest Huntingtin mutation carriers. In spite of 
this, proof is still lacking that Cr can also have beneficial 
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all requirements proposed by the Committee to identify 
Neuroprotective Agents in Parkinson’s disease (CINAPS): 
(1) scientific rationale, (2) evidence of blood–brain bar-
rier penetration, (3) adequate safety data, and (4) efficacy 
in animal models (NINDS NET-PD Investigators 2006). 
Several reviews have already highlighted the neuropro-
tective effect of Cr in neurodegenerative disease and have 
expressed high hopes for its evaluation in clinical phase II 
and III studies (Beal 2011; Klopstock et  al. 2011; Smith 
et  al. 2014). In recent years, substantial efforts have been 
made to translate the encouraging neuroprotective effects 
of Cr in in  vitro and in animal disease models to human 
disease. This review summarizes and discusses the results 
of these efforts.

Methods

Both authors have independently conducted a literature 
search, using PubMed (http://www.ncbi.nlm.nih.gov/pub-
med), the Cochrane library (http://www.cochranelibrary.
com), and the NIH clinicaltrials.gov database (https://clini-
caltrials.gov) to identify randomized controlled clinical tri-
als, which have tested a neuroprotective effect of oral Cr 
supplementation on disease progression in neurodegenera-
tive disease. Key words were: Cr, randomized controlled 
trial, neuroprotection, neurodegenerative disease. The 
search was conducted in September 2015 and was not lim-
ited to specific time periods. For animal studies, only the 
PubMed resource was used with the following key words: 
Cr [title word], supplementation, neuroprotection, neurode-
generative disease. In vitro studies were not included.

Parkinson disease

Data from animal models

Even though its pathogenesis is far from understood, mito-
chondrial dysfunction and oxidative damage have been 
suggested to play a key role in PD (Schapira 2008). The 
continuous evaluation of Cr as a neuroprotective agent in 
PD started in 1999 when it was shown to be strongly pro-
tective in a toxic mouse model for PD, targeting mitochon-
drial function (Matthews et al. 1999). This model is based 
on the i.p. injection of the neurotoxin 1-methyl-4-phenyl-1, 
2, 3, 6-tetrahydropyridine (MPTP), which blocks com-
plex I of the mitochondrial electron transport chain, lead-
ing to depleted striatal ATP concentrations. Intoxicated 
mice quickly develop dopamine depletion and substan-
tial neuronal loss in the substantia nigra, mainly affecting 
dopaminergic neurons. Compared to a control diet, pre-
treatment of mice with 1  % Cr in the chow for 2  weeks 

prior to MPTP injections almost completely abolished its 
deleterious effects on dopaminergic neurons. The same 
group replicated this result in 2003 and reported additive 
neuroprotective effects, when Cr was combined with the 
cyclooxygenase 2 (COX-2) inhibitor rofecoxib (Klivenyi 
et al. 2003). Later, in a mouse model of chronic s.c. MPTP 
intoxication, they found that the combination of Cr with 
coenzyme Q10 yielded even more neuroprotection, includ-
ing less lipid peroxidation damage and less alpha-synuclein 
accumulation within dopaminergic substantia nigra neu-
rons (Yang et al. 2009).

Randomized controlled human trials

Encouraged by the impressive neuroprotective capacity 
of Cr in animal models, we conducted a randomized pla-
cebo-controlled clinical trial (RCT) of oral Cr supplemen-
tation (up to 4 g per day) over 2 years in 60 PD patients 
(Bender et al. 2006). The trial was negative for the primary 
outcomes, i.e. there was no effect on SPECT variables of 
disease progression and no effect on overall scores of the 
UPDRS clinical rating scale. Yet, Cr-treated patients scored 
slightly higher on measures for mood and behaviour and 
they had to increase their dopamine dose for symptomatic 
PD treatment less than the control group over the 2-year 
study course. Importantly, Cr was well tolerated and did 
not have negative effects on renal function (Bender et  al. 
2008).

In the same year, a so called futility RCT with 10 g of Cr 
per day in 200 early PD patients (n = 67 patients received 
Cr) for 12 months was published and showed that Cr could 
not be rejected as futile with regard to slowing clinical dis-
ease progression (NINDS NET-PD Investigators 2006). 
Cr was retained by 91 % of patients throughout the study 
and was altogether well tolerated at this higher dosage of 
10 g per day. Even though this trial was not designed and 
powered to show actual slowing of disease progression, the 
authors concluded that Cr showed potential for success for 
long-term Phase III neuroprotection trials.

A meta-analysis of the 194 patients of the two pilot or 
Phase II trials revealed no effect on either motor function or 
activities of daily living (ADL) but concluded that data was 
insufficient to draw a firm conclusion (Xiao et al. 2014).

In 2007, the National Institute of Neurological Disorders 
and Stroke (NINDS) launched a multicentre Phase III dou-
ble-blind neuroprotection RCT of Cr within the Exploratory 
Trials of Parkinson Disease (NET-PD) program. Given that 
Cr is an over-the-counter food supplement without major 
pharmaceutical companies having strategic interest in it, 
this so called Long-Term Study 1 (LS-1) was an extraordi-
nary effort and enroled 1741 patients in 45 sites with early 
(patients on dopaminergic drugs for at least three to a maxi-
mum of 24  months) and stable PD, who received 10 g of 
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Cr per day or placebo (Kieburtz et al. 2015). The study was 
designed and powered to detect a slowing of disease pro-
gression of 1 year over a treatment period of 5 years, using 
an aggregate outcome measure, consisting of five tests and 
scores (for ADL, ambulatory capacity, disease-specific 
health problems, cognitive functioning, overall outcome). 
The study was stopped for futility after the second interim 
analysis in 2013 and a total of 955 patients, who were avail-
able for the 5-year follow-up assessments. There were no 
differences in any of the five individual outcome meas-
ures nor in the aggregate measure (p = 0.45). If anything, 
Cr patients had higher values in every one of the five indi-
vidual outcome measures, indicating more disease progres-
sion. There were also no differences in secondary outcome 
measures, such as levodopa equivalent daily dose, depres-
sion, cognition, or quality of life. There were no differences 
in adverse or serious adverse events (SAE) between study 
groups. With regards to adherence to study medication, sig-
nificantly more patients stopped study medication in the Cr 
group than in the placebo group (34 vs. 26 %).

Interesting data stem from a recent clinical trial, investigat-
ing the effect of a combination therapy of Cr (5 g b.i.d) and 
coenzyme Q10 (100 mg t.i.d) compared to placebo on motor 
as well as cognitive functioning in 75 PD patients with mild 
cognitive impairment (MCI) (Li et al. 2015). 38 patients were 
randomized to the active combination therapy group and 37 
to the placebo control group and received study medication 
for 18  months. At 12 and 18  months, the cognitive decline 
determined by the Montreal Cognitive Assessment (MoCA) 
was less pronounced in the combination therapy group with 
Cr (drop in MoCA scores from 20.15 ± 3.11 to 18.55 ± 4.11 
points after 18  months) than in the placebo group (drop in 
MoCA scores from 19.63 ±  4.12 to 13.33 ±  3.58 points; 
p < 0.01). There was no significant treatment effect on motor 
symptoms quantified with the UPDRS, though.

The overall available clinical evidence for a neuropro-
tective effect of Cr in PD is summarized in Table 1.

Huntington’s disease

Huntington’s disease (HD) is a neurogenetic trinucleotide 
repeat disease with full penetrance. The mechanisms by 
which mutant huntingtin is believed to exert its neurotoxic 
effects suggest a mitochondrial dysfunction with perturba-
tion of energy homoeostasis, oxidative stress, and excito-
toxicity (Lodi et  al. 2000; Tabrizi et  al. 1999; Kim et  al. 
2010).

Data from animal models

Cr was tested both in toxic as well as in genetic HD models. 
Systemic administration of the respiratory chain complex II 
inhibitors 3-nitropropionic acid or malonate to rats leads to 

a behavioural and neuropathological phenotype resembling 
human HD (Beal et  al. 1993). In this model, oral Cr was 
associated with lower lesion volume and higher brain ATP 
and PCr levels (Matthews et al. 1998). The transgenic mouse 
models of HD are obviously even more appropriate models 
to study human disease. There, Cr also provided significant 
neuroprotection, improvement in motor performance, and 
higher overall survival in two different transgenic mouse 
models, when oral supplementation started prior to the devel-
opment of the phenotype (Ferrante et al. 2000; Andreassen 
et  al. 2001a). Even more relevant to application in human 
disease, the same effect was obtained when Cr was com-
menced after symptom onset (Dedeoglu et al. 2003).

Randomized controlled human trials

So far, two phase II RCTs of Cr in human manifest and one 
in premanifest HD have been published (Table  2). In the 
first, 5 g of Cr for 1 year had no effect on clinical outcome 
measures in 41 HD patients (Verbessem et  al. 2003). A 
slightly higher dose of 8 g of Cr per day was given to 64 HD 
patients for 4 months. Under this setting, Cr seemed to cross 
the blood–brain barrier, and was well tolerated (Hersch 
et al. 2006). There was no effect on clinical outcomes, how-
ever, but Cr was able to decrease elevated serum levels of 
8-hydroxy-2’-deoxyguanosine (8OH2’dG), a marker of oxi-
dative stress. The following PRECREST trial enrolled 64 
patients in a premanifest state or at 50 % genetic risk of HD 
to receive either up to 30 g of Cr per day (n = 32) or pla-
cebo with a double-blind protocol for 6 months (Rosas et al. 
2014). Primary endpoints of this high-dose trial were tolera-
bility and safety. Diarrhoea and nausea occurred more often 
under this high-dose Cr regime, but Cr was otherwise well 
tolerated and proved to be safe. There was no effect on sec-
ondary clinical outcome measures, although Cr slowed the 
rate of region specific brain atrophy in repeated MRI scans.

The Cr Safety, Tolerability, and Efficacy in HD (CREST-
E) phase III trial then set out to enrol 650 early symp-
tomatic HD patients to receive up to 40  g of Cr per day 
for up to 4  years. According to http://www.clinicaltrials.
gov (Study identifier NCT00712426) and the webpage of 
the study consortium (http://huntingtonstudygroup.org) 
CREST-E was discontinued in early 2015 after 551 patients 
had enrolled in the study and after interim analysis showed 
that Cr was unlikely to be effective in slowing functional 
loss in HD patients, even at this very high Cr dosage. To 
the best of the author’s knowledge, so far, further data from 
this trial have not yet been published.

Amyotrophic lateral sclerosis (motor neuron disease)

Mitochondrial dysfunction, glutamate-mediated exci-
totoxicity, and oxidative stress have been implicated as 

http://www.clinicaltrials.gov
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http://huntingtonstudygroup.org
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pathomechanisms in ALS, again rendering it a potential tar-
get for Cr-mediated neuroprotection (Cleveland and Roth-
stein 2001). About 10 % of the cases are caused by patho-
genic gene mutations, one of the most common ones being 
in copper/zinc superoxide dismutase (SOD1), a cytosolic 
enzyme responsible for scavenging oxidative stress in the 
cell (Peters et al. 2015).

Data from animal models

Transgenic mice carrying 23 copies of the human 
SOD1G93A gene have become the standard rodent ALS 
model. These mice show early mitochondrial swelling and 
vacuolization as well as altered electron transport chain 
enzyme activities, corresponding to similar mitochondrial 
abnormalities observed in post-mortem spinal cords of ALS 
patients (Gurney et  al. 1994; Wong et  al. 1995; Hervias 
et al. 2006). Two Cr supplementation studies by the same 
group reported a dose-dependent increase in survival 
compared to placebo, reduction of neuronal cell death, as 
well as a delay of the motor phenotype, with 1–2 % of Cr, 
started within 1–2  months of animal age (Klivenyi et  al. 
1999; Andreassen et  al. 2001b). Cr was further evaluated 
in the same animal model in combination with other poten-
tially neuroprotective agents. Here, the neuroprotective 
Cr effect was comparable but not additive to the standard 
clinical ALS drug, riluzole (Snow et  al. 2003). In con-
trast, the combination of minocycline (a tetracycline anti-
biotic with neuroprotective properties) and Cr as well as 

the combination of Cr with the COX-2 inhibitors celecoxib 
and/or rofecoxib produced additive neuroprotective effects 
(Zhang et al. 2003; Klivenyi et al. 2004). It is noteworthy 
and deserves scientific credit, that one group undertook 
validation studies of some of the previously published suc-
cessful murine SOD-trials. They controlled for common 
methodological issues and confounders in animal studies, 
such as small animal numbers per group, lack of control for 
low transgene copy number, and deaths unrelated to ALS 
(Scott et  al. 2008). Using 77 transgenic mice, they could 
not replicate the positive results of the originally reported 
life-span extensions between 17.8  % (with 13 mice) and 
19.8 % (with 24 mice) by Cr but they instead found only a 
non-significant life-span extension of less than 1 %.

Randomized controlled human trials

So far, three human randomized placebo-controlled trials of 
Cr in ALS with doses of 5 g or 10 g have been published 
(Table 3). In the first, 175 patients received either 10 g of 
Cr or placebo for up to 16 months (Groeneveld et al. 2003). 
Outcome was measured across different domains, such 
as tracheostomy-free survival time, overall survival, lung 
capacity, motor function, and a disease-specific functional 
rating scale. The trial was terminated, when it became 
clear, that there was no effect by Cr on either one of those 
outcomes. The same was true for a study on 104 ALS 
patients with 5 g of Cr over a time period of 6 months and 
yet another multicentre trial with 5 g in 107 patients over 
9 months (Shefner et al. 2004; Rosenfeld et al. 2008).

Table 3   Summary of randomized clinical trials with clinical endpoints for use of Cr in ALS

8OH2′dG 8-hydroxy-2′-deoxyguanosine, a serum marker for oxidative stress; mc multicentre; sc single center; ALSFRS ALS functional rating 
scale; QOL quality of life (SF-36 or SF-12 instrument); n.s. not significant
a  Values represent those of the Cr groups
b  Creatine monohydrate was used in all studies

Type Populationa Non  
Cr/placebo

Daily  
Cr dose (g)b

Duration (months) Endpoints (results) Authors

Phase II,  
(sc)

Onset of symptoms 
16.6 (3–60) months; 
Vital capacity 
91 % ± 18.7 %

88/87 10 16 Event-free survival 
(n.s.), muscle strength 
(n.s.),  vital capacity  
(n.s.), ALSFRS 
(n.s.), QOL (n.s.)

Groeneveld et al. 
(2003)

Phase II, 
(mc)

Onset of symptoms 
20 ± 13 months; 
Vital capacity 
85 % ± 17.2 %

50/54 20 loading, then 5 6 Survival (n.s.), muscle 
strength (n.s.), safety 
(n.s.), ALSFRS (n.s.) 

Shefner et al. (2004)

Phase II, 
(mc)

Onset of symptoms 
18 months; Vital 
capacity 76 %

53/54 10 loading, then 5 9 Muscle strength (n.s.), 
safety (n.s.), ALSFRS 
(n.s.), vital capacity 
(n.s.), QOL (n.s.), 
survival (n.s.)

Rosenfeld et al. (2008)

Total 191/195
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Not surprising, a systematic Cochrane collaboration 
meta-analysis covering these three individual RCTs with a 
total of 386 patients found no benefit of Cr in any of the 
chosen outcome domains (Pastula et al. 2012). At the time 
of the preparation of this manuscript, no on-going clini-
cal Cr trials could be identified at http://www.clinicaltri-
als.gov. One phase II trial randomising 60 ALS patients to 
receive either 30 g of Cr or one of two different tamoxifen 
doses is marked completed on this NIH webpage (identifier 
NCT01257581), but results have not yet been published.

Safety and side effects of Cr in clinical trials

Cr is in wide and relatively uncontrolled use by athletes 
(Tarnopolsky 2010). In addition, it is being tested for sev-
eral clinical indications outside the neurodegeneration 
field, such as in myopathies, psychiatric, or cardiac disease 
(Gualano et  al. 2012). Possible safety concerns regarding 
alleged deleterious effects of Cr on renal function have 
repeatedly been raised in the scientific field, as well as by 
the lay press (Thorsteinsdottir et  al. 2006; Poortmans and 
Francaux 2000). Even though the results of the Cr neuro-
protection trials for symptomatic neurodegenerative disease 
are disappointing, it is nevertheless of interest to look at 
the safety and side effect profile of Cr in these studies, to 
learn something for potential usage of Cr in other fields of 
application.

In the RCTs, 1687 patients or healthy controls have 
received a daily average of 9.5 g of Cr for a total of 5480 
patient years (figures calculated from Tables 1–3). Cr was 
safe in all of these trials and there was no statistical differ-
ence in any of the documented SAE. Rates of discontinua-
tion of Cr study medication in these trials ranged between 
7 and 34 % (NINDS NET-PD Investigators 2006; Kieburtz 
et al. 2015). In the most comprehensive study so far, 5 % 
of patients receiving Cr discontinued study medication 
by protocol because their serum creatinine (Crn) levels or 
estimated glomerular filtration rates crossed pre-specified 
safety limits (Kieburtz et al. 2015). This may not necessar-
ily reflect true impairment of renal function since oral Cr 
intake leads to a significant elevation of the total Cr body 
pool (mostly in muscles and brain). Since the conversion 
of Cr to Crn is determined by a chemical equilibrium with 
a fixed time constant, an elevation of the total Cr pool in 
the body will automatically result in a higher production 
of Crn leading to elevated serum Crn levels and renal Crn 
excretion. The Crn clearances in such subjects are hard to 
interpret. In patients with decreased Crn clearance, cysta-
tin c clearance as another marker for glomerular filtration 
remained normal (Bender et al. 2008).

In the trials summarized in Tables  1–3, the only side 
effects that occurred with higher frequency in the Cr group 
than in the placebo group were nausea, diarrhoea, and 

overall gastrointestinal symptoms (Bender et  al. 2008; 
Rosas et al. 2014).

Taken together, these randomized controlled trials show 
that Cr is safe and well tolerated even in considerable doses 
of up to 30  g per day for many months in aged patient 
populations.

Discussion

The published evidence from randomized clinical trials 
argues against major neuroprotective effects of Cr in human 
studies with patients presenting with neurodegenerative dis-
eases. This seems especially true for Cr use in PD, where a 
large multicentre phase III trial (LS-1) showed no effects on 
any of the chosen clinical markers for disease progression 
(Kieburtz et al. 2015). The usual criticism of failed neuro-
protection trials is that study medication was given too late 
in the course of the disease, that trials are not long enough, 
that study medication may have been underdosed, or that 
the wrong outcome measures were chosen (Ahlskog 2007; 
Brew 2007). In the case of Cr in PD, it is worth looking at 
the whole storyline, beginning at the initial rodent disease 
models. First, it is arguable whether toxic animal models 
based on mitochondrial complex I inhibition are really suit-
able to draw firm conclusions for human PD, even if they 
show typical clinical and neuropathological hallmarks of 
the disease. It would have been interesting to use another 
disease model, such as one of the genetic mouse models. 
Second, in these models, Cr was administered even before 
the intoxication started, which is of course far from the 
actual clinical setting. Then, the phase II pilot trial by the 
NINDS NET-PD investigators was designed as a futil-
ity trial that was not tailored to show significant treatment 
effects (NINDS NET-PD Investigators 2006). Still, this was 
a very practical approach but it differed from the following 
negative phase III trial because patients in phase II were de 
novo, i.e. had not yet received dopaminergic therapy and 
were thus earlier in the disease than in the phase III trial, 
where all patients were actually required to take dopamin-
ergic therapy. Indeed, the start of Cr administration might 
therefore have been too late in the disease. Still, with 
5 years, the duration of the trial was exceptionally long for 
an investigator- or academia-driven trial. If Cr were neuro-
protective in PD, one would have expected to at least see 
trends after 5 years in some of the outcome measures. But 
in fact, the opposite was true. Looking at the raw data, the 
Cr group had non-significant worse absolute values in all of 
the five chosen outcome domains than the placebo group. 
This observation of no positive trend whatsoever in the Cr 
group also argues against the fact that Cr might just have 
been underdosed with 10  g daily intake. Even though 20 
or even 30 g lead to stronger proton MRS Cr brain signals 

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


1936 A. Bender, T. Klopstock

1 3

than 10 g a day, it has been shown that such lower doses 
exert biologically measurable effects in the brain, for exam-
ple on the glutamate system (Atassi et  al. 2010; Bender 
et  al. 2005). Assuming a dose–response curve for neu-
roprotective Cr effects, it seems unlikely that there is not 
even a trend in a single outcome measure towards a slight 
improvement in the treatment group, even if 10  g of Cr 
were underdosed for neuroprotection in PD. Yet, a recent 
in vitro study showed, that there may be a rather complex 
U-shaped dose–response curve for a neuroprotective Cr 
effect (Stevens et al. 2014).

It would have been desirable to have more information 
on further subgroup or responder analyses of the large LS-1 
phase III trial, but this has so far not been published. For 
example, it would be of special interest, if women with 
PD were more likely to profit, given that rodent models of 
depression suggest a therapeutic Cr gender effect, favour-
ing female animals (Allen et  al. 2012). Also, compar-
ing vegetarian to non-vegetarian patients in the PD phase 
III trial would be an interesting subgroup analysis, if this 
information were part of the study protocol. It was sug-
gested that healthy vegetarian women had improved mem-
ory functions compared to omnivores upon supplementa-
tion of 20 g of Cr for 5 days (Benton and Donohoe 2011). 
On the other hand, a recent proton MRS study showed that 
brain Cr content was not related to dietary Cr intake (Yazigi 
Solis et al. 2014).

So in our opinion, the most reasonable explanation for 
this negative trial is that Cr does not provide neuroprotec-
tion in PD. This is not only scientifically disappointing but 
may also be a major setback for academia-driven neuro-
protection trials, given that the LS-1 phase III trial was a 
multimillion dollar venture within the $60 million effort by 
NINDS to find treatment strategies in PD (Couzin 2007).

Only the recent 18  months randomized controlled trial 
with Cr and coenzyme Q10 provided evidence for a posi-
tive effect of this combination therapy on the rate of cogni-
tive decline (Li et al. 2015). This may be interpreted as a 
neuroprotective effect, even though it is unclear, which role 
Cr has in it, because there were no treatment arms applying 
only one of the two agents. Also, this phase II trial had only 
included 75 patients, while the much larger LS-1 phase III 
trial with almost 1000 patients showed no benefit of Cr 
alone on measures for cognitive functioning (Kieburtz et al. 
2015).

Interesting data come from a study looking at the immu-
nohistochemical distribution of the Cr transporter (CrT) in 
human brain (Lowe et al. 2015). This transporter is neces-
sary for the uptake of Cr into neuronal cells (Braissant et al. 
2001). While there was abundant expression in certain neu-
ronal populations, such as the pyramidal cortical neurons 
or the ventral horn spinal neurons, the CrT could hardly be 
identified in the striatum and the dopaminergic substantia 

nigra neurons, the latter being of course the cell popula-
tion, which predominantly dies in human PD. So, while 
it is clear that there is a sustained (at least for months) 
Cr increase in the human brain with the typical Cr dosing 
regimens used in the clinical trials, it may be that its bio-
logical effects are heterogeneous, depending on brain area 
and cell type (Atassi et al. 2010; Lyoo et al. 2003; Hersch 
et  al. 2006). There are no data implying that the distribu-
tion of the CreaT would be different in rodents compared to 
humans (Mak et al. 2009). This does therefore not explain 
the discrepancy between the promising preclinical data and 
the overall disappointing results of randomized controlled 
human trials.

The investigators of the PRECREST trial of Cr in pre-
manifest HD have chosen a very interesting and promis-
ing study design in terms of trying to start neuroprotec-
tion treatment as early as possible in neurodegenerative 
disease (Rosas et al. 2014). They administered up to 30 g 
of Cr for 6  months to genetically diagnosed premani-
fest HD patients, as well as to patients with a 50  % risk 
of HD, ending up with 47 genetically proven HD patients. 
Even though clinical markers of disease progression were 
similar between the Cr and the placebo group at the end 
of the trial, MRI showed marked slowing of brain atrophy 
in distinct brain areas in the Cr group (p  <  0.0001). This 
is indeed promising and warrants a phase III trial in pre-
manifest mutation carriers. Of course, the fact that a current 
phase III trial of Cr in early symptomatic HD seems to have 
been terminated due to futility argues against strong neuro-
protective Cr effects (http://www.clinicaltrials.gov: identi-
fier NCT00712426; CREST-E).

For the case of Cr in ALS, data are also not encouraging. 
So far, 191 patients have been treated with doses between 5 
and 10 g of Cr and none of the outcomes or endpoints have 
been positive after 6 to 16 months of treatment (Table 3). 
On enrolment, patients were already limited in their pulmo-
nal vital capacity (76–91 % of predicted normal), i.e. they 
were well into the pathophysiological process. Therefore, 
the start of Cr treatment might have been too late and Cr 
was possibly underdosed. Yet, again the most likely expla-
nation seems to be that Cr is not neuroprotective in human 
ALS, as well.

It remains unclear why there seems to be a species bar-
rier between man and mice with regard to Cr-mediated 
neuroprotection in neurodegenerative disease, but this phe-
nomenon does not appear to be specific to failed Cr trials 
[for review: (Ergorul and Levin 2013)]. The fact that no 
neuroprotective Cr effect is found in genetic ALS mouse 
models, if a rigorous methodical approach is applied, is dis-
turbing but emphasizes the need for animal studies to adopt 
control of confounders similar to human RCTs (Scott et al. 
2008; National Academies of Sciences, Engineering, and 
Medicine 2015).

http://www.clinicaltrials.gov
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In the case of Cr, dosing between mice and humans may 
have also been an issue. It can be roughly estimated that 
human trials with 10  g of Cr per day represent still only 
10 % of the dose in rodent models, if calculated to g per 
kg bodyweight, even though this estimation may be too 
simplistic (Bender et al. 2006). This probable underdosing 
even in the relatively high-dose human trials with 30 g of 
Cr/day may also be reflected by the fact that in the typi-
cal mouse studies, brain Cr increased by 21 ± 3.8 % while 
in the human randomized trials, only increases between 7.5 
and 13  % could be obtained (Ferrante et  al. 2000; Atassi 
et al. 2010; Hersch et al. 2006; Lyoo et al. 2003). Consider-
ing the relatively low expression of the CrT in human and 
rat basal ganglia and substantia nigra, the possibly much 
higher Cr dose in the animal studies might partially account 
for the lack of translation to the human disease situation, 
because neurons with low CrT expression might just need 
higher Cr plasma concentrations for significant uptake 
(Mak et al. 2009; Lowe et al. 2015). Interestingly, cortical 
neurons show abundant CrT immunoreactivity. This differ-
ential expression might account for the differential clinical 
effects, observed in a clinical trial of a combination therapy 
with Cr and coenzyme Q10 in PD patients (Li et al. 2015). 
While there was no positive effect on motor function—pos-
sibly corresponding to the low abundance of CrT within 
substantia nigra and basal ganglia—the rate of cognitive 
decline was markedly slowed down. Yet, the inability of Cr 
to protect motor neurons in ALS argues strongly against a 
strong effect of the regional distribution of the CrT on the 
clinical response rates to Cr therapy, because pyramidal 
neurons and ventral horn spinal cord neurons also show 
strong CrT signals, i.e. they should be susceptible to Cr 
neuroprotection (Lowe et al. 2015).

Despite the possible dosing issues, Cr has the same bio-
logical effect for example on reduction of glutamatergic 
signals in human MR spectroscopy studies as in in  vitro 
studies (Atassi et al. 2010; Bender et al. 2005; Genius et al. 
2012). So lack of clinical efficacy of Cr cannot solely be 
attributed to its low capacity to be transported into the 
brain, because there are measurable effects.

One apparent difference between some of the animal 
studies, especially the neurotoxic models, and the human 
disease environment is the timing of Cr administration. Neu-
roprotective Cr effects were demonstrated in rodent models, 
where Cr administration was begun weeks prior to initiation 
of the neurotoxin (Matthews et  al. 1998, 1998; Yang et  al. 
2009). This prophylactic Cr loading seems unfeasible in the 
case of human neurodegenerative disease, where at symptom 
onset and time of diagnosis the neuropathological processes 
are believed to have been active for a long time (Braak et al. 
2004). Yet, time of diagnosis would be the earliest possible 
time for the commencement of Cr supplementation in spo-
radic neurodegenerative disease, such as PD or ALS and this 

may just be too late for Cr to exert significant neuroprotec-
tive effects. This is why the recent publication by Rosas and 
colleagues is so noteworthy, because they found a way to 
give Cr to premanifest HD patients, i.e. much earlier in the 
disease process than after establishment of the clinical diag-
nosis (Rosas et  al. 2014). Indeed, they reported decreased 
brain atrophy rates in the Cr group compared to the placebo 
group. If this were to translate into clinical patient benefit in 
the long-term, it would be important for other neurodegen-
erative diseases, such as PD or ALS, to develop early bio-
markers or genetic testing for high disease risk or early dis-
ease activity, so that Cr might indeed be started as early as 
possible. On the other hand, in genetic HD animal models, 
Cr was still neuroprotective, even when commenced after the 
onset of disease-related symptoms (Dedeoglu et al. 2003). At 
least in animals, it seems not a prerequisite for Cr to be given 
prior to the initiation of the pathophysiological processes. 
Also, if Cr indeed were to be neuroprotective in human neu-
rodegenerative disease, why should it not be able to at least 
reduce the rate of clinical decline and neurodegeneration, 
even when given well after the beginning of the pathophysi-
ological process, where all the alleged mechanisms, such as 
oxidative stress, mitochondrial dysfunction, or neuroinflam-
mation are very likely to still be active? Indeed, the large Cr 
phase III trial in PD should have been able to show a disease 
modifying effect due to the long duration of the trial with 
several years of Cr intake (Kieburtz et al. 2015).

Cr does not readily cross the blood–brain barrier so 
that its neuronal uptake relies on the CrT, which seems to 
be differentially expressed in the brain with low transport 
efficiency in disease-critical brain areas, such as the basal 
ganglia in PD (Lowe et al. 2015; Perasso et al. 2003). It is 
therefore worth contemplating different routes of applica-
tion, chemical forms, and analogues compounds, in order 
to overcome the issue of low neuronal uptake (reviewed in 
Perasso et al. 2013). All of the human trials referenced in 
this review have used Cr monohydrate as the active study 
medication. Cr-derived compounds with increased blood–
brain barrier penetrance and increased neuronal uptake, 
such as cyclocreatine or PCr-magnesium-complex-acetate 
have been shown to be neuroprotective in vitro and in ani-
mal studies (Matthews et  al. 1999; Perasso et  al. 2008, 
2009). Yet, these compounds have not yet been tested in 
human controlled trials. In theory, if bioavailability of Cr 
within critical populations of neurons were the limiting 
factor for successful human neuroprotection trials, then 
intrathecal administration would be an interesting strategy. 
This is far from feasibility in the context of neurodegen-
erative disease, though but would possibly be an alternative 
in states of critical acute brain energy failure, such as in 
global cerebral ischaemia or traumatic brain injury, where 
often external ventricular catheters provide access to the 
cerebrospinal fluid compartment (CSF).
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In summary, Cr has failed as a neuroprotective strategy 
in neurodegenerative disease with the exception that it may 
be beneficial in premanifest HD when given in high doses, 
which will have to be further examined in a phase III trial. 
Cr is ergogenic and can stabilize cellular and neuronal 
energy homoeostasis, serving as an energy buffer in times 
of energy crisis (Balestrino et al. 2002; Andres et al. 2008). 
In theory, it should therefore be neuroprotective as a pro-
phylactic strategy in conditions with imminent neurological 
damage, such as off-pump cardiothoracic surgery or carotid 
artery repair and there are data supporting this view (Per-
asso et al. 2013). In fact, Cr was recently shown to prevent 
neuropsychological deficits in healthy volunteers under 
experimental oxygen deprivation (Turner et  al. 2015). 
While Cr has been disappointing in the field of neurodegen-
eration, the obvious advantages of such a prophylactic use 
for neuroprotection in at-risk populations or patients would 
be that Cr as an energy buffer could be given before the 
actual insult and therefore be able to prevent the initiation 
of the pathophysiological cascades leading to brain dam-
age. This discussion though has been the focus of another 
recent review (Perasso et al. 2013).
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