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Abstract There is an extensive and still growing body of

the literature supporting the efficacy of creatine (Cr) sup-

plementation. In sports, creatine has been recognized as the

most effective nutritional supplement in enhancing exer-

cise tolerance, muscle strength and lean body mass. From a

clinical perspective, the application of Cr supplementation

is indeed exciting. Evidences of benefits from this sup-

plement have been reported in a broad range of diseases,

including myopathies, neurodegenerative disorders, cancer,

rheumatic diseases, and type 2 diabetes. In addition, after

hundreds of published studies and millions of exposures

creatine supplementation maintains an excellent safety

profile. Thus, we contend that the widespread application

of this supplement may benefit athletes, elderly people and

various patient populations. In this narrative review, we

aimed to summarize both the ergogenic and therapeutic

effects of Cr supplementation. Furthermore, we reviewed

the impact of Cr supplementation on kidney function.

Keywords Nutritional supplements � Exercise

performance � Sports � Chronic diseases

Introduction

Since the publication of the seminal paper by Professor

Roger Harris and et al. (1992) pointing out that oral crea-

tine (Cr) intake can augment its intramuscular content, the

interest in Cr as a nutritional supplement has dramatically

increased. Over the past two decades, the main focus of

research has been on the ergogenic value of Cr. In fact, the

consistent body of knowledge accumulated since then led

some authors to consider Cr as the most effective nutri-

tional supplement in enhancing exercise tolerance, muscle

strength and lean body mass (Terjung et al. 2000; Buford

et al. 2007). More recently, the clinical application of Cr

supplementation has emerged as an exciting field of

investigation. In this scenario, Cr has been recognized as a

promising adjunct treatment in a broad spectrum of dis-

eases, including those characterized by muscle wasting,

low bone mass, joint syndromes, central nervous distur-

bances, and metabolic disturbances (Gualano et al. 2010a).

As a result of its efficacy in both clinical and sports

settings, Cr supplementation has become one of the most

popular nutritional supplements not only among amateur

and professional athletes (Rawson and Clarkson 2004) but

also among elderly and diseased people (Gualano et al.

2010a). However, there has been an empirical concern that

long-term Cr supplementation might provoke adverse

effects, particularly kidney dysfunction (Kuehl et al. 1998;

Pritchard and Kalra 1998; Thorsteinsdottir et al. 2006).

This has led some regulatory agencies (e.g., French Sani-

tary Agency and Brazilian National Agency for Sanitary

Vigilance) to restrict the sale of Cr-based nutritional sup-

plements to healthy adults, despite the well-known benefits

of this nutrient for the elderly. In the light of the current

scientific evidence, the position of such agencies can be

challenged.
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In this narrative review, we aimed to summarize both

the ergogenic and therapeutic effects of Cr supplementa-

tion. In addition, the impact of Cr supplementation on

kidney function was reviewed.

A brief overview of cr metabolism and its mechanisms

of action

In addition to being present in the omnivore diet (approxi-

mately 1–5 grams per day), Cr is endogenously synthesized

in the liver, kidney and pancreas by a two-step mechanism

involving L-arginine: glycine amidinotransferase (AGAT)

and S-adenosyl-L-methionine: N-guanidinoacetate methyl-

transferase (GAMT). Cellular Cr uptake is controlled by the

specific transporter protein Creat-T. This moves Cr into the

cell against a concentration gradient which is sodium and

chloride dependent. Once inside the cell, Cr exists in a free

and phosphorylated form (phosphorylcreatine, [PCr]). Both

Cr and PCr are spontaneously and irreversibly degraded into

creatinine, which is excreted via the kidneys in a rate of about

2 g per day (Wallimann et al. 2011).

Cr–PCr system exerts a crucial role in energy metabo-

lism. Classically, it has been postulated that PCr acts a

‘‘temporal energy buffer’’ at sites of high energy translo-

cation which operates when the rate of ATP utilization

outstrips the rate of production by mitochondrial respira-

tion, maintaining ATP homeostasis at specific sites of high

energy turnover (e.g., skeletal muscle, brain, bone, heart)

(Greenhalff 2001; Wallimann et al. 2011). A second role

proposed for the Cr–PCr system is that of a cellular energy

transport system (the ‘‘Cr–PCr shuttle’’) from mitochondria

to citosol, especially in tissues whose energetic demand is

high, such as skeletal muscle and brain. This function is

only possible due to different existent creatine kinase (CK)

isoforms, which link the sites of ATP generation (i.e.,

mitochondria; Mt-CK) to those of ATP consumption (i.e.,

skeletal muscle and brain; MM-CK and BB-CK, respec-

tively). This arrangement enables the Cr/PCr system to

function as a ‘‘spatial energy buffer’’. PCr and Cr have

higher diffusion rates than ATP or ADP and, therefore, are

more efficient as energy shuttles. At the sarcomere, where

large amounts of ATP are hydrolyzed during repetitive

contractions, the MM-CK allows for the immediate phos-

phorylation of ADP. This maintains a low ADP concen-

tration, thus reducing the ADP-mediated leak of Ca2? from

the sarcoplasmic reticulum (SR), which would reduce the

releasable Ca2? and, hence, impair the force output of the

muscle (Sahlin and Harris 2011). It also reduces the free

inorganic phosphate (Pi), slowing the entry of Pi into the

SR where it precipitates the Ca2? to cause a failure of Ca2?

release, reducing the force produced by the muscle. Con-

versely, phosphorylation of Cr by Mi-CK keeps

mitochondrial levels of ADP high, which stimulates the

respiration rate and reduces the free energy required for

ATP synthesis (Sahlin and Harris 2011; Greenhalff 2001).

Moreover, it has been speculated that the coupling of Cr

with ATP into the mitochondria could also attenuate the

formation of reactive oxygen species. In fact, Cr posses a

direct role Cr as a direct scavenger of radical species in an

acellular setting (Sestili et al. 2011). The direct and indirect

antioxidant effect of Cr may partially explain the thera-

peutic effects of Cr ingestion in a broad range of condi-

tions, especially in neurodegenerative diseases (Beal 2011;

Klopstock et al. 2011).

The ingestion of 20 g/day of Cr for 5 days can lead to

more than 20% increase in muscle Cr, of which *20% is

in the form of PCr. However, it is important to mention that

human muscle appears to have an upper limit of Cr storage

of 150–160 mmol/kg dm, which, once achieved, with diet

or supplementation, cannot be exceeded (Greenhalff 1995),

meaning that Cr supplementation may produce larger

effects in subjects who ingest lower Cr in diet (e.g., veg-

etarians) and consequently display lower tissue Cr (Harris

et al. 1992). With respect to exercise performance, Cr

supplementation may be ergogenic through several differ-

ent mechanisms [reviewed in (Rawson and Persky 2007)],

including: (i) increased pre-exercise PCr and glycogen, (ii)

faster PCr resynthesis, (iii) increased expression of growth

factors, (iv) educed muscle damage and inflammation, and

(v) subsequently increased training volume. Eventually, Cr

has also been reported to increase the Ca2? sensitivity of

the contractile proteins, by virtue of the reduction in ionic

strength that occurs when water follows Cr osmotically

into the muscle fiber (Head et al. 2011; Murphy et al.

2004). The ability to produce more force for a given

intracellular concentration of Ca2? would enhance muscle

performance and alleviate some of the force loss resulting

from reduced SR Ca2? release during fatigue. In fact,

osmotic effects offer an explanation for the ergogenic

effect of Cr supplementation that is observed even before

intramuscular PCr content has increased substantially.

After longer-term Cr supplementation, when both the PCr/

Cr ratio and the ionic strength have returned toward the

pre-supplementation values, a beneficial effect on maximal

force production persists (Murphy et al. 2004). Although

the benefit of Cr supplementation on muscle performance

is believed to be due to an increased ability to re-synthesize

ATP via increased PCr concentration, human studies have

showed a reduction in the PCr/Cr ratio after the supple-

mentation, which would ultimately impair the ability of CK

to rephosphorylate ADP to ATP. Therefore, a Cr-induced

reduction in ionic strength as a consequence of water

retention may be an alternative mechanism to explain the

effects of Cr supplementation on muscle strength (Murphy

et al. 2004).
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The readers interested in deepen their knowledge on Cr-

PCr system as well as in the bioenergetics and pleiotropic

effects of Cr is referred to the special issue recently pub-

lished in this journal (Amino Acids, vol. 40, 2011), namely

to the papers by Sahlin and Harris (2011) and Wallimann

et al. (2011).

Ergogenic effects of cr supplementation

There are several hundred published investigations of the

effects of oral Cr supplementation, and the majority of

studies with exercise performance outcomes support an

ergogenic effect of Cr. Traditional supplementation pro-

tocols include a brief (about 5 d) high-dose (about 20 g/d

or 0.3 g/kg/d) supplementation protocol (Harris et al. 1992)

or a longer-duration (about 4–6 week) low-dose (about 3

g/d or 0.03 g/kg/d) supplementation protocol (Hultman

et al. 1996). Unlike drugs, which can act rapidly, the

content of nutrients like Cr must increase in skeletal muscle

in order to have an effect. In this respect, ‘‘Cr loading’’ is

much like ‘‘carbohydrate loading,’’ a well established, safe,

and effective dietary practice. Both the short-duration and

high-dose and the longer-duration low-dose Cr supple-

mentation methods have been proven effective at increas-

ing muscle Cr content by about 20%, and both methods

have been shown to improve exercise performance [high-

dose: reviewed in Branch (2003) and Bemben and Lamont

(2005); low dose: Rawson et al. (2010)]. In particular, the

performance of brief (\30 s) high-intensity exercise is

improved following Cr supplementation, although some

studies indicate performance enhancing effects in longer-

duration exercise tasks (Table 1).

Resistance exercise performance

In a narrative review article based on 22 relevant studies,

Rawson and Volek (2003) determined that the combination

of Cr and resistance training increased maximal strength

and number of repetitions at percent of maximal strength

more than resistance training alone (8 and 14%, respec-

tively). The beneficial effects of Cr supplementation on

resistance training performance are well documented and

are a consistent finding (Bemben and Lamont 2005; Hespel

and Derave 2007). One could hypothesize that the benefits

of Cr supplementation on resistance training performance

are attributed to chronically increased training loads sub-

sequent to increased pre-exercise muscle PCr and accel-

erated PCr resynthesis between sets/exercises. However,

improvements in resistance training performance are not

only noted in longer-term Cr supplementation plus resis-

tance training studies [e.g., (Vandenberghe et al. 1997;

Volek et al. 1999)] but also in shorter-term studies as well

(Rossouw et al. 2000; Law et al. 2009). For instance,

increased deadlift lifting volume in trained power-lifters

ingesting Cr (25 g/d for 5 d) (Rossouw et al. 2000), and

increased maximal squat strength after 5 days of Cr load-

ing (20 g/d for 5 d) (Law et al. 2009) have been reported.

Among the multiple metabolic, molecular, and physiolog-

ical effects of Cr supplementation described above, Cr

supplementation plus resistance training also increases

muscle fiber size more than resistance training alone

(Volek et al. 1999; Burke et al. 2008).

Sports performance

Cycling

The beneficial effects of Cr supplementation on sprint

cycling performance in a laboratory setting have been well

documented in numerous studies [reviewed in (Branch

2003; Bemben and Lamont 2005)]. In fact, Branch (2003)

concluded that Cr supplementation was most effective at

improving exercise performance during repeated bouts of

brief (\30 s) high-intensity exercise. This is sensible when

considering the large contribution of PCr to ATP produc-

tion during brief, intermittent, high-intensity exercise.

Although one would not expect Cr supplementation to

improve endurance cycling performance, there is evidence

that when sprints are imbedded during, or at the end of a

cycling endurance challenge, as in real competitive

cycling, Cr supplementation improves sprint cycling per-

formance (Engelhardt et al. 1998; Vandebuerie et al.

1998).

Running

There are few studies of the effects of Cr supplementation

on sprint running performance, but the available data

suggest an ergogenic effect. For instance, Skare et al.

(2001) reported that Cr supplementation (20 g/d) reduced

100 m sprint time by 0.9 s and 6 9 60 m total sprint time

by 0.41 s. As with many sports, these improvements may

seem minor in absolute magnitude, but might be the dif-

ference between winning and losing in competition. Given

that some individuals experience a small increase in body

mass following Cr ingestion, it is could be theorized that Cr

supplementation might alter running mechanics and con-

sequently be ergolytic in weight bearing activities. In fact,

Schedel et al. (2000) reported that Cr supplementation

(20 g/d for 7 d) increased body mass (0.8 kg), running

speed, and stride frequency, but not stride length. However,

Cox et al. (2002) reported improved 20 m sprint time and

agility run performance despite an increase in body mass

(0.8 kg). More work needs to be done in this area to

determine if the small weight gain can offset the metabolic
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advantage and improved running performance associated

with Cr supplementation.

Swimming

Seventeen studies of the effects of Cr supplementation on

swim performance have been published, with the majority

showing an ergogenic effect, particularly in those activities

lasting B30 s (Branch 2003). In their review, Hopwood

et al. (2006) noted that creatine supplementation benefits

the performance of repeated (2–15 bouts) swim perfor-

mance (improved performance in 8 of 9 studies; distance

25–100 m), but not single bouts of swimming (no effect of

Cr in 7 of 8 studies; distance 25–400 m). This is in

agreement with the literature on sprint cycling performance

(i.e., beneficial effects of creatine more likely during

repeated bouts than following a single bout). The magni-

tude of the improvement in swim performance subsequent

to Cr ingestion may be small, but can be meaningful in

competitive sport. As an example, Juhasz et al. (2009)

recently reported about a 1.8 s decrease in swim time in

two successive 100 m swims following Cr supplementation

(20 g/d for 5 d) (n = 16 males). In the 2008 Beijing

Olympic Games, the difference between 1st place and 10th

place in the men’s 100 m freestyle swim was 1.07 s. Cr

supplementation most likely influences swim performance

through the mechanisms previously described, though

Silva et al. (2007) recently showed that Cr supplementation

reduces active drag force and hydrodynamic coefficient in

swimmers, which reveals a beneficial effect of Cr on gross/

propelling efficiency.

Other sports

The majority of studies on the ergogenic effects of Cr

involved well-controlled laboratory performance tests, and,

with the exception of cycling, running, and swimming

performance, few studies are available that have described

the effects of Cr on performance using sport-specific field

tests. As such, it is difficult to develop a conclusion. Op ‘t

Eijnde et al. (2001b)were unable to demonstrate a benefit of

Cr supplementation (20 g for 5 d) on stroke precision,

power, or error rates between the first and second services

and on stroke precision, stroke velocity, and error rates

during simulated competition in highly trained tennis

players. (Pluim et al. 2006) were also unable to demonstrate

a beneficial effect of Cr supplementation (0.3 g/kg for 6 d;

followed by 0.03 g/kg for 28 d) on serving, forehand, or

backhand velocity. It is possible that the tennis performance

tests used in these studies were more a function of skill than

energy availability, and so any performance enhancement

from Cr supplementation would be difficult to detect. In

soccer players, Cr supplementation (30 g/d for 7 d) has been

shown to significantly improve dribbling test times (Ostojic

2004). Although there are few available data to describe the

effects of Cr supplementation on sport-specific perfor-

mance, many athletes use Cr to support their resistance

training programs, with the expectation that improved

performance in the weight room will translate into

improved performance on the playing field/court. There is

much work that can be done in the study of the effects of Cr

supplementation on sports specific performance.

Therapeutic effects of cr supplementation

Muscle disorders

Due to its effects on muscle strength and lean mass (Terjung

et al. 2000), Cr supplementation has been successfully used

as an important adjuvant treatment in several myopathies,

Table 1 Effects of creatine supplementation on specific performance

tasks as a function of exercise intensity

Variable Effect

ATP-PCr system (B30 s)

Arm ergometry $
Bicycle ergometry :

Isokinetic torque production :

Isometric force production :

Isotonic strength :

Jumping :

Sprint running :

Speed skating :

Swimming :

Glycolysis (30–150 s)

Bicycle ergometry :

Isokinetic torque production $
Isometric force production :

Isotonic strength :

Jumping $
Kayaking $
Sprint running $
Swimming $
Oxidative phosphorylation ([150 s)

Bicycle ergometry :

Isokinetic torque production $
Isotonic strength $
Kayaking $
Sprint running $
Swimming $/;

Rowing $

Based on the meta-analytic data by Branch (2003)

$ no effect, : improvement, ; impairment

522 B. Gualano et al.

123



including muscle dystrophies, cytopathies, inflammatory

myopathies, and peripheral neuropathy disorders (Tarno-

polsky et al. 1997; Tarnopolsky and Martin 1999; Louis et al.

2003; Chung et al. 2007). Kley et al. (2008) reviewed the

literature and concluded that Cr supplementation is able to

promote both strength and lean mass gains in patients with

some muscular dystrophies. Notably, patients with dystro-

phinopathies and myotonic dystrophy benefit the most from

Cr treatment, whereas those with myotonic dystrophy type-1

and facioscapulohumeral dystrophy seem to be unrespon-

sive. A recent randomized controlled trial (RCT) showed that

Cr supplementation can enhance the effects of exercise

training on muscle function in patients with dermatomyositis

and polymyositis who were clinically weak after conven-

tional pharmacological treatment (Chung et al. 2007). Given

that the conventional drugs used in the treatment of myo-

pathies (e.g., corticoids) may provoke serious adverse

effects, non-inferiority trials should compare the efficacy

and safety of Cr supplementation versus other current

pharmacological treatments.

Bone and cartilage disorders

In vitro and animal studies have revealed an interesting

potential of Cr supplementation in stimulating the devel-

opment and differentiation of bone and cartilage cells

(Funanage et al. 1992; Gerber et al. 2005). This has led

some researchers to speculate that Cr could be used in the

treatment of osteoporosis and osteoarthritis. However,

evidence supporting this assumption is still scarce. Louis

et al. (2003) reported increased bone mineral density by

3% and reduced the urinary concentrations of cross-linked

N-telopeptides of type I collagen (NTx) (i.e., a marker of

bone resorption) by 30% in Cr-supplemented patients with

Duchenne dystrophy. Moreover, Candow et al. (2008)

demonstrated that Cr supplementation attenuates urinary

NTx concentrations by 27% in older males undergoing

resistance training. Currently, our group and others have

investigated whether long-term Cr supplementation can

inhibit bone loss in elderly people with low bone mass (for

details, see http://www.clinicaltrials.gov: NCT01163370

and NCT01057680).

We have recently demonstrated that a 3-month Cr sup-

plementation protocol improves physical function, lower

limb lean mass and quality of life in postmenopausal

women with knee OA undergoing strengthening exercises

(Neves et al. 2011a). Importantly, we attributed these

outcomes to a possible effect of Cr on training quality

rather than a direct effect on cartilage cells, since Cr-

induced cartilage repair would be unlikely to occur within

3 months. Clearly, further RCTs must be conducted and

the mechanisms by which Cr might act on bone and car-

tilage repair must be addressed.

Brain disorders

There is enough evidence to conclude that Cr exerts a vital

role in cerebral energetic provision, corroborated by (i) the

presence of creatine kinase (PCK) isoforms in both the

brain and spinal cord (Kaldis et al. 1996); (ii) the associ-

ation between brain Cr depletion (as seen in patients with

Cr deficiency syndromes) and mental retardation, autism,

speech delay, and brain atrophy (Salomons et al. 2003);

and (iii) the reversal of these symptoms as a result of oral

Cr administration (Stockler et al. 1996). In addition to the

previously discussed role of Cr-PCr on energy system, Cr

also possesses anti-apoptotic, anti-excitotoxic, and direct

antioxidative pleiotropic effects both in vitro and in vivo

(Klopstock et al. 2011). Furthermore, there is evidence that

Cr can penetrate blood–brain barrier (Stockler et al. 1996)

and cause no deleterious effects (see the last topic of this

review). Altogether, these characteristics confer to Cr a

therapeutic potential in neurodegenerative diseases.

Interestingly, Cr supplementation can improve cognitive

performance in young subjects (Watanabe et al. 2002) as

well as in elderly people (McMorris et al. 2007a). Fur-

thermore, Cr intake can also alleviate mental fatigue

induced by stressor stimulus such as mathematical calculus

(Watanabe et al. 2002) and sleep deprivation (McMorris

et al. 2007b). A recent study showed that in vegetarians

rather than in those who consume meat, Cr supplementa-

tion improves memory (Benton and Donohoe 2010).

Moreover, both vegetarians and meat eaters experienced

decreased variability in the responses to a choice reaction-

time task (Benton and Donohoe 2010). The mechanisms

underlying these findings remain to be elucidated. In

addition, the possible benefits of Cr supplementation on

cognition in children as well as in patients with dementia

need to be explored.

Cr supplementation has also been applied to several

psychiatric and neurodegenerative diseases. In this respect,

Cr seems to be effective in relieving symptoms, attenuating

depression, and improving the quality of life in patients

suffering from posttraumatic stress and fibromyalgia

(Amital et al. 2006a, b, c). Inborn or acquired diseases

characterized by progressive loss of nervous-system cells

such as Alzheimer’s, Huntington’s, Charcot-Marie-Tooth’s

and Parkinson’s disease and amyotrophic lateral sclerosis

(ALS) could be also potentially treated by Cr administra-

tion (Brewer and Wallimann 2000; Mazzini et al. 2001;

Tabrizi et al. 2003; NET-PDN 2006; Smith et al. 2006).

These neurodegenerative disorders share common charac-

teristics, including cerebral energy depletion (e.g., low

brain Cr content), exacerbated oxidative stress and mito-

chondrial dysfunction. Interestingly, Cr supplementation

might alleviate all of these abnormalities (Andres et al.

2008). In general, animal models have provided the most
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exciting evidence concerning the therapeutic effects of Cr

in neurodegenerative diseases, while RCTs have produced

less enthusiastic results. One case in point is ALS, where

Cr supplementation clearly exerted a neuroprotective

effects in the G93A SOD1 mouse model of this disease

(Andreassen et al. 2001), but did not affect disease pro-

gression, strength, fatigue, and respiratory status in patients

(Groeneveld et al. 2003). Klopstock et al. (2011) believe

that such a dissonance between animal and human out-

comes is due to methodological issues. First, the validity of

the standard murine models for mimicking the complexity

of neurodegenerative diseases has been debatable. Second,

it is well known that animal models and humans respond

differentially to Cr supplementation in several aspects

(Harris et al. 1992; Tarnopolsky et al. 2003; Gualano et al.

2010a, b, c, d). In fact, the timing of treatment relative to

disease onset and relative to age and the dosage of Cr

supplementation have been excessively discordant between

animal and human studies (Klopstock et al. 2011). More-

over, the few existing RTCs may have been underpowered,

precluding the detection of statistical significant effects

(Klopstock et al. 2011).

Perhaps one exception where in vitro, animal and human

studies have pointed to the same direction concerns Par-

kinson‘s disease. In vitro studies mimicking Parkinson’s

disease revealed that Cr has protective effects against

neurotoxic insults (Andres et al. 2005). A large RCT cor-

roborated such promising observations, indicating that Cr

supplementation is not futile in Parkinson’s patients.

A RCT involving about 1,700 patients is currently being

conducted and will help to clarify this issue (for details, see

http://www.clinicaltrials.gov: NCT00449865). Further

RCTs are indeed imperative to provide a fully appreciation

of the role of Cr supplementation in neurodegenerative

diseases. For further details on this topic, the reader is

encouraged to see the broad review by Andres et al. (2008).

Other therapeutic applications

Remarkably, Cr supplementation has been used as an

adjuvant treatment in several diseases other than those

previously approached in this review. Studies have shown

that Cr can offset the decline in total muscle GLUT-4

content in healthy subjects submitted to leg immobilization

(Op ‘t Eijnde et al. 2001a). Moreover, there is evidence

indicating that Cr supplementation combined with aerobic

training promotes greater improvement in glucose toler-

ance than aerobic training alone in physically inactive

males, suggesting that this nutritional supplement could be

useful in metabolic disorders characterized by insulin

resistance (Gualano et al. 2008). Confirming this concept,

our group recently demonstrated that Cr supplementation

improves glycemic control and insulin sensitivity in type-2

diabetic undergoing exercise training (Gualano et al.

2010b). The mechanism underlying these findings seems to

be related to an increase in GLUT-4 translocation to the

sarcolemma rather than in total muscle GLUT-4 content.

The therapeutic application of Cr supplementation in dia-

betic people is indeed very promising.

Irrespective of their etiology, diseases characterized by

physical deconditioning, muscle weakness and atrophy

may also be potentially benefited by Cr supplementation.

One case in point is chronic obstructive pulmonary disease

(COPD), for which muscle atrophy is a strong predictor of

mortality. Fuld et al. (2005) demonstrated that patients with

CPOD supplemented with Cr have improved muscle mass,

strength, aerobic capacity, and clinical condition compared

with non-supplemented patients. Similar benefits from Cr

supplementation have also been reported in patients with

congenital heart failure (Andrews et al. 1998) and acute

lymphoblastic leukemia (Bourgeois et al. 2008). The

therapeutic application of Cr supplementation in patients

suffering from long-term bed rest, physical inactive life-

style, malnutrition and other types of cancer remain to be

investigated. Figure 1 illustrates the state of art on the

therapeutic application of Cr supplementation.

Effects of cr supplementation on kidney function:

is that a real concern?

The safety of Cr supplementation has been highly argued

between health professionals since the publication of the

case report by Pritchard and Kalra (1998), in which Cr

intake was associated with kidney function deterioration in

a 25-year-old man with focal segmental glomerulosclerosis

and nephrotic relapses. Even though a few studies with

rodents (Edmunds et al. 2001; Ferreira et al. 2005) and

other case reports (Kuehl et al. 1998; Koshy et al. 1999;

Thorsteinsdottir et al. 2006) have also reported some del-

eterious effects of Cr on kidney function, longitudinal

studies (illustrated in Table 2) have consistently demon-

strated that short-, medium- and long-term Cr supplemen-

tation does not affect kidney function in healthy humans

(Poortmans et al. 1997; Poortmans and Francaux 1999;

Kreider et al. 2003; Poortmans et al. 2005; Gualano et al.

2010a, b; Neves-Jr. et al. 2011b). More recently, our group

has extended this concept to individuals with or at risk for

kidney dysfunction, such as elderly people (Neves-Jr. et al.

2011b) and type 2 diabetic patients (Gualano et al. 2010b).

In a case study, we also showed that a 30-d Cr supple-

mentation protocol does not impair kidney function in a

young man with a single kidney, leading us to conclude

that there is no reason to suspect that Cr would affect

kidney function in healthy individuals (Gualano et al.

2010a).
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Still, one could argue that some conflicting results in the

literature actually exist, especially from case reports and

animal studies. First, case studies (summarized in Table 3)

present retrospective design and, as such, do not provide

control for Cr dosage and purity as well as subjects’ clin-

ical background. These factors might clearly lead to mis-

interpretation. For instance, Revai et al. (2003) reported a

case of diffuse membranoproliferative glomerulonephritis

type I in ‘‘a 22-year-old man who had been continuously

taking the anabolic-androgenic steroid methandion in a

large quantity and 200 grams of Cr daily’’. Obviously, the

concomitant use of steroids as well as the abusive dose of

Cr (about 100 times the recommended maintenance dose)

would preclude any sort of conclusion. There are perhaps

many nutrients for which 100 times the recommended dose

would exceed the upper tolerable limit (e.g., vitamin C,

vitamin E, calcium, etc.). Nonetheless, the authors sur-

prisingly concluded their study stressing the ‘‘role of the

continuously consumed Cr in the renal failure’’. Second,

data obtained in animals often cannot be replied in humans,

particularly in Cr studies. In fact, a large inter-species

variability is expected following Cr intake. One case in

point is the study by Tarnopolsky et al. (2003) where Cr-

induced hepatitis in SOD1 G93A transgenic mice (muta-

tion in CU/Zn superoxide dismutase gene causing

increased oxidative stress) but not in rats, suggesting that

even close species may respond differently to Cr

supplementation.

There are a few studies with healthy humans showing

that short-term (1–10 d) and high-dose Cr supplementation

(*20 g/d) provokes the production of an excess of urinary

methylamine and formaldehyde (Yu and Deng 2000;

Poortmans et al. 2005; Sale et al. 2009), which are cyto-

toxic compounds often associated with nephropathy and

formed as a result of the conversion of Cr into sarcosine.

However, the Cr-induced increased levels of these cyto-

toxic agents did not reach the normal upper limit values

from healthy humans (Poortmans et al. 2005). Furthermore,

it has been showed that lower and more frequent doses of

Cr (i.e., 20 9 1 g/d in comparison to 4 9 5 g/d) appear to

attenuate the formation of methylamine (Sale et al. 2009).

Based on these findings, it has been recommended that the

spread of the Cr dose evenly throughout the day or the use

of an appropriate slow release formulation may be useful

strategies in preventing Cr-induced accumulation of cyto-

toxic agents in long-term Cr users (Kim et al. 2011).

A critical analysis of the literature reveals that Cr sup-

plementation does not affect kidney function in a short- and

medium-term basis. The long-term studies are scarce but

also point in the same direction. Further investigations

involving children, adolescents, pregnant women, and

athletes under high-protein diet are still necessary.

Fig. 1 Diseases and conditions

in which creatine

supplementation would be

‘‘most likely beneficial’’ (green;

‘‘positive’’ results from one or

more high-quality randomized

controlled trial with large

sample); ‘‘possibly beneficial’’

(yellow; limited evidence from

in vitro, animal and non-human

studies with low sample size or

randomized human studies

pointing to contradictory

outcomes); or ‘‘unlikely

beneficial’’ (red; ‘‘negative’’

results from one or more high-

quality randomized controlled

trial with large sample
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However, as creatine is a nutrient commonly consumed in

the diet, it would be unexpected if recommended doses of

creatine supplementation induced renal dysfunction in any

population with normal kidney function.

Concluding remarks

There is an extensive and still growing body of the litera-

ture regarding the efficacy of Cr supplementation. In

sports, Cr supplementation has been recognized as the most

effective ergogenic nutritional supplement currently

available to athletes in terms of increasing high-intensity

exercise capacity and lean body mass during training. Early

on, athletes appear to have determined that if Cr does not

improve the performance of their sport per se, it might

offer benefits in the gym. Thus, some athletes ingest Cr as a

sports performance aid, while others ingest it chronically as

a training aid in the weight room. Overall, improved

exercise performance and training adaptations subsequent

to Cr supplementation are widely reported in the scientific

literature. From a clinical perspective, the application of Cr

supplementation is indeed exciting. Evidence of benefits

from Cr has been reported in a broad range of diseases,

including myopathies, neurodegenerative disorders, rheu-

matic diseases, and type 2 diabetes. In addition, after

Table 2 Longitudinal prospective studies examining the effects of Cr supplementation on kidney function in healthy humans

Authors Sample Sample’s

characteristics

Supplementation protocol Kidney function markers Harmful

to kidney

function?

Poortmans et al.

(1997)

5 Healthy males 20 g/d for 5 d Crn, CrnCl, microalbuminuria, proteinuria No

Poortmans and

Francaux

(1999)

94a Athletes From 2 to 30 g/d, from

10 months to 5 years

Crn, CrnCl, Clalb, ClCr No

Robinson et al.

(2011)

48 Male and females,

resistance trained or

not

3 g/d for 1 week ?

20 g/d for 8 weeks

Crn, urea, sodium and potassium No

Kreider et al.

(2003)

98 American football

players

*5 g/d for 21 months Crn, CrnCl No

Poortmans et al.

(2005)

20 Healthy males 21 g/d for 14 d CrnCl, Crn, microalbuminuria No*

Gualano et al.

(2008)

14 Healthy males

undergoing aerobic

training

*10 g/d for 3 months Cistatine-C, Crn No

Gualano et al.

(2010b )

1 Healthy male with one

single kidney

20 g/d for 1 week ?

5 g/d for 3 weeks

EDTA-clearance, Crn, microalbuminuria,

proteinuria, sodium and potassium, urea

No

Neves-Jr. et al.

(2011b)

13 Postmenopausal women 20 g/d for 1 week ?

5 g/d for 11 weeks

EDTA-clearance, Crn, microalbuminuria,

proteinuria, sodium and potassium, urea

No

Crn creatinine, CrnCl creatinine clearance
a There was an increase in cytotoxic agents, despite the lack of changes in kidney function markers

Table 3 Case reports linking creatine supplementation to renal dysfunction

Authors Patient Self-reported supplementation

protocol

Self-reported use of other

drugs or supplements?

Pre-existing

renal disease?

Kuehl et al. (1998) 19-year American football player 10 g/d for 3 months Albuterol No

Pritchard and Kalra

(1998)

25-year male recreational soccer

player

5 g/d for 1 week ? 2 g/d for

7 weeks

Cyclosporine Nephritic

syndrome

Koshy et al. (1999) 20-year healthy male 5 g/d for 4 weeks Not reported No

Barisic et al. (2002) 18-year male with MELAS

syndrome

20 g/d for 12 d ? 5/g/d for

28 months

Not reported CKD

Revai et al. (2003) 22-year male bodybuilder 200 g/d (chronic use) Metandione No

Thorsteinsdottir et al.

(2006)

24-year male recreational

bodybuilder

15 g/week for 6 weeks 17 types of dietary

supplements

No

CKD chronic kidney disease, MELAS mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke
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hundreds of published studies and millions of exposures Cr

supplementation maintains an excellent safety profile

(Persky and Rawson 2007). Cr is an effective, inexpensive,

and safe dietary supplement. As such, its widespread

application may benefit athletes, elderly people and patient

populations.
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