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Abstract

Background/Aims: Important benefits of intermittent hypoxic training (IHT) have emerged as
an effective tool for enhancing adaptive potential in different pathological states, among which
acute hypoxia dominates. Therefore, the aim of our study was to evaluate the mechanisms
related to the effects of the nitric oxide system (nitrites, nitrates, carbamide, and total
polyamine content) on ADP-stimulated oxygen consumption and oxidative phosphorylation
in heart and liver mitochondria and biomarkers of oxidative stress in the blood, heart, and
liver of rats exposed to the IHT method and acute hypoxia and treated with the amino acid
L-arginine (600 mg/kg, 30 min) or the NO synthase inhibitor L-NNA (35 mg/kg, 30 min)
prior to each IHT session. Methods: We analysed the modulation of the system of oxygen-
dependent processes (mitochondrial respiration with the oxygraphic method, microsomal
oxidation, and lipoperoxidation processes using biochemical methods) in tissues during IHT
in the formation of short-term and long-term effects (30, 60, and 180 days after the last IHT
session) with simultaneous administration of L-arginine. In particular, we investigated how
mitochondrial functions are modulated during intermittent hypoxia with the use of oxidation
substrates (succinate or a-ketoglutarate) in bioenergetic mechanisms of cellular stability and
adaptation. Results: The IHT method is associated with a significant increase in the production
of endogenous nitric oxide measured by the levels of its stable metabolite, nitrite anion, in
both plasma (almost 7-fold) and erythrocytes (more than 7-fold) of rats. The intensification of
nitric oxide-dependent pathways of metabolic transformations in the energy supply processes
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in the heart and liver, accompanied by oscillatory mechanisms of adaptation in the interval
mode, causes a probable decrease in the production of urea and polyamines in plasma
and liver, but not in erythrocytes. The administration of L-arginine prior to the IHT sessions
increased the level of the nitrite-reducing component of the nitric oxide cycle, which persisted
for up to 180 days of the experiment. Conclusions: Thus, the efficacy of IHT and its nitrite-
dependent component shown in this study is associated with the formation of long-term
adaptive responses by preventing the intensification of lipoperoxidation processes in tissues
due to pronounced changes in the main enzymes of antioxidant defence and stabilisation of
erythrocyte membranes, which has a pronounced protective effect on the system of regulation
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Introduction

Hypoxia refers to a condition in which there is an insufficient supply of oxygen to tissues
and cells in the body (Lee et al.,, 2019). It can be caused by various factors, such as high
altitude, lung disease, or reduced blood flow (Huang et al., 2022). When cells do not get
enough oxygen, their normal function is compromised, leading to potential health problems.
Researchers are studying hypoxia to understand its effects and explore therapeutic strategies
for treatment of related conditions. Adaptation to hypoxia - a condition characterised by an
insufficient supply of oxygen to tissues and cells - is a widespread phenomenon in living
organisms. It is considered to be one of the oldest evolutionary forms of adaptation. Initially
associated with pathological conditions, the concept of hypoxia has evolved to recognise
its physiological significance in adaptive responses to external hypoxic factors. Gradually,
researchers have explored the clinical implications of hypoxia, particularly in cardio- and
cerebrovascular diseases (Della Rocca et al., 2022).

Intermittent hypoxic training (IHT) has emerged as an effective tool for improving
adaptive potential, endurance, and work capacity, and its beneficial effects have been
discussed in many publications (Rybnikova et al., 2022; Sales de Campos et al., 2023; Timdn
et al, 2024). The therapeutic effects of intermittent hypoxic training (cycles of hypoxic
exposure followed by reoxygenation) have been studied by many teams of authors (Zhao et
al,, 2019; Urdampilleta Otegui and Roche Collado, 2024) and are reported in the literature
in various research areas. Firstly, it improves oxygen transport and utilisation (Zhang et
al,, 2023). IHT stimulates the production of erythropoietin (EPO), which leads to increased
red blood cell production (Song et al., 2017). This increases oxygen transport capacity and
delivery to tissues.

Important benefits are associated with improved oxygen utilisation through adaptation
of mitochondrial function and oxidative phosphorylation pathways (Sokolova, 2018).
Intermittent hypoxia affects mitochondrial function, mitophagy, and NO dynamics (Gong
et al., 2020; Wang et al,, 2021). Mitochondrial respiration during intermittent hypoxia has
been shown to enhance mitophagy processes, with IHT greatly facilitating the induction
of mitophagy, leading to the removal of damaged mitochondria. This is related to the
enhancement of mitochondrial depolarisation by affecting the electrochemical gradient
across the inner mitochondrial membrane (Wu et al,, 2021). Increased release of reactive
oxygen species (ROS) by mitochondria has been found, which may contribute to oxidative
stress in a dose-dependent manner (Iturriaga et al., 2015).

[HT may affect nitric oxide (NO) levels through increased NO production and increased
NO synthesis (Kurhaluk et al., 2023). The vasodilatory effects of IHT are associated with
increased NO production, which promotes vasodilation, improving blood flow and oxygen
delivery. A number of studies have linked the potential protective effects of IHT to the
protective effects of NO during IHT, which may have a protective effect against oxidative stress
(Manukhina et al.,, 2006; Liu et al., 2022). In addition, IHT induces neuroprotective effects
and improves cognitive function, which benefits brain health by promoting neurogenesis,
synaptic plasticity, and antioxidant defences. Importantly, this exposure to interval hypoxia
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may attenuate age-related cognitive decline and reduce the risk of neurodegenerative
diseases, as shown by Shobatake et al. (2022).

The metabolic benefits of IHT are associated with increased insulin sensitivity and
resulting changes in glucose metabolism, making it useful for people with type 2 diabetes
(Prabhakar et al., 2020). In addition, these effects of IHT may help to control weight and
prevent obesity by modulating the metabolism of adipose tissue in patients. The effects of IHT
also cause modulation of cardiovascular adaptation associated with improved endothelial
function, vasodilation, and blood flow due to IHT-induced changes in NO bioavailability. A
reduction in blood pressure and improvement in cardiac function have also been observed
during IHT, which is important for patients with these diseases (Zhu et al., 2020).

The anti-inflammatory effects of IHT have been implicated in the effects of chronic low-
grade inflammation, which may contribute to general health by reducing excessive immune
responses (Xiao et al., 2019). At the level of cellular adaptation, IHT mechanisms activate
hypoxia-inducible factor (HIF) pathways (Prabhakar et al, 2020), including enhanced
antioxidant defence and increased cellular resistance (Gonzalez-Candia et al., 2022).
Potential therapeutic applications include the prevention and treatment of obesity, type 2
diabetes, hypertension, and cardiovascular and respiratory diseases; additionally, IHT can
be part of a promising adjunctive therapy for neurological diseases such as Alzheimer’s and
Parkinson’s (Zhang et al., 2023). Thus, the wide range of effects of hypoxia on physiology
makes IHT an effective therapy.

In our previous work (Kurhaluk et al., 2023), we showed the importantrole of Krebs cycle
intermediates, i.e. succinate (SC) and a-ketoglutarate (KGL), in the processes of oxidative
phosphorylation in mitochondria under acute hypoxia, which is significantly modified when
the processes of adaptation to hypoxia in rats are modelled in the interval mode. The present
study is a continuation of this work in which we aimed to show the effects of the nitric oxide
system on the processes of mitochondrial function in the heart and liver and the modulation
of the system of oxygen-dependent processes (mitochondrial respiration, microsomal
oxidation, and lipid peroxidation processes) during the development of oxidative stress in
different tissues. The goal of our research was to clarify the metabolic justifications for using
the method of intermittent hypoxia and determine the key moments of redistribution of
pathways for functioning of oxygen-dependent processes both in the formation of short-term
and long-term metabolic traces in rats. The aim of this article was to study the mechanisms
of phosphorylation in mitochondria in conditions of intermittent hypoxia in the formation
of short-term and long-term effects of interval hypoxia. In particular, we investigated how
mitochondrial functions are modulated during intermittent hypoxia with the use of oxidation
substrates in bioenergetic mechanisms of cellular stability and adaptation. Understanding
these processes may provide insight into potential therapeutic strategies for the treatment
of hypoxia-related conditions.

Materials and Methods

Animals and experimental design

Animals. The experiments were conducted in accordance with the guidelines of the Council of the
European Union, the currentlaws of Poland and Ukraine, and the recommendations of the Ethical Committee.
They were approved by the Ethical Commission of T.H. Shevchenko National University “Chernihiv Colehium”
(05/02/2019). The experiment was conducted in accordance with both Directive 2010/63/EU on the
protection of animals used for scientific purposes and the Polish Act of 15 January 2015 on the protection of
animals used for scientific or educational purposes (Journal of Laws, 26 February 2015, item 266).
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Experimental groups. Male white rats (180-220 g) were used in the present study. The animals were
maintained at a constant temperature of 21 * 2°C with free access to food and water throughout the
experiments. The rats were randomly divided into ten groups as follows:

1) A control group (untreated);

2) An acute hypoxia (AH) group. These rats were exposed to a mixture of breathing gas containing 7%
oxygen in nitrogen for 30 minutes. Prior to the exposure to hypoxia, they received an injection of 1 mL of
saline. An absorbent in the chamber absorbed carbon dioxide and water vapour during the exposure;

3) An intermittent hypoxic training (IHT) group. The rats in this group were placed daily for 14 days
in a chamber with alternating levels between 10% oxygen in nitrogen and room air (21% 0,) at 15-minute
intervals. Prior to each hypoxic training session, the rats received a parenteral injection of 1 mL of normal
saline;

4) IHT and AH groups. The rats in this group underwent intermittent hypoxic training (IHT) for 14
days. Each day, they were placed in a chamber with alternating levels between 10% oxygen in nitrogen
and room air (21% 0,) at 15-minute intervals. Before each hypoxic training session, the rats received a
parenteral injection of 1 mL of normal saline. The day after the last training session, all the animals were
tested with acute hypoxia exposure (7% oxygen in nitrogen, 30 min). After the test, the rats were euthanised
by intraperitoneal injection of a lethal dose of sodium pentobarbital;

5) An L-arginine and IHT group. The rats received L-arginine (600 mg/kg body weight, b.w.) injections
before each session of IHT;

6) An L-arginine, IHT, and AH group. The rats received L-arginine (600 mg/kg b.w., 30 min) before
each day of IHT and the day after the final training session; all the animals were tested with acute hypoxia
exposure (7% oxygen in nitrogen, 30 min);

7) An L-NNA (N°-nitro-L-arginine as an inhibitor of NO-synthase), HT, and AH group. The rats were
injected with L-NNA (0.35 mg/kg b.w.,, 30 min) before each day of IHT and the day after the final training
session; all the animals were tested with acute hypoxia exposure (7% oxygen in nitrogen, 30 min);

8) An L-arginine and IHT group, 30 days. The rats received L-arginine (600 mg/kg b.w., 30 min before
each IHT session) before each day of IHT; 30 days after the last IHT session, the rats were decapitated;

9) An L-arginine and IHT group, 60 days. The rats received L-arginine (600 mg/kg b.w., 30 min before
each IHT session) before each day of IHT; 60 days after the last IHT session, the rats were decapitated;

10) An L-arginine and IHT group, 180 days. The rats received L-arginine (600 mg/kg b.w., 30 min before
each IHT session) before each day of IHT; 180 days after the last IHT session, the rats were decapitated;

All the rats were euthanised by intraperitoneal injection of a lethal dose of sodium pentobarbital
(Morbital, Biowet, Pulawy; 200 mg/kg b.w.).

Samples. Peripheral whole blood samples were collected from the rats by cardiac puncture (under
anaesthesia) into 10% EDTA vacutainer tubes and 3.8% citrate sodium tubes and stored at 4°C until
processed (within 8 hours). The samples were centrifuged at 3, 000 rpm for 10 minutes to obtain plasma.
Whole blood, plasma, and erythrocytes were used immediately for analysis. Erythrocytes were used for
erythrogram analysis after the action of haemolytic agents.

Livers and hearts were removed from the rats immediately after decapitation. One animal was used
for each mitochondrial preparation. The isolated liver was excised, weighed, and washed in ice-cold buffer
containing 2 mM K,CO,, 10 mM HEPES, and 1 mM EGTA (pH 7.2). The isolated heart was excised, weighed,
and washed in ice-cold buffer containing 180 mM KCl, 0.5% bovine serum albumin, 10 mM HEPES, and 1
mM EGTA (pH 7.2). Finally, the mitochondria were resuspended in the isolation buffer. The mitochondrial
suspension (4-6 mg protein/mL) was kept on ice before the experiment (Kondrashova and Doliba, 1989). A
detailed description of these isolation and analysis techniques can be found in our previous paper (Kurhaluk
etal, 2023).

The liver microsomal fraction was isolated according to the methods proposed by Wisniewski et
al. (1987). A detailed description of the reference to these isolation and analysis techniques is given in
Kurhaluk et al. (2023). The protein concentration was determined with the Bradford assay (1976) using
bovine serum albumin as a standard.

Mitochondrial respiration assessment with the oxygraphic method. Oxygen uptake was assessed using
a Clark-type oxygen probe immersed in a magnetically stirred sample chamber (1 mL) in a water bath. The
oxygen uptake rate was quantified as nanograms of oxygen per minute per milligram of mitochondrial protein
according to the methods proposed by Chance and Williams (1955a,b). The mitochondria were placed in a
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respiration chamber containing 120 mM KCl, 2 mM K,CO,,2mMKH,PO,, and 10 mM HEPES. To maintain pH
7.20 at 26°C, we used 1.0 N potassium hydroxide. The oxidative substrates included a-ketoglutarate (KGL
at a final concentration of 1 mM), succinate (SC at 0.35 mM), and ADP (at a concentration of 0.2 mM) as a
phosphate acceptor. In addition, inhibition analyses were performed using rotenone (10 uM), which inhibits
complex I activity in the mitochondrial electron transport chain, and malonate (2 mM), i.e. a competitive
inhibitor of succinate oxidation by complex II, to assess the role of NADH- and FADH-generated substrates
in the mitochondrial oxidation processes. A detailed analysis of oxygen consumption parameters (state 2,
state 3, and state 4, the V,/V,, ADP/O ratio, Vph) was described in our previous paper (Kurhaluk et al.,, 2023).

Biochemical assays

Aminopyrine N-demethylase activity assay. The activity of cytochrome P,  -dependent aminopyrine
N-demethylase was determined with a method described elsewhere (Karuzina and Archakov, 1977). This
method is based on the formaldehyde reaction using the Nash reagent (Matsubara et al., 1977). The reaction
takes place in the presence of cytochrome P, , NADPH, and oxygen. During incubation, the media contained
3 mM NADPH(H), 0.1 M Tris-hydrochloride, 0.25 M Tris, 8 mM aminopyrine, and 5 mM magnesium chloride.
The hepatic microsomal activity was then expressed as nanomoles of formaldehyde produced per minute
per milligram of microsomal protein.

Nitric oxide system assays. The nitric oxide system function was assessed using spectrophotometry
by measuring the concentration of its stable nitrite anion metabolite (NO,). This assessment followed the
method proposed by Green et al. (1982) and the result was expressed in picomoles per milligram of protein.
In addition, the NO,~ content was determined using a method described by other authors (Brown and Cooper,
1994). The NO,” content was quantified in nanomoles per milligram of protein. In addition, carbamides were
determined in a reaction with diacethylmonooxime (Kolb and Kamyshnikov, 1982), and the total polyamine
content was determined spectrophotometrically on the basis of the amount of putrescine in a reaction with
2, 4-dinitrofluorobenzene (Faber et al., 1980).

Analysis of biomarkers of oxidative stress. The 2-thiobarbituric acid reactive substances (TBARS) assay
was used to measure lipid peroxidation in the samples according to the method used by Kamyshnikov
(2004). The TBARS levels were expressed as nmol malondialdehyde (MDA) per mL (for blood samples) or
nmol MDA per mg protein (for tissue samples). The following activities in blood and tissue samples were
measured: superoxide dismutase (SOD) activity as in Kostiuk et al. (1990), catalase (CAT) activity as in
Koroliuk et al. (1988), glutathione reductase (GR) activity as in Glatzle et al. (1974), glutathione peroxidase
(GPx) activity as in Moin (1986), and ceruloplasmin activity as in Ravin (1961). The analyses provided
valuable information on antioxidant defence and oxidative stress levels.

Assay of acid-induced resistance of erythrocytes. The acid resistance of erythrocytes was measured
spectrophotometrically with 0.1M HCI (Terskov and Gitelson, 1957). The assay is based on the measurement
of the dynamics of erythrocyte disintegration caused by the action of the haemolytic reagent.

Statistical analysis

The study results were shown as mean * standard deviation (S.D.). The Kolmogorov-Smirnov and
Lilliefors tests were used to assess the normal distribution of the variables (p > 0.05). In addition, the
homogeneity of variance was tested using Levene’s test. ANOVA, Student’s t-test, and Mann-Whitney U-test
were used to determine differences in enzyme and substrate levels between the control and study groups.
Significance was considered at p < 0.05. In addition, Spearman correlation analysis was used to examine
the relationships between the data of all individuals (Zar, 1999). All statistical calculations were performed
using STATISTICA 13.3 software (TIBCO Inc., USA).

Results

IHT and the functioning of myocardial and liver mitochondria

By studying the state of energy metabolism under acute hypoxia in heart and liver
mitochondria, we observed changes in biochemical mechanisms associated with a sharp
increase in ADP-stimulated respiration when primarily succinate (SC) was used as a
substrate for phosphorylation processes, compared to the control group. The results of the

230



Cellular Physiology Cell Physiol Biochem 2024;58:226-249

DOI: 10.33594/000000705 © 2024 The Author(s). Published by

and BiOChemiStry Published online: 10 June 2024 Cell Physiol Biochem Press GmbH&Co. KG

Kurhaluk et al.: IHT and Oxygen-Dependent Processes

study are summarised in Tables 1 and 2. The oxidation of SC did not increase the value of
the respiratory coefficient by Chance and significantly reduced the cost of phosphorylation
of added ADP in both heart and liver tissues, i.e. the efficiency of oxygen utilisation in the
mitochondria (ADP/O value).

The decrease in the oxygen concentration in the hypoxic conditions was accompanied by
asignificantincrease in the oxidation of the NAD-dependent substrate a-ketoglutarate (KGL),
compared to the value recorded for the SC oxidation, particularly in the cardiac mitochondria.
The rate of oxidative phosphorylation increased by 64.3% (p < 0.05) during the SC oxidation
in the heart, but this value was significantly higher and amounted to 78.3% (p < 0.05) during
the KGL oxidation process. The values of the rate of oxidative phosphorylation in the liver
mitochondria were also higher when using SC as the oxidation substrate, compared to the
control, whereas no similar changes were observed during the KGL oxidation in the liver
mitochondria. Thus, the parameters of ATP-stimulated oxidative phosphorylation in the

Table 1. Parameters of ATP-stimulated oxidative phosphorylation in cardiac and hepatic mitochondria from
rats (M + m; n = 6) exposed to the method of intermittent hypoxia training (IHT, 15 min 10% oxygen, 5
cycles per day), acute hypoxia (AH, 7% O, in N,, 30 min), and acute hypoxia in IHT-exposed rats. Oxidation
substrate - 0.35 mM succinate. As a phosphate acceptor, ADP was administered 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 the IHT group exposed to acute
hypoxia and acute hypoxia group; ## - changes are statistically significant (p < 0.05) between the IHT group
exposed to acute hypoxia and IHT group

S Vs, Respiratory control ratio, ADP/O,
ng at 0-min-! mg-! of mitochondrial protein V3/Va uM ADP-ng at1 O
Cardiac mitochondria, 0.35 mM succinate
Untreated control group 54.73+2.27 2.86+0.13 1.59+0.08
Acute hypoxia 89.94 +4.11* 3.14+0.11 1.30£0.02"
IHT 65.66 + 4.44* 3.60 +0.45™ 1.62+0.03™
IHT + Acute hypoxia 73.22+3.11 3.33+0.21 1.49 £ 0.02# ##
Hepatic mitochondria, 0.35 mM succinate
Untreated control group 54.71+257 2.26+0.11 1.61+£0.08
Acute hypoxia 72.87 + 4.58* 246 +0.12 1.32+0.08"
IHT 51.33+3.15 2.31+0.14 1.71+0.04
IHT + Acute hypoxia 48.52 +3.21# 2.55+0.12 1.73 £ 0.05#

Table 2. Parameters of ATP-stimulated oxidative phosphorylation in cardiac and hepatic mitochondria from
rats (M = m; n = 6) exposed to the method of intermittent hypoxia training (IHT, 15 min 10% oxygen, 5
cycles per day), acute hypoxia (AH, 7% O, in N, 30 min), and acute hypoxia in IHT-exposed rats. Oxidation
substrate - 1 mM a-ketoglutarate. As a phosphate acceptor, ADP was administered 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 the IHT group exposed to acute
hypoxia and acute hypoxia group; ## - changes are statistically significant (p < 0.05) between the IHT group
exposed to acute hypoxia and IHT group

Ersiirns Vs, Respiratory control ratio, ADP/O,
ng at O-min-! mg-! of mitochondrial protein V3/Va uM ADP-ng at1 O

Cardiac mitochondria, 1 mM a-ketoglutarate

Untreated control group 36.24+£1.31 3.20£0.14 2.64 +0.02

Acute hypoxia 64.62 £4.05" 3.14+0.23 1.30+0.02*

[HT 105.77 +5.14" 3.78+0.58 2.53+0.04

IHT + Acute hypoxia 83.12 £ 4.22# ## 3.58+0.29 2.51+£0.03#
Hepatic mitochondria, 1 mM o-ketoglutarate

Untreated control group 49.91+2.99 3.44+0.11 2.67 £0.05

Acute hypoxia 46.48 £2.78 3.51+£0.12 3.22+0.06*

IHT 47.62+3.58 2.51+0.14" 2.72£0.04

IHT + Acute hypoxia 37.51+£4.01 3.13+0.30# 3.43+0.05#
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rat myocardial mitochondria under acute hypoxia indicate the initiation of KGL oxidation
processes to maintain a tissue energy supply in the conditions of acute oxygen deprivation.
This defines the important role of cardiac functional load in this type of hypoxia-induced
effects.

The formation of the effects of intermittent hypoxia on mitochondrial energy supply
involves significant changes in the processes of functional state reorganisation within
the mitochondria themselves. The use of SC as a substrate for oxidation was followed by
a statistically significant increase in the rate of mitochondrial phosphorylation, especially
in the myocardial mitochondria compared to the liver, where the highest values of the V.,
the respiratory control rate (V,/V,), and the ADP/O ratio were demonstrated. The effects of
acute hypoxic stress on mitochondrial respiratory values in the rats exposed to adaptation
to hypoxia performed by interval hypoxic sessions brought benefits for the functional state
of mitochondrial processes during the SC oxidation in the heart. The effects of SC oxidation
were associated with a significantly pronounced efficacy in preventing a decrease in ADP/0
levels, as previously shown for the acute hypoxia group. In these conditions, such changes
were less pronounced in the liver mitochondria.

The oxidation of KGL in the cardiac mitochondria during the formation of the adaptation
“trace” after the use of the interval hypoxic training was associated with preferential
significant oxidation of this substrate, which is also clearly manifested in the rats during
acute hypoxia. Thus, the generation of effective adaptation mechanisms is linked to the
predominant role of NAD-dependent oxidation processes in the mitochondria.

[HT and nitric oxide donors

The above-mentioned dependencies of the formation of effects of intermittent hypoxic
exposure on oxygen-dependent processes in different tissues determined our further steps
in this study related to the use of nitric oxide donors via parenteral administration of the
amino acid L-arginine (600 mg/kg, 30 min) and the NO synthase inhibitor N*-nitro-L-
arginine (35 mg/kg, 30 min) to the rats. The results of this series of experiments on the
oxygen consumption and oxidative phosphorylation parameters in the liver mitochondria
are shown in Table 3.

The influence of the precursor of nitric oxide biosynthesis, L-arginine, in hypoxic
conditions leads to different effects on the oxidation of substrates of the Krebs cycle. This
may play a role in the compensatory and adaptive responses of the body under the influence
of hypoxic factors. A significant decrease in the rate of ADP-stimulated respiration in the
rat liver mitochondria was found when both SC and KGL oxidation substrates were used.
In particular, oxygen consumption during the SC oxidation was accompanied by a decrease
in the ADP-induced phosphorylation efficiency. A significant decrease in the rate of ADP-
stimulated respiration (V,) was found during the oxidation of KGL (compared to the effects
of the SC oxidation). Increased coupling of respiratory and oxidative phosphorylation

Table 3. Effects of L-arginine (600 mg/kg, 30 min) and L-NNA (35 mg/kg, 30 min) on parameters of ADP-
stimulated oxidative phosphorylation processes in hepatic mitochondria during acute hypoxia (7% O, in N,
30 min). Oxidation substrates - 0.35 mM succinate and 1 mM a-ketoglutarate. As a phosphate acceptor, ADP
was administered 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 acute hypoxia group and the L-arginine + acute hypoxia group; #- changes are statistically
significant (p < 0.05) between the acute hypoxia group and the L-NNA + acute hypoxia group

Groups Vs, Respiratory control ratio, ADP/O,
ng at 0-min-! mg-! of mitochondrial protein V3/Vs uM ADP-ng at'1 O
0.35 mM succinate
Untreated control group 52.59+2.27 2.35+0.13 1.59+0.08
Acute hypoxia 61.87 £3.45 2.87+0.11" 1.41+0.04
L-arginine and acute hypoxia 39.14 +2.16™ 2.20+£0.45 2.22+0.05"
L-NNA and acute hypoxia 57.75+2.11 2.57£0.03 1.34+0.06#
1 mM a-ketoglutarate

Untreated control group 49.50+3.31 3.59+0.12 2.67 £0.05
Acute hypoxia 48.60 +2.45 3.14+0.13 2.74£0.12"
L-arginine and acute hypoxia 34.86+2.16™ 3.55+0.07* 243 £0.04*

L-NNA and acute hypoxia 41.27+2.12 2.33 +£0.05# 2.68 £ 0.06
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processes with a decrease in their efficiency during the KGL oxidation was demonstrated
under the influence of L-arginine and acute hypoxia.

The effects of the parenteral administration of the nitric oxide synthase inhibitor were
abolished by those of L-arginine. The administration of the nitric oxide synthase inhibitor
L-NNA was associated with an increase in the rate of ADP-stimulated respiration in the
rat liver mitochondria using both SC and KGL substrates, compared with that in the rats
given L-arginine. However, the effects of L-NNA showed that the coupling of respiration and
phosphorylation during the SC oxidation remained low, and at the same time the ADP/0O
ratio also decreased. It should be noted that the L-NNA administration resulted in the
maintenance of the value of the efficiency of ADP-induced oxidation and phosphorylation
during the KGL oxidation, approaching the values determined in the untreated animal group
(Table 3).

Therefore, under acute hypoxia, SC oxidation is accompanied by an increase in
the efficiency of oxygen utilisation for the synthesis of macroergs, especially after the
administration of L-arginine. This may be due to short-term adaptive responses. The effect
of the nitric oxide synthase inhibitor L-NNA, which enhances the role of reductase reactions
compared with those involving NO synthase, is more appropriate for the implementation of
the effects of KGL oxidation in similar conditions.

Table 4 shows the dependencies of the formation of the IHT method effects on
mitochondrial oxygen consumption and oxidative phosphorylation and the effect of acute
hypoxia during daily parenteral administration of the amino acid L-arginine (600 mg/kg,
30 min) or the NO synthase inhibitor N“-nitro-L-arginine (35 mg/kg, 30 min) before each
session of IHT in the rats. IHT induced a statistically significant decrease in the rate of ADP-
stimulated respiration and oxidative phosphorylation at both SC and KGL oxidation in the
mitochondria, compared to the effects of acute hypoxia.

The effects of L-arginine administration on two substrates for oxidation in mitochondria
are related to the increased efficiency of phosphorylation (ADP/O ratio) in the SC oxidation
and the respiratory control ratio (V,/V,) in the KGL oxidation, compared to acute hypoxia
conditions. The nitric oxide synthase inhibitor L-NNA induced a statistically significant
increase in the rate of oxygen consumption and oxidative phosphorylation, mainly in the KGL
oxidation, together with an increase in the respiratory control ratio and the ADP/O ratio,
compared to both the acute hypoxia and IHT groups. L-NNA affected the oxidation of SC in
the mitochondria, causing a decrease in the respiratory control ratio and phosphorylation

Table 4. Effects of L-arginine (600 mg/kg, 30 min) and L-NNA (35 mg/kg, 30 min) on parameters of
ADP-stimulated oxidative phosphorylation processes in the hepatic mitochondria of rats (M + m; n = 6)
exposed to intermittent hypoxia (IHT, 15 min, 10% oxygen, 5 cycles per day) and acute hypoxia (7% O, in
N,, 30 min). Oxidation substrates - 0.35 mM succinate and 1 mM a-ketoglutarate. ADP was administered
at a concentration of 0.2 mM as a phosphate acceptor. * - changes are statistically significant (p < 0.05)
between the IHT-exposed group and the acute hypoxia group; **- changes are statistically significant (p <
0.05) between the L-arginine, IHT and acute hypoxia and [HT-exposed group; #- changes are statistically
significant (p < 0.05) between the L-NNA, IHT and acute hypoxia and IHT-exposed group

Vs, Respiratory control ADP/O,
Groups ng at O-min-! mg ! of mitochondrial ratio, UM ADP-ng att
protein V3/Va 0

Acute hypoxia (7% Oz in N2, 30 min)
i((:}L 61.87 +3.45 2.87+0.11 1.41+0.04

48.60 +2.45 3.14+0.23 2.74+0.12
IHT (15-min 10% oxygen, 5 cycles per
day)
SC 46.85+2.16* 2.33+£0.45 1.72+0.05*
KGL 37.22+3.12* 3.50 £ 0.08" 3.43+0.04
L-arginine, IHT and acute hypoxia
i((:}L 43.24+1.18™ 2.66+0.13 1.84+0.09"

33.99+3.12" 3.84+0.06™ 2.47 £0.05"
L-NNA, IHT and acute hypoxia
Ne

# #

KCL 56.00 +5.45 2.02+£0.06 1.31+0.01

69.51+4.55# 3.83 £0.05#% 3.60+0.07#
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efficiency (ADP/O ratio). Thus, IHT sessions are mediated by alternate activation of nitrate
synthase, mediated by the initiating role of L-arginine, and nitrate reductase reactions under
the influence of L-NNA, but the benefits of these dependencies are seen only under acute
hypoxia.

The intensity of lipoperoxidation assessed by the level of TBARS products in the whole
blood, erythrocytes, liver, and heart of the rats showed statistically significant dependencies
for these four tissues. It was shown that the enhancement of lipoperoxidation induced by
acute hypoxia was significantly reduced after the adaptation induced by IHT (Fig. 1). While
L-arginine administered before each session of IHT caused a statistically significant decrease
in the level of TBARS in the tissues analysed after acute hypoxia, the effects of the nitric oxide
synthase inhibitor L-NNA in similar conditions were accompanied by an increase in the level
of lipoperoxidation end products or had no effect on this process, compared with the effects
of IHT or acute hypoxia.

In contrast to mitochondrial respiration, microsomal oxidation is a type of oxidation
of biological substrates and xenobiotics by molecular oxygen that is not coupled to energy
production but can account for a significant proportion of the total oxygen consumption in
the cell. To clarify the role of exogenous L-arginine and the nitric oxide synthase inhibitor

Fig. 1. Effect of L-arginine (600 mg/kg, 30 min) and L-NNA (35 mg/kg, 30 min) on TBARS levels in the blood
(A), erythrocytes (B), liver (C) and heart (D) of rats (M * m; n = 6) exposed to intermittent hypoxia (IHT, 15
min, 10% oxygen, 5 cycles per day) and acute hypoxia (AH, 7% O, in N,, 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 untreated control group and the IHT group; # - changes are
statistically significant (p < 0.05) between the IHT group exposed to acute hypoxia and acute hypoxia group;
## - changes are statistically significant (p < 0.05) between the IHT group exposed to acute hypoxia and
[HT group.

Fig. 2. Effects of L-arginine (600 mg/kg, 30 min) and L-NNA
(35 mg/kg, 30 min) on aminopyrine-N-demethylase activity
(nmol NADPH min!-mg! protein) in the liver of rats (M + m;
n = 6) exposed to intermittent hypoxia (IHT, 15 min, 10%
oxygen, 5 cycles per day) and acute hypoxia (AH, 7% O, in
N,, 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 L-arginine +IHT group and the IHT-exposed

group.
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L-NNA in the regulation of oxygen-dependent cellular processes, we also studied changes in
microsomal oxidation as a function of aminopyrine N-demethylase activity during animal
adaptation to intermittent hypoxic exercise. This enzyme is considered a marker of the
intensity of microsomal oxidation in liver tissue, and these changes are shown in Fig. 2.

[tis shown thatthe changesin the ratio between mitochondrial and microsomal oxidation
were shifted towards a predominance of mitochondrial processes (Fig. 2), indicating a
statistically significant decrease in aminopyrine N-demethylase activity, compared to the
untreated controls. Additional stimulation of nitric oxide production by administration of
the amino acid L-arginine prior to each IHT session significantly reduced the microsomal
oxidation rate, and these effects were “reversed” by the administration of the nitric oxide
synthase inhibitor L-NNA. Thus, the adaptive effect of IHT is directly related to limiting the
role of microsomal oxidation, which can be further enhanced by additional pharmacological
correction with exogenous nitric oxide donors.

Nitric oxide metabolites in oxygen-dependent pathways during intermittent hypoxia and

effects of L-arginine

The effects of adaptation to hypoxia are mediated by increasing the role of NO-dependent
mechanisms and modulating the ratio of oxidative (via NO synthase) and non-oxidative (via
arginase) pathways. It has been shown that body’s responses to acute hypoxia and adaptive
responses to the effects of IHT are mediated by the role of NO-dependent mechanisms of
nitrate, nitrite, urea, and total polyamine metabolism. These changes in the ratio of oxidative
metabolism (based on the sum of nitrite and nitrate, the ratio of nitrite to the sum of nitrite and
nitrate) and non-oxidative metabolism (based on the sum of urea and polyamines formed)
are suitable for analysing the role of the nitric oxide-dependent biochemical component in
the adaptive responses to IHT.

To elucidate the possible role of the NO-dependent pathway and its metabolites in
the oxygen-dependent and oxygen-independent pathways in the organism, we studied the
effects of exposure to the precursor of nitric oxide biosynthesis, L-arginine, in conditions
of adaptation to IHT and subsequent exposure to acute hypoxia. To this end, we analysed
the pools of nitrite, nitrate, urea, and polyamines in rats’ plasma, erythrocytes, and liver, as
shown in Figures 3-5.

The adaptive mechanisms of intermittent hypoxia were accompanied by a significant
increase in the production of endogenous nitric oxide, as assessed by the content of its stable
metabolite, nitrite anion, in both plasma (almost 7-fold, as shown in Fig. 3) and erythrocytes
(more than 7-fold, data in Fig. 4). However, the increase in NO production in the erythrocytes
compared to the plasma was found to be at a higher percentage level, as it is known that
the mechanisms of NO ion reduction to NO,” result from the involvement of haemoglobin. A
statistical increase in the nitrate anion and urea content in the erythrocytes was also found
in these conditions (Fig. 4).

The total polyamine levels increased significantly in both plasma and erythrocytes (Fig.
3D and Fig. 4D). Thus, the adaptation to intermittent hypoxia led to activation of nitric oxide
synthesis and modulation of endogenous biosynthetic pathways (via the ornithine cycle and
the nitric oxide cycle). In the liver (Fig. 5), a significant increase in the nitrite anion content
was observed, compared to the untreated controls (Fig. 5A).

However, the results obtained in the intermittent hypoxia group with concomitant
administration of L-arginine showed a reduction in the levels of NO produced, compared
to those in animals subjected to IHT. However, only when the precursor of nitric oxide
biosynthesis, L-arginine, was administered prior to each session of IHT under acute hypoxia
was there an increase in endogenous NO, as measured by the levels of its stable metabolite,
nitrite anion, compared to the control group of animals. This means that the combination
of IHT, which induces the body’s own adaptive properties, with additional pharmacological
effects using the precursor of nitric oxide biosynthesis, i.e. the amino acid L-arginine, can
play a very important role in preventing hypoxic conditions.
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Fig. 3. Effects of L-arginine administration (600 mg/kg) on the levels of nitrites (A, pmol'mL™), nitrates (B, nmol-mL),
carbamides (C, nmol'mL™) and polyamines (D, nmol'mL?) in plasma of rats (M + m; n = 6) exposed to intermittent hypoxia
training (IHT, 15 min, 10% oxygen, 5 cycles per day) and acute hypoxia (AH, 7% O, in N,, 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 untreated control group and the IHT-exposed group; #- changes are statistically significant
(p < 0.05) between IHT-exposed + AH group and the [HT-exposed group; ##- changes are statistically significant (p <
0.05) between IHT-exposed + AH group and the acute hypoxia group; * - changes are statistically significant (p < 0.05)
between L-arginine + [HT-exposed group and the IHT-exposed group; @- changes are statistically significant (p < 0.05)
between L-arginine + IHT-exposed + AH group and the IHT-exposed + AH group; @@- changes are statistically significant
(p < 0.05) between L-arginine + IHT-exposed + AH group and the L-arginine + IHT-exposed group.

Fig. 4. Effects of L-arginine administration (600 mg/kg) on the levels of nitrites (A, pmol'mL™), nitrates (B, nmol-mL),
carbamides (C, nmol-mL™) and polyamines (D, nmol'mL?) in erythrocytes of rats (M + m; n = 6) exposed to intermittent
hypoxia training (IHT, 15 min, 10% oxygen, 5 cycles per day) and acute hypoxia (AH, 7% O, in N,, 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 untreated control group and the IHT-exposed group; #- changes are statistically
significant (p < 0.05) between IHT-exposed + AH group and the IHT-exposed group; ##- changes are statistically significant
(p < 0.05) between [HT-exposed + AH group and the acute hypoxia group; * - changes are statistically significant (p <
0.05) between L-arginine + IHT-exposed group and the IHT-exposed group; @- changes are statistically significant (p
< 0.05) between L-arginine + IHT-exposed + AH group and the IHT-exposed + AH group; @@- changes are statistically
significant (p < 0.05) between L-arginine + IHT-exposed + AH group and the L-arginine + IHT-exposed group.

236



Cellular Physiology Cell Physiol Biochem 2024;58:226-249

DOI: 10.33594/000000705 © 2024 The Author(s). Published by

and BiOChemiStry Published online: 10 June 2024 Cell Physiol Biochem Press GmbH&Co. KG

Kurhaluk et al.: IHT and Oxygen-Dependent Processes

Fig. 5. Effects of L-arginine administration (600 mg/kg) on the levels of nitrites (A, pmol'mg?), nitrates (B,
nmol-mg?), carbamides (C, nmol'mg?) and polyamines (D, nmol'mg?) in liver tissue of rats (M = m; n = 6)
exposed to intermittent hypoxia training (IHT, 15 min, 10% oxygen, 5 cycles per day) and acute hypoxia (AH,
7% 0, in N, 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 untreated control
group and the IHT-exposed group; #- changes are statistically significant (p < 0.05) between [HT-exposed
+ AH group and the IHT-exposed group; ##- changes are statistically significant (p < 0.05) between IHT-
exposed + AH group and the acute hypoxia group; * - changes are statistically significant (p < 0.05) between
L-arginine + [HT-exposed group and the IHT-exposed group; @- changes are statistically significant (p <
0.05) between L-arginine + [HT-exposed + AH group and the IHT-exposed + AH group; @@- changes are
statistically significant (p < 0.05) between L-arginine + [HT-exposed + AH group and the L-arginine + IHT-
exposed group.

It should be noted that no significant increase in the nitrate component of the nitric
oxide pathway was observed during acute hypoxia (Figures 3-5). The statistically significant
decrease in the nitrate levels in the plasma (Fig. 3B), erythrocytes (Fig. 4B), and liver (Fig.
5B) demonstrated in our studies may indirectly indicate a decrease in the reduction of NO
to NO,” and its excretion from the body in the form of nitrate. The results also showed that
the probable decrease in the urea and total polyamine levels caused by acute hypoxia did not
increase to the levels seen in the untreated control group (Figures 3-5). This is also the case
for the changes observed in the levels of these metabolites during the IHT sessions and the
[HT and L-arginine administration.

It was shown in our studies that the formation of adaptive mechanisms to intermittent
hypoxia was accompanied by a significant increase in the level of the nitrite reductase
component of the nitric oxide cycle in rats’ erythrocytes (p < 0.001), against a background
of no change in the blood plasma and a significant decrease in the liver. The sum of nitrite
and nitrate anions in the liver was even halved (p < 0.001). In particular, the ratio of nitrite
to the sum of nitrite and nitrate anions in the blood plasma and liver increased significantly,
compared to the untreated control group of rats (Figures 3-5). Thus, IHT enhances the
regulatory functions of nitric oxide in the mechanisms of effective adaptive defence.

The above-mentioned intensification of nitric oxide-dependent pathways of metabolic
transformations in the implementation of energy supply processes in the heart and liver and
the production of reactive oxygen species (ROS) accompanied by mechanisms of adaptation
to hypoxia in the interval mode caused a probable decrease in the production of urea and
polyamines in the plasma and liver but not in the erythrocytes. A decrease in the total levels
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of urea and polyamines was observed in the plasma and liver. In the erythrocytes, however,
the levels of these compounds increased more than fourfold, compared with the untreated
control rats (Figures 3-5).

In conclusion, the formation of bioenergetic adaptive mechanisms to intermittent
hypoxia training in our studies is primarily associated with the nitrite reductase component of
nitric oxide metabolism and a significant increase in the intensity of enzymes in erythrocytes
against the background of changes in blood plasma and a significant decrease in the liver.

Biomarkers of oxidative stress, NO donors, and intermittent hypoxia

The study of the enzymatic component of antioxidant defence is shown in Figures 6 and
7. The analysis of the major antioxidants, such as SOD, CAT, GR, and GPx, in the blood and
liver tissue during IHT and administration of the precursor nitric oxide and the nitric oxide
synthase inhibitor L-NNA showed multidirectional changes in antioxidant defence.

The next stage of our research was to examine the levels of ceruloplasmin (CP), a copper-
containing protein that regulates free radical metabolism and has a number of antioxidant
properties (Fig. 6E), including the ability to interact with superoxide and hydrogen peroxide.
CP oxidises ferrous iron to trivalent iron with concomitant reduction of oxygen to water.

Fig. 6. Effects of L-arginine (600 mg/kg, 30 min) and L-NNA (35 mg/kg, 30 min) on the activities of
antioxidant enzymes such as superoxide dismutase (SOD, U-mL?, A), catalase (CAT, umol'min*-mL", B),
glutathione reductase (GR, nmol NADPH,'min"'mL", C), glutathione peroxidase (GPx, nmol GSH'min*'mL",
D) and ceruloplasmin content (mg%, E) in the blood of rats exposed to intermittent hypoxia training (IHT)
(M £ m, n = 6). * - changes are statistically significant (p < 0.05) between the untreated control group and
the [HT-exposed group; **- changes are statistically significant (p < 0.05) between the L-arginine + IHT-
exposed group and the [HT-exposed group; #- changes are statistically significant (p < 0.05) between the
L-NNA + [HT-exposed group and the IHT-exposed group.
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Fig. 7. Effects of L-arginine (600 mg/kg, 30 min) and L-NNA (35 mg/kg, 30 min) on activities of the
antioxidant enzymes such as superoxide dismutase (SOD, U- mgprotein, A), catalase (CAT, nmol'min'-mg
protein, B), glutathione reductase (GR, nmol NADPH,'min™" mg" protein, C), glutathione peroxidase (GPx,
nmol GSH'min'" mg!protein, D) in the liver tissue of rats exposed to intermittent hypoxia training (IHT) (M
+m, n = 6). * - changes are statistically significant (p < 0.05) between the untreated control group and the
IHT-exposed group; **- changes are statistically significant (p < 0.05) between the L-arginine + IHT-exposed
group and the IHT-exposed group; #- changes are statistically significant (p < 0.05) between the L-NNA +
[HT-exposed group and the IHT-exposed group.

This enzymatic activity has been shown to be necessary for the binding of iron to ferritin
and determines the oxidative properties of blood. A decrease in the concentration of CP
causes a sharp decrease in haem synthesis in the mitochondria. The effect of L-arginine in
our studies led to accumulation of CP (p < 0.05) during IHT. At the same time, the exposure
of the animals to the NO synthase inhibitor prior to the IHT sessions significantly reduced
the concentration of CP. Thus, the oxidative properties of the blood are largely related to the
functioning of NO-ergic mechanisms and can be corrected by the introduction of modulators
of the nitric oxide system. This may be one of the main mechanisms for the formation of
adaptive trace mechanisms under the influence of extreme environmental factors related to
the functioning of iron-containing blood proteins.

Time-dependent properties of mitochondrial function during intermittent exposure to
hypoxia

The time dependence of the maintenance of the effects of the “adaptation curve”
induced by IHT sessions is important, since the study of the degree of biochemical changes
induced by this therapeutic method is of constant importance for analysis. This was the next
step in our work when we studied the long-term effects of intermittent hypoxia training on
oxygen-dependent processes after the end of the IHT sessions in a group of animals that
had been administered L-arginine before the IHT session. The results of the studies in this
group of rats are presented as data at 30, 60, and 180 days after the end of the IHT exposure
treatment and are shown in Figures 8 and 9. We studied the functional characteristics of
the two mitochondrial complexes associated with oxidation substrates, i.e. SC and KGL.
Therefore, the next step of our study was to investigate the “independent” oxidation of NAD-
dependent substrates in the mitochondrial respiratory chain by determining their oxidation
parameters in the presence of the succinate dehydrogenase (SDH) inhibitor malonate.
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Fig. 8. The respiratory control
ratio (V,/V,) of the ADP-stimulated
mitochondrial respiration and oxidative
phosphorylation in the cardiac tissue of
rats using substrates such as 0.35 mM
succinate and 1 mM o-ketoglutarate,
and in the inhibition assay using 10 uM
rotenone as a tissue respiratory inhibitor
that blocks electron transfer from the
reduced form of nicotinamide adenine
dinucleotide (NADH) to cytochrome b and
2 mM malonate as a competitive inhibitor
of succinate dehydrogenase enzyme in
the untreated control group, [HT-exposed
group and L-arginine administration
(600 mg/kg, 30 min) in the IHT-exposed
group at 30, 60 and 180 days after the
end of the IHT sessions. * - changes are
statistically significant (p < 0.05) between
the untreated control group and the IHT-
exposed group (at succinate oxidation);
**_ changes are statistically significant (p < 0.05) between the untreated control group and the IHT-exposed
group (at a-ketoglutarate oxidation); #- changes are statistically significant (p < 0.05) between the IHT-
exposed group and L-arginine administration in the IHT-exposed group at 30, 60 and 180 days after the end
of the IHT sessions (in the inhibition assay using 10 uM rotenone); ##- changes are statistically significant
(p < 0.05) between the IHT-exposed group and L-arginine administration in the IHT-exposed group (in the
inhibition assay using 2 mM malonate).

Fig. 9. The ADP/O ratio (uM ADP-ng
at?  0) of the ADP-stimulated
mitochondrial respiration and oxidative
phosphorylation in the cardiac tissue of
rats using substrates such as 0.35 mM
succinate and 1 mM o-ketoglutarate,
and in the inhibition assay using 10 pM
rotenone as a tissue respiratory inhibitor
that blocks electron transfer from the
reduced form of nicotinamide adenine
dinucleotide (NADH) to cytochrome b and
2 mM malonate as a competitive inhibitor
of succinate dehydrogenase enzyme in
the untreated control group, IHT-exposed
group and L-arginine administration
(600 mg/kg, 30 min) in the [HT-exposed
group at 30, 60 and 180 days after the
end of the IHT sessions. * - changes are
statistically significant (p < 0.05) between
the untreated control group and the IHT-
exposed group (at succinate oxidation);
**_ changes are statistically significant
(p < 0.05) between the untreated control
group and the IHT-exposed group (at
a-ketoglutarate oxidation).
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The contribution of direct oxidation of NAD-dependent substrates remains stable in most
cases because endogenous succinate has a high oxidation rate and can therefore modify the
processes of phosphorylation respiration.

On the other hand, the contribution of NAD-dependent substrates to SC oxidation is
equally important and can be studied using rotenone, an inhibitor of the NAD-dependent
electron transfer pathway in the mitochondrial respiratory chain. This was confirmed by the
results of our studies. Rotenone significantly limited the main indicators of energy supply in
the SC oxidation conditions, whereas malonate significantly increased both the coupling and
efficiency of oxygen consumption and phosphorylation processes.

It has been shown that the malonate-sensitive component of mitochondrial respiration
in rats during acute hypoxic stress, as well as the formation of IHT-related mechanisms,
changes significantly depending on the form of hypoxic exposure, i.e. acute or intermittent.
The data from this series of studies are shown in Figures 8 and 9 for the main parameters
of mitochondrial respiration as the respiratory control by Chance and the efficiency of
oxygen consumption and phosphorylation using KGL and SC as substrates of oxidation in
mitochondria.

Time-dependent properties of NO donors at IHT

The effects of adaptation to hypoxia were found to be mediated by increasing the
role of NO-dependent mechanisms and modulating the ratio of oxidative (NO synthase) to
non-oxidative (arginase) metabolism. In order to elucidate the possible role of NO and its
metabolites in the oxygen-dependent and oxygen-independent pathways of mitochondrial
function, we studied the effects of the precursor of nitric oxide biosynthesis, L-arginine, after
adaptation to intermittent hypoxia at 30, 60, and 180 days after the end of the IHT sessions
in comparison with the values in the untreated control animals and the effects of L-arginine
before each IHT session. It should be noted that the animals that underwent the IHT session
and pre-treatment with the amino acid L-arginine for 30, 60, and 180 days did not receive
any further medication after the end of the IHT course. We attribute the changes analysed to
a significant increase in the nitrite-reducing component of the nitric oxide cycle compared
to the levels of nitrates, urea, and total polyamines. These changes are shown in Table 5.
The administration of L-arginine before the IHT sessions reduced this component, but

Table 5. Effects of L-arginine (600 mg/kg, 30 min) on the levels of nitrites (pmol'mg?! protein), nitrates
(nmol'mg™* protein), carbamides (nmol-mg" protein) and polyamines (nmol-mg* protein) in the liver of rats
(M £ m; n = 6) exposed to intermittent hypoxia training (IHT, 15 min, 10% oxygen, 5 cycles per day) and
at 30, 60 and 180 days after the end of the IHT sessions. * - Changes are statistically significant (p < 0.05)
between the control group and the IHT group; ** - Changes are statistically significant (p < 0.05) between
the IHT exposed group and the L-arginine + IHT group; # - Changes are statistically significant (p < 0.05)
between the L-arginine + IHT group and the IHT group at 30, 60 and 180 days after the end of the [HT
sessions

Parameters /Animal

NOz;, pmol-mg-1 NO3-, nmol'mg-! Carbamide, nmol'mg-! Poliamines, nmol-mg-1
groups . . ) .
protein protein protein protein

Untreated controls 27112 £33.15 92.16 + 18.21 274.61+23.15 7556+ 7.16

IHT 658.33 £46.11" 46.85 +9.90" 78.70 £ 7.40" 36.14 + 2.90"
L-arginine + IHT 489.52 + 46.30" 36.12 £ 4.15 42.70 +3.23" 30.44 %321
L-arginine + IHT, 30

days 471.33 £49.51 42.45+2.30 52.15+6.30 42.11 + 2.50*
L-arginine + IHT, 60

days 402.56 + 56.81 36.56 + 2.52 67.85 +5.31# 46.89 + 5.87#

L-arginine + IHT, 180
days 385.66 £ 39.45 48.55 +7.1148.55 79.88 £9.50 52.44 + 451#
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the statistically increased level of the nitrite-reducing component of the nitric oxide cycle
persisted until day 180 after the end of the IHT sessions.

The antioxidant system plays a crucial role in the adaptation to periodic hypoxia,
and the amino acid L-arginine has an additional role in this process. The results of this
series of experiments on SOD, CAT, GR, and GPx activities are summarised in the table,
with data obtained 30, 60, and 180 days after the end of the IHT sessions, which involved
repeated cycles of hypoxia followed by reoxygenation. As can be seen from the results of
the study, the high level of stimulation of the nitric oxide system via a nitrite-dependent
component supports the low levels of lipid peroxidation and the associated high potential
for antioxidant enzyme activity in liver tissue. The effectiveness of hypoxic training and its
nitrite-dependent component demonstrated in this study is associated with the formation
of long-term adaptive responses to the action of extreme factors. IHT also prevents the
intensification of lipoperoxidation processes in the liver due to pronounced changes in the
main antioxidant defence enzymes (Table 6), which has a significant protective effect and
is an important element of the systemic response for the regulation of oxygen-dependent
processes as a whole.

Thus, the activation of SC oxidation in mitochondria caused by acute hypoxia is reduced
in animals after adaptation by IHT. By preventing the intensification of lipoperoxidation
processesintheliver during acute hypoxia, IHT increases the efficiency of liver and myocardial
mitochondrial function by enhancing the role of NO-dependent regulatory mechanisms.
The NADPH oxidase pathway is a limiting step in the early stages of hypoxia and largely
determines the impairment of mitochondrial energy synthesising function. The development
of mechanisms of adaptation to oxygen deprivation is associated with an increase in the
efficiency of the NADPH oxidase pathway, as shown by the inhibition analysis with malonate
and rotenone at 30, 60, and 180 days after cessation of adaptation. The increased role of NO-
dependent effects enhances the role of NADPH oxidase oxidation, which contributes to the
formation of long-term adaptive responses to hypoxia.

Table 6. Effects of L-arginine (600 mg/kg, 30 min) on activities of antioxidant enzymes such as superoxide
dismutase (SOD, U-mg* protein), catalase (CAT, pmol-min*'mg? protein), glutathione reductase (GR, nmol
NADPH,'min""mg" protein), glutathione peroxidase (GPx, nmol GSH'min""mg" protein) and intensity of
lipid peroxidation (TBARS, nmol'mg? protein) in the liver of rats (M * m; n = 6) exposed to intermittent
hypoxia training (IHT, 15 min, 10% oxygen, 5 cycles per day) and at 30, 60 and 180 days after the end of
the IHT sessions. * - Changes are statistically significant (p < 0.05) between the control group and the IHT
group; ** - Changes are statistically significant (p < 0.05) between the IHT exposed group and the L-arginine
+ [HT group; # - Changes are statistically significant (p < 0.05) between the L-arginine + IHT group and the
IHT group at 30, 60 and 180 days after the end of the IHT sessions

Parameters SOD, U'mg! EAT' ﬁmOl'm}W GR, nmol NADPH2'min- GPx, nmol GSH'min- TBARS'J

/Animal groups protein TS IR I'mg-! protein I'mg-! protein )
protein

Untreated controls 221%)'212 * 92.16 +8.21 42.61+3.15 125.56 +8.16 4224026

IHT 335;3; 126.85 +9.90" 18.70 + 1.40" 81.85 +3.90" 434+0.11"

L-arginine + IHT 21622.?4’105*:: 116.12 £10.15 42.70 +3.23" 40.74 +3.20" 2.27£0.12"

L-arginine + IHT, 286.92 +

30 days 19'51#_ 92.45+12.30 62.75 + 6.50% 92.75 + 8.50% 2.27+0.12

L-arginine + [HT, 302.55 +

60 days 26.74-_ 106.56 +9.52 67.85+5.31 100.89 +9.87# 2.75+0.50

L-arginine + [HT, 285.66 +

180 days 1955 98.55+3.11 49.78 £7.50 89.44 £ 9.51# 3.19 £0.12#
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Acid-induced resistance of erythrocytes

We also analysed the acid-induced resistance of erythrocytes derived from rats exposed
to the IHT sessions and acute hypoxia (Fig. 10A), rats treated with L-arginine (600 mg/kg, 30
min) or L-NNA (35 mg/kg, 30 min) before each IHT session (Fig. 10B), and rats exposed to IHT
at 30, 60, and 180 days after the end of the IHT sessions (Fig. 10C). The IHT method and the
administration of L-arginine before each IHT session significantly increased the resistance
of erythrocytes, which may indicate an increase in the stability of their membranes in the
current study (Fig. 104, B). The IHT method and the administration of L-NNA before each

IHT session resulted in a
decrease in haemolysed
erythrocytes with a
simultaneous  reduction
in the time of onset of
maximal haemolysis
(Fig. 10B). The long-term
effects of the IHT method
with the administration
of L-arginine before each
[HT session showed a
decrease in haemolysed
erythrocytes with a
simultaneous increase
in the time of onset of
maximal haemolysis (Fig.
10Q).

Discussion

The results of the study
presented in this paper
show short- and long-term
effects of the IHT method
mediated by nitric oxide
effects on different tissues
of rats under the additional
influence of the nitric
oxide precursor, i.e. the
amino acid L-arginine, and
the NO synthase inhibitor
Ne-nitro-L-arginine. In
this work, we obtained
a number of significant
results that should be
highlighted. The present
study has complemented
and extended our previous
work (Kurhaluketal., 2023)
and studies conducted
by other authors on the
formation of hypoxia-
induced bioenergetic
effects (Korbecki et
al, 2021), with special

Fig. 10. Erythrograms of acid-induced hemolysis of erythrocytes
sampled from rats exposed to the IHT method and acute hypoxia (A), in
rats treated with L-arginine (600 mg/kg, 30 min) or L-NNA (35 mg/kg,
30 min) before each IHT session (B), and in rats exposed to IHT and at
30, 60 and 180 days after the end of the IHT sessions (C).
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attention to the long-term effects of the IHT method (Serebrovska et al., 2019). The results
of our previous study (Kurhaluk et al., 2023) revealed the effect of complex multifactorial
dependencies and interactions between Krebs cycle intermediates (such as succinate and
a-ketoglutarate oxidation) on oxygen-dependent processes in conditions of acute hypoxia.
The study elucidated the biological role of nitric oxide (NO) with its metabolic changes
and mechanism of action on tissues under hypoxia. In addition, our team investigated
the effects of SC and KGL oxidation on mitochondrial oxygen consumption and oxidative
phosphorylation parameters, microsomal oxidation, lipid peroxidation processes, and the
antioxidant defence system. The study shed light on the reciprocal/competitive relationship
between Krebs cycle intermediates and the nitric oxide system via intermediates associated
with mediating the effects of the cholinergic regulatory system to preferentially oxidise KGL
and adrenergic derivatives (dopamine, DOPA, noradrenaline, and epinephrine). This study
has contributed to our understanding of the impact of Krebs cycle intermediates on oxygen-
dependent processes during hypoxia and has provided insight into potential therapeutic
interventions to help prevent the effects of acute hypoxia in many pathologies (Kurhaluk et
al.,, 2023).

Firstly, the mechanisms underlying the IHT method are related to hypoxia-inducible
factors (HIFs) through histone demethylation with activation of a family of transcription
factors that play a crucial role in adaptation to low oxygen levels (Martinez et al., 2022).
The use of acute hypoxia as a test tool in animals following IHT sessions in the processes
of oxygen consumption in the oxidation of KGL and SC as substrates in the mitochondria
has demonstrated the protective role of IHT in the immediate adaptation and long-term
(remote) effects on oxygen-dependent processes in the liver and heart. Several studies have
shown the important role of HIF factors in regulating the expression of genes involved in
various processes (Yeo, 2019), including angiogenesis (formation of new blood vessels),
erythropoiesis (red blood cell production), and glucose metabolism (Guan et al.,, 2023;
Wiéniewska et al., 2020). IHT stimulates HIF activation, leading to adaptive responses that
improve tissue oxygen delivery and utilisation.

Our studies have shown that acute hypoxia significantly reduced the nitrite and nitrate
pools in the plasma, erythrocytes, and liver. In particular, the nitrite and nitrate pools in the
plasma, erythrocytes, and liver decreased to the same extent. However, in the conditions of a
sharp decrease in the oxygen content (7% O, in N, ) in the air inhaled by the rats, accompanied
by signs of bioenergetic hypoxia, the ratio of nitrite to the sum of nitrite and nitrate anion
increased, with the greatest changes observed in the blood plasma compared with the liver
tissue. The acute hypoxic exposure was associated with a significant decrease in the sum of
urea and polyamines in the blood and liver. In particular, a probable decrease in the intensity
of the non-oxidative pathway associated with the functioning of the ornithine cycle and urea
metabolism was studied in the blood plasma, erythrocytes, and liver (Figures 3-5, Table 4).

Secondly, the results of our studies on mitochondrial function in terms of ATP production
via oxidative phosphorylation in rats after IHT sessions are associated with significant
redistribution of the metabolic pathways of energy supply during the oxidation of KGL and
SC. These effects may be related to mitochondrial adaptations previously shown by others
during IHT, such as increased mitochondrial density, improved respiratory chain function,
and enhanced mitochondrial biogenesis (Kang et al., 2020; Adzigbli et al.,, 2022). Thus, these
adaptive mechanisms may lead to an increase in cellular energy production and overall
animal endurance, which we tested in our acute hypoxia experiments.

It is worth highlighting the third conclusion, which relates to the effects of the IHT
method on erythrocyte membrane stabilisation, which we have also shown to reduce
lipoperoxidation processes in various tissues (Figures 1, Table 6), changes in the activity of
the main antioxidant enzymes (Table 6, Fig. 6,7), and stabilisation of erythrocyte membranes
(Fig. 10). Thirdly, these effects of the IHT method are associated with an increase in
erythropoietin (EPO) production when hypoxia causes the release of EPO from the kidneys
(Wojan et al,, 2023). EPO stimulates the production of red blood cells (erythropoiesis),
resulting in their improved ability to transport oxygen. In addition, the IHT method can
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increase EPO levels, thereby increasing animals’ resistance to acute hypoxia and preventing
its detrimental effects on the energy supply and oxygen-dependent processes, as we
demonstrated in this study.

Fourthly, the effects of the IHT method are related to the increased role of NO, a
signalling molecule involved in vasodilation, as shown by our studies on the levels of the end
metabolites of the nitric oxide system (nitrite and nitrate ions), urea, and total polyamines
(Figures 3 and 4). The protective effects of the IHT method, which can increase NO production
by improving blood flow and oxygen delivery to tissues, have previously been demonstrated
in a number of studies (Lizamore et al., 2017; Fryer et al., 2019). Increased NO availability
promotes metabolic shifts in cellular adaptation through the activation of stress response
pathways, such as the AMP-activated protein kinase (AMPK) pathway (Yeo, 2019). These
pathways enhance cellular resilience, antioxidant defence, and repair mechanisms.

The data presented in this study show an important role of nitric oxide in the formation
of the effects of bioenergetic hypoxia, which we investigated in the animal model after the
course of adaptation to hypoxia in an interval mode (IHT method). The study of oxygen-
dependent processes (mitochondrial respiration, intensity of lipoperoxidation, and level of
microsomal oxidation) in different tissues: blood and its separate components, i.e. plasma
and erythrocytes, heart, and liver showed different ways of formation of these effects. It
should be noted that additional stimulation with exogenous L-arginine as a precursor of
nitric oxide synthesis showed important features of the formation of these dependencies,
which may be important in therapeutic practice. The important role of this amino acid in
the diet of modern man is well known, as it is conditionally essential, and its importance has
been actively debated in the nutritional literature in recent years with regard to its role in
the prevention of cardiovascular disease, especially in elderly patients (Kurhaluk, 2023a,b).

It is known that the strategy of adaptive changes in the conditions of acute hypoxia
involves a significant increase in the production and effective accumulation of nitric oxide
in the blood. A possible mechanism of NO deposition during adaptation to hypoxia is
associated with an increase in free iron and haemoglobin levels (Weng et al., 2021), which
stimulates the deposition of NO in the form of dinitrosyl iron complexes (Truzzi et al., 2021).
Reoxygenation, which alternates with each hypoxic exposure during adaptation, stimulates
free radical processes that promote the release of free iron from ferritin and the accumulation
of dinitrosyl iron complexes (Lewandowska et al., 2015). However, it is possible that excess
NO in the conditions of acute hypoxia can be sequestered by increasing the capacity of the
NO depot during adaptation, preventing the negative and proapoptotic effects of excess
nitric oxide (Vanin etal., 2017). Thus, when assessing the role of endogenous NO under acute
hypoxia and with the [HT method, it is easy to see that nitric oxide plays an opposite role:
in the first case, under acute hypoxia, it is involved in the development of cellular damage
and the activation of ROS processes; on the contrary, during adaptation to hypoxia with the
[HT method in the second case, it is involved in the mechanisms of reducing ROS levels and
saving oxygen consumption (Soodaeva et al., 2020). This is particularly evident in our study
after using the acute hypoxia test in the IHT-exposed rats.

However, the mechanism of switching between the directly opposite effects of the NO
action during hypoxia is not yet known. Perhaps the dose dependence of the effects of nitric
oxide is important in these cases: a periodic increase in NO production during adaptation
has a pronounced protective effect, whereas its overproduction under acute hypoxia has a
detrimental effect. This is consistent with the fact that severe hypoxia induces the expression
of the iNOS gene (Zhao et al., 2019; Stachon et al,, 2021), whereas adaptation to hypoxia
does not affect this process, but increases the activity of eNOS in the brain and blood vessels
(Kosutova et al,, 2019; Wischmann et al., 2020). Thus, as shown in our studies, the [HT
method triggers a cascade of adaptive responses involving mitochondrial energy supply, NO
metabolism, and metabolic shifts in the production of reactive oxygen species and increased
efficiency of antioxidant defences.
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Conclusions

In conclusion, the development of the body’s responses to acute hypoxia and adaptive
responses to hypoxia using the method of intermittent hypoxia training is mediated by the
effect of NO-dependent metabolic mechanisms, assessed by changes in the levels of nitrates,
nitrites, urea, and total polyamines. The activation of mitochondrial succinate oxidation by
acute hypoxia is reduced in animals adapted to hypoxia with the [HT method. Intermittent
hypoxia, which prevents the intensification of lipoperoxidation processes in the liver during
acute hypoxia, increases the efficiency of liver and myocardial mitochondrial function by
enhancing the role of NO-dependent regulatory mechanisms. The NADPH oxidase pathway
is a limiting step in the early stages of hypoxia and largely determines the impairment of
mitochondrial energy-producing function. The development of mechanisms of adaptation
to oxygen deprivation is associated with an increase in the efficiency of the NADPH oxidase
pathway, as revealed by the analysis of mitochondrial function inhibition with malonate and
rotenone within 30, 60, and 180 days after the end of adaptation to hypoxia with the [HT
method. The increasing role of NO-dependent effects enhances the role of NADPH oxidase
oxidation, which contributes to the formation of long-term adaptive responses.
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