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Abstract: Reactive oxygen species generated in mitochondria are an important
factor contributing to mitochondrial and cellular dysfunction underlying many
degenerative diseases, chronic pathologies and aging. The idea of delivering an-
tioxidant molecules to mitochondria in vivo to treat these diseases and slow ag-
ing intensively developed in the last 20 years. Derivatives of quinones covalently
conjugated to a lipophilic cation (e.g., MitoQ and SkQ) were the most exten-
sively studied mitochondria-targeted antioxidants. These compounds have now
been used in a wide range of in vitro and in vivo studies, as well as in clinical tri-
als in humans. Here, we review recent progress in this field with a special atten-
tion on molecular mechanisms of rechargeable mitochondria-targeted antioxi-
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A simple hypothesis that aging results from gradual accumulation of occasional damage inflicted

by ROS to DNA, proteins and lipids is apparently insufficient. More and more pieces of evidence
DOI: indicate that the damage in question is programmed. Moreover, the imbalance in ROS-dependent
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regulatory mechanisms and compromised ROS signaling are underlying many pathologies and ag-

ing. Chain reactions of cardiolipin peroxidation initiated by mitochondrial ROS seem to play a key
role in these degenerative processes. Such reactions are specifically abolished by mitochondria-

targeted antioxidants.
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1. INTRODUCTION

Reactive oxygen species (ROS) is a broad term used to
describe a variety of chemically active molecules and free
radicals derived from molecular oxygen. ROS drew no
significant attention of biologists until Danham Harman in
1956 proposed his hypothesis of aging based on the free
radical chemistry [1]. At that time the mainstream of aging
research was the «damage accumulation theory» (also known
as the «rate of living» theory) [2]. It postulated that metabolic
reactions occurring in a living organism have some inevitable
harmful side-effects, and that aging is progressive accumula-
tion of diverse, deleterious changes caused by them.

There was a bitter need for an explanation, what exactly
this irreversible damage is. Harman suggested that this dam-
age is inflicted by free radicals reacting with cellular con-
stituents (including proteins and nucleic acids). Such reac-
tions are expected to impair the functional efficiency and
reproductive ability of the cell, and to stimulate mutagenesis,
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aging and cancer. Harman also proposed that free radicals
arise as by-products of reactions involving molecular oxygen
catalyzed in the cell by the oxidative enzymes [1], and that
mitochondria, being responsible for cellular respiration,
might serve as a biologic clock that determines the rate of
aging [3, 4].

Indeed, a significant — if not the major — fraction of
reactive oxygen species generated in an animal cell is a by-
product of mitochondrial electron transport. Mitochondria
also produce reactive nitrogen species (RNS), primarily ni-
tric oxide and peroxynitrite, that are involved in cellular sig-
naling and degenerative processes including aging (see [5-8]
for details), but in this review we focus mainly on ROS.

In 1966 Jensen demonstrated that hydrogen peroxide is
formed during respiration on succinate and NADH [9]; in
1974 Loschen et al. reported that superoxide is also
produced by mitochondria [10]. The puzzle seemed to be
solved: mitochondria produced ROS as an inevitable
respiration by-product; these ROS were gradually damaging
lipids, proteins, and DNA; a fraction of this damage was
irreparable, and accumulation of such damage resulted in
gradual decline of vital functions, i.e. in aging. There is also
a «mitochondrial vicious cycle» extension of this hypothesis
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assuming that ROS produced as respiration by-products are
responsible for damage first of all in mitochondria, causing
further increase in ROS production and mitochondrial
dysfunction — a positive feedback that eventually can lead to
ROS burst and cell death [11].

The link between mitochondrial ROS production and
degenerative processes leading to disease and aging is sup-
ported by an overwhelming number of experimental evi-
dence (see [12-17] and references therein). However, the
mechanism behind this link proved to be more complex than
just unspecific chemical reactions damaging biomolecules.
Although numerous experimental works indicate that
mutations in mitochondrial DNA are involved in the aging
process [18-20], there is no sound experimental evidence
demonstrating that oxidative damage to DNA is the primary
source of mutation accumulation during aging. Numerous
attempts to use antioxidants to prevent the accumulation of
oxidative damage failed [21]. The «mitochondrial vicious
cycle» theory also gained no conclusive experimental sup-
port [22, 23]. Nevertheless, experiments on mice with
defective, error-prone mitochondrial DNA (mtDNA)
polymerase demonstrated that accelerated development of
aging phenotypes triggered by mtDNA mutations is linked to
mitochondrial dysfunction and oxidative stress and can be
prevented by mitochodrially-targeted catalase [24] or
synthetic antioxidants (SkQ1). A recent study on Drosophila
melanogaster revealed that many features associated with
mtDNA mutations in vertebrates are conserved in this insect,
including an increase in frequency of mutations with age.
However, it remained unclear whether the oxidative stress
increasing with age is a major factor in the mutagenesis [25].
Ultra-sensitive  sequencing experiments revealed that
predominantly transition mutations, rather than mutations
commonly associated with oxidative damage to
mitochondrial DNA, become more frequent with age [26].

The well-established correlation of mitochondrial ROS
production and longevity [27, 28], initially used as a strong
argument for the free radical theory of aging, is also not
universal: the longest-living rodent naked mole rat exhibit
strong ROS production [28] and high levels of oxidative
stress markers (isoprostanes, malondialdehyde, protein
carbonyls, oxydized cysteines and deoxyribonucleic acid 8-
OHAG) in multiple tissues at quite early age [29-31]. The
naked mole-rat, and probably some other animal species, can
tolerate a high level of oxidative damage while having an
astonishingly long lifespan [32].

The modern version of free radical theory of aging
suggests that the main factor underlying the deleterious
process of gradual aging is not the direct damage inflicted by
ROS on a living cell, but the imbalance in cellular ROS
signalling (see [12-14, 33] for recent reviews). Mitochondria
and the ROS generated by them play a central role in the
regulation of programmed cell death and other vital
processes in organisms ranging from single-cell eukaryotes
like yeast to humans. Mitochondria-targeted antioxidants are
a powerful tool to investigate the links between mitochon-
drial ROS and degenerative processes leading to disease and
aging. Moreover, these compounds are potential candidates
for drug development and anti-aging medicines. This review
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focuses on recent progress in application of mitochondria-
targeted antioxidants to research and therapy.

1.1. Mitochondrial ROS: Generation and Chemistry

It is common in biologic research to refer to ROS as to a
family of compounds with similar physico-chemical
properties. However, this simplification is misleading.
Among the biologically active ROS that can be generated in
an animal organism are: superoxide anion (O%), its
protonated form — hydroperoxyl radical (HO",), hydrogen
peroxide (H,O,), hydroxyl radical (OH’) and nitric oxide
(NO), hypochlorous acid, singlet oxygen, lipid peroxides.
These compounds have different stability, chemical
reactivity, mobility and cause different biological responses
in a living cell [34].

Since the first evidence that hydrogen peroxide is
produced by respiratory enzyme [9], a vast amount of
experimental data was obtained, and the process of ROS
generation in mitochondria is now documented in great
detail (see [16, 35-38] for excellent reviews). The two
primary ROS produced in mitochondria are superoxide and
hydrogen peroxide. Superoxide is more reactive than H,O,,
its pK is 4.7, so at normal intracellular pH it is negatively
charged and therefore membrane impermeable. Hydrogen
peroxide is much more stable, and does not react with most
biomolecules directly (exceptions are thiols (including
cysteine  residues), transition metal centers, and
selenoproteins) — a set of properties that makes it an ideal
transmitter of redox signals (see [39] for a detailed recent
review on H,0O, biochemistry).

Neither H,O, nor O, is chemically capable of damaging
DNA directly [40], but they can do so indirectly by partici-
pating in the production of much more reactive HO, and OH
radicals [41] via Fenton reaction:

0, +H' - HO,
H,0, + Fe?' — OH + OH + Fe**

It was shown that inactivation of Escherichia coli dihy-
droxy-acid dehydratase, fumarase A, fumarase B, and mam-
malian aconitase by superoxide correlates with release of
iron from [4Fe-4S] clusters of these enzymes [42]. It is
highly probable that the same process takes place in the mi-
tochondrial matrix, and that iron ions released serve as a
catalyst for OH' generation via Fenton reaction.

OH' radical is a short-lived (half-life about few nano-
seconds), but highly reactive ROS able to react with almost
any type of cellular macromolecules. Of particular impor-
tance among the damaging reactions mediated by OH" radi-
cal is lipid peroxidation — a free radical chain reaction of
oxidative degradation. It mostly affects polyunsaturated
fatty acids that possess especially reactive hydrogens. The
reaction is initiated by OH' radical attack at a double bond
that results in fatty acid radical formation. The latter is not
a stable molecule, and readily reacts with molecular oxy-
gen, producing a peroxyl-fatty acid radical. This radical
reacts with another unsaturated fatty acid, propagating the
reaction, and cycle continues, as the new fatty acid radical
reacts with a neighboring lipid. In such a way a single OH
radical can “burn" a significant fraction of unsaturated lip-
ids in the mitochondrial membrane, resulting in the distur-
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bance of membrane organization and function loss. At the
same time, the products of lipid peroxidation have been
shown to act as redox signaling mediators [43].

The rate of mitochondrial ROS generation depends on
many factors: oxygen concentration, respiration rate, calcium
concentration, to name just a few. Transmembrane electric
potential difference (Ay) on the inner mitochondrial mem-
brane is also an important factor that can regulate the rate of
mitochondrial ROS formation. It was proposed in our group
in1996 that high Ay could lead to an increase in superoxide
generation [44]. Later it was demonstrated that indeed at Ay
values above a certain threshold (slightly exceeding the Ay
level in mitochondria that actively synthesize ATP, so-called
state 3 mitochondria) a strong increase in ROS production
occurs [45-47]. Such high Ay values are quite normal for a
living cell at rest, when the energy demand is low, and most
adenine nucleotides are in the form of ATP, no further ATP
synthesis occurs, and the respiratory chain is self-inhibited
by Ay (state 4 mitochondria).

Another physiologically important situation when a
strong burst of ROS is generated occurs upon ischemia-
reperfusion, i.e. when a tissue is deprived of oxygen for a
certain time (long enough to achieve the reduction of elec-
tron-transporting co-factors in the respiratory chain) and then
re-oxigenated. The oxidative stress induced by ischemia-
reperfusion is involved in many fatal pathologies, including
cardiac and neurodegenerative diseases [48, 49].

1.2. Cellular Defenses Against ROS

Generation of ROS in mitochodria, as well as in other
cellular compartments, is an inevitable process involved in
many physiological functions [44, 50]. Several lines of de-
fense against ROS are found in a living cell. Peroxiredox-
ins, enzymes that reduce H,O,, are abundant in the mam-
malian cell cytoplasm and can amount up to 1% of intracel-
lular soluble protein [51]. The antioxidant mechanism in-
volves oxidation of the protein and its subsequent regenera-
tion by thioredoxin. One protein of this family, peroxire-
doxin III, is present in the mitochondrial matrix; its deple-
tion triggers increase in intracellular H,O, concentration,
oxidative stress and apoptosis [52]. Glutathione peroxi-
dases are another family of antioxidant enzymes that cata-
lyze the reduction of H,0O, to H,O, typically using glu-
tathione as reductant [53]; glutathione peroxidases 1 is pre-
sent both in the cytosol and mitochondria. Catalases scav-
enge H,0O, in cytoplasm (but not in mitochondria), decom-
posing it to water and oxygen [54]. Superoxide dismutases
(Cu-Zn-SOD, or SODI! in cytoplasm and Mn-SOD, or
SOD2 in mitochondria) are rapidly detoxifying O7 to
H,0,. inside the cell, while SOD3 operates in the intercel-
lular space [55].

With such an impressive arsenal of antioxidant de-
fenses, the cell possesses all the means to keep the ROS
damage at the safe level. The source of oxidative stress is
most likely not the inevitable generation of ROS as steady-
state respiration by-products, but the imbalance of the anti-
oxidant regulation and/or failure of the antioxidant defenses
to cope with acute stress (e.g., ischemia-reperfusion in-
duced ROS burst).
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Mitochondrial ROS play an important role in the initia-
tion of programmed death phenomena from organelle to or-
ganism [56-58]. Under certain conditions, ROS induce the
opening of permeability transition pore (a non-specific pro-
tein channel with a molecular cut-off of about 1.5 kDa) in
the inner mitochondrial membrane. Consequent dissipation
of Ay serves as a mark that dooms de-energized mitochon-
dria to digestion by autophagosomes (mitophagy) [59]. This
mechanism serves as a quality-control tool that enables se-
lective elimination of malfunctioning mitochondria (e.g.,
organelles with mutated DNA or with severely oxidized lip-
ids). When malfunction involves the majority of mitochon-
dria in a cell, a more radical (mitoptotic) mechanism is em-
ployed: the mitochondria are gathered close to the nucleus,
get surrounded by a single membrane, and are expelled from
the cell as a “mitoptotic body” [60, 61]. Failure of these
mechanisms to dispose of malfunctioning mitochondria may
be fatal for the cell: the opening of mitochondrial transition
pores leads to the swelling of the mitochondrial matrix, that
in turn results in the rupture of the outer mitochondrial
membrane, entailing release of the mitochondrial intermem-
brane proteins to the cytosol and subsequent apoptosis. Be-
sides apoptosis, mitochondrial ROS are able to activate star-
vation-induced and antibacterial autophagy, as well as
autophagic cell death [62].

1.3. Mitochondria-targeted Compounds

Targeting small molecules to mitochondria is now a
popular strategy for drug delivery, for design of probes
useful to follow biological processes and biochemical
reactions in real time, and for other lines of mitochondrial
research (e.g., the role of mitochondria in aging). Several
comprehensive reviews [63-69] were devoted to this topic in
the recent 10 years; here we summarize general information
and report most novel findings in each sub-area of
mitochondria-targeted antioxidant research.

The main two approaches for targeting small molecules
to mitochondria consist in their incorporation into
mitochondria-targeted peptides and conjugation to lipophilic
cations. A less widely used approach to target substances of
interest to mitochondria - particulate carriers that can deliver
drug molecules selectively to mitochondria and protect the
cargo substance from degradation during delivery (e.g.
liposomes, biodegradable polymer or metal particles) [70].

1.4. Nitroxides Conjugated to Mitochondria-targeted
Moieties

One of the approaches to scavenge mitochondrial ROS
is based on conjugating nitroxides (e.g., 4-amino-TEMPO)
to hemigramicidin (a modified gramicidin S segment) or
segments of other natural products with relatively high af-
finity for mitochondrial membranes [64]. An important
advantage of the nitroxide conjugates is the possibility to
measure the distribution of spin label by electron spin reso-
nance and thereby monitor oxidative stress in a living cell
and in mitochondria [71, 72]. In 2005 the first mitochon-
dria-targeted nitroxide was proven to be effective in pre-
venting ROS generation and cardiolipon (CL) oxidation in
mitochondria and in protecting cells against a range of pro-
apoptotic triggers [73] (see also [74] for an excellent re-
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view on TEMPO and other redox-cycling nitroxides in
models of oxidative stress).

1.5. Mitochondria-targeted Cytoprotective Peptides
(Szeto-Schiller Peptides)
Szeto-Schiller (SS) peptides are water soluble

tetrapeptides that can readily cross cell membranes and,
having a special alternating aromatic-cationic amino acids
motif, are targeted to mitochondria [75]. Before these
peptides were used at mitochondria-targeted antioxidants, it
was found that they selectively bind to the p-opioid receptor
and can be used as long-acting and effective analgetics [76,
77].

Contrary to the compounds with a lipophilic cation
moiety (see below), the uptake of SS peptides into
mitochondria does not depend on Ay. The peptides are
readily concentrated even in the depolarized mitochondria,
and addition of wuncoupler carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) reduces the
uptake by mere ~20% [75]. The specificity of targeting was
assessed in experiments with radioactive ["H] SS-03 peptide,
and the compound was concentrated in mitochondria in 100-
fold excess in the time scale of several minutes [75, 78].

In vitro studies demonstrated that SS-peptides act as
H,0, and peroxynitrite scavengers and prevent linoleic acid
oxidation; their antioxidant properties were attributed to their
dimethyltyrosine residues [79]. This hypothesis was
confirmed by experiments with SS-20, a peptide lacking
dimethyltyrosine that failed to act as a ROS scavenger [75].

Antioxidant activity of SS peptides is an obvious factor
explaining their beneficial effects in vivo. The ability of SS-
31 (D-Arg-Lys-Phe-NH;) to selectively bind to cardiolipin
on the inner mitochondrial membrane via both electrostatic
and hydrophobic interactions is another feature that might
explain its protective effect on mitochondria during ischemia
[80]. SS-31 has also demonstrated positive effects in
preclinical models of heart failure, ameliorating diastolic
dysfunction, cardiac hypertrophy induced by overexpression-
induced heart failure [81].

Lipophilic Cations Conjugates

Release of protons from the mitochondrial matrix to the
intermembrane space performed by respiratory chain
proteins results in a large negative Ay (~180 mV) at the
inner mitochondrial membrane. According to the Nernst
equation, the concentration of a membrane-permeable
monovalent cation inside mitochondria should be about
1000-fold higher than in the cytoplasm (approximately one
order of magnitude for each 60 mV at room temperature).
Same logic applied to the plasma membrane (assuming Ay
of 60 mV, cell interior negative) gives further increase in
concentration by a factor of 10. Hence, the magnification of
membrane-permeable cations concentration inside
mitochondria compared with the extracellular space will be
about 10,000-fold. Moreover, in the inner leaflet of inner
mitochondrial membrane bilayer the concentration should be
even higher, because the water-membrane distribution of
lipophilic cations is significantly shifted towards the
membrane.
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The idea to use membrane-permeable cations as
locomotives to  deliver “payload" specifically to
mitochondria was suggested in our group as early as 1970
[82]. But the first successful implementation came 25-30
years later, when M. P. Murphy introduced first
mitochondria-targeted antioxidants with lipophilic cations
bound to thiobutyl [83], vitamin E [84], and ubiquinone [85].
The latter compound, known as MitoQ, a conjugate of ubi-
quinone with decyl-triphenylphosphonium cation, had an
important advantage: its oxidized form can be regenerated by
accepting electrons from the respiratory chain, rendering
MitoQ a rechargeable mitochondrial antioxidant [63]. Later
studies performed in our group on model systems, mito-
chondria, and cell cultures indicated that conjugates of pene-
trating cations with plastoquinone (SkQ) are more promising
antioxidants than those with ubiquinone (MitoQ). The latter
demonstrated anti-oxidant activity at rather high concentra-
tions, close to the level above which the pro-oxidant activity
becomes significant, while for SkQ the “antioxidant concen-
tration window" was much larger [67, 86, 87].

Conjugates of lipophilic cations with rechargeable anti-
oxidants and other types of cargo have an important advan-
tage: they could be applied in extremely low concentrations
because of their ability to selectively accumulate in the inner
mitochondrial membrane. For potential drug candidates this
property allows to greatly diminish the risks of unwanted
side effects.

It is therefore not surprising that studies of such com-
pounds and their biological effects in vitro and in vivo be-
came a very active area of research. Physico-chemical prop-
erties of a broad spectrum of these compounds were studied;
the compounds were tested in model systems and in animals,
and clinical trials were carried out (covered in detail in [66,
69, 88, 89]). Below we provide information on the most re-
cent advances in this area.

It was found that 2-demethylplastoquinone (a compound
abundant in black cumin seeds used in the past as a medicine
to treat many human pathologies) conjugated to lipophilic
cations has a significantly larger window between anti- and
prooxidant concentrations compared to MitoQ and even
SkQ1. The novel compound was readily reduced by the res-
piratory chain, and was able to strongly inhibit the H,O,-
induced apoptosis at pico- and nanomolar concentrations in
cell cultures [90].

It was also found that SkQI1, as well as mitoTEMPO
(mitochondria-targeted nitroxide), reduced the expression of
inducible nitric oxide synthase in liver, NO levels in blood
and plasma, and markers of organ damage, suggesting that
the intracellular signaling pathways mediated by NO and
ROS are probably linked to each other via mitochondria and
that mitochondrial ROS and NO cooperate to regulate the
inflammatory intracellular processes [91].

Mitochondria-targeted compounds introduced imme-
diately after reperfusion were found to reduce brain damage
and helped to keep a higher neurological status; cationic
decylrhodamine derivatives of plastoquinone were the most
promising candidates for anti-ischemic mitochondria-
targeted drugs [92].
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In mice, lifelong treatment with the mitochondria-
targeted antioxidant SkQ1 retarded progression of age-
related cardiac dysfunction (cardiomyopathy, cardiac
hypertrophy, and diffuse myocardial fibrosis), presumably
via a reduction in age-related inflammation [93].

In rats, daily intraperitoneal injections of SkQTI, a
mitochondria-targeted thymoquinone, applied for 5 days
after brain trauma was found to attenuate the trauma-induced
neurological deficit [94].

SkQ1 accelerated resolution of the inflammatory phase,
formation of granulation tissue, vascularization and
epithelization of cutaneous wounds in aged mice, suggesting
that mitochondrial ROS play an important role in the
pathogenesis of age-related chronic wounds [95].

Recent electron microscopy study of rat mitochondrial
ultrastructure revealed that application of SkQ1 prevented
the development of age-dependent destructive changes of
mitochondrial reticulum during skeletal muscle sarcopenia in
both the control Wistar animals and OXYS rats suffering
from excessive oxidative stress and accelerated aging [96].
This finding is in line with earlier experiments, where SkQ1
at nanomolar concentrations was shown to prevent or slow
down cerebral dysfunctions, and to decrease the pathological
accumulation of AbetaPP, Abeta, and hyperphosphorylation
of tau-protein in OXYS rats, as well as age-dependent
changes in healthy Wistar rats [97].

1.7. The Role of Cardiolipin

Several mitochondrially-targeted antioxidants tested in
different groups exerted their protective effect via prevention
of cardiolipin peroxidation. It is therefore probable that the
latter process plays an important role in the regulation of
oxidative stress and in progression of pathologies.

Cardiolipin (CL) is a tetra-acylated anionic phospholipid
localized normally in the inner mitochondrial membrane. It
is essential for proper functioning of the respiratory chain
[98-100]. Mitochondrial ADP/ATP carrier, an integral
protein of the inner mitochondrial membrane that is closely
associated with the respiratory chain complexes, also
requires CL for normal functioning [101] and looses activity
upon its oxidation [102, 103].

Unlike other phospholipids, CL has four fatty acid
residues instead of two; and the hydrophobic tails of these
fatty acids are all polyunsaturated. This makes CL a
particularly vulnerable target for ROS attack. Moreover, in
some proteins integrated into the inner mitochondrial
membrane (e.g., complex III of the respiratory chain) CL
forms dimers, so that 8 unsaturated fatty acid rich with
double bonds are present in close vicinity to each other. Such
dimers, especially when localized near respiratory chain
proteins that generate ROS, are ideal starting points for chain
reaction of lipid peroxidation.

CL-cytochrome ¢ complexes were identified as important
components of the mitochondrial apoptotic machinery that
are induced by proapoptotic stimuli and trigger the release of
proapoptotic factors from intermembrane space and other
apoptotic cascade steps [104]. Formation of such complex
changes both functions and redox properties of cytochrome
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¢, stimulating its peroxidase activity and diminishing its
ability to perform electron transport from complex III to
complex IV [105].

It was shown recently in neurons that CL is externalized
in response to mitochondrial injury to the outer
mitochondrial membrane, where it interacts with the
autophagy protein LC3 to mediate the elemination of
potentially dangerous damaged mitochondria by mitophagy
[106]. Moreover, under certain conditions (e.g. neutrophil
activation, necrosis, stress, and acute trauma) cells release
CL-presenting mitochondria and mitochondrial membranes.
In such situation, externalized extracellular CL promotes
phagocytosis and attenuates inflammatory immune responses
[107].

More and more experimental evidence indicates that CL
oxidation is one of the key events in the initiation and/or
progression of various pathologies, including brain injury
[108].

It is experimentally established that under oxidative
stress cytochrome ¢ acts as a peroxidase that can oxidize
cardiolipin [109]. It was recently demonstrated that addition
of H,O,+cytochrome ¢ to cardiolipin-containing liposomes
induces membrane permeabilization for molecules up to 3
kDa. Requirement of unsaturated cardiolipin for the
permeabilization suggests that cardiolipin oxidation plays a
critical role in the formation of membrane defects induced by
H,0,+cytochrome c [110]. Besides membrane
permeabilization, cardiolipin oxidation leads to respiratory
chain enzymes inactivation, cellular dysfunction and
eventually cell death [111].

Mitochondrially-targeted synthetic antioxidants, even
being introduced in  micro- and submicromolar
concentrations, fully protected the liposomal cardiolipin
from peroxidation [112]. Previously, similar effect was
shown in isolated mitochondria [67].

CONCLUSION

Mitochondrially-targeted antioxidants provide a potent
tool for mitochondrial research and for therapy of ROS-
related pathologies. Eye drops containing 250 nM SkQl1
developed against dry eye syndrome, cataract and glaucoma
have already passed clinical trials (phase I-III in Russia [113-
116], phase I-II in the USA [117]), and over 700,000
samples were sold over-the-counter since 2012, with no side
effects reported so far. It is probable that active use of such
drugs will have unexpected positive effects on a broad
spectrum of age-related diseases, including chronic
inflammation, atherosclerosis and on aging in general.

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flict of interest.
ACKNOWLEDGEMENTS

This work was supported by the Russian Science
Foundation (project No. 14-50-00029 — review of the role of
ROS in aging (B.A.F.); project No. 14-24-00107 — review of



6

Current Aging Science, 2017, Vol. 10, No. 1

the mechanisms of mROS generation and scavenging and
their role in apoptosis (V.P.S.).

PATIENT’S CONSENT

Declared none.

REFERENCES

[15]
[16]

[17]

[18]

(23]

Harman D. Aging: A theory based on free radical and radiation
chemistry. J Gerontol 1956; 11(3): 298-300.

Pearl R. The rate of living, being an account of some experimental
studies on the biology of life duration. AA Knopf: New York 1928;
pp. 12-185.

Harman D. The biologic clock: the mitochondria? J Am Geriatr
Soc 1972;20(4): 145-7.

Harman D. Free radical theory of aging: Consequences of mito-
chondrial aging. AGE 1983; 6(3): 86-94.

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in
health and disease. Physiol Rev 2007; 87(1): 315-424.
Martinez-Ruiz A, Cadenas S, Lamas S. Nitric oxide signaling:
classical, less classical, nonclassical mechanisms. Free Radic Biol
Med 2011; 51(1): 17-29.

Radi R. Peroxynitrite, a stealthy biological oxidant. J Biol Chem
2013;288(37): 26464-72.

Larsen FJ, Schiffer TA, Weitzberg E, Lundberg JO. Regulation of
mitochondrial function and energetics by reactive nitrogen oxides.
Free Radic Biol Med 2012; 53(10): 1919-28.

Jensen PK. Antimycin-insensitive oxidation of succinate and re-
duced nicotinamide-adenine dinucleotide in electron-transport par-
ticles. I. pH dependency and hydrogen peroxide formation. Bio-
chim Biophys Acta 1966; 122(2): 157-66.

Loschen G, Azzi A, Richter C, Flohe L. Superoxide radicals as
precursors of mitochondrial hydrogen peroxide. FEBS Lett 1974;
42(1): 68-72.

Bandy B, Davison AJ. Mitochondrial mutations may increase oxi-
dative stress: implications for carcinogenesis and aging? Free Radic
Biol Med 1990; 8(6): 523-39.

Bratic A, Larsson NG. The role of mitochondria in aging. J Clin
Invest 2013; 123(3): 951-7.

Raffaello A, Rizzuto R. Mitochondrial longevity pathways. Bio-
chim Biophys Acta 2011; 1813(1): 260-8.

Lee HC, Wei YH. Oxidative stress, mitochondrial DNA mutation,
apoptosis in aging. Exp Biol Med (Maywood) 2007; 232(5): 592-
606.

Barja G. The mitochondrial free radical theory of aging. Prog Mol
Biol Transl Sci 2014; 127: 1-27.

Murphy MP. How mitochondria produce reactive oxygen species.
Biochem J 2009; 417(1): 1-13.

Bokov A, Chaudhuri A, Richardson A. The role of oxidative dam-
age and stress in aging. Mech Ageing Dev 2004; 125(10-11): 811-
26.

Kraytsberg Y, Kudryavtseva E, McKee AC, Geula C, Kowall NW,
Khrapko K. Mitochondrial DNA deletions are abundant and cause
functional impairment in aged human substantia nigra neurons. Nat
Genet 2006; 38(5): 518-20.

Hsieh RH, Hou JH, Hsu HS, Wei YH. Age-dependent respiratory
function decline and DNA deletions in human muscle mitochon-
dria. Biochem Mol Biol Int 1994; 32(6): 1009-22.

Cao Z, Wanagat J, McKiernan SH, Aiken JM. Mitochondrial DNA
deletion mutations are concomitant with ragged red regions of in-
dividual, aged muscle fibers: analysis by laser-capture microdissec-
tion. Nucleic Acids Res 2001; 29(21): 4502-8.

Perez VI, Bokov A, Van Remmen H, et al. Is the oxidative stress
theory of aging dead? Biochim Biophys Acta 2009; 1790(10):
1005-14.

Sanz A, Caro P, Gomez J, Barja G. Testing the vicious cycle theory
of mitochondrial ROS production: effects of H,O, and cumene hy-
droperoxide treatment on heart mitochondria. J Bioenerg
Biomembr 2006; 38(2): 121-7.

de Grey, AD. Reactive oxygen species production in the mitochon-
drial matrix: implications for the mechanism of mitochondrial mu-
tation accumulation. Rejuvenation Res 2005; 8(1): 13-7.

[24]

[27]

(28]

[36]

[37]

[38]

[39]
[40]

[41]

[46]

[47]

Feniouk and Skulachev

Dai DF, Chen T, Wanagat J, et al. Age-dependent cardiomyopathy
in mitochondrial mutator mice is attenuated by overexpression of
catalase targeted to mitochondria. Aging Cell 2010; 9(4): 536-44.
Itsara LS, Kennedy SR, Fox EJ, er al. Oxidative stress is not a
major contributor to somatic mitochondrial DNA mutations. PLoS
Genet 2014; 10(2): €1003974.

Kennedy SR, Salk JJ, Schmitt MW, Loeb LA. Ultra-sensitive se-
quencing reveals an age-related increase in somatic mitochondrial
mutations that are inconsistent with oxidative damage. PLoS Genet
2013;9(9): €1003794.

Ku HH, Brunk UT, Sohal RS. Relationship between Mitochondrial
Superoxide and Hydrogen-Peroxide Production and Longevity of
Mammalian-Species. Free Rad Biol Med 1993; 15(6): 621-7.
Lambert AJ, Boysen HM, Buckingham JA, ef al. Low rates of
hydrogen peroxide production by isolated heart mitochondria asso-
ciate with long maximum lifespan in vertebrate homeotherms. Ag-
ing Cell 2007; 6(5): 607-18.

Andziak B. Buffenstein R. Disparate patterns of age-related
changes in lipid peroxidation in long-lived naked mole-rats and
shorter-lived mice. Aging Cell 2006; 5(6): 525-32.

Andziak B, O'Connor TP, Qi W, et al. High oxidative damage
levels in the longest-living rodent, the naked mole-rat. Aging Cell
2006; 5(6): 463-71.

Perez VI, Buffenstein R, Masamsetti V. Protein stability and resis-
tance to oxidative stress are determinants of longevity in the long-
est-living rodent, the naked mole-rat. Proc Natl Acad Sci USA
2009; 106(9): 3059-64.

Lewis KN, Andziak B, Yang T, Buffenstein R. The naked mole-rat
response to oxidative stress: just deal with it. Antioxid Redox Sig
2013;19(12): 1388-99.

Hekimi S, Lapointe J, Wen Y. Taking a "good" look at free radicals
in the aging process. Trends Cell Biol 2011; 21(10): 569-76.
Winterbourn CC, Reconciling the chemistry and biology of reac-
tive oxygen species. Nat Chem Biol 2008; 4(5): 278-86.

Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial me-
tabolism of reactive oxygen species. Biochemistry (Mosc) 2005;
70(2): 200-14.

Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE.
Mitochondria and reactive oxygen species. Free Radic Biol Med
2009; 47(4): 333-43.

Brand MD. The sites and topology of mitochondrial superoxide
production. Exp Gerontol 2010; 45(7-8): 466-72.

Drose S, Brandt U. Molecular mechanisms of superoxide produc-
tion by the mitochondrial respiratory chain. Adv Exp Med Biol
2012; 748: 145-69.

Winterbourn CC. The biological chemistry of hydrogen peroxide.
Methods Enz 2013; 528: 3-25.

Lesko SA, Lorentzen RJ, Ts'o, PO. Role of superoxide in deoxyri-
bonucleic acid strand scission. Biochemistry, 1980. 19(13): 3023-8.
Beauchamp C, Fridovich I. A mechanism for the production of
ethylene from methional. The generation of the hydroxyl radical by
xanthine oxidase. J Biol Chem 1970; 245(18): 4641-6.

Flint DH, Tuminello JF, Emptage MH, The inactivation of Fe-S
cluster containing hydro-lyases by superoxide. J Biol Chem 1993;
268(30): 22369-76.

Niki E. Lipid peroxidation: physiological levels and dual biological
effects. Free Radic Biol Med 2009; 47(5): 469-84.

Skulachev VP. Role of uncoupled and non-coupled oxidations in
maintenance of safely low levels of oxygen and its one-electron re-
ductants. Q Rev Biophys 1996; 29(2): 169-202.

Korshunov SS, Skulachev VP, Starkov AA. High protonic potential
actuates a mechanism of production of reactive oxygen species in
mitochondria. FEBS Lett 1997;. 416(1): 15-8.

Votyakova TV, Reynolds 1J. Ay-Dependent and -independent
production of reactive oxygen species by rat brain mitochondria. J
Neurochem 2001; 79(2): 266-77.

Lambert AJ, Brand MD. Superoxide production by NADH: ubiqui-
none oxidoreductase (complex I) depends on the pH gradient
across the mitochondrial inner membrane. Biochem J 2004; 382(Pt
2):511-7.

Sanderson TH, Reynolds CA, Kumar R, Przyklenk K, Huttemann
M. Molecular mechanisms of ischemia-reperfusion injury in brain:
pivotal role of the mitochondrial membrane potential in reactive
oxygen species generation. Molec Neurobiol 2013; 47(1): 9-23.



Cellular and Molecular Mechanisms of Action of Mitochondria-targeted Antioxidants

[49]

[50]

[51]

[56]
[57]

[58]

[69]

[70]

[71]

[72]

[73]

Raedschelders K, Ansley DM, Chen DD. The cellular and molecu-
lar origin of reactive oxygen species generation during myocardial
ischemia and reperfusion. Pharmacol Ther 2012; 133(2): 230-55.
Droge W. Free radicals in the physiological control of cell function.
Physiol Rev 2002; 82(1): 47-95.

Chae HZ, Kim HJ, Kang SW, Rhee SG. Characterization of three
isoforms of mammalian peroxiredoxin that reduce peroxides in the
presence of thioredoxin. Diabetes Res Clin Pract 1999; 45(2-3):
101-12.

Chang TS, Cho CS, Park S, Yu S, Kang SW, Rhee SG. Peroxire-
doxin III, a mitochondrion-specific peroxidase, regulates apoptotic
signaling by mitochondria. J Biol Chem 2004; 279(40): 41975-84.
Brigelius-Flohe R, Maiorino M. Glutathione peroxidases. Biochim
Biophys Acta 2013; 1830(5): 3289-303.

Zamocky M, Furtmuller PG, Obinger C. Evolution of catalases
from bacteria to humans. Antioxid Redox Signal 2008; 10(9):
1527-48.

Zelko IN, Mariani TJ, Folz RJ. Superoxide dismutase multigene
family: a comparison of the CuZn-SOD (SOD1), Mn-SOD
(SOD2), EC-SOD (SOD3) gene structures, evolution, expression.
Free Radic Biol Med 2002; 33(3): 337-49.

Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane per-
meabilization in cell death. Physiol Rev 2007; 87(1): 99-163.
Skulachev VP. What is "phenoptosis" and how to fight it? Bio-
chemistry (Mosc) 2012; 77(7): 689-706.

Estaquier J, Vallette F, Vayssiere JL, Mignotte B. The mitochon-
drial pathways of apoptosis. Adv Mitochon Med 2012; 942: 157-
83.

Narendra DP, Youle RJ. Targeting mitochondrial dysfunction: role
for PINKI and Parkin in mitochondrial quality control. Antioxid
Redox Signal 2011; 14(10): 1929-38.

Nakajima A, Kurihara H, Yagita H, Okumura K, Nakano H. Mito-
chondrial Extrusion through the cytoplasmic vacuoles during cell
death. J Biol Chem 2008; 283(35): 24128-35.

Lyamzaev KG, Nepryakhina OK, Saprunova VB, et al. Novel
mechanism of elimination of malfunctioning mitochondria (mitop-
tosis): formation of mitoptotic bodies and extrusion of mitochon-
drial material from the cell. Biochim Biophys Acta 2008; 1777(7-
8): 817-25.

Huang J, Lam GY, Brumell JH. Autophagy signaling through reac-
tive oxygen species. Antioxid Redox Signal 2011; 14(11): 2215-31.
Murphy MP, Smith RAJ. Targeting antioxidants to mitochondria
by conjugation to lipophilic cations. Ann Rev Pharmacol Toxicol
2007; 47: 629-56.

Hoye AT, Davoren JE, Wipf P, Fink MP, Kagan VE. Targeting
mitochondria. Acc Chem Res 2008; 41(1): 87-97.

Fulda S, Galluzzi L, Kroemer G. Targeting mitochondria for cancer
therapy. Nat Rev Drug Discov 2010; 9(6): 447-64.

Skulachev VP. Mitochondria-targeted antioxidants as promising
drugs for treatment of age-related brain diseases. J Alzheimers Dis
2012;28(2): 283-9.

Skulachev VP, Anisimov VN, Antonenko YN, et al. An attempt to
prevent senescence: A mitochondrial approach. Biochimica Et Bio-
physica Acta-Bioenergetics 2009; 1787(5): 437-61.

Yousif LF, Stewart KM, Kelley SO. Targeting mitochondria with
organelle-specific compounds: strategies and applications.
Chembiochemical 2009, 10(12): 1939-50.

Smith RA, Hartley RC, Murphy MP. Mitochondria-targeted small
molecule therapeutics and probes. Antioxid Redox Sig 2011;
15(12): 3021-38.

Wongrakpanich A, Geary SM, Joiner ML, Anderson ME, Salem
AK. Mitochondria-targeting particles. Nanomedicine (Lond) 2014;
9(16): 2531-43.

Ban S, Nakagawa H, Suzuki T, Miyata N. Novel membrane-
localizing TEMPO derivatives for measurement of cellular oxida-
tive stress at the cell membrane. Bioorg Med Chem Lett 2007,
17(5): 1451-4.

Ban S, Nakagawa H, Suzuki T, Miyata N. Novel mitochondria-
localizing TEMPO derivative for measurement of cellular oxidative
stress in mitochondria. Bioorg Med Chem Lett 2007; 17(7): 2055-
8.

Wipf P, Xiao J, Jiang J, et al. Mitochondrial targeting of selective
electron scavengers: synthesis and biological analysis of hemi-
gramicidin-TEMPO conjugates. ] Am Chem Soc 2005; 127(36):
12460-1.

[74]

[75]

[76]

[77]

(78]

(84]

(85]

(86]

(87]

(88]

Current Aging Science, 2017, Vol. 10, No. 1 7

Wilcox CS. Effects of tempol and redox-cycling nitroxides in mod-
els of oxidative stress. Pharmacol Ther 2010; 126(2): 119-45.

Zhao K, Zhao GM, Wu D, et al. Cell-permeable peptide antioxi-
dants targeted to inner mitochondrial membrane inhibit mito-
chondrial swelling, oxidative cell death, reperfusion injury. J Biol
Chem 2004; 279(33): 34682-90.

Zhao GM, Qian X, Schiller PW, Szeto HH. Comparison of [Dmt!1]
DALDA and DAMGO in binding and G protein activation at mu,
delta, kappa opioid receptors. J Pharmacol Exp Ther 2003; 307(3):
947-54.

Berezowska I, Chung NN, Lemieux C, et al. Highly potent fluores-
cent analogues of the opioid peptide [Dmtl] DALDA. Peptides
2003; 24(8): 1195-200.

Zhao K, Luo G, Giannelli S, Szeto HH. Mitochondria-targeted
peptide prevents mitochondrial depolarization and apoptosis indu-
ced by tert-butyl hydroperoxide in neuronal cell lines. Biochem
Pharmacol 2005; 70(12): 1796-806.

Winterbourn CC, Parsons-Mair HN, Gebicki S, Gebicki JM, Da-
vies MJ. Requirements for superoxide-dependent tyrosine hydrop-
eroxide formation in peptides. Biochem J 2004; 381(Pt 1): 241-8.
Birk AV, Liu S, Soong Y, ef al. The mitochondrial-targeted com-
pound SS-31 re-energizes ischemic mitochondria by interacting
with cardiolipin. ] Am Soc Nephrol 2013; 24(8): 1250-61.

Dai DF, Chen T, Szeto H, et al. Mitochondrial targeted antioxidant
Peptide ameliorates hypertensive cardiomyopathy. J Am Coll Car-
diol 2011; 58(1): 73-82.

Severin SE, Skulachev VP, Yaguzhinsky LS. Possible role of car-
nitine in transport of fatty acids through mitochondrial membrane.
Biokhimiya 1970; 35(6): 1250-7.

Burns RJ, Smith RA, Murphy MP. Synthesis and characterization
of thiobutyltriphenylphosphonium bromide, a novel thiol reagent
targeted to the mitochondrial matrix. Arch Biochem Biophys 1995;
322(1): 60-8.

Smith RA, Porteous CM, Coulter CV, Murphy MP. Selective tar-
geting of an antioxidant to mitochondria. Eur J Biochem 1999;
263(3): 709-16.

Kelso GF, Porteous CM, Coulter CV, et al. Selective targeting of a
redox-active ubiquinone to mitochondria within cells: antioxidant
and antiapoptotic properties. J Biol Chem 2001; 276(7): 4588-96.
Antonenko YN, Avetisyan AV, Bakeeva LE, et al. Mitochondria-
targeted plastoquinone derivatives as tools to interrupt execution of
the aging program. 1. Cationic plastoquinone derivatives: Synthesis
and in vitro studies. Biochemistry-Moscow 2008; 73(12): 1273-87.
Bakeeva LE, Barskov IV, Egorov MV, ef al. Mitochondria-targeted
plastoquinone derivatives as tools to interrupt execution of the ag-
ing program. 2. Treatment of some ROS- and Age-related diseases
(heart arrhythmia, heart infarctions, kidney ischemia, stroke). Bio-
chemistry-Moscow 2008; 73(12): 1288-99.

Lukashev AN, Skulachev MV, Ostapenko V, Savchenko AY,
Pavshintsev VV, Skulachev VP. Advances in development of re-
chargeable mitochondrial antioxidants. Prog Mol Biol Transl Sci
2014; 127: 251-65.

Skulachev MV, Antonenko YN, Anisimov VN, et al. Mitochon-
drial-targeted plastoquinone derivatives. Effect on senescence and
acute age-related pathologies. Curr Drug Targ 2011; 12(6): 800-26.
Severina, 11, Severin FF, Korshunova GA, et al. In search of novel
highly active mitochondria-targeted antioxidants: thymoquinone
and its cationic derivatives. FEBS Lett 2013; 587(13): 2018-24.
Weidinger A, Mullebner A, Paier-Pourani J. ef al. Vicious induc-
ible nitric oxide synthase-mitochondrial reactive oxygen species
cycle accelerates inflammatory response and causes liver injury in
rats. Antioxid Redox Sig 2015; 22(7): 572-86.

Silachev DN, Plotnikov EY, Zorova LD, et al. Neuroprotective
effects of mitochondria-targeted plastoquinone and thymoquinone
in a rat model of brain ischemia/reperfusion injury. Molecules
2015;20(8): 14487-503.

Manskikh VN, Gancharova OS, Nikiforova Al, et al. Age-
associated murine cardiac lesions are attenuated by the mitochon-
dria-targeted antioxidant SkQ1. Histol Histopathol 2015; 30(3):
353-60.

Genrikhs EE, Stelmashook EV, Popova OV, et al. Mitochondria-
targeted antioxidant SkQT1 decreases trauma-induced neurological
deficit in rat and prevents amyloid-beta-induced impairment of
long-term potentiation in rat hippocampal slices. J Drug Targ 2015;
23(4): 347-52.



8 Current Aging Science, 2017, Vol. 10, No. 1

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Demyanenko IA, Popova EN, Zakharova VV, et al. Mitochondria-
targeted antioxidant SkQ1 improves impaired dermal wound heal-
ing in old mice. Aging (Albany NY) 2015; 7(7): 475-85.

Vays VB, Eldarov CM, Vangely IM, Kolosova NG, Bakeeva LE,
Skulachev VP. Antioxidant SkQl delays sarcopenia-associated
damage of mitochondrial ultrastructure. Aging (Albany NY) 2014;
6(2): 140-8.

Stefanova NA, Muraleva NA, Skulachev VP, Kolosova NG. Alz-
heimer's disease-like pathology in senescence-accelerated OXYS
rats can be partially retarded with mitochondria-targeted antioxi-
dant SkQ1. J Alzheimers Dis 2014; 38(3): 681-94.

Pfeiffer K, Gohil V, Stuart RA, et al. Cardiolipin stabilizes respira-
tory chain supercomplexes. J Biol Chem 2003; 278(52): 52873-80.

Fry M. Green DE. Cardiolipin requirement for electron transfer in
complex I and III of the mitochondrial respiratory chain. J Biol
Chem 1981; 256(4): 1874-80.

Paradies G, Petrosillo G, Pistolese M, Ruggiero FM. Reactive
oxygen species generated by the mitochondrial respiratory chain af-
fect the complex III activity via cardiolipin peroxidation in beef-
heart submitochondrial particles. Mitochondrion 2001; 1(2): 151-9.

Beyer K, Nuscher B. Specific cardiolipin binding interferes with
labeling of sulthydryl residues in the adenosine diphos-
phate/adenosine triphosphate carrier protein from beef heart mito-
chondria. Biochemistry 1996; 35(49): 15784-90.

Imai H, Koumura T, Nakajima R, Nomura K, Nakagawa Y. Protec-
tion from inactivation of the adenine nucleotide translocator during
hypoglycaemia-induced apoptosis by mitochondrial phospholipid
hydroperoxide glutathione peroxidase. Biochem J 2003; 371(Pt 3):
799-809.

Claypool SM. Cardiolipin, a critical determinant of mitochondrial
carrier protein assembly and function. Biochimica Et Biophysica
Acta-Biomembranes 2009; 1788(10): 2059-68.

Kagan VE, Tyurin VA, Jiang J, et al. Cytochrome c acts as a cardi-
olipin oxygenase required for release of proapoptotic factors. Nat
Chem Biol 2005; 1(4): 223-32.

Basova LV, Kurnikov IV, Wang L, et al. Cardiolipin switch in
mitochondria: Shutting off the reduction of cytochrome ¢ and turn-
ing on the peroxidase activity. Biochemistry 2007; 46(11): 3423-
34.

Chu CT, Ji J, Dagda RK, et al. Cardiolipin externalization to the
outer mitochondrial membrane acts as an elimination signal for mi-
tophagy in neuronal cells. Nat Cell Biol 2013; 15(10): 1197-205.

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Feniouk and Skulachev

Balasubramanian K, Maeda A, Lee JS, et al. Dichotomous roles for
externalized cardiolipin in extracellular signaling: Promotion of
phagocytosis and attenuation of innate immunity. Sci Signal 2015;
8(395): ra9s.

Ji J, Kline AE, Amoscato A, et al. Lipidomics identifies cardiolipin
oxidation as a mitochondrial target for redox therapy of brain in-
jury. Nat Neurosci 2012; 15(10): 1407-13.

Wiswedel I, Gardemann A, Storch A, Peter D, Schild L. Degrada-
tion of phospholipids by oxidative stress--exceptional significance
of cardiolipin. Free Radic Res 2010; 44(2): 135-45.

Firsov AM, Kotova EA, Korepanova EA, Osipov AN, Antonenko
YN. Peroxidative permeabilization of liposomes induced by cyto-
chrome c/cardiolipin complex. Biochim Biophys Acta 2015;
1848(3): 767-74.

Chicco AJ, Sparagna GC. Role of cardiolipin alterations in mito-
chondrial dysfunction and disease. Am J Physiol Cell Physiol 2007;
292(1): C33-44.

Lokhmatikov AV, Voskoboynikova NE, Cherepanov DA, et al.
Prevention of peroxidation of cardiolipin liposomes by quinol-
based antioxidants. Biochemistry (Mosc) 2014; 79(10): 1081-100.
Skulachev MV and Skulachev VP. Phenoptosis - programmed
death of an organism. In: Apoptosis and Beyond: The Many Ways
Cells Die, edited by Radosevich J. Berlin Heidelberg: Springer-
Verlag, in press.

Brzheskiy VV, Efimova EL, Vorontsova TN, et al. Results of a
multicenter, randomized, double-masked, placebo-controlled
clinical study of the efficacy and safety of Visomitin eye drops in
patients with dry eye syndrome. Adv Ther, 2015. 32: 1263-1279.
Yani E.V., Katargina L.A., Chesnokova N.B. et al. First results of
dry eye syndrome therapy with “Visomitin” Practical Medicine,
2012. 59: 134-137. In Russian.

Yerichev V.P., Kozlova 1.V., Reschikova V.S. et al. Clinical trials
of efficiency and safety of “Visomitin” eye drops in patients suffer-
ing from cataract. Glaucoma National Journal, 2016. 61-70. In Rus-
sian.

Petrov A, Perekhvatova N, Skulachev M, Stein L, Ousler G. SkQ1
Ophthalmic Solution for Dry Eye Treatment: Results of a Phase 2
Safety and Efficacy Clinical Study in the Environment and During
Challenge in the Controlled Adverse Environment Model. Adv
Ther, 2016. 33(1):96-115.



