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In this review of the scientific literature, an analysis of the current state of scientific research on the impact of
various doses of radiation and heavy metals on plants and animals, and their combined action to determine both
negative and positive effects of exposure, which ultimately has an impact on the health of the population, is carried
out. An antagonistic multiple stress effect between gamma radiation (GR) and heavy metals has been demonstrated
due to the induction of an adaptive response of organisms under the influence of radiation against the further action
of heavy metals. Scientists are actively researching the effect of low doses of GR, which modify the action of heavy
metals. It has been shown that in these cases, GR has a positive impact on plants; for example, it enhances cell prolif-
eration, germination, cell growth, enzyme activity, and yield. As an alternative strategy, this effect can provide a fea-
sible way to improve the condition of soils, waters, and atmospheres polluted by heavy metals, which in turn affects
human health. The effect of GR in the presence of heavy metals on organisms attracts a lot of attention due to the
constant deterioration of the environment. It has been shown that low doses of GV reduce the number of apoptosis
signals in cells of vertebrate embryos subsequently exposed to cadmium. Advantages, possible mechanisms, current
state, and future directions of phytoremediation of the environment polluted by heavy metals and a new stage of
bioremediation as a complex of methods for cleaning the environment from them using the metabolic potential of

plant and animal organisms are considered.
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Connection of the publication with planned re-
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This work is a fragment of the scientific topic of the
Department of Medical Biology: “Development and
morphofunctional state of organs and tissues of ex-
perimental animals and humans in normal ontogenesis
under the influence of external factors”, state registra-
tion number 0111U009598.

Introduction.

Environmental pollution with toxic substances and
the threat of accidents at nuclear power plants, such
as Chornobyl, increase the likelihood of human injuries
from the combined effects of chemical agents and ion-
izing radiation (IR). Our knowledge about the mecha-
nisms and characteristics of such injuries remains in-
complete. Most of the works are devoted to in vitro
research, while the studied biological effects primarily
relate to carcinogenesis, mutagenesis, teratogenesis,
and the rate of cell death [1, 2, 3]. Other studies model
the combined tissue damage seen in treating malignan-
cies with cytotoxic agents and high-dose IR, which is cur-
rently one of the most common treatments for many
cancers [4]. The facts of the prevalence of heavy met-
als in the environment and their impact on health are
generally recognized. Heavy metals (HM) accumulated
in crops enter the human food chain, causing a severe
threat to human health, a decrease in food quality and
feed quality, and economic losses [5, 6, 7]. Among them,
lead (Pb), and cadmium (Cd) are the most common HM,
persistent environmental pollutants that, as toxicants,
cause severe changes in living organisms [7, 8, 9, 10, 11,
12,13, 14, 15].

The aim of the study.

To analyze the current state of scientific research
on the impact of various doses of radiation and heavy
metals on plants and animals, their combined action to
determine both negative and positive effects of expo-

sure, which ultimately impacts the population’s health.
Advantages, possible mechanisms, current state, and
future directions of bioremediation of the environment
polluted by heavy metals are considered.

Main part.

Gamma radiation (GR), consisting of high-energy
photons, is an IR capable of penetrating living tissues
and interacting with them [16]. GR is widely used for
mutational selection and improvement of plant growth;
due to its penetrating ability, it can affect the growth
and development of plants, causing cytological, bio-
chemical, physiological, and morphological changes in
cells and tissues. High doses of GR cause inhibitory ef-
fects. In seeds irradiated with high doses of GR, protein
synthesis, photosynthesis, hormone balance, gas ex-
change in the leaf, water exchange, and enzyme activity
are disturbed, leading to disturbances in the physiology
and morphology of plants, as well as inhibition of their
development, which causes a decrease in the growth
rate and ability to reproduction along with DNA damage
and morphological changes [16, 17, 18, 19, 20]. How-
ever, small doses of GR are known to stimulate plant
growth, a concept called hormesis [21]. Recent reports
have highlighted the potential of small doses of GR as
tools for seed priming (increasing the rate and uniformi-
ty of germination), a process used in seed production to
increase seed viability and increase plant resistance to
biotic/abiotic stresses. Nevertheless, the effects of low
doses of GR on crucial aspects of plant metabolism still
need to be carefully evaluated. Recently, many research-
ers cited the fact that low doses of GR can increase the
resistance of plants to various abiotic stresses, including
cold, drought, moisture, heat, and soil salinity (the ac-
tion of NaCl), while the effect of low doses of GR that
modify the impact of heavy metals. It has been shown
that in these cases, GR has a positive effect on plants;
for example, it enhances cell proliferation, germination,
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cell growth, enzyme activity, and yield. Studies of the
resistance of plants to abiotic stresses with low-dose GR
attract a lot of attention due to the constant deteriora-
tion of the environment [22].

Physiological and molecular mechanisms of stress
from heavy metals, mitigated by low-dose GR, were
studied. Dry seeds of Arabidopsis thaliana were exposed
to the gamma source Cobalt-60 (60Co) in doses from
25 to 150 Gy and then to 75 puM CdClI2 or 500 uM Pb
(NO3)2. Growth parameters and physiological and mo-
lecular changes were determined. The results showed
that GR at a dose of 50 Gy had the maximum benefi-
cial effect on the germination index and root length in
response to the subsequent stress caused by Pb/Cd in
Arabidopsis seedlings. The content of hydrogen per-
oxide and malondialdehyde in seedlings under double
stress caused by exposure to GR at a dose of 50 Gy and
heavy metals was significantly lower than in control. An-
tioxidant enzyme activity and proline levels in irradiated
seedlings were significantly increased compared to con-
trols. In addition, analysis of the transcriptional expres-
sion of selected genes showed that some components of
heavy metal detoxification were stimulated by GR under
Pb/Cd stress conditions. It is concluded that low-dose
GR relieves stress caused by heavy metals, probably by
modulating physiological responses and gene expres-
sion levels associated with resistance to heavy metals in
plants, including Arabidopsis seedlings [23, 24].

The influence of GR on the tolerance to heavy metals
of mountain barley seedlings [25], which is one of the
most economical and nutritious products in the Tibetan
highlands in northwestern China, was also investigated.
The combined effect of GR and heavy metals on the
physico-biochemical and molecular mechanism of seed-
lings to stress caused by Pb/Cd was studied. Dry moun-
tain barley seeds were exposed to radiation (60Co) in
doses from 50 to 300 Gy and then exposed to 500 um
Pb(NO3)2 or 75 uM CdCI2. Physico-biochemical respons-
es to stress were assessed by measuring phenotype,
growth parameters, oxidative stress parameters (OS),
malondialdehyde (MDA), hydrogen peroxide (H202)),
antioxidants (SOD, POD, and CAT) and proline in irradi-
ated (50-300 Gy) and non-irradiated (0Gy) seedlings.
An ultrastructural change in the morphology of chloro-
plasts in seedling cells was revealed, as well as altered
expression levels of key genes related to heavy metal
transport (HYHMT1, HYHMT2, HYHMT3, and HYHMT4),
biosynthesis of abscisic acid (ABA). It was shown that
seedlings treated with Pb or Cd alone exhibited strong
OS in leaf tissues, as evidenced by markedly increased
levels of H202 and MDA compared to seedlings not ex-
posed to heavy metals. GR at a dose of 50 Gy effectively
reduced Pb/Cd-induced OS, as evidenced by lower lev-
els of H202 and MDA in irradiated than in non-irradiated
seedlings under Pb/Cd stress. In response to the over-
production of reactive oxygen species (ROS), plant cells
activated endogenous enzymatic defense mechanisms
against OS. Three important antioxidant enzymes, SOD,
CAT, and POD, which form the first and most important
line of antioxidant defense, were investigated and most
contributed to the reduction of H202 and MDA in irradi-
ated seedlings. A similar trend was observed in irradi-
ated Arabidopsis seedlings under stress caused by Pb/
Cd [24]. Moreover, it is generally accepted that GR can
trigger the production of ROS by interacting with atoms

or molecules in the cell, which is called water radiolysis.
It is possible that low-dose GR, stimulating the activity
of antioxidant enzymes, which form the most critical
line of antioxidant protection, increases the basic an-
tioxidant capacity to overcome oxidative stress. These
results show that the increased activity of SOD, POD and
CAT induced by GR at a dose of 50 Gy can neutralize the
excess ROS caused by the subsequent Pb/Cd stressor,
leading to increased tolerance to heavy metals.

It is also reported that low-dose GR (20 Gy) can also
increase soybean drought tolerance by reducing the size
of chloroplasts in plant leaves due to drought stress, re-
storing chloroplast structure, and rising chlorophyll con-
tent. Thus, the protective effect on the ultrastructure of
chloroplasts caused by low-dose GR is associated with
the reduction of Pb/Cd-induced oxidative damage to
chloroplasts, such as peroxidation of chloroplast mem-
branes due to increased activity of antioxidant enzymes
and accumulation of proline, which ultimately leads to
improvement of photosynthetic capacity and can play
an essential role in the resistance of plants to heavy
metals [26].

The works cited above expand the available knowl-
edge about the physico-biochemical and molecular
mechanisms underlying the heavy metal tolerance of
plants caused by GR. In addition, as an alternative strat-
egy, low-dose GR may provide a potentially feasible way
to improve crop yields in heavy metal-contaminated
soils [26].

Several studies at other sites also emphasize the po-
tential of low-dose GR to increase tolerance to heavy
metals. Thus, irradiated GR Aspergillus terreus (a spe-
cies of ascomycete fungi) can tolerate 1.13 times greater
exposure to Zn without harm, which reflects its higher
level of in vitro growth in terms of colony-forming units
(CFU) under conditions of Zn-induced stress, and in-
creased Zn removal efficiency than its non-irradiated
counterparts, with radiation-induced activation of the
antioxidant system (SOD, CAT, GSH, and MT) in A. terre-
us being responsible for the radiation-induced enhance-
ment of Zn tolerance. This work indicates the possibility
of using low doses of GR to create fungi more resistant
to HM and possible mechanisms discovered in A. ter-
reus to increase resistance to metals, including zinc Zn
[27].

The following work [28] is devoted to the role of low
doses of GR in modulating tolerance to Pb in the fungi
Aspergillus niger van Tieghem and Penicillium cyclo-
pium Westling. After exposure to GR, these mushroom
strains were tested for heavy metal absorption efficien-
cy and antioxidant activity. Irradiated A. niger and P. cy-
clopium showed enhanced in vitro growth in CFU forma-
tion and higher Pb uptake efficiency compared to their
non-irradiated counterparts. FTIR spectra illustrated the
participation of functional groups in Pb biosorption.
Photographs revealed structural deformations of both
fungal strains after exposure to GR and Pb. Enhanced
antioxidant defense system (superoxide dismutase, cat-
alase, total glutathione) in groups of fungi exposed to
GR was responsible for increased tolerance and removal
of Pb from the environment compared to non-irradiated
counterparts. The results of this study shed light on a
new stage of bioremediation as a complex of methods
for cleaning water, soil, and atmosphere using the met-
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abolic potential of biological objects: plants, fungi, in-
sects, worms, and other organisms from heavy metals.

It is known that an adaptive response is a biological
response in which a weak initial effect on plant or ani-
mal cells induces mechanisms that protect them from a
more substantial harmful subsequent effect. In natural
environmental conditions, living organisms may be ex-
posed to a mixture of stressors, and the effects associ-
ated with such exposures are called multiple stressors
effects. In this regard, the zebrafish (Danio rerio) has
become a popular vertebrate model for studying the in
vivo response to the combined effects of GR and HM.

It was shown that low doses of GR reduce the num-
ber of apoptosis signals in cells of zebrafish embryos
subsequently exposed to the chemical stressor Cd.
Antagonistic multiple stressor effects between low-
dose GR and Cd have been demonstrated due to GR
induction of an adaptive response against further Cd
exposure [29]. A multiple-stressor effect occurred in
zebrafish embryos under simultaneous exposure to low
doses of GH and depleted uranium (DU) by determin-
ing apoptotic signals 24 hours after fertilization. In each
series of experiments, the embryos were divided into
four groups of 10 embryos each: group C, in which the
embryos were not subjected to further processing (con-
trol); group (GR+DU), in which embryos received a low
dose of 0.44 mGy GR 5 hours after fertilization and then
exposed to 100 pg/L(-1) DU; group (GR), in which em-
bryos received only a low dose of GR 0.44 mGy 5 hours
after fertilization, and group DU, in which embryos were
exposed only to 100 pg L(-1) of DU 5 hours after fertil-
ization. The authors confirmed that a dose of 0.44 mGy
GR and exposure to DU separately resulted in hormetic
and toxic effects, respectively, as assessed by counting
apoptosis signals in zebrafish. Interestingly, the com-
bined action resulted in an effect more harmful than the
effect caused by exposure to DU alone, so DU converted
the positive impact (hormesis) caused by GR into a toxic
effect. It can be explained by the stimulation of early
death of cells prone to spontaneous transformation due
to a small dose of GR (i.e., with a hormetic effect) and
the delay of cell death after irradiation with further ex-
posure to DU [30].

It has been demonstrated that embryos of zebrafish,
which have undergone primary exposure to one envi-
ronmental stressor (Cd in micromolar concentrations),
can form an adaptive response to the subsequent effect
provided by another environmental stressor (GR). It is
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concluded that embryos treated with 1 to 10 uM Cd 5
h post-fertilization for 1 and 5 h could undergo an adap-
tive response to a subsequent GR ~ 4.4 mGy 10 h post-
fertilization, which can be interpreted as an antagonistic
action between Cd and GR. These results indicated that
multiple effects of stressors should be carefully consid-
ered when assessing radiation risk to humans, as risk
may be affected by another environmental stressor,
such as a heavy metal [31].

Experimental studies of cell reactions under the
combined effect of water-soluble compounds of Pb and
nickel (Ni) with GR in different doses were carried out.
Cytotoxicity of Pb according to indicators of proliferative
and mitotic activity of cells in culture was significantly
higher than cytotoxicity of Ni. Irradiation of cells in the
presence of Pb ions had a more significant damaging
effect on cells than when it was added after irradia-
tion. The presence of Ni ions during cell irradiation led
to an increase in the survival, proliferative and mitotic
activity of cells in culture compared to the action of Ni
alone. Irradiation in these conditions can be an adapt-
ing factor. The most significant effect was observed with
irradiation of a sublethal dose of 10 Gy. However, the
determination of apoptosis in cell cultures under the
combined action of GR and heavy metals showed that
incubation of cells with Ni ions induces apoptosis in the
culture twice as much as when cells are incubated with
Pb ions, especially in the area of low concentrations and
high doses of irradiation [32].

Conclusions.

The combined effect of ionizing radiation and heavy
metals has a positive impact on the body, within the
framework of the performed studies, when using low
doses of radiation. The complex effect of low doses of
gamma radiation and depleted uranium neutralizes the
effect of hormesis and causes a toxic effect on experi-
mental vertebrates.

Prospects for further research.

Taking into account the increase in the level of en-
vironmental pollution with both heavy metals and po-
tential radiation in modern conditions, more research is
needed on the interaction of pollutants with each other
because, as a rule, a complex of factors is at work that
can have different vectors of influence on the body, in-
cluding positive ones. Scientific research using complex
natural components of the environment: food, water,
and air in the experiment are promising.

OcmpoecbKa C. C., KpuncaHoecokuii 4. I., TpyweHko O. C., LLlesueHko I. P.,

lepacumuyk I1. I., KoHoeanoea O. C.

BM/IMB IOHI3YIO4Oro BUNPOMIHIOBAHHA | BAXKKUX META/IB HA OPTAHI3MU
3 EPEKTOM MOAENIOKOYOI All TA PAAIALIMHOIO rOPME3UCY

[ HiNpoBCbKMiA MegUuHMIA IHCTUTYT TPAAULIAHOIT | HeTpaguuiiHOT MmeauuuHn (M. [Hinpo, YKpaiHa)
s.ostr2018@gmail.com

B OaHomy o02n1s0i Haykoeoi snimepamypu npogedeHull aHAsi3 CY4aCHO20 CMAHY HAYKOBUX 00C/i0MHeHb
CMOCOBHO 81Uy pi3HUX 003 padiayii i 8aXKUX Memasnie Ha POCAUH | MB8APUH, iX criony4YeHoi Oii 01 8UHAYEHHA
AK He2amusHUX, MaK i MO3UMUBHUX eghekmis 8raugy, Wo 8 KiHUuesomMy 8UnadKy MAE 8raU8 HA CMAH 300po8’s
HaceneHHsa. [lpodemMoHcmposaHUl aHMA20HICMUYHUU  MHOMUHHUU cmpecosull egekm Mix 2aMma-
8uUnNpomiH8aHHAM (IB) ma eaxKumu memanamu 3a PaxyHOK iHOYKYii adanmueHoi peakyii opeaHizmis nio enaueom
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padiayii npomu nodanvwoi dii saxKux memasnis. Haykosusamu akmugHO 00CiOHYEMbCA ehekm HU3bKuUx 003 [B,
wo Mmodugikyrome Odito saxckux memasnie. [TOKA3aHo, Wo 8 yux sunadkax, B Mo3umMusHo 8naUBA€ HA POCAUHU,
HaMpuKaao, NocusroE KAIMUHHY Mposigepauito, MPopoCMAaHHSA, 3pOCMAHHA KAIMUH, aKmugsHicme gepmeHmis i
spoxcaliHicme. Lleli ecpekm, AK anbmepHamueHa cmpamezis, Moxe 3abe3neqyumu nomeHyiliHo 30ilicHeHHul crioci6
nosninweHHa cmaxy rpyHmis, 800, ammocgepu, 3a6pyOHEHUX 8aXHKUMU Memasnamu, Wo, 8 CBOK Yepay, 8MAUBAE HA
300pos’a nodell. [ia B 8 npucymHoCcmMi 8axKUX Memasie Ha Op2aHI3MU PUBEPMAc 8eUKy y8azy Yepes nocmiliHe
nozipweHHA cmaHy HaB8KoMAUWHb020 cepedosuuyd. [NOKA3aHO, W0 HU3bKi 003U B 3HUMYIOMb KinbKicmb cu2Hasnie
anonmosy 8 KaimuHax embpioHie xpebemHux, 32000M MiOOGHUX 8rausy Kaomiem. Po3znsdaromecs nepesazu,
MOXCUBI MEeXAaHIi3MU, TOomoYHuUli cmaH ma malibymHi Hanpamu gpimopemediayii 008Kinss, 3a6pyOHeH020 8aHCKUMU
memanamu ma Hosuli eman biopemediayii AK KOMrineKcy Memoodie 04UWEeHHS 8i0 HUX HOBKO/IUWHbO20 cepedosuwyd

3 BUKOPUCMAHHAM Memabosi4Ho20 nomeHyiasny poCAUHHUX | MB8APUHHUX Op2aHi3mie.
Knro4oei cnoea: 8axcki memasu, 2aMMa-8UnpoMiHIO8aHHS, crioay4veHa 0is, modesntorouuli edpekm, padiayiliHuli

copmesuc.

38’A30K nyb6aikauii 3 nhaHOBMMUM HAyKOBO-goCNIg-
HUMU poboTamu.

[aHa pobota € pparmeHtom HAP Kadbenpu megunu-
Hoi 6ionorii: «Po3BUTOK i MopdObYHKLIOHANbHWUIA CTaH
OpraHiB i TKAHMH eKCNepUMEeHTaNbHUX TBapUH i Ntoaen
B HOPMi, B OHTOreHesi nig BNAMBOM 30BHILUHIX paKTo-
piB», Ne neprkaBHoi peecTpauii 0111U009598.

Bcryn.

3abpyaHEeHHs HAaBKOIMLLHbOMO CepesoBULLA OTPYM-
HUMM PEYOBMHAMM Ta 3arpo3a aBapiil Ha aTOMHUX eNnek-
TpocTaHuiax, Tuny YopHObMAbCbKOI, 36inbluye WMO-
BipHiCTb NtOACBKMX TPaBM Big, KOMOIHOBaHOro BN/AMBY
XiMIYHMX areHTiB Ta iOHi3ylo4YOoro BUNpoMiHoBaHHA (IB).
Hawwi 3HaHHA NPO MexaHi3MK Ta XapaKTEPUCTUKN TaKUX
YLWKOAKEHb 3a/1MLLIAKTLCA HEMOBHMMMU. BinbluicTb pobiT
NPUCBAYEHO AOCNIAKEHHAM in Vitro, Npu LbOMY BUBYEHI
6ionorivyHi epeKTn 3HaUYHO MipOoto BiAHOCATHCS 40 TEM
KaHLeporeHesy, mMmyTareHesy, TepaToreHesy Ta LWBUA-
KOCTi 3armbeni knituH [1, 2, 3]. IHWi gocnigKeHHs mo-
OentotoTb KOMBIHOBaHE YLUKOAMKEHHA TKaHUH, WO Cro-
CTepIiraeTbCA NpU NiKyBaHHI 3/10AKICHUX 3aXBOPIOBAHb
LMTOCTaTMKaMM Ta BUCOKMMM fo3amu B, Ake B gaHui
Yyac € O4HMM i3 HaMMNOLMPEHIWNX METOAIB NiKyBaHHA
6aratbox BMAIB paky [4]. 3aranbHOBU3HAHUMMK € daAKTH
NOLIMPEHOCTI Y HAaBKONMLIHbOMY CEepefoBULLi BaXKKMX
MeTaniB Ta iXHbOro BM/MBY Ha 340p0B’A. Baxkki meTa-
2 (BM), L0 HAaKOMMUYHOTLCA B CiIbCbKOrOCNOAaPCbKUX
KY/ZIbTypax, NOTPANAATb Y XapHOBUIA NAHLIIOXKOK N0AN-
HUW, BUKIMKAIOYM CEPIMO3HY 3arposy 340pOB’t0 Noael,
3HMXKEHHA AKOCTi MPOAYKTIB XapyyBaHHA Ta KOPMIB, a
TaKOX eKOHOMIYHI BTpaTtK [5, 6, 7]. Cepea, HUX CBUHELb
(Pb) Ta kagmii (Cd) € HaltnowwmpeHiwi BM, cTilkumu 3a-
6pyaHtOBaYaMM AOBKINAA, LLO, IK TOKCUKAHTU, BUKIUKA-
I0Tb CEPMO3HI 3MiHM B }KMBUX OpraHiamax [7, 8, 9, 10, 11,
12,13, 14, 15].

MeTta gocnig)eHHs.

MpoBecTn aHani3 cy4yacHOro CTaHy HayKoBMX A0CHi-
[OXKEeHb CTOCOBHO BMN/IMBY Pi3HUX 403 pagiauii i BaXKKMX
MeTaniB Ha POCAUH i TBAPMH, iX CNONyYeHOI Aji oA Bu-
3HAYEHHA AK HeraTMBHWX, TaK i MO3UTUBHUX edeKTiB
BM/IMBY, LLO B KIHLEBOMY BMMNAAKY MA€E BMAMB HA CTaH
300pOB’A HaceneHHA. Po3rnagatoTbca nepesary, MoOX-
JIUBI MexaHi3MM, MOTOYHWUI CTaH Ta MalbByTHI Hanps-
MKn biopemegiaLii f0BKiNAA, 3abpygHEHUX BaXKKMMMU
MeTanamu.

OcHOBHa YacTuHa.

lamma-BunpomiHioBaHHA (IB), WO CKNagaeTbca 3
$OTOHIB BUCOKOI eHeprii, € TuNom IB, 34aTHOro NPOHU-
KaTW B KMBi TKAaHWHMU i B3aemoaiatn 3 HUMK [16]. Came
no cobi B WMPOKO 3aCTOCOBYETbCA A1A MyTaLiMHOI

cenekuii Ta NoOMINWEHHA POCTY POCAUH, 3aBAAKM MOro
NPOHUKAOYIN 34aTHOCTI, MOXKe BMAMBATM Ha PicT Ta
PO3BUTOK POC/INH, BUKAMKAKOUM LIUTOOFIYHI, BioXiMiuHi,
disionoriyHi Ta MOpPPONOTiYHI 3MiHM Yy KNITUHAX Ta TKa-
HUHax. Bucoki go3u B BMKAMKALOTL iHFibytoYi edpeKkTu.
Y HaCiHHA, WO OnpomMiHeHe BUCOKMMMK go3amu B, no-
PYLUYETbCA CMHTE3 6inkiB, poTocuHTE3, HanaHCc ropmo-
HiB, ra3006MiH y /NNCTi, BOAHUI OBMIH Ta aKTUBHICTb
depmeHTiB, NpM3BOAMTL A0 NopyweHb disionorii Ta
MopdoNorii POC/INH, a TaKOXK A0 MPUTHIYEeHHs X pos-
BUTKY, LLO CMPUYMHAE 3HUMKEHHA LIBWAKOCTI POCTy Ta
3[4aTHOCTi 40 PO3MHOXEHHA MopAg, 3 MOWKOAMKEHHAM
OHK Ta mopdonoriuHnmm 3miHamu [16, 17, 18, 19, 20].
OpHaK BifOMO, WO mani fo3u B HagaloTb CTUMYIOKOYY
Ait0 Ha 3pPOCTaHHA POC/INH, NMOHATTA, AKE HA3UBAETbCA
ropmesucom [21]. Y HewonaBHiX NoBigoMAeHHAX Nia-
KPECNETbCA NOTeHLian maanx o3 B Ak iHcTpymeHTiB
ONA npalimyBaHHA (NiABULLIEHHA WBMAKOCTI Ta PiBHO-
MiPHOCTi CXOYOCTi) HaCiHHA - NPOLEeCY, WO BUKOPUCTO-
BYETbCA B HACIHHMUTBI ANA NiIABULLEHHA XUTTE3AATHOCTI
HaCiHHA Ta NiABULLEHHS CTIMKOCTI POCAMH A0 6ioTuu-
HWX/abioTYHMX CTpeCiB. TUM He MeHLU, BM/ANB Masnx
003 B Ha KNo4oBi acnekTn meTaboniamy poc/vH Bce
e notpebye petenbHOoi oLiHKM. OcTaHHIM Yacom bara-
TO AOCNiIAHUKIB HaBoAATb GaKTW Toro, Wwo B B HU3bKUX
[,03axX MOXe MNiABULLYBATK CTIMKICTb POCANH A0 Pi3HUX
abioTMYHMX CTpeciB, BKIOYAOUYM X004, NOCYXY, BO/O-
ricTb, CMeKy, 3aconeHHs rpyHTiB (aia NaCl), npu ubomy
HaMbIiNbLW aKTUBHO AOCNIAMKYETLCA ePEKT HU3bKUX 403
B, wWo MmoandikytoTb Ajto BaxKKMX meTanis. MNoKasaHo,
L0 B LMX BUMAAKax B NO3NMTUBHO BN/IMBAE Ha POCAUHMU,
HanpuKaag, NOCUIOE KAITUMHHY nponidepauio, npo-
POCTaHHA, 3POCTAaHHA K/ITUH, aKTUBHICTb PEPMEHTIB i
BPOMKaMHiCTb. [locnigxeHHA CcTiMKocTi pocanH o abio-
TUYHUX CTPECiB Npu HU3bKogo30BOMy B npuBepTatoTb
BE/IMKY yBary 4yepes MOCTiiHE MOTripLWEHHA CTaHy A0o-
BKinnA [22].

[ocnigKyBanu ¢isionoriyHi Ta MoNekynapHi mexa-
Hi3MW CTpecy Bif, BaXKKUX MeTaniB, WO MOM AKLLYETbCA
B B HM3bKIN ao03i. Cyxe HaciHHA Arabidopsis thaliana
niggasann BnamMeBy ramma-gskepena Cobalt-60 (*°Co)
y go3ax Big 25 po 150 Ip, a noTtim BnauBanu 75 mkM
CdCI2 abo 500 mkM Pb (NO3)2. BusHauyanu napametpu
3pOoCTaHHsA, disionorivyHi Ta MonekynApHi 3MiHK. Pesynb-
TaTW NoKasanu, wo B B A03i 50 p Hagae MakCMManbHO
CNPUATIMBUIA BNAUB Ha iHAEKC NPOPOCTAaHHA Ta LOBXMU-
HY KOpEHiB Y BiANOBiAb Ha HAaCTYMHUI CTpec, cnpuymHe-
HUi Pb/Cd y npopoctkis apabigoncucy. BmicT nepok-
cvMay BOAHIO Ta MA/JIOHOBOTO AiafbAerigy B MPOPOCTKax
B YMOBax MOZABIMHOIO CTpecy, BUK/AMKAHOIO BMN/MBOM
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B y gosi 50 Mp Ta BaXkKMMM meTasamu, 6yn0 3HAYHO
HUMXUYUM, HiXK Y KOHTPOAI. AKTUBHICTb @aHTUOKCUOAHTHUX
depmeHTiB Ta piBHI NPOAiIHY B ONPOMiIHEHMX MpPOpPOC-
TKax By M 3HAYHO MiABULLEHI NOPIBHAHO 3 KOHTPOJIEM.
Kpim Toro, aHanis TpaHCKpunuiiHOi eKkcnpecii Bubpa-
HUX TEHIB NMOKa3aBs, WO AeAKi KOMMOHEHTU LETOKCMKa-
Ll BaXKKMX MeTanis ctumyntosanuca B 8 ymosax Pb/Cd
cTpecy. Pobutbca BUCHOBOK NpO Te, WO HW3bKOA030Be
B nonerwye cTpec, BUKAMKAHUA BaXKKUMU MeTanamu,
MMOBIPHO, LINAXOM MOAY/OBAaHHA $i3ioNoriyHMX peak-
il Ta piBHIB eKcnpecii reHiB, NoB’s3aHuMX i3 CTIMKICTIO A0
BaXXKUX MeTaniB y POC/MH, Y TOMY YUCAi Y NPOPOCTKIB
apabigoncucy [23, 24].

LocnigxyBanu Takox Bname B Ha TonepaHTHICTb
[0 Ba*KKMX MeTasliB NPOPOCTKIB ripCbKOro Aa4meHto [25],
AKMIA € OAHMM i3 HaNBINbLl EKOHOMIYHUX Ta NOXKUBHUX
nNpoAyKTiB y Harip’i TubeTy Ha niBHIYHOMY 3axoai KuTato.
BuBYyanu noegHaHuin Bname B Ta BaXKKMX MeTasniB Ha
bi3MKo-6ioXiMiYHMIA Ta MONEKYNAPHUIN MexaHi3m npo-
POCTKiB 40 cTpecy, BUKAMKaHoro Pb/Cd. Cyxe HaciHHA
ripCcbKoro AYmeHto nigaasanv onpomiHeHHo (%°Co) y
posax Big 50 go 300 p, a noTim 34iMCHIOBaNN BM/MB
500 mkm Pb(NO3)2 abo 75 mkM CdCl2. ®i3unko-6ioxi-
MIYHi peaKu,ii Ha CTpec OLiHIOBANM LIAAXOM BUMIpIOBaH-
HA deHoTMNy, MapameTpiB POCTy, NAPaMeTPiB OKUCHIO-
BanbHoro ctpecy (OC), manoHoBoro gianbaeriay (MAA),
nepekucy BogHo (H202)), aHTmokeuaanTis (COA, NMOA,
Ta KAT) Ta nponiHy B onpomiHeHux (50-300Tp) i Heo-
npomiHeHunx (0p) npopocTkax. byno BusBneHo ynbTpa-
CTPYKTYPHY 3MiHY Mopdonorii x10ponaacTiB y KAiTUHAXxX
NPOPOCTKIB, 3MiHEHI PiBHiI eKCcnpecii KAYOBUX TEHIB,
NnoB’A3aHUX 3 TPAHCMOPTOM Ba*KKMx meTanis (HVHMT1,
HVHMT2, HYyHMT3 ta HYHMT4), 6iocuHTe3y abcumsoBoi
Kmucnotu (ABK). MoKasaHo, Wwo npopocTKn, 06pobeHi
TinbKku Pb abo Cd, aemoHcTpyBanu cunbHUin OC y TKaHU-
HaX NIMCTA, NPO WO CBIiAYMAN NOMITHO MiABULLEHI PiBHI
H202 i MDA nopiBHAHO 3 NPOPOCTKAMM, AKi He 3a3HaBa-
N BNAIMBY BaXKKMX meTanis. B B go3i 50 p epeKkTnBHO
3HM¥KYBaNo iHayKoBaHuit Pb/Cd OC, npo wo csigunam
HWXkJi piBHi H202 ta MDA y onpomiHEeHMX, HiXK Y Heo-
npomiHeHunx npopoctkax npu Pb/Cd ctpeci. Y signosiab
Ha HaABMPOOHMUTBO aKTUBHUX Hopm KucHio (APK) poc-
JINHHI KNITUHM aKTUBYBANM eHAOreHHi depMeHTaTUBHI
mexaHizmu 3axucty Big, OC. byno focnigKeHo Tpu BaXk-
MBI AQHTUOKCMAAHTHI pepmeHTM SOD, CAT Ta POD, aki
dopmytoTb NepLly Ta HanbinbL BaXKAUBY NiHIO aHTUOK-
CUOAHTHOrO 3aXMCTY, WO HaNbinblue CNpUANO 3HUMKEH-
Hto Bmicty H202 ta MA B ONpOMiHEHUX MPOPOCTKAX.
AHanorivyHa TeHAeHLiA cnocTepiranaca i B ONpoOMiHEHMX
npopocTKiB apabigoncucy B ymoBax cTpecy, BUKANKaHO-
ro Pb/Cd [24]. Binbwe TOro, 3arabHOBU3HaHO, Wo B
MOKe 3anyckatu BupobneHHAa ADK wnsxom B3aemog,i
3 aTomamu abo MoseKynaMu y KNiTUHI, WO HAa3MBAETb-
cA pagionisom Bogu. MoxauBeo, WO HM3bKogo3ose B,
CTUMY/IIOOYM AKTUBHICTb aHTUOKCUAAHTHUX depmeH-
TiB, AKi GOpMyIOTb HaMBINbLL Ba*KNMBY NiHiHO aHTUOKCHU-
OAHTHOrO 3axMcTy, nigsuiLlye 6a3oBy aHTUOKCUAAHTHY
34aTHiCTb 40NAaTM OKUCHIOBaNbHUM cTpec. Lli pesynbTa-
TW NOKa3yoTb, WO NigBULEHa akTMBHicTb SOD, POD i
CAT, BuknunkaHa B B nosi 50 p, moke HelTpanisyBatu
Hagnnwok A®K, BUKAMKAHUI NoAaNbLINMM CTPECOPHUM
snimsom Pb/Cd, wo, npussoamnTb 40 NiaBuULEHOT ToNe-
PaHTHOCTI 10 BAXKKMX MeTaniB.

MoBiOMAAETbCA TAKOXK, WO HU3bKogo3ose B (20
lp) TaKoX MOXKe MiABULLYBATU CTiIMKICTb COi 4O NOCYyXM

33 PaxyHOK 3MeHLIEHHA PO3Mipy X10PONAACTIB Y JIUCTI
POC/NIMHN BHACNiAOK MOCYLW/MBOrO CTpecy, BigHOB-
NIEHHA CTPYKTYPU X1oponnactiB Ta 36inbleHHA BMICTY
xnopoodiny. TakKMM YNHOM, 3aXMCHA AiA HA YNbTPACTPYK-
TYpPY XN0pONnacTiB, BUKAMKAHA [B B HU3bKMX [03ax
nos’asaHa 3i 3HMKeHHAM Pb/Cd-iHaykoBaHOro oKuc-
HOrO MOLIKOAMEHHA XNOPOMJIACTiB, TaKOro fAK nepe-
KWUCHEe OKUCHEHHA MeMbpaH X/I0poniacTiB 33 PaxyHOK
NiABULLEHHA aKTUBHOCTI aHTMOKCUAAHTHUX GEPMEHTIB i
HAKOMWYEHHA MPOAIHY, WO B KiHLEBOMY MiACYMKY Npwu-
3BOAMTb A0 noinweHHA GOTOCUHTETUYHOT 34aTHOCTI i
MOKe BifjirpaBaTv BaXK/MBY PONb Y CTiAKOCTi POC/IVH A0
BaXKKUx meTanis [26].

LinToBaHi BulLe pobOTU PO3LWNPIOOTbL HAsABHI 3Ha-
HHSA Npo di3nKo-6ioximiuHi Ta MONEKYNAPHI MexaHi3mu,
LLLO /1eXKaTb B OCHOBI TOIEPAHTHOCTI POC/IMH [0 BaXKKMUX
MeTaniB, BUKIMKAHOI [B. Kpim TOro, AK anbTepHaTMBHA
cTpaTeria HM3bKogo3He B moxke 3abe3neynTu noteH-
LiMHO 34iMCHEHHMI cnOCib NoAinWeHHs BPOXKANHOCTI B
rPyHTax, 3a0pyAHEHUX BaXKKMMMN meTaslamu [26].

Y HM3Li gocnigKeHb Ha iHWKUX 06’eKTax TakoxK Mif-
KpecntoeTbcA noteHuian B B HU3bKUX A03ax ANA NigBu-
LLLeHHA TONEePAHTHOCTI 40 BaXKKUX MeTanis. TaK, onpomi-
HeHuit B Aspergillus terreus (Bua rpmbis-ackomiueTis),
MoKe 6e3 WwKoau nepeHocutu B 1,13 pasu 6inblimii
BNAMB Zn, WO BifAobOpaXkae BULWMI MOro piBeHb 3poc-
TaHHA in vitro y nepepaxyHKy Ha KOMIOHIEYTBOpPIOHOYI
ognHuui (KOE) B ymoBax cTpecy, BUKAMKaHOro Zn, Ta
niasuweHy eGeKTUBHICTb BUAANEHHS ZN, HiX MOro He
OMNPOMiHEHi aHanoru, Npu LboMy pagiaLiiHo-iHAyKoBa-
Ha aKTUBaLiA aHTMOKCcMAAHTHOI cuctemu (SOD, CAT, GSH
Ta MT) y A. terreus Bignosigae 3a pagiauiiHo-iHAYKO-
BaHe MOCW/IEHHA TOMIEPAHTHOCTI Ao Zn. La poboTa BKa-
3YE HA MO/IMBICTb BUKOPUCTAHHA HWU3bKMX 803 B ana
CTBOPEHHA CTiMKiwnx 4o BM rpubis Ta MoxK1uBi mexa-
Hi3Mmu, BUABNeHi y A. Terreus, 418 NiABULLEHHA CTIMKOCTI
[0 MeTaniB, y TOMy YnCAi A0 UMHKRY Zn [27].

HactynHa pob6ota [28] npucBsyeHa pPoni HU3bKUX
no3 B y moayntoBaHHi TonepaHTHocTi Ao Pb y rpmbis
Aspergillus niger van Tieghem Ta Penicillium cyclopium
Westling. Micna snavsy B uji wramu rpmbis nigaasanu-
CA JOCNIOKEHHIO Ha eDEeKTUBHICTb NOTTMHAHHA BaXKKMUX
MeTaniB Ta aHTUOKCUAAHTHY Aito. OnpomiHeHi A. niger
Ta P. cyclopium nposemMoHCTpyBanuM mnocuneHe 3poc-
TaHHA in vitro 3 ToukK 30py yTBOopeHHA KOE Ta Ginbly
edeKTMBHICTb NorMMHaHHA Pb nopiBHAHO 3 iX HeEonpomi-
HeHUMM aHanoramu. FTIR-cnekTpu intoCTpyBann yyactb
dYHKUiOHaNbHUX rpyn y 6iocopbuii Pb. ®oTorpadii Bus-
BUAW CTPYKTYPHI gedopmadii obox wramis rpubis nicns
aii TB ta Pb. MNocuneHa cuctema aHTUMOKCUAOAHTHOrO
3aXWCTy (CynepoKcMaAMCMYTasa, KaTanasa, 3arajbHui
rAyTaTioH) y rpynax rpunbis, wo 3asHanu snamey B, Bia-
nosigana 3a NiasuLWeHy TONEPAHTHICTb Ta BUAANEHHA 3
HaBKOIMLLHBLOTO cepenoBuLLa Pb, HiXK y HeonpoMiHEeHMX
aHanoris. PesynbtaTi LUbOro A0OCNIAXKEHHA NPO/IMBAOTL
CBiTI0 Ha HOBMW eTan bGiopemegiauii K KomnieKkcy
METO/iB OYULLEHHA BOA, FPYHTIB Ta aTmocdepun 3 Bu-
KOPUCTaHHAM MeTaboniyHOro noteHuiany 6ionoriyHmx
06’€KTiB: pOCAUH, TPNBiB, KOMax, YepB’AKIB Ta iHLINX Op-
raHi3amiB Bif Ba’KKMUX MeTaniB.

Bigomo, Wwo aganTueHa peakuis € 6ionoriyHoto Big-
nosigAato, Npu AKiM cnabka noyaTKoBa Aif Ha KAITUHU
poCAMH abo TBapuH iHAYKYE MexaHi3amu, fAKi 3axuuia-
t0Tb iX Bif, CMAbHILOro 3rybHOro NOA4ANbLUIOIO BM/MBY.
Y peanbHUX yMOBax O0BKINNA }UBI OPraHisMn MOXyTb
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niazaBaTvca BNAUBY CyMmilli ¢paKTopiB cTpecy, i pesyb-
Tytoui edeKkTn, nos’A3aHi 3 TaKMUMW BNAMBAMM, Ha3U-
BatoTbcA edekTamm Haratbox cTpecopis. LWogo uporo
pubKK gaHio (Danio rerio) cTann NONyAApHOK MOAENNIO
xpebeTHMX ANA BUBYEHHA peaKLii in vivo Ha kombiHoBa-
Hul Bname B Ta BM.

MoKasaHo, WO HU3bKi A03K B 3HMKYIOTb KiNbKiCTb
CUrHaniB anonTo3y B KAiTMHax embpioHiB pnbok aaHio,
3rogom niggaHux Bnamey ximiyHoro ctpecopa Cd. byno
NPOAEMOHCTPOBAHO  QHTArOHICTUMHUI  MHOMMHHWUM
CTpecopHuit epekT mixk B HM3bKOI A03m Ta Cd 3a paxy-
HOK iHAYKUiT B aganTMBHOI peakKuii NpoTK noganbLlioi
4ii Cd [29]. MaB micue MHOXWHHUIA CTPECOPHUI edeKT
y embpioHiB pnbok paHio Npu ogHOYaCHOMY BM/IMBI
HU3bKNX 403 B Ta 36igHeHoro ypaHy (3Y) wnsaxom Bu-
3HAYEHHA aNnONTUYHUX CUTHANIB Yepes 24 roanHK nicna
3annifHeHHA. Y KOXHil cepii ekcnepnmeHTiB eMbBpioHn
6ynu po3gineHi Ha 4 rpynu no 10 embpiOHIB y KOXKHIN:
rpyna C, B AKili embpioHM He niagaBannca noganbluii
06pobui (KoHTponb); rpyna (MB+3Y), B fKili embpioHN
oTpvMann H13bky o3y 'B 0,44 mlp yepes 5 roanH nicna
3annigHeHHs, a notim 3a3Hanu snavsy 100 mkr/n(-1) 3Y;
rpyna (IB), B AiKili eMBPiOHN OTPUMYBANN TiIbKU HU3bKY
posy B 0,44 mlp yepe3 5 roauH nicna 3annigHeHHs,
Ta rpyna 3Y, B fKili embpioHN nigaaBanuca TiNbkK Aji
100 mKr n(-1) 3Y 3a 5 roguH nicns 3annigHeHHA. ABTopwm
nigreepamaun, wo go3sa B 0,44 mlp i Bname 3Y okpemo
NPU3BOAM/MY A0 BiANOBIAHO rOPMETUYHNX Ta TOKCUYHUX
edeKTiB, L0 OLHIOTLCA WAAXOM MiAPaXyHKY CUTHANIB
anonTo3sy y pnbok aaHio. LlikaBo, WwWo KombiHoBaHa Ais
npussoamaa go edpekry, 6inbll TOKCUYHOTO, HiXK edeKT,
BUK/JMKAHWA BNAMBOM TiNbKkM 3Y, Tak wo 3Y nepetso-
ptoBaB MO3UTUBHUI ePeKT (ropmesnc), BUKAUKaHUI B,
HA TOKCUYHUI edeKT. Lle MOXKHa MOACHUTU CTUMYNALLi-
€10 PaHHbOT 3arnbeni KNITUH, CXUNbHUX A0 CNOHTAHHOI
TpaHcdopmaluii, 3a paxyHOK manoi ao3n B (TobTo 3 rop-
METUYHUM edeKTOM) Ta BiACTPOUYEHHAM 3arnbeni KNiTuH
nicna onpomMiHeHHs Npu noganslwomy snausi 3Y [30].

MpoAeMOHCTPOBaHO, WO Yy eMbpioHiB puboK AaHio,
AKi 3a3Ha/IM NEPBMHHOrO BNJIMBY O4HMUM CTPECOPOM Ha-
BKO/IMLWHbBOTO cepenosmila (Cd B MiKpPOMONAPHUX KOH-
LLeHTpaLifx), MoxKe popmMyBaTUCA afanTMBHA BiANOBIAb
Ha noganblly Aito, AKa 3abe3nevyeTbea iHWUM CTpeco-
poMm HaBKo/MLWHbOrO cepeposuwwa (MB). Pobutbcsa Bu-
CHOBOK MpPO Te, WO emMbpioHu, AKI oTpuMyBanu Big 1 Ao
10 mKM Cd uepes 5 roaunH nicna 3annigHeHHsA NpoTarom
1i5roguH, mornun nigaasatvca aganTUBHIN Bignosiai Ha

HactynHe B~ 4,4 mlp yepes 10 rogmH nicns 3annigHeH-
HA, WO MOHA iHTepnpeTyBaTW AK aHTAroHiCTUYHY Aito
mixk Cd Ta 'B. i pe3ynbratv nokasanu, Wo npu ouiHui
pagialiMHOro pU3UKY ANA AOAUHU CAiL PeTeNbHO Bpa-
XOBYBaTU MHOMMWHHI eeKTU CTpecopis, OCKINbKN PU3KNK
MOXKe 6yTV NOpyLUEHUI iHWMM CTPECOPOM HABKOMLL-
HbOrO CepeaoBMLLA, TAKUM AK BaXKKUn meTan [31].

MpoBeaeHO eKcnepuMMeHTaNbHi AOCNIAMKEHHA KAi-
TUHHUX PeakLii B ymoBax KOMbBiHOBaHOI Aji Boaopos-
YMHHUX cnonyk Pb Ta Hikento (Ni) 3 B y pi3HuUx go3ax.
LuToTOKCMUHicTb Pb 3a noKasHukamu nponidepaTnsHoi
Ta MITOTUYHOT aKTUBHOCTI KNITUH Yy KynbTypi 6yna 3Ha-
YHO BMLLOM Big UMTOTOKCMYHOCTI Ni. OnpomiHEHHA KAi-
TUH Y NPUCYTHOCTI iOHIB Pb YMHMNO Ha KNITUHK BinbLwnic
NMOLLKOAKYOUNIA edeKT, HixK Npu AoaaBaHHI Moro nicas
onpomiHeHHA. MMpucyTHicTb ioHiB Ni NpyM onpomiHeHHi
KNITUH NpU3BOAMAA A0 NiABULLEHHA BUXWUBAHHA, NPONi-
depaTMBHOI Ta MITOTUYHOT @aKTUBHOCTI KNITUH Y KyAbTYpi
nopisHAHO 3 gieto ogHoro Ni. ONpomMiHeHHA B LUX yMO-
BaxX MOXKe ByTW AK aganTyrumMit YMHHUK. Hanbinbwnii
edeKT crnocTepiraBca Npu ONpomiHeHHi cybnetanbHoi
£0o3n 10 Mp. OgHaK BM3HAYeHHA anonTo3y B KyabTypax
KNITUH Npu KOMBiHOBaHIl il B Ta BaXKKMX MeTanis no-
Ka3asno, WWo iHKybauia KAiTuH 3 ioHamu Ni iHayKye anon-
TO3 Yy Ky/IbTypi BABIYI BULLE, HiXX NpW iHKyBaLii KNiTUH 3
ioHamu Pb, 0co611B0O B 061aCTi HU3bKUX KOHLEHTPALLiM
Ta BUCOKMX A03 ONpoMiHeHHs [32].

BucHOBKM.

CnonyyeHa pAia iOHI3ylO4Oro BMMPOMIHIOBAHHA i
BaXXKMX MeTaniB Ma€e NO3UTUBHUI edeKT Ha OpraHism,
B pPamKax BUKOHAHWX [AOCNiAXKeHb, NPU BUKOPUCTAHHI
HU3bKMX 403 pagiauii. KomnaekcHa Aaia HU3bKMX 003
ramma-BMnpomiHeHHA i 36igAHeHOro ypaHy Hisentoe
edeKT ropmesuncy i BUKIMKAE TOKCUYHUI edeKT Ha ao-
CNifHUX XpebeTHUX.

MepcnekTMBKM NOAANBLUNX AOCNIAMKEHD.

BpaxoBytoumn 36inblueHHA piBHA 3abpygHeHHA [o-
BKiNIA SIK BAa)XKMMM MeTanamu, TaK i NoTeHUiHO pa-
Ajalieto B cydacHMX ymoBax, HeobxiaHo binblue gocni-
O)KeHb Mo B3aemMofii 3abpyaHtoBayiB MixK coboto, 60,
AK NPaBUO, [i€ KOMNAEKC GAKTOPIB, LLO MOXYTb MaTu
pi3Hi BEKTOPM BMN/IMBY HA OpraHiam, B TOMy 4YMcAi i no-
3UTUBHI. HayKoBi JOCNIAXKEHHA 3 BUKOPUCTAHHAM Npu-
POAHMX KOMMJIEKCHMX KOMMOHEHTIB cepenoBmLa: ixi,
BOZM Ta NOBITPA B EKCMNEPUMEHTI € NEPCNEKTUBHUMM.
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BMJ/INB IOHI3YHO4YOIro BUNPOMIHKOBAHHSA | BAXKKUX METAJ1IB HA OPTAHI3MU 3 ERPEKTOM MOAENIOO-
Yoi Aii TA PAAJIALIAHOIO roPME3NCY

OctpoBcbKa C. C., KpuxkaHoscbkuit . I., TpyweHko O. C., LLeBueHKo I. ., Tepacumuyk M. I. KoHosanosa O. C.

Pestome. B ornaai nitepatypu nokasaHa aganTMBHA peaKLuifa XMBMUX OpraHiamis Ha Ait0 ONPOMIHEHHA Y crnony-
YeHHi 3 BNIMBOM Ba*KKMX MeTanis. bionoriyHa Bignosigb cnabkoi no4aTKoBOI Aii HeraTMBHUX GpaKTopiB cepeaoBuLLa
iHAYKYE 3aXMCHi MexXaHi3aMu Big, NoAanblworo 3rybHoro cuabHilWoro Bnauney. MpuKknagom moxke byTu cnonyyveHui
BMJIMB HMU3bKUX 403 raMMa BUMNPOMiHIOBaHHA (IB) Ta BaxKux metanis (BM), y Tomy unchi ceuHuto (Pb) Ta Kagmito
(Cd), baraTo acnekTiB AKOro 3a/MLWaTbCA He ACHMMMU. MiaTBepAKYETbCA HAABHICTb 34aTHOCTI B niaBuMLLyBaTH CTilt-
KiCTb POC/IMH [0 Pi3HMX abiOTUYHMX CTPECiB, BK/IKOYAOUM X004, MOCYXY, BOSIOTiCTb, CNeKy, 3aconeHHs rpyHTiB (NaCl)
Ta BnAuB BM (edeKT pagiauiiHoro ropmesucy). MexaHiam cTpecy Big BM, wo nom’akwwyeTbea B, NpoaeMoHCTpo-
BaHWIM Ha NPopPOCTKax HaciHHA Arabidopsis thaliana nicns onpomineHHa ¢°Co B go3ax Big 25 Ao 150 p i noganbLuoro
Bnaney 75 MKM CdCI2 a6o 500 mkM Pb (NO3)2 i Ha NpopOoCTKax HacCiHHA FOPHOro AYMEHIO, ONMPOMIHEHOrO B 403aX
Big 50 oo 300 Ip, Ta BN/AMBY Takux e 403 MeTanis. B o6ox Bunaakax B B Ao3i 50 Mp HagaBaso MakCMMaabHO
CNPUATAMBUIA BMNIMB Ha iHAEKC NPOPOCTaHHA Ta SOBXWUHY KOpeHiB. B noserwysano Aito OKMCHIOBa/IbHOTO CTPecy,
BUKAMKaHOro BM, wnaxom moayntoBaHHA ¢i3ioNoriyHnx peakuit Ta piBHiB eKcnpecii reHis, NoB’A3aHuMX i3 CTiKKicTiO
40 BM y pocavH, Wo niasuyBano 6a3oBy aHTUOKCUMAAHTHY 34aTHICTb L01aTU OKUCHWUIA CTPEC, BUKIUKAHUIA No-
Aanblumm snamsom Pb/Cd, Ta nocuntosano TonepaHTHicTb 40 BM. Y gocnigskeHHsax Ha rpubkax Aspergillus terreus,
Aspergillus niger van Tieghem, Penicillium cyclopium Westling Tako nigxkpecntoBascs noteHuian B y nigBulLeHHi
CTiKocTi o BM. B 3HM)KYBAIO KiNbKiCTb CUTHANIB anonTo3y B KAiTMHax eMbpioHiB pubok AaHio, niggaHnx Bnaun-
By Cd. MpoaemMoHCTPOBAHO aHTArOHICTUYHUIA MHOXUHHUIA CTPecopHUiA edekT mix B Ta Cd 3a paxyHOK iHAYKU,i
B apanTuBHOI peakuii npoTtn noganbwoi aji Cd. AK anbTepHaTMBHA cTpaTeris, B moxe 3ab6e3neynT NoTeHLUilMnHO
34iMCHEHHNI cnocib noninweHHA BPOXKaMHOCTI B rpyHTax, 3abpyaHeHmx BM. Po3rnsgatoTbca nepesarn, MOMK/AMBI
MEXaHi3MM, MOTOYHMUI CTaH Ta MalbyTHI Hanpamu diTopemegiauii rpyHTiB, 3abpygHeHnx BM Ta HoBuiA eTan bGio-
pemegiaLii AK KOMMEKCY METOAIB OunLLEeHHs Big BM pisHux cdhep A0BKiNNA 3 BUKOPUCTAHHAM MmeTabonivyHoro no-
TeHujany 6ionoriyHnx o06’eKTiB: poCAnH, rPnbiB, KOMax, YepB’saKiB Ta iHWKWX OpPraHi3miB.

KnwouoBi cnoBa: BaKKi MeTanin; ramma-BUNPOMIHIOBAHHSA, CNOJ/IyYeHa Ais, moaentotoumnii edekT, paaiauiiHui
ropmesuc,
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INFLUENCE OF IONIZING RADIATION AND HEAVY METALS ON ORGANISMS WITH THE IMPACT OF MODELING
EFFECTS AND RADIATION HORMESIS

Ostrovskaya S. S., Krizhanovsky D. G., Trushenko O. S., Shevchenko I. F., Gerasimchuk P. G., Konovalova O. S.

Abstract. The review of the literature shows the adaptive response of living organisms to the influence of radia-
tion in combination with the impact of heavy metals. The biological response to a weak initial action of negative
environmental factors induces protective mechanisms against further harmful, stronger effects. A typical example
is the combined influence of low doses of gamma radiation (GR) and heavy metals (HM), including lead (Pb) and
cadmium (Cd), many aspects of which remain unclear. The presence of the ability of GR to increase the resistance
of plants to various abiotic stresses, including cold, drought, moisture, heat, soil salinity (NaCl) and the impact of
HM (radiation hormesis effect) is confirmed. The stress mechanism from HM mitigated by GR was demonstrated
on Arabidopsis thaliana seed sprouts after ®Co irradiation at doses from 25 to 150 Gy and subsequent exposure to
75 uMCdCI2 or 500 uMPb (NO3)2 and on seed sprouts of mountain barley irradiated in doses from 50 to 300 Gy,
and exposure to the same doses of metals. In both cases, GR at a dose of 50 Gy had the most favorable effect on
the germination index and root length. GR alleviated the oxidative stress caused by HM by modulating physiological
reactions and the expression level of genes associated with resistance to HM in plants, which increased the basic
antioxidant capacity to overcome oxidative stress caused by further exposure to Pb/Cd and strengthened tolerance
to HM. In studies on the fungi Aspergillus terreus, Aspergillus niger van Tieghem, Penicillium cyclopium Westling,
the potential of GR in increasing resistance to HM was also emphasized. GR decreased the number of apoptosis
signals in the cells of Danio fish embryos exposed to Cd. An antagonistic multiple stressor effect between GR and
Cd has been demonstrated due to the induction of GR and an adaptive reaction against the further impact of
Cd. As an alternative strategy, GR can provide a potentially feasible way to improve yield in soils contaminated
with HM. Advantages, possible mechanisms, current state and future directions of phytoremediation of soils
contaminated with HM and a new stage of bioremediation as a complex of methods of cleaning of various spheres
of the environment from HM using the metabolic potential of biological objects: plants, fungi, insects, worms and
other organisms are considered .

Key words: heavy metals; gamma radiation, combined influence, modeling effect, radiation hormesis.
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