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Abstract Creatine (Cr) plays a central role in energy

provision through a reaction catalyzed by phosphorylcre-

atine kinase. Furthermore, this amine enhances both gene

expression and satellite cell activation involved in hyper-

trophic response. Recent findings have indicated that Cr

supplementation has a therapeutic role in several diseases

characterized by atrophic conditions, weakness, and met-

abolic disturbances (i.e., in the muscle, bone, lung, and

brain). Accordingly, there has been an evidence indicating

that Cr supplementation is capable of attenuating the

degenerative state in some muscle disorders (i.e., Duch-

enne and inflammatory myopathies), central nervous

diseases (i.e., Parkinson’s, Huntington’s, and Alzheimer’s),

and bone and metabolic disturbances (i.e., osteoporosis and

type II diabetes). In light of this, Cr supplementation could

be used as a therapeutic tool for the elderly. The aim of this

review is to summarize the main studies conducted in this

field and to highlight the scientific and clinical perspectives

of this promising therapeutic supplement.
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Introduction

Creatine (Cr), a natural substance in the human body, is

partly synthesized by kidneys, pancreas, and liver

(approximately, 1–2 g/day), as well as ingested from food

(approximately, 1–5 g/day), especially meat and fish, and

thereafter mainly transported (about 95%) to the skeletal

muscles, brain, and testes (Wyss and Kaddurah-Daouk

2000). Cr plays an important role in rapid energy provi-

sion during muscle contraction involving the transfer of

N-phosphoryl group from phosphorylcreatine (PCr) to ADP

to regenerate ATP through a reversible reaction catalyzed

by phosphorylcreatine kinase (PCK). Moreover, Cr is

responsible for energy transfer from mitochondria to

cytosol. This function is only possible due to the presence

of different PCK isoforms linking the sites of ATP gen-

eration (i.e., mitochondria; Mt-PCK) to those of ATP

consumption (i.e., skeletal muscle and brain; MM-PCK and

BB-PCK, respectively). Other relevant roles of the PCr–

PCK system involve (a) the ATP/ADP ratio maintenance,

which enhances mitochondrial respiration; (b) attenuation

of ADP increase and, consequently, minimization of ade-

nine nucleotide loss; (c) oxidative stress prevention via

direct and indirect antioxidant action; (d) pH maintenance

via H? buffering; (e) glycolysis and glycogenolysis acti-

vation through Pi release, thereby integrating the

carbohydrate and Cr degradation to provide energy at the

onset of exercise. A reader interested in the Cr–PCK sys-

tem is encouraged to consult the excellent reviews by

Wallimann and Hemmer (1994), Wyss and Kaddurah-

Daouk (2000), and Greenhaff (2001).
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Since Professor Roger Harris and his colleagues have

demonstrated that Cr loading is able to enhance muscle Cr

and PCr content (Harris et al. 1992), Cr supplementation

has been largely used to improve exercise capacity in

healthy individuals and athletes. In fact, a growing body

of evidence indicates that Cr exerts ergogenic effects,

especially in supra-maximal short-term efforts, in which

PCr–PCK plays an essential energetic role (Terjung et al.

2000). Furthermore, several well-controlled studies have

unequivocally demonstrated that Cr supplementation is

also capable of inducing strength and lean mass gains in

healthy people (for details, see Nissen and Sharp 2003).

Interestingly, it has been demonstrated that Cr-induced lean

mass increase is not exclusively explained by water

retention, as believed previously (Francaux and Poortmans

1999; Terjung et al. 2000). Instead, there is a strong evi-

dence suggesting that Cr supplementation could promote

overexpression of genes and proteins related to hypertro-

phy (Deldicque et al. 2008; Safdar et al. 2008), as well as

satellite cell activation (Olsen et al. 2006). The afore-

mentioned adaptations would lead to protein synthesis,

thereby chronically inducing lean mass gains. Importantly,

it has been demonstrated that Cr supplementation might

also augment bone mineral density as a result of an

increased muscle mass and/or a direct effect of Cr–PCK

system on bone bioenergetics (Chilibeck et al. 2005;

Gerber et al. 2005). Considering the beneficial adaptations

observed in health people, several studies have investigated

the effects of Cr supplementation in patients suffering from

atrophy, muscle weakness, and metabolic dysfunction (i.e.,

muscular, bone, pulmonary, and cerebral). Recent findings

have confirmed the potential therapeutic effects of Cr

supplementation. The present review aims to summarize

the studies involving the therapeutic use of Cr supple-

mentation and to explore the perspectives of this promising

scientific and clinical field.

Cr effects on muscle disorders

Various factors lead to necrosis, apoptosis, and autophagy

in myopathies, including cytoskeletal disruption, elevation

in reactive oxidative species (ROS) production, and elec-

tron transport chain dysfunction, increasing in protein

degradation and intracellular calcium content rising

(Tarnopolsky 2007). Interestingly, a growing body of

knowledge suggests that Cr supplementation could coun-

teract all of these dysfunctions.

Several studies have verified that Cr supplementation is

able to prevent ROS production, especially in central ner-

vous system (CNS) (see next sub-topic). In addition,

attenuation has been observed in the release of intracellular

calcium as a result of Cr supplementation (Wyss and

Kaddurah-Daouk 2000). Although, at least in human

adults, isotopic techniques have not yet validated any

increase in protein skeletal muscle induced by this sup-

plement under resting or exercise conditions (Louis et al.

2003b; Parise et al. 2001), recent studies have indicated

that Cr supplementation can markedly reduce muscle

catabolism (Menezes et al. 2007). Additionally, there is an

evidence suggesting that Cr supplementation attenuates

necrosis and improves mitochondrial respiration in mdx

mice (a model that mimics Duchenne disease) (Passaquin

et al. 2002).

The abovementioned beneficial effects of Cr provided

the rationale for the first clinical trials testing Cr supple-

mentation in myopathies. Tarnopolsky and Parise (1999)

observed that muscle Cr and PCr content is reduced in

patients with widespread muscle disorders, probably

because of a defect in muscle Cr uptake. These findings

reinforced the hypothesis that Cr supplementation could

benefit patients with myopathies. Accordingly, the same

group reported strength and weight gain in patients with

muscle dystrophies, cytopathies, inflammatory myopathies,

and peripheral neuropathy disorders (n = 21) supple-

mented with Cr for 11 days (Tarnopolsky and Martin

1999).

During the last decade, several randomized controlled

trials (RCT) were conducted in order to test the effects of Cr

supplementation in different myopathies (see Table 1).

Nevertheless, the particularities of symptoms and physio-

pathology of each myopathy have hampered any general

conclusions at this point. Considering this scenario, Kley

et al. (2007) performed an interesting meta-analysis with the

purpose of determining the efficacy of Cr supplementation in

several muscle disorders. Twelve trials, involving 266 par-

ticipants, met the selection criterion. The analyses revealed

that CR is, in fact, capable of inducing strength and lean mass

gains in patients with dystrophy. The most clinically relevant

findings were seen in dystrophinopathies and myotonic

dystrophy type 2. In contrast, no significant benefits were

detected in myotonic dystrophy type 1 and facioscapulohu-

meral dystrophy. This systematic review reinforces the

impossibility of data extrapolation among different myopa-

thies, even for those that reserve some similar characteristics

(i.e., dystrophies). Regarding metabolic myopathies, a slight

attenuation in ATP consumption during exercise was shown.

However, neither muscle mass nor strength improvements

were observed as a consequence of Cr supplementation. In

spite of this, the authors emphasize the low number of

patients with metabolic myopathies enrolled in the analysis.

Therefore, type II statistical error (to accept the null

hypothesis when it is false) cannot be ruled out. Ultimately, it

is worth highlighting that Cr use was associated with

aggravated pain in patients with glycogenosis type V

(McArdle disease); however, this was the only adverse effect

attributed to Cr supplementation.
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Recently, Chung et al. (2007) investigated whether Cr

supplementation could enhance the effects of exercise

training on muscle function in patients with inflammatory

myopathy (i.e., dermatomyositis and polymyositis) who

were clinically weak after conventional pharmacological

treatment. The authors reported that patients supplemented

with Cr for 6 months showed greater muscle function than

their non-supplemented counterparts. These findings indi-

cate the efficacy of Cr supplementation in patients with

inflammatory myopathies, even under a chronic regime of

corticoids.

Collectively, a critical literature review reveals that

supplementary Cr could be a powerful therapeutic adjuvant

to attenuate the symptoms caused by muscle disorders,

especially in inflammatory myopathies and dystrophies.

However, further RCTs are necessary. Nevertheless,

Tarnopolsky (2007) stressed the rarity of some muscle

disorders as a complex factor hampering the running of

large clinical studies. In order to minimize this issue,

Tarnopolsky (2007) suggests the adoption of crossover

design, which avoids biological variability between sub-

jects and then inflates statistical power. However, this

design would potentially lead to two biases. First, as

highlighted by Tarnopolsky (2007), ‘‘certain disorders such

as amyotrophic lateral sclerosis (ALS) or polymyositis

show either a rapid decline or improvement in function,

respectively, and a parallel design is more appropriate.’’

Second, and perhaps most important, the crossover design

requires a washout period. Generally, a 4–6 week washout

period has been adopted in Cr supplementation studies.

Table 1 Randomized clinical trials (RCT) investigating the effects of Cr supplementation on muscle disorders

Authors and year Disease (n) Study design Cr protocol Effect

Escolar et al. (2005) DMD (50) Double-blind, placebo-controlled,

multicenter

5 g/d for 3 m : MVC

Klopstock et al. (2000) Mitochondrial

cytopathy (16)

Double-blind, placebo-controlled,

crossover

5 g/d for 4 w None

Kornblum et al. (2005) Mitochondrial

cytopathy (15)

Double-blind, placebo-controlled,

crossover

150 mg/Kg/d for 6 w ; ATP consumption

Louis et al. (2003a) DM (15)

DMD (12)

BMD (3)

Double-blind, placebo-controlled,

crossover

3 g/d for 3 m : MVC

: Resistance to

fatigue

: Bone mass density

; Bone catabolism

Schneider-Gold et al.

(2003)a
DM2 (20) Double-blind, placebo-controlled 10 g/d for 3 m None

Tarnopolsky et al. (1997) Mitochondrial

cytopathy (7)

Double-blind, placebo-controlled,

crossover

10 g/d for 2 w ? 4 g/d

for

1 w

: Isometric strength

Tarnopolsky et al. (2004b) DMD (30) Double-blind, placebo-controlled,

crossover

100 mg/kg/d for 4 m : MVC

: Lean mass

Tarnopolsky et al. (2004a) DM1 (34) Double-blind, placebo-controlled,

crossover

5 g/d for 4 m None

Vorgerd et al. (2000) Mcardle disease

(9)

Double-blind, placebo-controlled,

crossover

150 mg/kg/d for 1 w

? 60 mg/kg/d for 4 w

: Muscle function

; Muscle complaints

Vorgerd et al. (2002) Mcardle disease

(19)

Double-blind, placebo-controlled,

crossover

150 mg/kg/d for 5 w ; Exercise tolerance

Walter et al. (2000) Muscular

dystrophies (39)

FSHD (12)

BMB (10)

DMD (8)

LGMD (6)

Double-blind, placebo-controlled,

crossover

10 g/d (adults) and 5 g/d

(children)

: MRC

Walter et al. (2002) DM1 (34) Double-blind, placebo-controlled,

crossover

10.6 g/d for 10 d ?

5.3 g/d for 46 d

None

FSHD facioscapulohumeral muscular dystrophy, BMB becker dystrophy, DMD duchenne dystrophy, DM1 myotonic dystrophy type 1, DM2
myotonic dystrophy type 2, LGMD limb girdle muscular dystrophy, MVC maximal voluntary contraction, MRC Medical Research Council

scale,: = improved or increased, ; = decreased, d days, w weeks
a Myalgia improved in two patients, and chest pain resolved in another one
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Nevertheless, evidence suggests that benefits of short-term

Cr loading (i.e., 5 days) may persist for a longer (and

unknown) period, mostly in meat eating individuals. In

view of that, it is highly recommended that crossover

studies measure muscle Cr content in order to guarantee

that Cr returns to baseline values before placebo arm,

avoiding type 2 errors.

Cr effects on bone and cartilage

For the development and repair process of bone and car-

tilage, cells require high energetic demand to survive,

proliferate, differentiate, and synthesize the extracellular

matrix (Gerber et al. 2005). This energy is provided by

glycolysis and oxidative phosphorylation. Additionally,

recent evidence suggests that the PCr–PCK system also

plays an energetic role in these tissues. In fact, the presence

of PCK isoforms in bone and cartilage during different

stages of development corroborates this hypothesis (for

details, see Wallimann and Hemmer 1994). Notoriously,

stimuli able to induce bone mass development (i.e., insulin

growth factor 1 and parathyroid hormone) also result in

increased PCK activity (Somjen and Kaye 1994; Somjen

et al. 1985). Similarly, it has been noted that chondrocyte

hypertrophy is related to PCK overexpression (Hobson

et al. 1999). Moreover, Funanage et al. (1992) demon-

strated that b-guanidinopropionic acid administration

(GPA, a Cr analog that competes for Cr uptake into the

cells), which results in severe Cr and PCr content reduc-

tions and consequently in disturbances in PCK system,

provokes endochondral disorder in vitro and in vivo. Taken

together, these findings reveal the important role of the

PCr–PCK system in non-excitable tissues, such as bone

and cartilage.

Some studies with dystrophic patients under chronic

corticoid treatment provided the preliminary evidence that

Cr supplementation can yield beneficial adaptations to

bone mass. In a study by Louis et al. (2003a), for example,

young patients with Duchenne dystrophy supplemented

with Cr showed increased bone mineral density (?3%) and

reduced bone resorption (-30%). Chilibeck et al. (2005)

investigated the effects of Cr supplementation combined

with resistance training on bone mineral density in elderly

people. The authors found that Cr-supplemented patients

had superior increase in bone mineral density. Further,

Candow et al. (2008) demonstrated that Cr supplementa-

tion reduces muscle protein degradation and bone

resorption in older males undergoing resistance training.

These findings enable us to conclude that the Cr supple-

mentation exerts an additive effect to resistance training on

bone mass.

At present, it has been intensively debated whether the

Cr effects on bone metabolism are mediated by (1) a direct

action of PCr–PCK system on bone bioenergetics (Gerber

et al. 2005) or (2) an indirect effect of enhanced muscle

mass and consequently inducing greater tension on bone at

sites of muscle attachment (Chilibeck et al. 2005). In vitro

experiments demonstrated that Cr exerts stimulatory

effects on differentiation, metabolic activity, and mineral-

ization of primary osteoblast-like cells (Gerber et al. 2005).

Clearly, these findings cannot be attributed to Cr-induced

muscle mass gain. Instead, this study corroborates the role

of Cr bioenergetics on bone, possibly elevating PCr/Cr

ratio and preserving the mitochondrial function and ultra-

structure (Wallimann and Hemmer 1994). Surprisingly, no

studies have tested the efficacy of Cr supplementation in

individuals suffering from bone or cartilage degradation

(i.e., osteoporosis and osteoarthritis). Likewise, it is

tempting to speculate whether Cr supplementation could be

used as an adjuvant therapy for bone fracture healing. RCT

must address these interesting issues.

Cr effects on CNS

Although the brain constitutes only 2% of the body mass, it

can be responsible for up to 20% of total energy con-

sumption under resting conditions. Thus, it necessitates a

remarkable ATP turnover in order to maintain membrane

potentials as well as the signaling activities of the central

and peripheral nervous system. The presence of PCK iso-

forms in the brain and spinal cord stresses the energetic

role of PCr–PCK system on CNS (Andres et al. 2008).

Accordingly, evidence indicates that brain Cr depletion is

associated with several neural disorders seen in encephal-

omyopathies and mitochondrial myopathies (in‘t Zandt

et al. 2004). Furthermore, some syndromes characterized

by dysfunction of Cr synthesis or transport (i.e., Cr defi-

ciency syndromes) are related to mental retardation,

autism, speech delay, and brain atrophy (Item et al. 2001;

Salomons et al. 2001; Stockler et al. 1994). These findings

collectively reveal the potential therapeutic effect of Cr

supplementation on CNS.

There is enough evidence showing the presence of PCK

in pyramidal cells, which are involved in memory and

learning process (Kaldis et al. 1996). In light of this, some

investigations have addressed the effects of Cr supple-

mentation on the cognition process. The results have

indicated that this supplement is able to improve brain

function in young subjects (Watanabe et al. 2002) as well

as in elderly people (McMorris et al. 2007b). Likewise,

benefits were observed in healthy subjects submitted to

sleep deprivation (a condition that is associated with

reduced brain Cr), suggesting that Cr supplementation may

attenuate the cognitive impairment elicited by stress situ-

ations (McMorris et al. 2007a; McMorris et al. 2006).

Using near infrared spectroscopy, Watanabe et al. (2002)
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demonstrated that CR supplementation enhances cerebral

oxidation, which partially explains the reduced mental

fatigue after a mathematical calculus sequence also

observed in this study. Nonetheless, the full mechanisms by

which Cr supplementation benefits cognition, as well as the

conditions in which this supplement could be effective,

remain to be elucidated.

Furthermore, a few psychiatric disorders have been

successfully treated with Cr. It was shown that patients

with disorders related to anxiety have reduced brain Cr

content (Coplan et al. 2006). Hence, it is not surprising that

Cr supplementation seems to be effective in relieving

symptoms, attenuating depression, and improving the

quality of sleep in individuals suffering from post-

traumatic stress (Amital et al. 2006a). The same group also

verified clinical benefits in a Cr-supplemented patient with

depression and fibromyalgia (Amital et al. 2006b). On the

other hand, Cr supplementation (5 g/d for 3 months) did

not improve the clinical condition or the cognitive capacity

in patients with schizophrenia.

Andres et al. (2008) stated that the benefits of Cr sup-

plementation on the CNS may be extended to a vast

spectrum of conditions, including disorders related to

inborn error of metabolism, acute neurological disorders,

and neurodegenerative diseases. Since these topics are

comprehensively reviewed by the aforementioned authors,

we will focus only on the main investigations in this field,

highlighting the gaps in literature.

Cerebral Cr deficiency is associated with several inborn

neuromuscular disorders. Not surprisingly, Cr supplemen-

tation is able to treat the syndromes characterized by

defects in Cr synthesis (i.e., defects on S-adenosylmethio-

nine transferase [GAMT] expression, essential for Cr

synthesis), stabilizing cerebral Cr content and thereby

improving motor behavior (Schulze 2003). In contrast,

efforts using Cr supplementation and aiming to attenuate

the neurological disturbances induced by deficiency in Cr

transporter (CreaT) have been fruitless (Stockler et al.

1996). Additionally, it has been shown that guanidine

compounds, including Cr, may affect GABAergic neuro-

transmission as (partial) agonists for GABAA receptors,

suggesting a role of this compound as a central neuro-

modulator (De Deyn and Macdonald 1990; De Deyn and

Wirshing 2001; Koga et al. 2005). For instance, Almeida

et al. (2006) demonstrated that Cr is not only synthesized

and taken up by central neurons, but also released in an

action-potential dependent (exocytotic) manner, providing

strong evidence for its role as a neuromodulator in the

brain.

Galbraith et al. (2006) reported declined hypothalamic

Cr concentration in rats treated with a powerful experi-

mental anorectic compound, cobaltic protoporphyrin IX

(CoPP). Further, intracerebroventricular administration of

GPA resulted in decreased food intake and body weight.

Taken together, these findings suggest that Cr concentra-

tions in the brain may play a role in regulating food intake

and body weight. In fact, it has been pointed out that

regular Cr supplementation increases body mass through

excess muscle water intake (Poortmans and Francaux

2008). However, how Cr plays a role in food intake and

body weight regulation on CNS is far from clear. Likewise,

whether Cr might be useful in some eating disorders (i.e.,

anorexia and bulimia) and excessive weight loss conditions

(i.e., cancer and AIDS) remains uncertain.

Inborn errors in ammonia metabolism may also lead to

cerebral Cr depletion (Cagnon and Braissant 2007). In vitro

experiments revealed that Cr protects against axonal

growth inhibition in brain cells challenged with ammonia

(Braissant et al. 2002). To date, however, no clinical

studies have been performed in this population.

Interestingly, a body of literature indicates that energetic

disturbances induced by ischemia, cerebral vascular stroke,

spinal cord injury, and cerebral trauma might be attenuated

by Cr treatment (Adcock et al. 2002; Lensman et al. 2006;

Ozkan et al. 2005; Scheff and Dhillon 2004). It has been

speculated that this neuroprotective effect may be a

result of Cr-induced vasodilatation response, although the

complete underlying mechanisms are not clear. A RCT

demonstrated that Cr-supplemented children and adoles-

cents suffering from brain trauma showed greater clinical

improvements (i.e., cognition function, behavior, person-

ality aspects) than their non-supplemented counterparts

(Sakellaris et al. 2006). Similar findings were obtained in

animal models with spinal cord injury, although the ben-

efits observed were less evident (Hausmann et al. 2002;

Rabchevsky et al. 2003).

Perhaps more important are the promising effects of Cr

supplementation on neurodegenerative disorders (Table 2),

which are inborn or acquired diseases characterized by

progressive cell loss from one or more regions of the

nervous system. Despite the lack of certainty on the

physiopathology of neurodegenerative mechanisms, it is

known that energy depletion, oxidative stress, and mito-

chondrial dysfunction are factors associated with most of

these disorders (Andres et al. 2008). Alzheimer’s disease is

a common disorder that leads to dementia. Cerebral PCK

expression seems to be reduced in patients with this disease

(Aksenov et al. 1997). Importantly, it has been demon-

strated that Cr exerts neuroprotective effects on neurons

cultivated in neurotoxic media, induced by glutamate and

b-amyloid protein (Brewer and Wallimann 2000). How-

ever, clinical trials are needed to assess whether Cr

supplementation can be an effective strategy against

Alzheimer’s disease.

ALS is another severe neurodegenerative disease that

occurs with progressive motor neuron loss (Andres et al.
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2008). In transgenic rats mimicking this disease, reductions

in ATP content (Browne et al. 2006) and PCK activity were

observed (Wendt et al. 2002). Furthermore, Cr supple-

mentation seems to present neuroprotective properties in

the same model, likely due to its direct antioxidant capacity

or via the energetic role of the Cr–PCK system (Dupuis

et al. 2004). Despite these promising findings in animal

models, the first clinical trials did not reveal significant

benefits in ALS patients (see Table 2). A large multi-center

RCT is being conducted presently and certainly will help to

clarify this issue (for details, see http://www.clinicaltrial.

gov; identifier: NCT00069186).

Charcot-Marie-Tooth disease describes a group of dis-

orders characterized by progressive sensorimotor

neuropathy, which leads to long-term functional impair-

ments (Andres et al. 2008). Recently, Smith et al. (2006)

demonstrated that Cr supplementation, when combined

with resistance training, promotes changes in myosin heavy

chain (MHC) composition, although the design of this

study did distinguish between the effects of Cr and those of

resistance training.

Huntington’s disease is an autosomal dominantly

inherited neurodegenerative disorder that clinically occurs

with progressive movement loss and important cognitive

and emotional dysfunction (Andres et al. 2008). There is

evidence linking the severity of this disease to increased

lactate concentration, decreased muscle PCr content, and

mitochondrial defects (Grunewald and Beal 1999). There-

fore, Cr supplementation may be a suitable method to

prevent the gradual neuronal loss. Clinical studies have

demonstrated that Cr supplementation reduces oxidative

stress (Hersch et al. 2006) and glutamate concentration

(Bender et al. 2005), as well as normalizing cerebral Cr

content (Ryu et al. 2005). In addition, Tabrizi et al. (2005)

found that Cr supplementation may also improve clinical

status in some patients with Huntington’s disease. Not-

withstanding the lack of larger RCT, Huntington’s disease

seems to be a neurodegenerative disorder, sufferers of

which could benefit from Cr supplementation.

Finally, it is important to highlight the advances in the

studies involving Cr supplementation in patients with

Parkinson’s events. This disease is clinically characterized

Table 2 Clinical trials investigating the effects of Cr supplementation on degenerative central nervous system (CNS) disorders

Author and year Disease (n) Study design Cr protocol Effect

Mazzini et al. (2001) ALS (28) Open trial 20 g/d for 7 d ? 3 g/d for 6 m : Isometric power

Drory and Gross (2002) ALS (14) Open triala 5 g/d for 4 m ? 10 g/d for 6 m None

Groeneveld et al. (2003) ALS (175) Randomized, double-blind,

placebo-controlled

10 g/d for 16 m None

Shefner et al. (2004) ALS (104) Randomized, double-blind,

placebo-controlled

20 g/d for 5 d ? 5 g/d for 6 m None

Smith et al. (2006) CMT (18) Randomized, double-blind,

placebo-controlled

5 g/d for 12 w :Muscular function

: MHC II

; MHC I

Tabrizi et al. (2003) HD (13) Open trial 10 g/d for 1 y Possible stabilization of signsb

Verbessem et al. (2003) HD (41) Randomized, double-blind,

placebo-controlled

5 g/d for 1 y None

Bender et al. (2005) HD (20) Open trial 20 g/d for 5 d ? 6 g/d for 8–12 w ; [Glutamate]

Tabrizi et al. (2005) HD (13) Open trial 10 g/d for 2 y Possible stabilization in some

patientsb

Hersch et al. (2006) HD (64) Randomized, double-blind,

placebo-controlled

8 g/d for 16 w ; Oxidative stress

Bender et al. (2006) PD (60) Randomized, double-blind,

placebo-controlled

20 g/d for 6 d ? 2 g/d for 6 m ? 4 g/d

for 18 m

: Mood

NINDS NET-PD (2006) PD (134) Randomized, double-blind,

placebo-controlled

10 g/d for 1 y Not considered futilec

Hass et al. (2007) PD (20) Randomized, double-blind,

placebo-controlled

20 g/d for 5 d ? 5 g/d for 12 w : Muscle function

: Strength

ALS amyotrophic lateral sclerosis, CMT Charcot-Marie-Tooth disease, HD Huntington’s disease, PD Parkinson’s disease, MHC myosin heavy

chain, UPDRS Unified Parkinson’s Disease Rating Scale, : = improved or increased, ; = decreased, d days, w weeks, y year(s). Adapted from

Andres et al. (2008)
a Control group included healthy subjects matched by pulmonary function
b As inferred by the lack of disease deterioration
c A treatment is considered futile when it does not show good therapeutic value
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by resting tremor, bradykinesia, rigidity, and postural

imbalance (Andres et al. 2008). Evidence indicates that a

defect in electron transport chain might be involved in the

Parkinson’s physiopathology (Alam and Schmidt 2002;

Schapira et al. 1990), which implies that therapeutic

strategies focused on improvement in mitochondrial func-

tion may be promising in this pathology. In vitro

experiments mimicking Parkinson’s disease revealed that

Cr has protective effects against neurotoxic insults. How-

ever, the results of clinical studies remain controversial

(Bender et al. 2006; Hass et al. 2007). Perhaps the best

evidence on this issue will come at the conclusion of a

large RCT enrolling about 1,700 patients, which is cur-

rently in progress (for details, see http://www.clinicaltrial.

gov; identifier: NCT00449865).

The interest in the PCr–PCK system and, therefore, Cr

supplementation effects on the CNS is relatively recent.

The fact that exogenous Cr is able to cross the blood–brain

barrier and increase the cerebral Cr concentration has

generated great enthusiasm in the scientific community,

since several neurological disorders are associated with

reduced cerebral Cr content. Despite the promising findings

in animal models, the results of several clinical studies

have been considered somewhat disappointing. The

apparent divergence may be partially explained by some

methodological pitfalls. For example, Cr dosages in animal

experiments are up to ten times greater than those in human

trials (Andres et al. 2008). Moreover, it is important to note

that there are major differences between species regarding

Cr transport, metabolism, bioavailability, and physiological

response, as previously pinpointed by elegant studies

(Sewell and Harris 1995; Tarnopolsky et al. 2003). The

capacity of transgenic animals to mimic neurological dis-

orders in humans is also a matter of debate (Andres et al.

2008). Moreover, one may argue that the rather low per-

meability of the blood–brain barrier for Cr (Braissant and

Henry 2008) might be one of the reasons for the lack of

effect of Cr supplementation on CNS in many of the trials

cited in this review. Therefore, it is reasonable to suggest

that patients with Cr deficiency syndromes would have to

be treated with very high doses of Cr on a long term basis

(i.e., months or even years) in order to at least partially

replenish cerebral Cr content (Battini et al. 2006; Schulze

2003). Once again, the interested reader is encouraged to

consult the broad review by Andres et al. (2008).

Other therapeutic effects of Cr

Given that PCK isoforms are present in several organs, it is

believed that the PCr–PCK system might play different

physiological roles, depending on its location. In addition,

the well-documented effects of Cr supplementation on

bioenergetics, muscle mass, bone metabolism, and CNS

could hypothetically confer benefits to heterogeneous

populations. Table 3 depicts the putative therapeutic

effects of Cr supplementation on several conditions.

It has been demonstrated that patients with heart failure

have both diminished muscle Cr (Mancini et al. 1988) and

cardiac ATP flux through PCK (Weiss et al. 2005).

Accordingly, it has been speculated that Cr supplementa-

tion may increase energy provision by cardiomyocytes and

thereby enhance heart contractile function, which would

result in improved cardiac function in patients with con-

genital heart failure (CHF). Indeed, Gordon et al. (1995)

demonstrated that Cr-supplemented patients with CHF

exhibited increased muscle Cr and PCr content, which was

related to the improvements in strength and aerobic

capacity. However, no studies have verified the benefits on

cardiac function as a result of Cr supplementation. Addi-

tionally, it is tempting to speculate that Cr supplementation

can beneficially affect the skeletal muscle disorders pre-

viously reported in this population (Volaklis and

Tokmakidis 2005). Also, considering the lack of long-term

studies involving Cr supplementation on CHF patients, it is

possible to assert that this field is open and needs to be

further explored.

Moreover, studies have shown that Cr supplementation

may promote improvement in carbohydrate and lipid

metabolism. Earnest et al. (1996) found improved lipid

profiles in hypercholesterolemic individuals supplemented

with Cr. However, our group did not observe benefits in the

lipid profiles of Cr-supplemented healthy subjects under-

going aerobic training (Gualano et al. 2008b). Apparently,

pre-trial differences in lipoprotein concentrations between

the samples may partially explain these seemingly con-

tradictory findings. The mechanisms underlying the

improvement in lipid profile also likely involve the effects

of Cr on insulin sensitivity (see below), since it is known

that changes in glycemia and/or insulinemia may directly

affect blood lipoproteins.

Ferrante et al. (2000) revealed that Cr intake can ame-

liorate hyperglycemia, a typical condition observed in

transgenic mice with Huntington’s disease, delaying the

onset of diabetes. Supporting these findings, Op’t Eijnde

et al. (2006) verified that Cr ingestion can reduce the

insulinogenic index in an animal model of inherited type 2

diabetes. Recently, we demonstrated that Cr supplementa-

tion combined with aerobic training promote great

improvement on glucose tolerance than aerobic training

alone (Gualano et al. 2008a). Taken together, these results

suggest that Cr might exert beneficial effects on glucose

uptake mainly in insulin resistance conditions, although the

exact mechanisms underlying these adaptations have yet to

be clarified. Interestingly, Op‘t Eijnde et al. (2001) showed

that Cr intake increases GLUT-4 protein content in line

with glycogen accumulation during muscle disuse by
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immobilization and a subsequent period of training, sug-

gesting a role for GLUT-4 in Cr-induced glucose uptake

enhancement. We are currently investigating a possible

therapeutic effect of Cr supplementation in patients with

type II diabetes.

Atrophy is a strong and independent predictor of mor-

tality in patients with chronic obstructive pulmonary disease

(COPD) (Marquis et al. 2002). Furthermore, COPD patients

present decreased muscle PCr content (Green et al. 2008).

Thus, the use of Cr supplementation in this disease could be

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

CPOD supplemented with Cr have improved muscle mass,

strength, aerobic capacity, and clinical condition compared

to non-supplemented patients. However, two recent RCT

did not reveal benefits in CPOD patients after Cr supple-

mentation. The reasons for this discrepancy are unknown,

and further studies are thus required to resolve this issue.

As discussed above, the anabolic effects of Cr supple-

mentation guarantee its application to disorders of muscular

etiology. Nonetheless, several diseases—independently of

their physiopathology—occur with weakness and muscle

mass waste due to the disease activity itself, chronic drug

regime (i.e., corticoids), long-term bed rest, sedentary

lifestyle, or malnutrition. This notion comprises acute

lymphoblastic leukemia (ALL). Recently, it was shown that

Cr supplementation was able to attenuate both body fat

accumulation and body mass index in children with ALL

during maintenance chemotherapy (Bourgeois et al. 2008).

Long-term studies should be conducted to test the thera-

peutic effects of Cr supplementation (whether or not

combined with exercise training) in ALL patients, prefer-

entially using more clinically significant outcomes, such as

quality of life and physical capacity.

The aging process is usually associated with a cluster of

disturbances that includes sarcopenia, decreased muscle

strength and power, physical inability, osteoporosis, cog-

nitive function impairment, lipid profile disturbance,

insulin resistance, mitochondrial dysfunction, and other

functional and structural losses. Interestingly, a remarkable

body of knowledge indicates that this adverse condition

Table 3 Randomized clinical trials (RCT) investigating the therapeutic effects of Cr supplementation on several conditions

Author and year Disease (n) Study design Cr protocol Effect

Chilibeck et al. (2005) Elderly (29) Double-blind, placebo-

controlled

0.3 g/d for 7 d ? 0.07 for 12 w : BMC

: BMD

McMorris et al. (2007b) Elderly (32) Double-blind, placebo-

controlled

5 g/d for 2 w : Cognitive function

Stout et al. (2007) Elderly (15) Double-blind, placebo-

controlled, crossover

20 g/d for 1 w ? 10 g/d

for 1 w

: Strength

; Fatigue

Bourgeois et al. (2008) ALL (9) Double-blind, placebo-

controlled, crossover

0.1 g/Kg/d for 16 w ; Body fat (%)

Deacon et al. (2008) COPD (1000) Double-blind, placebo-

controlled

22 g/d for 5 d ? 3.76 g/d

for 6 w

None

Fuld et al. (2005) COPD (38) Double-blind, placebo-

controlled

17.1 g/d for 2 w ? 5.7 g/d

during rehabilitation program

(period not stated)

: Strength, lean mass, aerobic

capacity and SGRQa

Faager et al. (2006) COPD (23) Double-blind, placebo-

controlled

5 g/d for 8 w None

Gualano et al. (2008a) Sedentary (22) Double-blind, placebo-

controlled

20 g/d for 7 d ? 10 g/d

for 11 w

: Glucose tolerance

Gualano et al. (2008b) Sedentary (22) Double-blind, placebo-

controlled

20 g/d for7 d ? 10 g/d

for 11 w

None

Earnest et al. (1996) Hypercholes-

terolemics (36)

Double-blind, placebo-

controlled

5 g/d for 56 d ; CT, TG e VLDL

Gordon et al. (1995) CHF (17) Double-blind, placebo-

controlled

20 g/d for 10 d : Concentric strength

: Aerobic capacity

Kuethe et al. (2006) CHF (20) Double-blind, placebo-

controlled, crossover

20 g/d for 6 w : Strength

: Body weight

Andrews et al. (1998) CHF (20) Double-blind, placebo-

controlled, crossover

20 g/d for 5 d : Metabolic response

: Aerobic capacity

ALL acute lymphoblastic leukemia, COPD chronic obstructive pulmonary disease, CHF congestive heart failure, BMC bone mineral content,

BMD bone mineral density, CT total cholesterol, TG triglycerides, : = improved or increased, ; = decreased, d days, w weeks
a St George’s Respiratory questionnaire
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may be partially or even totally reverted by exercise

training (for a review, see Pedersen and Saltin 2006).

Hence, strategies for enhancing the effects of physical

exercise are welcome. Considering the documented addi-

tive effects of Cr supplementation on resistance training, it

is not surprising that Cr supplementation brings benefits to

elderly people.

Following short-term Cr supplementation, senior sub-

jects exhibit smaller increases in PCr than young subjects

(Rawson et al. 2002). Therefore, it has been speculated that

the Cr response may be minimized in elderly people. In fact,

a meta-analysis performed in 2002 concluded that there was

no available evidence supporting Cr use for elderly people

(Dempsey et al. 2002). Since then, however, the number of

studies involving supplementary Cr and elderly individuals

considerably increased. While the elucidation of the

mechanisms responsible for differences in Cr response

between young and elderly subjects remains an open sci-

entific question, the Cr-induced positive adaptations seen in

aged people have an unequivocal relevance in clinical

practice.

Stout et al. (2007) recently showed that short-term Cr

supplementation (14 days) is sufficient to improve resis-

tance to fatigue and strength in senior subjects. Brose et al.

(2003) reported superior muscle mass and strength gains in

Cr-supplemented and exercise-trained elderly individuals

when compared to those who were only exercise-trained.

McMorris et al. (2007b) observed marked improvement in

cognitive function in Cr-supplemented elderly people.

Chilibeck et al. (2005) verified that Cr supplementation

promotes additive gains to resistance training on bone

mineral density in elderly subjects. Taken together, these

findings stress the Cr supplementation ability to prevent/

attenuate several degenerative processes associated with

aging. However, the long-term effects of Cr in older people

remain unknown.

Recently, using an animal model, Bender et al. (2008)

shed some light on this topic. This study demonstrated that

mice supplemented with Cr presented a longer healthy life

span (9%). Cr-fed mice showed a trend towards reduction

in ROS and lower accumulation of the ‘‘aging pigment’’

lipofuscin in the brain. As well, genes related to neuronal

growth, neuroprotection, and learning were overexpressed

in Cr-fed mice. Overall, these findings led the authors to

conclude that Cr supplementation is a promising nutritional

strategy for increasing longevity and improving health

during the aging process. Future studies need to investigate

whether these results can be reproduced in humans.

Conclusions and perspectives

Considering the widespread effects of Cr supplementation,

one may conclude that this molecule could be one of the

most promising nutritional supplements in the therapeutic

field. However, the reader should be aware that several

therapeutic effects attributed to this supplement are still

speculative. In other words, although in vitro and animal

studies have provided strong rationality for clinical Cr

benefits, the number of RCT is very limited. Currently,

numerous large RCTs are being conducted to investigate

the effects of Cr supplementation on broad diseases,

including Parkinson’s, Huntington’s, depression, AIDS,

osteoarthritis, osteoporosis, type II diabetes, etc. (for

examples, see http://www.clinicaltrial.gov). Indeed, the

available clinical information about Cr therapeutic appli-

cation will greatly increase in the near future.

In parallel, it is important that ‘‘basic science’’ continues

elucidating the mechanisms by which Cr supplementation

exerts its effects. Using the microarray technique, Safdar

et al. (2008) recently demonstrated that Cr supplementation

for 10 days enhances the expression of genes related to

osmotic regulation, satellite cell proliferation and differ-

entiation, DNA repair and replication, RNA transcription

control, and cell death. Recently developed molecular

biology techniques (i.e., proteomic analyses) will allow us

to identify proteins that are, in fact, expressed and activated

by previously described genes as a result of Cr intake.

Certainly, the knowledge transference from basic to more

applied levels is a key step in the consolidation of Cr as a

therapeutic supplement.

Some unresolved issues with respect to Cr supplemen-

tation protocol are particularly relevant in the therapeutic

field. For example, it has been noted that Cr transport

saturation occurs as a result of chronic Cr intake in rats

(Guerrero-Ontiveros and Wallimann 1998). However, this

observation has not yet been confirmed in humans. Thus, it

is compulsory to evaluate whether ‘‘cycled’’ Cr supple-

mentation provides greater benefits than continuous

classical regimen or not.

Despite the large body of evidence indicating that Cr

supplementation promotes increased strength and lean

mass, a very interesting study showed that healthy subjects

supplemented with Cr and submitted to 8-week resistance

training had similar strength and lean mass gains as com-

pared to those who underwent the same training and were

supplemented with an isoenergetic and isonitrogenous diet

(Tarnopolsky et al. 2001). These findings suggest that

studies that include a carbohydrate as placebo could

overestimate the effects of Cr supplementation on skeletal

muscle. Future clinical studies must consider isoenergetic

and isonitrogenous placebo in order to avoid this bias.

Finally, it is noteworthy to point out that Cr supplemen-

tation seems to be a safe supplement, as opposed to some

allegations from several food agencies and expert organi-

zations (such as: AFSSA, French Agency for Sanitary and

Alimentary Security; FDA, Food and Drug Administration
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USA; ACSM, American College of Sports Medicine). The

major controversial point refers to renal function, since a

few case reports have attributed renal dysfunction to Cr

supplementation (Kuehl et al. 1998; Pritchard and Kalra

1998; Thorsteinsdottir et al. 2006). However, our groups

(Gualano et al. 2008c; Poortmans 1998; Poortmans and

Francaux 2008 Poortmans et al. 1997; Poortmans and

Francaux 1999, 2000; Poortmans et al. 2005; Poortmans and

Francaux 2008) and others (Kreider et al. 2003; Robinson

et al. 2000) have repeatedly demonstrated that Cr supple-

mentation does not induce renal disease in healthy

individuals. Nonetheless, we prudently recommended the

periodical assessment of renal parameters (i.e., every

3 months), especially in individuals with (or at risk for)

renal function impairment for whom there is a lack of safety

data (i.e., elderly, cancer, type II diabetes, etc.). Since the

possible adverse effects of Cr supplementation are beyond

the scope of this review, the interested reader is encouraged

to see the comprehensive reviews by Poortmans and

Francaux 2000, 2008.

Even if emergent therapeutic effects of Cr supple-

mentation have provoked great enthusiasm in the

scientific community, further disorder-specific RCTs must

be applied to fully appreciate the therapeutic role of Cr

supplementation.
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