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Abstract—Mitochondrial medicine was established more than 50 years ago after discovery of the very first pathology caused
by impaired mitochondria. Since then, more than 100 mitochondrial pathologies have been discovered. However, the num-
ber may be significantly higher if we interpret the term “mitochondrial medicine” more widely and include in these patholo-
gies not only those determined by the genetic apparatus of the nucleus and mitochondria, but also acquired mitochondrial
defects of non-genetic nature. Now the main problems of mitochondriology arise from methodology, this being due to stud-
ies of mitochondrial activities under different models and conditions that are far from the functioning of mitochondria in a
cell, organ, or organism. Controversial behavior of mitochondria (“friends and foes”) to some extent might be explained by
their bacterial origin with possible preservation of “egoistic” features peculiar to bacteria. Apparently, for normal mito-
chondrial functioning it is essential to maintain homeostasis of a number of mitochondrial elements such as mitochondrial
DNA structure, membrane potential, and the system of mitochondrial quality control. Abrogation of these elements can
cause a number of pathologies that have become subjects of mitochondrial medicine. Some approaches to therapy of mito-
chondrial pathologies are discussed.
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Mitochondrial medicine has emerged as a branch of
medical genetics and is been quickly progressing along
with the progress in matching genetically determined
mitochondrial damage and various pathologies. To date,
knowledge of the average mitochondrial proteome
includes 1500 proteins [1], most of which are encoded in
the nucleus, and only a small fraction (13 polypeptides in
mammalian mitochondria) is encoded in mitochondria
[2]. About 2/3 of these 1500 proteins carry catalytic func-
tions [3], while others carry either structural or yet
unknown functions. In addition, in the case of various
oxidative stress-mediated impacts, a number of proteins
are translocated from the cytosol to mitochondria [4-14],

Abbreviations: mtDNA, mitochondrial DNA; nDNA, nuclear
DNA; RIRR, ROS-induced ROS release; ROS, reactive oxy-
gen species.
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thereby increasing the size of the mitochondrial proteome.
This set of proteins together with unique lipids and mito-
chondrial DNA determine not only the functioning of this
organelle, but also the fate of the cell, organ, and appar-
ently the entire organism [15]. Until recently, constant
reinforcement of the connection between modifications of
the nuclear and mitochondrial genetic apparatus and
progress of pathological processes has given no significant
practical results in terms of therapy, except for trivial
symptomatic pharmacological and other approaches
aimed at alleviation of fatal consequences of genetic mod-
ifications, but not removal of their causes [16-19].
Furthermore, not all the clinical trials have confirmed the
efficiency of such approaches [20]. However, the mere
recognition of the need to consider the concerted func-
tioning of the nuclear and mitochondrial genomes to
explain normal or pathological orientation of biological
processes in mitochondria is a great breakthrough.
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MITOCHONDRIOLOGY PROBLEMS CAUSED
BY THE DEVELOPMENT OF METHODOLOGY

Certain excessive modern fascination with genomics,
when small changes in the level of gene transcription (in
either direction) in a number of pathologies [21-23]
become the basis for judgment about changes in metabo-
lism proceeding with the participation of proteins encod-
ed by these genes, does not seem justified. First of all, it
results from a purely biochemical understanding of any
catalytic process carried out by enzymes whose total
activity hardly depends on the transcriptome level, being
mainly determined by translation rate and possible post-
translational modification of enzymes. The number of
enzymes and their catalytic activity (it is these character-
istics that determine the norm or pathology) depend on
many factors, including low and high molecular weight
regulators of enzymatic activity, and it is these factors that
are more important in discussing the nature of patholo-
gies than the effects of the transcription level of different
genes. Certain imbalance towards the role of transcrip-
tion in the development of pathologies (including the
aging process [24, 25]) is perhaps historically justified
until the time when enzymatic processes are studied in
situ, and then also in vivo. The current situation, when
this mission still cannot be carried out, does not justify
such an imbalance towards the methods available today,
these producing a simplified molecular-biological pic-
ture. It rather calls for speeding the development of a new
methodology of fine registration of biochemical process-
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es while maintaining all the regulatory elements intact in
living cells, tissues, and organisms.

Modern biology has undoubtedly made a great break-
through in the transition from a “complex” biological sys-
tem to a “simpler” one (organism—organ—cell—
organelle—molecule). The object of study has naturally
lost its dependence on the structural—functional organiza-
tion of the organism in the course of this transition. Let us
present just one example of the complex structural organ-
ization of mitochondria in cells — photographs obtained
by scanning electron microscopy (Fig. 1) [26-28]. It is
clear from these photographs that structural interaction
between mitochondrial and reticular cellular structures is
so pronounced that a methodological shift from an isolat-
ed cell to an isolated mitochondrion inevitably leads to a
loss of the vital qualities of mitochondria characteristic of
living cells. These structural interactions of two intracellu-
lar compartments [29] gave rise to a theory of their func-
tional interaction [30-32], which is also lost due to
methodological separation of these structures.

It should be noted that not only a cell—organelle
transition (as shown for the mitochondria—reticulum
interaction) is essential for the reflection of the real func-
tioning of these two systems, but also the transition from
an isolated organ, or, at least, from a multicomponent
mixture of organ cells to individual cells of the same type,
turns out to be partially defective. The latter can be first of
all explained by the fact that, for example, a pure neu-
ronal culture (and that is the goal of neurocytologists —
not to allow a substantial “contamination” of a neuronal

Fig. 1. Scanning electron microscopy of mitochondria in the tissue (cardiomyocytes of a dog; arrow indicates the elements of sarcoplasmic
reticulum [26] (a); lateral vastus; t, transverse tubules; M, mitochondrion [27] (b)) and of isolated mitochondria of monkey heart (c) [28]. The
scale is 0.1 um. Reprinted with the permission of the authors.
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cell culture with the cells of non-neuronal nature, such as
glia) does not exist in an organism. Brain neurons are
known to maintain their activity largely due to interac-
tions with non-neuronal cells (astrocytes, microglia, and
oligodendrocytes in the central nervous system; Schwann
cells in the peripheral nervous system) [33]. Earlier, astro-
cytes were thought to fulfill a rather passive role, while
now it has become obvious that they directly participate
in synaptic transmission [34, 35], control of cerebral
blood flow [36], development [37], formation of neural
networks [38], etc. These facts are enough to suggest the
thoroughly purified from glia culture of neurons does not
adequately reflect (in a functional sense) the processes
that neurobiologists seek to understand.

This logic is fully applicable to other organs formed
of cells different in structure and function (kidney, heart,
etc.). One needs to understand that organs are formed
due to not only peaceful, but also mutually beneficial
coexistence of different cell types, and individual func-
tioning of each cell type can vary greatly from their oper-
ation in a community. The latter determines a clear sepa-
ration of functions for each fraction and causes special-
ization leading to spatial and functional integration
through different signals.

This leads us to the understanding of the need to
develop approaches that would allow studying cells in
organs, instead of limiting work to research on pure cell
cultures.

If we continue the same line of reasoning along the
ascending complexity of the organization of biological
systems, we will see that there are many data on inter-
organ signaling, when functioning of a particular organ is
impossible without signals coming from other organs.
Twenty years ago the term “remote preconditioning” has
been established, a phenomenon leading to the reduction
of damage induced in a primary organ (heart or brain)
due to preconditioning of a secondary organ (kidney or
muscle) [39-42].

Great effort is now needed to summarize the data
obtained at molecular biological level so as to fulfill the
pressing demand of making the reverse transition of stud-
ies of biological objects from a simpler to more complex
organization (ideally, molecule—organelle—cell—organ—
organism). First of all, these are the requirements of
modern biochemistry and physiology, which study patho-
logical processes so as to develop methods of pharmaco-
logical treatment intended to normalize the activity of an
organism suffering from such pathologies. This logic is
applicable to any pathology including those caused by
improper functioning of mitochondria.

ORIGINS OF MITOCHONDRIAL MEDICINE

Historically, the pathology that was later named after
one of the researchers is considered to be the first
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declared mitochondrial disease. It was discovered in clin-
ical practice more than half a century ago. This disease of
a 30-year-old woman was characterized by extremely
severe hypermetabolism not related to hyperthyroidism
[43]. The discovery of this disease by endocrinologist Rolf
Luft coincided with the beginning of the flourishing of
world bioenergetics, and Luft cooperated with one of the
founding fathers of this science, Lars Ernster [44]. In the
Ernster laboratory, this patient’s problem was found to be
caused by her skeletal muscle mitochondria, which lost
control over respiratory oxidative phosphorylation,
resulting in high energy loss; the biological efficiency of
energetics (in terms of ATP synthesis level) was shown to
be extremely low.

Thus, it was over 50 years ago that a new type of
medicine started — mitochondrial medicine — based on
pathologies caused by improper functioning of mito-
chondria. There is no accurate assessment of the human
population with mitochondrial diseases in the world, but,
for example, the assessment of this parameter in the
north-east of England showed that there is one mito-
chondrial patient with pronounced clinical manifesta-
tions per 10,000 people and one patient with probable
development of mitochondrial disease per 6000 people
[45]. The most pessimistic estimate of pathogenic muta-
tions in mtDNA is one case per 200 people [46, 47].
Description of all discovered pathogenic mtDNA muta-
tions can be found in the database MitoMap (http://www.
mitomap.org).

MITOCHONDRIA — FRIENDS OR ENEMIES?

The question of mitochondria being friends or ene-
mies seems to be absurd, as even school textbooks teach
mitochondria to be endosymbionts. However, more and
more information on extremely “egoistic” behavior of
mitochondria, largely subjugating cell metabolism to
their own needs, is being accumulated. We will discuss
some details of this possible “egoism” when discussing
mitochondrial homeostasis; as a result, it will be more
difficult to speak about the obviousness of endosymbiotic
coexistence.

In the case of ancient primitive eukaryotes, mito-
chondria were pronounced intracellular parasites of bac-
terial origin that moved part of their genome to the nucle-
us in the course of evolution [48]. As a result, mitochon-
dria became totally dependent on the functioning of the
nucleus; however, they preserved some genetic control
points in their own, albeit reduced genome (mtDNA) dis-
covered in 1963 [49]. Pathogenic deletions and point
mutations of mtDNA, the basis of mitochondrial dis-
eases, were discovered 25 years later [50, 51]. Among
them we can list such pathologies as Leigh syndrome or
Leigh disease (subacute necrotizing encephalomyopa-
thy), syndrome of mitochondrial encephalopathy with
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lactic acidosis and insult-like episodes, syndrome of
myoclonic epilepsy with ragged-red fibers, etc. The
genetic basis of these diseases is quite obvious. We will not
consider them in detail as there are many good reviews on
this topic (for example, [52, 53]).

Genetic defects causing abnormal functioning of
mitochondrial structures are still technically unre-
pairable. However, it should be understood that knowl-
edge obtained due to mitochondriology can help to diag-
nose mitochondrial diseases. This was elegantly used at
one point by Britton Chance, who showed how knowl-
edge of fundamental bioenergetics can help in the treat-
ment of genetic pathologies. A seventeen-year-old
patient restricted to a wheelchair because of muscular
weakness and lactic acidosis due to a genetic defect of res-
piratory chain complex III, which caused myoclonic
epilepsy with ragged-red fibers, partially recovered after
taking a mixture of ascorbate and menadione, shunting
the affected area of the respiratory chain [54]. This sim-
ple procedure of course did not abolish the genetic defect,
but it provided electron transport along the respiratory
chain coupled with moderate ATP synthesis, which par-
tially restored muscle activity.

Phenotypic expression of an mtDNA genetic defect
depends on the level of heteroplasmy of the affected
mtDNA chain with a complementary wild-type chain.
The unclear nature of segregation of mtDNA plays a huge
role in this process [55]. Each phenotypic expression of
mitochondrial pathology has its own characteristic
threshold level of heteroplasmy, which, according to var-
ious estimates, is about 60% for mDNA deletions and
about 90% for other mutations [56]. Straight-line logic
requires trying to prevent reaching phenotypic threshold
due to maximal possible dilution of the “wrong” mtDNA
copy with the wild-type [52, 57, 58].

Instability of mtDNA is one of the main causes of
mitochondrial diseases, and it is probably the main target
of mitochondrial medicine, which, as we have noted, is
still in its infancy. However, Nature herself suggests ways
that should be followed to find a strategy for therapy of
mitochondrial diseases.

One of the ways used by nature to eliminate mtDNA
defects is mtDNA repair, a process whose elements simi-
lar to those in nuclear DNA have been described in a
number of studies [59, 60].

The second, more radical way to fight the “wrong”
mtDNA copies is to destroy these copies together with
their own “home”, that is, with the mitochondrion. This
process was discovered 30 years ago — the global frag-
mentation of the mitochondrial population [61] (other
terms — fission of filamentous mitochondria [62] and
their “thread—grain” transition [63]). This phenomenon
is obviously a basic process of mitochondrial evolution,
which probably determines the mechanism of mtDNA
segregation. Simple logic suggests the unified mitochon-
drial system (usually represented in cells by a single
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elongated, often branched mitochondriome [64, 65]) to
be rational only in an optimal and healthy environment.
In the case of pathologies, first of all those coupled to
high level of oxidative stress, one can observe global
fragmentation of the mitochondrial reticulum [61, 66,
67], apparently due to the necessity of natural fraction-
ing of mitochondria within one cell separating a fraction
to be eliminated. It has to be kept in mind that there are
many copies of mtDNA in an ordinary healthy cell, the
number of copies varying from ~1000 in regular somatic
cells to 100,000 in oocytes [68]. Purely theoretically,
only one mtDNA copy can be present in each mito-
chondrion in the process of forced global mitochondria
fragmentation (or may not be present at all), but in prac-
tice it is very difficult to make such a calculation. It is
obvious that mitochondrial fragments with genetically
defective mtDNA (especially those with a single
mtDNA copy) will not be able to provide the proper
functioning of mitochondria, first of all the work of res-
piratory proton pumps and ATP-synthase complex. By
definition, such mitochondria may be unable to main-
tain their membrane potential by the proton pumping (if
mtDNA defects affect complexes I, I1, I1I, or IV of the
respiratory chain) or due to the reversal of the ATP-syn-
thase reaction (if the defect affects complex V). Such
“wrong” mitochondria should be eliminated, low mito-
chondrial membrane potential probably being the main
criterion for the selection (the role of mitochondrial
membrane potential will be discussed separately). Under
laboratory conditions, there are many approaches to
isolation of populations of homologous and heterolo-
gous cells with different mitochondrial membrane
potentials for further identification and characterization
of cells [69].

In recent years, the concept of elimination of low-
potential mitochondria via so-called autophagy (translat-
ed from Greek “self-eating”) has been thoroughly con-
firmed. This phenomenon is now called mitophagy, a
process known for quite a long time and described in old
studies on lysosomal degradation of mitochondria [70,
71]. Mitochondria are almost completely digested in
lysosomes. Interestingly, lysosome extracts do not
hydrolyze one of the most important mitochondrial
lipids, cardiolipin, which may be the cause of its
immunogenicity in syphilis, the diagnostic basis of the
Wassermann—Neisser—Brucke reaction [72].

Detouring from the main topic, we would like to
note that anticardiolipin antibodies were the first discov-
ered of nine groups of mitochondrial autoantibodies cir-
culating in blood in different diseases (primary biliary cir-
rhosis, congestive heart failure, toxic hepatitis, toxic
pseudo-lupus, etc. [73, 74]), which also need to be classi-
fied as mitochondrial diseases. The reason for mitochon-
drial antigens (which should obviously be destroyed along
with mitochondria) being present in blood remains
unclear. The very process of immune response to mito-
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chondrial derivatives via antibody formation is also mys-
terious as the classical immune system of an organism is
considered [75] to be tolerant to the constituent parts of
its own mitochondria while responding to similar, related
bacterial elements. A completely different situation arises
in the activation of innate immunity, which, through a
toll-like receptors, probably equally responds to both
mitochondrial and related bacterial antigens. One possi-
ble explanation is that it is still unclear whether recently
discovered DAMPs (damage-associated molecular pat-
terns) [76] are a set of infact mitochondrial components
or the damage causing their appearance somewhat modi-
fies these components, resulting in the innate immune
system reacting to them. The latter has been, for example,
shown for oxidized mtDNA, which is directly involved in
activation of inflammasomes [77].

It should be noted that mitochondrial pathophysiol-
ogy is rightfully to be considered much more broadly than
was declared 50 years ago, now covering not only geneti-
cally inherited but also acquired mitochondrial defects,
which, of course, affect the cellular genetic apparatus.
There is an urgent need for a broader interpretation of the
term “mitochondrial medicine” due to the fact that earli-
er this term was largely restricted to mtDNA genetic
rearrangements that resulted in pathologies, while now
there are many other phenomena that can be implicated
in it. These phenomena embrace all the violations of the
mitochondrial proteome caused by the combined pro-
cessing of mitochondrial and nuclear DNA, which leads
to the changes in transcription, translation, and post-
translational modification of all the proteins present in
mitochondria at any moment of their life cycle. These
modifications surely affect all the mitochondrial content:
proteins, lipids, nucleic acids, and metabolites.

Concerted action of the nuclear and mitochondrial
genomes for the functioning of mitochondria while main-
taining the key control elements within the mitochondria
requires maximal and precise quality of the control. The
mitochondrial life cycle is not too long, probably due to
the aggressive chemical environment of mitochondrial
content, which leads to constant damages in the structure
of mitochondrial components, primarily related to redox
transformations. Systems of mtDNA repair obviously fail
to ensure the complete elimination of oxidative damage
of the mitochondrial genome, which is extraordinarily
high and exceeds that of the nuclear genome 10-20-fold
[78, 79].

The quality of the mitochondrial population is con-
trolled in two ways. On one hand, it is a constant process
of fusion and fission of mitochondria in cells where it is
possible, leading to the “mixing” of mitochondria in a
cell, possibly accompanied by “mixing” of their genetic
content and segregation of mtDNA. On the other hand,
as we have already mentioned, organelles that have accu-
mulated “errors” are physically and chemically
destroyed.
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MULTIFACETED ROLE OF MITOCHONDRIAL
MEMBRANE POTENTIAL

Mitochondrial membrane potential (Ay), which is
the major part of the transmembrane proton potential in
an animal cell, is the driving force for ATP synthesis in
the organelle [80-82]. We mentioned above and previous-
ly [83, 84] that membrane potential is the critical factor
determining mitochondrial viability, and mitochondria
with membrane potential values not optimal for cellular
processes are eliminated. In particular, this is needed to
avoid even the minimal possibility of uncontrolled trig-
gering of unwanted cell killing by mitochondria [83, 85,
86]. This is why in terms of energy consumption a very
“expensive” system of mitochondrial quality control is
constantly at work in cells. Poor quality mitochondria and
their components are subject to non-lysosomal degrada-
tion, which starts with specific labeling by ubiquitination
followed by sending labeled mitochondria to the system
of proteasomal degradation [87-89].

Elimination of mitochondria with low membrane
potential in neurons characteristic for Parkinson’s disease
follows an elegant scheme proposed by Youle et al. [90]
(Fig. 2). According to this scheme, the protein parkin is
present in the cytoplasm of the neuron. Parkin, an E3 ubig-
uitin lyase, uses a kinase PINKI1 (which carries a mito-
chondrial address) also present in the cytosol as its sub-
strate. The full length PINK1 is rapidly transported into the
mitochondrial matrix when potential in mitochondria is
high. Along the way, MPP peptidase cleaves the signal pep-
tide from PINKI. As a result, there is practically no PINK1
in the cytosol. Once in the matrix, this kinase is immedi-
ately degraded by the protease PARL. In case of low mito-
chondrial membrane potential, PINK1 is only anchored in
the outer mitochondrial membrane and is not transported
into the matrix; because of this, PINK1 becomes an easy
prey for parkin to be ubiquitinated. As a result, the mito-
chondrion becomes sentenced to proteasomal degradation.

The process controlling the quality of mitochondria
is one of the “hottest” research topics for molecular and
cell biologists today. It has become absolutely clear that
violation of this process is one of the causes of a number
of pathologies and is directly related to mitochondrial
medicine. It is also becoming clear that the quality of
mitochondria depends on the membrane potential value
on the inner mitochondrial membrane, which is moni-
tored by mitochondrial quality control systems similar to
the above-described parkin system, and homeostasis of
the mitochondrial membrane potential is one of the
indispensable foundations of mitochondrial therapy.
Maintenance of membrane potential is known to be
absolutely crucial for mitochondria because even at a
time when mitochondria are unable to generate Ay by
proton pumps (e.g. at anoxia), mitochondria start con-
suming cellular ATP by reversal of the mitochondrial
ATP-synthase to maintain Ay [91].
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Fig. 2. Model of the regulation of mitochondrial quality by membrane potential (Ay). TOM, the system of protein transport across the outer
mitochondrial membrane (OM); TIM, the system of transport across the inner membrane (IM). Healthy mitochondria are shown on the left
side, and damaged mitochondria unable to generate sufficient membrane potential on the right side (Jin et al., 2010 [90]. Scheme originally

published in J. Cell Biol., DOI: 10.1083/jcb.201008084).

The maintenance of membrane potential at the
expense of cellular ATP illustrates the mentioned above
“egoistic” behavior of mitochondria. It is quite obvious
that ATP-based electrical charge on the mitochondrial
membrane is a serious difference between mitochondria
and their free-living bacterial ancestors, which could not
afford such a process as there is no ATP available in their
unlimited aqueous environment. Therefore, bacteria do
not need such a transport protein as the ATP/ADP
translocator, which, by definition, is an ADP supplier,
traveling from the cytoplasm into the mitochondrial
matrix to the ATP synthase complex. Let us note that
nucleotide exchange at the translocator is an electrogenic

process, and high membrane potential will slow ATP
uptake into the matrix because ATP has a higher negative
charge than ADP. Thus, the situation changes in the case
of parasitic existence in a closed and very limited space
(inside the cell), where ATP level is sufficient to support a
number of cellular processes.

A paradoxically high level of intracellular ATP
remains a mystery though, as it significantly exceeds the
kinetic constants of all the AT Pases and leads to full satu-
ration of intracellular enzymes with ATP and complete
absence of a control from ATP levels. This can be under-
stood if we assume mitochondria to produce so high ATP
primarily for their own needs — to buffer their membrane
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potential and ensure its homeostasis, which at least tem-
porarily would not depend on the supply of substrates.
The fact that the cell can use this ATP for its non-mito-
chondrial needs is fully compensated by mitochondria
utilizing acetyl-CoA, which is used in the tricarboxylic
acid cycle or in fatty acids synthesis. Here we can see a
very fine line between mitochondrial parasitism (egoism)
and symbiosis between mitochondria and other cell com-
partments. This assumption creates a basis for under-
standing one of the indispensable foundations of mito-
chondrial medicine, determining the need for homeosta-
sis of the mitochondrial membrane potential, i.e. keeping
it at a certain high enough level, the loss of which causes
pathologies.

Let us briefly consider the complicated role of mito-
chondrial membrane potential in bioenergetics. There is
a certain “window” in mitochondrial membrane poten-
tial values when thermodynamic considerations allow for
the synthesis of a high-energy phosphate bond in the ATP
molecule [92]. High levels of membrane potential are
quite desirable from the perspective of energy reserves and
reliability, but undesirable from the perspective of the
possible production of an excessive level of reactive oxy-
gen species (ROS) coupled to these high values [93, 94].
It is clear that the bioenergetic function of mitochondria
is realized within this “window”, with a possible compro-
mise between bioenergetic demands and production of
signaling and pathogenic molecules. Given the existence
of this window, and based on the pathogenicity of ROS
produced in the mitochondrial respiratory chain, it was
suggested that the efficiency of a bioenergetic machine
should be somewhat weakened artificially so as to reduce
ROS production by reducing membrane potential to the
threshold level when ATP synthesis is still possible. This
can be achieved either by not very effective uncouplers of
oxidative phosphorylation or by low concentrations of
effective uncouplers, in both cases achieving the effect of
“mild” uncoupling as one of the possible therapeutic
approaches used in mitochondrial medicine [93, 95-97].
It should be noted that “mild” uncoupling will also
inevitably lead to a certain decrease in cellular ATP level
and a subsequent increase in the level of AMP, which
activates AMP-dependent protein kinase (AMPK).
Activation of this kinase leads to the launch of the correc-
tion mechanisms in a number of pathologies, such as dia-
betes [98]. Restriction of consumed calories, which is
believed to slow the aging process, also leads to activation
of AMPK [99] coupled to a sharp reduction in ATP level.
We can also conclude that in contrast to mitochondrial
Ay, the change in cellular ATP homeostasis is likely not
to trigger pathologies, but rather the opposite.

There is also another perspective on the critical role
of ATP in a cell where its level is constantly monitored by
different systems [100], but perhaps it is the radical drop
in ATP level below certain critical values that is extreme-
ly undesirable (pathological). When such a threshold is
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reached, the cardiomyocyte is known to enter the state of
rigor. Hence, similar to Ay, in this case there is also a
“window” of acceptable intracellular ATP concentration,
within which a small drop in this level can be advanta-
geous. If we take into account the above-defined require-
ment of membrane potential homeostasis as one of the
prerequisites for preventing mitochondrial pathologies,
this requirement should be reconciled with approaches
causing “mild” uncoupling. Nevertheless, perhaps mem-
brane potential changes within the above-mentioned
acceptable “window” can satisfy this requirement.
Whether “mild” uncoupling is a therapeutically justified
approach, reducing the risk of pathological processes,
remains to be seen, as the debate on this issue continues
[101].

In addition to stable and long lasting Ay changes
caused by uncouplers, transient Ay oscillations can be
observed in mitochondria of cardiomyocytes exposed to a
local or global oxidative stress. These oscillations often
accompanied by a sharp increase in ROS generation
caused by prolonged exposure to low doses of ROS (ROS-
induced ROS release (RIRR)) [102-104]. Oscillations
spread in three-dimensional space along the chain of
mitochondria connected by electrical contacts [64, 65],
starting from a single mitochondrion as the primary oscil-
lator and finishing with the oscillation of the entire mito-
chondrial population, which is not always synchronized.
Analysis of these oscillations led to the conclusion of their
pathological nature and direction. Oscillations in mito-
chondrial membrane potential were found to be coupled
not only to oscillations of mitochondrial redox compo-
nents (pyridine and flavin nucleotides [105]), but also to
fluctuations in ion currents through sarcolemma causing
shortening and suppression of action potential on the car-
diomyocyte cell membrane, which is directly connected
to such pathologies as heart arrhythmias [106]. ROS, as
the main pathogenic agents, were declared to be the pri-
mary elements triggering oscillations of mitochondrial
Ay [102, 107]. The critical threshold for triggering RIRR,
being accompanied by generation of a mitochondrial
pore (nonspecific permeability) [102] or an anion chan-
nel in the inner membrane [108], also limits mitochondr-
ial resistance to the effects of an introduced oxidant. This
resistance threshold in response to external ROS was
given the name “mitochondrial criticality”; it means
reaching the level when conditions for Ay oscillations are
created. The latter, in turn, creates a temporal and spatial
heterogeneity of excitability in the heart [109, 110], caus-
ing cardiac arrhythmias, which often end in cardiac arrest
and death of the individual. High threshold of RIRR
induction is the basis of durability and capacity of the
mitochondrial redox buffer, the rate of its use being deter-
mined by the level of external oxidant introduced to mito-
chondria [9]. Ligands of the mitochondrial benzodi-
azepine channel eliminated both RIRR-induced Ay
oscillations and ventricular tachycardia and fibrillation
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[111], thereby placing mitochondrial benzodiazepine
receptor [61, 112, 113] in a set of important targets for the
therapy of certain diseases mediated by mitochondrial
dysfunction. Superoxide dismutase mimetics and mito-
chondria-targeted antioxidant SkQ1 showed similar
antiarrhythmic effect, suggesting antioxidant therapy to
be a potential solution to some problems of mitochondr-
ial medicine [111, 114].

CONTROVERSIAL ISSUES
CONCERNING THE USE OF ANTIOXIDANTS
AS THERAPEUTIC AGENTS

In recent years criticism has arisen of researchers
proposing to treat various pathologies, including mito-
chondrial disorders, with antioxidants. Such criticism of
scientists trying to fight adverse effects of oxidative stress
is stemmed from the fact that various antioxidants
showed the full range of both positive and negative effects
in a series of clinical trials [115-119]. It is obviously pos-
sible for natural antioxidant vitamins (known for their
efficiency) to act differently than their synthetic analogs
used in clinic [120, 121], so copying of the natural prod-
ucts does not seem to be very successful. It also means
that not all antioxidants have equal therapeutic potency.
The latter may reflect the fact that not only the antiox-
idative part is essential in the antioxidant molecule, but
also another one, which carries out a number of non-
antioxidative functions [122]. As a result, reasonable
point of view begins to prevail that indiscriminate recog-
nition of oxidants as sources of pathogenesis should be
abandoned. However, this does not mean that we should
abandon the use of antioxidants in the treatment of some
diseases.

A popular opinion of stress having a healing power
does not seem to fit into rigorous theory and practice of
oxidative damage to cellular components, but it can also
be explained primarily by the fact that today the concept
of oxidative stress is very relative, and there is no quanti-
tative assessment of its level. Furthermore, the hetero-
geneity of ROS generation levels in different cells (com-
pare, for example, macrophages or alveolar cells and
fibroblasts) in the population of the same cells (closer or
further away from the blood vessel) or in the population
of mitochondria inhabiting the same cell (for example,
subsarcolemmal and interfibrillar mitochondria in a
muscle cell) make the notion of oxidative stress even
more vague. Some averaging of the level of oxidant dis-
tribution will not produce impressive results and will not
help to come up with objective parameters for quantita-
tive evaluation of the level of oxidative stress. However, it
is quite important that we have come to the understand-
ing of the necessity of an optimal (even averaged) oxidant
level, which is essential for the fulfillment of the vast
range of cellular functions. It is unclear where to draw
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the line between pathological and non-pathological (if it
exists) oxidative stress, but we can assume a controlled,
small excess of oxidants above the normal level triggers a
series of processes aimed at elimination of this increase
and activation of a number of processes useful for the
cell, organ, and the entire organism, which will lead to
the renewal, increase in resistance to pathological fac-
tors, and stability of the biological system following a
feedback mechanism. (It is quite possible that this mech-
anism is implemented in the tissues of the naked mole-
rat, which is a surprisingly long-lived animal while hav-
ing clearly elevated levels of oxidants and oxidative mod-
ifications [123].) Following the same mechanism of
feedback, antioxidants can cause unwanted sharp
increase in oxidant generation in response to its artificial
suppression, which will be seen as a prooxidant effect
executed by an antioxidant.

The situation looks very different when generation of
oxidants fails to be strictly controlled [102]. It results in
pathogenic uncontrolled oxidation of vital cellular com-
ponents, which triggers pathological changes in an organ
and entire organism, which often proves to be fatal for the
latter. In this case, the use of antioxidants is theoretically
and practically justified, and there are many such exam-
ples.

An anti-phenoptotic effect of mitochondria-targeted
antioxidants demonstrated in our group [15] is a unique
example that confirms the validity of the arguments pre-
sented above. We managed to distinguish between
nephroprotective and anti-phenoptotic effects using two
mitochondria-targeted antioxidants (SkQ1 and SkQRI1)
[124, 125]. While only one antioxidant (SkQR1) showed
nephroprotection from the harmful effect coupled to
oxidative stress, both of them equally protected animals
from death caused by renal dysfunction [114, 126]. The
impression was that, first, the targets ultimately providing
the protection of the organ and the organism are differ-
ent, and, second, the antioxidative effect of the molecule
of the mitochondria-targeted antioxidant could be suffi-
cient for the protection of the organism, while another
effect of an unidentified mechanism, inherent only to
SkQR1, was needed for the organ protection (in addition
to antioxidative effect). We confirmed the selectivity of
antioxidant effects and the necessity to select therapeutic
efficiency of all the antioxidants, including mitochon-
dria-targeted ones. Later we showed that administration
of SKQR1 mobilizes the defense mechanisms of an ani-
mal, in particular, by inducing the synthesis of its univer-
sal “defender”, erythropoietin [127], which triggers a cas-
cade of anti-ischemic protection. This confirms the pos-
sibility of positive non-antioxidant effect of a number of
antioxidants that might be used successfully. We conclude
that antioxidants of both narrow and wide action can and
should be studied so as to understand their ability to pre-
vent phenoptosis of various natures, by affecting mito-
chondrial functioning.
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NEED TO UNDERSTAND THE BACTERIAL
NATURE OF MITOCHONDRIA
FOR DEVELOPMENT OF THE STRATEGY
OF MITOCHONDRIAL MEDICINE

Previously, we examined in detail the problem of
general similarity between mitochondria and bacteria,
which clearly points to a common ancestor [15]. As part
of the description of the possible mechanisms of phenop-
tosis or multiple organ failure, we have already considered
the question of the pathogenic role of mitochondrial frag-
ments (DAMPs) [76], which can be released into the
blood stream and cause immune response similar to that
caused by entire bacteria and their components. This
immune response (septic in case of bacteria and sepsis-
like in the case of mitochondria [128, 129]) can often be
the cause of the death of an organism [130]. As a result,
we assume mitochondrion to be that generator that trig-
gers programmed death in many cases [15].

This understanding, first of all, puts immunology, as
a part of mitochondrial medicine, among the most
important disciplines, the results of which will determine
the strategy for mortality prevention. Second, it requires
constant consideration of the bacterial origin of mito-
chondria and their present similarity to bacterial “rela-
tives”. This is needed so as to compare the strategies of
antibacterial and anti-phenoptotic protection for the
development of a universal strategy to fight death possibly
caused by mitochondrial dysfunctions. The key points of
such a strategy may include the maintenance of mtDNA
homeostasis, regulation of mitochondrial membrane
potential, and maintenance of mitochondrial quality
control systems with all their elements including also the
destruction of damaged mitochondrial structures. A
broad range of activities is needed to implement such a
strategy, in particular, pharmacological correction of
oxidative stress within reasonable limits in the presence of
oxidative and other modifications of mitochondrial com-
ponents responsible for the maintenance of the men-
tioned types of homeostasis.
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