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Creatine

Clinical applications.

INTRODUCTION (Baker 2003) or alternate anaerobic source of ATP under
Creatine is a compound derived from the amino acids conditions of high energy demand. It allows for rapid
glyine, arginine, plus a methyl group from methionine, re-phosphorylation of ADP according to the following
and is involved in the cellular generation of ATP as reaction:

phosphocreatine (PCr) (Baker 2003). Commonly available PCr + ADP + H «—— Cr + ATP (catalyzed by CK)
as creatine monohydrate, creatine is best known in the

world of sports nutrition and bodybuilding for its putative According to Baker, PCr accounts for ~50% of energy used
ability to increase protein synthesis and augment muscle during the first ten seconds of muscle contraction (2003).
development. What is less widely known is that creatine Decreased muscle creatine results in slower contraction
has also been used to treat sarcopenia in the elderly, and lower peak force, and Cr supplementation can reverse
immobilization atrophy, and various muscular dystrophies this (Baker 2003). In addition to direct generation of ATP,
with documented efficacy. This article reviews the evidence  creatine also:
for use of creatine for performance enhancement as well as e transports ATP from the mitochonridal matrix into the
these additional areas. cytosol (Pearlman 2006)
e protects mitochondrial CK from inactivation, which may
PHYSIOLOGY occur through reactive oxygen species (ROS) generated by
Creatine exists in two forms within the body: the electron transport chain (Baker 2003)
phosphocreatine (PCr) and free creatine (Cr). Body stores e protects against acidosis during exercise through
are synthesized endogenously by the liver and derived consumption of H+ in the reaction above (Terjung 2000)
from the diet; after release into the blood, creatine is e upregulates the GLUT4 glucose transporter, thereby
actively concentrated in tissues with high creatine kinase increasing cellular uptake of glucose (Pearlman 2000)
(CK) activity, which also seem to be those with highest e contributes to activation of other energy producing
energy requirements: retinal photoreceptors, and skeletal pathways such as glycolysis and glycogenolysis (Pearlman
and cardiac muscle (Baker 2003). Intermediate levels 2006, Terjung 2000)
concentrate in the brain (Baker 2003). e increases calcium uptake from the cytosol to the
sarcoplasmic reticulum (SR) in certain musculoskeletal
Inside the muscle cell, creatine acts as an “energy buffer” disorders, allowing muscle relaxation (Pearlman 2006).
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PERFORMANCE ENHANCEMENT

It is not within the scope of this review to highlight

all available evidence of creatine supplementation in
performance enhancement. Several excellent reviews
have addressed the topic in considerable detail (Juhn
1998a, Persky 2001, Wyss 2000). We attempt to address
the questions; what activities appear to benefit most
from creatine supplementation? What activities have
predominantly failed to demonstrate benefit from creatine
supplementation? What is an appropriate strategy for
advising athletes on the use of creatine for performance
enhancement?

The most consistent area in which creatine
supplementation has been shown to benefit performance
enhancement is repeated activities of short duration (six
to 60 seconds), high intensity. Creatine most specifically
improves performance in resistance training, and in
short duration maximal intensity sprint intervals on a
stationary bike (cycle ergometry). In these settings, the
following outcomes are consistent findings, although
not demonstrated by all intervention trials; increased
lean muscle mass, muscle fibre diameter, one repetition
maximum (1RM) performance, total strength, total
work, and total power output (Juhn 1998a, Wyss 2000).

It is important to note that the above- outlined benefits
are not readily reproducible for events in which the
athletes body mass is under their control (Juhn 1998a).
While weight lifting and stationary cycling demonstrate
consistent improvement, repeat short duration high
intensity sprints of swimming or running do not appear
to benefit from creatine supplementation (Juhn 1998a,
Wyss 2000). The proposed basis relates to body mass
increases associated with water retention among creatine
supplementing individuals impairing performance of
activities in which the athlete must control their own
body weight (Juhn 1998a).

Activities of longer duration (>60s) likewise do not
appear to benefit from creatine supplementation. The
basis becomes a function of both water retention- related
increased body mass (Juhn 1998a) and the minimal
contribution of the phosphocreatine energy system to
total ATP production for activities of longer than 10-30s
in duration (Juhn 1998a, Wyss 2000).

We identify an important limitation of existing trials

of creatine for performance enhancement inadequately
addressed in the literature; studies appear most interested
in elucidating if while in a creatine loaded state, can

the athlete perform at an elevated level? A far more

appropriate application of creatine is as follows; athletes
are instructed to utilize creatine during the off season
of their respective sport. Most athletes attempt to gain
muscle mass during their off season, while attempting
to maintain or minimally lose mass during their active
season. We advise athletes to utilize creatine during their
off season, to maximally benefit from their resistance
training regime. Muscle creatine content and water-
weight gain return to pre- supplementation levels within
28 days of discontinuation (Juhn 1998a, Perskey 2001,
Wyss 2000). Athletes are instructed to discontinue
creatine one month prior to reporting for their training
camp. Dosing is discussed below.

INJURY AND IMMOBILIZATION

Creatine has been shown to attenuate loss of muscle
mass and strength induced by immobilization. Three
RCTs listed in Table 1 have demonstrated creatine’s
ability to decrease loss of lean tissue, increase

muscle strength and endurance, and prevent GLUT4
downregulation thereby increasing insulin sensitivity
caused by disuse. It is thought that this effect is mediated
by increased production of myosin, potentiation of
satellite cell mitotic activity, and by effects on myocyte
osmolarity that lead to increased expression of muscle
protein transcription factors such as MRF-4 and
myogenin (Candow 2008, Johnston 2009, Hespel 2001).
Anabolic effects may also be mediated by creatine’s
insulinotropic effects.

SARCOPENIA

According to the European Working Group on
Sarcopenia in Older People (EWGSOP), sarcopenia is an
age associated syndrome “characterised by progressive
and generalised loss of skeletal muscle mass and strength”
(Cruz-Jentoft 2010). Sarcopenia occurs in up to 40%

of adults over sixty, and results in reduced strength and
mobility, decreased physical function, and increased

risk of injury (Abellan van Kan 2009). Through the
mechanisms described above, creatine has been shown to
increase lean body mass in the elderly. In a selection of
human trails (Brose 2003, Candow 2008, Chrusch 2001,
Gotshalk 2008, Gotshalk 2002, Stout 2007 [Abstr]),
creatine has been shown to increase muscle strength

and endurance, increase muscle fiber thickness, reduce
total body protein breakdown, decrease fatigue when
used alone or in conjunction with resistance training.
Because sarcopenia is so closely associated with decreased
physical function (Landers 2001) and increased mortality
in the elderly (Gale 2007, Rantanen 2000), creatine
supplementation may be an effective strategy to preserve
quality of life and longevity in this population.
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Table 1. Clinical trials of creatine for immobilization atrophy

Design

Randomized single blind, placebo
controlled cross over trial;

N=7 men had arms immobilized by
casting;

Creatine 20g per day x 7d

N=22 healthy subjects with legs

first immobilized by a cast x2wk,

then given rehab therapy x6wk;
Creatine 15g/d during immobilization,
then 2.5g/d during rehab.

N=22 healthy subjects with

legs immobilized x2wk then

given rehab x10wk;

Creatine 20g/d during immobilization,
then 5g/d during rehab.

N=22 healthy subjects with

Outcomes

Lean tissue mass better maintained on creatine: 0.9%
improvement vs 23.7% loss on placebo, p<0.05

Creatine did not affect muscle expression or phosphorylation
of 5 -AMP-activated protein kinase (AMPK) or its
subunits during immobilization and rehabilitation.

During immobilization, quadriceps cross sectional

area (CSA) and maximal knee-extension power (Wmax)

110% and 25% respectively in both groups.

During rehab, both CSA and Wmax improved more quickly
in the creatine group, p<0.05 compared to placebo.

MRF4 protein expression tin the creatine group only and
this was correlated with mean muscle fibre diameter.

Immobilization |GLUT4 in the placebo group by 20%, p<0.05

Reference

Johnston
2009

Eijnde 2005

Op't Eijnde

legs immobilized x2wk then

given rehab x10wk;

Creatine 20g/d during immobilization,
15g/d x first 3wk of rehab, then

5g/d x last 7wk of rehab.

Key Cr creatine; P placebo

compared to baseline, but not in the creatine group where it thy 9%.
During the rehab phase, GLUT4 increased by 40%

compared to baseline (p<0.05) in the Cr group, while

levels in the placebo group simply normalized.

tmuscle glycogen at 3wk but not at 10wk in Cr vs P.

2001

Note All studies are randomized double blind placebo controlled trials unless otherwise stated.

MUSCULAR DYSTROPHY

There are eight human trials examining the effect of creatine
for muscular dystrophies (MD), seven RCTs (Escolar

20035, Louis 2003, Schneider-Gold 2003, Tarnopolsky
2004a, Tarnopolsky 2004b, Walter 2002, Walter 2000)

and one open trial (Matsumura 2004). Of these, five found
significant improvements between groups in parameters
related to muscle strength and endurance or subjective
improvement; two found no significant effects but found
trends suggestive of benefit; and one trial found no benefits
with creatine for MD. It should be noted that in the

two trials finding trends toward improvement there was
indication of a strong placebo effect in the control groups
that could have offset any benefits observed with creatine
treatment: Escolar et al (1999) reported that during the
course of the study, the placebo group unexpectedly showed
no deterioration over time. Walter (2002) reported that
during the first phase of their crossover study, the strength
of the placebo effect obscured any benefits observed in the
overall study; conversely, when only the second crossover
phase was analyzed, there was a significant difference in
muscle strength between groups. None of the studies found
benefits on cardiopulmonary function.
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A 2007 Cochrane meta analysis of creatine for muscle
disorders included the seven RCTs and reported that
there was a significant increase in maximum voluntary
contraction compared to placebo, with a weighted
mean difference of 8.47% (95%CI 3.55-13.38), as well
as a significant increase in lean body mass compared
to placebo (weighted mean difference 0.63 kg, 95%CI
0.02-1.25) (Kley 2007).

In addition, a RCT investigating creatine for

idiopathic inflammatory myopathies found significant
improvements in functional performance time as
measured by ability to perform a series of exercises

such as walking and rising from sitting to standing,
functional index of myositis, and muscle bioenergetics
as measured by proton magnetic resonance spectroscopy
(pMRS) after six months (Chung 2007).

NEUROMUSCULAR CONDITIONS

Fourteen human trials have investigated creatine in
patients with neuromuscular conditions. Evidence for
creatine in these conditions, which include ALS (Drory
2002 [Abstr], Gordon 2008, Groeneveld 2003, Mazzini



2001, Rosenfeld 2008, Shefner 2004) , Huntington
disease (HD) (Bender 2005, Hersch 2006, Tabrizi

2003 and 2005, Verbessem 2003), and Parkinson’s
disease (PD) (Bender 2006, Bender 2008, Hass 2007,
NINDS NET-PD Investigators 2008 and 2006), is less
compelling than that for muscular dystrophy, however a
few trials exist reporting benefit.

Mazzini et al (2001) report temporary improvement in
muscle strength and Rosenfeld (2008) found a non-
significant trend to improved survival with use in ALS;
in HD creatine has been shown to decrease markers

of DNA damage (Hersch 2006) and brain glutamate
(Bender 2005); in PD creatine has been shown to
increase muscle strength and endurance (Hass 2007)
and may decrease the amount of dopaminergic therapy
required over time (Bender 2006).

PHARMACOLOGY AND DOSING: CREATINE LOADING
Normal muscle creatine content is approximated at
125mmol/kg dry mass. There is a wide variance in
muscle creatine content. Creatine supplementation
achieves increases in muscle creatine content to a
maximum ceiling of 155- 160mmol/ kg dry mass,
although a selection of cases have been observed with
levels as high as 180mmol/kg dry mass achieved under
certain experimental conditions (Persky 2001, Juhn
1998a, Wyss 2000). An individual’s baseline muscle
creatine content determines whether an individual

will be a “responder” to creatine supplementation.

An individual with a baseline muscle creatine content
approaching 150mmol/kg dry mass will not experience
the impact to muscle creatine content through
supplementation that an individual with a baseline
muscle creatine content of 100mmol/kg dry mass would
be anticipated to experience (Persky 2001, Juhn 1998a,
Wyss 2000).

Muscle creatine content increases rapidly following oral
supplementation. While a variety of dosing schedules
have been implemented in controlled human trials, the
most standard dosing regime calls for 20g of creatine
administered per day for the first 5-7 days (the loading
phase), followed by a maintenance dose of 3-5g per

day thereafter. This dosing regime achieves maximal
muscle creatine concentration within two days for most
individuals (Persky 2001, Juhn 1998a, Wyss 2000).

A selection of factors have been demonstrated to
accelerate the rate of uptake of supplemental creatine
into skeletal muscle. Coadministration of carbohydrate
with creatine appears to enhance creatine absorption,
suggested to occur as a result of the insulin response

to the carbohydrate which then upregulates transport
of creatine into muscle. Exercise also appears to
enhance muscle uptake of creatine. This effect may
account for the discrepancy among studies of creatine
for performance enhancement; a greater proportion
of athletes are likely to have higher baseline muscle
creatine content (Juhn 1998a, Wyss 2000).

The dosing schedule outlined above has been questioned
by several authorities. Creatine supplementation at 3g
per day was demonstrated to achieve maximal muscle
creatine content within 30 days of supplementation;
maximal muscle creatine content may have been
achieved with this dosing schedule even sooner, but
follow- up biopsy was not performed until day 30
(Hultman 1996). Large doses of creatine (20g per

day) or greater have been shown to increase urinary
excretion of formaldehyde, a safety concern of creatine
supplementation, reviewed below (Poortmans 2005, Yu
2000). A dosing regime of 7g per day failed to increased
formaldehyde production, also reviewed below (Candow
2008).

Given the potential concern of supplementation

with large doses of creatine, and the ability of more
physiological dosages to achieve identical muscle
creatine content, the basis for recommendation of

the “standard” dosing regime deserves scrutiny. We
recommend a dosing schedule of 3g per day, delivered
in juice, for use of creatine among athletes, or for
prevention of immobilization- induced atrophy. In
settings of neuromuscular/ neurodegenerative diseases
and/ or prevention of sarcopenia in the elderly, a long-
term daily dose of between 1-2g is recommended, with a
14-30 day “loading phase” of 3g per day.

SAFETY

Creatine has been well tolerated with no serious adverse
effects in the studies reviewed above. Additional trials
of creatine supplementation have shown it to be safe

for long term use, up to five years of supplementation
(Baker 2003, Poortmans 1999). Trials have shown

no effect on liver enzymes, renal function, or blood
pressure (Kamber 1999, Persky 2001, Poortmans 1999).
Baker and Tarnopolsky note that although creatine

use in the elderly with mild chronic renal insufficiency
may lead to slight increases in serum creatinine, the
breakdown product of creatine, this is not to be equated
with renal failure; instead, the supplemented creatine

733

is acting as “ ‘virtual’ muscle mass for which a new set
point must be reached” (2003). Two cases of kidney
dysfunction have been reported, however, these effects

have not been replicated in prospective studies (Baker
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2003, Persky 2001). Mild side effects that have been
reported anecdotally include weight gain between

one to two kg due to increased water content within
muscle mass; mild gastrointestinal distress; and muscle
cramps (Persky 2001). There is some concern that fluid
concentration within the muscle cells may potentially
lead to dehydration (Juhn 1998). Doses >50g/d are not
recommended. For further discussion of safety, see the
review by Juhn and Tarnopolsky (1998b).

There have been concerns raised about observations

that creatine supplementation leads to increased urinary
formaldehyde levels (Yu 2000). Poortmans et al (2005)
examined this in a short-term, high dose feeding trial in
humans. After ingesting 21g creatine monohydrate for 14
days, serum creatine increased 7.2 fold, urinary creatine
increased 141 fold, there was no change in creatinine
levels, and 24hr urine excretion of methylamine and
formaldehyde increased 9.2-fold and 4.5-fold respectively.
However increases were still within normal limits

for healthy humans, and there was no increase in
urinary albumin output, indicating integrity of renal
permeability (Poortmans 2005). Candow et al (2008)
administered creatine to older men at a dose of 0.1g/kg
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Questions

I. Creatine acts as a quick source of ATP during conditions
of high energy demand. As such, it exists as free creatine and
phosphocreatine.

A. True

B. False

2. Creatine has been shown to upregulate the GLUT6
transporter in muscle, thereby increasing glucose uptake into
muscle fibres.

A. True

B. False

3. In the area of performance enhancement, creatine is most
useful for which of the following?

A. Short duration, high intensity exercise

B. Marathon running

C. Resistance training

D. Short duration maximal intensity sprints on a stationary bike
EAC&D

4. Creatine has been shown to have the following effects on
muscle tissue:

A. Increased lean muscle mass

B. Increased muscle fibre diameter

C. Increased one repetition maximum (IRM) performance

D. Increased total strength, total work, and total power output
E. All of the above

5. Activities of duration over 60 seconds are highly benefited
by use of creatine

A. True

B. False

6. Creatine has the ability to benefit athletes by augmenting
the amount of lean muscle mass gained during off-season
resistance training, thereby indirectly enhancing performance
in their sport of choice.

A. True

B. False

7. Which of the following is true?

A. Creatine has been shown to offset immobilization atrophy
of muscle mass by close to 25%

B. In the elderly, creatine has been shown to increase maximal
isometric strength, maximal dynamic strength, and lower
extremity functional capacity

C. Creatine has been shown to improve cardiopulmonary
function in muscular dystrophies.

D.A&B

EA&C

8. Bender 2006 found that Parkinson’s disease patients who
received creatine required a significantly smaller dose increase
of dopaminergic therapy compared to patients in the control
group after two years.

A. True

B. False

9. Which of the following is true about creatine loading?

A. Creatine supplementation increases muscle creatine
content to a maximum of 155- 160mmol/ kg dry mass

B. Baseline muscle creatine content determines the magnitude
of benefit that an individual will experience from creatine

C. The traditional 20g loading doses of creatine given for the
first few days of supplementation have been shown to increase
urinary formaldehyde undermining the safety of this dose

D. Lower doses have not demonstrated this effect, therefore
a dose of |-3g per day depending on the context is a safe yet
effective dose for creatine administration

E. All of the above

10. A trial investigating creatine for use in idiopathic
inflammatory myopathies found significant improvements in:
A. Walking and rising from sitting to standing,

B. Functional index of myositis, and

C. Muscle bioenergetics as measured pMRS

D. None of the above

E. All of the above
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