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Mitochondrial dysfunctions (an impaired energy metabo-
lism in the mitochondria) are essential in a pathogenesis of 
many diseases. Aim. The analysis of various mitochondrial 
dysfunction (MD) type study, as well as evaluation of drugs 
with an antihypoxic effect in their treatment. Methods. Col-
lection, systematization and analysis of experimental and 
clinical data of current scientific research about the problem.
Results. The mitochondrial dysfunctions can be caused by 
genetic disorders of the mitochondrial or nuclear genome 
(the primary MD or the mitochondrial diseases), as well as 
structural, functional and biochemical defects of mitochon-
dria caused by other diseases (the secondary MD). MD are 
characterized by impaired tissue respiration, ATP synthesis 
deficiency and decreased energy metabolism. The clinical 
implications of MD are polysystemic and polymorphic. One 
of the biochemical sign of MD is the lactic acidosis. There are 
certain difficulties with the early diagnosis of primary MD. 
It is suggested to use complete exome sequencing among pa-
tients with a clinical suspicion on mitochondrial disease. The 
energotropic pharmacotherapy including drugs with an an-
tihypoxic effect is used for MD treatment. It is more rational 
to use the drug combination that influences different stages 

of energy production. The combinations of L-carnitine, coen-
zyme Q10, cytochrome C and succinate-containing drugs are 
frequently used for MD. However, the usage of energotropic 
and antihypoxic drugs is not able to cure the patients and stop 
the progression of all disease displays. Conclusion. MD are 
a multidisciplinary problem, therefore, doctors of any special-
ity must be competent in the MD diagnosis and treatment. 
The use of energotropic agents in the MD treatment requires 
further research. Numerous issues remain open (daily drug 
doses choice, treatment duration, rational combinations). 
The phenotype variability and the uniqueness of diagnosed 
cases, clinical and genetic differences between patient groups 
with mitochondrial diseases fail to create homogeneous sam-
plings for therapy effectiveness and safety analysis. The li-
terature data are the results of different degrees of reliability. 
The international efforts are needed to unify studies of related 
mitochondrial disorders, which, in combination with a con-
stant improvement of MD pathogenesis knowledge will allow 
to develop more effective treatment regimens.
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В патогенезе многих заболеваний существенное зна-
чение имеют митохондриальные дисфункции (на-
рушения энергообмена в митохондриях клеток).
Цель работы — анализ изученности проблемы различ-
ных видов митохондриальных дисфункций (МД), а так-
же оценка эффективности применения лекарственных 
препаратов с преимущественно антигипоксическим 
действием в их лечении. Методы. Сбор, систематиза-
ция и анализ экспериментальных и клинических дан-
ных современных научных исследований по соответ-
ствующей проблеме. Результаты. Митохондриальные 
дисфункции могут быть обусловлены генетическими 
нарушениями митохондриального или ядерного ге-

нома (первичные МД или митохондриальные болез-
ни), а также структурными, функциональными и био-
химическими дефектами митохондрий на фоне других 
заболеваний (вторичные МД). Характеризуются МД 
нарушением тканевого дыхания, недостаточностью 
синтеза аденозинтрифосфата, снижением энергети-
ческого обмена. Клинические проявления МД поли-
системны и полиморфны. Одним из биохимических 
признаков МД является лактатацидоз. Существуют 
определенные трудности с ранней диагностикой пер-
вичных МД. У пациентов с клиническим подозрением 
на митохондриальные болезни предлагается исполь-
зовать полное секвенирование экзома. В лечении МД 
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применяют энерготропную фармакотерапию, в том 
числе препараты с антигипоксическим действием. Бо-
лее рационально использовать комбинацию препара-
тов, которые будут воздействовать на разные этапы 
процесса образования энергии. Наиболее часто при 
МД в комбинации используют такие препараты, как 
L-карнитин, Коэнзим Q10, Цитохром С, сукцинатсо-
держащие препараты. Однако использование энерго-
тропных препаратов и средств с антигипоксическим 
действием не способно полностью излечить боль-
ного и купировать все проявления его заболевания.
Заключение. МД являются междисциплинарной про-
блемой, поэтому врачи любой специальности должны 
быть компетентны в вопросах диагностики и терапии 
МД. Применение энерготропных средств в лечении 
МД требует дальнейшего изучения. Остаются откры-
тыми многие вопросы (выбор суточных доз препара-

тов, продолжительность курса лечения, рациональные 
комбинации). При митохондриальных болезнях вари-
абельность фенотипов и единичность диагностируе-
мых случаев, клинико-генетические различия групп 
пациентов не позволяют создать однородные выборки 
для анализа эффективности и безопасности терапии. 
Представленные в литературе данные являются ре-
зультатами разной степени надежности. Необходимы 
международные усилия для унификации исследова-
ний, связанных с митохондриальными нарушениями, 
которые в сочетании с постоянным углублением зна-
ний патогенеза МД позволят разработать более эф-
фективные схемы их лечения.

  Keywords:  � митохондрии; митохондриальные дис-
функции; митохондриальные болезни; энерготропные 
средства; антигипоксанты.

INTRODUCTION

The direction determining the significance and role of 
energy exchange disorders in mitochondria in the patho-
genesis of diseases is developing actively in medical sci-
ence over past decades. Тhe conception “mitochondrial 
dysfunctions” (MD) is formed as а result of it [2, 4, 67].

The knowledge about mitochondria is being con-
stantly supplementated and expanded [30, 42, 49, 51]. 
The diseases, based on hereditarily determined (prima-
ry) or acquired (secondary) mitochondrial dysfunction 
which was the disruption of energy production as ATP 
in the process of oxidative phosphorylation, have been 
detected [17, 26, 36, 38]. MD are displayed by disorders 
of high energy-dependent nervous, cardiovascular and 
muscle systems.

Along with the mitochondria studies and the mito-
chondrial medicine formation the development and in-
vestigations of drugs restoring broken cell energy me-
tabolism and increasing the organ and whole organism 
resistance to hypoxia are being carried out [29, 31, 38, 
45, 61]. The hypoxic biochemical cascades develop ex-
actly in ATP-producing mitochondria which can lead to 
cell death. In case of MD there is not only slowdown in 
the mitochondrial ATP synthesis, but the disorder of the 
entire metabolism in these organelles.

Nowadays the reasonableness of antihypoxant use in 
MD is evident as the mechanism of the drug action is di-
rectly (for drugs with direct energizing effect) or indirectly 
(for drugs with indirect energizing action) connected with 
the disorder correction of the mitochondria work [23, 28, 
65, 72]. That is why the antihypoxant use in MD is patho-
genetically justified both for primary mitochondrial dis-
eases and secondary mitochondrial dysfunctions. The 
differences are in the recommended doses, courses of 
application (in primary MD antihypoxants should be used 
for prolong time as replacement therapy, in secondary 
MD – from several weeks to several months). The com-
bined use of antihypoxants with different mechanism of 
action is the most promising [37, 65].

This review is devoted to the evaluation of the drug 
effectiveness which commonly refer to antihypoxants in 
Russia as the treatment algorithms both for primary and 
secondary MD include energotropic drugs activating the 
transport of mitochondrial substrates, increasing ATP 
production and lowering the lactic acidosis level.

The aim is to analyze the current scientific literature 
data about different types of mitochondrial dysfunc-
tions, to evaluate the drug effectiveness with mainly 
antihypoxic effect for the treatment of primary and sec-
ondary mitochondrial dysfunctions.

MITOCHONDRIAL DYSFUNCTIONS

Human mitochondria play a lot of functions. For ex-
ample, they participate in the apoptosis, cell differen-
tiation and proliferation, play one of the important roles 
in the aging. The estimation of the mitochondrial DNA 
(mtDNA) level in a blood is used to predict the com-
plications and mortality in the malignant tumors [65]. 
However, the key function of mitochondria is the ATP 
formation in the biochemical cycles of cellular respira-
tion. Mitochondria are the most important organelles 
of any cell in our body; a huge number of different bio-
chemical processes like the carnitine cycle, the fatty 
acid oxidation, the tricarboxylic acid (Krebs) cycle, elec-
tron transport in the respiratory chain with mitochondrial 
enzyme complexes (MECs) and oxidative phosphoryla-
tion (OXPHOS) takes place in them [76]. That is why 
impaired mitochondrial functions are the most signifi-
cant, and often the earliest stages of damage in various 
cellular structures. If not to stop it immediately it can 
lead to an insufficiency of cell energy supply, metabolic 
disorder and even to their total death [33, 68].

The terms of “mitochondrial dysfunctions” and “mito-
chondrial diseases” in medical practice were formulated 
at the end of the twentieth century, when the diseases 
associated with mtDNA (deciphered in 1981) muta-
tions have been studied. These are so-called primary 
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mitochondrial dysfunctions or mitochondrial diseases. 
The frequency of hereditary diseases, the main patho-
genetic and etiological factor of which are mitochondrial 
mutations, is 1 : 5000 people or more of the total popula-
tion on our planet. MtDNA mutations are found in the hu-
man population more often, approximately 1 : 3500. But 
mtDNA mutations don’t always lead to the mitochondrial 
diseases what is connected with the heteroplasmy level 
that is the proportion of normal (wild type) and abnormal 
(mutant) DNA molecules in the cell [11, 14]. The number 
of mutant mtDNA can increase with age under various 
factor influence and gradually reach the level that can 
cause clinical displays of the disease [35].

Mutations in any mitochondrial genes encoding 
13 main subunits of MECs and 22 mitochondrial trans-
port RNAs and two ribosomal RNAs, as well as in any of 
the nuclear genes encoding the rest of the mitochondrial 
proteins, can lead to mitochondrial dysfunction and di-
sease [74]. The most frequent mitochondrial diseases in-
clude MELAS syndrome (mitochondrial encephalomyop-
athy, lactic acidosis, stroke-like episodes), Kearns–Sayre 
syndrome (ptosis, ophthalmoplegia, bilateral retinopathy 
pigmentosa, heart block), MERRF syndrome (myoclonic 
epilepsy with ragged red fibers), Leber’s hereditary optic 
neuropathy (LHON), NARP syndrome (neuropathy, ataxia 
and retinitis pigmentosa), etc. [69, 75].

Mitochondrial dysfunctions and related diseases can 
be assotiated with the cell nucleus genome damage – 
nDNA [55]. They are less studied than MD caused by 
mtDNA mutations and include various forms of infantile 
myopathies, Leigh syndrome (subacute necrotizing en-
cephalomyopathy), Barth syndrome (cardiomyopathy, 
myopathy, stunting) [3, 59, 74]. In the absence of other 
reasons of the neuropsychic and physical development 
retardation, intolerance to physical activity and muscle 
weakness in children we should think about differential 
diagnosis with mitochondrial diseases.

Most mitochondrial diseases are characterized by 
the progressive nature and lead to disability and mor-
tality. They can develop at any age, about 30% of cases 
manifest in the neonatal period and they are mater-
nally inherited [12]. Primary mitochondrial dysfunctions 
are manifested mainly by the central and peripheral 
nervous, muscular and cardiovascular system disor-
ders, i. e. those systems and tissues which cells are the 
richest in mitochondria number. Their main symptoms 
are muscle weakness, intolerance to physical exertion, 
retardation in neuropsychic development, declined 
growth, in some cases muscle pain, vomiting, cramps, 
stroke-like episodes, hearing loss, ptosis and ophthal-
moplegia [18, 37, 65].

Secondary mitochondrial dysfunctions can be ob-
served in various acquired diseases, for example, in 
acute coronary syndrome, cardiomyopathy, some forms 
of progressive muscular dystrophies, connective tissue 
diseases, as well as in a number of pathological condi-
tions in which hypoxia plays a key role [58, 61]. In these 
diseases, disorders of cellular energy exchange act as 
“secondary” links of pathogenesis. Besides, secondary 

MD can be caused by carbon monoxide poisoning, cya-
nides, heavy metal salts, prolonged use of high doses 
of azidothymidine, valproates, aminoglycosides and 
group B vitamin deficiency [65]. The clinical manifesta-
tions of secondary MD are observed in the same mito-
chondria-rich organ and tissue as in primary MD. 

Mitochondrial disease pathogenesis has been stud-
ied well enough by now. It can be presented in stages as 
follows: substrate transport, their oxidation, tricarboxylic 
acid (TCA) cycle, respiratory chain (electron transport 
chain) functioning, the coupling of tissue respiration 
and OXPHOS. The glucose oxidation to pyruvate oc-
curs with the participation of the pyruvate dehydroge-
nase complex enzymes with the formation of acetyl-
CoA, which is included in the TCA cycle. The fatty acid 
utilization occurs in the β-oxidation process. Electrons 
formed during these reactions are transported into the 
respiratory chain. The latter is formed by 5 multienzyme 
complexes, 4 of which carry out electron transport, and 
the fifth catalyzes ATP synthesis. The subunits of the 
respiratory chain complexes are under double control 
of the nuclear and mitochondrial genomes (see Fig.). 
From the position of pathogenesis 3 main categories 
of mitochondrial diseases can be named: 1) diseases 
of OXPHOS, 2) diseases of β-oxidation of fatty acids, 
3) defects in the metabolism of pyruvate and the TCA 
cycle [45, 65, 76].

The calcium homeostasis is impaired in MD. The ob-
served calcium excess contributes to the mitochondria 
overload and thereby reduces ATP molecules forma-
tion and increases the production of reactive oxygen 
species (ROS) [41, 43, 50], what finally increase the 
apoptosis and necrosis risk. There is a direct correlation 
between a person’s age and the activity of his mitochon-
drial structures. The older the person is, the more seri-
ous is the energy exchange weakening due to decrease 
in the function of ATP-producing organelles, what partly 
explains the development of Alzheimer’s disease, Par-
kinson’s disease, autism, ischemic heart disease, dia-
betes mellitus type 2 and etc. [56, 69–71].

The diagnosis of MD (especially primary) is quite 
difficult and requires special genetic studies [59]. As 
screening diagnostic sign of MD it’s possible to use the 
determination of increased lactate concentration (more 
than 2.2 mmol/l) and pyruvate (more than 0.12 mmol/l) 
in the blood and liquor, as well as their ratio in the periph-
eral blood (more than 20) [24, 27]. It is more informative 
to measure the level of lactate in venous blood after 
(in half an hour) moderate exercise or the load by easily 
digestible carbohydrates [24]. The spectrum of amino 
acids and acylcarnitines in the blood are determined as 
well. Urinary excretion of organic acids is investigated by 
gas chromatography with mass spectrometric detection 
(the increased level of lactate, pyruvate, fumarate, suc-
cinate and etc. can be found). The level of FAc and lipid 
peroxidation products increases in the blood [14, 65]. 
The rise of myoglobin level, β-hydroxymethylene, ace-
toacetic acid and ammonia in the blood may also be 
typical for MD. The informative value of the increased 
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concentration in plasma of fibroblast growth factor-21 
(FGF-21) and especially the growth factor-15 (GDF-15) 
is shown by enzyme immunoassay [12, 24]. It is possible 
to conduct cytochemical analysis to determine mito-
chondrial enzymes (for example, decrease of succinate 
dehydrogenase, citrate synthetase and cytochrome C 
synthetase level) in peripheral blood lymphocytes and 
punctates of some organs, in the urine sediment. Typical 
changes can be detected in magnetic resonance ima-
ging (MRI) of patient brain with MD, for example, sym-
metrical damage of the subcortical nuclei in the form of 
cystic changes, foci in the temporal and occipital areas 
and etc. [12, 35, 75].

In primary MD, the main histological (morphologi-
cal), enzymatic and functional criteria are: 1) ragged-
red fibers (RRF) in the muscles in an amount more than 
2% (biopsy of skeletal muscles, usually quadriceps or 
deltoid, is performed); 2) the presence of cytochrome 
oxidase-negative fibers; 3) the decrease of the respi-
ratory chain complex activity <20–30% of the norm; 
4) determination of succinate dehydrogenase in periph-
eral lymphocytes; 5) subsarcolemmal accumulation of 
glycogen, lipids, calcium ions (the accumulation of fat 

drops in various tissues, including muscle fibers, occurs 
as a result of impaired oxidation of FAc) [37, 65].

The molecular genetic test by the mitochondrial 
genome sequencing (it is possible to use a dried drop 
of blood on a filter paper) can determine if patient has 
a genetic mutation that causes the development of MD. 
The genetic test allows to detect the appearance of mito-
chondrial mutations with a high ratio of abnormal and nor-
mal mitochondrial DNA [14]. The absence of mitochon-
drial mutation suggests that the patient has the pathology 
associated with a nuclear DNA mutation.

THERAPY FOR MITOCHONDRIAL 
DYSFUNCTIONS

Nowadays the primary MD are incurable but it is 
possible to slow down the progression of the disease, 
to compensate the patient condition. Mitochondrial di-
seases are rare orphan diseases, the treatment regi-
men for which is chosen individually. Today, the complex 
treatment of primary MD is carried out and it includes 
the following components.

Fig. Possible localization of mitochondrial dysfunctions and places of antihypoxant action. ATP  – adenosine triphos-
phate; CPT I – carnitine palmitoyltransferase I; CPT II – carnitine palmitoyltransferase II; GTP – guanosine triphosphate; 
IMM – inner mitochondrial membrane; IMS – intermembrane space; MECs – mitochondrial enzyme complexes; mPTP – 
mitochondrial permeability transition pore; mtDNA – mitochondrial DNA; nDNA – nuclear DNA; OMM – outer mito-
chondrial membrane; OXPHOS – oxidative phosphorylation; PDC – pyruvate dehydrogenase complex; ROS – reactive 
oxygen species; TIM – translocase of the inner membrane; TOM – translocase of the outer membrane; ADP – adenosine 
diphosphate; NADH – nicotine-adenine dinucleotide recovered; FADH – fl avine adenine dinucleotide recovered; TCA –  
tricarbonic acids cycle; NARP – neuropathy, ataxia and retinitis pigmentosa syndrome
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Pharmacotherapy, which consists mainly of the drugs 
with metabolic type of action (energotropic): drugs with 
antihypoxic effect (coenzyme Q10 – 2–20 mg/kg/day; 
cytochrome C – 30–60 mg/day; succinic acid prepara-
tions – 8–10 mg/kg/day, L-carnitine – 20–100 mg/kg/day, 
mexidol, etc.) [3, 6]; nootropics (idebenone, choline al-
foscerate) [12, 54]; antioxidants (N-acetylcysteine, mi-
tochondria-targeted antioxidants based on plastoquinol 
under the SkQ code, elamipretide [25, 64]; vitamin 
and vitamin-like preparations (vitamin E preparations – 
50–300 mg/day; C – 500–1000 mg/day; PP – 20–
30 mg/day; B1 – 20–100 mg/day; B2 – 100–400 mg/day;
H – 5 mg/day, in severe cases up to 30 mg/day; lipoic 
acid – 50–200 mg/day) [6]; drugs that reduce the de-
gree of lactic acidosis (dimephosphon 30 mg/kg, L-argi-
nine). It should be noted that many drugs produce sev-
eral and sometimes all of the above enumerated effects. 
The pharmacotherapy efficacy may vary in patients even 
with the same molecular genetic defect.

Rational diet therapy (usually, ketogenic diet) with 
a reduced amount of easily digestible carbohydrates, 
high fat content and average protein content in com-
bination with exercise therapy is recommended to be 
used [2, 65].

Genetic counseling minimizes the inheritance risk of 
a pathogenic mitochondrial mutation [11].

Palliative therapy includes a psychological help, the 
use of symptomatic therapy, in particular antiepileptic 
drugs (levetiracetam, topiramate, oxcarbazepine, at 
the same time, valproate and phenobarbital-containing 
agents are contraindicated, as they inhibit the work of 
mitochondrial enzyme complexes), hemodialysis, ALV 
[16, 25, 60].

Gene therapy is used to suppress mutations in the 
mitochondrial genome (at the stage of experimental 
studies mainly on human cell cultures). The possibility 
of mitochondrial replacement therapy in 5 main areas 
is studied: 1 – xenotopic gene expression; 2 – allotopic 
gene expression [25]; 3 – the synthesis of artificially 
created in vivo mitochondrial tRNA and rRNA with their 
subsequent transfer to mutant mitochondria with dam-
aged structures replacement; 4 – the creation of “vec-
tor” nucleic acids complementary to the mutated piece 
of mtDNA, which while binding to them, contribute to 
their inhibition and shutdown of the replication process-
es; 5 – the use of artificially created vesicles penetrating 
through the membranes of mitochondria and restoring 
lost functions. Besides, the mutation correction systems 
in mtDNA based on molecular genome editing technolo-
gies, for example, systems called “mitochondrial zinc 
fingers”, mitoTALEN, mitoCRISPR/Cas9 are being de-
veloped [2, 11]. The main disadvantage of these direc-
tions is that they do not eliminate the underlying muta-
tion in the mitochondria genome, but only reduce the 
heteroplasmy level, resulting in partial restoration of the 
mitochondria function.

In secondary mitochondrial dysfunction the phar-
macotherapy by energotropic and antihypoxic agents is 
mainly used [38, 65].

ANTIHYPOXANTS IN MITOCHONDRIAL 
DYSFUNCTIONS TREATMENT

We used the antihypoxant classification to estimate 
their effectiveness in mitochondrial dysfunctions consis-
tently. According to the classification there are five main 
groups of antihypoxants: inhibitors of fatty acid oxidation 
and correctors of impaired glycolysis effectiveness; suc-
cinate-containing and succinate-forming agents; natu-
ral components of the respiratory chain; artificial redox 
systems; macroergic compounds [28, 40, 45].

Inhibitors of fatty acid oxidation (FAO). There are 
3 subgroups: direct carnitine palmitoyl transferase-1 
(CPT1) inhibitors (perhexelin, etomoxir), partial fatty 
acid oxidation inhibitors (so called pFOX inhibitors) 
(trimetazidine, ranolazine, meldonium) and indirect FAO 
inhibitors (carnitine). Inhibitors of CPT1 with irreversible 
action are practically not used for mitochondrial disor-
ders due to their neuro- and hepatotoxicity [45].

Trimetazidine (preductal) blocks 3 ketoacyl-CoA thio-
lase, which slows down the intramitochondrial oxidation 
of both long-chain and short-chain FAs; the number of 
intramitochondrial active FAs remains unchanged [71]. 
Trimetazidine increases the pyruvate oxidation. Intracel-
lular lactic acidosis is decreased as a result, the over-
load of calcium ions is eliminated, and the glycolytic 
production of ATP increases [45]. Free FAs that are not 
utilized in the β-oxidation go for membrane phospholipid 
synthesis. Besides trimetazidine increases the activity 
of antioxidant enzymes indirectly, inhibiting an oxida-
tive stress [29]. The effectiveness of trimetazidine for 
primary MD has not been found, for secondary MD is 
disputable [57, 64, 71]. On the one hand, the clinical 
efficacy of trimetazidine is confirmed by randomized tri-
als, which have demonstrated its cardioprotective action 
in coronary heart disease, chronic heart failure [13, 64]. 
However, in the work of M. Cavar et al. which was de-
voted to trimetazidine influence on FAO (palmitoylcar-
nitine) and carbohydrate (pyruvate) oxidation directly in 
the left ventricular myocardium (fibers obtained from 
patients with stable angina during coronary artery by-
pass grafting), the known mechanism of its action was 
not confirmed. So, there were no differences between 
the experimental group (receiving trimetazidine before 
surgery for 30 days in a daily dose of 70 mg) and the 
control group (not receiving trimetazidine) in the oxida-
tion of palmitoylcarnitine or pyruvate, as well as in the 
ratio of carbohydrate and FA oxidation. The activity and 
expression of pyruvate dehydrogenase also did not dif-
fer statistically between groups. Direct applying of dif-
ferent trimetazidine concentrations on myocardial tissue 
in vitro did not affect the oxidation of FAs in the myocar-
dium [10].

In addition trimetazidine showed equal ability to in-
crease (48% of patients) and decrease (52%) the func-
tional activity of leukocyte mitochondria in patients with 
stable exertional angina, which needs to personalize 
trimetazidine use in the complex therapy of patients 
with MD. The individual state of target organs (liver and 
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kidneys), the ratio of cortisol/insulin and cAMP/cGMP 
in serum, the initial activity of mitochondria should be 
taken into account [57].

The antihypoxic effect of ranolazine (ranex) is due 
to decrease of free FAs use as an energy source/sub-
strate and increase of glucose use in the main energy 
metabolism reactions [29, 45]. Ranolazine is most of-
ten used as a part of combined therapy for secondary 
MD associated with coronary heart disease, since it not 
only rises the ATP formation, but also has antianginal 
activity [45]. However, randomized controlled trials are 
required to confirm the protective role of ranolazine for 
MD treatment in heart failure [64]. Information about the 
use of ranolazine for primary MD is not found in literature 
database.

Meldonium (mildronate) is used for primary and sec-
ondary MD. The main mechanism of its action is the re-
versible inhibition of the rate of carnitine synthesis from 
its precursor – γ-butyrobetaine, which leads to decrease 
of carnitine-mediated transport of long-chain FAc with-
out changing the metabolic processes of short-chain 
FAc through mitochondrial membranes, i. e. there is no 
a complete block in all FA oxidation [29, 45]. There-
fore the use of meldonium for primary MD treatment, 
in particular MELAS syndrome, is justified, especially 
for arrest of its manifestation – cardiomyopathy [52]. 
The neuroprotective effect of meldonium was dem-
onstrated in the complex treatment of acute ischemic 
stroke in secon dary MD [63]. As a component of the 
complex therapy after acute period of cerebrovascular 
disease (stroke, transient ischemic attack) in patients 
suffering from dyscirculatory encephalopathy with cog-
nitive impairment meldonium improved significantly their 
condition (1000 mg/day for 10 days in infusion form 
followed by oral administration in the same daily dose 
for 3 months) [21].

Carnitine (L-carnitine, elkar) is an endogenous com-
pound formed in kidneys and liver from methionine and 
lysine, plays an important role in the regulation of acetyl-
CoA (regulates the transfer of long-chain FAs through 
mitochondrial membranes with their subsequent beta-
oxidation and the formation of acetyl-CoA molecules). 
Carnitine stabilizes the activity of enzymatic systems in-
volved in ATP formation in hypoxia condition with relative 
mitochondrial insufficiency. Besides, it changes the pro-
cess of ATP formation from anaerobic glucose oxidation 
to aerobic, thereby reducing the amount and rate of the 
lactate formation. Furthermore it inhibits the formation 
of peroxidation products in the mitochondria [4, 29, 45].

Carnitine in physiological concentrations contributes 
to the saturation of palmitoiltransferase I (has a specific 
vitamin effect), in higher doses it speeds the enzymatic 
transfer of acyl groups of FAs through the mitochon-
drial membrane. Carnitine leads to the activation of 
carnitine-acylcarnitines and reduce of intramitochon-
drial acetyl-CoA. The decrease of acetyl-CoA in mito-
chondria triggers a series of cascade reactions aimed 
at increasing of the pyruvate dehydrogenase concen-
tration, providing pyruvate oxidation and limiting the 

lactate formation. Thus, carnitine should be taken in 
doses exceeding its physiological value to produce an-
tihypoxic action [45].

There is a lot of literature data about L-carnitine use 
in various mitochondrial diseases. But the results of its ef-
fectiveness are contradictory [37]. The use of L-carnitine 
in placebo-controlled trials for patients with MELAS syn-
drome in dose 4–10 g/day caused decrease in mus-
cle weakness and lactate level after physical exer-
tion [22, 27]. However, L-carnitine use in Kearns–Sayre 
syndrome (150 mg/kg for 6 weeks) didn’t cause reliable 
changes in the patient condition [27].

Carnitine effectiveness in secondary MD in mitral 
valve prolapse (without regurgitation) in children is 
shown. The use of the drug in the age dosage (from 7 to 
12 years 0.3 g, from 12 to 14 years 0.5 g) 2 times per 
day for 12 months in combination with the drug ubiqui-
none contributed to a significant increase of methionine, 
ornithine, glutamine and other amino acid level in blood, 
as well as free and bound carnitine [5].

Correctors of impaired glycolysis effectiveness in-
clude metaprot (bemitil) and thiotriazolin. The mecha-
nism of metaprot action is based on the activation of 
the synthesis of gluconeogenesis enzyme complexes, 
which contribute to reduce the lactic acidosis and to 
enhance the glucose resynthesis. The antihypoxic ac-
tivity of metaprot is due to the increased synthesis of 
mitochondrial enzymes and structural proteins, which 
provides a high level of ATP synthesis even in hypoxia. 
Metaprot supports the work of the NAD- and FAD-de-
pendent enzymes of the respiratory chain, reduces the 
uncoupling of oxidation with phosphorylation. There is 
data about metaprot effectiveness in secondary MD in 
case of traumatic brain injury, acute and chronic cere-
brovascular accident [28, 61]. Its effectiveness in com-
bination with cytochrome C and physiotherapy in the 
treatment of hereditary neuromuscular diseases has 
been demonstrated.

Thiotriazoline normalizes oxidative processes in 
the TCA cycle, increases the intracellular ATP content. 
It helps in the glucose utilization by the cell in isch-
emia tissue. Thiotriazoline increases the activity of cy-
tochrome-C-oxidase, enhances the level of pyruvate, 
malate, isocitrate, succinate. At the same time it reduces 
the formation of lactate eliminating the lactate-acidosis. 
Thiotriazoline influences the opening of the cyclospo-
rine-A-dependent pore, saves the mitochondrial mem-
brane charge, increases the level of heat shock protein 
HSP70 in the mitochondria. The use of thiotriazoline in 
clinic practice demonstrated its effectiveness in secon-
dary MD, where it improved the quality and life expec-
tancy of patients with myocardial infarction, chronic 
heart failure, after myocardial remodeling [9]. Thiotri-
azoline is indicated in the complex therapy of MELAS 
syndrome in cardiomyopathy, as well as in the therapy 
of the metabolic stroke [18].

Succinate-containing and succinate-forming agents 
contribute to the maintenance of the succinate oxidase 
(FAD-dependent part) of the TCA cycle. The succinate 
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oxidase unit under hypoxia and in succinate (succinic 
acid) presence in the mitochondria is able to compen-
sate the energy exchange processes and maintain the 
ATP level at the required level. Succinate produces an-
tihypoxic effect by two ways. Firstly, it acts as a sub-
strate of the TCA cycle and the enzyme succinate de-
hydrogenase (SDH, MEC II). Secondly, it plays a role of 
a signaling molecule, activates HIF-1α and the orphan 
receptors SUCNR1 and GPR91. Interaction with the lat-
ter promotes increase of reabsorbed glucose level and 
gluconeogenesis stimulation [31, 45, 62].

The possibility of succinic acid drug use in mitochon-
drial dysfunction has recently been discussing in the sci-
entific literature. The case was described when the suc-
cinate use in the patient with MELAS syndrome (6 g/day, 
3 month course) led to the complete disappearance of 
all neurological symptoms [65]. The efficacy of the suc-
cinate-containing drug in secondary MD conditions was 
shown (cardioprotective properties were demonstrated 
on the hypoxic type vibrational model of cellular metabo-
lism) [72]. Combined succinate-containing drugs such 
as reamberin, cytoflavin, remaxol have found indications 
in clinical practice for patients with MD.

Reamberin is the polyionic solution (contains NaCl, 
KCl, MgCl2), the main component of which is sodium 
N-methylglucamine salt of succinic acid [29]. Ream-
berin infusions are indicated in conditions characterized 
by secondary MD, such as ischemic and hemorrhagic 
stroke, coronary artery bypass grafting, direct myocardi-
al revascularization [45]. It is recommended to use as a 
metabolic modulator of microcirculatory-mitochondrial 
dysfunction in various critical conditions with multiple 
organ dysfunction syndrome [68]. It is not possible to 
estimate the effectiveness of reamberin in primary MD 
due to insufficient clinical observations. Its use in the 
complex treatment of mtDNA depletion syndrome due 
to mutations in the FBXL4 gene is described [12].

Cytoflavin contains succinate, nicotinamide, ribo-
flavin mononucleotide and inosine. The components 
of cytoflavin potentiate the antihypoxic effect of suc-
cinate. So, riboflavin increases the activity of succinate 
dehydrogenase, inosine increases the total number of 
purine nucleotides necessary for the ATP and GTP re-
synthesis. Currently, the effectiveness of cytoflavin in the 
complex treatment of Leigh syndrome and stroke, dis-
circulatory encephalopathy, perinatal hypoxic-ischemic 
brain injury, characterized by secondary MD has been 
discussed [45, 59].

Remaxol is the succinate-containing drug for in-
travenous infusion that combines the components of 
reamberin and cytoflavin. Its antihypoxic and antioxidant 
effect was shown in secondary MD associated with liver 
damage of different etiologies [45].

Ethylmethylhydroxypyridine succinate (mexidol, 
mexicor) is widely used today in Russia as the succinate-
containing drug. It activates a compensatory metabolic 
process due to the succinate entrance in the respiratory 
chain, energysynthesizing mitochondrial function, im-
proves the energy metabolism, maintains the macroer-

gic compound level in mitochondria insufficiency. Mexi-
dol inhibits lipid peroxidation, increases the activity of 
antioxidant enzymes – superoxide dismutase and gluta-
thione peroxidase due to 3-hydroxypyridine component. 
Mexidol modulates the functioning of membrane-bound 
enzymes (adenylate cyclase, acetylcholinesterase, 
etc.), transport systems of neuromediators, ion chan-
nels, receptors and receptor complexes (acetylcholine, 
GABA, etc.), is able to reduce the glutamate excitotoxic-
ity and NO level [48, 73].

Mexidol is used mainly for secondary MD in neurode-
generative diseases, acute and chronic cerebrovascular 
accidents, traumatic brain injury, heart failure [1, 44, 73]. 
However, despite the experimental and clinical advan-
tages of mexidol over other succinate-containing drugs, 
ethylmethylhydroxypyridine succinate is not included in 
the international guidelines for the treatment of cere-
brovascular accidents due to methodological reasons 
(small patient samples in clinical trials, the inclusion and 
exclusion criteria, etc.) [15].

As for primary MD mexidol was used as part of the 
complex therapy of MELAS syndrome during the period 
of acute manifestations [18]. Positive dynamics was not-
ed with help of mexidol in mitochondrial myopathy [77].

There are drugs that can turn into succinate (succi-
nate-forming) in the body. These include sodium fuma-
rate (confumin) and the combined drugs like mafusol 
and polyoxyfumarin (colloidal crystalloid solutions for 
intravenous use containing sodium fumarate). The flow 
of many final reactions of the TCA cycle changes in MD. 
The advantage of fumarate-based agents in MD is that 
fumarate easily penetrates through cell membranes and 
turns into succinate [45].

These drugs are recommended for secondary MD 
developed in hypovolemic and hypoxic conditions of 
various etiologies (blood loss, including severe gas-
troduodenal bleeding, hemorrhagic shock, etc.), as a 
component of the perfusion system to fill the cardio-
pulmonary bypass. The renoprotective effect was ob-
served in the experiment with ischemia-reperfusion of 
the kidneys, when the preventive course of sodium fu-
marate (1.5 ml/kg intravenously 24 and 2 hours before 
surgery) contributed to limit the kidney tissue damage 
in hypoxia [47].

Natural components of the respiratory chain. This 
group of drugs includes coenzyme Q10 (ubiquinone) 
and cytochrome C. They are mainly used as replace-
ment therapy in MD, because in mitochondrial injuries, 
the latter lose some of the important structural compo-
nents, including the electron carriers.

Coenzyme Q10 (ubiquinone) is an endogenous sub-
stance that is part of many cellular structures, including 
mitochondria and Golgi apparatus. The main function of 
ubiquinone is the transfer of protons and electrons from 
the inner surface of the mitochondrial membrane to the 
outer one (from MEC I and II to complex III), thereby 
taking part in the ATP formation. It is part of the respira-
tory chain, it is able to play the role of an antioxidant in 
hypoxia conditions [28, 40].
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The deficiency of ubiquinone and disorder of the IId 
and IIIrd MEC activity under hypoxia can be manifested 
in the form of Kearns–Sayre syndromes, MILS, MERRF 
and MELAS. Exogenous coenzyme Q10 is able to elimi-
nate the initial causes of the above syndromes, there-
fore, its use in MD is justified [4, 65]. Coenzyme Q10 
is frequently used drug for treatment of mitochondrial 
diseases. Its effectiveness is manifested in daily dose 
300–1500 mg. The positive result from coenzyme Q10 
taking was proved during the placebo-controlled study 
in patients with MELAS syndrome and progressive oph-
thalmoplegia [37, 46]. The usefulness of coenzyme Q10 
4 month course as a part of the combined energotropic 
therapy in children with early signs of autism has been 
noted [65].

The effectiveness of coenzyme Q10 in secondary 
MD has been shown in experimental and clinical stud-
ies. So, its cardioprotective and neuroprotective activity 
was shown in experimental models of chronic myocar-
dial ischemia and chronic brain ischemia [8]. The pro-
tective effect was observed with coenzyme Q10 use in 
patients with the chronic heart failure and in conditions 
accompanied by ischemia-reperfusion [34]. Water-sol-
uble formulations of ubiquinol-10 are recommended to 
increase coenzyme Q10 absorption and bioavailability 
both in primary and secondary MD [20].

Idebenone (noben) is the synthetic derivative of 
ubiquinone, in comparison with coenzyme Q10 it has 
5 times smaller size, less hydrophobicity. Idebenone is 
characterized by marked antioxidant and nootropic ef-
fect [54]. The effectiveness of idebenone in the complex 
therapy of MD such as MELAS syndrome, Leber optic 
atrophy, Lei’s disease has been demonstrated [4].

Cytochrome C (cytomac) is also the component of 
the respiratory chain. Exogenous cytochrome C pe-
netrates the outer mitochondrial membrane, integrates 
into the respiratory chain and normalizes the energy pro-
duction by OXPHOS stabilizing in hypoxia condition [23]. 
The use of cytochrome C in children with Kearns–
Sayre syndrome contributed to decrease of the lactate 
level in the blood and clinical symptoms of the disease, 
but with its further use (more than 3 years), the patients 
showed a slow progression of the disease (impaired 
contractility of the myocardium and cardiac conduction 
system) [37, 65]. As for secondary MD the use of cy-
tochrome C improved the myocardial functional state 
and systemic hemodynamics in patients with myocar-
dial infarction, ischemic heart disease complicated by 
arrhythmias and/or chronic heart failure [23]. Besides, 
cytochrome C is prescribed for asphyxia in newborn, in 
the postoperative period after heart surgery.

Artificial redox systems. The pharmacodynamics of 
these drugs is to compensate for the oxygen deficiency 
as the main electron acceptor. The overload of the re-
spiratory chains by electrons, which inhibits the cellular 
and tissue respiration and, as a result, reduces the phos-
phorylation rate, is observed in hypoxia. To eliminate 
this defect, it is possible to use drugs of artificial redox 
systems that remove excess electrons of the respira-

tory chains by shunting their main links. Besides, the 
drugs stop the lactate excess arising in secondary MD, 
especially during physical exertion, since they provide 
the cytosolic oxidation of NADH, which prevents the gly-
colysis inhibition and thereby limits the accumulation of 
excess lactate [29, 40].

Sodium polydihydroxyphenylene thiosulfonate (hy-
poxene, oliphene) belongs to artificial redox system. Hy-
poxene is able to bypass electron transport flows (MECs I 
and III) along the mitochondrial respiratory chain due to 
its polyphenolic quinone structure. Besides, hypoxene 
contributes to faster oxidation of accumulated NADPH, 
FADH2 in posthypoxic condition [30, 45]. There is ef-
ficient to include hypoxene in the treatment of second-
ary MD with ischemic heart disease, chronic obstructive 
pulmonary disease, toxic liver damage [39, 45]. The use 
of hypoxene in patients with myocardial infarction elimi-
nated ventricular fibrillation, reduced the mortality rate 
in acute period. Besides, hypoxene improved the clinical 
course of the perioperative period after revascularization 
in patients with coronary bypass operations.

Macroergic compounds. The possibility issue of 
this drug usage in primary and secondary MD remains 
open [65, 66]. The use of creatine phosphate and drugs 
based on it is criticized due to the fact that they undergo 
dephosphorylation rather quickly and disintegrate in tis-
sues [3].

At the same time the cases of creatine monohydrate 
successful use are described. Its use in acute coronary 
syndrome, ischemic heart disease led to stabilization of 
the damaged cardiomyocyte membranes, maintaining 
their contractile activity at optimum level, prevented the 
development of hypoxic contractures in the heart and 
reduced platelet aggregation [45]. The effectiveness of 
creatine monohydrate is shown in patients with MELAS 
syndrome, mitochondrial myopathy and necrotizing en-
cephalomyopathy (Leigh syndrome) in children [7, 66]. 
Other studies (including use in Kearns–Sayre syndrome) 
did not reveal the clinical efficacy of creatine monohy-
drate [65].

CONCLUSION

Mitochondrial dysfunctions are a heterogeneous 
group of disorders affecting tissue respiration, ATP syn-
thesis and energy metabolism. MD can be genetic – 
primary MD or mitochondrial diseases, as well result 
of other diseases – secondary MD. Clinical manifesta-
tions of MD are polysystemic and polymorphic, can be 
of different severity. MD are an interdisciplinary problem, 
therefore, doctors of any specialty should know main 
biochemical processes in the patient body at the cellular 
level, and be competent in the diagnosis and general 
principles of MD treatment. One of the possible MD bio-
marker is lactic acidosis. But there are certain difficulties 
with the early diagnosis of primary MD [24, 32].

It is not always possible to identify a pathogenic 
variant even with a molecular genetic study of mtDNA. 
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Therefore, it is proposed to use complete exome se-
quencing for patients with a clinical suspicion on mito-
chondrial disease (in children with any multisystem, neu-
rological and/or neuromuscular problems) [60]. Variants 
of nuclear DNA disorders in children with MD are more 
common than mtDNA [53].

Nowadays the use of energotropic drugs, in par-
ticular, drugs with antihypoxic action is one of the most 
important ways to fight against the mitochondrial dis-
orders. Researchers interpret the pharmacotherapeutic 
approach to the MD treatment with antihypoxants by 
different manner. Some consider the antihypoxant use 
in MD as pathogenetic therapy, others – as replacement 
or symptomatic [19, 65]. In any case, the problem of 
hypoxia, which is present in MD, cannot be solved with-
out energy substrates capable to return the oxidation 
processes in the cell to the usual aerobic pathway.

The use of energotropic drugs for the treatment 
of primary and secondary MD is not always effective. 
Moreover, it is not always possible to identify the specific 
location of the damage and the mechanism of mitochon-
drial disorder development. Therefore it is more rational 
to use a combination of drugs that influence on several 
of the most important stages of the energy generation 
process. The effectiveness of the complex pharmaco-
therapy with antihypoxants is shown for primary MD. 
More often drugs as L-carnitine, coenzyme Q10, cyto-
chrome C and succinate-containing drugs are used in 
mitochondrial diseases [46]. However, the use of differ-
ent combinations of energotropic and antihypoxic drugs 
is not able to cure the patient completely and stop all 
manifestations of the disease. Moreover, patient state 
may worsen with the progression of symptoms of the 
disease (Kearns–Sayre syndrome) in prolonged use of 
energotropic therapy (coenzyme Q10, cytochrome C, 
arginine, etc.).

Thus, the problem of treatment of patients with dif-
ferent types of mitochondrial dysfunctions with ener-
gotropic drugs requires further study. Many questions 
remain open (choice of daily doses of drugs, duration 
of treatment, rational combinations). For example, for 
succinate-containing preparations and carnitine, which 
can realize their effect in small doses through activation 
of adaptation signaling pathways, the question of the 
optimal dose choice is relevant. Obviously, it is neces-
sary to use the complex therapy with an individual choice 
of antihypoxants and other energotropic drugs in the 
optimal drug form, sufficient dose and duration of use 
for marked effect and faster results.

The reliable effectiveness evaluation of antihypoxant 
drugs and their combinations in MD is difficult, because 
sometimes it is impossible to compare data. The vari-
ability of phenotypes and the uniqueness of diagnosed 
cases, the rarity of some forms, the clinical and ge-
netic differences between groups of patients receiving 
therapy fail to form a homogeneous patient samples for 
analysis of the therapy effectiveness and safety. Com-
parative evaluation of effectiveness is generally difficult 
due to the absence of unified criteria for estimation of 

the disease dynamics (like muscle strength, episodic 
seizures, vomiting, etc.) and, as a consequence, the 
effectiveness of pharmacotherapy [19]. Therefore, there 
are currently few results of eligible randomized clinical 
trials. The data presented in the literature are the re-
sults of varying degrees of reliability. Rational antihy-
poxic therapy regimens should be based on the results 
of controlled clinical trials. The international efforts are 
necessary to unify studies related to mitochondrial dis-
orders, which, combined with the constant supplemen-
tation of MD pathogenesis knowledge will allow to use 
more effective treatment regimens.
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