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Summary. Impaired oxidative phosphorylation is a crucial factor in the patho-
genesis of Friedreich’s ataxia (FA). L-carnitine and creatine are natural
compounds that can enhance cellular energy transduction. We performed a
placebo-controlled triple-phase crossover trial of L-carnitine (3 g=d) and crea-
tine (6.75 g=d) in 16 patients with genetically confirmed FA. Primary outcome
measures were mitochondrial ATP production measured as phosphocreatine
recovery by 31Phosphorus magnetic resonance spectroscopy, neurological def-
icits assessed by the international co-operative ataxia rating scale and cardiac
hypertrophy in echocardiography. After 4 months on L-carnitine phosphocrea-
tine recovery was improved compared to baseline (p<0.03, t-test) but compar-
ison to placebo and creatine effects did not reach significance (p¼ 0.06, F-test).
Ataxia rating scale and echocardiographic parameters remained unchanged.
Creatine had no effect in FA patients. L-carnitine is a promising substance
for the treatment of FA patients, and larger trials are warranted.

Keywords: Friedreich’s ataxia, therapy, L-carnitine, oxidative phosphorylation,
magnetic resonance spectroscopy.
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Introduction

Friedreich’s ataxia (FA) is the most frequent form of autosomal recessive
ataxia. The clinical hallmarks of the disease are progressive ataxia starting in
the first or second decade of life, dysarthria, pyramidal weakness, extensor
plantar responses and axonal sensory neuropathy with areflexia (Harding,
1981; Sch€ools et al., 1997). Mutations consist of expanded GAA trinucleotide
repeats in the first intron of the FRDA gene in 96% and various micromutations
in 4% of alleles (Campuzano et al., 1996). Repeat expansion as well as point
mutations lead to drastically reduced levels of frataxin. Frataxin is supposed to
be essential for the assembly of Fe-S-clusters (e.g. in respiratory chain com-
plexes I–III), for maintenance of iron homeostasis or as a mitochondrial anti-
oxidant (Puccio et al., 2002). Whatever the primary function of frataxin is,
impaired oxidative phosphorylation (OXPHOS) is a crucial factor in the patho-
genesis of FA. This has been confirmed in in vivo studies using 31Phosphorus-
magnetic resonance spectroscopy (31P-MRS) to monitor energy metabolism. In
skeletal muscle phosphocreatine (PCr) recovery after exercise is a direct mea-
sure of ATP formation and is significantly prolonged demonstrating impaired
OXPHOS capacity in FA patients (Lodi et al., 1999; Vorgerd et al., 2000).
Furthermore, PCr=ATP ratio is reduced in cardiac muscle of patients with FA
compared to healthy controls (Lodi et al., 2001).

PCr is generated by phosphorylation of creatine via creatine kinase and
functions as an intrinsic energy reservoir to regenerate ATP in times of high
energy demand (Hemmer and Wallimann, 1993). Therefore, supplementation
with creatine is supposed to enhance energy metabolism by increasing PCr
levels. This may be of particular benefit in disorders with mitochondrial dys-
function like Friedreich’s ataxia in which ATP levels are depleted and PCr
reserves are exhausted.

L-carnitine may improve mitochondrial function in FA by compensation of
secondary carnitine deficiency. Defective OXPHOS, as in FA, is often asso-
ciated with impaired b-oxidation, preferentially affecting brain, heart and skel-
etal muscle. Reduced function of the respiratory chain generates an increased
NADH=NAD(þ) ratio that inhibits b-oxidation and produces secondary carni-
tine deficiency while increasing reactive oxygen species and depleting alpha-
tocopherol (Infante and Huszagh, 2000).

Therefore, we investigated the therapeutical potential of L-carnitine and
creatine as natural compounds that can enhance cellular energy transduction
and used 31P-MRS to assess OXPHOS in a placebo-controlled trial in patients
with FA.

Patients and methods

Adult patients with genetically confirmed Friedreich’s ataxia were recruited from the ataxia
clinics at the Departments of Neurology in Bochum and Bonn. To prevent immobilization effects
on the muscle metabolic measurements with 31P-MRS, only ambulant patients were included in
the study. Sixteen FA patients (5 male, 11 female; age 30.7� 10.0 years, range: 18–55; age at
onset 19.1� 7.5 years, range: 12–36) homozygous for a GAA repeat expansion (GAA1:
403 � 241, range: 139–808; GAA2: 810 � 223, range: 323–1011) were included in this study.
Thirty-eight healthy controls were matched for age (30.0 � 9.9 years; 15–63 years) and sex.
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L-carnitine (3 g=d tid), creatine (6.75 g=d tid) and placebo were prepared in identical capsules
at the central pharmacy of the Elisabeth Stiftung in Bochum. Medication was given in a random-
ized order in a triple-phase crossover design (Fig. 1). Participants and assessors remained blinded
for allocation sequence until the end of the study. Each study period lasted 4 months with wash-
out periods of 4 weeks in between.

Baseline and endpoint measurements were performed for each study period and enabled us to
compare drug effects (baseline minus endpoint data of each respective period) as well as endpoint
comparisons (creatine vs. L-carnitine vs. placebo). Drug effects in comparison to placebo were
calculated by F-test including analyses of time effects and period effects.

Primary outcome measures were mitochondrial ATP production measured as phosphocreatine
recovery by 31P-MRS, neurological deficits assessed by the international co-operative ataxia
rating scale (ICARS; Trouillas et al., 1997) and cardiac hypertrophy in echocardiography. Left
ventricular mass has been calculated according to the formula of Devereux and Reichek (1977).
Shortening fraction (%) has been calculated as (LVEDD�LVESD)=LVEDD�100 where LVEDD
is the enddiastolic diameter and LVESD the endsystolic diameter of the left ventricle.

OXPHOS was assessed in vivo using 31P-MRS to measure PCr recovery in the standardized
calf muscle exercise test as described in detail before (Vorgerd et al., 2000). Shortly, MR spectra
were obtained in a 4.7 Tesla spectrometer (Bruker-Biospec 47=40, Bruker-Medizintechnik,
Karlsruhe, Germany). Patients were asked to perform isometric exercise with 30% of their
maximum test force by pressing a pedal under the right foot. Isometric exercise was performed
for 3 minutes first under normal perfusion of the leg (aerobic test) and again after 7 minutes rest
for further 3 minutes under arterial occlusion applied by a cuff at the thigh (ischemic test).
Isometric exercise resulted in PCr depletion of calf muscle measured by 31P-MRS. During
recovery from exercise the time constant tau determined from the pseudo mono exponential time
course of PCr resynthesis was used as a direct measure of OXPHOS capacity. The maximum rate
of oxidative ATP formation (Vmax) was calculated by model based equations previously used for
FA patients (Lodi et al., 1999, 2001). Absolute concentrations of metabolites were calculated
assuming that at initial rest [ATP] is 8.2 mM.

Vmax was calculated as:

Vmax ¼ Vif1 þ ðKm=½ADP�endÞg

Fig. 1. Flow diagram of subject progress in the randomized triple-phase crossover trial
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This model assumes a hyperbolic control of mitochondrial ATP synthesis by [ADP] and a Km
value of 30mM. The initial rate of ATP synthesis (Vi) was given as

Vi ¼ �½PCr�contractiontau

[ADP] was calculated from the creatine kinase equilibrium reaction assuming an equilibrium
constant (Keq) of 1.66�109 M�1. Total creatine [TCr] was individually calculated from the initial
spectra recorded at rest assuming [PCr]¼ 0.8 [TCr]. Current creatine concentration [Cr] was
calculated as [TCr]–[PCr].

½ADP� ¼ ð½ATP�½Cr�Þ=ð½PCr�½Hþ�KeqÞ

Additionally, fine motor skills were assessed by the subtest ‘‘plugging’’ (25-hole pegboard) of the
motor performance test according to Schoppe (1974).

All patients gave their written fully informed consent. The study has been performed accord-
ing to the ethical standards of the Declaration of Helsinki and was approved by the Ethic
Committee of the Ruhr-University, Bochum.

Results

L-carnitine as well as creatine were well tolerated without any side effects. Two
patients discontinued the study. One patient refused follow-up after the first
study phase because further visits appeared to be too time-consuming. A second
patient dropped out after the second study phase. She experienced a substantial
benefit from the medication in phase I in comparison to phase II and wanted to
continue the phase I medication which turned out to be placebo.

PCr recovery was impaired in FA patients after aerobic (tau at baseline:
87.7� 55.5 s, range: 37–251 s; controls: 37.8� 15.9. s; 16.4–70.0 s, p<0.05;
t-test) as well as after ischemic exercise (tau at baseline: 95.7� 55.7 s, range:
46–228 s; controls: 43.3� 16.2 s; 18.9–90 s; p<0.05; t-test) confirming earlier
studies (Lodi et al., 1999; Vorgerd et al., 2000).

After 4 months on L-carnitine, PCr recovery improved after exercise under
aerobic conditions from 84� 32 s to 68� 29 s (not significant; t-test) and after
ischemic exercise from 103� 48 s to 69� 15 s (p<0.03; t-test; Fig. 2).

Fig. 2. Effect of L-carnitine, creatine and placebo on energy metabolism in Friedreich’s ataxia.
Phosphocreatine (PCr) recovery in 31P-magnetic resonance spectroscopy is improved after
4 months on L-carnitine compared to baseline (p<0.03, t-test), but comparison to placebo

and creatine effects did not reach significance (p¼ 0.06, F-test)
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However, compared to placebo and creatine this effect was not significant
(p¼ 0.06; F-test). Echocardiographic data and ICARS did not show significant
improvement with L-carnitine, neither in baseline versus endpoint analysis nor
in comparison to placebo. No effect of creatine could be established in this
study (Table 1). Baseline data did not show significant differences between
study phases. Time effects or carry over effects were not observed.

Discussion

This study confirms earlier reports of delayed PCr recovery indicating impaired
ATP production in FA (Lodi et al., 1999; Vorgerd et al., 2000). These findings
further substantiate pathogenetic concepts of defective OXPHOS possibly due
to impaired Fe-S-cluster assembly as major factor causing neurodegeneration in
FA.

In this study, we tested the therapeutic effects of L-carnitine and creatine
supplementation, endogeneous substances potentially improving energy meta-
bolism in different neuromuscular and neurodegenerative disorders
(Tarnopolsky and Beal, 2001). Bioenergetic dysfunction is thought to be pri-
marily or secondarily involved in the pathogenesis of cell death underlying
neurodegeneration. Enhanced energy reserves may help to protect neurons
against cytotoxic agents, in particular if the disease is due to impaired mito-
chondrial ATP production as in FA (Brewer and Wallimann, 2000). Neuropro-
tective effects of creatine have been observed in animal models of
neurodegenerative disorders such as Huntington’s disease and amyotrophic lat-
eral sclerosis (Klivenyi et al., 1998; Ferrante et al., 2000), whereas L-carnitine
attenuates neuronal damage induced by 3-nitropropionic acid, rotenone or
MPTP in vitro (Virmani et al., 1995). Furthermore, L-acetyl-carnitine increased
phosphocreatine and decreased lactate in a 31P and 1H-MRS study in the adult
and aged rat brain (Aureli et al., 1990).

31P-MRS is a powerful measure of OXPHOS in vivo and may detect rele-
vant biological effects earlier than any clinical benefit can be expected in a
chronic progressive disease like FA. During ischemic exercise, when phosphor-
ylation deficits in FA patients were most pronounced, we found PCr recovery to
be improved by 30% with L-carnitine. However, placebo turned out to have a
mild (15%) though insignificant effect on 31P-MRS performance as well (Table
1, Fig. 2). In the triple-phase crossover design, comparison with placebo and
creatine did not confirm a significant beneficial effect of L-carnitine.

This study underscores the importance of placebo controls in chronic pro-
gressive diseases like FA and questions positive results of uncontrolled trials of
antioxidants like idebenone and coenzyme Q10 in FA published recently (Lodi
et al., 1999; Hausse et al., 2002). Placebo-controlled trials could not proof a
significant effect of idebenone on energy metabolism in FA and only minor
effects on cardiac hypertrophy (Sch€ools et al., 2001; Mariotti et al., 2003).

A recent placebo-controlled trial with L-acetylcarnitine in 15 FA patients
demonstrated mild improvement in clinical scores of coordination after 3 and 6
months with L-acetylcarnitine. However, similar effects occurred under pla-
cebo, and L-acetylcarnitine versus placebo effects were not directly compared
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(Sorbi et al., 2000). Nevertheless, this study in conjunction with the presented
trial demonstrate that L-carnitine is a promising substance for the treatment of
FA. Larger controlled trials with L-carnitine are desirable in FA.
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