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Abstract: The effect of hypoxic hypoxia on the pyruvate kinase (PK) activity in 

the brain structures of white rats during ontogenesis in a comparative aspect has 

been studied. A clear dependence could be established in the increase of PK activity 

from an oxygen deficient state, the age of animals, the studied structure of the brain 

and the prolonged effect of hypoxia. Prenatal exposure to hypoxia has shown that 

the PK activity is not restored to the control value level in postnatal development. 

After postnatal exposure to hypoxia with increasing age in animals, the PK activity 

gets more resistant to the effect of stress-factors. The data analysis indicates that 

the increasing exhaustion of energy resources necessary for normal cell functioning 

makes an important contribution to the development of hypoxic state and the 

insufficiency of mitochondrial oxidative phosphorylation, the main energy forming 

system which underlies these disturbances. Energy-shortage, in its turn causes a 

variety of secondary negative metabolic alterations and gives rise to free radical 

oxidation in the cells. An explanation of the obtained results suggested can be 

considered as an evidence of the realization of the biological effect of hypoxia 

through the oxidative mechanism. 
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1. INTRODUCTION 

The literature review shows that prenatal and postnatal hypoxia affects the cardiovascular 

system, the vegetative balance and the central nervous system (CNS). In addition, from all the 

stressful effects that the fetus can undergo during the period of intrauterine development, 

hypoxia leads to embryo toxic effects and various pathologies of development. This is due to 

the fact that during the period of intrauterine development, most of the damaging factors realize 

their effect in the mother-placenta-fetus system. Prenatal hypoxia plays a decisive role in 

delaying the maturation of the nervous system and the higher brain functions in children. The 

effects of prenatal hypoxia on the body depend on the severity of the effect, of individual 

tolerance and the period of intrauterine development. In this aspect, the period of intensive 

organogenesis (13-17 days of development) is one of the critical periods of embryogenesis [1]. 

In the postnatal period, hypoxia leads to the accumulation of damaged molecules in cells which 

contribute to the development of diseases and the premature aging of the organism [2,3].  

Hypoxia accompanied by oxidative stress causes the pathology of the body which is 

displayed in the destruction of mitochondria, the activation of free radical processes and 
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hypoxia of cells at all levels. In the course of normal metabolic reactions, active forms of 

oxygen are formed in the cells and their amount greatly increases during hypoxia [2]. Brain is 

hypersensitive to hypoxia [4,5]. A lot of enzymes are affected by hypoxia [6]. It was proven 

that the first response of the body to hypoxia is the synthesis of the factor HIF-1, which regulates 

the transcription of genes encoding some enzymes of glycolysis [7].At present, pyruvate kinase 

(PK; EC 2.7.1.40) is considered as a sensible and critical target for free radicals under hypoxic 

stress and a sharp increase was shown in PK activity [8-10]. 

The main objective aim of this paper is to study -in a comparative aspect- the activity of 

energy metabolism enzyme in the brain structures of rats exposed to pre- and postnatal hypoxia. 

The investigation of aged dynamics of PK activity in brain structures during hypoxia will bring 

some clarity into the mechanisms of redox–alterations in the brain. The study of the hypoxic 

effect on the energy metabolism of the brain makes it possible to evaluate the functional 

reserves of the organism in activities associated with changes in the conditions of external 

respiration or the gaseous environment [11,12].  

2. MATERIAL AND METHODS 

The experiments were conducted in 2 series on white nonlinear rats in mitochondrial (MF) 

and cytosolic fractions (CF) of orbital cortex (OC), limbic cortex (LC), sensorimotor cortex 

(SMC), hypothalamus (H) and cerebellum (C). In the first series of the experiments, 20 albino 

female rats were exposed; the experimental group included the progeny of females subjected to 

hypoxia during the organogenesis of E13-E17 days. 

PK activity was assayed on 17 (period of maturation), 30 (period of weaning, completion 

of earlier period of postnatal ontogenesis) and 90 (reproductive period) days of postnatal 

ontogenesis. The first two periods are considered critical in postnatal ontogenesis. 

In the second series of experiments, adult male rats were subjected to hypoxia at 3-month 

or P90 (mass 90-110 gr), 6-month or P180 (mass 130-150 gr), 12-month or P360 (mass 190-

220 gr) of age. The pregnant and adult rats were exposed to hypoxia (for 20 minutes every day 

during 5 days in a special hyperbaric chamber with a volume of 0.012 m3 into which gas mixture 

of 5% O2 and 95% N2 was supplied from gas cylinders, measured with a gas meter). In order to 

eliminate the effect of stress handling, an appropriate control group of animals of the same age 

was placed into the same hyperbaric chamber under normal oxygen content. The animals of 

both groups were sacrificed at the end of the experiments. The whole brains were quickly 

removed under hypothermia and then OC, SMC, LC, H and C were identified. MF and CF were 

removed with differential centrifugation [13]. PK activity was determined 

spectrophotometrically by the method of H.U. Bergmeyer (1975) [14]. Specific activity of PK 

was expressed in µM NADN/mg protein /1min. The protein contents of the samples were 

determined according to the method of Bradford [15] with bovine serum albumin used as a 

standard.  

The experiments were conducted in accordance with bioethical principles and guide line 

documents, recommended by the European Convention for the Protection of Vertebrate 

Animals used for Experimental and other Scientific Purposes (Strasbourg, ETS-№170; 

02.12.2005).The reliability of the differences was determined by the "t" Student test. The 

obtained data was processed by the method of variation statistics. 

3. RESULTS AND DISCUSSION 

In rats exposed to hypoxia prenatally during intensive organogenesis – one of the critical 

periods of intrauterine development, the time course of changes in PK activity - on P17, P30 

and P90 days of postnatal ontogenesis was determined. 
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While in the OC of P17-day rats hypo activity was observed in the PK activity, by 3-

month these indices exceeded the control value level by 4.5 times. In SMC, LC and H, in spite 

of decreasing noticeably by P17 day (45%, 54% and 70% correspondingly and relatively to the 

control value level), by P30 the PK activity increases by 2.5 times, but by P90 these indices 

have a tendency to decrease to the control value level.  

As compared to the P17–day rats in P30-day ones PK activity in the brain structures 

increased by 1.2-2.5 times concerning to the controls. In 3-month-old rats, the PK activity 

changed unequally depending on the brain structures under study: in C, OC and SMC it 

increased by 1.2-4.5 times, while in LC it decreased. In H, it remained at the control value level. 

It should be noted that in C in all the periods of postnatal ontogenesis the PK activity was higher 

than the control value level (105%, 179% and 116%) (p >0.05; <0.001; <0.05). 

 

 
Figure 1.Time-relatedchanges in PK activity in: a) mitochondrial (MF) and b) cytosolic fractions (CF) 

of brain structures of rats exposed prenatally to hypoxia. 

*- p<0.05; **- p<0.01; ***- p<0.001, relatively to the control value level. 
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In MF of brain structures of P17 days rats PK activity was lower than the control value 

level, with exception of C where it was higher than the control value level by 63% 

(p<0.01).With age the enzyme activity showed an increase by 1.3-5.0 times (p<0.01) in all the 

brain structures under study with the exception of C, where by P30 the PK activity increased 

by7.5, while on P90 it decreased by 3.8 times (p<0.001) (Figure 1a). 
In the SF of all the brain structures with the exception of SMC the next picture was 

observed: the PK activity decreased by 1.2-3.0 times by P17, on P30 it greatly increased by 2.5-

3.5 times and on 90 day it decreased to the control value level (p<0.05; <0.001) (Figure 1b). 

The PK activity in C made upon exception as well as increasing by 41% as compared to the 

control value level.  

As known, hypoxic damage of the developing brain can lead to death or psychic and 

neural generative diseases with age [16].Organogenesis period of intrauterine development can 

be considered as the most susceptive to a number of stressful factors. In that period of 

development proliferation occurs in the brain, migration processes and maturation of 

neuroblasts. The impairment of the proceeding of these processes can be considered as an initial 

cause of changes in physiological and behavioral reactions and cognitive functions in later 

ontogenesis, as well [17]. 

Therefore the consequences of hypoxia endured by foetus prenatally in the course of 

intensive organogenesis on E13-E17 affects postnatal ontogenesis, which are in agreement with 

the data of other authors [18]. In the tissues and subcellular fractions of brain structures PK 

activity decreased by 1.2-3.0 times on P17, while on P30 it increased by 1.5-7.0 times. On P90 

days PK activity increased compared to the control value level and only in cytosol it decreased 

and reached the control value level. The elevation in PK activity by 30-day and 3-month-old 

ones can be explained by the preservation in the brain tissue functioning of optimized energy 

supply, as well. The balance of 2-sygnal ways is affected by prenatal hypoxia and the results in 

the intensification of extracellular Ca2+entry mechanisms and this disbalance is most displayed 

in the earlier periods of ontogenesis [19]. With age in the respiratory chain of mitochondria, 

reliable decreasing in oxidase activity of cytochrome C was revealed, which generates active 

forms of oxygen that damage macromolecules (DNA, protein and lipids) and leads to diseases 

and aging. In its turn, aging can be caused by 2 ways: physiological or pathological [3]. Free 

radical theory takes leading place among other theories [20]. According to the last theory 

oxidative stress development in the conditions of deficiency of antioxidant system, first of all, 

promotes aging of the brain [21].  

The results, obtained during postnatal hypoxia, are of indubitable interest which points to 

the different reaction of PK activity to hypoxic effect. 

The lowest indices in PK activity of 3-month-old animals were observed in SMC (below 

100%) and in H, but in LC and C was hyperactivity of the enzyme (236% and 281% 

correspondingly) (p<0.001; <0.001). At the MF level all the indices, in spite of being below the 

control value level, the lowest activity in the PK was in M (30%), but the highest activity was 

in OC (94%). In SF of SMC and M the indices were reliably low (p<0.01); as compared to the 

other brain structures under study (p<0.01); in LC and H on the contrary, PK activity increased 

(122% and 129%, correspondingly; p<0.01; <0.01) (Figure 2). 
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Figure 2.Time-related changes in PK activity in: a) mitochondrial (MF) and b) cytosolic fractions (CF) 

of brain structures of rats exposed to hypoxia in postnatal ontogenesis.   

*- p<0.05; **- p<0.01; ***- p<0.001, relatively to the control value level. 
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compared to the other brain structures. In H, on the contrary, it increased in tissues and 

mitochondria (129 and 151%), while in SF of LC the enzyme activity increased by 2.7 times 

(p<0.001). It should be noted that in six-month-old rats in MF of C PK activity was considerably 

lower than the control value level (58%). 
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In the group of 12-month-old rats, acomparative resistance of PK activity to oxygen 

deficiency was revealed. The time-course of changes in PK activity both in tissues and 

subcellular fractions of brain structures was identical with the enzyme activity of six-month-

old rats. This indicates that with age animals become more steady to the influence of exogenous 

factors and adaptive–compensatory mechanisms are more developed in these animals (Figure 

2/a and 2/b). C in all the age groups turned out to be more sensitive to hypoxia. 

There is no doubt that the mechanism to increase the activity of the enzyme in the brain 

during oxygen starvation is the enhancement of the glycolytic pathway of carbohydrate 

metabolism. 

According to our results one can conclude that PK activity depends on the age, the brain 

structure under study and the subcellular fractions of this structure. In the OC, LC and H, the 

restoration of PK activity progresses more slowly than in SMC and С, which indicates that a 

definite level of metabolic processes corresponds to each functional state. The enzyme 

processes proceeding in the subcellular organoids of brain neurons allow enzyme adaptation in 

response to inadequate environmental situations both in brain and organism in general. 

PK activity in spite of being at the same level in all the studied brain structures of the 

control group of animals, was fairly different in the experimental animals. One can assume that 

the influence of the products of breakdown on intracellular energy supply and the activation of 

biosynthetic processes in the brain, underlies the dynamics of changes in PK activity. 

Under hypoxic conditions the disruption of the functional group of neurons that regulate 

the level of excitability of cortical neurons is one of the mechanisms of the development of 

pathological activity on the electro encephalo gramme (EEG) [22]. At the same time, it has 

been noticed, that based on a comparative analysis [23-25], it can be stated that the changes in 

the activity of the developing neurons under hypoxia lie in the same mechanisms that are typical 

for mature people. There are only some distinctive features [26,27]]. Also, the possible 

influence of this disturbance on the activity of enzymes of energy metabolism, including the 

PK of the brain, is not ruled out.  

By comparing the data obtained in the two series of our experiments one can assume that 

the differences revealed in PK activity may be related to the individual features of the brain 

blood circulatory system in each age group. In most cases hypoxia leads to the development of 

deep disturbances in the metabolism of nervous cells which had a beneficial effect on the 

obtained results. However, in a number of cases adaptive-compensatory possibilities of the 

brain blood circulation was sufficient to cause considerable rebuilding in the metabolism and 

carry out temporal compensation of metabolic disturbances. The fact that PK activity was kept 

close to the control value levels in experimental animals can be a confirmation of this.  

Energy metabolism in the brain differs from other tissues by its high reactivity and plays 

an important role in the adaptation of the functional state of the whole organism to stressful 

factors. The dynamics of changes in PK-activity in brain structures of rats exposed to hypoxia 

on E13-E17 days of intensive organogenesis, did not show restoration of PK activity up to the 

control indices on P17, P30 and P90 days (p<0.01; <0.001).The results show that hypoxia given 

to foetus during organogenesis leads to changes in the glycolysis process in the brain structures 

that bears an irreversible character.  

The results of postnatal exposure to hypoxia on P90, P180 and P360 days showed that 

with increasing age, animals become more resistant to the effects of exogenous stress factors, 

indicating switching on more mature adaptive-compensatory mechanisms in these age groups 

(p<0.01).The highest resistance was observed in cortical structures. These data are considered 

as an evidence of therealization of thebiological effects of hypoxia through oxidative 

mechanism.  
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The study of the age-related changes in the PK-activity in the brain structures in 

response to hypoxia will allow understanding the mechanisms of redox–shifts in the brain, 

subjected to hypoxia in prenatal and postnatal periods of ontogenesis. 

Though the progeny themselves were not exposed to hypoxia, thetransmission of the 

observed changes in the PK activity by epigenetically or other way from themothercan 

beconfirmed. Hypoxia exerts negative effect on synaptic apparatus of neurons in various 

cortical and subcortical structures of progeny brain [28].  

According to the results of the hypoxia on P90, P180 and P360 days of postnatal 

ontogenesis one can conclude that with age the animals seems to be more steady to exogenous 

stressful factors that points to thegreater development of adaptive- compensatory mechanisms 

in these animals. An elevation in PK activity under hypoxia can be related to the brain ability 

to prevent metabolic disturbances in the mechanisms of regulation of biosynthetic and 

bioenergetic processes in nervous cells under stressful factors. The impact of pre- and postnatal 

hypoxia produces typical changes in the system of energy metabolism and in connection with 

its close interaction with functional-metabolic status of the organism, it is anecessary correction 

of theconsequences of energy-shortage in thebrain. 

According to the authors, a short acute hypoxic effect on the body makes it possible to 

studythe compensatory-adaptive mechanisms to overcomegrowing hypoxemia [12]. If the 

hypoxic factor is not eliminated and the accumulation of acid metabolic products continues, 

then from the 7-10th minute of hypoxia, the tissue compensation mechanisms-thesecondary 

reactions of the body to oxygen deficiency are included in the body [29]. The reduction of 

oxygen in the blood inhibits cellular metabolism, reduces the formation of ATP and, 

consequently, the work of energy-dependent ion channels. The disruption of the operation of 

ion pumps and the transport of Na, K and Ca ions, in turn, leads to a change in the duration of 

the action potential [30]. At this time the secondary tissue mechanisms for the compensation of 

the organism in response to oxygen deficiency occur after the 7th minute of hypoxic exposure 

[29]]. Our results agree with these opinion. 

Consequently the study shows the high sensibility of PK in brain structures to the 

influence of hypoxia in pre- and postnatal ontogenesis. The present work will be able to help 

with decisionsconcerningsome questions of energy supply in stressful conditions. 

4. CONCLUSION 

The data analysis indicates that increasing exhaustion of energy resources necessary for 

normal functioning of the cell makes an important contribution to the development of hypoxic 

state and the insufficiency of mitochondrial oxidative phosphorylation - the main energy 

forming system which underlies these disturbances. Energy-shortage, in its turn causes a variety 

of secondary negative metabolic alterations and gives rise to free radical oxidation in the cells. 

Owing to the high reactivity of free radicals, many components of the cell becomes the target 

of chemical lesions. The activation of lipid peroxidation processes leads to the modification or 

damaging the main functions of biological membranes. A distinctive range develops: oxygen 

deficiency disturbs energy metabolism and stimulates the free radical oxidation which by 

damaging the membranes of mitochondria makes deeper energy shortage in the cell.  
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