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Abstract

Friedreich ataxia (FRDA) is caused by a GAA repeat expansion in the FXN gene leading to reduced expression of the
mitochondrial protein frataxin. Recombinant human erythropoietin (rhuEPO) is suggested to increase frataxin levels, alter
mitochondrial function and improve clinical scores in FRDA patients. Aim of the present pilot study was to investigate
mitochondrial metabolism of skeletal muscle tissue in FRDA patients and examine effects of rhuEPO administration by
phosphorus 31 magnetic resonance spectroscopy (31P MRS). Seven genetically confirmed FRDA patients underwent 31P
MRS of the calf muscles using a rest-exercise-recovery protocol before and after receiving 3000 IU of rhuEPO for eight
weeks. FRDA patients showed more rapid phosphocreatine (PCr) depletion and increased accumulation of inorganic
phosphate (Pi) during incremental exercise as compared to controls. After maximal exhaustive exercise prolonged
regeneration of PCR and slowed decline in Pi can be seen in FRDA. PCr regeneration as hallmark of mitochondrial ATP
production revealed correlation to activity of complex II/lll of the respiratory chain and to demographic values. PCr and Pi
kinetics were not influenced by rhuEPO administration. Our results confirm mitochondrial dysfunction and exercise
intolerance due to impaired oxidative phosphorylation in skeletal muscle tissue of FRDA patients. MRS did not show
improved mitochondrial bioenergetics after eight weeks of rhuEPO exposition in skeletal muscle tissue of FRDA patients.
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Introduction

Friedreich Ataxia (FRDA) is the most common inherited ataxia
among Caucasian populations. Clinically, FRDA is determined by
progressive ataxia of gait and extremities, dysarthria and areflexia
[1]. Muscle weakness is evident particularly in the lower limbs
[2,3], though signs of weakness or fatigue may be masked by more
prominent features of ataxia. FRDA is a caused by a GAA
trinucleotid expansion in intron 1 of the frataxin gene [4] leading
to reduced expression of the mitochondrial protein frataxin.
Frataxin is critically involved in iron sulfur cluster assembly,
respiratory chain activity and iron homeostasis within mitochon-
dria [5,6]. The pathological cascade in FRDA is not solely
restricted to the nervous system. Besides, muscle tissue especially
cardiac muscle but also skeletal muscle show decreased frataxin
expression and impairment of the respiratory chain [7,8]. Reduced
skeletal muscle adenosine triphosphate (ATP) production and
mitochondrial dysfunction could be demonstrated earlier by
magnetic resonance spectroscopy (MRS) [9,10]. Furthermore
MRS was used for monitoring therapeutics in FRDA [11].
Recombinant human Erythropoietin (rhuEPO) has shown to up-
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regulate frataxin levels in-vitro and in-vivo [12,13,14]. Moreover,
decrease in oxidative stress [15] and changes in mitochondrial
function [16] have been reported after rhuEPO application in
FRDA.

Phosphorus 31 magnetic resonance spectroscopy (31P MRS)
offers a non invasive investigation of human skeletal muscle
bioenergetics by monitoring relative and absolute changes of
phosphocreatine (PCr), inorganic phosphate (Pi) and adenosine
triphosphate (ATP) during incremental exercise and recovery
[17]. ATP production in skeletal muscle tissue relies on three
main sources. In absence of sufficient oxygen supply ATP
synthesis 1s dependent on PCr and glycolysis, whereas
mitochondrial oxidative phosphorylation (OXPHOS) requires
oxygen and substrates such as pyruvate or fatty acids [18].
During exercise PCr decreases continuously until oxygen supply
is increased sufficiently and adenosine triphosphate (ATP) can
be provided for rephosphorylation of PCr [19]. Particularly PCr
regeneration after exercise is an indicator for mitochondrial
function in skeletal muscle [20]. Aim of the present study was to

July 2013 | Volume 8 | Issue 7 | 69229



Friedreich Ataxia and 31P MRS

[ Enrollment ]

Assessed for eligibility (n = 7)

Excluded (n=0)
+ Not meeting inclusion criteria (n = 0)

>+ Declined to participate (n = 0)
+ Other reasons (n = 0)

[ Allocation ]

reasons) (n =0)

Allocated to intervention (n = 7)
+ Received allocated intervention (n = 7)
+ Did not receive allocated intervention (give

[ Follow-Up ] v

Lost to follow-up (give reasons) (n=0)

Discontinued intervention (give reasons) (n=0)

[ Analysis ] v

Analysed (n=7)

+ Excluded from analysis (give reasons) (n=7)

Figure 1. CONSORT Flow Diagram.
doi:10.1371/journal.pone.0069229.g001

investigate mitochondrial function of skeletal muscle tissue in
FRDA patients and to examine effects of rhuEPO application.

Patients and Methods

The protocol for this trial and supporting CONSORT checklist
are available as supporting information; see Checklist S1 and
Protocol S1.

Ethics Statement

The study was approved by the local ethics committee of the
Medical University of Innsbruck (approval number: UN3152_LEK)
and 1s conducted according to the principles expressed in the
Declaration of Helsinki. The trial is registered in the EudraCT
database (number: 2008-000040-13). All participants gave written

informed consent.

Patients

Seven patients (I female, 6 male) were included in this open
label pilot study (compare figure 1). All patients were recruited
from the ataxia outpatient clinic of the Department of Neurology
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(Medical University Innsbruck). Pre-recruitment from the inves-
tigator site’s own patient pool started in October 2008. Screening
visits to check for inclusion and exclusion criteria were carried out
in February and March 2009 after final trial registration.
Administration of the investigational medicinal product and study
related procedures were conducted in the time period from March
to June 2009. Changes to initial trial protocol were not performed
throughout the study. All patients were older than 18 vyears
(40£14 years), had genetically confirmed FRDA with a mean
GAA length of the shorter allele of 584+337 repeats and displayed
a disease duration of 188 years on average (compare table I). As an
age- and sex- matched control group for MRS bioenergetics 8
healthy adults (2 female, 6 male) without evidence of neurological
disease were included. Exclusion criteria for participation were a
hematocrit greater than 50% or thrombocytosis at screening visit.
Furthermore, patients with cancer, chronic inflammatory diseases,
unstable diabetes mellitus (HbA1¢>8%), chronic liver disease,
alcohol abuse, epilepsy, heart insufficiency (NYHA>2), previous
thrombo-embolic events, anti-coagulation, pregnancy or breast
feeding, iron, vitamin B12 and/or folic acid deficiency, cardio-
vascular diseases, psychiatric disorders, hypersensitivity to rhuEPO

July 2013 | Volume 8 | Issue 7 | 69229



Friedreich Ataxia and 31P MRS

Table 1. Demographics and concentration of metabolites.
FRDA baseline FRDA rhuEPO Controls baseline-rhuEPO FRDA-Controls
mean SD mean SD mean SD p value p value
Age 40.00 14.01 40.06 13.26 na. 0.933
SARA 23.07 8.20 20.34 7.86 0.00 0.00 0.003 0.000
Repeats 584.29 337.53 n.a. n.a.
Duration 18.14 8.31 na. na.
Quantification of metabolite (mmol/l)
Resting state
PCr 37.52 3.94 37.54 4.51 37.08 1.60 0.861 0.714
Pi 342 0.78 3.57 0.86 2.85 0.44 0.463 0.010
pH 7.04 0.03 7.05 0.03 7.05 0.04 0.959 0.449
Exercise abruption
PCr 22.89 8.36 20.82 542 18.51 3.03 0.445 0.205
Pi 11.65 443 12.94 4.50 12.97 1.58 0.721 0.837
pH 6.99 0.15 6.97 0.12 6.95 0.08 0.972 0.948
End of regeneration
PCr 38.12 4.26 35.03 332 3861 2.52 0.064 0.619
Pi 2.32 0.89 2.59 1.02 1.62 0.49 0.695 0.020
pH 7.07 0.20 6.93 0.10 7.01 0.03 0.041 0.475
Demographical and clinical values of FRDA patients before (FRDA baseline) and after stimulation (FRDA rhuEPO) with rhuEPO shown as comparison to healthy control
subjects (Controls). Absolute concentrations of metabolites (PCr, Pi) in resting state, at exercise abruption and at the end of regeneration are given as mmol/l by using
ATP as an internal standard. Intracellular pH was calculated from the chemical shift of Pi.
Values are given as mean and standard deviation (SD). Abbreviations: SARA (scale for the assessment and rating of ataxia), Repeats (GAA repeat of the shorter allele is given),
Duration (disease duration), PCr (phosphocreatine), Pi (inorganic phosphate), FRDA (Friedreich ataxia), rhuEPO (recombinant human erythropoietin).
doi:10.1371/journal.pone.0069229.t001

or patients participating in different clinical trials were excluded
from the study. Primary outcome was to define PCr and Pi time

course during exercise and recovery in skeletal muscle of FRDA
patients. Secondary outcome was to investigate mitochondrial

Table 2. Time constants of phosphocreatine and inorganic phosphate.
FRDA baseline FRDA rhuEPO Controls baseline-rhuEPO FRDA-Controls
mean SD mean SD mean SD p value p value
Exercise
APCrgg 23.94 12.89 29.22 20.98 13.14 5.88 0917 0.002
PCrt 33.51 13.21 28.26 18.57 27.95 12.98 0.249 0.298
PCr r2 0.88 0.09 0.79 0.26 0.70 0.18 0.063 0.007
APigg 258.65 247.43 213.50 168.51 88.51 4410 0.484 0.011
Pi tau 71.52 69.18 66.22 56.19 24.94 7.34 0.401 0.005
Pir2 0.92 0.08 0.74 0.28 0.70 0.18 0.063 0.001
Recovery
APCrg 7447 50.00 75.60 56.48 105.81 24.31 0.937 0.054
PCr 1 52.80 20.74 55.21 18.00 32.70 5.25 0.937 0.002
PCr r2 0.94 0.09 0.91 0.15 0.97 0.02 0.398 0.767
APig 80.23 11.60 73.55 20.90 89.71 4.14 0.859 0.002
Pit 62.09 15.62 65.58 40.77 28.20 9.37 0.859 0.000
Pi r2 0.86 0.07 0.79 0.19 0.91 0.80 0.477 0.019
PCr and Pi time constants (1) and steady state levels (Ay) for FRDA patients before (FRDA baseline) and after (FRDA rhuEPO) erythropoietin stimulation are shown as
comparison to the corresponding control group. Values are given as mean and standard deviation (SD) sub-classified for incremental exercise and recovery period. For
graphical illustration compare also figure 3.
Abbreviations: PCr (phosphocreatine), Pi (inorganic phosphate), FRDA (Friedreich ataxia), rhuEPO (recombinant human erythropoietin).
doi:10.1371/journal.pone.0069229.t002
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Figure 2. Phosphocreatine and inorganic phosphate kinetics. Time course of phosphocreatine (PCr) and inorganic phosphate (Pi) are shown
during exercise in increment 1 and recovery period after maximal exhaustive exercise. Curves are shown as a comparison of healthy controls (dashed
curves) to treatment naive FRDA patients at baseline (solid curves) and FRDA patients after rhuEPO administration (dotted curves). Values are given as a
function of time (x) in percentage of changes in PCr and Pi from baseline of the respective increment (100%) and are based on the asymptotic

exponential regression model y =100+ Ay(1 — exp (—x/1)).
doi:10.1371/journal.pone.0069229.9002

function in response to rhuEPO treatment. No changes to
eligibility criteria or outcome measures were made after trial
commencement.

Study Design

FRDA patients received 3,000 international units (IU) rhuEPO
(Roche, Switzerland) thrice weekly over a study period of 8 weeks.
31P MRS was carried out before and after rhuEPO treatment.
Biochemical measurements of respiratory chain activity and
frataxin levels were performed in skeletal muscle tissue pre- and
post thuEPO treatment. The “Scale for the Assessment and
Rating of Ataxia” (SARA, [21,22] was used for monitoring clinical
changes. Safety was assessed by red blood cell count and blood
pressure in two weekly intervals.
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31P MRS Protocol

To avoid confounding effects all FRDA patients underwent 31P
MRS before muscle biopsy. MRS was carried out performing one
exercise cycle each for both legs. The exercise bench consisted of a
pedal ergometer that was connected to a piston and an air-
pressure-powered cylinder [23,24,25,26]. Stable power output
during one increment was assured by a regulation software that
recorded continuously force, distance and frequency during pedal
movement [27]. The protocol consisted of measurements at rest
and during exercise increments at 1, 2, 4 and 6 W. MRS was
carried out on a 1.5 Tesla whole body MR scanner (Magnetom
Magnetom Avanto, Siemens Erlangen, Germany), using a circular
polarized double resonator surface coil that permits the receipt of
1H resonances at 63.5 MHz and 31P resonances at 25.8 MHz.
The diameter of the transmitter coil was 21 cm and the diameter
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Figure 3. Time constants of phosphocreatine and inorganic phosphate. PCr and Pi time constants (t) and steady state levels (SS) are given
during exercise and recovery as a comparison of FRDA patients before (FRDA baseline) and after (FRDA rhuEPO) erythropoietin stimulation to healthy
control subjects. Values are shown as mean and standard deviation. For absolute values compare table 2.

doi:10.1371/journal.pone.0069229.g003

of the receiver coil 14 cm. A free induction decay sequence with a
repetition time of 1000 ms, an echo time of 0.13 ms, a flip angle of
90°, 10 averages and an acquisition time of 10 s was applied. The
nuclear Overhauser enhancement (NOE) was applied to all MRS
measurements [28,29]. The signal was received from the calf that
was fixed on the double resonator coil.

31P MRS Data Analyses

Spectroscopic measures were processed using the commercial
software package as provided by the manufacturer (Siemens
Erlangen, Germany). The peak areas of PCr, Pi and ATP were
fitted in the frequency domain. Additionally, the position of the
peaks of PCr and Pi were determined. Absolute concentrations of
PCr and Pi were calculated using ATP as an internal standard by
assuming an ATP concentration of 8.2 mmol/1 [30]. Intracellular
pH was calculated from the chemical shift of Pi based on following
equation [31]:

pH=6.75+ log (6—3.27)/(5.69 )

8: chemical shift of the Pi peak in parts per million (ppm) relative
to PCr.

The time constants T and A values, meaning the difference
between baseline and steady-state levels, were calculated for PCr
and Pi for each incremental workload by using a non-linear
regression analysis in R for windows (The R Foundation for
Statistical Computing, GNU General Public License, Boston,
USA) as previously reported [32]. For that purpose, the last
integral of the preceding increment or rest phase was considered as
baseline integral for the following increment. The time constants T
and A, values were calculated by using the equation [23,27,33]:

APCr(t)=PCr0+ APCry [1-e-t/7]
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APi(1)= Pi0 + APiy, [1 —e—1/7]

PCr0/Pi0: baseline value
APCir(t)/ APi(t): PCr/Pi value at the time (t)
APCrgA/Pig: difference between baseline value and the estimated
steady-state level

The coherence between the mono-exponential model and the
data of each subject is described by a coefficient of determination

? [23,27,33]:

2 =1—residual sum of squares/corrected sum of squares

A coefficient 1 above 0.4 was considered as an acceptable fit,
whereas a coefficient 1 below 0.4 indicated a weak agreement
with the mono-exponential model and were not used for
calculation of time constants.

Biochemical Analyses

Biochemical analyses were performed from skeletal muscle
specimens obtained by open muscle biopsy after local anaesthesia.
Skeletal muscle biopsy was performed after MRS at the right
gastrocnemius muscle at baseline and at the left gastrocnemius
muscle after rthuEPO treatment, respectively. Skeletal muscle
tissue was immediately snap-frozen after biopsy in liquid nitrogen
and stored at —70 degrees Celsius until analysis. Biochemical
analyses included NADH-CoQ-Oxidoreductase (Complex I),
Succinat/ CytochromC-Oxidoreductase (Complex II/III), Cyto-
chromC-Oxidase (Complex IV) and Citratsynthase (CS). Frataxin
levels in skeletal muscle tissue were quantified pre- and post
rhuEPO treatment by electrochemiluminescence assay as previ-
ously reported [7,34].
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Statistical Analysis

Statistical analyses were carried out using SPSS 17.0 statistical
software (Chicago, Illinois). Continuous data are shown as mean
values with standard deviation. Measurements were taken from
both legs in each patient and control subject and analysed
separately. Non parametric tests were used throughout the
analyses due to a skewed distribution assessed by Shapiro-Wilk
test of most obtained data. Wilcoxon test was applied for assessing
differences in time constants and absolute concentrations in
dependence to rthuEPO exposure. For comparison to the control
subjects Mann-Whitney-U test was used. ANOVA for repeated
measurements was applied for evaluating the time course of PCr,
Pi and pH. Correlations of quantitative variables were assessed by
Pearson bivariate correlation analyses. Two-tailed p values <0.05
were considered as statistically significant.

Results

The MRS protocol consisted of measurements during resting
state, incremental exercise (plantar flexion) and recovery after
maximal exhaustive exercise. Analyses in 7 FRDA patients
(corresponding to 14 leg analyses) and 8 age-matched controls
(corresponding to 16 leg analyses) were included in the present
study. Quantification of metabolites at rest revealed elevated
absolute levels of Pi (p=0.010) in FRDA patients, while PCr
concentrations were similar (p=0.714) in patients and control
subjects. FRDA patients showed pH values of 7.04%0.03 in resting
skeletal muscle, which is comparable to healthy controls
(7.05%0.04; p=10.449). Compare Table 1 for absolute concentrations of
metabolites.

At exercise abruption absolute concentrations of PCr and Pi
were similar in FRDA patients and healthy controls. Pi increased
in both groups (FRDA: 11.65%4.43, controls: 12.97*1.58;
p=0.837), while PCr levels declined in parallel (FRDA:
22.89%8.36, controls: 18.51%3.03; p=0.205). FRDA patients,
however, showed earlier exercise abruption in terms of successfully
managed increments as compared to controls. Whereas all healthy
control subjects completed increment 1 and 2 with both legs (16/
16), 6 out of 14 FRDA legs showed progressive PCr breakdown
within increment 1 and 4 legs within increment 2 respectively.
Terminal PCr breakdown does not lead to steady state conditions
and was therefore not considered for calculation of time constants.
At exercise abruption, however, controls (6.95%0.08) and patients
(6.99%0.15; p=0.948) showed similar pH-values independent
from individually performed exercise increments, which allows for
comparison of time constants in the recovery phase [18,35].
Compare table 1 for details.

PCr and Pi Time Course during Incremental Exercise

During repetitive plantar flexion subsequent decrease in PCr
levels was obtained in FRDA patients (p<<0.001). FRDA patients
showed lower steady state levels of PCr compared to the control
group (p=0.002) as indicated by increased APCrg values
(23.94%+12.89 vs. 13.14%5.88 in controls) in increment 1. Time
constant T was exceeded in the FRDA group, although these
values did not reach statistical significance (p=0.298). After
rhuEPO exposure PCr time constants T (p =0.249) and APCr,
(p=0.917) did not differ to baseline values (see table 2).

In accordance with PCr depletion Pi increase (p<<0.001) could
be detected in FRDA patients during incremental exercising. Pi
Time constants T (p=0.011) and APig were exceeded in FRDA,
accounting for increased and prolonged accumulation of Pi in
relation to controls. Pi increase in FRDA was obtained irrespective
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of rhuEPO administration (t: p=0.401; APi, p=0.484). For
detailed values compare figure 2 and table 2.

PCr and Pi Time Course during Recovery Period

During the recovery period regeneration of PCr (p<<0.001),
progressive loss of Pi (p<<0.001) and changes in pH (p=0.108)
were detected. Time for reaching steady state conditions of PCr
was prolonged in FRDA as shown by increased PCr time constant
T (p=0.002). Moreover, decreased steady state of PCr resynthesis
(APCrg, p=0.054) could be detected in FRDA as compared to
control subjects. Pi decline in FRDA patients showed both
increased time constant T (p<0.001), as well as increased steady
state conditions of Pi (APig, p=0.002). No significant changes in
PCr and Pi kinetics were found during the recovery period after
administration of rhuEPO (see figure 3).

Correlation Analysis

Biochemical analyses of the respiratory chain, MRS measure-
ments as well as frataxin levels [7] showed correlation to patients’
demographical data at baseline. Change in PCr values of the
recovery phase correlated significantly between the left and right
leg (r=0.661, p=0.002). Moreover, APCrss of the recovery period
showed an indirect correlation with SARA score (r=—0.832,
p<<0.001) and number of repeats (r=—0.649; p=0.016) and
therefore direct correlation to age of onset of disease (r=0.611;
p=0.026). In contrast, neither Pi time constants of the recovery
period nor during incremental exercise showed a correlation to
demographic and clinical data in FRDA. Frataxin levels measured
in skeletal muscle tissue lacked correlation to APCrg, values of the
recovery period before (r=0.453, p=0.366) and after (r=0.354,
p=0.491) rhuEPO treatment. On the level of biochemical
analyses of the respiratory chain SARA score correlated indirectly
with the activity of complex II/III (r=-—0.927, p=0.003) and
complex IV (r=-0.927, p=0.003), whereas complex I and
SARA score did not show any correlation (r = —0.360, p = 0.427).
Furthermore complex II/III showed a direct correlation with
APCr values of the recovery period (r=0.872; p=0.024) and Pi
concentration at termination of exercise (r=0.853, p=0.031).
Moreover, absolute concentrations of PCr (r=—0.834, p=0.039)
and Pi (r=0.884, p=10.019) at exercise abruption correlated with
complex IV respiratory chain activity.

Discussion

In this study we investigated the oxidative energy metabolism of
the calf muscles in FRDA patients by 31P MRS using a rest-
exercise-recovery protocol. Compared to an age- and sex-matched
healthy control group we found lower steady state levels of PCr
and increased accumulation of Pi during incremental plantar
flexion in FRDA. After maximal exhaustive exercise FRDA
patients showed prolonged time constants and decreased steady
state of PCr recovery. PCr time constants after exercise reflect
mitochondrial ATP production via OXPHOS and are valuable
indicators for mitochondrial function [36,37]. Our results are
therefore in line with earlier studies showing deficient ATP
production in skeletal muscle of FRDA patients in a regular
maintenance state [10] and after ischemic exercise [9]. During
incremental work load accumulation of Pi was excessive in FRDA
patients, leading to earlier activity induced ischemia and abruption
of exercise. Exercise intolerance is a well known feature of
mitochondrial myopathies [36,37,38]. Moreover, mitochondrial
dysfunction detected by MRS is also found in mitochondrial
diseases without clinical evidence of myopathy [39,40]. Histo-
pathological findings in FRDA skeletal muscle reveal a mixed
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neurogenic/myopathic atrophy pattern with only subtle mito-
chondrial features [41]. Along with reduced frataxin expression in
skeletal muscle tissue [7] our spectroscopy data suggest primary
mvolvement of skeletal muscle in FRDA patients even without
pathological hallmarks of mitochondrial myopathy. The extent of
mitochondrial dysfunction in skeletal muscle in the present study
correlated to steady state levels of PCr during regeneration,
whereas no correlation was found to demographic and genetic
values. This is in contrast to previous MRS studies in FRDA
showing a direct correlation between the maximum rate of PCr
recovery and GAA repeats of the shorter FXN allele [9,10]. The
lack of correlation in our series is probably due to a different study
population including a broader FRDA phenotype and advanced
disease stages. Severe gait disturbance and immobilisation are
prone, as seen in healthy humans, to result in reduction of
mitochondrial density in skeletal muscle [42,43,44]. Primary
mitochondrial dysfunction in skeletal muscle may therefore be
aggravated as a consequence of muscle atrophy in advanced
disease stages.

Impaired frataxin expression in FRDA skeletal muscle has been
shown only recently [7]. Thus, its impact on oxidative stress
markers in muscle has not been investigated until now. Moreover,
it has not been explored whether frataxin up-regulation in
response to thuEPO exposure has an impact on mitochondrial
function in skeletal muscle. Besides EPO’s well known function as
a regulator of red blood cell production, EPO is critically involved
in tissue damage, cell apoptosis and metabolic stress [45]. EPO is
thereby thought to exert cytoprotective effects by inducing
neovascularisation and enhancing trophic activity. Although an
average of 45% frataxin up-regulation was found in muscle tissue
after thuEPO exposure in the present FRDA series [7], thuEPO
exposure had no significant impact on respiratory chain activity in
muscle specimen [41]. In line with the above-mentioned
neuropathological and biochemical findings in muscle tissue, the
present MRS measurements in skeletal muscle could not
demonstrate benefit in mitochondrial OXPHOS after continuous
rhuEPO stimulation of eight weeks.

In principle, oxidative stress in frataxin deficient cells appears to
be primarily related to disturbed mitochondrial iron metabolism
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