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Abstract Friedreich ataxia (FRDA) is an autosomal reces-
sive inherited neurodegenerative disorder leading to reduced
expression of the mitochondrial protein frataxin. Previous
studies showed frataxin upregulation in FRDA following
treatment with recombinant human erythropoietin (rhuEPO).
Dose–response interactions between frataxin and rhuEPO
have not been studied until to date. We administered
escalating rhuEPO single doses (5,000, 10,000 and
30,000 IU) in monthly intervals to five adult FRDA patients.
Measurements of frataxin, serum erythropoietin levels, iron
metabolism and mitochondrial function were carried out.
Clinical outcome was assessed using the “Scale for the
assessment and rating of ataxia”. We found maximal

erythropoietin serum concentrations 24 h after rhuEPO
application which is comparable to healthy subjects. Frataxin
levels increased significantly over 3 months, while ataxia
rating did not reveal clinical improvement. All FRDA patients
had considerable ferritin decrease. NADH/NAD ratio, an
indicator of mitochondrial function, increased following
rhuEPO treatment. In addition to frataxin upregulation in
response to continuous low-dose rhuEPO application shown
in previous studies, our results indicate for a long-lasting
frataxin increase after single high-dose rhuEPO administration.
To detect frataxin-derived neuroprotective effects resulting in
clinically relevant improvement, well-designed studies with
extended time frame are required.
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Introduction

Friedreich ataxia (FRDA) is the most common inherited
ataxia with an estimated prevalence of 3 to 4 in 100,000.
FRDA is characterized by slowly progressive spinocere-
bellar ataxia with onset of symptoms typically before the
age of 25 years [1]. Non-neurological manifestations
include hypertrophic cardiomyopathy, diabetes mellitus
and scoliosis [2–4]. FRDA is caused by a GAA trinucle-
otide expansion in intron 1 of the frataxin gene on
chromosome 9 [5]. The GAA expansion results in reduced
expression of the mitochondrial protein frataxin [6], which
is involved in cellular iron homeostasis and iron-sulphur
cluster assembly [7, 8].

Only recently, erythropoietins have received consider-
able attention because of their neuroprotective capacities [9,
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10]. In a previous in vitro study, we have shown that
recombinant human erythropoietin (rhuEPO) increases
frataxin levels in peripheral blood mononuclear cells
(PBMCs) of FRDA patients [11]. In a clinical in vivo
“proof of concept study”, we were able to detect frataxin
upregulation and reduction of oxidative stress markers in
rhuEPO-treated FRDA patients [12]. An open label long-term
follow-up study revealed clinical improvement in response to
rhuEPO treatment [13]. In the aforementioned trials, rhuEPO
doses of 2,000 to 5,000 IU were administered subcutaneously
thrice weekly. This mode of application was chosen to
achieve continuous rhuEPO stimulation.

In the present study, we intended to investigate the dose–
response relationship between rhuEPO and frataxin in
FRDA in response to escalating single doses.

Methods

Study Design

In this single site, one arm pilot trial FRDA patients
received three different single injections of rhuEPO (5,000,
10,000 and 30,000 IU; epoetin beta, Roche, Basel, Switzerland)
subcutaneously in monthly intervals. The 5,000 IU rhuEPO
dose was chosen because of its efficacy in previous trials [12,
13], 10,000 and 30,000 IU rhuEPO doses to detect effects of
supra-maximal rhuEPO stimulation. Detailed study schedule
and laboratory assessments are shown in Fig. 1. Laboratory
staff and patients were blinded for the amount of administered
rhuEPO.

Primary outcome measure was to define a dose–response
relationship between the rhuEPO dosage and the increase in
frataxin levels as well as the duration of frataxin upregulation.

Secondary outcome measures were changes in mitochondrial
function and iron metabolism.

Patients

Five patients (one female and four males) with definite
diagnosis of FRDAwere included in this study after written
informed consent. Median GAA repeat number of the shorter
allele was 350 (interquartile range (IQR) 250–1,000). The
median age was 49 years (IQR 31–52) with a median disease
duration of 21 years (IQR 10–23) and a score of 13.5 (IQR
6.0–27.0) on the BScale for the assessment and rating of
ataxia^ (SARA) [14, 15] at screening. None of the patients
had idebenone, co-enzyme Q10 or other antioxidants
6 weeks prior to the study.

Exclusion criteria for participation were haemoglobin
levels higher than 18 g/dl, a haematocrit greater than 50% or
thrombocytosis at the beginning of the study. Furthermore,
patients with cancer, chronic inflammatory diseases, diabetes
mellitus (HbA1c>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, cardiovascular
diseases, psychiatric disorders, hypersensitivity to rhuEPO or
patients that participated in another clinical trial were
excluded from the study.

Safety

Blood samples were taken to monitor haemoglobin levels,
haematocrit and platelet counts. Analyses of blood parameters
were done by standard laboratory procedures in an ISO
9001:2009 certified laboratory. Blood pressure was measured
regularly. ECG was performed at screening and last visit.

Fig. 1 Study schedule: Patients
received three rhuEPO single-
dose injections (5,000, 10,000,
30,000 IU) at intervals of
1 month. For each single rhuEPO
administration frataxin, serum
erythropoietin levels, mitochon-
drial function (NAD, NADH,
ATP), iron metabolism and safety
parameters were measured at
pre-defined time points. SARA
was performed in monthly
intervals
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Frataxin Measurements

All peripheral blood mononuclear cell (PBMC) samples
were obtained within 30 min after blood collection by
gradient centrifugation over Biocoll Separating Solution,
density 1.077 (Biochrom AG, Berlin, Germany) and stored
at −70°C until analysis. Thawed cell pellets were immedi-
ately dissolved in ice cold 1× cell culture lysis reagent
(Promega, Austria), supplemented with protease inhibitors
(1 mM phenylmethylsulfonyl fluoride, Sigma), phosphatase
inhibitor cocktail 1 and 2 (Sigma) and sodium fluoride
(NaF, Merck). The supernatant was collected from all
preparations, and protein concentration was determined by
Bradford assay (Bio-Rad, Austria). Frataxin quantification
was based on an electrochemiluminescence immunoassay
using SULFOTag™ labels as described previously [16].

Erythropoietin, Iron Status and Mitochondrial Function

Serum levels of erythropoietin were measured with EIASON
Erythropoietin Kit (Iason GmbH, Graz, Austria) and iron
status by routine automated laboratory tests. Mitochondrial
functionwas assessed out of freshly isolated PBMCs that were
frozen in liquid nitrogen and stored at −70°C until analysis.
PBMCs were lysed by five repetitive cycles of freezing and
thawing, and extracts were collected by centrifugation at
14,000×g for 10 min. ATP measurements were carried out
with ATP Assay Kit (Calbiochem) based on a luciferase
assay system, which catalyzes the formation of light from
ATP and luciferin. For ATP quantification, a 96-well plate
was used and luminometer was programmed automatically
using instrumentation with injectors. NAD+ and NADH
determination was based on an alcohol dehydrogenase
cycling reaction (EnzyChromTM NAD+/NADH Assay Kit,
Bio Assay Systems, Hayward, CA, USA). Optical density at
565 nm was recorded using a 96-well plate reader as
described by the manufactures. Standard curves were run
concurrently with each experiment and calculation of ATP,
NAD+ and NADH concentrations were assessed on the
standard curve.

Ethics

This study was approved by the Ethics Committee of the
Medical University Innsbruck (approval number: UN
3046_LEK) and is in accordance with the declaration of
Helsinki on ethical principles for medical research involving
human subjects.

Statistical Analysis

Continuous data are shown as median with IQR. Kolmogorov–
Smirnov test was used to assess normal distribution of

erythropoietin concentrations, frataxin levels, NADH/NAD
ratio, ATP and ferritin levels. Due to skewed distribu-
tions of some investigated parameters, non-parametric
tests were used throughout the analyses. Friedman test
was applied to assess overall differences among time
points and dose groups. Wilcoxon test was applied for
post hoc pair wise comparisons. Association between
quantitative variables was assessed using bivariate
Pearson correlation analysis. Two-tailed p values <0.05
were considered statistically significant. All statistical
analyses were performed using SPSS 17.0 statistical
software (Chicago, IL, USA) or GraphPad Prism 5
(GraphPad, San Diego, CA, USA).

Results

Frataxin

Baseline frataxin values were set 100% in each individual
FRDA patient because of GAA repeat length-dependent
variations in frataxin levels (median 4.4 pg/μg protein; IQR
1.7–7.7). Relative frataxin changes were assessed.

Fig. 2 Frataxin levels within the first week after administration of
rhuEPO (a) and individual frataxin levels patient per patient between
baseline and month 3 (b; values shown as median), for technical
reasons the 3-month frataxin value of patient 4 is not available
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Frataxin Changes During the First Week After rhuEPO
Administration

Administration of 5,000 IU rhuEPO revealed a 10% frataxin
increase 12 h after rhuEPO injection (median 110%; IQR 81–
115%). Levels dropped near baseline after 24 h (104%; IQR
85–114%) and remained stable within the first week after
rhuEPO application (p=0.09). The application of 10,000 IU
rhuEPO resulted in a 16% frataxin raise (median 116%; IQR
114–135%) after 12 h. This effect remained over 96 h (range
107–116%; p=0.21) with a maximal frataxin concentration at
72 h (median 116%; IQR 93–120%). Administering
30,000 IU rhuEPO, no increase in short time frataxin
measures was detected (range 84–102%; p=0.98). For further
details, see Fig. 2a.

Monthly Frataxin Measurements

We found a 19% frataxin increase after applying 5,000 IU
rhuEPO (median 119%; IQR 106–254%). Frataxin meas-
urements after 2 months showed a boost up to 263% (IQR
142–417%) as compared to rhuEPO naïve baseline frataxin
levels. Finally, frataxin levels increased to maximal levels
of 310% (IQR 182–480%; p=0.03) after 3 months. For
further details, see Fig. 2b.

Serum Erythropoietin Levels

Maximal serum erythropoietin concentrations were detected
24 h after rhuEPO injection (p<0.001). Levels returned to
normal range (4.3–32.0 mU/ml) within 48 h after injection

Fig. 3 Serum erythropoietin concentrations (a), ferritin levels (b), NADH/NAD ratio (c) and ATP levels (d) after administration of three different
single doses of rhuEPO (values were slightly shifted for graphical reasons and given as median with interquartile range in the corresponding tables)
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of 5,000 IU rhuEPO. Applying 10,000 IU rhuEPO, normal
erythropoietin concentrations were reached after 96 h and
using the 30,000 IU rhuEPO regimen after 7 days, respec-
tively. Serum erythropoietin levels were back to baseline in
all patients and all doses after 1 month. There were no
significant changes in haemoglobin levels (p=0.55). Inter-
ventions due to elevated haemoglobin levels were therefore
not necessary.

The maximum increase of erythropoietin levels varied
significantly within the three doses regimen; 5,000 IU
rhuEPO raised erythropoietin levels from a median baseline
concentration of 8.0 mU/ml (IQR 5.8–13.2) to 37.1 mU/ml
(IQR 29.0–46.5; p=0.04) 24 h after injection. The applica-
tion of 10,000 IU rhuEPO resulted in a 8-fold rise over the
baseline value (11.3 mU/ml; IQR 7.4–15.7 at baseline vs.
88.7 mU/ml; IQR 69.1–119.8 after 24 h; p=0.04), whereas
erythropoietin serum concentrations increased from 8.2mU/ml
(IQR 5.8–15.6) to 465.8 mU/ml (IQR 390.5–501.6; p=0.04)
following injection of 30,000 IU rhuEPO. This accounts for a
57-fold raise compared to baseline values. For further details,
see Fig. 3a.

Iron Metabolism

At study entry, all patients had normal ferritin levels.
RhuEPO application resulted in changes of ferritin levels in
all patients. Application of 5,000 IU rhuEPO decreased
ferritin levels by 6% within 1 week as compared to baseline
(62 μg/l; IQR 24–94 vs. baseline 66 μg/l; IQR 47–161;
p=0.01), and 10,000 IU rhuEPO led to a ferritin decrease
of 60% (35 μg/l; IQR 17–102 vs. baseline 88 μg/l; IQR
42–177; p=0.01) within the first week. Ferritin levels after
applying 30,000 IU rhuEPO dropped by 70% (26 μg/l;
IQR 9–52 vs. baseline 86 μg/l; IQR 18–155; p=0.09). For
further details, see Fig. 3b.

Mitochondrial Function

To assess potential effects of rhuEPO-mediated frataxin
induction and iron mobilisation on mitochondrial function,
we analysed NAD, NADH and ATP levels in PBMC.
Mitochondrial activity can be estimated by determination of
the NADH/NAD ratio and by measurement of ATP [17,
18]. In response to rhuEPO treatment, we found an NADH
elevation in parallel to decreased NAD concentrations.
Accordingly, NADH/NAD ratio, an indicator of citric
acid cycle activity or mitochondrial respiration, increased
within the first week after rhuEPO single doses (p=0.39
for 5,000 IU rhuEPO, p=0.01 for 10,000 IU rhuEPO and
p=0.10 for 30,000 IU rhuEPO). For further details, see
Fig. 3c. There was no obvious dose–escalation effect with
high rhuEPO concentrations. No carry-over effect on the
NADH/NAD ratio for any dose was observed.

ATP levels in PBMC decreased within the first week
after single dose rhuEPO. This was most pronounced in the
30,000 IU rhuEPO dose (p=0.01). The overall trend
demonstrated a reduction of ATP levels in response to
rhuEPO treatment (p<0.001). For further details, see
Fig. 3d. In all FRDA patients, ATP levels were found to
be back to baseline after 1 month.

Clinical Outcome

Clinical scores were assessed at baseline and monthly
thereafter. SARA scores remained stable over the entire
study period (median 16.0 vs. 18.3 at baseline; p=1.00).

Correlation Analysis

Serum erythropoietin concentrations correlated with adminis-
tered rhuEPO doses (p=0.001, r=0.31). Serum iron
concentrations (p=0.01, r=−0.38) and transferrin saturation
(p=0.01, r=−0.37) correlated inversely with rhuEPO dosing.
Mitochondrial markers revealed a correlation between the
NADH/NAD ratio and frataxin levels (p=0.02, r=0.32),
which may be indicative for a stimulation of citric acid cycle
and/or mitochondrial activity in response to rhuEPO. See
Fig. 4.

Discussion

In this single centre pilot trial in FRDA, patients were treated
with escalating rhuEPO single doses in monthly intervals.
Baseline endogenous erythropoietin levels were comparable
in FRDA patients and normals [19]. Maximal rhuEPO

Fig. 4 Frataxin levels in PBMCs and NADH/NAD ratio (a marker
of mitochondrial respiration) revealed a direct correlation (p=0.02,
r=0.32). All NADH/NAD ratio measures that were performed in
parallel to frataxin levels throughout the study are presented in the
graph. The black line represents the linear regression curve fit and
the dotted lines its 75% confidence interval
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concentrations in FRDA patients were found after 24 h,
indicating for identical erythropoietin pharmacokinetics and
half-life in FRDA and healthy human subjects [20, 21].
Moreover, we found a perfect dose–response correlation
between rhuEPO single dose application and the increase in
erythropoietin serum concentrations.

Frataxin measurements, in turn, revealed no significant
short-term changes after rhuEPO single-dose application.
Long-term assessment of frataxin levels showed cumulative
significant frataxin increase. This is in line with findings by
Sacca and co-workers who found a sustained frataxin
upregulation up to 6 months after rhuEPO single-dose
application [22]. In contrast to our earlier studies that
favoured continuous low-dose rhuEPO stimulation [12, 13],
we found a more pronounced frataxin increase using this
single-dose regimen. However, marked upregulation of
frataxin levels did not result in clinical benefit as indicated
by unchanged ataxia scores. Considering the short study
duration, this finding was not unexpected. Neuroprotection
via frataxin upregulation and subsequent slowing of disease
progression is not likely to occur in short time clinical
trials. Moreover, clinical improvement in FRDA as reported
in aforementioned rhuEPO trials might at least in part be
addressed to additional symptomatic rhuEPO effects [13].

RhuEPO induces erythropoiesis and has thus been used
for the treatment of anaemia [23, 24]. As expected, we
observed significant effects of rhuEPO administration on
the iron storage protein ferritin. These observations are in
line with rhuEPO’s well-known iron mobilising effect such
as the stimulation of iron uptake into erythroid progenitor
cells and subsequent induction of erythropoiesis [25–27].
Whether or not rhuEPO may also affect iron mobilisation
from mitochondria and/or alter the expression of mitochon-
drial ferritin in FRDA patients is not known [28, 29]. The
latter is of interest since the induction of mitochondrial
ferritin is owed to exert protective roles in FRDA by
reducing oxidative damage via diminishing size and/or
redistribution of mitochondrial labile iron pools [28]. Such
a notion would go along with our observation of improved
mitochondrial and citric acid activity as measured by an
increase of NADH/NAD ratios after rhuEPO treatment. In
parallel to the increase of the NADH/NAD ratio, we
observed a reduction of ATP levels after rhuEPO treatment.
This finding may indicate for a stimulation of mitochon-
drial respiration and an induction of metabolic pathways
consuming ATP. To elucidate the cause–effect relationship
of these observed interactions between rhuEPO, frataxin,
iron and mitochondrial respiration, cell culture experiments
might be helpful.

In conclusion, we found normal baseline erythropoietin
levels and normal pharmacokinetics in response to rhuEPO
in FRDA patients. Although the sample size of our pilot
study is small, we were able to show that rhuEPO single-

dose treatment is efficacious and safe and results in a
sustained cumulative frataxin upregulation in response to
monthly high-dose rhuEPO injections. Moreover, we
detected rhuEPO-dependent effects on mitochondrial func-
tion and cellular iron content in FRDA patients.
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