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a b s t r a c t

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant disease characterized by
progressive weakness and atrophy of specific skeletal muscles. As growing evidence suggests that
oxidative stress may contribute to FSHD pathology, antioxidants that might modulate or delay oxidative
insults could help in maintaining FSHD muscle function. Our primary objective was to test whether oral
administration of vitamin C, vitamin E, zinc gluconate, and selenomethionine could improve the physical
performance of patients with FSHD. Adult patients with FSHD (n¼53) were enrolled at Montpellier
University Hospital (France) in a randomized, double-blind, placebo-controlled pilot clinical trial.
Patients were randomly assigned to receive 500 mg vitamin C, 400 mg vitamin E, 25 mg zinc gluconate
and 200 μg selenomethionine (n¼26), or matching placebo (n¼27) once a day for 17 weeks. Primary
outcomes were changes in the two-minute walking test (2-MWT), maximal voluntary contraction, and
endurance limit time of the dominant and nondominant quadriceps (MVCQD, MVCQND, TlimQD, and
TlimQND, respectively) after 17 weeks of treatment. Secondary outcomes were changes in the antioxidant
status and oxidative stress markers. Although 2-MWT, MVCQ, and TlimQ were all significantly improved
in the supplemented group at the end of the treatment compared to baseline, only MVCQ and TlimQ

variations were significantly different between groups (MVCQD: P¼0.011; MVCQND: P¼0.004; TlimQD:
P¼0.028; TlimQND: P¼0.011). Similarly, the vitamin C (Po0.001), vitamin E as α-tocopherol (Po0.001),
vitamin C/vitamin E ratio (P¼0.017), vitamin E γ/α ratio (P¼0.022) and lipid peroxides (Po0.001)
variations were significantly different between groups. In conclusion, vitamin E, vitamin C, zinc, and
selenium supplementation has no significant effect on the 2-MWT, but improves MVCQ and TlimQ of both
quadriceps by enhancing the antioxidant defenses and reducing oxidative stress. This trial was registered
at clinicaltrials.gov (number: NCT01596803).
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is the most
common inherited skeletal muscle disease of adult life with a
prevalence of 4/100,000 in Europe (http://www.orpha.net/orpha
com/cahiers/docs/GB/Prevalence_of_rare_diseases_by_alphabetical_
list.pdf). It is characterized by progressive weakness and atrophy of
facial, shoulder girdle, and upper arm muscles [1,2]. Magnetic
resonance imaging also revealed widespread involvement of leg
muscles, particularly of the tibialis anterior and medial gastrocne-
mius [3]. Approximately 10% of all patients and 20% of those older
than 50 years will eventually become wheelchair-dependent for
outdoor activities. The pattern of muscle weakness is often asymme-
trical and the rate and extent of progression may vary considerably
with sudden periods of unexplained rapid disease progression [2,4].

FSHD is an autosomal dominant disease and is genetically linked
to deletions in chromosome 4q35 [5] within an array of D4Z4
repeats. Each D4Z4 repeat unit includes the open reading frame of
double homeobox 4 (DUX4) [6,7], a transcription factor that becomes
derepressed in FSHD skeletal muscle cells. DUX4 controls many genes
involved in the oxidative stress response and myogenesis, potentially
leading to muscle atrophy, differentiation defects, and activation of
germline genes [8–12]. Recently, it was shown that mutations in the
structural maintenance of the chromosomes flexible hinge domain
containing 1 (SMCHD1) gene, which encodes a chromatin modifier of
D4Z4, could act as a disease severity modifier in families affected by
FSHD [13,14]. Despite major progress in the understanding of the
genetic basis of FSHD, the exact mechanisms that lead to FSHD
defects are not completely understood and no curative treatment is
available. However, there is growing evidence that oxidative stress
may contribute to FSHD pathology. The hypothesis that oxidative
stress responses might be specifically altered in FSHD is supported by
the deregulation of enzymes involved in oxidative stress and the
consequent increased susceptibility to oxidative agents observed in
primary FSHD myoblasts [15–19].

Moreover, we recently reported that reduced physical performance
in patients with FSHD is associated with important redox unbalance
and oxidative stress in blood [20]. Specifically, patients had higher
levels of oxidized DNA and significantly more elevated lipid peroxides
levels compared to the control group. The ratio between reduced
(GSH) and oxidized glutathione (GSSG) was also strongly decreased in
all blood samples from patients with FSHD compared to controls.
Although no significant difference was found between FSHD and
control blood samples concerning superoxide dismutase (CuZn-SOD)
and glutathione peroxidase (GSH-Px) levels, patients had significantly
lower levels of zinc (a SOD cofactor), selenium (a GSH-Px cofactor
involved in the elimination of lipid peroxides), and vitamin C. Hence,
we hypothesized that insufficient intake of antioxidant vitamins and
minerals may reduce the body capacity to regulate free radical insults,
leading to a condition known as oxidative stress that could affect
muscle function performance in patients with FSHD. We thus con-
ducted a pilot randomized double-blind placebo-controlled trial to test
whether oral administration of vitamins and minerals could improve
the physical performance (2-minute walking test, maximal voluntary
contraction, and endurance limit time test of quadriceps of patients
with FSHD. Vitamin E (as alpha tocopherol), vitamin C, selenium, and
zinc were chosen for this supplementation due to their physiological
role in antioxidative processes [21].

Materials and methods

Study design and patients

For this randomized double-blind placebo-controlled study, we
recruited adults with FSHD at the Clinical Physiology Department,

Montpellier University Hospital (France), between May 2010 and
April 2012. Inclusion criteria were between four and nine D4Z4
repeat units and positive family history for FSHD; age between 18
and 60 years; no HIV and/or hepatitis. Exclusion criteria included
confinement to a wheelchair, smoking, concomitant comorbidity
(cardiac or pulmonary diseases, diabetes, etc.), or being on medi-
cation (including mineral or vitamin supplement and /or other
antioxidants). The study was approved by the institutional review
board and by ANSM (French Health Products Safety Agency). The
trial objectives, study design, risks, and benefits were explained
and written informed consent was obtained from all participants.

Supplementation

The supplement choice was based on our previous finding [20]
that most patients with FSHD have higher levels of oxidative
damage (specifically higher lipid peroxide and oxidized DNA
levels), significantly lower GSH/GSSG ratio values (as a conse-
quence of GSSG accumulation), and significantly lower concentra-
tions of vitamin C and essential elements (particularly selenium
and zinc) than healthy controls. Vitamin C, the major water-
soluble antioxidant, and vitamin E (a lipid-soluble vitamin found
in cell membranes and circulating lipoproteins) were selected due
to their protective effects against lipid peroxidation in humans
[22–24]. Alpha tocopherol is the vitamin E form that is preferen-
tially absorbed and accumulated in humans [25]. Zinc and sele-
nium were selected because lower than normal selenium and zinc
levels have been detected in most patients with FSHD and to
protect against oxidative stress [20]. The importance of maintain-
ing adequate levels of zinc and selenium is emphasized by studies
indicating that low antioxidant status may be associated with
increased risk of developing various diseases [26–28]. Selenium
was given as selenomethionine because its bioavailability is nearly
twice that of selenium as selenite [29]. Zinc gluconate was used
because it is absorbed more efficiently [30].

Safe dose ranges were determined based on the recommended
dietary allowance (RDA) and the tolerable upper intake levels (UL)
for vitamins E and C and selenium [31]. The daily dose of zinc
gluconate (25 mg zinc gluconate providing 3.5 mg elemental zinc)
was based on the internationally recommended daily intake [32]
and it is below the RDA recommendations, because it is difficult to
determine the level of zinc intake due to the lack of sensitive
indicators of zinc nutritional status in humans.

Randomization and masking

Patients were randomly allocated (1:1) to receive 500 mg
vitamin C, 25 mg zinc gluconate, 200 μg selenomethionine, and
400 mg dl-alpha tocopheryl-acetate per day or matching placebo
(microcrystalline cellulose). Both were given in encapsulated form
(120 capsules per bottle) to ensure that they were indistinguish-
able and both were provided by CRID PHARMA (France), which
was responsible for the quality control of all clinical product
batches. All patients were instructed to take one vitamin C capsule
at breakfast, one zinc capsule 1 h after the vitamin C, one selenium
capsule 3 h after the vitamin C (to avoid interactions between
antioxidants), and one vitamin E (as alpha tocopherol) capsule
after dinner. Pills were taken with food to avoid potential stomach
irritation.

Patients’ randomization was computer generated with per-
muted blocks of four and stratified based on the baseline maximal
voluntary contraction of the dominant quadriceps (MVCQD) (4 or
r5 kg). Individual sealed envelopes containing the treatment
allocation were given to the trial pharmacist to allow disclosing
the treatment group in case of clinical emergency. All personnel
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involved in the study and participants were blind to the treatment
until trial completion.

Procedures

After a screening assessment by telephone interview by the
medical team, participants who met the inclusion criteria were
enrolled and a first visit was scheduled. Participants were seen
four times over 18 weeks: visit 1 (V1: inclusion and clinical
characteristics/muscle function); V2 (week 1: levels of oxidative
stress markers, randomization, and beginning of treatment); V3
(week 17: muscle performance assessment); and V4 (week 18: end
of treatment; levels of oxidative stress markers).

At baseline (V1) and after 16 weeks of supplementation or
placebo treatment (V3), functional muscle tests were carried out
and clinical features and drug use were recorded. At V2 and V4
venous blood and urine samples were collected between 07:30
and 09:00 after an overnight fast of 12 h to assess the levels of
oxidative stress markers. This week interval between muscle
performance testing (at V1 and V3) and blood/urine sample
collection (at V2 and V4) was required to avoid potentially
confounding effects of exercise-induced oxidative stress on the
level of oxidative stress markers. Body-mass index (BMI) was
calculated at V1 and V4. Patients began the treatment 1 day after
V2 for 17 weeks (V4). At V4, patients returned the bottles and
instances of dose violation and the reasons were recorded in the
study database.

Study outcomes

The primary outcomes were changes in the two-minute walk-
ing test (2-MWT), maximal voluntary contraction, and endurance
limit time of the right and left quadriceps (MVCQR, MVCQL, TlimQR,
and TlimQL, respectively) compared to baseline, based on our
previous finding that physical performance (2-MWT, MVCQ, and
TlimQ) is related to oxidative stress [20]. The 2-MWT was carried
out as previously described [20,33,34]. Patients were asked to walk
back and forth around two cones placed in an indoor, straight,
30-m corridor for 2 min. Two tests separated by 20 min were
performed at the maximum walking pace with the goal of cover-
ing as much distance as possible. The longest distance covered
during the two tests was retained. The MVCQ and TlimQ of each
quadriceps (MVCQR and TlimQR for right quadriceps, MVCQL and
TlimQL for left quadriceps) were assessed using an adapted exercise
bench (Kettler, Germany), as previously reported [20,35]. Patients
were in seated position with knees and hips flexed at 901. MVCQ

(in kg) was recorded through a strain gauge linked to a computer
interface (Biopac, Acknowledge, France). Three to five maximal
trials were performed to obtain at least two values with less than
10% variability. The best value was taken as the MVCQ. To assess
TlimQ (in minutes: seconds), subjects had to maximally extend each
knee against a weight that corresponded to 30% of the MVCQ at a
pace of 10 movements per minute, imposed by an audio signal,
until exhaustion. The leg with the highest MVCQ was considered
the dominant leg and was called MVCQD and the corresponding
endurance was called TlimQD for the dominant leg, MVCQND and
TlimQND for the nondominant leg.

Secondary outcomes (assessed at V2 and V4) were changes in
the antioxidant status and oxidative stress markers. Vitamin C,
vitamin E (as alpha tocopherol), plasma levels of copper, zinc, and
selenium, GSH and GSSG, glutathione peroxidase activity (GSH-
Px), superoxide dismutase (CuZn-SOD), and markers of lipid
peroxidation [lipid peroxides and antibodies (IgG) against oxidized
LDL (Ab-Ox-LDL) were measured in venous blood samples. Each
parameter was routinely determined at Liege University Hospital,
Belgium, as previously described [20]. The detection of urinary

15-F2t-isoprostane (a specific marker of lipid peroxidation) was
performed by liquid chromatography–mass spectrometry (LC-MS)
at Advanced Technology Corporation (ATC, Liège, Belgium);
8-hydroxyguanosine (8-OH-dG, a marker of DNA oxidation) and
15-F2t-isoprostane levels were normalized to creatinine levels
in the urine (8-OHdG ELISA Kit, Japan Institute for the Control of
Aging, Fukuroi, Shizuoka) [36].

Statistical analysis

The sample size was calculated based on the change of 2-MWT
values because the distribution of MVCQ and TlimQ was not
Gaussian. According to our previous study based on a sample of
17 patients with FSHD and using as primary endpoint the 2-MWT
values (mean: 117 m, SD: 42 m) with an expected difference of
30 m between groups, the number of subjects required per group
was estimated at 25, with a one-sided alpha risk of 5% and a power
of 80%. As the expected dropout rate was 5%, the final sample size
was of 27 patients per group.

The clinical characteristics were described using frequency and
proportions for categorical variables. The distribution of contin-
uous variables was assessed (Shapiro-Wilk test). The mean and
standard deviation (SD) or the median and interquartile ranges
(IQR 25–75%) were reported for quantitative variables. A linear
mixed model for repeated measures was used to examine the
effect of supplementation on muscle performance at V3. Time and
treatment group and group � time interactions were modeled as
fixed effects with functional measures as dependent variables. The
group � time interaction was tested to evaluate the difference
between groups in muscle performance variations at V3 compared
to V1. Group and time interactions were also reported separately
for each group (within-group variations). The secondary outcomes
were analyzed in the same way.

Correlations between variables at baseline and at the end of the
study period within each group were fitted by using the Spearman
rank sum test, because linearity could not be assumed for all
correlations. Values were considered statistically significant at
Po0.05. Statistical analyses were performed by intention to treat,
using SAS version 11 (SAS Institute, Cary, North Carolina). This
study was registered at Clinical Trials.gov, number NCT01596803.
The name of this trial was Effects of Antioxidant Supplementation
on Muscular Function in Patients with Facioscapulohumeral Dys-
trophy (FSHD).

Results

Overall, 145 patients with FSHD were screened by phone and
54 met the inclusion criteria and were assessed for eligibility
(Fig. 1). One patient was excluded before starting the treatment.
The remaining 53 patients were randomly assigned to antioxidant
supplementation (supplemented group, n¼26) or placebo (pla-
cebo group, n¼27). Patients who completed the study had a
medication adherence higher than 95% (96% in the supplemented
group and 100% in the placebo group). Side effects were neither
observed nor reported throughout the trial.

Baseline characteristics

Primary outcomes
Age and sex distributions were similar between groups (Table 1).

Conversely, BMI was higher in the supplemented than in the placebo
group, but did not change during the study. Moreover, in many
patients with FSHD, the anterior tibial and peroneal muscles are
often affected before more proximal muscles, leading to steppage
gait [37]. This condition was more frequent in the supplemented
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group (50%: 13/26) than in the placebo group (22%: 6/27). Some
patients could not perform all muscle function tests at V1 and V3
(Table 2). Specifically, maximal voluntary contraction of dominant
(MVCQD) and nondominant (MVCQND) quadriceps could be mea-
sured in 24/25 patients in the supplemented group, whereas in the
placebo group, MVCQND was measured in 26/27 patients. The main
reason was the inability to maintain isometric contraction for 3 s,
resulting in a swing curve that made it impossible to read a correct
MVCQ value. Only 19/25 patients in the supplemented group and 17/
27 patients of the placebo group performed the dominant quad-
riceps endurance limit time test (TlimQD), while 18/25 and 16/27
patients, respectively, did the nondominant quadriceps endurance
limit time test (TlimQND). The main reasons were the inability to rise
up to 30% of the MVCQ, or to maintain the pace of 10 movements
per minute.

At baseline (V1) the 2-MWT values were similar between groups
(Table 2). Conversely the baseline MVCQ and TlimQ values of the
dominant and nondominant legs were higher in the supplemented
than in the placebo group (Table 2), despite the use of MVCQD–
based stratified randomization to minimize the FSHD population
heterogeneity. One possible explanation of these differences may be
that the stratification based on MVCQ values 4 or r5 kg was too
large. Indeed, the between-group difference in baseline MVCQD and
MVCQND values was maintained when considering only patients
with MVCQD r5 kg [MVCQD: median values (IQR) 1.70 (0.50) for
supplemented group (n¼5) vs 3.60 (2.00) for placebo group (n¼9);
MVCQND: median values (IQR) 1.40 (0.30) for the supplemented
group (n¼5) vs 2.80 (2.30) for the placebo group (n¼9)] or only
patients with MVCQD 45 kg [MVCQD: median values (IQR) 16.90
(6.60) for the supplemented group (n¼19) vs 15.20 (14.70) for the
placebo group (n¼18); MVCQND: median values (IQR) 14.50 (9.50)

for the supplemented group (n¼19) vs 10.30 (13.60) for the placebo
group (n¼17)]. Similarly, the between-group differences in baseline
TlimQD and TlimQND values were also maintained when only patients
with MVCQD45 kg were considered [TlimQD: median values (IQR)
15.03 (12.51) for the supplemented group (n¼18) vs 7.50 (5.54) for
placebo group (n¼16); TlimQND: median values (IQR) 10.30 (11.02)
for the supplemented group (n¼17) vs 6.20 (4.27) for the placebo
group (n¼15)]. Only one patient with MVCQDr5 kg in each
subgroup could perform the TlimQ tests.

Secondary outcomes
At baseline, the mean values of most antioxidant and oxidative

stress markers in all study patients were within the reference
intervals obtained in a large healthy population [38–40] (Table 3).
However, the mean values for the vitamin C/vitamin E ratio and
vitamin E γ/α ratio were below the lower limit of the reference
intervals and the mean plasma levels of vitamin C and zinc were
close to the lower limit of the respective reference intervals.
Finally, the mean values of the Cu/Zn and GSH/GSSG ratios and
the mean plasma levels of lipid peroxides, oxidized DNA, and GSSG
were above the upper limit of their reference intervals.

Moreover, higher mean copper (but not zinc) levels and higher
mean Cu/Zn ratio and lipid peroxide levels (both above the upper
limit of the reference ranges) were observed in women than in men,
within the supplemented group at baseline (mean 7SD values;
women (n¼11) 1.40470.492, 1.88970.705, 1066.187587.810,
respectively, vs men (n¼15) 0.81370.105, 0.99670.105, 299.477
130.65, respectively).

After 17 weeks of supplementation

Primary outcomes
At V3, the exercise capacity, based on the 2-MWT, was signifi-

cantly increased only in the supplemented group compared to
baseline (Table 4 and Fig. 2). However, no significant between-
group difference was observed. This difference remained not
significant (P¼0.157; with a power of 23%) even when the supple-
mentation effect on the 2-MWT score was assessed only in patients
without steppage gait (34/53 patients). Similarly, the MVCQ and
TlimQ values of the dominant and nondominant leg at V3 were
significantly increased compared to baseline and in this case the
between-group difference was significant (Table 4 and Fig. 2).

Similar to baseline, positive and significant correlations were
observed between the 2-MWT values and both MVCQD and MVCQND

Fig. 1. Enrollment, randomization, and study population.

Table 1
Patients’ characteristics at baseline.

Supplemented group (n¼26) Placebo group (n¼27)

Age (y) 42.38710.16 37.6379.27
Sex

Male 15 (57.69) 13 (48.15)
Female 11 (42.31) 14 (51.85)

Steppage gait
Yes 13 (50.00) 6 (22.22)
No 13 (50.00) 21 (77.78)

BMI (kg/m2) 24.7374.16 22.6073.47

Data are mean 7SD or n (%).
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values and between MVCQD and MVCQND values at V3 (Po0.001).
No significant correlation was found between TlimQD and TlimQND or
between TimQ and MVCQ values (Table 5).

Moreover, if only women were considered, no significant
difference in the 2-MWT and MVCQ (dominant and nondominant
leg) values was found in both supplemented and placebo groups
between the baseline and the end of treatment (P¼0.366,
P¼0.303, P¼0.570, respectively) (in preparation).

Secondary outcomes
At the end of the treatment period, between-group differences

were found also for some secondary outcome measures (Table 3).
Plasma vitamin C and vitamin E (α-tocopherol) levels and vitamin
E (as α-tocopherol) levels normalized to those of the reference
lipid cholesterol (α-tocopherol/cholesterol [41] were significantly
increased at V4 compared to baseline only in the supplemented
group (Po0.001, Po0.001, Po0.001, respectively) and the varia-
tions of these variables between V2 and V4 differed significantly
between groups (Po0.001, Po0.001, Po0.001, respectively). The
VitC/VitE ratio was significantly reduced compared to baseline
only in the supplemented group (P¼0.002) and the variation
differed significantly between groups (P¼0.017). Similarly, the γ/
α-tocopherol ratio, which is a sensitive index of α-tocopherol
ingestion [42], was significantly reduced compared to baseline in
the supplemented group (Po0.001) and its variation was signifi-
cantly different between groups (P¼0.022). While the plasma
concentrations of copper and zinc remained unchanged in the
supplemented and placebo groups, the copper/zinc (Cu/Zn) ratio
was significantly decreased only in the supplemented group
(P¼0.003) compared to baseline and the between-group differ-
ence was significant (P¼0.031). The plasma level of selenium was
unchanged in both groups. Whole blood CuZn-SOD and GSH-Px
activities were significantly increased in both groups (supplemen-
ted group, Po0.001 and P¼0.002, respectively; and placebo
group, Po0.001, P¼0.013, respectively) and the between-group
difference was not significant. The GSH /GSSG ratio and GSH levels
were decreased significantly in both groups (supplemented group,
P¼0.004 and P¼0.029, respectively; placebo group, P¼0.017 and
P¼0.027, respectively); however, the whole blood GSSG level was
significantly increased (P¼0.005) in comparison to baseline only
in the placebo group. No between-group difference for whole
blood GSH, GSSG, and GSH/GSSG was observed. The plasma and
urinary levels of most oxidative stress markers were significantly
reduced only in the supplemented group at the end of treatment
in comparison to baseline (Ab-Ox-LDL, P¼0.018; oxidized DNA,
P¼0.038; urinary 15-F2t-isoprostane and 15-F2t-isoprostane/crea-
tinine, P¼0.005 and P¼0.007, respectively), but the between-
group difference was not significant. Finally, the lipid peroxide
plasma level was significantly decreased only in the supplemented
group (Po0.001) and the between-group difference was signifi-
cant (Po0.001).

Analysis of the correlation between the increase in physical
performance variables after antioxidant treatment and the baseline

variables (physical performance and antioxidant status and oxida-
tive stress markers) showed that, among the physical performance
variables, only the change in TlimQD in the supplemented group was
correlated with the baseline values of physical performance vari-
ables. The increase in TlimQD after antioxidant treatment in the
supplemented group was significantly and negatively correlated
with baseline TlimQD (r¼�0.547; P¼0.015). Moreover, the increase
in 2-MWT after antioxidant treatment was negatively correlated
with baseline Ab-Ox-LDL level (r¼�0.460; P¼0.021), while the
change in MVCQD was negatively correlated with baseline Cu/Zn
ratio and lipid peroxides (r¼�0.466; P¼0.022; r¼-0.484; P¼0.016,
respectively). No correlation between the change in MVCQND and
oxidative stress markers was found. Finally, the increase in TlimQND

at the end of treatment was negatively correlated with the baseline
VitC/VitE ratio and vitamin C concentration in the supplemented
group (r¼-0.495; P¼0.043; r¼-0.662; P¼0.004, respectively).

Correlations between variables in all study patients at baseline and in
the supplemented group at the end of treatment

Analysis of the correlations between primary and secondary
outcome variables in all patients at baseline and in the supple-
mented group at the end of treatment (Table 5) showed that the
significant positive correlation between 2-MWT and GSH level and
the negative correlation between MVCQD and Cu/Zn ratio in all
study patients were maintained and even became more robust in
the supplemented group at the end of treatment (2-MWT and GSH
level correlation: r¼0.311, P¼0.026 at baseline; r¼0.625, P¼0.001
at the end of the study; MVCQD and Cu/Zn ratio correlation: r¼
-0.353, P¼0.010 at baseline, r¼-0.627, P¼0.001; at the end of the
study). Also, the positive correlation between MVCQND and CuZn-
SOD activity observed in all patients at baseline was also found in
the supplemented group at the end of treatment. The significant
positive correlations between MVCQ of dominant and nondomi-
nant legs and GSH were observed only in the supplemented group
at the end of treatment. Moreover, the positive correlation
between TlimQND and urinary 15-F2t-isoprostane level at baseline
(all patients) was found negative at the end of treatment (supple-
mented group). Finally, no correlation between TlimQD and anti-
oxidant status or oxidative stress markers could be found both at
baseline (all patients) and at the end of treatment (supplemented
group).

Analysis of the correlations between oxidative stress markers
(Table 5) showed that the negative correlation between GSSG level
and GSH/GSSG ratio in all patients was maintained in the supple-
mented group at the end of treatment. Conversely, the significant
positive correlation between GSH level and GSH/GSSG ratio and
the significant negative correlation between baseline GSH and
GSSG level in all patients were not found in the supplemented
group at the end of treatment. Additionally, vitamin E concentra-
tion was significantly and negatively correlated with GSSG level
and oxidized DNA concentration and positively correlated with
the GSH/GSSG ratio only in the supplemented group at the end of
the study. The significant negative correlation between vitamin E

Table 2
Primary outcomes at baseline.

Supplemented group Placebo group

n Mean7SD Median (IQR) n Mean7SD Median (IQR)

2-MWT (m) 25 162.44761.27 159.00 (103.00) 27 175.96765.51 189.50 (91.00)
MVC QD (kg) 24 15.0179.99 13.60 (15.50) 27 14.31712.74 10.60 (14.00)
MVC QND (kg) 24 12.5579.77 11.70 (11.30) 26 11.82711.68 9.25 (10.10)
Tlim QD (MM:SS) 19 13:1376:56 12:48 (14:07) 17 8:3074:42 8:20 (6:15)
Tlim QND (MM:SS) 18 12:0475:59 10:10 (12:17) 16 6:5474:17 6:12 (3:51)
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Table 3
Secondary outcomes.

All study patients
(n¼52)

Supplemented group (n¼25) Placebo group (n¼27)

Baseline Baseline Week 17 Within-group
variation (Week
17–Baseline)

Within-
group
evolution

Baseline Week 17 Within-group
variation (Week
17–Baseline)

Within-
group
evolution

Between group
evolution
(Group � Time)

P value P value P value

Vitamin E α (μg/mL) [8.60–19.24] 12.1473.24 12.1973.00 24.7676.84 12.4075.13 o0.001 12.1073.52 11.7372.83 �0.3172.44 0.667 o0.001
Vitamin E γ (μg/mL) [0.39–2.42] 0.5570.31 0.4870.26 0.4170.19 �0.0570.31 0.429 0.6470.35 0.6070.34 �0.0370.47 0.579 0.855
Vitamin E α /cholesterol (mg/g)
4.4–7

6.2771.14 6.3571.22 12.3373.24 5.9572.78 o0.001 6.1971.07 6.1971.05 0.0170.91 0.997 o0.001

Vitamin C / vitamin E [1–1.1] 0.8270.35 0.8170.37 0.6070.22 �0.2370.32 0.002 0.8370.34 0.8570.40 0.0170.35 0.807 0.017
Selenium (μg/L) [94–130] 103.86720.84 102.88711.74 101.70719.10 �1.45717.83 0.737 104.84727.31 98.86715.76 �1.77718.81 0.328 0.654
Lipid peroxide (μmol/L) [o432] 585.067463.90 623.857544.97 446.257364.76 �134.507192.15 o0.001 546.277372.68 613.267443.38 38.087153.17 0.243 o0.001
Oxidized DNA (μg/L) [0–16] 21.77711.62 23.70714.23 19.1977.65 �4.37711.30 0.038 19.9978.49 17.7178.92 �2.0278.92 0.285 0.432
Oxidized DNA/creatinine (μg/g)
[0–20]

15.9777.79 15.3778.31 14.7175.46 �0.1876.33 0.775 16.5277.40 15.1477.24 �1.6276.35 0.231 0.530

15-F2t-isoprostane (pg/mL) ND 733.367586.16 862.647691.95 338.757315.25 �520.007830.20 0.005 604.097435.57 329.297371.41 �356.927641.97 0.168 0.305
15-F2t-isoprostane/creatinine
(10�7) ND

5,4474.30 5.8874.86 2.3672.35 �3.4275.43 0.007 4.9973.69 3.0073.37 �2.6175.12 0.130 0.408

Vitamin E γ/α [0.055–0.68] 0,0470,02 0,0470,02 0,0170,006 �0.0270.01 o0.001 0.05470.028 0.0570.02 �0.002370.035 0.599 0.022
Vitamin C (μg/mL) [F: 8.6–18.8;
M:6.21–15.18]

9.2273.04 9.1673.37 13.8873.89 4.4674.01 o0.001 9.2872.75 9.4973.72 0.1773.80 0.794 o0.001

Copper (mg/L) [F: 0.80–1.55; M:
0.7–1.4]

1.0570.37 1.0670.43 0.9870.37 �0.0370.18 0.264 1.0370.29 1.0970.39 0.0270.17 0.380 0.160

Zinc (mg/L) [0.70–1.20] 0.7970.13 0.7970.12 0.8370.15 0.0470.13 0.152 0.8070.14 0.7970.09 �0.00170.16 0.843 0.244
Copper/zinc [1–1.17] 1.3570.55 1.3770.63 1.1970.43 �0.1170.18 0.003 1.3370.47 1.3970.52 �0.00270.184 0.974 0.031
GSH tot (μmol/L) [717–1110] 857.887177.81 844.197185.59 774.217149.18 �79.217222.20 0.048 871.587172.22 804.747148.35 �67.047129.24 0.062 0.893
GSH (μmol/L) [715–1090] 846.987181.08 830.347192.69 752.697144.57 �85.987219.35 0.029 863.617170.83 784.157151.61 �80.067131.30 0.027 0.977
GSSG (μmol/L) [0.96–10] o4.85 5.4479.37 6.9179.88 10.75712.62 3.39710.08 0.121 3.9778.78 10.27713.84 6.49712.44 0.005 0.384
GSH/GSSG [111–747] 810.517738.22 798.017849.04 434.927560.62 �349.357614.70 0.004 823.027624.92 532.027579.90 �276.397559.12 0.017 0.662
GSH-Px (UI/g Hb) ND 46.75711.06 45.9879.74 57.71717.05 11.00717.17 0.002 47.55712.45 56.91719.40 8.43718.68 0.013 0.333
CuZnSOD (UI/g Hb ND 1835.807634.31 1796.657604.04 2573.077274.69 607.857734.08 o0.001 1885.837618.36 2542.407279.84 712.647793.64 o0.001 0.611
Ab-Ox-LDL (UI/L) [200–600] 482.447391.82 483.967374.86 329.217373.46 �112.637282.80 0.018 480.927415.53 449.857397.18 �17.387195.39 0.675 0.147

Data are mean7SD.
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concentration and VitC/VitE ratio and the positive correlation
between vitamin C concentration and VitC/VitE ratio in all patients
were maintained in the supplemented group at V4. Moreover, the
oxidized DNA level was negatively correlated with GSH level and
GSH/GSSG ratio and positively correlated with CuZn-SOD activity
in all patients at baseline, but not in the supplemented group at the
end of treatment. CuZn-SOD activity was significantly and nega-
tively correlated with GSH, GSH/GSSG, and Ab-Ox-LDL and 15-F2t-
isoprostanes and positively correlated with GSSG in all patients, but
not in the supplemented group at the end of treatment. Similarly,
the significant positive correlation between baseline 15-F2t-isopros-
tanes and GSH levels (P¼0.011) was not found in the supplemented
group at the end of treatment. Conversely, the significant positive
correlation between lipid peroxides and Cu/Zn ratio in all patients
was maintained also in the supplemented group at the end of
treatment. Finally, lipid peroxide levels were significantly and
positively correlated with GSH-Px activity and vitamin C concentra-
tion only in the supplemented group at V4.

Discussion

The results of this randomized double-blind placebo-controlled
trial show that supplementation with vitamin C, vitamin E (as
alpha tocopherol), zinc gluconate, and selenomethionine in
patients with FSHD significantly improves the maximal voluntary
contraction and endurance of both quadriceps by enhancing the
antioxidant defenses and reducing oxidative stress.

Effect of supplementation on functional parameters

At the end of the trial, the 2-MWT score was significantly
improved only in the supplemented group compared to baseline,
but without significant between-group differences. We chose the
2-MWT as primary outcome and powered our trial in accordance
with the predicted changes in 2-MWT based on preliminary
findings in 17 homogeneous patients with FSHD. One possible
explanation of the absence of significant between-group differ-
ences is that the 2-MWT is not appropriate for the heterogeneous
population of this study. Indeed, the number of patients with a
steppage gait, which increases the risk of falling, was higher in
the supplemented than in the placebo group. However, analysis of
the effect of supplementation on the 2-MWT score only in the
subgroup of patients without steppage gait did not change the
result, although we cannot exclude lack of statistical power to
detect between-group differences in this smaller subpopulation.

MVCQ and TlimQ were also significantly increased only in the
supplemented group at the end of the treatment period and in this

case the between-group difference was significant. Positive corre-
lations between 2-MWT and both MVCQD and MVCQND as well as
between MVCQD and MVCQND were observed in all patients at
baseline and in the supplemented group at the end of treatment.
Conversely, the association between TlimQD and TlimQND values at
baseline in all patients was lost in the supplemented group at the
end of treatment.

The positive correlation between 2-MWT and GSH level and
the negative correlation between MVCQD and Cu/Zn ratio were
more robust in the supplemented group at the end of treatment
than in all patients at baseline. In addition, at the end of treatment
(but not at baseline) significant positive correlations between the
MVCQ values of both legs and GSH level were observed in the
supplemented group.

Additionally, our data suggest also that the supplementation
effect on physical performance variables may differ, depending
primarily on the baseline levels of antioxidant status and oxidative
stress markers. Indeed, the greatest increase in 2-MWT after
antioxidant treatment was associated with the lowest baseline
level of Ab-Ox-LDL and the greatest increase in MVCQD was
associated with the lowest baseline Cu/Zn ratio and lipid peroxide
levels. Finally, the greatest increase in TlimQD after antioxidant
treatment was correlated with the lowest baseline VitC/VitE ratio
and vitamin C concentration.

Oxidative stress in all patients and placebo group

Our data show that high levels of oxidative stress markers and
low antioxidant concentrations are associated with muscular
dysfunction in all patients at baseline, consistent with our pre-
vious study [20]. The finding that the mean baseline levels of
oxidized DNA and Ab-Ox-LDL in all patients were above the upper
limit of the reference ranges suggests that alterations in CuZn-SOD
activity may lead to inadequate levels of antioxidant defenses. The
analysis of the correlations between oxidative stress makers
highlighted a positive correlation between CuZn-SOD activity
and oxidized DNA level. This finding, together with the absence
of correlation between CuZn-SOD and GSH-Px activities in all
patients, raises the possibility that high CuZn-SOD activity, with-
out a concomitant high GSH-Px activity, could exacerbate oxida-
tive stress that may be involved in the FSHD muscle dysfunction.
However, it is not known exactly whether high CuZn-SOD activity
leads to increase of H2O2 [43,44] or of other hydroperoxides [45].
SOD is a key antioxidant enzyme due to its antitoxic effect against
superoxide anion, but it also transforms O2 into inorganic hydro-
gen peroxide (H2O2), which will then be reduced by catalase and
GSH-Px. Therefore, two toxic species, O2

� and H2O2, are converted
into harmless water. The significant negative correlations between

Table 4
Between-group differences (Week 17–Baseline) of the primary outcome measures.

Supplemented group Placebo group

n Baseline Week 17 Within-group
variation
(Week 17–
Baseline)

P Within-
supplemented
group
evolution

n Baseline Week 17 Within-group
variation (Week
17–Baseline)

P
Within-
placebo
group
evolution

P value of
between
group
evolution
(Group �
Time)

2-MWT (m) 25 162.44761.27 170.80761.78 8.36714.14 o0.001 27 175.96765.51 180.23768.14 4.2778.16 0.064 0.208
MVC QD (kg) 24 15.0179.99 16.16710.72 1.1571.69 o0.001 27 14.31712.74 14.33713.037 0.0271.35 0.939 0.011
MVC QND (kg) 24 12.5579.77 13.8579.70 1.3072.39 0.002 26 11.82711.68 11.52711.93 �0.3071.30 0.418 0.004
Tlim QD (MM:SS) 19 13:1376:56 16:0576:19 02:52703:47 0.005 17 8:3074:42 8:1275:03 �00:18704:28 0.770 0.028
Tlim QND (MM:SS) 18 12:0475:59 14:5175:41 02:48704:05 0.001 16 6:5474:17 6:3574:26 �00:20702:16 0.701 0.011

Data are mean 7SD.
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GSH level and CuZn-SOD activity or oxidized DNA level as well as
the significant positive correlations between CuZn-SOD activity
and GSSG level and between GSH level and GSH/GSSG ratio in all
patients at baseline suggest the protective role of GSH against
reactive species [46].

In the placebo group there was a significant increase in CuZn-
SOD activity that was associated with a significant increase in

GSSG levels and a significant decrease in GSH levels (although still
within the reference range) at the end of treatment. Consistent
with the GSSG increase, the GSH/GSSG ratio, used as an index of
intracellular oxidative stress [47], was reduced. GSH plays a key
role in cell resistance to oxidative damage as a free-radical
scavenger and protein-bound glutathione and by regeneration of
ascorbate or tocopherol in erythrocytes [48]. Increased CuZnSOD

Fig. 2. Box-and-whisker plots for (A) two-minute walking test (2-MWT), (B,C) maximal voluntary contraction (MVC) and (D,E) endurance limit time (Tlim), of dominant (QD)
and nondominant (QND) quadriceps at baseline and at week 17 of treatment in the placebo and supplemented groups. The boxes represent the 25th to 75th percentiles and
the horizontal line within each box shows the median value. The whiskers represent the lowest and highest value in the 25th percentile minus 1.5 interquartile range (IQR)
and in the 75th percentile plus 1.5 IQR, respectively. Empty circles indicate outliers. The within-group variation (between baseline and week 17) P values are shown in each
plot and PΔ (above the plots) indicates the between-group variation (between baseline and week 17) P value. NS, no significant difference.
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in erythrocytes may be due to a compensatory adaptive response
to oxidative stress. The significant negative correlation between
CuZnSOD activity and GSH level implies the free radical scavenger
of GSH. However, no change in oxidized DNA levels, which were
above the reference range, was observed in the placebo group
between baseline and end of treatment. No correlation between
vitamin E and oxidative stress variables was found in all patients
at baseline, suggesting that the vitamin E level, although within
the reference range, was not adequate to counteract DNA damage.
Moreover, the finding that the vitamin C mean value in all patients
was in the lower limit of the reference range suggests that vitamin
C could not have efficiently complemented and potentiated the
antioxidant activity of vitamin E [49,50], to ensure maximum
protection against oxidative damages. GSH-Px activity in erythro-
cytes was also increased in the placebo group, possibly as a
compensatory adaptive response to oxidative stress. Indeed, the
GSH-dependent defense system plays an important role against
oxidative damage in cells. As GSH-Px requires GSH as a cofactor to
exert its function, the decreased GSH levels could have limited
GSH-Px activity [51]. Surprisingly, urinary 15-F2t-isoprostane,
which is produced through free radical-mediated peroxidation of
arachidonic acid usually under conditions of increased oxidative
stress in animal and human models [52–54], was positively
correlated with GSH level in all patients. However, GSH promotes
prostaglandin H synthase (cyclooxygenase)-dependent formation

of F2-isoprostanes [55]. In the placebo group, the decrease in 15-
F2t-isoprostane levels at V4 could be explained by the reduced
GSH levels at the end of treatment. Thus, as previously proposed,
15-F2t-isoprostane level may not be a good biomarker of oxidative
stress in some conditions [55].

Effect of supplementation on oxidative stress markers

Our data suggest that vitamin C, vitamin E (as alpha toco-
pherol), selenium, and zinc supplementation for 17 weeks may
contribute to minimize the adverse effects of oxidative damage
(particularly in lipid peroxides) and free radical generation and
promote GSH antioxidant activity. Therefore, the modulation of
GSH-Px and CuZn-SOD activities on supplementation might reflect
the decrease in oxidative stress.

A significant decrease in oxidized DNA and Ab-Ox-LDL levels
was observed between baseline and end of treatment only in the
supplemented group, but the between-group difference was not
significant. Moreover, after 17 weeks of treatment, blood lipid
peroxides were decreased only in the supplemented group and
the between-groups difference was significant. The method we
used to quantify lipid peroxidation measures various aldehydes
from lipid hydroperoxides. Unlike reactive free radicals, aldehydes
are rather long-lived and can, therefore, diffuse and reach distant
targets. The significant decrease in the Cu/Zn ratio suggests an effect
of zinc administration, although zinc concentration was relatively
unchanged at the end of the treatment compared to baseline. Blood
zinc levels do not necessarily reflect the intracellular zinc status due
to tight homeostatic control mechanisms [56]. The decrease in the
Cu/Zn ratio suggests the protective effect of zinc administration on
the cooper-induced lipid peroxides [57]. However, the significant
positive correlation between Cu/Zn ratio and lipid peroxides in all
patients at baseline was maintained also at the end of treatment in
the supplemented group. This may be explained by the fact that
higher mean copper (but not zinc) levels and significant higher
mean Cu/Zn ratios and lipid peroxide levels (both above the upper
limit of the reference ranges) were observed inwomen (n¼11) than
in men (n¼15), within the supplemented group at baseline. More-
over, if only women were considered, no significant difference in
the 2-MWT and MVCQ (dominant and nondominant leg) values was
found in both supplemented and placebo groups between the
baseline and the end of treatment, suggesting that in women with
high levels of copper and high Cu/Zn ratio, supplementation does
not have any significant effect on 2-MWT and MVCQ (in prepara-
tion). Together, our data suggest that the Cu/Zn ratio and copper
level are more important than the level of zinc alone. The positive
correlation between vitamin C and lipid peroxides at the end of
treatment could be related to the prooxidant effect of vitamin C
[58]. The higher GSH-Px activity in the supplemented group
compared to controls suggests that the selenium concentration
was sufficient to allow for the increase in GSH-Px activity [59].
Moreover, the lack of changes in selenium blood level (a marker of
short-term changes in selenium concentration) and the increased
blood GSH-Px activity between the baseline and the end of treat-
ment in the supplemented group may reflect a mobilization of
selenium into organs [60]. The significant positive correlation
between GSH-Px activity and lipid peroxides in the supplemented
group at the end of the treatment, but not in all patients at baseline,
could suggest an adaptive response to the increased production of
lipid peroxides. Moreover, the vitamin E concentration was signifi-
cantly and negatively correlated with GSSG level and oxidized DNA
concentration and also positively correlated with GSH/GSSG ratio in
the supplemented group at the end of the treatment, possibly
indicating a strong antioxidant effect of vitamin E. However, such
correlations were not observed for vitamin C, suggesting that
optimal antioxidant protection requires synchronously optimized

Table 5
Correlations among antioxidants, oxidative stress markers, and physical perfor-
mance parameters in all study patients at baseline and in supplemented group at
the end of the treatment.

All study patients
at baseline

Supplemented group at
the end of treatment

r P r P

2-MWT – MVC QD 0.725 o0.001 0.793 o0.001
2-MWT – MVC QND 0.732 o0.001 0.801 o0.001
MVC QD – MVC QND 0.935 o0.001 0.910 o0.001
Tlim QD – Tlim QND 0.584 o0.001 0.252 0.311
2-MWT – GSH 0.311 0.026 0.625 0.002
2-MWT –15-F2t-isoprostane 0.353 0.020 �0.221 0.411
MVCQD – copper/zinc �0.353 0.010 �0.627 0.001
MVCQND – copper/zinc �0.264 0.064 �0.444 0.033
MVCQD – CuZn SOD 0.301 0.055 0.389 0.151
MVCQND – CuZn SOD 0.311 0.050 0.225 0.420
MVCQD – GSH 0.122 0.387 0,463 0.026
MVCQND – GSH 0.185 0.210 0,549 0.006
Tlim QND –15-F2t-isoprostane 0.425 0.022 �0.609 0.047
GSSG – GSH/GSSG �0.979 o0.001 �0.977 o0.001
GSH – GSH/GSSG 0.551 o0.001 0.329 0.115
GSH - GSSG �0.405 0.003 �0.213 0.316
VitE-GSSG �0.210 0.135 �0.409 0.047
VitE-GSH/GSSG 0.219 0.118 0,42 0.041
VitE-oxidized DNA 0.036 0.804 �0,573 0.034
VitE – VitC/VitE �0.690 o0.001 �0.730 o0.001
VitC – VitC/VitE 0.868 o0.001 0.644 o0.001
VitE – VitC �0.303 0.030 �0.011 0.958
Oxidized DNA – GSH �0.345 0.014 �0.200 0.346
Oxidized DNA – CuZnSOD 0.319 0.048 0.378 0.164
Lipid peroxides-GSH-Px 0.007 0.958 0.458 0.024
Lipid peroxides-VitC 0.146 0.026 0,424 0.039
Lipid peroxide – copper/zinc 0.755 o0.001 0.882 o0.001
CuZnSOD – GSH �0.370 0.017 0.285 0.301
CuZnSOD – GSH/GSSG �0.518 o0.001 �0.310 0.259
CuZnSOD – Ab-Ox-LDL �0.444 0.004 0.107 0.703
CuZnSOD – 15-F2t-isoprostane �0.341 0.045 0.329 0.296
CuZnSOD – GSSG 0.498 o0.001 0.421 0.117
15-F2t-isoprostane – GSH 0.385 0.011 �0.459 0.074

Spearman's rank correlation coefficient, r. In gray correlations among antioxidants,
oxidative stress markers, and physical performance parameters in all patients
maintained in supplemented group at the end of treatment.
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vitamin C and E dosage. Finally, urinary 15-F2t-isoprostane levels
were significantly reduced in the supplemented group at the end of
treatment in comparison to baseline, suggesting the protective
effect of the supplementation against lipid peroxidation.

The rationale for this study was based on growing evidence
pointing to a crucial role of free radical-mediated injury in the
pathogenesis of patients with FSHD [18–20,61–64]. Our data show
that oxidative stress and inadequate levels of antioxidant markers
may be associated with muscular dysfunction, consistent with our
previous study [20]. Moreover, they suggest that the imbalance
between free radical generation and scavenging could exacerbate
oxidative stress in FSHD. It is known that low GSH-Px activity can
increase the susceptibility to lipid peroxidation damage [65,66].
GSH-Px plays a key role in modulating the GSH/GSSG ratio and
indirectly affects the cell NADP/NADPH ratio [67]. CuZn-SOD is a
key enzyme in the dismutation of superoxide radicals generated
by the cell oxidative metabolism and, consequently, it has a key
antioxidant role. Copper and zinc participate in SOD enzymatic
activity to protect against free radicals and, therefore, have an
important adjunct role in oxidative balance [68].

Several genes involved in susceptibility to oxidative stress are
affected by DUX4 derepression [8,12] and the acute cell toxicity
mediated by DUX4 overexpression in mouse C2C12 myoblasts is
alleviated by the addition of antioxidants, such as ascorbic acid
and vitamin E, to the culture medium [8]. Similarly, Bosnakovski
et al. [64] reported that 60% of the inhibitors of DUX4 toxicity in
C2C12 myoblasts they identified by high-throughput screening
also protect against oxidative stress. Many studies have suggested
that excessive generation of reactive oxygen species contributes to
muscle damage and degeneration of dystrophic muscle [69–73].
Among the many targets of ROS, those involved in muscle
contractile function and membrane stability are of special interest
for muscular dystrophy. Numerous studies reported the efficient
protection provided by antioxidants against muscle damage in
pathological states characterized by an increase in oxidative stress
[74–82]. Further studies are required to confirm the beneficial
effect of this antioxidant supplementation in larger groups of
patients with FSHD and to determine the precise mechanisms and
targets involved in this effect. The long-term effects of this
antioxidant supplementation also need to be investigated. More-
over, the dosage of these vitamins and minerals must be optimized
to achieve the maximal benefit.

In conclusion, the results of this randomized, double-blind,
placebo-controlled pilot clinical trial show that vitamin C, vitamin
E (as alpha tocopherol), selenium, and zinc supplementation may
improve skeletal muscle function in patients with FSHD. They also
suggest that an antioxidant strategy adapted to the FSHD-specific
“oxidative stress” may be a relevant therapeutic approach for
these patients.
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