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Abstract
Background/Aims: Currently, it is proven that the cellular metabolism of nitric oxide is 
necessary to maintain optimal health and adaptation of the organism to the impact of various 
environmental factors. The aim of this work was to reveal the biological role of nitric oxide, 
its metabolic changes, and its mechanism of action in tissues under hypoxia, as well as the 
possibility of tissue metabolism correction through NO-dependent systems under the influence 
of Krebs cycle intermediates. Methods: A systematic assessment of the effect of succinate 
(SC, 50 mg/kg b.w.) and α-ketoglutarate (KGL, 50 mg/kg b.w.) in the regulation of oxygen-
dependent processes in rats (mitochondrial oxidative phosphorylation, microsomal oxidation, 
intensity of lipid peroxidation processes, and the state of the antioxidant defense system) 
depending on functional changes in nitric oxide production during hypoxia was evaluated. 
The state of the nitric oxide system was estimated spectrophotometrically by determination 
of the concentration of its stable nitrite anion metabolite (NO2

–). The levels of catecholamines 
were estimated from the content of epinephrine and norepinephrine using the differentially 
fluorescent method. The activity of cytochrome P450-dependent aminopyrine-N-demethylase 
was determined with the Nash reagent. Results: Tissue hypoxia and metabolic disorders 
caused by this condition through changes in the content of catecholamines (epinephrine, 
norepinephrine, dopamine, DOPA) as well as the cholinesterase-related system (acetylcholine 
content and acetylcholinesterase activity) were the studied experimental parameters under 
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acute hypoxia (AH, 7% O2 in N2, 30 min). The activation of lipid peroxidation and oxidatively 
modified proteins and an increase in the epinephrine content in AH are associated with an 
increased role of SC and a decrease in KGL as substrates of oxidation in mitochondria. A 
more pronounced effect of exogenous KGL, compared to SC, on the content of nitrite anion 
as a stable metabolite of nitric oxide in the liver under acute hypoxia against the background 
of a decrease in the intensity of lipid peroxidation processes was revealed. The activation 
of SC-dependent mitochondrial oxidative processes caused by AH was found to decrease 
in animals after an intermittent hypoxia training (IHT) course. IHT (7% O2 in N2, 15-min, 5 
times daily, 14 days) prevented the activation of oxidative stress in tissues and blood after 
the AH impact and increased the efficiency of energy-related reactions in the functioning of 
hepatic mitochondria through increased oxidation of KGL. Conclusion: The studied effects of 
adaptation are mediated by an increase in the role of NO-dependent mechanisms, as assessed 
by changes in the pool of nitrates, nitrites, carbamides, and total polyamines.

Highlights

•	 SC and KGL significantly affect the functional changes in the nitrite and nitrate 
components of the nitric oxide system;

•	 The effects of SC and KGL in acute and intermittent hypoxia are opposite by affecting the 
nitric oxide system;

•	 SC effect in the blood on the production of nitric oxide to be higher than that of KGL;

•	 KGL affects the nitric oxide system under acute hypoxia by increasing the efficacy of 
oxygen consumption;

•	 SC and KGL have a multifactorial effect on the content of nitrite and nitrate in the blood 
and liver.

Introduction

The current understanding of the physiological, therapeutic, and prophylactic effects of 
hypoxia is associated with the elucidation of the mechanisms of energy production, in which 
mitochondria play a leading role [1, 2]. However, microsomal oxidation and the level of 
antioxidant protection against free radical production are also important oxygen-dependent 
processes in various pathologies accompanied by hypoxic phenomena. It is suggested that 
approximately 80% of oxidative metabolism and nearly 50% of total drug elimination can 
be attributed to one or more of the various cytochrome P450 enzymes in this system [3]. 
The role of coordinated work of these three mechanisms of oxygen-dependent processes 
in pathology is often associated with the functioning of the Krebs cycle. This cycle seems 
to be a central point of cell metabolism or a central route for oxidative metabolism [4]. 
The role of the Krebs cycle is related to the production of NADH and FADH2, which fuel the 
mitochondrial electron transport chain that produces ATP [5, 6]. This cycle is also a reliable 
source of metabolic intermediates necessary for anabolic reactions [7]. Therefore, numerous 
literature data indicate that hypoxic-induced damage to cells and tissues, which occurs when 
the supply of oxygen to tissues and organs is inadequate, is considered a phased process 
of dysfunction of mitochondrial enzyme complexes [8]. The latter ultimately leads to the 
inhibition of aerobic energy synthesis, energy-dependent functions, and cell metabolism [9]. 
Therefore, in the cascade of metabolic disorders in hypoxia, pharmacological correction of 
energy supply processes with the introduction of natural non-toxic metabolites of the body 
is of particular importance [10]. Important mechanisms that connect the tricarboxylic acid 
(TCA) cycle or Krebs cycle and chromatin modifications are shown in the study conducted 
by Wellen et al. [11].

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Bioactive metabolites in the organism include metabolites of the Krebs cycle, which 
have been actively studied over the past decade due to the wide range of bioregulatory 
effects, in particular in the case of significant extreme stress encountered by the organism 
during hypoxic processes. Since α-ketoglutarate (KGL) is a key modulator of the hypoxic 
response, its use is an effective therapeutic tool due to the involvement of hypoxia-inducible 
factor-1 (HIF-1) in these processes [12-15]. The finding that α-ketoglutarate has multiple 
functions in physiology, regulating epigenetic changes [16] with a concomitant increase in 
the α-ketoglutarate-to-succinate ratio, as shown by Carey et al. [17], may be associated with 
attractive therapeutic opportunities in treatment of diseases [18].

In addition to α-ketoglutarate, the literature also presents the effects of succinate, 
which is a metabolite of the Krebs cycle serving many intracellular and metabolic functions. 
Succinate (SC) is considered an oncometabolite that accumulates due to inactivating 
mutations in the succinate dehydrogenase (SDH) gene. It is regarded as an oncometabolite 
because SDH mutations are common in some cancers [19]. In addition, SC can inhibit 
pyruvate dehydrogenases (PHDs), promoting the accumulation of HIF-1α in the presence 
of oxygen; this phenomenon is known as pseudohypoxia [20]. Therefore, by modulating 
cellular processes, including metabolism and signaling, Krebs cycle intermediates are able 
to influence the processes of cancer development and progression [21, 22].

The conclusions regarding the mechanisms of adaptation of the human organism 
to the conditions of low partial pressure of oxygen in alveolar air can be divided into two 
components [23-25]. The first specific component of adaptation is the series of structural and 
functional changes aimed at improving the oxygen supply to tissues. The second nonspecific 
component of adaptation is the activation of cellular and humoral immunity mechanisms, 
the cytochrome P450 detoxification system, and antioxidant defense systems [26].

Violation of the mechanisms of energy support under hypoxia depends on the disorders 
of oxidative phosphorylation due to the disintegration of respiratory processes and oxidative 
phosphorylation, switching metabolism to the glycolysis path, which nevertheless does not 
provide sufficient energy production [27, 28]. These changes also determine the functionality 
of the Krebs cycle. Hypoxia can lead to regulatory reprogramming of the respiratory chain 
[29], in particular, to suppression of the electron transport function of mitochondrial 
enzyme complex I (NAD-dependent oxidation) and activation of mitochondrial complex 
II (FAD-dependent oxidation), as reported by Lukyanova et al. [8]. These effects correlate 
with the substrates of NAD-dependent (α-ketoglutarate) and FAD-dependent (succinate) 
mitochondrial respiratory chain function [29-31, 6]. In the context of acute oxygen 
deficiency, alternative ways of regulating oxygen-dependent processes associated with the 
activation of aminotransferase reactions for the formation of α-ketoglutarate and its rapid 
oxidation into succinate may be activated8. Such a strategy provides a rapid supply of high-
energy substrates such as succinate for subsequent oxidation in the respiratory chain of 
mitochondria.

The N-demethylation reaction of aminopyrine (4-dimethylamino-2, 3-dimethyl-l-phenyl-
3-pyrazolin-5-one) by microsomal enzymes has been clarified to be a monooxygenase-type 
reaction [32]. The hepatic microsomal monooxygenase system, containing cytochrome 
P450 as a terminal oxidase, is functional in the oxidative biotransformation of a wide 
variety of endogenous and exogenous substances [33, 34, 26, 3]. The physiological role of 
this enzyme system has been investigated in hypoxic conditions to clarify the physiological 
and toxicological relationships between cytochrome P450 and its catalytic activities during 
succinate and ketoglutarate treatment under acute hypoxia are not well represented in 
literature. Despite the large number of reports on animal liver microsomal activity, to our 
knowledge, there are no extensive studies of in vitro aminopyrine N-demethylation in animal 
liver microsomes in which comparative analysis of the impact of Krebs cycle intermediates 
under acute hypoxia was performed. Considering this fact, it is difficult to establish whether 
there are significant differences in this activity in comparison to different types of oxygen-
dependent processes (mitochondrial oxidation, lipid peroxidation, antioxidant enzyme 
functioning).
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The production of nitric oxide, which is an effective regulator of mitochondrial 
respiratory chain function, is no less important in hypoxia [35, 36]. It is known that, with 
participation of the enzyme NO-synthase (NOS), L-arginine is converted into citrulline 
with the release of NO [37]. Since this reaction is oxygen-dependent, the formation of NO 
under hypoxia is significantly reduced [38]. Arginine synthesis is carried out through the 
condensation of citrulline with aspartate and the subsequent formation of an intermediate 
product such as arginine-succinate. After breakdown, this substrate forms arginine and 
fumarate, which links the cycle of carbamide with the Krebs cycle [39]. As shown by recent 
data, the NO-dependent mechanisms in the pathogenesis of many diseases, i.e. heart failure 
and myocardial ischemia, are mediated by the involvement of mitochondrial functioning 
[40], mitochondrial NOS under chronic hypoxia and ischemia-reperfusion41, mitochondrial 
arginine metabolism [42], and efficient breast cancer therapy [43].

However, studies on the comparative analysis of the effect of the two substrates of the 
Krebs cycle, succinate and alpha-ketoglutarate, given their wide network of biochemical 
connections of metabolic pathways with the nitric oxide system, on the regulation of oxygen-
dependent processes in mitochondria and redox chains in microsomes, taking into account 
oxidative stress and mediator balance, are not sufficiently represented in the literature. On 
the other hand, it is equally important to consider these interdependencies in conditions 
of acute hypoxia loads and the formation of long-term adaptive responses to these loads. 
A comparative analysis and comparison of the development of three oxygen-dependent 
processes simultaneously in two models of hypoxia exposure are of practical importance 
since the literature presents the exposure effects for each of these metabolic pathways 
separately. The significance of our study and the identification of existing gaps in knowledge 
regarding oxygen-induced processes under the influence of succinate and α-ketoglutarate 
(as substrates of the Krebs cycle) will help to reveal the causal relationships between 
independent and dependent variables caused by hypoxia of different genesis, as well as 
adaptation to it. We aimed to carry out the comparative study due to specific mechanisms 
underlying the protective effects of sodium alpha-ketoglutarate and sodium succinate on 
mitochondrial phosphorylation processes, microsomal oxidation by N-demethylation of 
aminopyrine, and oxidative stress biomarkers (lipid peroxidation, oxidatively modified 
proteins, activities of antioxidant enzymes) in hepatic tissue of Wistar rats under acute 
hypoxia (7% O2 in N2, 30 min) and intermittent hypoxia training (7% O2 in N2, 15 min, 5 
times daily, 14 days).

Materials and Methods

Animals and experimental design
Animals. The experiments were conducted in compliance with the Guidelines of the European Union 

Council, the current laws in Poland and Ukraine, and the recommendations of the Ethical Commission. They 
were approved by the Ethical Commission of T.G. Shevchenko National University “Chernihiv Collegium” 
(05/02/2019). The experiment was carried out in accordance with both the Directive 2010/63/EU on 
the protection of animals used for scientific purposes and with the Polish Act of 15 January 2015 on the 
protection of animals used for scientific or educational purposes (JL, February 26, 2015, Pos.266). To 
eliminate diurnal rhythm changes, all examinations started at 10 am and ended at 12 am.

Male white rats (180-220 g) were used in the current study. The rats were housed at a constant 
temperature of 21 ± 2oC. The animals had free access to feed and water throughout the experiments.

Experimental groups. The rats were randomly assigned into ten groups. 1) An untreated control group 
(n = 6); 2-3) groups that received intraperitoneally 50 mg of sodium succinate per kg body weight (n = 6) 
or 50 mg of sodium α-ketoglutarate per kg body weight (n = 6); the time of action was 30 min; 4) an acute 
hypoxia group (7% O2 in N2, 30 min). Before the 30-min acute hypoxia exposure, the rats were injected with 
1 mL of saline (n = 6). The rats of this group were kept in a special chamber ventilated with a mixture of 
air with 7% oxygen in nitrogen for 30 minutes. An absorbent was placed in the chamber to absorb carbon 
dioxide and water vapor. After the 30-min acute hypoxia exposure, the animals were decapitated; 5) a group 
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that received intraperitoneally 50 mg of sodium succinate per kg body weight (n = 6) before acute hypoxia 
exposure (7% O2 in N2, 30 min). After the 30-min acute hypoxia exposure, the animals were decapitated; 6) 
a group that received intraperitoneally 50 mg of sodium α-ketoglutarate per kg body weight (n = 6) before 
acute hypoxia exposure (7% O2 in N2, 30 min). After the 30-min acute hypoxia exposure, the animals were 
decapitated. The last four groups of animals (n = 6 in each group) were used in the experiment after 14 days 
of the course of intermittent hypoxic training (IHT). For this purpose, every day the animals were placed in a 
chamber, which was alternately ventilated in 15-min intervals with a gas mixture of 10% oxygen in nitrogen 
and room air (21% O2). The number of such cycles was 5 per day. Every day, 30 min before the hypoxic 
training, these rats were parenterally injected with 1 ml of saline. The day after the last training session, all 
animals were tested by acute hypoxia exposure (7% oxygen in nitrogen, 30 min); immediately after the test, 
the animals were animals were killed by intraperitoneal injection of a lethal dose of sodium pentobarbital 
(Morbital; Biowet, Pulawy; 200 mg/kg b.w.).

Sample collection. Blood samples were collected after sacrificing the rats into plain tubes (to obtain 
serum), heparinized tubes (to obtain heparinized plasma), and tubes with EDTA 10% as an anticoagulant 
(to obtain EDTA plasma). The samples were centrifuged at 3, 000 rpm for 10 min to obtain plasma. After the 
separation of plasma, the buffy coat with white cells was removed. Erythrocytes were washed three times 
with saline by centrifugation at 3, 000 rpm for 10 min at 4°C. Blood samples, plasma, and erythrocytes were 
used for the study immediately.

Livers were removed from rats after decapitation. One animal was used for each mitochondrial 
preparation. The isolated liver was excised, weighed, and washed in ice-cold buffer containing 120 mM KCl, 2 
mM K2CO3, 10 mM HEPES, and 1 mM EGTA. The reaction was adjusted to pH 7.2 with KOH. The minced tissue 
was rinsed with cold isolation buffer to eliminate the blood and then transferred to a glass Potter-Elvehjem 
homogenizing vessel with a motor-driven Teflon pestle on ice. The suspension was then centrifuged for 3 
min at 600 g at 0oC. The hepatic tissue suspension was used for biochemical assays. Mitochondria from the 
liver were isolated with the method of differential centrifugation as in work [44] Kondrashova and Doliba 
(1989). The resulting supernatants were re-centrifuged at 10, 000 g for 20 min. Finally, the mitochondria 
were re-suspended in the isolation buffer. The mitochondrial suspension (4-6 mg of protein/mL) was kept 
on ice before the experiment.

For the preparation of microsomes, a part of the liver was immediately chilled in ice-cold 1.15% KCl-
buffer (pH 7.4). Tissue manipulations were performed in a cold room to maintain the liver temperatures 
from 0 to 4oC. The frozen tissue was homogenized in ice-cold homogenization buffer (0.1M Tris-HCl, 1.15% 
KCl, pH 7.4) in a glass Potter-Elvehjem-type homogenizer with a Teflon pestle. Microsomes were prepared 
as described by Wisniewski et al. [45]. The homogenized liver was centrifuged at 16, 800 g for 20 min in a 
temperature range from 0 to 4oC. The supernatant was centrifuged at 15, 000 g for 60 min, and the cytosol 
was kept and frozen at -80oC. The microsomal pellet was re-suspended in 15 ml of 0.4 M sucrose and 77 mM 
sodium pyrophosphate (pH 7.5) and re-centrifuged as before. The final pellet was re-suspended in 150 mM 
KCl to yield about 30 mg protein per mL. The protein concentration was determined with the Bradford assay 
using bovine serum albumin as a standard [46].

Oxygraphic measurement of mitochondrial respiration. Oxygen uptake was measured using a Clark-type 
oxygen probe immersed in a magnetically stirred sample chamber (1 ml) in a water bath. The rate of oxygen 
uptake was expressed as ng at O per min per mg of mitochondrial protein. The mitochondria were added to 
the respiration chamber containing 120 mM KCl, 2 mM K2CO3, 2 mM KH2PO4, and 10 mM HEPES. Potassium 
hydroxide (1.0 N) was used to adjust the pH of the medium to 7.20 at 26oC. A-ketoglutarate (1 mM of the 
final concentration), succinate (0.35 mM), glutamate (3 mM), malate (2.5 mM), and pyruvate (3 mM) were 
used as oxidative substrates. ADP at a concentration of 0.2 mM was administered as a phosphate acceptor. 
Inhibitory analysis with the use of rotenone (10 µM), an inhibitor of complex I activity in the mitochondrial 
electron transport chain, malonate (2 mM), a competitive inhibitor of succinate oxidation by complex II, and 
1 mM aminooxiacetate, an inhibitor of the transamination process, was carried out to estimate the role of al

NADH- and FADH-generated substrates in the processes of mitochondrial oxidation.
The following mitochondrial oxygen consumption parameters were analyzed: state 2 (oxygen 

consumption before the addition of ADP), state 3 (oxygen consumption stimulated by ADP), and state 4 
(oxygen consumption after cessation of ADP phosphorylation). The ADP-to-oxygen ratio (ADP/O) was 
calculated as the ratio of nanomoles of added ADP per nanogram atoms of oxygen utilized during state 3. 
The respiratory control ratio described by Chance (ratio of state 3 to state 4) and the ADP/O ratio (ratio 
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between the nanomoles of phosphorylated ADP and the nanomoles of oxygen consumed during state 3) 
were determined. The method proposed by Chance and Williams [47-49] was used for analysis of the 
respiratory control ratio (RCR), calculation of the ADP/O ratio, and determination of the phosphorylation 
rate Vph in μmol ADP per min per mg protein. The respiratory control ratio defined by Chance was calculated 
as the ratio of state 3 to state 4 respiration rates. The oxygen consumption was determined with the use of 
oxidation substrates (succinate or α-ketoglutarate) or inhibitors of the mitochondrial respiratory chain in 
the presence (state 3) or the absence (state 4) of ADP (phosphate acceptor) and next recorded as nanogram 
oxygen atoms per minute per milligram of mitochondrial protein. The protein concentration was determined 
with the Bradford assay46 using bovine serum albumin as a standard.

Biochemical assays
Measurement of aminopyrine-N-demethylase activity. The activity of cytochrome P450-dependent 

aminopyrine-N-demethylase was determined using the method described by authors [50]. The method is 
based on the definition of the formaldehyde reaction with the Nash reagent [51]. The reaction proceeds in 
the presence of cytochrome P450, NADPH, and oxygen. The incubation media contained: 3 mM NADPH(H), 
0.1 M Tris-hydrochloride, 0.25 M Tris, 8 mM aminopyrine, and 5 mM magnesium chloride. The color of the 
resulting complex was measured at 412 nm. The enzymatic activity of aminopyrine-N-demethylase was 
calculated from the calibration curve, which was based on a standard formaldehyde solution. The hepatic 
microsomal activity was determined from the above results and expressed in nmoles of formaldehyde 
produced per min per mg protein of microsomes.

Nitric oxide system assays. The state of the nitric oxide system was estimated spectrophotometrically by 
determination of the concentration of its stable nitrite anion metabolite (NO2

–) using the method proposed 
by Green et al. [52] and expressed in pmol per mg protein. The content NO3

– was determined with the 
method described by authors [53]. This method is based on the reaction of the nitrate ion with brucine 
sulfate in an H2SO4 solution at a temperature of 100°C. The color of the resulting complex is measured at 410 
nm. Temperature control of the color reaction is extremely critical. The level NO3

– was expressed in nmol 
per mg protein. The level of carbamides was assessed in a reaction with diacethylmonooxime [54], while 
the content of total polyamines was determined spectrophotometrically from the amount of putrescine in a 
reaction with 2, 4-dinitrofluorobenzene [55].

2-Thiobarbituric acid reactive substances (TBARS) assay. TBARS were measured with the method 
developed by author [56]. The TBARS level was expressed in nmol of malonic dialdehyde (MDA) per mL or 
nmol of MDA per mg protein.

Protein carbonyl derivative assay. The level of oxidatively modified proteins (OMP) was estimated 
by the reaction of the resultant carbonyl derivatives of amino acids with 2, 4-dinitrophenyl hydrazine 
(DNFH) as described by Levine et al. [57] with modification introduced by author [58]. Carbonyl groups 
were determined spectrophotometrically at 370 nm (aldehyde derivatives, AD OMP) and 430 nm (ketonic 
derivatives, KD OMP) and expressed in nmol per mL or nmol per mg of protein.

Superoxide dismutase activity assay. Superoxide dismutase (SOD) activity in the supernatant was 
determined according to method [59]. SOD activity was assessed by its ability to dismutate superoxide 
produced during quercetin auto-oxidation in an alkaline medium (pH 10.0). The activity was expressed in 
units of SOD per mL or units of SOD per mg of protein.

Catalase activity assay. Catalase (CAT) activity was determined by measuring the decrease in the H2O2 
level in the reaction mixture using the method proposed by author [60]. One unit of CAT activity was defined 
as the amount of the enzyme required for the decomposition of 1 μmol H2O2 per min per mL or mg of protein.

Glutathione reductase activity assay. Glutathione reductase (GR) activity in the samples was measured 
with the method described by Glatzle and co-workers [61] with some modifications. The GR activity was 
expressed as nmol of NADPH2 per min per mL or mg of protein.

Glutathione peroxidase activity assay. Glutathione peroxidase (GPx) activity was determined by 
detecting the nonenzymatic utilization of GSH (the reacting substrate) at an absorbance of 412 nm after 
incubation with 5, 5-dithiobis-2-nitrobenzoic acid (DTNB) with the method developed by Moin [62]. The 
GPx activity was expressed as nmol GSH per min per mL or mg of protein.

Alanine aminotransferase (AlAT) and aspartate aminotransferase (AsAT) activity assay. AlAT and AsAT 
activity was analyzed spectrophotometrically using a standard enzymatic method described by author [63]. 
One unit of AsAT or AlAT activity was defined as the liberation of 1 μmol of pyruvate per min of incubation 
at 37°C per mL or mg protein.
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Succinate dehydrogenase (SDH) activity assay. SDH activity was analyzed spectrophotometrically with 
the method developed by [64]. One unit of SDH activity was defined as the amount of the enzyme required 
for the decomposition of 1 nmol succinic acid per min per mg of protein.

Level of cholinergic system activity. Cholinergic system activity was estimated by the level of non-
mediated acetylcholine (ACh) by adapting the technique described by author [65] and modified by 
Menshikov [66], and acetylcholinesterase activity (AChE) in blood was assessed by adapting the technique 
described by Ellman et al. [67]. Briefly, 0.2 mL of samples were added to a solution containing 1.0 mM 
acetylthiocholine (AtCh), 0.1 mM of Ellman’s reagent [5, 5-dithio-bis-(2-nitrobenzoic acid, DTNB], and 100 
mM phosphate buffer (pH 8.0). Immediately before and after incubation for 30 min at 27°C, the absorbance 
was read on a spectrophotometer at 412 nm. The results were expressed as µmol of ACh per min per mL.

Catecholamine balance. The levels of catecholamines were estimated from the content of epinephrine 
and norepinephrine using the differentially fluorescent method [68] with aluminum and potassium sulfate 
and by adapting the fluorometric hydroxyindole assay method described by authors [69] and based on iodine 
oxidation, alkaline rearrangement, and subsequent measurement of the fluorescence of the final solution 
at an acidic pH. The concentration of epinephrine and its precursor (dopamine, DOPA) was estimated using 
the method proposed by Jacobovitz and Richardson [70]. All samples were read on a Hitachi fluorescence 
spectrophotometer (Model 650-10M) with excitation slit 2 nm, emission slit 10 nm, and sensitivity 1. The 
fluorescence activation wavelengths were 380-480 nm for norepinephrine and 410-500 nm for epinephrine.

Statistical analysis. The results were expressed as mean ± standard deviation (S.D.). All variables were 
tested for normal distribution using the Kolmogorov-Smirnov and Lilliefors tests (p > 0.05), and homogeneity 
of variance was checked using Levene’s test. The significance of differences in the level of enzymes and 
substrates between the control and examined groups was assessed using ANOVA, Student’s t-test, and 
Mann–Whitney U test. Differences were considered significant at p < 0.05. In addition, the relationships 
between the data of all individuals were evaluated using Spearman correlation analysis [71]. All statistical 
calculations were performed on separate data from each individual with STATISTICA 8.0 software (StatSoft 
Inc., Poland).

Results

Effect of succinate and α-ketoglutarate on mitochondrial respiration
The first step in our study consisted in a comparative analysis of the effect of two 

substrates of the Krebs cycle, succinate (SC) and ketoglutarate (KGL), on their oxidation in 
mitochondria induced by acute hypoxia (7% O2 in N2, 30 min). These data are shown in Table 
1. When studying the state of energy supply under acute hypoxia, it should be noted that 
changes in the biochemical mechanisms of the impact of this extreme factor are associated 
with a significant increase in the ADP-stimulated respiration level when SC is mainly used 
as an oxidation substrate, compared to KGL. The percentage of the increase in the oxidation 
of SC is significant. with an increase in the coupling of respiration and phosphorylation 
(respiratory control by Chance) and the rate of phosphorylation of added ADP. However, 
the rate of oxygen consumption, as evidenced by the ADP/O value, decreased with a trend 
toward significance. A decrease in the oxygen concentration in inhaled air is not accompanied 
by significant suppression of the oxidation of NADH-dependent substrates, in particular 
KGL. Thus, under acute hypoxia, a predominant increase in the role of SC in total metabolic 
oxidation was shown. The effects of SC under acute hypoxia are not associated with the 
activation of respiration in the V3 state, but the efficiency of phosphorylation was increased 
significantly during oxidation with SC as a substrate. The КGL oxidation was accompanied by 
a significant decrease in the ADP/O level.

The effect of KGL on the functional state of mitochondria in the rats under acute hypoxia 
was associated with a decrease in the effects of oxidation of SC as a substrate and an increase 
in the respiratory coefficient by Chance and ADP/O. However, the rate of ADP phosphorylation 
in these conditions was low. The oxidation of endogenous KGL was accompanied by a 
decrease in phosphorylation respiration in state V3, phosphorylation efficiency, and its rate. 
These changes occurred while maintaining a high value of the coupling of respiration and 
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phosphorylation processes, which exhibited a statistically higher level in the group of the 
acute hypoxia-exposed rats. Thus, the multidirectional changes in the oxidation of these two 
substrates are determined by reciprocal mechanisms of their influence, i.e. the introduction 
of SC under acute hypoxia reduces the oxidation of KGL, while the influence of KGL limits the 
effects of SC on the processes of energy supply in mitochondria. These effects can be elucidated 
in an inhibition analysis using malonate, a competitive inhibitor of SDH, in the oxidation of 
КGL. This allows elimination of the component that endogenous succinate contributes to 
the oxidation of КGL in the mitochondria when maximum involvement of energy production 
processes during acute oxygen deficiency is required to stabilize mitochondrial dysfunction 
(Table 1).

Effects of succinate and α-ketoglutarate on aminotransferase and succinate dehydrogenase 
activity 
With the aim of verifying the hypothesis that aminotransferase reactions are involved 

in the effects of exogenous SC and KGL under acute hypoxia, we measured mitochondrial 
oxidation using glutamate and malate as substrates, which induce aminotransferase 
reactions, simultaneously with oxaloacetate, an inhibitor of processes of transamination 
(Table 2), and directly assessed the activities of alanine aminotransferase (AlAT) and 
aspartate aminotransferase (AsAT) (Table 3).

The use of glutamate and malate as substrates of oxidation in mitochondria caused 
activation of oxidative phosphorylation under the impact of both SC and КGL, which was 
shown in the mitochondrial respiration parameters. We obtained an increase in respiration 
during SC oxidation and a simultaneous significant decrease in the ADP/O value when the 
rats were administered SC before acute hypoxia, compared to values obtained in the rats 
after the acute hypoxia impact. In contrast, when the rats were administered КGL under 
acute hypoxia, a significant increase in the respiration values was observed for the same 

Table 1. Effect of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on mitochondrial 
respiration in the hepatic tissue of rats under acute hypoxia (AH, 7% O2 in N2, 30 min) in the presence of 0.35 
mM succinate or 1 mM α-ketoglutarate as substrates of mitochondrial respiration as well as 2 mM malonate 
as an SDH inhibitor. Oxygen uptake by hepatic mitochondria was measured polygraphically in the presence 
of 0.35 mM succinate or 1 mM α-ketoglutarate as well as 2 mM malonate as an SDH inhibitor. ADP was 
administered at a concentration of 0.2 mM as a phosphate acceptor. * – changes are statistically significant 
(p < 0.05) between the untreated control group and the acute hypoxia group; # – changes are statistically 
significant (p < 0.05) between the group exposed to acute hypoxia and groups treated with succinate or 
α-ketoglutarate under acute hypoxia

α

α
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oxidation substrates with an increase in respiratory control, and the ADP/O values were low, 
relative to those obtained in the rats under acute hypoxia. Since the effects of glutamate and 
malate oxidation on the respiration rate, respiratory control, and ADP/O were significantly 
reduced by the administration of SC and КGL to the rats, it was concluded that this pathway 
is important for the effects of exogenous КGL. These results were also confirmed by the 
direct measurement of aminotransferase activity under acute hypoxia and the effects of the 
two aforementioned substances (Table 3).

Aminopyridine-N-demethylase activity of the hepatic microsomal fraction
It is known that one of the metabolic pathways carried out by the cytochrome P450 

system is the N-demethylation process, and aminopyrine is one of the most commonly used 
reagents to study this cellular pathway. The assessment of the N-demethylase activity of 
aminopyrine was the next stage of our research. It is shown in Fig. 1. The N-demethylase 
activity of aminopyrine was determined using hepatic microsomes prepared from the rats 
in various states (normoxia or hypoxia) at the SC and KGL impact. This method should be 
useful for clarifying the relationship between the microsomal monooxygenase system and 

Table 2. Effect of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on mitochondrial 
respiration in the hepatic tissue of rats at acute hypoxia (AH, 7% O2 in N2, 30 min) in the presence of 3 mM 
glutamate and 2.5 mM malate as substrates of mitochondrial respiration, as well as 1 mM aminooxyacetate 
as an nonselective inhibitor of transaminases. Oxygen uptake by hepatic mitochondria was measured 
polygraphically in the presence of 3 mM glutamate and 2.5 mM malate as substrates as well as 1 mM 
aminooxyacetate as a nonselective inhibitor of transaminases. ADP was administered at a concentration of 
0.2 mM as a phosphate acceptor. * – changes are statistically significant (p < 0.05) between the untreated 
control group and the acute hypoxia group;  # – changes are statistically significant (p < 0.05) between the 
group exposed to acute hypoxia and groups treated with succinate or α-ketoglutarate under acute hypoxia

Table 3. Effect of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on activities of alanine- 
(AlAT) and aspartate (AsAT) aminotransferase (μmol∙min-1∙mg-1 protein) as well as succinate dehydrogenase 
(SDH, nmol∙min-1∙mg-1 protein) in the hepatic tissue of rats (n = 6) at acute hypoxia (7% O2 in N2, 30 min). 
* – changes are statistically significant (p < 0.05) between the untreated control group and the acute hypoxia 
group; # – changes are statistically significant (p < 0.05) between the group exposed to acute hypoxia and 
groups treated with succinate or α-ketoglutarate under acute hypoxia

μmol∙min ∙mg μmol∙min ∙mg nmol∙min ∙mg
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physiologically or toxicologically 
induced alterations in the liver 
during the steep decline of 
oxygen. The enzyme activity of 
aminopyrine-N-demethylase 
in our studies, which may 
simulate microsomal oxidation 
states in hepatic tissue of rats, 
was significantly decreased 
after the acute hypoxia, while 
SC administered to the rats 
before this exposure statistically 
significantly increased the 
activity compared to the values 
obtained under acute hypoxia in 
the rats.

Nitric oxide system under the 
succinate and α-ketoglutarate 
impact during acute hypoxia

It is known that the ratio 
of metabolic transformation 
pathways largely depends 
on the type of hypoxia and 
the ability of the system to 
biosynthesize nitric oxide (NO). 
NO can play a regulatory role 
as an electron acceptor in the 
mitochondrial respiratory chain 
in conditions of reduced oxygen 
content, thereby maintaining 
the functional capacity of the 
mitochondria. For this purpose, 
we analyzed the content of 
nitrite, nitrate, carbamide, and 
putrescine in liver tissue, blood 
plasma, and erythrocytes in 
conditions of acute hypoxia and 
administration of SC or KGL. The 
data from this series of studies 
are presented in Fig. 2-5.

The parenteral effects of SC 
exposure in normoxia conditions 
were related to an increase 
in the nitrite anion content 
primarily in the blood of rats, 
namely, a significant increase 
in erythrocytes and a threefold 
increase in blood plasma (p < 
0.01). A significant decrease in 
carbamide content in plasma (p 
< 0.01) under the SC impact with 
a simultaneous significant increase in its content in erythrocytes (p < 0.001) was observed, 
which may have been a result of the increase in the level of polyamines in erythrocytes, as 
shown in Fig. 2-3.

Regarding the effects of the KGL administration on the rats in normoxia conditions, we 
analyzed the increase in the content of nitrite and nitrate anions in the blood (erythrocytes 
and plasma) and liver relative to the untreated control. It should be noted that the percentage 

Fig. 1. Effects of succinate (SC, 50 mg/kg) and α-ketoglutarate 
(KGL, 200 mg/kg) on aminopyrine-N-demethylase activity 
(nmol∙min-1∙mg-1 protein) in the liver of rats (n = 6) at acute 
hypoxia (7% O2 in N2, 30 min).* – changes are statistically 
significant (p<0.05) between the untreated control group and 
the acute hypoxia group; # – changes are statistically significant 
(p<0.05) between the group exposed to acute hypoxia and groups 
treated by succinate or α-ketoglutarate at acute hypoxia.

 
 

Fig. 2. Effects of succinate (SC, 50 mg/kg) and α-ketoglutarate 
(KGL, 200 mg/kg) on carbamides and summary polyamines ratio 
(A), and nitrite to nitrite and nitrate ratio (B) [NO2

–/(NO2
– + NO3

–

)·100%] in the erythrocytes of rats (n = 6) at acute hypoxia (7% 
O2 in N2, 30 min).* – changes are statistically significant (p<0.05) 
between the untreated control group and the acute hypoxia group; 
# – changes are statistically significant (p<0.05) between the 
group exposed to acute hypoxia and groups treated by succinate 
or α-ketoglutarate at acute hypoxia.
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of the increase was significant only in plasma and was significantly lower than the values 
in the untreated rats. Probably, the decrease in the nitrite anion content was related to its 
conversion to nitrate anion, since we observed a significant increase in the content of the latter 
in erythrocytes against the background of 
an increase in urea content, but not in the 
value of the total polyamines. Thus, the 
increase in the content of nitrite anion, 
which is a stable metabolite of nitric oxide, 
in the blood of rats under the influence of 
SC, but not KGL, confirms the important role 
of this oxidation substrate in optimization 
of the impact on energy supply processes.

Thus, in the conditions of maintaining 
the initial level of oxygen in the inhaled 
mixture, oxidative metabolism prevailed 
during the oxidation of SC, associated with 
an increase in the role of the metabolic 
pathway of nitrite anion metabolism with 
a simultaneous decrease in the contents of 
carbamides and polyamines. In contrast, 
in normoxia conditions, a high level of 
production of nitrite and nitrate anions was 
maintained under the КGL impact, with 
a simultaneous increase in the metabolic 
non-oxidative transformations of urea 
and ornithine. However, the changes in 
the production of the latter indicator, 
established by changes in the total 
polyamines, were insignificant.

Acute hypoxia is accompanied by a 
significant decrease in the production of 

Fig. 3. Effects of succinate (SC, 50 mg/kg) and 
α-ketoglutarate (KGL, 200 mg/kg) on carbamides and 
summary polyamines ratio (A) and nitrite to nitrite 
and nitrate ratio (B) [NO2

–/(NO2
– + NO3

–)·100%] in 
the plasma of rats (n = 6) at acute hypoxia (7% O2 
in N2, 30 min).* – changes are statistically significant 
(p<0.05) between the untreated control group and 
the acute hypoxia group; # – changes are statistically 
significant (p<0.05) between the group exposed to 
acute hypoxia and groups treated by succinate or 
α-ketoglutarate at acute hypoxia.

 

 

 
 

 

Fig. 4. Effects of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on levels of nitrites 
(A, pmol∙mg-1 protein), nitrates (B, nmol∙mg-1 protein), carbamides (C, nmol∙mg-1 protein) and summary 
polyamines (D, nmol∙mg-1 protein) in the liver of rats (n = 6) at acute hypoxia (7% O2 in N2, 30 min).* – 
changes are statistically significant (p<0.05) between the untreated control group and the acute hypoxia 
group; # – changes are statistically significant (p<0.05) between the group exposed to acute hypoxia and 
groups treated by succinate or α-ketoglutarate at acute hypoxia.
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nitric oxide, which was assessed by the content of its stable metabolite nitrite anion and 
nitrate anion, and the contents of urea and polyamines in hepatic tissue are also likely to 
decrease (Fig. 4 and 5). Thus, a significant decrease in the oxygen content in the inhaled air 
accompanied by severe signs of tissue hypoxia inhibited the activity of NO synthase systems, 
significantly reducing the production of nitric oxide in the liver. In this study, a decrease in the 
content of nitrite anion in erythrocytes and an increase in its content in blood plasma were 
observed, which may be an important regulatory component of maintaining homeostasis in 
such extreme conditions (Fig. 2 and 3).

The effects of the SC exposure under hypoxia were accompanied by a significant increase 
in the content of nitrite anion in the plasma and erythrocytes of rats relative to the values 
obtained under acute hypoxia. The functional role of polyamines increases at the impact of 
SC under acute hypoxia, as evidenced by the results of our studies showing the reduction 
of content of carbamides in the blood (plasma and erythrocytes) and in the liver under 
hypoxia, with a simultaneous increase in the content of polyamines. In particular, the content 
of polyamines as an indicator of transformations in the urea to ornithine cycle increased 
primarily under the influence of SC in the blood, but not in the liver. It can be concluded that 
exposure to exogenous SC + acute hypoxia significantly increased the production of nitric 
oxide in the liver relative to the values obtained under acute hypoxia. In these conditions, the 
content of carbamides also increased.

The impact of KGL under acute hypoxia was accompanied by a significant increase in 
the nitrite anion content, which was significantly higher than the values obtained when 
SC was administered. At the same time, there was no decrease in the contents of urea and 
polyamines relative to the values obtained under acute hypoxia. Thus, the KGL administration 
caused an increase in nitric oxide production, which can act as an important limiting factor 
in the intensification of reactive oxygen species (ROS) generation. These dependencies were 
shown earlier in the analysis of mitochondrial respiration inhibition.

The comparative analysis of nitric oxide production assessed through its stable 

Fig. 5. Effects of 
succinate (SC, 50 mg/
kg) and α-ketoglutarate 
(KGL, 200 mg/kg) 
on carbamides and 
summary polyamines 
ratio (A), nitrite to 
nitrite, and nitrate ratio 
(B) [NO2

–/(NO2
– + NO3

–

)·100%] in the liver 
of rats (n = 6) at acute 
hypoxia (7% O2 in N2, 
30 min).* – changes are 
statistically significant 
(p<0.05) between the 
untreated control group 
and the acute hypoxia 
group; # – changes are 
statistically significant 
(p<0.05) between the 
group exposed to acute 
hypoxia and groups 
treated by succinate or 
α-ketoglutarate at acute 
hypoxia.
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metabolites (nitrites and nitrates) in relation to the effects of SC and KGL and hypoxia 
yielded the results described below. We calculated the ratio of the sum of carbamides and 
polyamines and the ratio of nitrite to the sum of nitrite and nitrate anions (Fig. 5). It should be 
noted that the formation of nitrite anion as a metabolite of NO was found to be higher under 
the influence of KGL compared to the effects of SC. In particular, under the influence of SC, 
the content of nitrite anion increased by 180.6% (p<0.001), whereas the increase obtained 
in the case of KGL was significantly higher, i.e. 269.7% (p<0.001). Under the impact of SC, 
a portion of nitric oxide from stimulated production in the liver may undergo irreversible 
transformations to carbamide, as demonstrated by the increase in the carbamide content 
evidenced by the increase in the sum of carbamide and polyamines (Fig. 5). On the contrary, 
under the influence of KGL, the role of NO produced in the liver increased, as demonstrated 
by the significantly increased ratio of nitrite to the sum of nitrite and nitrate anions in the 
liver. Thus, under the influence of exogenous KGL compared to SC in the liver, there was an 
increase in nitric oxide production in terms of its stable metabolite nitrite anion, indicating 
an increased role of oxidation of this metabolite of the Krebs cycle under hypoxia.

Biomarkers of lipid peroxidation, oxidative modification of proteins, and antioxidant
defenses
It is known that the significant dependence of NOS activity on the presence of oxygen 

causes an increase in superoxide anion production, which, in turn, may cause an increase 
in the intensity of lipid peroxidation processes under hypoxia. Therefore, we studied the 
content of TBARS as the end products of lipid peroxidation and the levels of aldehydic and 
ketonic derivatives of oxidatively modified proteins when both Krebs cycle intermediates 
(SC and KGL) were administered, and when these drugs were administered before the acute 
hypoxia session. These data are summarized in Table 4.

Table 4. Effect of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on levels of biomarkers 
of lipid peroxidation estimated as TBARS (nmol∙mL-1), aldehydic and ketonic derivatives of oxidatively 
modified proteins in the plasma and liver of rats at acute hypoxia. * – changes are statistically significant 
(p < 0.05) between the untreated control group and the acute hypoxia group; # – changes are statistically 
significant (p < 0.05) between the group exposed to acute hypoxia and groups treated with succinate or 
α-ketoglutarate under acute hypoxia

nmol∙mL

nmol∙mg

nmol∙mL

nmol∙mL

nmol∙mg

nmol∙mg
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In turn, under normoxia, we did not observe statistically significant differences between 
the studied parameters, and the data were within the statistical error of the experiment. 
The acute hypoxia significantly affected the processes of lipid peroxidation and protein 
modification, which was expressed in the statistically significant intensification of these 
processes, as assessed by the level of TBARS as well as aldehydic (AD OMP) and ketonic 
derivatives (KD OMP) of oxidatively modified proteins. The administration of both SC and 
KGL before acute hypoxia significantly decreased the levels of biomarkers of oxidative 
stress, but these values in the KGL variant were more significant for both blood plasma and 
hepatic tissue, compared with the data obtained under acute hypoxia. Thus, it is possible to 
highlight the more pronounced protective effects of KGL under acute hypoxia than the effects 
of SC. These changes can be associated with different effects of these drugs on the system 
of antioxidant defenses, namely the activity of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), and glutathione peroxidase (GPx) presented in Table 5.

Balance of acetylcholine and catecholamines
Changes in the content of acetylcholine (ACh) and cholinesterase (AChE) activity as well 

as the content of such catecholamines as adrenaline (AD), norepinephrine (NA), dopamine 
(DA), and dioxyphenylalanine (DOPA) in the whole blood of rats exposed to acute hypoxia 
and parenteral administration of KGL and SC are shown in Fig. 6. It was found that the 
exposure to extreme factors, acute hypoxia in particular, causes a state of functional stress in 
the rat organism, which is accompanied by an increase in the hormonal and mediator links 
of the sympathoadrenal system. Thus, the oxygen-dependent deficiency condition caused a 
sharp increase in the blood content of catecholamines and their precursors (Fig. 7) with a 
simultaneous increase in the role of parasympathetic nervous regulation.

A significant increase in the content of ACh is accompanied by a significant increase in the 
activity of the enzyme participating in its inactivation. The administration of KGL before the 
acute hypoxia session led to an increase in the regulatory link of parasympathetic activation, 
as it significantly increased the content of ACh in the blood with a decrease in the activity of 
the enzyme of its hydrolysis (Fig. 6). In particular, 30 minutes of exposure of the rats to acute 
hypoxia caused a significant increase in the blood concentration of AD and NA, compared 

Table 5. Effects of succinate (SC, 50 mg/kg) and α-ketoglutarate (KGL, 200 mg/kg) on activities of 
antioxidant enzymes in the blood and liver of rats at acute hypoxia. * – changes are statistically significant 
(p < 0.05) between the untreated control group and the acute hypoxia group; # – changes are statistically 
significant (p < 0.05) between the group exposed to acute hypoxia and groups treated with succinate or 
α-ketoglutarate under acute hypoxia

U∙mL
U∙mg

μ · ·m
μ · ·

· ·
· ·

GSH·min ·
· ·
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to the group of the control untreated animals. The content of DA increased especially 
significantly in these conditions. The effects of the parenteral exposure to KGL under acute 
hypoxia were associated with a decrease in the content of all catecholamines except DOPA, 
compared with the group of animals exposed to acute hypoxia. The administration of SC in 
these conditions was accompanied by a significant decrease in the content of AD and DA 
only. Thus, the administration of both KGL and SC to the rats resulted in a decrease in the 
blood concentration of catecholamines (Fig. 7). This effect of both drugs can be considered an 

Fig. 6. Effects of succinate (SC, 50 
mg/kg) and α-ketoglutarate (KGL, 
200 mg/kg) on acetylcholine level (A, 
μmol∙mL-1) and acetylcholinesterase 
activity (AChE, B, μmol∙min-1∙mL-1) 
in the blood of rats (n = 6) at acute 
hypoxia (7% O2 in N2, 30 min).* – 
changes are statistically significant 
(p<0.05) between the untreated 
control group and the acute hypoxia 
group; # – changes are statistically 
significant (p<0.05) between the 
group exposed to acute hypoxia 
and groups treated by succinate or 
α-ketoglutarate at acute hypoxia.

 

 

 
 

 Fig. 7. Effects of succinate (SC, 50 mg/
kg) and α-ketoglutarate (KGL, 200 
mg/kg) on content of epinephrine, 
norepinephrine, dopamine and DOPA 
(nmol∙L-1) in the blood of rats (n = 6) at 
acute hypoxia (7% O2 in N2, 30 min).* 
– changes are statistically significant 
(p<0.05) between the untreated 
control group and the acute hypoxia 
group; # – changes are statistically 
significant (p<0.05) between the 
group exposed to acute hypoxia 
and groups treated by succinate or 
α-ketoglutarate at acute hypoxia.

 

 

 
 

 



Cell Physiol Biochem 2023;57:426-451
DOI: 10.33594/000000669
Published online: 15 November, 2023 441

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Kurhaluk et al.: Protective Effects of Succinate and Α-Ketoglutarate At Hypoxia

effective factor of protection in stressful conditions accompanied by hypoxia and activation 
of ROS generation, which can inevitably damage cellular and mitochondrial membranes, as 
shown earlier in this paper. It should be noted that the exposure to KGL under acute hypoxia 
caused marked changes in the content of NA and DA, while SC changed only the content of 
AD. Therefore, it can be argued that the effect of limiting the role of catecholamines in the 
effects of KGL in the development of hypoxia-induced stress is more significant than the 
effects of SC in similar conditions.

After this series of studies, we concluded that KGL and SC can be used to correct 
oxygen-dependent processes (oxidative phosphorylation, microsomal oxidation, and lipid 
peroxidation) by affecting the nitric oxide system under acute hypoxia. The obtained results 
of the analysis of the effect of KGL, primarily in the development of acute hypoxia, are 
associated with changes in the processes of oxidative phosphorylation, which is a powerful 
tool for energy supply and is evident primarily in the functional state of mitochondria. 
The effects of KGL are aimed at reducing energy consumption and production of ROS 
with an increased efficacy of oxygen consumption processes and a decrease in the level of 
microsomal oxidation. This can also be observed in the case of the reduction of the intensity 
of lipid peroxidation under acute hypoxia as an important factor in the protective effect of 
KGL compared to SC.

Table 6. Mitochondrial respiration in the liver at the presence of SC and KGL as substrates of oxidation 
during acute hypoxia (AH, 7% O2 in N2, 30 min) and after a course of 14 days of intermittent hypoxic training 
(IHT, 15-min 10% oxygen, 5 cycles per day) of rats (M ± m; n = 6). Oxygen uptake by hepatic mitochondria 
was measured polygraphically in the presence of 0.35 mM succinate or 1 mM α-ketoglutarate as substrates 
of mitochondrial respiration. As a phosphate acceptor, ADP was administrated at a concentration of 0.2 mM. 
* – changes are statistically significant (p < 0.05) between the untreated control group and the acute hypoxia 
group; ** – changes are statistically significant (p < 0.05) between the untreated control group and the IHT 
group;# – changes are statistically significant (p < 0.05) between acute hypoxia or IHT-treated group and 
IHT and Acute hypoxia group


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Intermittent hypoxia training and oxygen-dependent processes. After elucidating the 
basic mechanisms of oxygen-dependent processes in acute hypoxia, we decided to compare 
these data in relation to another type of hypoxic stress, namely intermittent hypoxia training 
(IHT), and to elucidate the role of endogenous KGL and SC in these processes. A comparative 
analysis of the effects of KGL and SC after IHT on mitochondrial respiration is presented in 
Table 6.

The analysis of mitochondrial 
respiration processes showed 
that, after the course of IHT, the 
parameters of mitochondrial 
functioning changed, which was 
especially clearly manifested in 
the post-testing of this group 
of animals by acute hypoxia. 
This was demonstrated by a 
significant decrease in respiratory 
processes in the state of oxygen 
consumption stimulated by 
ADP, an increase in the coupling 
between oxygen consumption and 
oxidative phosphorylation, and 
especially the efficiency of oxygen 
consumption (ADP-to-oxygen 
ratio). It can be assumed that the 
two-week course of adaptation 
to hypoxia in the experimental 
animals caused changes in 
mitochondrial functioning 
by redistributing the use of 
substrates in the respiratory 
chain, highlighting the effective 
oxygen-dependent mechanisms.

This thesis was also confirmed 
by the results of the analysis 
of the marker of microsomal 
oxidative processes connected 
with aminopyrine-N-demethylase 

Table 7. The levels of nitrites, nitrates, urea, and polyamines in the liver of rats after acute hypoxia and 
intermittent hypoxia training (IHT) (M ± m, n = 6). * – changes are statistically significant (p < 0.05) between 
the untreated control group and the acute hypoxia group; ** – changes are statistically significant (p < 0.05) 
between the untreated control group and the IHT group;# – changes are statistically significant (p < 0.05) 
between acute hypoxia or IHT-treated group and IHT and Acute hypoxia group

–

pmol∙mg
–

∙mg nmol∙mg nmol∙mg

   

Fig. 8. Aminopyrine-N-demethylase activity (nmol∙min-1∙mg-1 
protein) in the liver of rats (n = 6) after acute hypoxia (7% O2 
in N2, 30 min) and intermittent hypoxia training (IHT) (M ± m, 
n = 6).* – changes are statistically significant (p<0.05) between 
the untreated control group and the IHT group; # – changes are 
statistically significant (p<0.05) between the group exposed 
to acute hypoxia and groups treated by IHT method at acute 
hypoxia.
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activity in the rats exposed to IHT. We obtained a marked decrease in aminopyrine-N-
demethylase activity both in the rats exposed to IHT and in the IHT-exposed rats after the 
acute hypoxia test (Fig. 8). The formation of mechanisms of adaptation to oxygen deficiency 
is associated with an increase in the efficiency of the NADPH oxidase pathway, which was 
revealed in the inhibitor assay with malonate (2 mM, an inhibitor of SDH) and rotenone (10 
μM, an inhibitor of mitochondrial complex I) after IHT (data not shown).

The more complete profile of the studied changes can be revealed after clarifying the 
changes in the ratio of oxidative metabolism pathways (the sum of nitrite and nitrate, the 
ratio of nitrite to the sum of nitrite and nitrate) and non-oxidative metabolism (the sum of 
urea and polyamines formed). These changes are presented in Table 7. It has been shown 
that the formation of adaptive responses to the effects of IHT and to the subsequent effects 
of acute hypoxia is mediated by the role of NO-dependent mechanisms, which we assessed 
by the transformations in the metabolism of the nitrite, nitrate, carbamide, and total 
polyamines. Previously in this article, it was shown that under the acute hypoxic exposure, 
there was a significant decrease in the total content of carbamides and polyamines in the 
blood and hepatic tissue, while the adaptive mechanisms obtained with the IHT method 
were accompanied by a marked increase in the production of nitric oxide analyzed through 
its stable metabolites in tissues, i.e. nitrites and nitrates. It is possible that such an increase 
in the nitrite and nitrate pool shown for hepatic tissue may be due to the fact that increased 
NO levels under acute hypoxia can be scavenged through the increasing capacity of the NO 
system during adaptation. This was confirmed by the results of our study of the level of 
oxidative stress biomarkers and the activities of antioxidant enzymes in response to the 
acute hypoxia test of the rats that underwent the IHT adaptation (Table 8).

Thus, the analysis of oxygen-dependent processes at the level of mitochondrial 
phosphorylation, microsomal oxidation, and lipid peroxidation revealed that the biochemical 
reactions to acute hypoxia and the adaptive responses to the effects of intermittent hypoxia 
are mediated by SC and KGL through NO-dependent metabolic mechanisms assessed by 
changes in the pool of nitrates, nitrites, carbamide, and total polyamines. The activation 
of mitochondrial SC oxidation caused by acute hypoxia decreased in the animals after 
the course of IHT adaptation. Intermittent hypoxia, preventing the intensification of lipid 
peroxidation in the liver under the exposure of acute hypoxia, increased the efficiency and 
coordination of mitochondrial function in the liver by enhancing the role of NO-dependent 
regulatory mechanisms. The NADPH-oxidase pathway and the associated oxidation of KGL 

Table 8. Activities of antioxidant enzymes such as superoxide dismutase (SOD, U∙mg-1 protein), catalase 
(CAT, μmol∙min-1∙mg-1 protein), glutathione reductase (GR, nmol NADPH2·min-1·mg-1 protein), glutathione 
peroxidase (GPx, nmol GSH·min-1·mg-1 protein) and intensity of lipid peroxidation (TBARS, nmol∙mg-1 
protein) in the liver of rats after acute hypoxia and intermittent hypoxia training (IHT) (M ± m, n = 6). * – 
changes are statistically significant (p < 0.05) between the untreated control group and the acute hypoxia 
group; ** – changes are statistically significant (p < 0.05) between the untreated control group and the IHT 
group;# – changes are statistically significant (p < 0.05) between acute hypoxia or IHT-treated group and 
IHT and acute hypoxia group

SOD, U∙mg

μmol∙min ∙mg

· ·

· ·

∙mg
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are limited in the initial stages of hypoxia and largely determined the impairment of the 
energy-synthesizing function of mitochondria. The formation of adaptive mechanisms to 
oxygen deficiency is associated with an increase in the efficiency of the NADPH oxidase 
pathway, as shown by the KGL oxidation.

Discussion

This study was focused on elucidation of the role of NO-dependent mechanisms of the 
anti-hypoxic protective role of the most important intermediates of the Krebs cycle (SC and 
KGL) in the blood and hepatic tissue of rats. Our work involves comparing our results with 
previous studies by other authors allowing elucidation of potential mechanisms and future 
research directions. We obtained important results that we would like to highlight in our 
conclusions.

Firstly, the use of KGL to correct the processes of energy supply by affecting the nitric 
oxide system at acute hypoxia caused changes in the functional state of mitochondria aimed 
at reducing energy consumption and ROS production while increasing the efficacy of oxygen 
consumption. Reduction of the intensity of lipid peroxidation and protein oxidation under 
acute hypoxia is an important factor in the protective effect of KGL, compared to SC. It is 
known that the significant dependence of NOS activity on the presence of oxygen leads to 
an increase in superoxide anion production, which, in turn, can lead to an increase in the 
intensity of lipid peroxidation under acute hypoxia [72, 73]. A decrease in the content of 
nitrite anion in erythrocytes and an increase in its content in blood plasma is an important 
regulatory component of homeostasis maintenance. It has been shown that NO can compete 
for superoxide anion with SOD to form peroxynitrite [74] and effectively reduce the level of 
oxidative stress.

Secondly, the relationship between the processes of energy supply, the intensity of 
oxidative stress, and the NO system under the influence of KGL was established; it is associated 
with a decrease in the negative manifestations of hypoxic damage caused by an increase 
in ROS and catecholamines. The important role of cholinergic structures in maintaining 
free radical homeostasis under acute hypoxia and the KGL administration was associated 
with the reciprocal enhancement of SC effects. SC reduced the negative manifestation of the 
effects of catecholamines and the associated activation of free radical oxidation under acute 
hypoxia, as has been reported by authors [75]. It was shown that SC increased mitochondrial 
oxidation via succinate dehydrogenase (SDH) activity and an elevation of mitochondrial 
membrane potential combined to drive mitochondrial ROS production. Thus, an increase in 
the efficiency of the NADPH-oxidase pathway is of fundamental importance in the formation 
of mechanisms of adaptation to oxygen deficiency [31], which we showed in the inhibition 
analysis of mitochondrial oxidative processes. Although this oxidation pathway is limited at 
the initial stages of hypoxia and largely determines the impairment of the energy-synthesizing 
function of mitochondria, our studies have shown that the increasing role of NOS reactions 
changed according to the catalytic properties and characteristics of mitochondrial complex 
I established earlier [30, 32, 8], which in turn contributes to the formation of long-term 
adaptive responses.

Thirdly, in contrast to SC action, the oxidation of KGL and other NAD-dependent 
substrates was less intense, while had a higher efficiency due to the activity of all coupling 
sites. In addition, the activation of oxidation of this substrate led to an increase in substrate 
phosphorylation and GTP synthesis. This condition is adequate to ensure anabolic and 
reducing processes that may be associated with the enhancement of cholinergic mechanisms 
of endogenous NO and the role of KGL in this effect. In the case of KGL, an increase in the 
ADP/O ratio and a pronounced efficacy of oxygen uptake under various extreme loads were 
investigated. Thus, the analysis of oxidative phosphorylation using SC and KGL as substrates 
for oxidation indicated the regulatory role of NO-dependent mechanisms [37, 36] at the level 
of oxidation of substrates of the mitochondrial respiratory chain, which can be used as a 
mechanism for regulating the activity of α-ketoglutarate and succinate dehydrogenases, i.e. 
important enzymes of the Krebs cycle. Previously, author [76] showed that mitochondrial 
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complex I DNA mutations were the main genetic feature of oncocytic tumors, leading to the 
breakdown of respiratory complex I in vivo. These researchers associated such changes with 
the inability of oncocytic tumors to stabilize HIF1α and cause pseudohypoxia. The authors 
attribute this shift to a profound metabolic disorder and imbalance of α-ketoglutarate and 
succinate, which are responsible for stabilizing HIF1α.

In our study, the activation of KGL oxidation caused by the IHT method under the 
influence of a NO inhibitor can be considered an effective way to prevent the reduction of 
the role of NADH-dependent oxidation and enhancement of nitrite reductase mechanisms 
in acute hypoxia, without limiting the processes of free radical oxidation. It is possible that 
the increase in the concentration of nitric oxide during IHT limited the supply of reducing 
equivalents through mitochondrial complex I, determining the sensitivity of this complex to 
the inhibitory effect of NO on respiratory capacity, compared with the effect on mitochondrial 
complex II. The effectiveness of the IHT method has been shown by many authors as well 
[27, 77, 78]. The significant therapeutic potential of intermittent hypoxia also was reported 
in some studies [79, 80].

It is known that increased synthesis of hemoglobin and myoglobin induced by exogenous 
SC under hypoxia and an increase in the concentration of respiratory hemoproteins in 
blood and muscle under acute hypoxia contribute to an increase in both the capacity of the 
system for “fighting” for oxygen and the deposition of nitric oxide [36, 37]. Hemoglobin is of 
particular importance in this system. Its complexes with nitric oxide, formed as a result of the 
functioning of NO synthase and nitrite reductase systems [81] due to the inhibition of Ca2+-
dependent NO synthase in the endothelium, and can have a vasodilator effect due to release 
from HbNO complexes [82]. Under hypoxia, the functional role of polyamines (spermine, 
spermidine, putrescine) as regulators of citrulline and arginine-succinate synthesis increase 
under the influence of SC, as shown in our study. The recycling of citrulline to L-arginine 
helps maintain the functional capacity of the urea cycle in the liver, which is associated 
with the functioning of the NO cycle [83]. This is evidenced by the results of our studies on 
the reduction of the carbamide content in the blood under acute hypoxia and in the liver 
against the background of an increase in the polyamine content. In particular, the content 
of polyamines as an indicator of transformations in the urea to ornithine cycle increases 
primarily under the influence of SC in the blood, but not in the liver, as revealed in our 
investigations.

Fourthly, the studied increase in the efficiency of mitochondrial functioning in the 
liver was primarily related to the possibility of switching to oxygen-independent metabolic 
pathways. This was associated with the L-arginase pathway of metabolic transformations 
[84]. The reduction of the role of oxygen-dependent NOS mechanisms under hypoxia 
modified by the dominant oxidation of SC and increasing the role of SDH allowed switching 
to L-arginase metabolic pathways associated with an increase in the role of KGL. In these 
conditions, the cholinergic mechanism of regulation and cGMP-dependent reactions of 
oxygen consumption were activated.

Fifthly, the use of KGL to correct the processes of energy supply by affecting the NO 
system at acute hypoxia caused changes in the functional state of mitochondria, aimed at 
reducing energy consumption and ROS production, while increasing the efficacy of oxygen 
consumption. Reduction of the intensity of oxidative stress under hypoxia is an important 
factor in the protective effect of KGL compared to SC. The relationship between the 
processes of energy supply, the intensity of oxidative stress, and the nitric oxide system was 
established under the influence of KGL, which was associated with a decrease in the negative 
manifestations of hypoxic damage caused by an increase in the content of catecholamines. 
The correlative analysis demonstrated a correlation between the increase in the content of 
nitrite anion and carbamides (r = 0.72, p < 0.05) under the influence of SC as well as nitrite 
anion, carbamides, and polyamines under the influence of KGL in blood erythrocytes (r = 
0.72-0.93, p < 0.05), where high correlative relationships were observed as well. However, 
the values of the correlation coefficient were higher for the effects of the KGL administration 
compared to the effects of the SC administration. In the blood plasma, such a relationship 
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between the content of nitrite anion and carbamides was shown for the effects of SC (r = 
0.59, p < 0.05) and KGL (r = 0.84, p < 0.05). In the liver, positive correlations between all the 
studied parameters (r = 0.68-0.78, p < 0.05) were found for the effects of KGL. For the effects 
of KGL, there were correlations between the content of nitrite anion and carbamides (r = 
0.74, p < 0.05) as well as polyamines (r = 0.96, p < 0.05).

Acute hypoxia was shown to cause a significant decrease in the activity of microsomal 
oxidation in the liver, which accounted for 88.8% (p < 0.05) of the control values. The 
parenteral administration of KGL before the acute hypoxia session did not change the activity 
of microsomal oxidation processes, which were significantly activated by SC. In particular, 
under the influence of SC, the aminopyrine-N-demethylase activity statistically increased. 
Thus, in the conditions of acute hypoxia, the increase in the activity of the microsomal 
oxidation system under the influence of exogenous SC may contribute to enhancement of 
the biotransformation of harmful compounds. The possibility of additional electron transfer 
from the NADH-cytochrome b5 reductase system of the outer mitochondrial membrane to 
the cytochrome oxidase chain of the inner mitochondrial membrane is also possible. This 
pathway makes it possible to regulate the [NADH]/[NAD+] ratio in the cytoplasm. A system 
of electron transfer from the NADH-specific chain of microsomes to the mitochondrial 
cytochrome oxidase system at the level of cytochromes c and b5 was established earlier [85, 
86]. Thus, acute oxygen deficiency activated the hypothalamus-pituitary-adrenal system, 
causing marked changes in the ratio of catecholamines and a multistage shift in humoral 
and hormonal regulatory systems [87]. Due to the generalized excitation of these systems, 
these amines are involved in specific and nonspecific reactions of the organism to extreme 
environmental factors [88]. It has been shown that adaptation to periodic hypoxia in organs 
and tissues changes the expression of genes encoding different forms of hypoxia [89-91], 
expression of genes encoding different forms of NO synthase, and vascular NO-dependent 
reactions [92, 93]. Adaptation to hypoxia may be associated with activation of endogenous 
NO-dependent antiapoptotic mechanisms [94]. The fundamental ability of NO to suppress 
protein apoptosis has been demonstrated on several cellular targets, including endothelial 
cells, lymphocytes, and eosinophils [95, 96].

The results obtained indicate a correlation between the content of mediator substances, 
the antioxidant defenses, and the use of various Krebs cycle substrates. This is consistent with 
the activation of KGL oxidation as a precursor of SC and the increased adaptive capabilities 
of rats in acute hypoxic conditions. The latter indicates the important role of Krebs cycle 
substrates (SC and KGL, respectively), in the formation of short-term and long-term adaptive 
reactions of the organism to the effects of extreme loads accompanied by hypoxia. Our work 
revealed future directions of research related to the practical use of the results for targeted 
supplementation with these compounds to correct the adaptive capabilities of organisms in 
conditions accompanied by hypoxia of different origins.

Conclusion

Summarizing, the Krebs cycle intermediates such as SC and KGL significantly affect the 
functional changes in the nitrite and nitrate components of the nitric oxide system through 
multidirectional effects in the blood and liver. The SC effect in the blood, in particular in 
erythrocytes, on the production of nitrite anion as a stable nitric oxide metabolite and 
changes in the urea cycle functioning and the polyamine content was found to be higher 
than that of KGL. The administration of KGL to correct the processes of energy supply by 
affecting the nitric oxide system under acute hypoxia caused changes in the functional state 
of mitochondria, which are aimed at reducing energy consumption and production of ROS 
while increasing the efficacy of oxygen consumption. The multifactorial influence of the 
selected intermediates of the Krebs cycle on changes in the content of nitrite and nitrate 
in the blood and liver and the associated urea and ornithine cycle, which we identified, can 
modify the state of the energy supply system and may be one of the mechanisms through 
which nitric oxide exerts its effect on cellular mechanisms under the influence of extreme 
loads.
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