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This study was performed to investigate the photoperiod-induced changes in biomarkers of
oxidative stress in rats of different ages and different physiological reactivity, as assessed by
different resistance to hypoxia. The study was conducted on 96 male Wistar rats divided into 16
groups based on resistance to hypoxia (LR, low resistance, HR, high resistance) and age, i.e. 6 and
21 months. The research was conducted at four photoperiod points: winter (January), spring
(March), summer (July), and autumn (October). Lower levels of oxidative stress biomarkers (p <
0.05) were observed in the younger rats when compared to older rats, as well as in HR rats
compared to LR rats. The levels of lipid peroxidation end product, 2-thiobarbituric acid reactive
substances (TBARS) as the major indicator of oxidative stress, were found to increase with age, and
summer resulted in further elevation compared to other seasons. Also, oxidative stress biomarkers
were lower (p < 0.05) in winter than in other seasons, especially in the HR rats. TAC level in the
hepatic tissue of the 6-months-old rats was significantly higher (p < 0.05) when compared to the
level value in older rats. A similar higher TAC level was found in the hepatic tissue of HR rats
compared to the LR rats. The adult rats with HR maintained TAC with minimal fluctuations
throughout the year. It should be noted that the difference in TAC was higher for the groups of the
adult animals with HR to hypoxia in winter, spring, and summer, which may indicate effective
mechanisms preventing the formation of reactive oxygen species and systems of elimination thereof.

Keywords: rats, resistance to hypoxia, liver, seasons, lipid hydroperoxides, 2-thiobarbituric
acid reactive substances (TBARS), total antioxidant capacity (TAC).

Kypramok H., Tkauenxko I'., [lapTuka T.

OOTONEPIOA-IHAYKOBAHI 3MIHU BIOMAPKEPIB OKCHUJATUBHOI'O CTPECY
VY IIYPIB PI3HOI'O BIKY TA IHAUBIAYAJIbHOI ®1310JIOTTYHOI PEAKTUBHOCTI

Jane 0ocniosicenHss BUKOHAHO Ol 8UBHUEHHS IHOYKOBAHUX homonepiodom 3MiH biomaprepis
OKUCHIOBANILHO20 Ccmpecy V Wypié pIi3HO20 GIKy ma pi3HOw Qizionoeiunoi peakmusHicmi, o
OYIHIOEMBCA 3a Pi3HOI0 cmitikicmio 0o 2inokcii. /locniodcenusn npogedeno Ha 96 wypax-camysax aiHii
Bicmap, po3zoinenux na 16 epyn 3anesicro 6io cmitikocmi 0o einoxcii (HP, nuzvrkopesucmenmui, BP,
gucokopezucmenmui) ma 6ixy (6 ma 21 wmic.). Jocnioxcentns nposoounucs 6 womupu pomonepioou:
suma (civens), secna (bepesensv), 1imo (1unemws) ma ociHv (HcosmeHv). Huoicui pisni biomapkepie
oxucHiosanvnozo cmpecy (p < 0,05) cnocmepicanrocs y Mmonoowux wypie y NOpPIGHAHHI 3i
cmapuumy wypie, a maxkox;#C y 6UCOKOPE3UCMEHMHUX WYPI6 NOPIGHAHO 3 HUZbKOPE3UCEHMHUMU
wypamu. byno eusasieno, wjo pieHi KiHye8o2o NpoOyKmy NepekucHo2o oxucHenHs ninioie — ThK-
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NPOOYKMIG SIK OCHOBHUX THOUKAMOPI8 OKUCHIOBATILHO20 CmMpecy — 30IIbUYIOmMbCsl 3 IKOM, d 61IMKY
ye npu3eo0uUmMb 00 NOOAIBLULO2O NIOBUWEHHS 8 NOPIGHAHHI 3 IHwumMu ce3onamu. Kpim moeo,
biomapxepu OKUCHI08aIbHO20 cmpecy O0yau nudcyumu (p < 0,05) 83umKy, HidiC 6 iHWI Ce30HU,
0COOIUBO Y BUCOKOpE3UCTEHMHUX wypis. Pieenv 3acanvHoi aHMUOKUCHIO8ANLHOI AKMUBHOCMI
(OAA) y mkanuni neuinku O-micaunux wypie 6y docmogipno suwum (p < 0,05) nopieusno 3i
SHAYeHHAMU Yy wypie cmapuioco 6iky. llodiono, 6invw eucokuu pieenv OAA 6yno eusasieHo 6
MKAHUHI NeYiHKU BUCOKOPE3UCMEHMHUX WYPI8 NOPIGHAHO 3 HU3bKOpe3Uucmenmuumu. Y oopocaux
BUCOKOPE3UCMEHMHUX Wypi6 30epicascs sucokuil pieenb OAA i3 MIHIMATbHUMU 3MIHAMU NPOMASOM
poxy. Cnio 3aznauumu, wo pisnuys 6 OAA Oyra euwoio 015 epyn 0OPOCIUX MEAPUH 3 BUCOKOIO
Pe3UCMEeHMHICMIO 00 2INOKCII 83UMKY, HABECHI Ma GIIMKY, W0 Modce C8i0uumu npo eghekmuseHi
MEXAHi3MU, WO NepeuKoOHCaoms YmMEOPEeHHI0 AKMUBHUX (OPM KUCHIO, Ma cucmemu ix elimiHayii.

Knrwouoei cnoea: wypi, cmilikicms 00 2inoKcii, ne4inka, ce30Hu poKy, cioponepexucu niniois,
TEK-npooykmu, 3aeanvua aumuoxcuoanmua akmusnicmos (OAA).

INTRODUCTION

The mechanisms of the diurnal and seasonal periodicity of the rhythmic functions of the body
are targeted at adaptation to environmental conditions on the one hand and at preservation of the
relative constancy of its internal environments on the other hand [7]. For example, the diurnal
dynamics of ovulation and oviposition in meat chickens are controlled through endocrine pathways
that are modulated by both environmental and internal factors [50]. Environmental factors control
seasonal breeding in birds when there are natural photoperiodic cues, i.e. the availability of food for
the hatchlings, availability of nesting sites, predation pressure, and climate factors [48]. Special
interesting changes in the rhythmic-induced functions of the systems of organisms at the influence
of sex, age, season, and individual physiological reactivity [10, 47, 51]. Seasonality refers to
season-dependent fluctuations in sleep length, social activity, mood, weight, appetite, and energy
level [16]. The underlying mechanism responsible for synchronizing internal biochemical processes
with circadian environmental cues in mammals has been comprised of three major components.
Firstly, photoreception by the retina and transmission of neural signals along the
retinohypothalamic tract; secondly, integration of photoperiodic information with an internal
reference circadian pacemaker located in the suprachiasmatic nucleus, and thirdly, dissemination of
circadian information to target organs, via the autonomic nervous system and through humoral
pathways [49].

Effects of hypoxia can be regulated by circadian patterns, and the possible differences in such
effects may have biological and clinical implications for the organism [2, 21, 33, 35]. Recent
investigations have identified a connection between the circadian rhythm protein Period 2 (PER2)
and hypoxia-inducible factor (HIF1A) that may elucidate an evolutionarily conserved cellular
network that can be targeted to manipulate metabolic function in stressed conditions like hypoxia or
ischemia [3]. The fact that hypoxia modifies the circadian oscillations of variables as important as
body temperature and metabolism leads to the expectation that the daily rhythms of many other
functions are perturbed by hypoxia, according to their link to the primary variables. It is
contemplated that the alterations of the normal circadian oscillations can contribute to many
common symptoms at sustained hypoxia, e.g., from sleep fragmentation to malaise and loss of
appetite [36]. Circadian clock interaction with HIF 1o mediates oxygenic metabolism and anaerobic
glycolysis in skeletal muscle [39]. Genetic disruption of the clock activator BMAL1 in skeletal
myotubes and fibroblasts increased levels of the hypoxia-inducible factor 1a (HIF1a) under hypoxic
conditions. The results of these researchers revealed bidirectional interactions between circadian
and HIF pathways that influence metabolic adaptation to hypoxia.

There are many studies showing that individuals within each animal species and humans
differ significantly in their reactions to oxygen deficiency [19, 20, 27, 28]. Analyses of animal
reactions to oxygen deficiency have demonstrated that, in any group of intact animals (in particular,
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white rats) of the same age and sex reared in the same conditions and placed on a critical altitude
(11,000-12,000 m), it is possible to identify individuals that remain viable at the 95% death rate in
experimental animals [8]. Such naturally hypoxia-resistant individuals can survive for a long time in
gas environments containing only 2-3% of O.. These animals maintain rhythmic breathing
movements in acute hypoxic conditions (equivalent to the height of 12,000 m above sea level) for
5-6 minutes, and some even more than 10 minutes, while most animals display agonal breathing
and convulsions that end in death after 5-60 seconds. Animals with high resistance (HR) to acute
hypobaric hypoxia were identified among laboratory mice, rats, rabbits, and guinea pigs [38, 43,
44]. Intra-species differences in the reaction of individuals to acute hypoxia also vary significantly,
and they are related to both genotypic and phenotypic characteristics of individuals [9, 13].

Aging is one of the main risk factors for various diseases. On the other hand, oxidative stress
is a key element responsible for the development of age-related pathologies [1]. In addition, the
alteration of circadian rhythms also contributes to cardiovascular pathology [3]. Aging modifies the
temporal organization of antioxidant defenses and blood pressure, probably, as a consequence of a
disruption in the circadian rhythm of the clock’s transcriptional regulator, BMAL1, in the heart [1].
The loss of temporal organization of the activity of the antioxidant enzymes, the oxidative status,
and the cellular clock machinery could result in a temporally altered antioxidant defense system
also in the aging brain [26]. Rhythmic changes in oxidative damage of protein and lipid molecules
have been also reported [15, 41].

The present study was focused on photoperiod- and age-related variability between the
activity of oxidative stress biomarkers in rats with different physiological reactivity estimated by
different resistance to hypoxia. Thus, the aim of our study was the assessment of levels of lipid
hydroperoxides, 2-thiobarbituric acid reactive substances (TBARS), and total antioxidant capacity
(TAC) in the hepatic tissue of male rats of different ages (adult — 3 months old, old — 21 months
old) and physiological reactivity (LR, low resistance to hypoxia and HR, high resistance to hypoxia)
in different photoperiods (winter, spring, summer, autumn). This study was carried out during the
Scholarship Program supported by The Visegrad Fund in the Department of Zoology and Animal
Physiology, Institute of Biology and Earth Sciences, Pomeranian University in Stupsk (Poland), and
we are grateful to The Visegrad Fund the supporting our study.

MATERIALS AND METHODS

Animals and experimental design. The study was carried out on 96 male Wistar rats divided
into 16 groups based on resistance to hypoxia (LR, low resistance, HR, high resistance) and age, i.e.
6 and 21 months. The rats were randomly assigned to sixteen groups. There were six animals in
each group. The studies were conducted at four photoperiod points: winter (January), spring
(March), summer (July), and autumn (October). The day/night ratio in the different photoperiod
points was as follows: winter — 8:16, spring — 12:12, summer — 16:8, and autumn — 10:14.

Group | and group Il — adult 6-month-old males with low resistance (n = 6) and high
resistance to hypoxia (n = 6) studied in winter; Group 1l and group IV — old males (21 months old)
with low resistance (n = 6) and high resistance to hypoxia (n = 6) studied in winter; Group V and
Group VI — adult 6-month-old males with low resistance (n = 6) and high resistance to hypoxia (n =
6) studied in spring; Group VII and group VIII —old males (21 months old) with low resistance (n =
6) and high resistance to hypoxia (n = 6) studied in spring; Group IX and Group X — adult 6-month-
old males with low resistance (n = 6) and high resistance to hypoxia (n = 6) studied in summer;
Group X1 and group XII —old males (21 months old) with low resistance (n = 6) and high resistance
to hypoxia (n = 6) studied in summer; Group XIII and Group XIV — adult 6-month-old males with
low resistance (n = 6) and high resistance to hypoxia (n = 6) studied in autumn; Group XV and
group XVI — old males (21 months old) with low resistance (n = 6) and high resistance to hypoxia
(n = 6) studied in autumn.
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Prior to the experiments, the animals were divided into 2 groups: LR and HR. The hypoxia
resistance of the rats was evaluated as survival time (min) in an altitude chamber 11,000 m above
sea level. The survival time was measured after achieving the «altitude». Cessation of breathing
served as a criterion for hypoxia resistance [9, 23, 28]. Animals with a maximum survival time after
the second agonistic breath were classified as high-resistance animals, and those with a minimal
survival time were regarded as low-resistance animals. After the survival assessment, the animals
were housed for at least 3 weeks in vivarium conditions to adapt.

The male rats were housed at a constant temperature of 20 £ 2 °C. The animals had free
access to feed and water throughout the experiments. During the study, the animals were kept on a
standard diet and temperature conditions under natural lighting. The influence of artificial light
sources was prevented. Blood was sampled at the peak secretion of melatonin, i.e. from 2.00 to 4.00
AM.

Tissue isolation. Tissues were removed from rats after decapitation. One rat was used for
each homogenate sample. Briefly, the liver was excised, weighed, and washed in an ice-cold buffer.
The minced tissue was rinsed clear of blood with cold isolation buffer and homogenized in a glass
Potter-Elvehjem homogenizing vessel with a motor-driven Teflon pestle on ice. The isolation buffer
consisted of 120 mM KCI, 2 mM K>COgz, 10 mM HEPES, and 1 mM EDTA; pH was adjusted to
7.2 with KOH. The hepatic homogenate was used for the determination of the levels of lipid
hydroperoxide (LHPO), 2-thiobarbituric acid reactive substances (TBARS), and total antioxidant
capacity (TAC). The Bradford method [6] with bovine serum albumin as a standard was used for
the quantification of proteins. Absorbance was recorded at 595 nm.

Assay of the lipid hydroperoxide (LHPO) level. The acyl hydroperoxide level was assessed in
the tissue samples with the method proposed by Kamyshnikov [18]. 4 mL of a «heptane-
isopropanol» mixture was added to 0.2 mL of homogenate and vortexed vigorously. Then, 1 mL of
HCI (pH 2.0) and 2 mL of heptane reagent were added, vortexed, and centrifuged at 3,000 rpm for 5
min. The lipid hydroperoxide level was read spectrophotometrically at 233 nm and expressed as
nmol per mg of protein. A mixture of distilled water was used in the blank samples.

Assay of 2-Thiobarbituric acid reactive substances (TBARS). The level of lipid peroxidation
was determined by quantifying the concentration of 2-thiobarbituric acid reacting substances
(TBARS) with the method developed by Kamyshnikov [18]. This method is based on the reaction
of the degradation of the lipid peroxidation product, i.e. malonic dialdehyde (MDA), with 2-
thiobarbituric acid (TBA) at high temperature and acidity to generate a colored adduct that can be
measured spectrophotometrically. The nmol of MDA per mg protein was calculated using 1.56-105
mM cm? as the extinction coefficient.

Measurement of total antioxidant capacity (TAC). The TAC level in the samples was
estimated by measuring the 2-thiobarbituric acid reactive substances (TBARS) level after Tween 80
oxidation. This level was determined spectrophotometrically at 532 nm [12]. Sample inhibits the
Fe?*/ascorbate-induced oxidation of Tween 80, resulting in a decrease in the TBARS level. The
absorbance of the obtained solution was measured at 532 nm. The absorbance of the blank was
defined as 100%. The level of TAC in the sample (%) was calculated with respect to the absorbance
of the blank samples.

Statistical analysis. The results were expressed as mean = S.D. Before the analysis, all
variables were tested for normal distribution using the Kolmogorov-Smirnov test (p > 0.05), and
homogeneity of variance was assessed using Levene’s test. The significance of differences in the
level of lipid peroxidation processes, amino acid carbonyl derivatives, total antioxidant capacity,
antioxidant enzyme activity, and energy metabolism biomarkers between all examined groups was
determined using one-way analysis of variance (ANOVA) and multifactorial analysis of variance
(MANOVA) according to Zar [52]. Differences were considered significant at p < 0.05. Also, the
relationships between data of all individuals were evaluated using Pearson's correlation analysis. All
statistical calculations were performed on separate data from each individual with STATISTICA
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13.3 software (StatSoft Inc., Poland). We used Bonferroni’s post-test for the analysis of inequality.
The statistical analysis was carried out in a triple way: the levels of biomarkers of oxidative stress
and aerobic and anaerobic pathways in the groups were compared in relation to age, resistance to
hypoxia, and photoperiods. The combined effects of age, individual physiological reactivity, and
photoperiods and their significance (main effects) were compared with the biomarkers of lipid
peroxidation and total antioxidant capacity, separately. The correlation and regression analysis
comprised the correlation coefficient (r), regression equation, and significance of these
dependencies (p). We used the coefficients of multiple correlation analysis (R), the coefficient of
determination (R?), and its corrected form reduced by random errors (R? adjusted) in the data
analysis for the description of the full statistical model.

RESULTS AND DISCUSSION

Lipid hydroperoxides are formed in lipid systems in the process of lipid peroxidation, a
complex multi-stage chain process of oxygen oxidation in lipid substrates (mainly polyunsaturated
fatty acids), including stages with the participation and formation of free radicals [34]. Lipid
hydroperoxides are formed as a result of enzymatic or non-enzymatic reactions involving
chemically activated products, such as reactive oxygen species (ROS), possessing a toxic effect on
the body and causing various tissue damage. In addition, ROS include oxidized forms of lipids or
peroxide radicals, singlet oxygen, and peroxynitrites, which are formed from nitrogen oxides (NO).
These groups of atoms behave as a whole and are known as free radicals. These chemical forms
contain one or more unpaired electrons and are capable of independent existence. They are formed
either by loss or by adding one electron to a non-radical and can easily be formed when a covalent
bond is broken as a result of a homolytic cleavage [11].

The level of lipid hydroperoxides in the hepatic tissue of male rats of different ages and
physiological reactivity in different photoperiods (winter, spring, summer, autumn) is presented in
Fig. 1.

Figures 1 and 2 show the biomarkers of lipid peroxidation at the initial stage (lipid
hydroperoxides, LHPO) associated with the initiation of this process, and the content of TBARS,
i.e. the end product of lipid peroxidation, in the hepatic tissue of male rats of different ages and
resistance to hypoxia in the different photoperiods of the year. Significant differences depending on
age, resistance to hypoxia, and photoperiods were observed in three groups of animals. Adult
animals, as well as individuals with HR, were mainly less exposed to lipid peroxidation at the initial
(Fig. 1) and final stages of this process (Fig. 2). However, the temporal photoperiodical activity of
these processes is as follows. In the group of the adult rats with LR, the minimum level of LHPO
was noted in spring, while the maximum value was recorded in autumn, respectively. A similar
trend in LHPO was also observed in the group of adult rats with HR. In the group of adult rats with
LR, the minimum level of TBARS was observed in winter, while the maximum level was noted in
summer. The trend in these changes was similar in the group of the adult animals with HR, i.e. the
minimum TBARS level was observed in winter, but there were no statistically significant changes
during the other photoperiods.

Lipid peroxidation (LPO) is the process of oxidative destruction (oxidative degradation) of
lipids at the action of free radicals. It is known that under normal conditions of cell activity, a
certain level of lipid peroxidation is constantly present, induced by the formation of ROS [40].
Lipid peroxidation in the cell is maintained at a constant level due to the multilevel antioxidant
defense system. Thus, the balance between both parts of this system, i.e. peroxidation on the one
hand and antioxidant activity on the other, is a necessity for maintaining normal cell activity. Given
the need to maintain the prooxidant-antioxidant balance in a stationary regime, it can be assumed
that its shift is one of the first nonspecific links in the development of stress response and can serve
as a biologically important change in the internal environment of the cell that triggers other defense
mechanisms [14, 37, 40].
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Fig. 1. Level of lipid hydroperoxides (LHPO, nmol/mg protein) in the hepatic tissue of male
rats of different ages (Adult — 3 months old, Old — 21 months old) and physiological reactivity
(LR — low resistance to hypoxia and HR — high resistance to hypoxia) in different
photoperiods (winter, spring, summer, autumn).

The results are expressed as mean + S.D. The differences between the experimental groups (n = 6) were
analyzed using one-way ANOVA and Bonferroni post-hoc test. The differences were considered statistically

significant at p<0.05.

Significant differences between groups are designated as follows:

*— Low resistant group vs. High resistant group in one photoperiod; # — Adult group vs. Old group in one
photoperiod.

In the Adult groups: a’— Winter group vs. Spring group; b’ — Winter group vs. Summer group; ¢’ — Winter
group vs. Autumn group; d’ — Spring group vs. Summer group; €’ — Spring group vs. Autumn group; f* —
Summer group vs. Autumn group.

Into the Old groups: a’> — Winter group vs. Spring group; b’’ — Winter group vs. Summer group; ¢’’ — Winter
group vs. Autumn group; d’” — Spring group vs. Summer group; €¢’> — Spring group vs. Autumn group; f*’ —
Summer group vs. Autumn group.

The level of TBARS as biomarkers of lipid peroxidation in the hepatic tissue of male rats of
different ages and physiological reactivity in different photoperiods (winter, spring, summer,
autumn) is presented in Fig. 2.

In the groups of the old rats with LR, the minimum level of LHPO was noted in winter, while
the maximum values were recorded in spring. The trends in these processes in the groups of the old
animals with HR were similar, i.e. the minimum and maximum TBARS levels were observed in
winter and summer, respectively. Aging in the rats with LR was accompanied by the intensification
of lipid peroxidation and formation of highly toxic products, e.g. malonic dialdehyde, compared to
both the adult animals and the individuals with HR. The minimum level of TBARS in the hepatic
tissue of this group was observed in winter, and the maximum value was recorded in summer.
Aging in the animals with HR was accompanied by a less pronounced level of TBARS as end
products of lipid peroxidation, i.e. the lowest level was shown in summer, and the highest value was
noted in autumn.

71



O Jlhupoguusui asananax 3

40 TBARS

[ Rats with low resistance to hypoxia # b"d"
35 N
B Rats with high resistance to hypoxia

1 #c'e"
30 .

25

b'd’ o' *fr
20 # 1 c'e

nmol/mg protein

15 _ - T # d" *#cf
#3'
*a'b'
10

6-months old 21-monthsold 6-monthsold 21-monthsold| 6-months old 21-monthsold| 6-monthsold 21-monthsold

Winter Spring Summer Autumn

Fig. 2. TBARS level (nmol/mg protein) in the hepatic tissue of male rats of different ages
(Adult — 3 months old, Old — 21 months old) and physiological reactivity (LR — low resistance
to hypoxia and HR — high resistance to hypoxia) in different photoperiods (winter, spring,
summer, autumn).

The results are expressed as mean + S.D. The differences between the experimental groups (n = 6) were
analyzed using one-way ANOVA and Bonferroni post-hoc test. The differences were considered statistically

significant at p<0.05.

Significant differences between groups are designated as follows:

*— Low resistant group vs. High resistant group in one photoperiod; # — Adult group vs. Old group in one
photoperiod.

In the Adult groups: a’— Winter group vs. Spring group; b’ — Winter group vs. Summer group; ¢’ — Winter
group vs. Autumn group; d’ — Spring group vs. Summer group; ¢’ — Spring group vs. Autumn group; f* —
Summer group vs. Autumn group.

Into the Old groups: a’> — Winter group vs. Spring group; b’’ — Winter group vs. Summer group; ¢’’ — Winter
group vs. Autumn group; d’” — Spring group vs. Summer group; ¢’” — Spring group vs. Autumn group; f*’ —
Summer group vs. Autumn group.

The next step in our research consisted of the determination of the total antioxidant capacity
(TAC) in the liver (Fig. 3) for effective antioxidative protection at the level of both enzymes and
other cell components. Currently, to assess the functional state of the antioxidant defense system,
along with the determination of the content of individual antioxidants in samples, an indicator is
designated as total antioxidant capacity (TAC). TAC is an integral indicator that reflects its ability
to counteract the development of free radical reactions in any model system. The main components
of such model systems are a radical generation system and a substrate (or target molecule) that
undergoes free radical oxidation [4].

The level of TAC in the hepatic tissue of male rats of different ages and physiological
reactivity in different photoperiods (winter, spring, summer, autumn) is presented in Fig. 3.

It was shown that the adult animals with LR had a minimum level of TAC in spring and a
maximum value in autumn. The adult rats with HR maintained TAC with minimal fluctuations
throughout the year. It should be noted that the difference in TAC was higher for the groups of the
adult animals with HR in winter, spring, and summer, which may indicate effective mechanisms
preventing the formation of reactive oxygen species and systems of elimination thereof.
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Fig. 3. TAC level (%)in the hepatic tissue of male rats of different ages (Adult — 3 months old,
Old - 21 months old) and physiological reactivity (LR — low resistance to hypoxia and HR —
high resistance to hypoxia) in different photoperiods (winter, spring, summer, autumn).
The results are expressed as mean + S.D. The differences between the experimental groups (n = 6) were
analyzed using one-way ANOVA and Bonferroni post-hoc test. The differences were considered statistically

significant at p<0.05.

Significant differences between groups are designated as follows:

*— Low resistant group vs. High resistant group in one photoperiod; # — Adult group vs. Old group in one
photoperiod.

In the Adult groups: a’— Winter group vs. Spring group; b’ — Winter group vs. Summer group; ¢’ — Winter
group vs. Autumn group; d’ — Spring group vs. Summer group; ¢’ — Spring group vs. Autumn group; f* —
Summer group vs. Autumn group.

Into the Old groups: a’> — Winter group vs. Spring group; b’’ — Winter group vs. Summer group; ¢’’ — Winter
group vs. Autumn group; d’” — Spring group vs. Summer group; ¢’> — Spring group vs. Autumn group; f*’ —
Summer group vs. Autumn group.

Our earlier investigations demonstrated that the ability of HR animals to endure physical
training better than LR rats depends on the initial physiological state of the organism. It is
determined by the predominance of the cholinergic (in animals with high resistance to hypoxia) or
adrenergic (in animals with a low resistance to hypoxia) regulatory mechanisms of physiological
functions [24]. Some extreme influences are accompanied by the modulation of the NO-ergic mode
of physiological regulation. Thus, treatment with L-arginine, i.e. the precursor of NO production,
before swimming to exhaustion, as shown in our data, can be an important factor for correction of
stress-induced reactions and increasing the animal’s resistance [24]. It is important that NO is
regarded as a regulating signaling factor in hypoxia states [19]. Recent data have shown that
resistance to hypoxia is also associated with antioxidant defenses [21, 46]. In the heart of highly-
resistant Sprague Dowley rats, the level of such enzymes as superoxide dismutase and catalase that
protect cells from oxidative stress is elevated [17].

Lukyanova and Kirova [30] studied the effect of single hypoxic preconditioning exposure
(hypobaric hypoxia, 5000 m, 60 min) on free radical processes, glutathione system, and antioxidant
defense enzymes in tissues of rats with different resistance to acute hypoxia. The intensity of free
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radical processes was shown to increase or decrease on day 1 after hypoxic preconditioning. These
changes were tissue-specific and opposite in animals with genetically determined differences in the
resistance to hypoxia. Hypoxic preconditioning contributes to the immediate resistance. The effect
was more pronounced in low resistant animals, who did not exhibit signs of oxidative stress in
tissues during the early post-hypoxic period. By contrast, hypoxic preconditioning was followed by
activation of free radical processes in tissues of highly resistant animals. These rats were
characterized by low ability for the development of immediate resistance. Activation of free radical
processes in the early period of adaptation (first hours after hypoxic preconditioning) does not play
a role in the induction of immediate adaptive mechanisms for hypoxia [30].

Sympathetic regulation is predominant in LR rats while parasympathetic tone predominates in
HR animals [25]. It is believed that LR animals have a weak type of nervous system, less developed
internal inhibition, increased excitability, and emotional reactivity. They respond to hypoxia with
excitement and high locomotor activity. LR animals are more prone to the development of diseases
such as diabetes, obesity, thyrotoxicosis, atherosclerosis, etc. [27, 29]. On the contrary, in HR
animals, excitability and anxiety are reduced, and moderate aggressiveness, more pronounced
internal inhibition, low sensitivity to any provoking factors, and a tendency to social domination are
manifested, and they are more resistant to anesthesia. They react to acute hypoxia, cerebral
ischemia, and carbon monoxide poisoning with an inhibitory reaction [27, 29].

To investigate the correlation between oxidative stress and aging, Tian and co-workers [45]
have determined the levels of oxidative protein damage and lipid peroxidation in the brain and liver,
and activities of antioxidant enzymes in the brain, liver, heart, kidney, and serum from the Fisher
rats at ages of 1, 6, 12, 18, and 24 months. The results showed that the level of oxidative protein
damage (measured as carbonyl content) in the brain and liver was significantly higher in older
animals than in young animals. No statistical difference was observed in the lipid peroxidation of
the liver and brain between young and old animals. The activities of antioxidant enzymes in most
tissues displayed an age-dependent decline. Superoxide dismutases in the heart, kidney, and serum,
glutathione peroxidase activities in the serum and kidney, and catalase activities in the brain, liver,
and kidney, significantly decreased during aging. Cytochrome c oxidase, an enzyme involved in
electron transport in mitochondria, initially increased, but subsequently decreased in the aged brain,
whereas no significant alteration was observed in the liver mitochondrial antioxidant enzymes. The
studies of Tian and co-workers [48] suggest that the accumulation of oxidized proteins during aging
is most likely to be linked with an age-related decline of antioxidant enzyme activities, whereas
lipid peroxidation is less sensitive to predicting the aging process.

The liver is one of the most complex organs in the body and is involved in a variety of
functions. Liver regeneration is the body's protection mechanism against loss of functional liver
tissue. Biondo-Simdes Mde and co-workers [5] have evaluated the effect of aging on liver
regeneration in rats and revealed that age is related to delay in liver regeneration in rats. Aging in
male Wistar rats is associated with changes in intestinal microbiota, gut structure, and
cholecystokinin-mediated gut-brain axis function [42]. Several mechanisms have been proposed by
Rubio and co-workers [42] such as the presence of low-grade chronic inflammation in different
tissues, as well as leptin and insulin resistance, but the primary alteration is not fully elucidated. The
gut microbiota has recently emerged as a key player in a variety of metabolic and neurological
disorders. The gut-brain axis refers to alterations in the gut that mediate effects in the central
nervous system, including those related to the control of energy balance [42].

Méarmol and co-workers [32] have studied the response of several parameters related to
oxidative stress in the liver of aging rats. Male Wistar rats aged 1.5, 3, 18, and 24 months were
used. Livers showed an increase in superoxide anion concentration at 1.5 and 18 months of age
compared to the 3-month-old group; a decrease in superoxide dismutase (SOD) was seen at 1.5
months and catalase concentrations remained unaltered throughout the aging process. Nitric oxide
(NO) progressively declined with age; a significant decrease was particularly apparent at 18 and 24
months of age. TBARS level was decreased significantly at 1.5 months, whereas it increased at 18
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and 24 months of age. Concentrations of prostaglandin E2, adenine nucleotides, and their
metabolites, remained unchanged throughout the aging process. Although the mitochondrial
damage caused by oxidative stress can result in reduced ATP production and compromised cell
function, results obtained by Marmol and co-workers [32] on adenosine nucleotides and their
metabolites support the notion that the integrity of mitochondria and enzymatic activity remain
mostly unchanged with aging. These researchers have observed a significant decrease in the levels
of NO in the older groups of rats and hence in its antioxidant activity. This could explain the
observed increase in lipid peroxides which suggests an important role for NO in oxidative stress in
the liver of older rats [32]. Also, Marmol and co-workers [31] have evaluated the presence of
oxidative stress and alterations in the levels of two cytoprotective agents, prostaglandin E2 and
nitric oxide, in the gastrointestinal tract of aging rats. The absence of macroscopic gastric injury
throughout the gastrointestinal tract indicates that the oxidative stress in the stomach and the
significant decrease of nitric oxide in the duodenum in the old rats are not sufficient to disrupt the
mucosal defense network. The results support the notion that the disruption of the mucosal network
is essentially regulated by the cytoprotective agent's prostaglandin E2 and nitric oxide, and that
injury appears only when both substances are concurrently reduced [31].

Heat-induced liver injury in old rats is associated with exaggerated oxidative stress and
altered transcription factor activation [22, 53]. Older organisms showed extensive hepatic damage,
along with increased morbidity and mortality, after environmental heating. After a heat-stress
protocol, time-course changes in reactive oxygen species (ROS) levels, oxidative damage markers,
glutathione (GSH)/glutathione disulfide (GSSG) ratios, and activation of stress-response
transcription factors (AP-1 and NF-kappaB) were measured in young and old rats. A small,
transient increase in hepatic oxidative damage, with minimal injury, was observed in young rats.
However, old rats showed widespread hepatic injury that was manifested over a 24 h period after
heating. This pathology was preceded by elevated steady-state levels of ROS, along with large
increases in lipid peroxidation products, prolonged hepatic DNA oxidation damage, aberrant
GSH/GSSG profiles, and altered activation patterns for AP-1. These data indicate that young
animals have an effective oxidation-reduction buffering system in the liver that provides protection
from oxidative damage to intracellular macromolecules under stress conditions. In sharp contrast,
an environmental challenge in older animals produces exaggerated oxidative stress and alterations
in signal transduction pathways, which can contribute to cellular dysfunction and age-related
reductions in stress tolerance [53].

CONCLUSIONS

Lower levels of oxidative stress biomarkers (p < 0.05) were observed in the younger rats
when compared to older rats, as well as in HR rats compared to LR rats. The levels of lipid
peroxidation end product, TBARS as the major indicator of oxidative stress, were found to increase
with age, and summer resulted in further elevation compared to other seasons. Also, oxidative stress
biomarkers were lower (p < 0.05) in winter than in other seasons, especially in the HR rats. TAC
level in the hepatic tissue of the 6 months aged rats was significantly higher (p < 0.05) elevated
when compared to older rats. A similar higher TAC level was in the hepatic tissue of HR rats
compared to the LR rats. It was shown that the adult animals with LR had a minimum level of TAC
in spring and a maximum value in autumn. The adult rats with HR maintained TAC with minimal
fluctuations throughout the year. It should be noted that the difference in TAC was higher for the
groups of the adult animals with HR in winter, spring, and summer, which may indicate effective
mechanisms preventing the formation of reactive oxygen species and systems of elimination
thereof.
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