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Abstract: One of the main sources of reactive oxygen species (ROS) in skeletal muscle is the
mitochondria. Prolonged or very high ROS exposure causes oxidative damage, which can be
deleterious to muscle function, and as such, there is growing interest in targeting antioxidants to the
mitochondria in an effort to prevent or treat muscle dysfunction and damage associated with disease
and injury. Paradoxically, however, ROS also act as important signalling molecules in controlling
cellular homeostasis, and therefore caution must be taken when supplementing with antioxidants.
It is possible that mitochondria-targeted antioxidants may limit oxidative stress without suppressing
ROS from non-mitochondrial sources that might be important for cell signalling. Therefore, in
this review, we summarise literature relating to the effect of mitochondria-targeted antioxidants
on skeletal muscle function. Overall, mitochondria-targeted antioxidants appear to exert beneficial
effects on mitochondrial capacity and function, insulin sensitivity and age-related declines in muscle
function. However, it seems that this is dependent on the type of mitochondrial-trageted antioxidant
employed, and its specific mechanism of action, rather than simply targeting to the mitochondria.
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1. Introduction
Reactive oxygen species (ROS) are continuously produced by skeletal muscle from a number of
mitochondrial and non-mitochondrial sources, with production being increased during contractile
activity [1]. Skeletal muscle fibers contain a well-developed endogenous antioxidant defence network
consisting of the primary antioxidant enzymes superoxide dismutase (SOD), glutathione peroxidase
(GPX) and catalase, in addition to other antioxidant enzymes such as thioredoxins, glutaredoxins
and peroxiredoxins, and nonenzymatic antioxidants, such as glutathione [1]. Under most conditions,
these cellular antioxidants work as a complex unit to regulate ROS, maintain oxidative balance and
protect cells against oxidative damage. However, prolonged exposure to high levels of ROS can
overwhelm the antioxidant defense system leading to oxidative damage of proteins, nucleic acids
and lipids, resulting in cellular dysfunction, and has been associated with the pathogenesis of muscle
related diseases such as type 2 diabetes, cachexia, and several dystrophies [2–5], as well as impaired
exercise performance and recovery [1,6,7]. For this reason, the use of oral antioxidant supplements to
support the endogenous antioxidant defence system has received much attention as a potential strategy
to limit oxidative stress and promote muscle health and performance [1,7,8]. Somewhat paradoxically,
ROS are increasingly being recognised as important signalling molecules that regulate skeletal muscle
function and adaptation, and are required for optimal cell functioning [9–12]. As such, it is probably
not surprising that supplementation with non-targeted antioxidants have had little impact on disease
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development and progression [9,13–15] and exercise performance [16,17] and in some instances have
been reported to be deleterious [18–21]. This has driven the development of inhibitors [4,11,22,23]
and cellular organelle-targeted antioxidants that are aimed at decreasing ROS levels from specific
production sites in the cell.
It is clear that skeletal muscle produces ROS from numerous subcellular sites in a controlled
and regulated manner in response to physiological stimuli, and may become unregulated under
pathophysiological stimuli. The mitochondria have been cited as the major site of superoxide
production in skeletal muscle, with approximately 0.15% of the oxygen consumed by the mitochondria
undergoing one electron reduction to generate superoxide [24]. A number of potential alternative
sites of ROS production have been identified including nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, xanthine oxidases, and phospholipase A2 dependent processes. It is beyond the
scope of this review to discuss the production of ROS from these non-mitochondrial sources, and
readers are directed to the following comprehensive reviews [1,25]. The production of ROS from these
non-mitochondrial sources appears to be linked to the signalling processes that modulate skeletal
muscle adaptation, whereas excess mitochondrial ROS are more often associated with oxidative
damage and disease states [26–28]. There has been extensive research focusing on transgenic mice with
targeted overexpression of the human catalase gene to mitochondria, which has highlighted the role of
mitochondrial ROS production in numerous disease states [29–31]. As a result, mitochondria-targeted
antioxidants are increasingly being developed as a potential strategy to limit mitochondrial ROS
production and oxidative damage, potentially without suppressing ROS that are important for
signalling, and are becoming more widely available as an over the counter supplement. Compared
with general antioxidants, mitochondria-targeted antioxidants are chemically modified to enable
their transport across biological membranes where they accumulate several-hundred fold within
the mitochondria and decrease ROS [32]. The purpose of this review is to discuss the literature that
relates to exogenous mitochondria-targeted products that primarily act as antioxidants, specifically,
MitoQ (10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl) triphenylphosphonium
mesylate), and SkQ1 (10-(60 -plastoquinonyl) decyltriphenylphosphonium), which are antioxidants
that are targeted to the mitochondria, as well as the mitochondria locating peptides SS-31 (d-Arg-20 ,
60 -dimethyltyrosine-Lys-Phe-NH2 ) and XJB-5-131, and their effects on muscle function.
2. Targeting Antioxidants to the Mitochondria
2.1. Conjugation of Antioxidants to Lipophilic Cations
Antioxidants such as ubiquinone and plastoquinone have been targeted to the mitochondria
through conjugation to a lipophilic cation, such as the triphenylphosphonium (TPP+ ) cation, which can
pass easily through phospholipid bilayers. The ability of these positively charged cations to cross the
plasma membrane allows them to accumulate substantially within the mitochondria owing to the large
membrane potential [33,34]. As the plasma membrane potential is approximately 30–60 mV (negative
inside), lipophilic cations accumulate 5–10 fold within the cytoplasm. The mitochondrial membrane
potential is typically 140–180 mV, therefore the cations further accumulate several hundredfold within
the mitochondria. It is important to consider that accumulation of the lipophilic cation within the
mitochondria can result in the dissipation of the mitochondrial membrane potential when targeting
antioxidants to the mitochondria using lipophilic cations, as this may have implications for their
transport into the mitochondria and, thus, impact on their therapeutic capacity.
MitoQ, which consists of a ubiquinone moiety, is targeted to the mitochondria by conjugation to
the TPP+ cation. Within the mitochondria, MitoQ localises to the inner mitochondrial membrane and
is reduced to the active antioxidant ubiquinol by complex II of the respiratory chain. In acting as an
antioxidant, the ubiquinol form of MitoQ is oxidised to form ubiquinone, which is then reduced by
complex II to ubiquinol. MitoQ is an effective antioxidant against lipid peroxidation and has also been
shown to detoxify peroxynitrite [35] (Figure 1).
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complex II to ubiquinol. MitoQ is an effective antioxidant against lipid peroxidation and has also
been shown to detoxify peroxynitrite [35] (Figure 1).
Similarly, SkQ1, which comprises a plastoquinone moiety, is also targeted to the mitochondria via
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Figure 1. Accumulation and antioxidant mechanism of 10-(4,5-dimethoxy-2-methyl-3,6-dioxo10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl)
triphenylphosphonium
1,4-cyclohexadien-1-yl)decyl) triphenylphosphonium mesylate (MitoQ) (A) and 10-(60 -plastoquinonyl)
mesylate (MitoQ) (A) and 10-(6′-plastoquinonyl) decyltriphenylphosphonium (SkQ1) (B). Driven by
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Figure 2. Accumulation and antioxidant mechanism of Szeto-Schiller-31 (SS-31) (A) and XJB-5-131
Figure 2. Accumulation and antioxidant mechanism of Szeto-Schiller-31 (SS-31) (A) and XJB-5-131
(B). SS-31 accumulates several-thousand fold within the mitochondria where it binds to cardiolipin.
(B). SS-31 accumulates several-thousand fold within the mitochondria where it binds to cardiolipin.
In acting as an antioxidant, it is likely that SS-31 prevents peroxidation of cardiolipin and decreases
In acting as an antioxidant, it is likely that SS-31 prevents peroxidation of cardiolipin and decreases
mitochondrial ROS production. XJB-5-131 accumulates within the mitochondria independent of the
mitochondrial ROS production. XJB-5-131 accumulates within the mitochondria independent of the
membrane potential, where it acts as an antioxidant by scavenging mitochondrial ROS.
membrane potential, where it acts as an antioxidant by scavenging mitochondrial ROS.
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of metabolic stress. However, whilst SkQ1 treatment attenuated high fat diet-induced oxidative stress,
there was no effect on glucose tolerance or insulin signalling [49]. This again suggests that the effect
of the mitochondria-targeted antioxidant employed on insulin sensitivity during high-fat feeding is
dependent on the specific mechanism of action rather than simply mitochondrial targeting, the dose
used or possibly the duration of the high-fat diet, and likely highlights the multifaceted nature of
mechanisms underpinning insulin resistance.
5. Skeletal Muscle Contractile Function
Physiological levels of ROS that are present under basal conditions are essential for normal force
production. However, changes in the redox state of skeletal muscle can have a significant effect
on force production, fatigue development and recovery [1,6,7]. Several authors have reported that
acute antioxidant supplementation delays muscle fatigue during highly fatiguing exercise [54–57].
However, ROS that are responsible for the decrease in skeletal muscle contractile function that occurs
during fatiguing stimulation potentially come from non-mitochondrial sources. Indeed, SS-31 had no
effect on force production during fatiguing stimulation in isolated muscle fibres [58], nor did it affect
fatigue-induced decreases in contractile force [59]. During recovery, SS-31 restored the fatigue-induced
decrease in sarcoplasmic Ca2+ release but did not improve force recovery in isolated muscle fibres [59].
The specific action of the mitochondria-targeted antioxidant employed appears to be an important
factor in a number of other parameters of muscle function. Therefore, more studies implementing
other mitochondria-targeted antioxidants are needed to further substantiate these findings.
6. Ageing, Sarcopenia and Disuse Muscle Atrophy
Ageing is associated with a progressive decline in muscular function and the development
of diseases such as sarcopenia (muscle loss) and mitochondrial dysfunction [60]. The free-radical
theory of ageing states that these changes may be driven by an increased production of ROS [61,62].
Levels of mitochondrial ROS have been shown to increase with age and have been suggested to
damage mitochondria resulting in lower adenosine triphosphate (ATP) production and mitochondrial
respiration capacity [30]. These shifts are hypothesised to contribute to the metabolically dysfunctional
phenotype (muscular atrophy and decreased cellular respiration) seen with ageing [30,63]. Therefore,
targeting mitochondrial ROS production with mitochondria-targeted antioxidants may be an effective
strategy to prevent muscular dysfunction associated with ageing.
Mitochondria-targeted antioxidants have been shown to exert largely beneficial effects on
measures of muscular function with age. SS-31, XJB-5-131, and SkQ1 have shown promise in
protecting/restoring muscle from the ageing phenotype [64–66]. However, disappointingly MitoQ
has failed to attenuate age-related decline in muscle function of mice, but this may relate to
no observable effects on muscle oxidative balance at the doses given [67]. Whereas, SS-31 and
XJB-5-131 supplementation have been reported to increase respiratory complex activity (CI, III, and
IV) and muscle fiber contractile properties (indicating maintained protein quality) in aged rodents
in comparison to age-matched controls [65,66], however, whether this translated to improvements
in vivo health and life span remains unclear. Additionally, SS-31 supplementation restores time
to muscular fatigue, ATP production capacity, oxidative phosphorylation (phosphate/oxygen
ratio), and energy state (PCr/ATP ratio) to levels comparable to that of younger mice, 1 hour
following a single dose. Extended treatment with SS-31 further showed significantly lowered
mitochondrial H2 O2 emissions, indicating enhanced redox status, which is thought to be contributing
to the restoration of mitochondrial function. Therefore, early research suggests great promise
for these mitochondria-targeted antioxidants as potential supplements to attenuate aged related
functional decline.
Oxidative damage is also associated with muscular atrophy in ageing, and interestingly, SkQ1
supplementation has been shown to decrease pathological changes in mitochondrial structure
including myofibril structural retardation and autophagosome accumulation in 24-month old rats.
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Supplemented rats suffered less degradation of mitochondrial reticulum and cristae structures,
which are involved in maintaining electron transport chain activity and ATP synthesis capacity [68].
Similar findings are seen in muscular atrophy models utilising limb immobilisation, where increased
mitochondrial oxidative damage associates with muscle atrophy [64,69,70]. Mice with immobilised
hind-limbs and supplemented with SS-31 had reduced H2 O2 production which was comparable to
age-matched ambulatory controls. This effect also translated to a retention of muscle to body-weight
ratio, muscle fiber cross-sectional area and mitochondrial energetic state activity similar to that of
ambulatory controls.
Taken together, targeted inhibition of mitochondrial sources of ROS by SS-31, SkQ1, and XJB-5-131
have shown promising restorative and protective effects that could be implemented in ageing and
immobilization-induced muscular atrophy/dysfunction therapies. However, these findings have
largely been demonstrated in rodent models and, therefore, there is a clear need for human clinical
trials investigating the effects of these antioxidants within an ageing and muscle wasting context.
7. Mitochondria-Targeted Antioxidants in the Clinic
In general, mitochondria-targeted antioxidants have been shown to exert beneficial effects on
muscle function through the improvement or attenuation of declines in mitochondrial capacity and
function, insulin sensitivity and age or immobilisation induced-atrophy (Table 1). These findings
suggest that mitochondria-targeted antioxidants may be a useful therapy for skeletal muscle related
diseases that involve mitochondrial ROS production and oxidative damage. However, to date, studies
that have investigated the effects of mitochondria-targeted antioxidants on skeletal muscle function
have mostly employed rodent models, and there are very few studies that have translated these
findings to a human population or clinical setting. Given that ROS are beginning to be implicated in
the pathogenesis of several muscular dystrophies [5], investigating the utility of mitochondria-targeted
antioxidants in the treatment of muscle diseases in a clinical setting requires further investigation.
Antipodean Pharmaceuticals Inc. developed MitoQ as a pharmaceutical and now MitoQ is available
as an over the counter supplement, and has been shown to be well tolerated and safe in doses up to
80 mg twice daily [71]. Originally MitoQ was investigated for its ability to act as a disease-modifying
agent in newly diagnosed patients with Parkinson’s disease (PD) [71] but appeared to be ineffective in
altering disease progression over 12 months. It seems likely that by the time PD is clinically evident,
the fate of the remaining dopaminergic neurons is already determined and neuroprotection cannot
prevent their death. In contrast, MitoQ has been shown to be effective in reducing serum alanine
transaminase in patients with Hepatitis C virus (HCV) infection [72], indicating that it may be effective
in reducing liver damage in HCV infection. Furthermore, MitoQ has also been shown to improve
endothelial function and aortic stiffness in individuals with elevated baseline levels [73], suggesting
that MitoQ and other therapeutic strategies that target mitochondrial ROS hold promise for treating
age-related vascular dysfunction. To date, the results from human studies indicate that MitoQ can be
safely administered to patients for up to a year [71] and that these doses are effective in decreasing
liver damage and improving endothelial function.
SS-31 has been in clinical development with Stealth BioTherapeutics Inc. since 2010 using
the acetate salt form (MTP-131), and has been shown to be safe and well tolerated [74–77]. SS-31
(also referred to as elamipretide or Bendavia) was originally investigated for its ability to prevent
ischemia-reperfusion injury in patients with acute ST-segment elevation myocardial infarction
undergoing percutaneous coronary intervention, however, disappointingly SS-31 failed to decrease
myocardial infarct size [75]. Conversely, SS-31 has been shown to attenuate the development of
transient hypoxia after renal stenting in patients with atherosclerotic renal artery stenosis [78],
suggesting that targeted mitochondrial protection may minimise the ischemic injury associated with
such procedures. Other researchers investigating the effectiveness of SS-31 in the treatment of acute
heart failure have shown that a single infusion can induce favourable changes in cardiac structure and
function [76]. Furthermore, 5 days of SS-31 treatment has been shown to increase exercise performance
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in patients with primary mitochondrial myopathy [77]. The results from this study suggest that
SS-31 improves ATP synthesis regardless of the underlying genetic defect impairing mitochondrial
respiration [77]. The results from human studies involving SS-31 have been overwhelmingly positive,
indicating that it may be a promising treatment in a wide range of human diseases and disorders that
involve mitochondrial oxidative damage.
These results clearly highlight a role for mitochondria-targeted antioxidants in a clinical setting
for the treatment of diseases involving mitochondrial oxidative damage. Future studies are needed
to translate the results of animal studies indicating that mitochondria-targeted antioxidants may be
an effective treatment for skeletal muscle-related diseases, such as type 2 diabetes, and age-related
declines in muscle function to humans in a clinical setting.
Table 1. The effect of mitochondria-targeted antioxidants on different parameters of muscle function.
Measure Parameter

Antioxidant

MitoQ
Mitochondrial biogenesis
and function

Model

Supplementation
Protocol

Exercise training, humans

10 mg/day

No effect [45].

High fat diet, rats

375 µmol/kg for 8 weeks

↑ Mitochondrial
function [50].

High fat diet, mice

250 nmol/kg for 16 weeks

↓ Mitochondrial
biogenesis [51].

High-fat diet, rats

250 nmol/kg for 16 weeks

No effect [48].

↑ Glucose tolerance [50,53]

SkQ1

Insulin sensitivity

Contractile function

Result

MitoQ

High-fat diet, rats

375 µmol /kg for 8 weeks

SkQ1

High-fat diet, rats

250 nmol/kg for 16 weeks

No effect [49].

SS-31

High-fat diet, rats

1.5 mg/kg for 6 weeks

↑ Insulin sensitivity [26].

3 µmol

No effect [58].

SS-31

Fatiguing stimulation of
isolated skeletal muscle fibers

200 nM

Ageing, mice

100 µmol for 15 weeks

No effect [67].

250 nmol/kg

↓ Age-associated
pathological changes in
mitochondrial structure
[68].

Ageing, mice

3mg/kg

↑ Time to muscular fatigue,
ATP production capacity,
oxidative phosphorylation,
and energy state [65].

Hind limb immobilisation,
rats [64] and mice [70]

3 mg/kg for 7 days [64],
1.5 mg/kg for 14 days [70]

↓ Oxidative damage,
mitochondrial dysfunction
and atrophy [64,70].

Aged rats

3 mg/kg for 4 weeks

↑ Respiratory complex
activity and muscle fiber
contractile properties [66].

MitoQ

SkQ

Ageing, sarcopenia and
disuse muscle atrophy

Ageing, rats

No effect [59]

SS-31

XJB-5-131

No effect [59].

8. Conclusions
To date, the results from human clinical trials suggest that mitochondria-targeted antioxidants,
specifically MitoQ and SS-31, may be effective treatments in the pathology of a variety of human
diseases that involve mitochondrial oxidative damage. In general, studies that have investigated the
effect of mitochondria-targeted antioxidants on different parameters of muscle function indicate that
they exert a beneficial effect on muscle function by improving or attenuating declines in mitochondrial
capacity and function, atrophy, and insulin sensitivity (Figure 3). However, their effects appear to
be dependent on the specific mechanism through which they limit mitochondrial ROS, the doses
used, and possibly the context in which ROS production is increased. Future studies should
focus on translating the findings from animal studies, which indicate that mitochondria-targeted
antioxidants may be a beneficial strategy for the treatment of skeletal muscle related diseases involving
mitochondrial ROS production and oxidative damage, to a human population in a clinical setting.

Antioxidants 2018, 7, 107
Antioxidants 2018, 7, 107

8 of 12
8 of 12

Figure 3.
3. The
The effect
effect of
of mitochondria-targeted
mitochondria-targeted antioxidants
antioxidants on
on parameters
Figure
parameters of
of skeletal
skeletal muscle
muscle function.
function.
The
mitochondria-targeted
antioxidants
MitoQ
and
SkQ1,
and
the
mitochondria-locating
peptides
The mitochondria-targeted antioxidants MitoQ and SkQ1, and the mitochondria-locating peptides
SS-31
and
XJB-5-131
accumulate
within
the
inner
membrane
of
the
mitochondrion,
where
they
SS-31 and XJB-5-131 accumulate within the inner membrane of the mitochondrion, where they
decrease ROS.
a beneficial
effect
on insulin
sensitivity
and
decrease
ROS. Mitochondria-targeted
Mitochondria-targetedantioxidants
antioxidantshave
have
a beneficial
effect
on insulin
sensitivity
age-related
declines
in muscle
function
(indicated
by green
squares).
However,
their
effects
on
and
age-related
declines
in muscle
function
(indicated
by green
squares).
However,
their
effects
mitochondrial
biogenesis
and
function
and
unclear
on
mitochondrial
biogenesis
and
function
andskeletal
skeletalmuscle
musclecontractile
contractilefunction
function are
are still unclear
(indicated by
by white
white squares).
squares).
(indicated
Author Contributions: S.C.B., J.S.T.W., and T.L.M. co-wrote the manuscript.
Author
Contributions:
S.C.B.,
and supported
T.L.M. co-wrote
theMarsden
manuscript.
Funding:
The writing of
this J.S.T.W.,
review was
by the
Fund Fast Start Grant (16-UOA-313 to
T.L.M.), and
supported
bywas
a Rutherford
Fellowship
(15-UOA-020).
is supported
by a
Funding:
TheT.L.M.
writingisof
this review
supportedDiscovery
by the Marsden
Fund Fast
Start Grant S.C.B.
(16-UOA-313
to T.L.M.),
and
T.L.M. Innovation
is supportedR by
a Rutherford
Discovery Fellowship (15-UOA-020). S.C.B. is supported by a Callaghan
Callaghan
and
D Fellowship.
Innovation R and D Fellowship.
Conflicts of Interest: The authors declare no conflict of interest.
Conflicts of Interest: The authors declare no conflict of interest.

References
References
1.
1.
2.
2.
3.
3.
4.
4.

5.
5.
6.
6.
7.
7.
8.
8.
9.
9.
10.
10.
11.

Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle
Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle
force production. Physiol. Rev. 2008, 88, 1243–1276.
force production. Physiol. Rev. 2008, 88, 1243–1276. [CrossRef] [PubMed]
Houstis, N.; Rosen, E.D.; Lander, E.S. Reactive oxygen species have a causal role in multiple forms of
Houstis, N.; Rosen, E.D.; Lander, E.S. Reactive oxygen species have a causal role in multiple forms of insulin
insulin resistance. Nature 2006, 440, 944–948.
resistance. Nature 2006, 440, 944–948. [CrossRef] [PubMed]
Kojda, G.; Harrison, D. Interactions between NO and reactive oxygen species: Pathophysiological
Kojda, G.; Harrison, D. Interactions between NO and reactive oxygen species: Pathophysiological importance
importance in atherosclerosis, hypertension, diabetes and heart failure. Cardiovasc. Res. 1999, 43, 562–571.
in atherosclerosis, hypertension, diabetes and heart failure. Cardiovasc. Res. 1999, 43, 562–571. [CrossRef]
Buck, M.; Chojkier, M. Muscle wasting and dedifferentiation induced by oxidative stress in a murine
Buck, M.; Chojkier, M. Muscle wasting and dedifferentiation induced by oxidative stress in a murine model
model of cachexia is prevented by inhibitors of nitric oxide synthesis and antioxidants. EMBO J. 1996, 15,
of cachexia is prevented by inhibitors of nitric oxide synthesis and antioxidants. EMBO J. 1996, 15, 1753–1765.
1753–1765.
[PubMed]
Tidball, J.G.; Wehling-Henricks, M. The role of free radicals in the pathophysiology of muscular
Tidball, J.G.; Wehling-Henricks, M. The role of free radicals in the pathophysiology of muscular dystrophy.
dystrophy. J. Appl. Physiol. 2007, 102, 1677–1686.
J. Appl. Physiol. 2007, 102, 1677–1686. [CrossRef] [PubMed]
Lamb, G.D.; Westerblad, H. Acute effects of reactive oxygen and nitrogen species on the contractile
Lamb, G.D.; Westerblad, H. Acute effects of reactive oxygen and nitrogen species on the contractile function
function of skeletal muscle. J. Physiol. 2011, 589, 2119–2127.
of skeletal muscle. J. Physiol. 2011, 589, 2119–2127. [CrossRef] [PubMed]
Reid, M.B. Invited review: Redox modulation of skeletal muscle contraction: What we know and what we
Reid, M.B. Invited review: Redox modulation of skeletal muscle contraction: What we know and what we
don’t. J. Appl. Physiol. 2001, 90, 724–731.
don’t. J. Appl. Physiol. 2001, 90, 724–731. [CrossRef] [PubMed]
Gomez-Cabrera, M.C.; Domenech, E.; Vina, J. Moderate exercise is an antioxidant: Upregulation of
Gomez-Cabrera, M.C.; Domenech, E.; Vina, J. Moderate exercise is an antioxidant: Upregulation of
antioxidant genes by training. Free Radic. Biol. Med. 2008, 44, 126–131.
antioxidant genes by training. Free Radic. Biol. Med. 2008, 44, 126–131. [CrossRef] [PubMed]
Ristow, M. Unraveling the truth about antioxidants: Mitohormesis explains ros-induced health benefits.
Ristow, M. Unraveling the truth about antioxidants: Mitohormesis explains ros-induced health benefits.
Nat. Med. 2014, 20, 709–711.
Nat. Med. 2014, 20, 709–711. [CrossRef] [PubMed]
Yun, J.; Finkel, T. Mitohormesis. Cell Metab. 2014, 19, 757–766.
Yun, J.; Finkel, T. Mitohormesis. Cell Metab. 2014, 19, 757–766. [CrossRef] [PubMed]
Gomez-Cabrera, M.C.; Borras, C.; Pallardo, F.V.; Sastre, J.; Ji, L.L.; Vina, J. Decreasing xanthine
oxidase-mediated oxidative stress prevents useful cellular adaptations to exercise in rats. J. Physiol. 2005,
567, 113–120.

Antioxidants 2018, 7, 107

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

9 of 12

Gomez-Cabrera, M.C.; Borras, C.; Pallardo, F.V.; Sastre, J.; Ji, L.L.; Vina, J. Decreasing xanthine
oxidase-mediated oxidative stress prevents useful cellular adaptations to exercise in rats. J. Physiol. 2005,
567, 113–120. [CrossRef] [PubMed]
Paulsen, G.; Hamarsland, H.; Cumming, K.T.; Johansen, R.E.; Hulmi, J.J.; Borsheim, E.; Wiig, H.; Garthe, I.;
Raastad, T. Vitamin C and E supplementation alters protein signalling after a strength training session, but
not muscle growth during 10 weeks of training. J. Physiol. 2014, 592, 5391–5408. [CrossRef] [PubMed]
Fortmann, S.P.; Burda, B.U.; Senger, C.A.; Lin, J.S.; Whitlock, E.P. Vitamin and mineral supplements in the
primary prevention of cardiovascular disease and cancer: An updated systematic evidence review for the
U.S. Preventive Services Task Force. Ann. Intern. Med. 2013, 159, 824–834. [CrossRef] [PubMed]
Myung, S.K.; Ju, W.; Cho, B.; Oh, S.W.; Park, S.M.; Koo, B.K.; Park, B.J. Efficacy of vitamin and antioxidant
supplements in prevention of cardiovascular disease: Systematic review and meta-analysis of randomised
controlled trials. BMJ 2013, 346. [CrossRef] [PubMed]
Grodstein, F.; O’Brien, J.; Kang, J.H.; Dushkes, R.; Cook, N.R.; Okereke, O.; Manson, J.E.; Glynn, R.J.;
Buring, J.E.; Gaziano, M.; et al. Long-term multivitamin supplementation and cognitive function in men: A
randomized trial. Ann. Intern. Med. 2013, 159, 806–814. [CrossRef] [PubMed]
Roberts, L.A.; Beattie, K.; Close, G.L.; Morton, J.P. Vitamin C consumption does not impair training-induced
improvements in exercise performance. Int. J. Sports Physiol. Perform. 2011, 6, 58–69. [CrossRef] [PubMed]
Yfanti, C.; Akerstrom, T.; Nielsen, S.; Nielsen, A.R.; Mounier, R.; Mortensen, O.H.; Lykkesfeldt, J.; Rose, A.J.;
Fischer, C.P.; Pedersen, B.K. Antioxidant supplementation does not alter endurance training adaptation.
Med. Sci. Sports Exerc. 2010, 42, 1388–1395. [CrossRef] [PubMed]
Bjelakovic, G.; Nikolova, D.; Gluud, L.L.; Simonetti, R.G.; Gluud, C. Mortality in randomized trials of
antioxidant supplements for primary and secondary prevention: Systematic review and meta-analysis.
JAMA 2007, 297, 842–857. [CrossRef] [PubMed]
Paulsen, G.; Cumming, K.T.; Holden, G.; Hallen, J.; Ronnestad, B.R.; Sveen, O.; Skaug, A.; Paur, I.;
Bastani, N.E.; Ostgaard, H.N.; et al. Vitamin C and E supplementation hampers cellular adaptation to
endurance training in humans: A double-blind, randomised, controlled trial. J. Physiol. 2014, 592, 1887–1901.
[CrossRef] [PubMed]
Ristow, M.; Zarse, K.; Oberbach, A.; Kloting, N.; Birringer, M.; Kiehntopf, M.; Stumvoll, M.; Kahn, C.R.;
Bluher, M. Antioxidants prevent health-promoting effects of physical exercise in humans. Proc. Natl. Acad.
Sci. USA 2009, 106, 8665–8670. [CrossRef] [PubMed]
Gomez-Cabrera, M.C.; Domenech, E.; Romagnoli, M.; Arduini, A.; Borras, C.; Pallardo, F.V.; Sastre, J.; Vina, J.
Oral administration of vitamin c decreases muscle mitochondrial biogenesis and hampers training-induced
adaptations in endurance performance. Am. J. Clin. Nutr. 2008, 87, 142–149. [CrossRef] [PubMed]
Ryan, M.J.; Jackson, J.R.; Hao, Y.; Leonard, S.S.; Alway, S.E. Inhibition of xanthine oxidase reduces oxidative
stress and improves skeletal muscle function in response to electrically stimulated isometric contractions in
aged mice. Free Radic. Biol. Med. 2011, 51, 38–52. [CrossRef] [PubMed]
Rochette, L.; Lorin, J.; Zeller, M.; Guilland, J.C.; Lorgis, L.; Cottin, Y.; Vergely, C. Nitric oxide synthase
inhibition and oxidative stress in cardiovascular diseases: Possible therapeutic targets? Pharmacol. Ther. 2013,
140, 239–257. [CrossRef] [PubMed]
St-Pierre, J.; Buckingham, J.A.; Roebuck, S.J.; Brand, M.D. Topology of superoxide production from different
sites in the mitochondrial electron transport chain. J. Biol. Chem. 2002, 277, 44784–44790. [CrossRef]
[PubMed]
Sakellariou, G.K.; Jackson, M.J.; Vasilaki, A. Redefining the major contributors to superoxide production
in contracting skeletal muscle. The role of NAD(P)H oxidases. Free Radic. Res. 2014, 48, 12–29. [CrossRef]
[PubMed]
Anderson, E.J.; Lustig, M.E.; Boyle, K.E.; Woodlief, T.L.; Kane, D.A.; Lin, C.T.; Price, J.W., III; Kang, L.;
Rabinovitch, P.S.; Szeto, H.H.; et al. Mitochondrial H2 O2 emission and cellular redox state link excess fat
intake to insulin resistance in both rodents and humans. J. Clin. Investig. 2009, 119, 573–581. [CrossRef]
[PubMed]
Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature
2006, 443, 787–795. [CrossRef] [PubMed]
Nishikawa, T.; Araki, E. Impact of mitochondrial ROS production in the pathogenesis of diabetes mellitus
and its complications. Antioxid. Redox Signal. 2007, 9, 343–353. [CrossRef] [PubMed]

Antioxidants 2018, 7, 107

29.

30.

31.

32.
33.

34.

35.
36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

10 of 12

Schriner, S.E.; Linford, N.J.; Martin, G.M.; Treuting, P.; Ogburn, C.E.; Emond, M.; Coskun, P.E.; Ladiges, W.;
Wolf, N.; Van Remmen, H.; et al. Extension of murine life span by overexpression of catalase targeted to
mitochondria. Science 2005, 308, 1909–1911. [CrossRef] [PubMed]
Lee, H.Y.; Choi, C.S.; Birkenfeld, A.L.; Alves, T.C.; Jornayvaz, F.R.; Jurczak, M.J.; Zhang, D.; Woo, D.K.;
Shadel, G.S.; Ladiges, W.; et al. Targeted expression of catalase to mitochondria prevents age-associated
reductions in mitochondrial function and insulin resistance. Cell Metab. 2010, 12, 668–674. [CrossRef]
[PubMed]
Chen, T.; Wanagat, J.; Laflamme, M.; Marcinek, D.J.; Emond, M.J.; Ngo, C.P.; Prolla, T.A.; Rabinovitch, P.S.
Age-dependent cardiomyopathy in mitochondrial mutator mice is attenuated by overexpression of catalase
targeted to mitochondria. Aging Cell 2010, 9, 536–544.
Ostojic, S.M. Mitochondria-targeted nutraceuticals in sports medicine: A new perspective. Res. Sports Med.
2017, 25, 91–100. [CrossRef] [PubMed]
Ross, M.F.; Kelso, G.F.; Blaikie, F.H.; James, A.M.; Cocheme, H.M.; Filipovska, A.; Da Ros, T.; Hurd, T.R.;
Smith, R.A.; Murphy, M.P. Lipophilic triphenylphosphonium cations as tools in mitochondrial bioenergetics
and free radical biology. Biochemistry 2005, 70, 222–230. [CrossRef] [PubMed]
Liberman, E.A.; Topaly, V.P.; Tsofina, L.M.; Jasaitis, A.A.; Skulachev, V.P. Mechanism of coupling of oxidative
phosphorylation and the membrane potential of mitochondria. Nature 1969, 222, 1076–1078. [CrossRef]
[PubMed]
Murphy, M.P. Targeting lipophilic cations to mitochondria. Biochim. Biophys. Acta 2008, 1777, 1028–1031.
[CrossRef] [PubMed]
Skulachev, V.P. A biochemical approach to the problem of aging: “Megaproject” on membrane-penetrating
ions. The first results and prospects. Biochemistry 2007, 72, 1385–1396. [CrossRef] [PubMed]
Antonenko, Y.N.; Roginsky, V.A.; Pashkovskaya, A.A.; Rokitskaya, T.I.; Kotova, E.A.; Zaspa, A.A.;
Chernyak, B.V.; Skulachev, V.P. Protective effects of mitochondria-targeted antioxidant SKQ in aqueous and
lipid membrane environments. J. Membr. Biol. 2008, 222, 141–149. [CrossRef] [PubMed]
Severin, F.F.; Severina, I.I.; Antonenko, Y.N.; Rokitskaya, T.I.; Cherepanov, D.A.; Mokhova, E.N.;
Vyssokikh, M.Y.; Pustovidko, A.V.; Markova, O.V.; Yaguzhinsky, L.S.; et al. Penetrating cation/fatty acid
anion pair as a mitochondria-targeted protonophore. Proc. Natl. Acad. Sci. USA 2010, 107, 663–668.
[CrossRef] [PubMed]
Murphy, M.P.; Smith, R.A. Targeting antioxidants to mitochondria by conjugation to lipophilic cations.
Annu. Rev. Pharmacol. Toxicol. 2007, 47, 629–656. [CrossRef] [PubMed]
Zhao, K.; Zhao, G.M.; Wu, D.; Soong, Y.; Birk, A.V.; Schiller, P.W.; Szeto, H.H. Cell-permeable peptide
antioxidants targeted to inner mitochondrial membrane inhibit mitochondrial swelling, oxidative cell death,
and reperfusion injury. J. Biol. Chem. 2004, 279, 34682–34690. [CrossRef] [PubMed]
Birk, A.V.; Liu, S.; Soong, Y.; Mills, W.; Singh, P.; Warren, J.D.; Seshan, S.V.; Pardee, J.D.; Szeto, H.H. The
mitochondrial-targeted compound SS-31 re-energizes ischemic mitochondria by interacting with cardiolipin.
J. Am. Soc. Nephrol. 2013, 24, 1250–1261. [CrossRef] [PubMed]
Brown, D.A.; Hale, S.L.; Baines, C.P.; del Rio, C.L.; Hamlin, R.L.; Yueyama, Y.; Kijtawornrat, A.; Yeh, S.T.;
Frasier, C.R.; Stewart, L.M.; et al. Reduction of early reperfusion injury with the mitochondria-targeting
peptide bendavia. J. Cardiovasc. Pharmacol. Ther. 2014, 19, 121–132. [CrossRef] [PubMed]
Xun, Z.; Rivera-Sanchez, S.; Ayala-Pena, S.; Lim, J.; Budworth, H.; Skoda, E.M.; Robbins, P.D.;
Niedernhofer, L.J.; Wipf, P.; McMurray, C.T. Targeting of XJB-5-131 to mitochondria suppresses oxidative
DNA damage and motor decline in a mouse model of huntington’s disease. Cell Rep. 2012, 2, 1137–1142.
[CrossRef] [PubMed]
Fink, M.P.; Macias, C.A.; Xiao, J.; Tyurina, Y.Y.; Delude, R.L.; Greenberger, J.S.; Kagan, V.E.; Wipf, P.
Hemigramicidin-TEMPO conjugates: Novel mitochondria-targeted antioxidants. Crit. Care Med. 2007,
35, S461–S467. [CrossRef] [PubMed]
Shill, D.D.; Southern, W.M.; Willingham, T.B.; Lansford, K.A.; McCully, K.K.; Jenkins, N.T.
Mitochondria-specific antioxidant supplementation does not influence endurance exercise training-induced
adaptations in circulating angiogenic cells, skeletal muscle oxidative capacity or maximal oxygen uptake.
J. Physiol. 2016, 594, 7005–7014. [CrossRef] [PubMed]

Antioxidants 2018, 7, 107

46.

47.
48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.
64.

11 of 12

Herrero, A.; Barja, G. Adp-regulation of mitochondrial free radical production is different with complex i- or
complex ii-linked substrates: Implications for the exercise paradox and brain hypermetabolism. J. Bioenerg.
Biomembr. 1997, 29, 241–249. [CrossRef] [PubMed]
Di Meo, S.; Venditti, P. Mitochondria in exercise-induced oxidative stress. Biol. Signals Recept. 2001, 10,
125–140. [CrossRef] [PubMed]
Jain, S.S.; Paglialunga, S.; Vigna, C.; Ludzki, A.; Herbst, E.A.; Lally, J.S.; Schrauwen, P.; Hoeks, J.; Tupling, A.R.;
Bonen, A.; et al. High-fat diet–induced mitochondrial biogenesis is regulated by mitochondrial-derived
reactive oxygen species activation of camkii. Diabetes 2014, 63, 1907–1913. [CrossRef] [PubMed]
Paglialunga, S.; van Bree, B.; Bosma, M.; Valdecantos, M.P.; Amengual-Cladera, E.; Jorgensen, J.A.; van
Beurden, D.; den Hartog, G.J.M.; Ouwens, D.M.; Briede, J.J.; et al. Targeting of mitochondrial reactive oxygen
species production does not avert lipid-induced insulin resistance in muscle tissue from mice. Diabetologia
2012, 55, 2759–2768. [CrossRef] [PubMed]
Coudray, C.; Fouret, G.; Lambert, K.; Ferreri, C.; Rieusset, J.; Blachnio-Zabielska, A.; Lecomte, J.; Ebabe
Elle, R.; Badia, E.; Murphy, M.P.; et al. A mitochondrial-targeted ubiquinone modulates muscle lipid profile
and improves mitochondrial respiration in obesogenic diet-fed rats. Br. J. Nutr. 2016, 115, 1155–1166.
[CrossRef] [PubMed]
Loh, K.; Deng, H.; Fukushima, A.; Cai, X.; Boivin, B.; Galic, S.; Bruce, C.; Shields, B.J.; Skiba, B.; Ooms, L.M.;
et al. Reactive oxygen species enhance insulin sensitivity. Cell Metab. 2009, 10, 260–272. [CrossRef] [PubMed]
Haber, C.A.; Lam, T.K.T.; Yu, Z.; Gupta, N.; Goh, T.; Bogdanovic, E.; Giacca, A.; Fantus, I.G. N-acetylcysteine
and taurine prevent hyperglycemia-induced insulin resistance in vivo: Possible role of oxidative stress.
Am. J. Physiol. Endocrinol. Metab. 2003, 285, E744–E753. [CrossRef] [PubMed]
Feillet-Coudray, C.; Fouret, G.; Ebabe Elle, R.; Rieusset, J.; Bonafos, B.; Chabi, B.; Crouzier, D.; Zarkovic, K.;
Zarkovic, N.; Ramos, J. The mitochondrial-targeted antioxidant mitoq ameliorates metabolic syndrome
features in obesogenic diet-fed rats better than apocynin or allopurinol. Free Radic. Res. 2014, 48, 1232–1246.
[CrossRef] [PubMed]
Medved, I.; Brown, M.J.; Bjorksten, A.R.; McKenna, M.J. Effects of intravenous N-acetylcysteine infusion
on time to fatigue and potassium regulation during prolonged cycling exercise. J. Appl. Physiol. 2004, 96,
211–217. [CrossRef] [PubMed]
Matuszczak, Y.; Farid, M.; Jones, J.; Lansdowne, S.; Smith, M.A.; Taylor, A.A.; Reid, M.B. Effects of
N-acetylcysteine on glutathione oxidation and fatigue during handgrip exercise. Muscle Nerve 2005, 32,
633–638. [CrossRef] [PubMed]
McKenna, M.J.; Medved, I.; Goodman, C.A.; Brown, M.J.; Bjorksten, A.R.; Murphy, K.T.; Petersen, A.C.;
Sostaric, S.; Gong, X. N-acetylcysteine attenuates the decline in muscle Na+ ,K+ -pump activity and delays
fatigue during prolonged exercise in humans. J. Physiol. 2006, 576, 279–288. [CrossRef] [PubMed]
Cobley, J.N.; McGlory, C.; Morton, J.P.; Close, G.L. N-acetylcysteine’s attenuation of fatigue after repeated
bouts of intermittent exercise: Practical implications for tournament situations. Int. J. Sport Nutr. Exerc. Metab.
2011, 21, 451–461. [CrossRef] [PubMed]
Katz, A.; Hernandez, A.; Caballero, D.M.; Briceno, J.F.; Amezquita, L.V.; Kosterina, N.; Bruton, J.D.;
Westerblad, H. Effects of N-acetylcysteine on isolated mouse skeletal muscle: Contractile properties,
temperature dependence, and metabolism. Pflugers Arch. Eur. J. Physiol. 2014, 466, 577–585. [CrossRef]
[PubMed]
Cheng, A.J.; Bruton, J.D.; Lanner, J.T.; Westerblad, H. Antioxidant treatments do not improve force recovery
after fatiguing stimulation of mouse skeletal muscle fibres. J. Physiol. 2015, 593, 457–472. [CrossRef]
[PubMed]
Bonomini, F.; Rodella, L.F.; Rezzani, R. Metabolic syndrome, aging and involvement of oxidative stress.
Aging Dis. 2015, 6, 109–120. [CrossRef] [PubMed]
Harman, D. Free radical theory of aging. Mutat. Res./DNAging 1992, 275, 257–266. [CrossRef]
Wickens, A.P. Ageing and the free radical theory. Respir. Physiol. 2001, 128, 379–391. [CrossRef]
Doughan, A.K.; Dikalov, S.I. Mitochondrial redox cycling of mitoquinone leads to superoxide production
and cellular apoptosis. Antioxid. Redox Signal. 2007, 9, 1825–1836. [CrossRef] [PubMed]
Talbert, E.E.; Smuder, A.J.; Min, K.; Kwon, O.S.; Szeto, H.H.; Powers, S.K. Immobilization-induced activation
of key proteolytic systems in skeletal muscles is prevented by a mitochondria-targeted antioxidant. J. Appl.
Physiol. 2013, 115, 529–538. [CrossRef] [PubMed]

Antioxidants 2018, 7, 107

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.
75.

76.

77.

78.

12 of 12

Siegel, M.P.; Kruse, S.E.; Percival, J.M.; Goh, J.; White, C.C.; Hopkins, H.C.; Kavanagh, T.J.; Szeto, H.H.;
Rabinovitch, P.S.; Marcinek, D.J. Mitochondrial-targeted peptide rapidly improves mitochondrial energetics
and skeletal muscle performance in aged mice. Aging Cell 2013, 12, 763–771. [CrossRef] [PubMed]
Javadov, S.; Jang, S.; Rodriguez-Reyes, N.; Rodriguez-Zayas, A.E.; Hernandez, J.S.; Krainz, T.; Wipf, P.;
Frontera, W. Mitochondria-targeted antioxidant preserves contractile properties and mitochondrial function
of skeletal muscle in aged rats. Oncotarget 2015, 6, 39469–39481. [CrossRef] [PubMed]
Sakellariou, G.K.; Pearson, T.; Lightfoot, A.P.; Nye, G.A.; Wells, N.; Giakoumaki, I.I.; Griffiths, R.D.;
McArdle, A.; Jackson, M.J. Long-term administration of the mitochondria-targeted antioxidant mitoquinone
mesylate fails to attenuate age-related oxidative damage or rescue the loss of muscle mass and function
associated with aging of skeletal muscle. FASEB J. 2016, 30, 3771–3785. [CrossRef] [PubMed]
Vays, V.B.; Eldarov, C.M.; Vangely, I.M.; Kolosova, N.G.; Bakeeva, L.E.; Skulachev, V.P. Antioxidant SKQ1
delays sarcopenia-associated damage of mitochondrial ultrastructure. Aging 2014, 6, 140–148. [CrossRef]
[PubMed]
Powers, S.K. Can antioxidants protect against disuse muscle atrophy? Sports Med. 2014, 44, 155–165.
[CrossRef] [PubMed]
Min, K.; Smuder, A.J.; Kwon, O.-S.; Kavazis, A.N.; Szeto, H.H.; Powers, S.K. Mitochondrial-targeted
antioxidants protect skeletal muscle against immobilization-induced muscle atrophy. J. Appl. Physiol. 2011,
111, 1459–1466. [CrossRef] [PubMed]
Snow, B.J.; Rolfe, F.L.; Lockhart, M.M.; Frampton, C.M.; O’Sullivan, J.D.; Fung, V.; Smith, R.A.; Murphy, M.P.;
Taylor, K.M. A double-blind, placebo-controlled study to assess the mitochondria-targeted antioxidant
mitoq as a disease-modifying therapy in parkinson’s disease. Mov. Disord. 2010, 25, 1670–1674. [CrossRef]
[PubMed]
Gane, E.J.; Weilert, F.; Orr, D.W.; Keogh, G.F.; Gibson, M.; Lockhart, M.M.; Frampton, C.M.; Taylor, K.M.;
Smith, R.A.; Murphy, M.P. The mitochondria-targeted anti-oxidant mitoquinone decreases liver damage in a
phase ii study of hepatitis c patients. Liver Int. 2010, 30, 1019–1026. [CrossRef] [PubMed]
Rossman, M.J.; Santos-Parker, J.R.; Steward, C.A.C.; Bispham, N.Z.; Cuevas, L.M.; Rosenberg, H.L.;
Woodward, K.A.; Chonchol, M.; Gioscia-Ryan, R.A.; Murphy, M.P.; et al. Chronic supplementation with a
mitochondrial antioxidant (MitoQ) improves vascular function in healthy older adults. Hypertension 2018,
71, 1056–1063. [CrossRef] [PubMed]
Szeto, H.H.; Birk, A.V. Serendipity and the discovery of novel compounds that restore mitochondrial
plasticity. Clin. Pharmacol. Ther. 2014, 96, 672–683. [CrossRef] [PubMed]
Gibson, C.M.; Giugliano, R.P.; Kloner, R.A.; Bode, C.; Tendera, M.; Janosi, A.; Merkely, B.; Godlewski, J.;
Halaby, R.; Korjian, S.; et al. Embrace stemi study: A phase 2a trial to evaluate the safety, tolerability,
and efficacy of intravenous MTP-131 on reperfusion injury in patients undergoing primary percutaneous
coronary intervention. Eur. Heart J. 2016, 37, 1296–1303. [CrossRef] [PubMed]
Daubert, M.A.; Yow, E.; Dunn, G.; Marchev, S.; Barnhart, H.; Douglas, P.S.; O’Connor, C.; Goldstein, S.;
Udelson, J.E.; Sabbah, H.N. Novel mitochondria-targeting peptide in heart failure treatment. A Randomized,
Placebo-Controlled Trial Elamipretide. Circ. Heart Fail. 2017, 10, e004389. [CrossRef] [PubMed]
Karaa, A.; Haas, R.; Goldstein, A.; Vockley, J.; Weaver, W.D.; Cohen, B.H. Randomized dose-escalation trial of
elamipretide in adults with primary mitochondrial myopathy. Neurology 2018, 90, e1212–e1221. [CrossRef]
[PubMed]
Saad, A.; Herrmann, S.M.S.; Eirin, A.; Ferguson, C.M.; Glockner, J.F.; Bjarnason, H.; McKusick, M.A.;
Misra, S.; Lerman, L.O.; Textor, S.C. Phase 2a clinical trial of mitochondrial protection (elamipretide) during
stent revascularization in patients with atherosclerotic renal artery stenosis. Circ. Cardiovasc. Interv. 2017,
10, e005478. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

