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Reactive oxygen species are at the origin of muscular fatigue and atrophy. They are also linked to muscular 
dystrophies, a group of human genetic diseases. Several studies point to the benefits of application of antioxi-
dants and uncouplers of oxidative phosphorylation to improve the functional activity of normal and patho-
logical muscles. Other studies point to potential dangers of these compounds. Aim. To study the effect of mi-
tochondria-targeted antioxidants and uncouplers of oxidative phosphorylation on muscle differentiation. 
Methods. Muscle differentiation was induced by serum starvation and montored by troponin T stainig. 
Results. the mitochondria-targeted uncoupler of oxidative phosphorylation C12TPP, but not the mitochondria-
targeted antioxidant SkQ1, inhibit fusion of primary myoblasts upon their differentiation, but do not affect the 
synthesis of troponin T, a protein marker of muscle differentiation. Conclusion. The effect of C12TPP could be 
at least partially mediated by inhibition of reactive oxygen species (ROS) production since antioxidant 
N-acetylcysteine at high doses also inhibited differentiation of myoblasts. 
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Introduction 

Oxidative stress generated in human muscles in-
creases fatigue and may even contribute to muscular 
atrophy (reviewed in [1]). In skeletal muscles, oxi-
dative stress is produced in mitochondria and cyto-
sol and expresses itself in a high level of reactive 
oxygen species (ROS), mostly originating from mi-
tochondria (mtROS; reviewed in [2,3]). Oxidative 
stress, ROS and mtROS are linked to the pathologi-
cal conditions such as muscular dystrophies, a group 
of heterogeneous human genetic diseases mostly af-

fecting skeletal muscles. Indeed, oxidative stress 
was shown to play a role in the pathogenesis of 
Duchenne muscular dystrophy (DMD) [4], facio-
scapulo-humeral dystrophy (FSHD) [5–7] and some 
other muscular dystrophies (reviewed in [8]).

During muscle repair and regeneration, satellite-
derived CD56+ myoblasts differentiate into myo-
tubes. This process may be inhibited by high ROS 
levels, e.g. due to glutathione depletion [9]. The 
level of ROS may be reduced by both specific en-
zymes and low-molecular weight compounds, 
called antioxidants. ROS play an important role in 
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various cell processes such as proliferation and dif-
ferentiation, in defense against infections. ROS 
may activate redox-sensitive transcription factors 
and cascades, in a number of cellular signaling sys-
tems (reviewed in [2]). At the same time, high ROS 
levels are detrimental for cells. Antioxidants are 
widely used as dietary supplements in treating 
muscular fatigue and atrophy [1], and they are cur-
rently studied as potential treatment of muscular 
dystrophies (Passerieux et al., 2015; Turki et al., 
2012; Whitehead et al., 2010) (reviewed in [8]). 
For example, N-acetyl cysteine (NAC), a classical 
antioxidant was tested in the DMD murine model 
where it decreased inflammation and myonecrosis 
(de Senzi Moraes Pinto et al., 2013). At the same 
time, it appears that ROS are required for muscle 
differentiation [11, 12]; therefore a complete ROS 
inhibition may be deleterious for successful muscle 
regeneration. 

In the skeletal muscle, most of the ROS produc-
tion occurs in mitochondria [13], e.g. during con-
traction [14], or in response to the external signals 
such as cytokines [15]. Thus, it would be tempting to 
use a class of antioxidants specifically targeted to 
mitochondria to improve the specificity and the im-
pact of antioxidant action. The mitochondria-target-
ed antioxidants are a class of molecules combining 
lipophilic cations capable of penetrating through the 
mitochondrial membranes using the energy of the 
transmembrane potential (reviewed in [16]) with an 
antioxidant part. These molecules were successfully 
tested for their capacity to protect muscles from se-
nescence [17] and immobilization-induced activa-
tion of muscle proteo lysis [18]. Mitochondria-
targeted peptide SS-31which protected mitochondria 
against an oxidative damage was shown to improve 
the skeletal muscle performance in aged mice [19]. 
At the same time, like ge neral antioxidants, a nega-
tive effect of mitochondria-targeted compounds was 
observed: high doses of mito chondria-targeted anti-
oxidants MitoQ and MitoTEMPOL (100 nM and 
100 mM, respectively) were shown to repress the 
myotubes fusion in H9c2 transformed rat cardiac 
myoblasts [12]. 

Another class of mitochondria-targeted mole-
cules includes uncouplers of oxidative phosphory-
lation. At low doses these molecules reduce the 
mtROS production by mildly decreasing the mito-
chondrial transmembrane potential without re-
pressing ATP synthesis [20]. For example, 2,4-di-
nitrophenol (DNP) has multiple tissue-protective 
effects in different animal and in vitro models due 
to the suppression of oxidative stress [21]. Unfor-
tunately, DNP has some toxic effects and a narrow 
window of therapeutic activity. The other possible 
therapeutic strategy exploiting the effect of mild 
uncoupling is based on the expression of the un-
coupling protein specific for brown fat (UCP1); 
however, the overexpression of UCP1 in muscles 
led to a significant delay in the re-establishment of 
neuro-muscular junctions after injury exacerbated 
the pathology in amyotrophic lateral sclerosis ani-
mal model [22]. 

Recently, a new class of uncouplers, lipophilic 
cations, has been described. One of the representa-
tives of this new generation of uncouplers, a lipo-
philic membrane-penetrating cation dodecyltriphe-
nylphosphonium (C12TPP), was found to uncouple 
oxidative phosphorylation via the stimulation of 
transmembrane cycling of endogenous free fatty ac-
ids [23]. Later the uncoupling effect of other lipo-
philic cations was described and some of them (de-
rivatives of Rhodamine19) catalyzed the transmem-
brane transport of protons in the absence of free fatty 
acids due to the protonation/deprotonation reactions 
of the cation [24]. These compounds have a wider 
effective concentration range because of their self-
limiting mechanism of uncoupling and their thera-
peutic effects were demonstrated in the animal mod-
els of ischemic brain [25,26] and kidney [25] injury. 
The effect of lipophilic cations has not been tested 
on muscles yet.

Here we analyzed the effect of different concen-
trations of the C12TPP lipophilic cation on the dif-
ferentiation of human CD56+ primary myoblasts in 
vitro and compared it to the antioxidants: mitochon-
dria-targeted antioxidant SkQ1 and NAC (a general 
antioxidant). 
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Materials and Methods
Cell culture conditions and transfection. Primary 
myoblasts (a kind gift of Prof. Dalila Laoudj-
Chenivesse) were isolated from skeletal muscle bi-
opsies, purified using CD56/NCAM magnetic beads 
(Miltenyui Biotec) and cultured as described else-
where [27]. 

Myogenic differentiation and myotubes quan-
tification were carried out essentially as described 
in [28] Primary myoblasts were seeded at a low den-
sity and cultured in a proliferation medium, 10 ml of 
which supplemented or not with the indicated con-
centrations of antioxidants or uncouplers. 48 h later 
the cells were collected, washed and seeded in the 
35 mm collagen-coated petri dishes at 80–100 % 
confluence. Myogenic differentiation was induced in 
the differentiation medium, supplemented or not 
with the indicated concentrations of antioxidants or 
uncouplers. The cells were kept 6 days under differ-
entiation conditions and were then fixed and immu-
no-stained with anti-Troponin T primary antibody, 
as described below.

Analysis of myotube fusion. Fusion was ana-
lyzed after 6 days of differentiation using the 
Myotube Fusion Index (MFI) determined by divid-
ing the number of nuclei in multi-nucleated myo-
tubes by the total number of nuclei in a given micro-
scopic field. Three fields per culture were counted 
using the ImageJ software.

Immunofluorescence staining and quantifica-
tion. Differentiated myotubes were stained with 
mouse monoclonal anti-Troponin T (Sigma # T6277, 
1:50) and observed under a fluorescent microscope 
as described elsewhere [28]. To create a full image 
of the specimen, the images of adjacent fields were 
stitched together using Cartograph software (Micro-
vision).

Results and Discussion
Satellite-derived myoblasts from skeletal muscles 
differentiate into myotubes. This process is essential 
for the muscle repair and regeneration. The conflict-
ing data exist about a role of oxidative stress in this 
process. ROS produced by NADPH oxidase are con-

sidered to be an essential signaling components for 
the embryonic cardiomyogenesis [29]. Scavenging 
of mtROS using mitochondria-targeted antioxidants 
(MitoQ and MitoTEMPOL) and mitochondria-tar-
geted catalase prevents the murine the cardiac myo-
blasts differentiation (Lee et al., 2011). On the other 
hand, a severe oxidative stress induced by glutathi-
one depletion inhibits the differentiation of murine 
skeletal muscle cells [9]. Most of these studies were 
carried on the immortalized animal cells. We decid-
ed to test the effect of cationic mitochondria-targeted 
uncoupler of oxidative phosphorylation C12TPP on 
the differentiation of primary human CD56+ myo-
blasts and compare it to the effects of mitochondria-
targeted and general antioxidants. The cells were 
isolated from the skeletal muscle biopsies of two dif-
ferent individuals and induced to differentiate in vi-
tro using serum starvation as described else-
where [30]. Different concentrations of C12TPP, mi-
tochondria-targeted antioxidant SkQ1 or NAC, were 
added to myoblasts 48h prior to the onset of differ-
entiation, then the same amount of the tested com-
pound was added to the differentiation medium. The 
results of the differentiation were assayed 6 days af-
ter its onset. 

The control non-treated cells produced the 
branched myotubes with bright troponin T staining 
(Figure 1A). Similar results were obtained with the 
cells, treated with 2–200 nM SkQ1, 2–20 nM C12TPP 
and 1 mM NAC (Figure 1). In contrast, the myo-
blasts pre-treated with 200 nM C12TPP and 5 mM 
NAC did not form prolonged myotubes, although 
the individual cells had a prolonged shape and dem-
onstrated troponin T staining (Figure 1C, G).

Next we have determined the myotube fusion in-
dex (MFI) for all experimental conditions. This pa-
rameter was obtained by dividing the number of nu-
clei in multi-nucleated myotubes, containing more 
than 3 nuclei by the total number of nuclei. The MFI 
was 72 % for the control cells. In cells treated with 
1 mM NAC and 200 nM SkQ1, the MFI slightly in-
creased, although this was not statistically signifi-
cant, in the cells treated with 5 mM NAC, the MFI 
was significantly lower than in the control cells, 
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21±10 %, and 200 nM and C12TPP completely abo-
lished cell fusion (Figure 2). 

Thus, we have shown that C12TPP lipophilic cat-
ion interferes with the human muscle differentiation 
by inhibiting the fusion of myoblasts into polynucle-
ated myotubes at a concentration of 200 nM. The 
differentiation process is not completely inhibited, 
as the cells acquire an elongated shape (Figure 1G) 
and express troponin T, a marker of the muscular dif-
ferentiation. Previously, the high doses of mitochon-
dria-targeted antioxidants MitoQ and MitoTEMPOL 
(100 nM and 100 mM, respectively) were shown to 
repress the myotubes fusion in the H9c2 transformed 
rat cardiac myoblasts cell line [12]. We have next 

compared the effect of C12TPP with that of NAC, the 
classical antioxidant and SkQ1, the mitochondria-
targeted antioxidant whose lipophilic part is identi-
cal to that of C12TPP [31]. 

The treatment of myoblasts with 5 mM NAC sig-
nificantly inhibited the myoblast fusion while a low-
er dose of NAC (1 mM) did not affect the MFI. This 
raises the question of the safety of this compound, as 
the opposite effects can be obtained in a very small 
range of concentrations. Comparing the effects of 
C12TPP and SkQ1, one can notice that their effects 
are similar at the concentration of 2–20 nM, but op-
posite at 200 nM. This may be due to the fact that the 
uncoupling effect of SkQ1 is significantly less pro-

A
Fig. 1. Analysis of phenotype in control and treated myotubes.  
The primary human myoblasts were grown alone or in the presence of either NAC, 
SkQ1 mitochondria-targeted antioxidant, or C12TPP lipophilic cation and induced to 
differentiate by serum starvation. The phenotype of myotubes was analyzed under a 
fluorescent microscope after the troponin T staining. (A), Control untreated myotubes; 
(B-G) myotubes treated with the indicated amounts of either antioxidants or uncou-
plers. Immunofluorescence with an anti-troponin T antibody (green) and DAPI nuclear 
staining (blue); scale bar = 10μm. Representative images of two independent experi-
ments are presented.

Control
B C D

1 mM NAC 5 mM NAC 2 nM SkQ1

F F G

200 nM SkQ1 2 nM C12TPP  200 nM C12TPP
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nounced than that of C12TPP, and its mitochondria-
targeted antioxidant effect is not detrimental to the 
cell differentiation. Moreover, the mild uncoupling 
effect of C12TPP may be also linked to the activation 
of AMP-activated protein kinase (AMPK) [32], an 
enzyme known to inhibit the differentiation of 
C2C12 myoblasts [33]. 

Another conclusion from this study concerns 
SkQ1. Its analog MitoQ was shown to repress dif-
ferentiation of murine cardiac myoblasts cell lines at 
a concentration of 100 nM [12]. In our hands, a sim-
ilar dose of SkQ1 did not affect the myoblast fusion, 
suggesting that SkQ1 has a better range of effective 
and safe concentrations as compared to MitoQ, al-
though we cannot completely exclude that the dif-
ferentiation of human myoblasts does not depend on 
mtROS as dramatically as in case of the murine car-
diac myoblasts. 
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Роз'єднання окисного фосфорилювання 
і антиоксидантів впливають на злиття первинних 
людських міобластів in vitro

В. В. Захарова, К. Діб, Я. Б. Саада, Е. С. Васецкий, 
І. І. Галкін, Б. В. Черняк, Є. М. Попова

Активні форми кисню (АФК) можуть викликати м'язову втому 
і атрофію м'язів. АФК також пов'язані з м'язовими дистрофії. 
Безліч досліджень вказує на позитивний вплив антиоксидантів 
і разобщітелей окисного фосфорилювання на функціональну 
активність м'язів в нормі та патології. Мета. Вивчити вплив 
мітохондріальної-спрямованих антиоксидантів і разобщітелей 
окисного фосфорилювання на диференціювання первинних 
міобластів людини. Методи. М'язове діфеернціювання викли-
кали інкубацією міобластів в середовищі з низькою концентра-
цію сироватки. Міотрубочкі детектували антитілами до тропо-
ніну T. Результати. мітохондріальної-спрямований разобщи-
тель окисного фосфорилювання C12TPP, але не мітохондріаль-
ної-спрямований антиоксидант SkQ1, пригнічує злиття міо-
бластів при диференціюванні, при цьому не впливаючи на 
експресію тропонина Т, білкового маркера м'язової диференці-
ювання. Висновки. Вплив C12TPP може бути частково викли-

кано пригніченням АФК, так як високі концентрації класично-
го антиоксиданту N-ацетилцистеїну також інгібували дифе-
ренціювання міобластів людини.

К л юч ов і  с л ов а: скелетні м'язи,  м'язове диференціюван-
ня,  мітохондріально-спрямовані антиоксиданти,  роз'єднувачі 
окисного фосфорилювання.

Разобщение окислительного фосфорилирования 
и антиоксидантов влияют на слияние первичных 
человеческих миобластов в пробирке

В. В. Захарова, К. Диб, Я. Б. Саада, Е. С. Васецкий, 
И. И. Галкин, Б. В. Черняк, Е. Н. Попова

Активные формы кислорода (АФК) могут вызывать мышеч-
ную усталость и атрофию мышц. АФК также связаны с мы-
шечными дистрофиями. Множество исследований указывает 
на положительное влияние антиоксидантов и разобщителей 
окислительного фосфорилирования на функциональную ак-
тивность мышц в норме и патологии. Цель. Изучить влияние 
митохондриально-направленных антиоксидантов и разобщи-
телей окислительного фосфорилирования на дифференциров-
ку первичных миобластов человека. Методы: Мышечную ди-
феернцировку вызывали инкубацией миобластов в среде, со-
держащей низкую концентрацию сыворотки. Миотрубочки 
октрашивакли антителми к Тропонину T. Результаты. мито-
хондриально-направленный разобщитель окислительного 
фос форилирования C12TPP, но не митохондриально-направ-
ленный антиоксидант SkQ1, ингибирует слияние миобластов 
при дифференцировке, при этом не влияя на экспрессию тро-
понина Т, белкового маркера мышечной дифференцировки. 
Выводы: Влияние C12TPP может быть частично вызвано ин-
гибированием АФК, так как высокие концентрации классиче-
ского антиоксиданта N-ацетилцистеина также ингибировали 
дифференцировку миобластов человека.

К л юч е в ы е  с л ов а: Скелетные мышцы,  мышечная диф-
ференцировка,  митохондриально-направленные антиоксидан-
ты,  разобщители окислительного фосфорилирования.
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