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Introduction. Various metabolites of the tricarboxylic acid cycle (Krebs cycle, TCA cycle, TCAC) find application in medicine. The emergence of improved 

chemical synthesis methods and the more affordable production of individual TCA metabolites make them promising candidates for developing effective 

compositions capable of increasing the adaptive potential of the human body.

Objective. Identification of the physiological effects of the main TCA metabolites. This knowledge is important for informed application of TCA metabolite-

based products in the medical and biological support of athletes.

Discussion. The conducted literature review investigated the physiological effects of TCA metabolites — energy metabolism substrates — used in sports 

medicine. At present, succinate, citrate, malate, and oxaloacetate have found reasonable use. A number of publications have reported the anti-catabolic 

effect of alpha-ketoglutarate; however, the current level of evidence is insufficient. Isocitrate dehydrogenase is promising for use in sports medicine, which 

substantiates its further detailed study.

Conclusions. Due to their physiological effects, the majority of TCA metabolites can be used in the compositions of antihypoxic, antioxidant, neuroprotector, 

and metabolic correction agents. A number of TCA metabolites are promising substances for creating new products for the medical and biological support of 

athletes, which validates additional research of their physiological effects.
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ВОЗМОЖНОСТИ ПРИМЕНЕНИЯ ОТДЕЛЬНЫХ МЕТАБОЛИТОВ ЦИКЛА ТРИКАРБОНОВЫХ КИСЛОТ 
У СПОРТСМЕНОВ (ОБЗОР ЛИТЕРАТУРЫ)

Т.А. Яшин, Ж.В. Гришина, С.А. Парастаев, А.В. Жолинский

Федеральный научно-клинический центр спортивной медицины и реабилитации Федерального медико-биологического агентства, Москва, Россия

Введение. Многие метаболиты цикла трикарбоновых кислот (цикл Кребса, ЦТК) применяются в медицине. Развитие методов химического син-

теза и удешевление производства отдельных метаболитов ЦТК делает их перспективными субстанциями для создания средств повышения адап-

тационного потенциала организма человека.

Цель. Выявление физиологических эффектов основных метаболитов ЦТК, позволяющих использовать продукцию на их основе для медико-био-

логического обеспечения спортсменов.

Обсуждение. На основе анализа литературы изучены физиологические эффекты субстратов энергетического обмена — метаболитов ЦТК, кото-

рые применяются в спортивной медицине. В настоящее время нашли обоснованное применение сукцинат, цитрат, малат, оксалоацетат. В ряде ис-

следований отмечался антикатаболический эффект альфа-кетоглутарата, но уровень доказательности его недостаточен. Перспективным для ис-

пользования в спортивной медицине, но недостаточно изученным на настоящий момент является изоцитрат.

Выводы. Физиологические эффекты большинства основных метаболитов ЦТК позволяют использовать продукцию на их основе в качестве 

антигипоксантов, антиоксидантов, нейропротекторов, средств коррекции метаболизма. Ряд метаболитов ЦТК являются перспективными суб-

станциями для создания новой продукции для медико-биологического обеспечения спортсменов, но их физиологические эффекты требуют до-

полнительного изучения.
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INTRODUCTION

In modern sports medicine, the search for new safe 
substances capable of optimizing metabolic processes 
in athletes experiencing high professional loads repre-
sents a relevant research direction. The incidence of en-
ergy metabolism disorders with profound hypoxic and 
ischemic changes can be reduced through the timely 
use of antihypoxic agents that directly affect redox pro-
cesses [1–3].

The metabolites of the tricarboxylic acid cycle (TCA 
cycle, Krebs cycle, citric acid cycle, TCAC) are promising 
agents for preventing energy metabolism disorders result-
ing from professional sports loads.

The tricarboxylic acid cycle is the central pathway for 
the conversion of organic acids during the anaerobic oxi-
dation of glucose in the cell with the release of energy in 
the form of ATP. This cycle plays a key role in cellular res-
piration, being the main source of energy in aerobic condi-
tions1. Under anaerobic conditions, glucose is oxidized to 
pyruvic acid (Pyr), which, under the action of enzymes, is 

converted into acetyl-coenzyme A (acetyl-CoA), where the 
TCA begins (Fig. 1). 

The TCA cycle in athletes has a number of specific char-
acteristics. Thus, during physical exercise with an intensity 
above 50% of maximal oxygen uptake (VO

2
 max), the total 

concentration of TCA intermediates in skeletal muscles in-
creases. This phenomenon is referred to as anaplerosis [4–
6]. Anaplerosis is commonly associated with an increase in 
the activity of the enzyme alanine aminotransferase (ALT) 
due to increased availability of pyruvate. As a result of gly-
colysis, its formation rate exceeds the oxidation rate: glu-
tamate + pyruvate ↔ alanine + alpha-ketoglutarate. One 
currently leading hypothesis explaining the phenomenon of 
anaplerosis under the action of high athletic loads consists 
in the following. The observed increase in the pool of TCA 
intermediates in muscles is necessary to achieve higher 
rates of providing the aerobic pathway of energy formation. 
That is why an increase in the pool of TCA intermediates by 
exogenous addition of individual TCA metabolites may be 
a factor in improving the peak muscle oxidative capacity, 
which is especially important for professional athletes [5, 6].

Figure prepared by the authors using data from Refs.2

Fig. 1. Tricarboxylic acid cycle scheme

1 Nesen EN, Volkov NI, Osipenko AA, Korsun SN. Biochemistry of muscle activity. Kyiv: Olympic literature; 2013.
2 https://chemicalportal.ru/compounds/tsikl-trikarbonovyh-kislot
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In this study, we aim to identify the physiological ef-
fects the main TCA metabolites. This knowledge forms 
the basis for developing TCA metabolite-based products 
for the medical and biological support of athletes.

MATERIALS AND METHODS

The relevant scientific publications were retrieved from 
electronic bibliographic databases in the Russian (eLibrary, 
CyberLeninka) and English (Web of Science, Scopus, 
PubMed) languages. The search queries included the fol-
lowing keywords: Krebs cycle; tricarboxylic acids; tricar-
boxylic acid cycle; energy metabolism; energy metabolism 
substrates; high-performance sports; antioxidants; antihy-
poxants; isocitric acid. The search depth was 30 years. The 
inclusion criteria were the availability of data on the results 
of randomized controlled trials, including data from preclini-
cal studies. 

RESULTS AND DISCUSSION

The tricarboxylic acid cycle is the central link in the cell 
energy metabolism. A number of substances related to 
the TCA metabolism have found application in medicine 
in general and in sports medicine in particular. Such sub-
stances can be used by athletes to increase the adaptive 
potential of the body, optimize energy production in mus-
cle cells, and protect the body from the effects of various 
adverse factors, including increased stress. Further, we 
summarize the information on TCA metabolites.

Citric acid (citrate) is the first TCA metabolite formed 
by condensation of two Pyr molecules3. An increase in 
the amount of glucose leads to the formation of a large 
amount citrate. As a result, the activity of phosphofructo-
kinase is inhibited and glycolysis slows down, which is en-
ergetically beneficial for the cell. The high concentration of 
citrate indicates the presence of a large supply of precur-
sor molecules; therefore, phosphofructokinase does not 
release fructose-6-phosphate molecules into glycolysis, 
thus saving energy substrates [7].

Citric acid and citrate preparations are widely used in 
medicine. For example, citrates are used to alkalize urine 
(as an alternative to sodium bicarbonate) under the condi-
tions where, for health reasons, it is desirable to maintain 
its pH at an alkaline level for a certain period of time. This 
property is relevant for athletes who, when taking citric 
acid derivative-based medications, experience an in-
crease in the buffer capacity of body fluids and, therefore, 
a delayed onset of fatigue due to a decrease in the body 
acidity level [8, 9].

Citrate also exhibits antioxidant properties, having a 
synergistic effect with vitamin E [8, 9]. The use of citrate 
reduces the load on the body’s antioxidant system (AOS), 
which is manifested by a decrease in the activity of su-
peroxide dismutase (SOD), catalase, glutathione peroxi-
dase, a reduced glutathione level, as well as the activity 
of some NADPH-generating enzymes, including during 
strenuous physical work [8]. In addition, citrate is capable 
of exhibiting cytoprotective properties and act as an ac-
tivator of fatty acid biosynthesis and a supplier of acetyl 

fragments for cell membrane repair [7]. Another important 
citrate property is its ability to retain magnesium inside 
mitochondria, thereby protecting them from damage [9, 
10]. All of the above-mentioned physiological properties of 
citrate and its derivatives make the use of medications on 
its basis highly promising for mitigating the effects of high 
loads typical of professional sports.

Isocitrate (isocitric acid, ICA) is the next important TCA 
metabolite. ICA is synthesized from citric acid through 
the intermediate cis-aconitic acid under the action of the 
aconitase enzyme. It is believed that the reaction of con-
version of isocitric acid to alpha-ketoglutarate is the reac-
tion that limits the rate of the entire TCA cycle. Despite this 
fact, isocitric acid is currently one of the least studied TCA 
metabolites in terms of its effects on the human body. For 
a long time, isocitrate was used only as a specific bio-
chemical reagent for analyzing the activity of aconitate hy-
dratase, NAD-isocitrate dehydrogenase, NADP-isocitrate 
dehydrogenase, isocitrate lyase, and other enzymes [11, 
12]. Relatively recently, ICA has been studied as a natural 
preventive and therapeutic agent, with its effectiveness in 
the treatment of iron deficiency anemia and therapeutic 
thrombolysis being reported [12].

A number of studies have demonstrated the effective-
ness of isocitric acid in anemia of chronic disease and 
inflammation (ACDI), as well as in the setting of profes-
sional sports activities [13, 14]. Using isocitrate, erythro-
poiesis can be therapeutically manipulated without using 
iron preparations. This is especially true in cases where 
the body’s iron load is undesirable or ineffective [13, 14].

In an experimental rat model, the antioxidant proper-
ties of isocitrate were demonstrated. Monopotassium iso-
citrate was found to be a more effective antioxidant than 
ascorbic acid. Monopotassium isocitrate also mitigated 
the neurotoxic effect of lead and molybdenum salts, re-
duced learning and memory inhibition in rats poisoned 
with heavy metals, and counteracted oxidative stress 
caused by heavy metals [15].

In the study [16], a 10-day intake of isocitric acid during 
antihypertensive therapy showed a stress-protective ef-
fect. This is likely to be related to the capacity of isocitrate 
to influence the processes of excitation and inhibition in 
the central nervous system. The researchers also noted 
a previously undescribed antihypertensive effect, which 
was manifested in a significant decrease in the average 
daily diastolic blood pressure when taking isocitric acid.

In addition, the isocitrate dehydrogenase (IDH) en-
zyme plays a central role in the TCA-cycle control during 
physical exercise [17]. IDH isoforms play an important role 
in protecting cells from oxidative damage due to the reac-
tion of direct oxidative decarboxylation. In addition, these 
may serve as a source of NADPH [17].

Another area of research into the physiological effects 
of isocitrate concerns its antihypoxic effects. Hypoxia af-
fects the enzymes involved in the TCA cycle in different 
ways. In particular, under hypoxia conditions, aconitase 
is suppressed, while IDH is not affected or activated. IDH 
was shown to be essential for alternative metabolic path-
ways that support cell function under hypoxic conditions. 
It is assumed that the addition of exogenous isocitrate 

3 Kulinenkov OS, Lapshin IA. Biochemistry in the practice of sports.: Guide. Moscow.: Sport; 2019.
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removes aconitase inhibition and serves as an IDH sub-
strate to provide an alternative energy source in hypoxia 
[18, 19]. This isocitrate effect can be used in sports where 
hypoxic conditions are present, as well as during training 
in the mountains.

Isocitrate is a promising substance for the creation of 
medications and specialized food products for use in the 
medical and biological support of athletes. However, for 
the justified use of this organic acid in sports medicine, 
further study of its effect on the body is required, including 
under the action of increased physical and psychoemo-
tional stress.

Alpha-ketoglutaric acid (alpha-ketoglutarate, AKG, 
2-oxoglutarate) is an important intermediate in the TCA 
cycle, passing from isocitrate to succinyl-CoA [15, 19]. 
Anaplerotic reactions can replenish the TCA cycle at 
this stage by synthesizing alpha-ketoglutarate as a 
result of glutamate transamination or under the ac-
tion of glutamate dehydrogenase. Another function of 
this metabolite is to prevent nitrogen overload of cells 
through the capacity of alpha-ketoglutorate to combine 
with excess nitrogen and directs it into the urea cycle 
[19]. In addition, alpha-ketoglutarate reacts with gluta-
mine to form the excitatory neurotransmitter glutamate. 
Then glutamate can be decarboxylated (vitamin B

6
 is 

required) into gamma-aminobutyric acid (GABA), an in-
hibitory neurotransmitter [20].

In the work [21], alpha-ketoglutaric acid was shown to 
exhibit antioxidant properties in mice, being capable of 
preventing damage to mitochondrial DNA caused by free 
radicals in nerve cells.

Alpha-ketoglutaric acid can also function as a signaling 
molecule by regulating the G protein function. Signaling 
through this pathway mobilizes intracellular Ca2+, which 
acts as a diffusive second messenger regulating a wide 
range of vital cell functions, including cellular metabolism 
and growth, as well as cell division and differentiation [22]. 
There are also studies demonstrating the effectiveness of 
AKG in accelerating tissue repair after surgery, injury, and 
burns [19, 23].

As a precursor to glutamine, alpha-ketoglutarate is 
a molecule with a high potential for correcting condi-
tions with increased protein catabolism, including those 
caused by prolonged aerobic exercise in athletes. AKG 
supplements were shown to improve the body nitrogen 
balance and contribute to maintaining the level of ana-
bolic hormones and hormone-like compounds (insulin, 
growth hormone, and insulin-like growth factor) during 
surgical interventions, injuries, and burns [23]. In addi-
tion, AKG may protect liver cells from damage and pre-
vent a decrease in the activity of the cytochrome P-450 
family. This hepatoprotective effect may also be relevant 
in sports medicine [23].

The positive effect of alpha-ketoglutaric acid on bone 
metabolism described in a number of studies suggests 
its potential use in the prevention of bone matrix forma-
tion disorders, in the treatment of diseases with progres-
sive bone loss, such as osteoporosis, or in improving the 
body’s bone mass, which is also relevant for professional 
athletes [24].

The study [25] showed that a significant accumula-
tion of blood AKG is a metabolic signal of the effective-
ness of resistance training. Interestingly, its plasma level 
negatively correlates with the body mass index. In vivo 
experiments in mice found that an increase in circulat-
ing AKG in the blood caused by its exogenous intake 
into the body promotes hypertrophic changes in muscle 
tissue, thermogenesis, due to brown fat and lipolysis of 
white fat. AKG was also found to stimulate the release 
of adrenaline. The results of this study demonstrate an 
underestimated mechanism of AKG as a molecule in ad-
renal stimulation for muscle hypertrophy and fat loss in 
resistance training [25].

Currently, in the practice of sports medicine, AKG is 
used in combination with the L-arginine amino acid as a 
component of specialized food products under the com-
mon name of AAKG. In some studies, the anabolizing 
and anti-catabolic effects of AKG application were iden-
tified [26]. However, currently, due to insufficient knowl-
edge and a limited number of studies on athletes, AAKG 
belongs to specialized food products with a low level of 
evidence-based effectiveness when used in professional 
sports [27].

Succinic acid (SA, succinate) is formed from alpha-
ketoglutarate via succinyl-CoA. All metabolic pathways 
that are interconnected with the TCA cycle, including the 
metabolism of carbohydrates, amino acids, fatty acids, 
cholesterol, and heme, depend on the temporary forma-
tion of succinate. 

Succinate can exit the mitochondrial matrix and func-
tion both in the cytoplasm and in the extracellular space, 
altering gene expression patterns, modulating the epigen-
etic landscape, or demonstrating hormone-like signaling. 
For example, in adipocytes, the signaling cascade acti-
vated by succinate inhibits lipolysis. Most often, succinate 
signaling occurs in response to hypoxic conditions [26].

When oxidized, succinate monopolizes the respira-
tory chain, which leads to rapid ATP resynthesis by cells 
and increases the amount of reduced mitochondrial NAD+ 
more markedly than other TCAC substrates, stimulating 
the course of reductive synthesis in the cell and support-
ing calcium transport. Its positive effect on organ func-
tions is associated with an energizing effect on the func-
tional state of structures that exert a central regulatory 
effect [28].

This metabolite is the re-entry point for the GABA 
shunt into the TCA cycle, where GABA is synthesized 
and processed, which explains its antistress effect [29]. 
In addition, succinate can enhance adaptive immunity by 
triggering the activity of antigens that activate T cells. It 
was also shown that accumulated succinate regulates the 
production of inflammatory cytokines [30]. 

The researchers in [30] studied the antihypoxic and 
antioxidant effects of succinate. These effects are not 
based only on its ability to activate IDH (the ATP resyn-
thesis pathway), reduce the level of NAD-dependent TCA 
substrates and fatty acids, but are also associated with 
the stimulation of cytochrome oxidase, which is a key en-
zyme of the mitochondrial respiratory chain. Succinate is 
helpful in normalizing the concentration of histamine and 
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serotonin in the blood and epidermis, while having a ben-
eficial effect on the microcirculatory system without af-
fecting blood pressure (BP) and heart function. 

The work [31] addressed the hepatoprotective effect 
of succinate, which consists in activating the enzyme suc-
cinate dehydrogenase (SDH) in the mitochondria of he-
patocytes. This leads to normalization of urea synthesis 
disorders, mitigation of hepatic cholestasis, prevention 
of fatty degeneration of the liver, and the development of 
collagenous tissue in the liver.

The adaptogenic effect of succinate was described in 
experiments using models of immobilization stress and 
stress provoked by burns, electric shock, and hypother-
mia [31]. It is also known that succinate promotes acceler-
ated recovery during heavy physical exertion.4

One of the factors that limit the use of succinate in 
sports medicine is its bioavailability, which is lower than 
that of fumarate, malate, or citrate. To increase the bio-
availability of succinate, its compounds with other TCA 
metabolites in the form of salts can be used.5

Currently, succinate is widely applied in domestic 
sports medicine. Thus, Mexidol® (3-hydroxy-6-methyl-
2-ethylpyridine succinate), a medication of the metabolic 
type of action has a powerful inhibitory effect on lipid per-
oxidation processes, as well as the effects of neutraliz-
ing free radicals and activating SOD. Mexidol® promotes 
the activation of the succinate oxidase oxidation pathway, 
due to which a certain level of oxidative phosphorylation 
is maintained in mitochondria at the initial stages of hy-
poxia under conditions of inhibition of NAD-dependent 
oxidation [32]. However, it should be noted that the use of 
Mexidol® by professional athletes is allowed only in tablet 
form, whereas intravenous infusions and/or injections of 
more than 100 mL over a 12h period are prohibited by the 
World Anti-Doping Agency (WADA) Code. The same rule 
applies to the Reamberin® medication, which contains 
meglumine sodium succinate in its composition.6

In addition to Mexidol®, Cytoflavin®, the active ingre-
dients of which include succinic acid in combination with 
inosine, nicotinamide, and riboflavin, is currently wide-
ly used as a component of the medical and biological 
support for athletes in Russia. Cytoflavin® was found to 
enhance cellular respiration during strenuous physical 
activity, providing an optimal level of oxygen uptake by 
cells [32, 33]. The course use of Cytoflavin® was found 
to have a positive effect on metabolic processes in the 
body, such as supporting protein-synthetic function, 
promoting the absorption of glucose and fatty acids by 
cells, improving cellular energy supply, and restoring the 
activity of enzymes of the antioxidant system. This medi-
cation can be classified as a drug exhibiting adaptogenic 
and stress-protective properties [32, 34, 35]. The study 
[33] revealed the positive effects of Cytoflavin® on the 
performance of professional hockey players in the pre-
competition period [33, 34]. 

Fumaric acid (fumarate) is formed as a result of the 
oxidation of succinate with the participation of the SDH 
enzyme, which is also involved in the mitochondrial elec-
tron transport chain (respiratory complex II). Fumarate 

functions as an intermediate product of urea synthesis 
and oxidation of phenylalanine, tyrosine, leucine, trypto-
phan, and lysine [36, 37]. There is evidence that fuma-
rate derivatives act as appetite-enhancing agents and 
possess antifungal effects, being also used as tranquil-
izers and radiopaque medications, as well as agents for 
blood-clotting disorders (bencyclane hydrofumarate) 
and rhinitis [36–38]. 

Fumarate penetrates readily through membranes and 
is easily disposed of in mitochondria. This compound, 
similar to lactate and sodium acetate, helps eliminate aci-
demia by chemically neutralizing acidic metabolic prod-
ucts. However, fumarate has an advantage over lactate 
and acetate, since it is metabolized during severe hypox-
ia. Moreover, its utilization is accompanied by the forma-
tion of ATP [37, 38].

Fumarate-based medications that support the activ-
ity of the succinate link during hypoxia of various origins 
is increasingly finding practical application as antihypoxic 
agents. One of these medications is mafusol (1  L of an 
aqueous solution for injection contains 6.0 g sodium chlo-
ride, 0.3 g potassium chloride, 0.12 g magnesium chloride 
and 14.0  g sodium fumarate) [40]. Mafusol can also be 
used in sports medicine provided that it does not contra-
dict the following WADA anti-doping rule: intravenous in-
fusions and/or injections in a volume of more than 100 mL 
during a 12-hour period are prohibited.

Malic acid (malate) is formed from fumarate under 
aerobic conditions. Malate has the properties of a cellular 
protector, being also capable of increasing the activity of 
enzyme complexes, such as SOD and glutathione peroxi-
dase, by enhancing the expression of messenger RNA [3].

It was noted that the activity of the malate-aspartate 
transporter in the heart muscle is more than 10 times 
higher than that of all other known electron transport 
systems. The study of cardiomyocytes in ischemia and 
at the time of post-ischemic reperfusion showed the tre-
mendous importance of this system in the adequate sup-
ply of cells with energy. In addition, the malate-aspartate 
mechanism is a link in antioxidant protection and an agent 
in insulin synthesis [3, 39, 40].

Malate performs various functions of switching meta-
bolic pathways: it participates in glycolysis, beta-oxidation 
of fatty acids, synthesis of amino acids, playing an im-
portant role in transport communication between mito-
chondria and the cytosol, exerting anaplerotic or cataple-
rotic effects on the central nervous system [3, 39, 40]. It 
is known that lettuce can indirectly have an antihypoxic 
effect by pre-dehydrating to fumarate [3, 39, 40].

In sports medicine, a compound of malic acid with 
the citrulline amino acid is used. This compound has a 
tonic effect, reducing fatigue and increasing endurance 
[41, 42]. An example of such a medication is Stimol®, 
which is widely used by sports physicians to accelerate 
the recovery of an athlete after heavy loads. In [43], this 
medication accelerated lactate excretion from muscles 
in sprinting athletes.

Oxaloacetic acid (OA, oxaloacetate) is another im-
portant metabolite of the TCA cycle. Its synthesis is 

4 Isakov VA, Sologub TV, Kovalenko AL, Romantsov MG. Reamberin in the treatment of critical conditions. Guide for doctors. St. Petersburg.: JV Minimax; 2001.
5 Ibid.
6 Ibid.
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maintained mainly due to pyruvate carboxylation; there-
fore, a reduced intensity of glycolysis during hypoglyce-
mia and depletion of glycogen stores leads to a deficien-
cy of pyruvate and, as a result, to a lack of oxaloacetate. 
This limits not only the entry of acetyl-CoA into the TCA 
cycle, but also the course of other important adaptive 
reactions [3, 44].

Oxaloacetate participates in gluconeogenesis, the 
urea cycle, the glyoxylate cycle, amino acid synthesis, 
and fatty acid synthesis. It is important for the formation 
of essential and non-essential amino acids, including 
aspartate, asparagine, methionine, lysine, and threo-
nine [44, 45].

Bioenergetic medications based on oxaloacetate de-
rivatives were developed to increase the cell energy level. 
Such medications exhibit protective and promitochondrial 
effects, preventing neuroinflammation and non-degen-
eration [44, 45]. Oxaloacetate acts as a neuroprotector 
due to its ability to reduce the content of glutamate in the 
brain as a result of activation of the glutamate oxaloac-
etate transaminase enzyme, which catalyzes the revers-
ible conversion of oxaloacetate and glutamate into aspar-
tate and alpha-ketoglutarate. It promotes recovery after 
traumatic brain injury (TBI), causing neurorehabilitation 
effects, which also has prospects for use in sports medi-
cine in rehabilitation after TBI sustained during training or 
competition [45].

Among other properties of oxaloacetate, its participa-
tion in the processes of gluconeogenesis and glycerogen-
esis should be noted. Oxaloacetate is capable of increas-
ing the volume of mitochondria in striated muscles, which 
has a positive effect on endurance by reducing muscle 

fatigue [44, 45]. Another important advantage associated 
with the introduction of oxaloacetate is an increase in mi-
tochondrial biogenesis [45].

CONCLUSION

The majority of TCA metabolites are actively used in medi-
cine for antihypoxic, antioxidant, neuroprotector, and meta-
bolic therapies. Succinate and its derivatives (Cytoflavin®, 
Mexidol® ergogenic, antihypoxic medications), citrate (as a 
buffer agent and magnesium carrier), alpha-ketoglutarate 
(to suppress catabolism, stimulate anabolism, hepatopro-
tection), malate (in the form of citrulline malate to increase 
endurance, the Stimol® medication) have found their use in 
sports medicine, oxaloacetate (as a component of medica-
tions whose action is aimed at recovery after TBI, reducing 
fatigue, and metabolic regulation of gluconeogenesis). 

At present, there is a lack of data on a number of TCA 
metabolites, which limits their application in the medical 
and biological support of professional athletes. For exam-
ple, alpha-ketogluturate as a component of specialized 
food products in combination with the L-arginine amino 
acid, despite the anti-catabolic and anabolic effects shown 
in some studies, currently has a low degree of evidence-
based effectiveness when used in professional sports. 
Isocitrate, despite its safety and promise as a component of 
medications and specialized food products used in sports 
medicine, has not yet been widely used due to its rather 
expensive synthesis. However, the recent progress in mak-
ing the production of isocitrate more affordable offers the 
opportunity for its wider use in the practice of sports medi-
cine physicians.
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