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Background: The impact of low-dosed ionizing radiation (IR) itself and in combination with the other
damaging physical factors such as extremely high frequency (EHF) microwaves and magnetic fields (MF)
is currently the object of numerous researches. Results of those investigations, however, still didn’t lead
to certain unequivocal conclusions.

Objectives: This paper presents the review and analysis of previously conducted experimental series in
comparison with adjacent-aimed works to make a step forward in understanding the role of low doses of
ionizing, non-ionizing radiation and magnetic field in the development of cellular effects.

Results: Ultra-low doses of both IR itself and with EHF and MF have triggering effects which included
variability of IR effect modification; the significance of even non-ionizing radiation effects was shown on
the example of ultra-wideband microwaves irradiation. Combined effects from gamma-IR with EHF
microwaves and MF on chromatin led to decrease of heterochromatin granules quantity (HGQ) but
affected the cell membrane permeability (CMP) rate greater than IR itself. Mitochondrial activity
inhibition and cytoplasm Ca?* decrease was detected under exposure to both IR and EHF-microwaves and
their combination; MF slightly increased mitochondrial membrane potential and showed no significant
changes in Ca®" migration to the nucleus when applied together with IR. Exposure to neutron radiation
revealed the maximum of chromatin condensation rate and cell membrane permeability up to the dose
36.5 mSv. Further dose increase returned the state of chromatin and cell membrane to control levels.
Conclusions: Vague effect of ultra-low doses of IR with modifying abilities of EHF-microwaves and MF
was shown on the example of HGQ. Effects of high doses of gamma-radiation were also modified by
both EHF-microwaves and MF at indexes of HGQ (decrease), CMP (increase), mitochondrial activity
(decrease) and Ca?* nucleus/cytoplasm redistribution. Irradiation with fast neutrons in low-to-medium
dose range led to the development of cell stress signs (HGQ/CMP increase) which were smoothed under
the dose increase.

KEY WORDS: X-rays, gamma-radiation, neutron radiation, EHF-microwaves, static magnetic field,
chromatin, membrane permeability, mitochondria activity

The problem the impact of physical factors on the human organism is one of the main
tasks in both medicine and ecology because of continuous exposure to variable physical
factors [1]. The uncertainty of the data on the biological effects of small doses of ionizing,
non-ionizing radiation, and low-intensity magnetic fields requires detailed study. The reasons

In cites: Kuznetsov KA, Onyshchenko GM, Nikolov OT. Cell stress response to combined ionizing
and non-ionizing radiation and magnetic fields: a review based on human buccal epithelium cells.
Biophysical Bulletin. 2024;52:33-44. https://doi.org/10.26565/2075-3810-2024-52-03

Open Access. This article is licensed under a Creative Commons Attribution 3.0
http://creativecommons.org/licenses/by/3.0/

© Kuznetsov K. A., Onyshchenko G. M., Nikolov O. T., 2024.


https://doi.org/10.26565/2075-3810-2024-52-03
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.26565/2075-3810-2024-52-03
file:///D:/Downloads/ka.kuznetsov@knmu.edu.ua
http://orcid.org/0000-0003-0498-2489
http://orcid.org/0000-0001-6945-8413
http://orcid.org/0000-0002-3020-5539

34
K. A. Kuznetsov, G. M. Onyshchenko, O. T. Nikolov

for conducting the further investigations are the presence of electromagnetic and radioactive
environmental pollution; the application of electromagnetic, corpuscular radiation and
magnetic fields in medicine according to existing and under-development methods and
procedures; additionally, it is actual for investigations of possible responses of human body in
possibly stressing conditions (spaceflight, submarine etc.).

Together with mentioned objectives the modifying effect of non-ionizing radiation
(microwaves and low-frequency electromagnetic fields) in combination with ionizing
radiation has been the object of research for quite a long time [2], as these factors are used in
practical and experimental medicine, but the mechanisms of this effect and its consequences
at the cell level are still not completely clarified. Some experimental data [3, 4] says that
prolonged exposure to microwave radiation is able to cause changes in living tissues, however
the other researches [5, 6] disproves that.

The other significant influence on human organism comes from magnetic fields (MF).
The applications of MF in medicine and industry (alone and together with radiation of
different spectrum range) [7] requires further investigations.

As the results of scientific data analysis shows the uncertainty of conclusions about the
effects of low-dose ionizing radiation especially combined with the other environmental
factors such as magnetic fields or non-ionizing radiation. Those mentioned factors have
increasing impact on human so that is why the studies in this filed do not lose their
importance.

CELL RESPONSE TO X-RAYS, GAMMA RADIATION AND
COMBINED EXPOSURE WITH MICROWAVES AND MAGNETIC FIELD

The effects of different ranges of electromagnetic radiation spectrum have been of a great
interest especially in case of ionizing radiation impact on living cell. One of the branches in
these studies is dedicated to possibility of modification the effects caused by ionizing
radiation with non-ionizing one (such as microwaves and low-frequency electromagnetic
fields). This problem is also relevant in connection with application in medicine; however, it
remains incompletely described. The data of early studies in this field are well-described and
summarized in [8]. Separately special attention is paid to the study of modification
possibilities for biological effects caused by doses of ionizing radiation (IR), which belong to
the ranges of very low (<100 mGy) [9], low (<0.5 Gy) and medium (0.5-5 Gy) [10].
UNSCEAR ranging tells that doses <100 mGy are low, 0.1-1 Gy are moderate, and doses >1
Gy are high ones [11]. It is also important to note that ranges of doses in certain studies may
vary due to the way of radiation application, for instance the monthly lethal dose for human
which formally belongs to medium range is described in [12] as ultra-low. There is the data
that summarizes the presence of the ionizing radiation biological effects on prokaryotic
organisms [13] which includes also the signs of radiostimulation with relatively low doses
(around 0.5 Gy) which may refer to hormesis concepts [14].

The problem of the cellular response to electromagnetic radiation (both ionizing and non-
ionizing) is key in understanding its potentially harmful effects on human health [15] and at
the same time understanding the possibilities of using these effects in medicine [16, 17]. The
question of the response of both a whole organism and individual cells to the action of
ionizing and non-ionizing radiation was considered by A.S. Pressman, in his experimental
works the positive changes in the viability of animals under conditions of microwave
irradiation before receiving a dose of ionizing radiation were described [1]. Recently, it has
been established that non-ionizing radiation (for example, microwaves) and magnetic fields
can cause certain biological effects. In particular, there are data on the presence of such
effects in the cell nucleus [18]. There is also the evidence of the positive effect of the
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magnetic field on plants [19, 20]. The possibility of biological interaction of the magnetic
field and ionizing radiation has also been shown [21, 22].

Known cytological impact caused by ionizing radiation include changes in the
permeability of the cell membrane, swelling of both the majority of cell organelles and its
entire volume of cytoplasm, chromosomal aberrations and cell cycle interruption. There are
data confirming the relationship between the number of heterochromatin granules and the
degree of the cell's stress response to electromagnetic radiation, RNA synthesis inhibitors, etc.
[23]. The permeability of the cytoplasmic membrane is also an indicator of cell damage. An
increase in the permeability of the cell membrane can be a sign of either apoptosis or necrotic.
It has been shown that microwave radiation and a magnetic field can damage the membranes
of plant cells [24]. In addition, an increase in membrane permeability was observed in human
cells under the influence of electromagnetic radiation of the mobile frequency range [25]. The
influence of the magnetic field used in medicine (for MRI and stimulation of regenerative
processes) and industry also requires a more detailed study, especially in cases of combined
exposure together with microwave and other types of radiation [26]. There are data on the
ability of a low-frequency magnetic field to reduce the harmful effects of microwave radiation
[27, 28]. In the development of the stress response of the cell to the action of ionizing
radiation, a significant role is played by the signal response of the cell to the stress associated
with irradiation [29].

It has been established that non-ionizing radiation is also able to cause a stress response,
leading to the activation of signaling pathways [30], which, in turn, affect the activity of
certain genes [31]. It has been shown that there is an increase in the ability of laboratory
animals to survive after exposure to ionizing radiation, simultaneously with irradiation and
during pretreatment with electromagnetic or by magnetic fields [1]. Together with that
different results exist with the use of the combination of 900 MHz microwaves and gamma-
radiation based on experimental object. A negative effect of microwaves on the proliferation
of cells that were previously treated with gamma radiation has been revealed on SHG44 cells
while in mice the microwaves as pre-treatment of gamma-radiation exposure showed
protective features [32, 33]. Plant organisms instead such as guar has shown an increase of
productivity high doses of gamma radiation and 900 MHz-microwaves [34]. Also there the
possibility of metabolic product modification by different combinations of gamma-radiation
and microwaves was shown [35].

For magnetic field it has been shown the absence of a reliable effect of a magnetic field
with an induction of 1.42 mT and electromagnetic radiation with a frequency of 60 Hz
(magnetic induction of 0.13 uT) on the mortality of mice that simultaneously received high
doses of gamma radiation (3.0, 4.0 and 5.1 Gy) [36]. In some works, the role of ELF
electromagnetic fields in the development of cancer, their influence on immunity and the
functioning of nerve cells were studied, there is evidence of the positive effect of ELF and
magnetic fields on bone structures, nerve tissue, wound healing and reperfusion processes
[37].

The uncertainties and controversy mentioned above the further research of
electromagnetic field impact on human organism is still actual, especially in the branch
related to combined exposure of different physical factor such as ionizing and non-ionizing
radiation ranges.

The series of experiments which are discussed in present analysis were conducted with
use of X-rays [38] and gamma-radiation impact modified with microwave radiation and static
magnetic field [39]. Buccal epithelium cells were used as the experimental object for their
convenience in examining of cytological indexes such as heterochromatin granules quantity
(HGQ) and cell membrane permeability (CMP). The methods of cell samples prepare and the
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procedure of irradiation are described in [40, 38]. Another series included the assessment of
mitochondrial activity and Ca?* ions migration between cell nucleus and cytoplasm [41].

Effects of X-rays with microwaves and magnetic field on chromatin condensation

The main conclusion of the experimental series with use of X-rays is about trigger effect
of X-ray towards chromatin state. Even dose 1.4 uSv led to significant increase of HGQ
index. However, this effect appeared without certain dependences in the range of very low
doses. The absence of the trend also was observed up to 40 uSv in cells of 2 donors. And in
general cell of both donors did not show similarities in response to mentioned dose range
[38]. Still the presence of the trigger effect may mean the radiosensitivity in dose ranges that
are even lower than low [42] or very low [9].

According to the data that the cytological effects of even short ultrawideband impulses
has been shown as significant in ability to change the rate of chromatin condensation [18, 43,
44], the combinations of microwave radiation and X-rays were implemented as the variant of
exposure for cell samples. Microwave radiation and static magnetic field ability to change
HGQ index were also illustrated in [45]

The combined effect of microwave and X-ray radiation in most cases reduced the value
of the HGQ index under the condition of cells post-treatment with microwave radiation after
exposure to X-ray. Thus microwave radiation had a modifying effect, which appeared more
clearly with the increase of the X-rays.

The biological effect caused by the permanent magnetic field, also had its own
personalized features such as decrease or increase of HGQ in the cells of different donors. A
protective effect of the magnetic field was observed in case of cells pre-treatment before X-
ray irradiation. This effect was most clearly observed on cells of a 25-year-old donor. Post-
treatment with magnetic field caused changes variable by donors’ individual features (from
absence of the effects to its increase in addition to X-rays). These results illustrate the
uncertainty in the statements about possibility of direct impact of the magnetic field on any
kind of cellular effect including oncogenesis [46]. Detected so-called protective properties of
static magnetic field against ionizing radiation can be explained from the creation of smaller
cell stress from MF which may prepare the cell to upcoming damage from radiation.

Gamma-radiation with microwaves or magnetic field impact on chromatin
condensation, cell membranes permeability

The problem of biological effects from the combined effects of ionizing and non-ionizing
radiation is not fully resolved; basing on data of our experiments with X-rays and microwaves
the mentioned stochasticity may be present not only in the range of extremely low doses both
for ionizing and non-ionizing radiation, the same may be predicted also for simultaneous
impact of magnetic field with ionizing radiation. In our opinion, the cellular response to the
combination of these factors is determined by the genotype of the cell and the intensity of the
effect, which is the reason for the difference in the experimental data obtained by different
authors.

Cells of the human buccal epithelium obtained from different donors have individual
characteristics of the reaction to the action of gamma radiation. These features are similar to
those that occur under the action of small doses of X-ray and microwave radiation. Results of
samples gamma-irradiation revealed predictable increase of HGQ; however the highest doses
have led to non-linear plateau-like dependency [47]. Statistically significant increase in the
level of chromatin condensation (HGQ index) in cells of all donors was detected at a dose of
gamma radiation of 2 Sv and higher. With use of this threshold dose of 2 Sv the further
modification of the cell effects on chromatin condensation, plasmatic membranes
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permeability, mitochondrial activity and Ca?* redistribution between nucleus and cytoplasm
was carried out.

The application of a constant magnetic field and microwaves in most cases after
treatment with y-radiation led to a decrease in the stress response of cells according to the
HGQ index. General modifying effect of EHF-microwaves was also related either to the
decrease of HGQ or no significance in the impact toward y-radiation. Results obtained in our
experiments correspond to general uncertainty about possibility of non-ionizing radiation to
induce the adverse changes in living matter (including carcinogenesis) [48]. Also there was no
difference between intensities of microwave radiation (0,1 or 1 W/m?) in their effect
before/after ionizing irradiation [40, 49]. There is the data about development of the oxidative
stress however without significant outcome [49], so in our cases changes in cells nuclei
membrane may appear as indirect illustration of EHF microwaves low impact on general cell
stress development induced by ionizing radiation.

When the cells were exposed to microwave radiation in combination with ionizing
radiation and static magnetic field, a tendency to decrease the permeability of the cell
membrane was observed, but this effect was not pronounced among the cells of all donors.
For instance, cell of one of the donors demonstrated greater amount of damage in plasmatic
membranes under combined exposure of y-radiation with magnetic field as well as the in
combination with microwaves regardless of the sequence or intensity of EHF-irradiation. Due
to expressivity of plasmatic membrane permeability changes under various damaging factors
it can be concluded that both questionable microwaves influence on human [49] (but stated as
possible on bacteria [9]) and magnetoreception [46] can be revealed under condition enhanced
with such clearly damaging factor as gamma-radiation.

Ca?* redistribution and mitochondria activity under gamma-radiation exposure

combined with microwaves

The magnetic field has a weak positive effect on the membrane potential of mitochondria
and is able to facilitate the transfer of Ca?* ions from the cytoplasm to the nucleus; in
combination with gamma radiation, this effect is neutralized.

EHF-microwaves and gamma radiation lead to a decrease in the activity of mitochondria
in terms of their membrane potential and mutually reinforce each other, also leading to the
accumulation of Ca?" in the cell nucleus. Thus, this combination turned out to be the most
significant among the studied physical factors with proapoptotic potential. Our results
correspond with conclusion of works [50, 51] about radiation-induced oxidative stress;
microwave radiation appeared to be a potent enhancer of ionizing radiation effects related to
suppression of oxidative phosphorylation. Despite the clear difference in destructive impact of
gamma rays on cell structures the non-ionizing showed even more expressive signs of
oxidative stress comparing to pure IR exposure but at the same time the sustainability of such
modifying effect should be researched furthermore.

With experimental data obtained, it is possible to make an assumption about the mutual
reinforcement of the effects of gamma radiation and microwaves in relation to the
redistribution of Ca?" ions from the cytoplasm to the nucleus. In combination with the
previously shown ability of EHF-waves and gamma-rays to a decrease in the membrane
potential of mitochondria, this may indicate the beginning of the process of induced apoptosis
in the cells of the buccal epithelium. However, taking into account the processes of restoration
of cell membranes and reduction of the degree of chromatin condensation demonstrated
above, at this stage of our research, the reversibility of the pro-apoptotic state of the cell
should be noted [41]. Also the data about sensitization of the tissues to ionizing radiation by
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microwaves is present in recent studies [52] but in our case the changes in the mitochondria
activity and Ca?* ions location may doubtfully depend on thermal effects.

CELL RESPONSE TO NEUTRON RADIATION EXPOSURE

The study of the influence of neutron radiation on biological objects is necessary for the
general characterization of the processes occurring during the interaction of tissues with
corpuscular radiation, including for determining the relationship between indicators of the
cell's response to stress and its functional (proliferative) activity, with the aim of practical
application in medicine. It is known that the development of cellular stress depends on both
the intensity and the type of radiation.

The medical value of neutron radiation is considered in [52], where the high efficiency of
neutron exposure in the treatment of brain tumors was demonstrated. Biological effects of
neutron radiation, occurring at all levels of the organization of living matter, have various
manifestations. The problem of using neutrons in medicine is related to the absorption of
accompanying low-intensity radiation by the tissues surrounding the tumor. Studying the state
of cells under the influence of neutron radiation is of practical importance for clarifying the
characteristics of possible side effects of radiotherapy. The work [54] shows the high
efficiency of neutron radiation in anticancer therapy with neutron capture by boron °B. Slow
neutrons are inferior to gamma radiation in terms of biological effectiveness [55], but it has
long been established that their effect outweighs the effects of X-ray radiation [56]. At the
same time, it should be noted that despite the established distribution of RBE (relative
biological efficiency) of neutrons corresponding to their energy range, some reviews provide
a set of data indicating no change in the RBE indicator, for example, for fast neutrons in
relation to their effect on inducing apoptosis [57].

There are also quite contradictory data that indicate an increased risk of carcinogenesis
under the influence of, including, neutrons [58], on the one hand, and the insignificance of the
influence of neutron radiation on the occurrence of cancer [59] on the other. Neutron radiation
at small absorbed doses has significant destructive properties for cells, which can be
manifested in the weakening of gene activity, while X-ray radiation can have both
suppressing and enhancing effects [60], the nature of which is not completely understood.

Separately, we should take into account the evidence about the weak influence of neutron
radiation on the survival of patients [61], that is, the effects of neutrons at the cellular level
were more pronounced than at the organismic level. The effect of large doses of neutron
radiation on living objects is well studied. Studies show a clear dependence of the effect on
the dose, albeit nonlinear, using the example of rat [62] and human [63] cells. There are
different views on the biological effect of neutron radiation, which indicate both hormetic
[56] and damaging effects [64, 65]. But since there are still no final conclusions determining
the biological effects of small doses of neutron radiation, the question of a scientific solution
to this problem arises separately. But at the same time, according to some data, it is claimed
that there is an increased risk of carcinogenesis [66] and an increase in the frequency of
chromosomal aberrations [57] in the range of small doses of ionizing radiation (including
neutrons), according to others, that this risk is not significant [59]. There are also scientific
data on the positive effect of neutron radiation on animal organisms [67]. All of the above
requires further research to clarify the biological impact of neutron radiation depending on the
dose range.

Low doses of neutron radiation appeared to be able to increase the degree of chromatin
condensation (from 4.6 mSv) and the permeability of the cell membrane (from 9.2 mSv) with
the maximum values of indicators at a dose of 36.5 mSv, but these processes have individual
characteristics and character and depend from the characteristics of a specific donor. A further
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increase in the dose (73.1-146 mSv) caused the opposite changes such as chromatin
decondensation and a decrease in the permeability of cell membranes. At the same time, the
content of heterochromatin granules and the permeability of the cell membrane for vital dyes
decreases to the control level and in some samples show even lower values [68, 69, 70, 71].
Such non-linear response may be explained by numerous cell protective mechanisms that are
described in [72] or from the point of view of radiation hormesis as the stimulating effect of
lower doses of neutron radiation (up to 36.5 mSv) with the subsequent development of the
adaptive response of the cell to the stress factor of higher doses (73.1-146 mSv). There is a
point of view about pro-inflammatory response of immune system to very low IR doses which
changes to anti-inflammatory with the increase of dose to low-to-moderate range [73], so
similar variations exactly on the border of dose ranges may take place in other cells (e.g.
buccal epithelium). Also the case of protective effects of IR against chemical damaging factor
were observed [74], and in our case due to elongated procedure of irradiation the dose
received in the beginning of the exposure could appear as protection-activating against the
upcoming doses.

At the same time the donors’ sensitivity to neutron radiation had also individual features
of response. Considering the noted similarity of reactions to different types and dose ranges of
ionizing radiation, which were described both in experiments with gamma radiation and with
neutrons, we can make an assumption about the similarity of individual adaptation reactions
of donors to different types and doses of ionizing radiation.

There can be two points of view on the recorded wave-like changes in the state of
chromatin: the development of a stress reaction with the loss of the cell's ability to further
chromatin condensation with an increase in the dose of ionizing radiation due to irreversible
DNA damage or cell repair and, accordingly, the stimulating effect of small doses of neutron
radiation with the activation of biosynthetic processes. The second way may resemble the
gradual acquired radioresistance to upcoming irradiation observed exactly at low-to-moderate
doses (as it was recently shown in experiments with Drosophila melanogaster [9]) by analogy
with higher ones [75]. In general, non-monotonic dependences of the effect on ultra-low
doses of ionizing radiation have been known in radiobiology for many years.

CONCLUSIONS

According to the results of our research, it was primarily postulated that very low doses
range cannot give the certain “dose-effect” dependency, the low doses of neutron radiation
revealed non-linear features of cell response and the high doses may lead to plateau threshold
in the effects toward chromatin condensation including the doses that are closes to lethal.

The effect of 2 Sv gamma-radiation dose is partially reduced by applying a constant
magnetic field and microwaves before or after gamma radiation treatment. Individual
differences in the reaction of the HGQ indicator in donor cells to different treatment regimes
were revealed. Changes in the permeability of cell membranes of different donors under the
exposure of gamma radiation have individual characteristics and in general statistically are
less significant than the HGQ index. The microwave radiation and magnetic field in
combination with gamma radiation has a weak but reliable additive effect, which is expressed
in further increase of cell membranes permeability.

The transmembrane potential of mitochondria is significantly decreased under the
influence of both microwave and gamma radiation, while increasing the dose of gamma
radiation led to wave-like fluctuations in mitochondrial activity. The magnetic field had no
significant effect on this index. Gamma radiation, unlike microwave radiation, did not cause a
significant increase in the content of Ca?* ions in cell nuclei, however the combined effect of
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microwave and gamma radiation led to an effect that was more expressive than the one after
exposure of microwaves.

Neutron radiation caused wave-like changes in cell membrane permeability and
chromatin condensation in the nucleus of target cells in the dose range of 2.3—-146.0 mSv with
the maximum effect at a dose of 36.5 mSv. A further increase in the dose of neutron radiation
reduces the HGQ index and the permeability of the cell membrane to control levels and even
below.

Since the cells of the buccal epithelium are sensitive even to extremely small doses of
ionizing radiation, and also demonstrate modification of the effects of irradiation during the
action together with a magnetic field and microwaves, it is proposed to continue using the
cells of the human buccal epithelium as a test system for studying the effects of both ionizing
and non-ionizing radiation.
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AxTyajbHicTs. BrumB Manux no3 ioHizyrouoro BunpomiHioBaHHs (IB) sik Takoro Ta B moeaHaHHI 3
IHIIUMH IUKIJUIMBUMHU (Qi3MYHUMHU (akTopaMu, TakuMu sk HajasucokouacToTHi (HBY) mikpoxBmii Ta
MarHiTHI monst (MII), B maHumit yac € 00'€eKTOM YHCICHHUX IOCITI[KeHb. [IpoTe pe3ymbraTH HuX
JIOCJIIKEHB BCE I1Ie HE MAIOTh OJJHO3HAYHNUX BUCHOBKIB.

Merta podoru. [IpencraBneHo ori Ta aHaji3 paHille IPOBEICHUX Cepiii eKCIIEPUMEHTIB Y TIOPiBHSHHI 3
CyMDKHHMH MiThbOBUMH pPOOOTAaMH I IOKpAIICHHS PO3YMIHHA pOJNI MaluxX 03 10HI3yHYOro,
HEIOHI3YI0YOT0 BHIIPOMIHIOBaHHS Ta MarHiTHOTO TOJIS Y PO3BUTKY €(PeKTiB KIITHHHOTO CTPECY.
PesynsraTn. Hagamseki nmo3m sk camoro IB, Tak i HBY i MII mposiBmsuiim TpurepHi edektw, ski
BKIIIOYAlOTh BapiabenpHicTh Moaubikamii edexkry IB. Ha mnpukmagi yasTparmmpoKOCMyTrOBOrO
MIKPOXBHJILOBOI'O ONPOMIHEHHS IMOKa3aHO 3HAYYIIICTh BIUIMBY HABiTh HaJMajHX JI03 HEIOHI3YIUOTro
BunpoMiHioBaHHs. KomOiHOBaHMi BIUIMB ramMma-punpomiHtoBanHsi 3 HBU-mikpoxsuisimu ta MII Ha
CTaH XpOMaTWUHY MNPU3BIB O 3MEHILEHHs BMICTy rpaHyi rerepoxpomaruny (BIT), ame BrmimHyB Ha
3pOCTaHHs MPOHUKHOCTI KiIiTHHHOT MemOpanu (ITKM) Oinbuie, Hixk came IB. BusiBneHo mpurHiueHHs
aKTHBHOCTI MiTOXOHpii Ta 3HwkeHHs Ca?* B nuromnasmi npu il sk 1B, tak i HBU-MikpoxBuib Ta ix
koMmOiHamii. MII nemo miaBuITyBano MeMOpaHHHI MOTEHINAT MITOXOHJPIH Ta HE MOKa3aJio 3HAYHUX
3MiH y nepeposmogini Ca?* 1o sapa npu 3actocyBaHHi pasom 3 IB. Tlpu gii  HeifrpoHHOrO
BUIIPOMIHIOBAHHSI BUSBJICHO MakcUMyM NokasHuka BI'T Ta mpoHHMKHOCTI KIiTHHHOI MeMOpaHU Npu 1031
36,5 m3B. Iloganmbmme 30iNbIIEHHS MO3W TOBEPTANO CTAaH XPOMATHHY Ta KIITHHHOI MeMOpaHU [0
KOHTPOJILHOTO PiBHSI.

BucnoBku. Ha npuknami BIT mokazano HeBupazHuii edpexT Haamanux n03 IB i3 mommdikyrodoro
3nataicTiIo HBY-mikpoxBuine Ta MIIL. Edexktn BHCOKMX 103 raMMa-BHIPOMIHIOBAHHS TaKOX OyiH
momudikoani sk HBU-mikpoxBmmsmu, Tak i1 MII 3a mokasamkamu BIT (3menmenns), [TKM
(30iNbIIEHHS), MITOXOHApiaNbHOI aKTHBHOCTI (3MeHueHHs) i Ca?*-mepeposnofily Mix SIpoM Ta
uTormIazMor. ONMPOMiHEHHS IIBHIKAMHA HEUTPOHAMH B Jlialla30Hi HU3BKUX 1 CEPEAHIX 103 MPU3BOIUIO
JI0 PO3BHUTKY 03HAK KIiTHHHOTO cTpecy (mimumieHas BI'T Ta [TKM), sxi 3rmamkyBanucs mpH 30iIbIIeHHI
JIO3H.

KJIFOUYOBI CJIOBA: peHTreHiBcbKe BHIIPOMIHIOBAHHS; raMMa-BHIIPOMIHIOBAHHS; HEHTPOHHE BUIPOMIHIOBAHHS;
HBY-MikpoXBHJIi; HOCTiiiHE MarHiTHe MOJIe; XPOMATHH; IPOHUKHICTH MEMOPaHH; aKTUBHICTh MITOXOH/IPIH.
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