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Effect of creatine on aerobic and anaerobic
metabolism in skeletal muscle in swimmers
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Abstract

Objective—To examine the effect of a rela-
tively low dose of creatine on skeletal
muscle metabolism and oxygen supply in
a group of training athletes.

Methods—"P magnetic resonance and
near-infrared spectroscopy were used to
study calf muscle metabolism in a group
of 10 female members of a university
swimming team. Studies were performed
before and after a six week period of train-
ing during which they took either 2 g crea-
tine daily or placebo. Calf muscle
metabolism and creatine/choline ratios
were studied in resting muscle, during
plantar flexion exercise (10-15 min), and
during recovery from exercise.
Results—There was no effect of creatine
on metabolite ratios at rest or on metabo-
lism during exercise and recovery from
exercise. Muscle oxygen supply and exer-
cise performance were not improved by
creatine if compared to placebo treated
subjects.

Conclusions—Oral creatine supplementa-
tion at 2 g daily has no effect on muscle
creatine concentration, muscle oxygen
supply or muscle aerobic or anaerobic
metabolism during endurance exercise.
(Br ¥ Sports Med 1996;30:222-225)
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Creatine, principally found in skeletal muscle,
participates in the reaction catalysed by
creatine kinase': '

PCr + ADP + H' <=> ATP + creatine

This reaction is normally near-equilibrium in
skeletal muscle, and has many important func-
tions.! It is important in buffering [ATP]
against changing energy demand,” and in
determining [ADP], the driving force for
oxidative phosphorylation.’ Net phosphocreat-
ine (PCr) hydrolysis provides ATP directly in
the early stages of exercise.* Operation of the
reaction in the direction of net PCr hydrolysis
serves to buffer protons produced in anaerobic
glycolysis by lactic acid generation,’” and there
is an increase in the concentration of inorganic
phosphate (Pi), which is an obligatory sub-
strate for both glycogen phosphorylase® and
mitochondrial ATP synthesis. Increased levels
of creatine may facilitate energy transfer
between the mitochondrion and the cytosol by
increasing the concentration of cytosolic PCr, a
reservoir of high energy phosphate for mito-

chondrial ATP synthesis. The ingestion of 20 g
creatine daily for five days has been shown to
increase muscle [creatine]’” and to decrease
muscle fatiguability.® It has also been proposed
that creatine supplementation might increase
the rate of PCr recovery following exercise.®
We used P and 'H magnetic resonance
spectroscopy (MRS) to examine non-
invasively the effect of a longer course of a
lower dose of creatine on the constituents of
the creatine kinase reaction in resting and exer-
cising skeletal muscle in a group of athletes. We
coupled the MRS studies with a study of mus-
cle reoxygenation rate using near-infrared
spectroscopy (NIRS). The study was con-
ducted in a placebo controlled fashion and the
subjects were studied before and after six
weeks of either placebo or creatine treatment.

Methods

SUBJECTS

Ten non-vegetarian female athletes [lean body
mass 45.7 (SEM 1.1) kg] from the university
swimming team were studied by >’P MRS and
NIRS immediately before an eight week train-
ing period leading up to an intervarsity compe-
tition. Six weeks after the initial studies, the
MRS and NIRS studies were repeated. The
performance times of each subject swimming
freestyle over 100 m and 400 m were recorded
within one week of the MRS study.

PROCEDURES

Subjects were randomised to a six week course
of either 2 g creatine or placebo per day; 2 g is
the manufacturer’s recommended daily dose
of creatine for athletes taking Ergomax tablets
(AMS Ltd, Goole, North Humberside, UK).
The tablets were taken dissolved in warm water
and, if possible, were taken about 30 min
before training.

Subjects lay in a 2.0 T superconducting
magnet (Oxford Magnet Technology, Eyn-
sham, Oxford, UK) interfaced to a Bruker
spectrometer (Coventry, UK), with the right
calf overlying a 6 cm diameter surface coil.
Spectra were acquired using a 2 s interpulse
delay at rest (64 scans) and during exercise and
recovery. The muscle was exercised by plantar
flexion of the right ankle, lifting a weight of
10% lean body mass (determined from skin-
fold thickness by reference to standard tables®)
a distance of 7 cm at a rate of 30 min™. After
four 32-scan spectra (1.25 min) had been
acquired, the weight was incremented by 2% of
lean body mass for each subsequent spectral
acquisition (1.25 min). The subjects exercised
until fatigue prevented them performing the
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Table 1 Exercise performace before and after 6 weeks of creatine or placebo. Values are

mean(SEM).
Placebo Placebo Creatine Creatine
pre-Rx post-Rx pre-Rx post-Rx
Exercise duration in magnet (min) 13.0 (2.6) 11.0 (1.6) 11.3 (1.5) 10.5 (1.6)
Performance times (s) 100 m 71.6 (2.4) 70.6 (1.9) 73.5 (2.4) 73.8 (1.6)
400 m 320 (10) 318 (10) 346 (10) 340 (6)

Rx, treatment

work required. The muscle was then studied
for 13 min during recovery (four 8-scan
spectra, four 16-scan spectra, three 32-scan
spectra, then two 64-scan spectra). Relative
concentrations of Pi, PCr, and ATP were
obtained by a time domain fitting routine
(VARPRO, designed by R de Beer, Delft, The
Netherlands) and were corrected for magnetic
saturation. Absolute concentrations were ob-
tained as described by Arnold ez al.'® [ATP]
was assumed to be 8.2 mM (that is, mmol
litre™ of muscle intracellular water). Intracellu-
lar pH was calculated from the chemical shift
of the Pi peak, relative to PCr.'° Free cytosolic
[ADP] was calculated from pH and [PCr]
using the creatine kinase equilibrium constant
of K, = 1.66x10° M, as

[ADP] = ([total creatine]/[PCr]-1)[ATP)/
Keo[HD,

assuming a normal total creatine content of
42.5 mM. Changes in pH and PCr concentra-
tion, the latter conveniently expressed as
PCr/(PCr+Pi), during exercise reveal the
adequacy of oxidative ATP synthesis.

Recovery from exercise is a purely oxidative
process, and the initial rate of PCr recovery (V)
and the end-of-exercise [ADP] can be used to
calculate the maximum rate of oxidative ATP
synthesis by the muscle (Q,,.,); as

Qumax = V{1 + K,/[ADP]},

assuming the normal value of K, = 30 pM."
Quax is @ measure of the functional mitochon-
drial capacity of the muscle in vivo. The half

Table 2 *'P magnetic resonance and near-infrared spectroscopy data from placebo treated
and creatine treated subjects. Values are mean(SEM).

Placebo pre-Rx  Placebo post-Rx  Creatine pre-Rx  Creatine post-Rx
Resting muscle
PCr/ATP 3.2(0.2) 3.4 (0.1) 3.1 (0.1) 3.3(0.3)
pH 7.02 (0.01) 7.02 (0.01) 7.01 (0.02) 7.02 (0.01)
PCr/(PCr + Pi) 0.88 (0.01) 0.89 (0.01) 0.89 (0.01) 0.89 (0.01)
ADP (uM) 18 (4) 14 (3) 19 (2) 16 (5)
Gastrocnemius 0.93 (0.10) 0.97 (0.07) 0.91 (0.05) 1.09 (0.16)
creatine/choline
Soleus 0.98 (0.09) 1.05 (0.07) 0.97 (0.09) 1.01 (0.1)
creatine/choline
Initial exercise spectrum
pH 7.07 (0.01) 7.08 (0.01) 7.08 (0.01) 7.08 (0.02)
PCr/(PCr + Pi) 0.71 (0.03) 0.75 (0.02) 0.74 (0.03) 0.74 (0.02)
ADP (uM) 38 (7) 31 (5) 41 (7) 33 (5)
End exercise spectrum
pH 0.32 (0.04) 0.31 (0.03) 0.32 (0.03) 0.29 (0.03)
PCr/(PCr + Pi) 6.60 (0.04) 6.58 (0.05) 6.60 (0.05) 6.58 (0.05)
ADP (uM) 57 (12) 57 (11) 55 (8) 63 (5)
Recovery phase
Qmax (MM min™) 41 (14) 38 (11) 30 (9) 33 (12)
PCrty, (s) 24 (4) 17 (2) 35 (6) 27 (7)
Reoxygenation t,,, 9 (3) 8(3) 10 (2) 12 (4)

s

Rx, treatment
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time of PCr recovery, assessed from the slope
of a semilogarithmic plot, is also a measure of
mitochondrial function.”

The gastrocnemius and soleus muscles were
also examined by proton MRS by means of a
STEAM sequence with CHESS water sup-
pression'? (mixing time = 30 ms, echo time =
68 ms). The volumes of interest (2 cm)’® were
selected from the two muscles using a spin
echo proton image through the subject’s calf
(transverse orientation). Eight or 16 scans were
accumulated with a repetition delay of five sec-
onds. The ratio of the creatine signal at 3.04
ppm to the choline containing signal at 3.25
ppm was measured using a computer line
fitting routine GLINFIT (Bruker, Coventry,
UK).

The re-oxygenation rate of the forearm was
studied using NIRS. This technique measures
the difference in light absorption from the
muscle at two wavelengths of light (760 nm
and 850 nm), selected to exploit the difference
between oxygenated and deoxygenated haemo-
globin. The light source and detectors were
placed over the muscle bulk of the finger
flexors in the subjects’ forearm. Subjects
performed a finger flexion protocol lifting a
weight of 1.5 kg at a rate of 40 min™ for 1 min.
After 40 s exercise, a cuff was inflated about the
upper arm to 30 mm Hg above systolic
pressure. Exercise ceased 20 s later, the cuff
was deflated after a further 5 s, and the half
time of the resulting reoxygenation of the arm
was used as a measure of the rate of oxygen
supply to the recovering muscle.

Data on the same individual were compared
using a paired z test. Data between groups on
either creatine or placebo were compared using

_an unpaired ¢ test. Statistical significance was

assumed where P< 0.05.

Results

The subjects’ lean body mass did not alter over
the duration of the study. Neither creatine
ingestion nor placebo had any significant effect
on exercise duration in the magnet or perform-
ance time in the swimming pool (table 1).
Swimmers did not report any subjective benefit
of placebo or creatine on training performance.
Likewise, creatine ingestion had no effect on
[ADP], pH, or metabolite ratios in the resting
muscle or on changes in these factors during
exercise (Table 2). Recovery of muscle oxy-
genation, resynthesis of PCr, and the calcu-
lated maximum mitochondrial ATP synthesis
rate following exercise in the magnet (Q,,..)
were also unaffected by creatine ingestion
(Table 2).

Discussion

Muscle creatine concentration is determined
by a sodium-linked cotransporter that accumu-
lates creatine against a concentration gradient
in skeletal muscle.”™ A 55 kg female has
approximately 90 g of creatine and phospho-
creatine in muscle and nerve tissues." A fixed
proportion of this (1.7% d™) is excreted in the
urine as creatinine.'>'® Endogenous biosynthe-
sis and dietary intake of creatine, at a rate of
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(1.5% d'), normally replenishes this pool.
Endogenous biosynthesis largely occurs in liver
and pancreas and there is some evidence that
this can be downregulated by exogenous creat-
ine.'* While no formal dietary history was per-
formed on our subjects, no high intake of crea-
tine was present in these subjects before the
start of the study. It is possible that the
exogenous creatine taken by the athletes in this
study did not significantly affect the combined
concentrations of creatine and phosphocreat-
ine ([TCr]) because of suppression of the
endogenous biosynthesis. Other studies have
shown an increase in muscle creatine concen-
tration, particularly in muscle initially deficient
in creatine, if higher doses (20 g d') were
given.” This may have increased muscle
creatine by a concentration dependent trans-
port mechanism.

RESTING MUSCLE )
As large creatine doses (20 g d') have been
shown not to alter muscle [ATP]’, PCr/ATP
should remain a valid measure of muscle PCr.
This present study showed no changes in
resting PCr/ATP, so it is unlikely that [TCr]
had changed. Another study noted no signifi-
cant change in PCr/ATP in resting muscle
following creatine ingestion despite an increase
in [TCr]® but the extensive PCr breakdown
inherent in using a muscle biopsy technique
(PCr/ATP about 0.45 in that study, com-
pared with 3.3 in the current study)
affects interpretation of this ratio in muscle
biopsies.

We also used the creatine/choline ratio as an
index of alterations in [TCr] in muscle. We
failed to see any difference in this ratio in either
gastrocnemius or soleus muscle following crea-
tine ingestion. By comparing the first and sec-
ond study in the placebo treated group, there
was no significant training effect on creatine/
choline ratios in these muscles. There was also
no relation between the performance time in
the swimming pool or in the magnet and the
alteration in muscle creatine/choline ratio, sug-
gesting that the changes in muscle creatine
were too small to achieve biochemical or physi-
ological significance.

ANAEROBIC METABOLISM

During initial exercise, muscle metabolism is
dominated first by PCr depletion* and then by
the additional production of lactic acid,"” both
resulting in the generation of ATP anaerobi-
cally, and creatine can reduce muscle fatigue
during intermittent high intensity exercise,’
although the cause of this improvement in
muscle function is unclear. Early aerobic exer-
cise is similar to early ischaemic exercise when
examined by *P MRS." Accordingly, we can
use the difference between the resting spec-
trum and the first exercise spectrum to assess
non-oxidative ATP synthesis. These results
showed that the initial rates of PCr depletion
and glycogenolysis were similar in both groups,
implying that creatine ingestion had no effect
on anaerobic response of the muscle. The cur-
rent exercise protocol did not involve intermit-

Thompson, Kemp, Sanderson, Dixon, Styles, Taylor, Radda

tent exercise and hence the benefit of creatine
supplementation to anaerobic metabolism may
be limited to high intensity intermittent
exercise.

AEROBIC METABOLISM

In a previous study, creatine supplementation
did not have a beneficial effect on endurance
(aerobic) exercise.'® Recovery of PCr following
exercise does not occur in the absence of
oxygen supply to the muscle'®* and is reduced
in mitochondrial myopathy* and other disor-
ders where mitochondrial function is known to
be reduced." Q.. is a measure of the rate of
PCr recovery after taking into consideration
the driving force for PCr resynthesis, [ADP],
and as a result can be used as an index of mito-
chondrial number and function and muscle
oxygen supply." If creatine had produced an
improvement in muscle oxidative capacity by,
for example, facilitating the transfer of high
energy phosphate between the mitochondrion
and the cytosol, we would have expected to see
a decrease in PCr recovery half time and an
increase in Q.. Neither differed significantly
after treatment with creatine or placebo,
implying that neither training nor the addi-
tional supplementation of creatine 2 g daily
had any beneficial effect on the oxidative
capacity of gastrocnemius muscle of these sub-
jects. It is possible that a muscle more crucial
to swimming may have shown different effects
of creatine supplementation.

The alterations in performance times in the
swimming pool were similar in placebo and
creatine treated groups (table 1) reinforcing
our P MRS results that there was no benefit
of creatine 2 g daily. We did not examine the
muscles of the arm, which may have shown a
different metabolic effect of the creatine
supplementation in these athletes.

SUMMARY

Creatine at a dose of 2 g daily for six weeks had
no demonstrable effect on skeletal muscle
aerobic or anaerobic metabolism as assessed by
3'P MRS. Exercise performance and muscle
oxygenation rate were similarly unaffected.
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