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[IpoTsiroM oOCTaHHIX MACCATUIITH CIIOCTEPIra€ThCsl 3MIIICHHS aKIEHTIB Y
JOCHIDKCHHI XapakTepy 3a0pyJHEHHS BOJIHOTO CEpEJOBUINA, OCKUIBKA Ha 3MIHY
3a0pynHIOBaYaM, IO HAAXOMATh 13 BHU3HAYCHHWX JDKEPET Y BIIHOCHO BEJIMKHUX
KUTBKOCTSIX (MUIIMOJISIPHI KOHIIEHTpAIlli) NMPUXOJIUTh CHOHTaHHE 3a0pyIHEHHS 3
PO3CIIHUX HEBU3HAYEHUX JKEPEl, AK€ XapaKTepPU3YEThCS PISHOMAHITHICTIO CKJIady 1
MIHJIMBICTIO Y 4Yacl Ta TOKCHYHUM €(EeKTOM CKJIaJOBUX BXE€ y MiHIMaIbHUX,
HaHOMOJIIPHUX, KOHLIEHTpaliax. Taki 3a0pyHIoBadl HE MIAAAIOTHCA €()EKTUBHOMY
BUJIAJICHHIO TPAJUI[INHUMH METOJaMHU OUYMCTKA CTIYHHUX BOJ 1 BKJIOYAIOTh
dapmarneBTHYHI mpenapaTty, 3acodbu moOyToBoi xiMii (KOCMETHUYHI, MUIOY1 3aco0U Ta
1H.), MECTULIM]IA Ta IIIAaHOTOKCUHHU.

Y Ham yac Bce aKTyaJbHINIO CTa€ TpoOsiemMa MOIIMPEHHS I11aHO0aKTEePi,
Hacamriepel mpenactaBHukiB psgy Nostocales, B moBepxHeBux Bojax €Bpomnu i
301IBIICHHS KIJIBKOCTI BUTIQAKIB IBITIHHS BoaM 3a ix yuacti (Taranu et al. 2015). Sk
OyJ10 HEeJJaBHO TMOKAa3aHO, OYIKYETHCSI €KCIAHCIS I[i€l TPy OPraHi3MiB B HOBI MICIIS
MIPOKMBAHHS 13 HACTYIHOIO 1HTErpali€l0 iX B €KOCHUCTEMH, a BIATAK — MOPYILICHHS
CTIMKOCTI ocTaHHIX. lle miATBepIKYyeTbCs, HANPUKIaJ, 30UIBIIEHHSM YacTOTH
nomupens Raphidiopsis raciborskii 3a octanHi aecSaTHIITTS, 0COONIMBO B 30HAX 3
nomipauM kimimarom (Rzymski et al. 2018). Take siBuie MOKHA MOSICHUTH BUCOKOIO
(EeHOTUIOBOIO MJIACTUYHICTIO, 3MIHOIO KJIIMATy Ta aHTPOIIOTEHHOI0 €BTPOQIKAIIIEI0
(Cirés and Ballot 2016).

Onuparoynch Ha JaHl MNpo Te, M0 EKCMaHCisd TMOTEHIIMHO TOKCUYHHUX
I[iIaHO0aKTepii movaynacs 3 MUPOT 3 TPOMIYHUM Ta CYOTPOMIYHUM KIIMATOM, JUIS
TOCHIDKEHHS MU OOpaJii  BOJOWMHM, SIKI XapaKTepU3yKTbCS  IiJBUIICHUM

TEMIIEPATypHUM PEXKUMOM HYepe3 OCOOJMBOCTI reorpadiyHOTO PO3TAITyBaHHS



(KacmepiBcbke BogocxoBuiiie Ta p. Ceper HIKYe HOTO 1aMOW) YU YMOBH €KCIUTyaTallii
(HerimuHchKe BOAOCXOBUINE). AHali3 (ITOIUIAHKTOHY MOKa3aB, IO I[1aHOOaKTepil
OyJr TOMIHYIOUOI0 (DpaKIl€r0 y BCIX BUMAAKAX 3 YITKIIIE BUPAKEHUM MEPEeBaKAHHIM
y JiTHI Micsami. 30kpeMa Oyj0 BHSBICHO KiTbKa TMOTEHIIHHUX BUPOOHUKIB
cuipHOMIrOUMX TokcuHIB: Raphidiopsis raciborskii, Aphanizomenon gracile,
Dolichospermum flos-aquae. Ilpore CkpWHIHTM Ha HAasBHICTh PO3YMHEHUX UM
YQCTKOBUX IWIIHApocnepMmoricuHy, MikpoructuHiB (-LR, -YR Ta -RR), Ta
AHATOKCUHY J1aJli HETaTUBHI Pe3yJIbTATH.

[{uTo- Ta TEHOTOKCHMYHI BJIACTUBOCTI IMIIHAPOCHEPMOIICUHY — aJIKaJlOiy
OlOCHMHTE30BaHOTO TNIEBHUMH BHUAAMHM I[1aHOOAKTEpIi — I[MIHUPOKO BUBYEHI HAa
CKCIIEPUMEHTAJIBHUX MOEIISIX IN VItro Ta in Vivo. 3a JOmoMOToOr0 KUTBKOX HE3aJIeKHHUX
JTOCHIDKEHb OyJI0 10 OKPEMO BCTAHOBJIEHO POJIb ypaluily, TyaHIIMHY Ta
riIpOKCUIIBHOT rpynH y Horo Tokcuunocti (Evans and Murphy 2011; Cartmell et al.
2017). Y Xxoxi mNPOMOHOBAHOTO JOCHI/PKEHHS 3 BHKOPUCTAHHSIM HOPMAJIbHHX
TeraTolUTIB Kopora B yMoBax IN Vitr0 Oylo mepeBipeHO TOKCHYHICTh W'SITH
CUHTETUYHHUX aHAJIOT1B IIWJIIHIPOCTIEPMOTICUHY, YCi 3 SIKUX MICTHIIUA Y CBOIH CTPYKTYpI1
YpALMJIOBUNA KOMIIOHEHT, aji€ BIIHI3HSIMCS KOMOIHAIISIMU 1HIIUX MPUTAMaHHUX HOMY
KOMIIOHEHTIB Ta ()YHKUIOHAJBbHUX TpyH. YCl TECTOBaHI AHAJIOTM BUKIIMKAIA
TeHepalliio aKTUBHUX (OPM OKCUHEHY, OKMCHEHHs JimiaiB Ta ¢pparmenramiro JJHK.
Haiibinbiie 3poctanns BMicTy ThK-AIT Ta akTBHOCTI Kacnazu-3 (Mapkepa arornTosy)
OyJl0 TPOJEMOHCTPOBAHO aHAJIOTOM, SIKHM, TMOMIOHO J0 HHMJIIHIPOCIEPMOIICUHY,
MICTUTh TPYNH TyaHIJUHY, TIAPOKCWIIY Ta ypaluily, ajleé He Ma€ Horo CKJIaAHOi
TPULMKIIYHOI ~ CTPYKTypu. 3poOJjieHI B mpoieci poOOTH  CHOCTEPEKEHHS
MIATBEPIKYIOTh TIMOTE3Y, 10 TOKCUYHICTh HMUIIHIAPOCIEPMOIICUHY € pPe3yJIbTaTOM
B3a€MO/I1i KOMIIOHEHTIB ypalluily, I'yaHJuHYy Ta FAPOKCUIIbHOI TPYIIH.

[TomanpIi mociimKeHHs Oy CIIpsSIMOBaH1 Ha BU3HAYCHHS (P131010r0-010X1MIYHUX
MOKa3HKUKIB PUO JOCIIHUX BOJOKM, 30KpeMa Kapacs cpidmsctoro Carassius auratus
gibelio (in vivo), 3 mMeToro imeHTH]iKaIl HErAaTUBHUX BIUIMBIB IHIIMX META0OJITIB
mianoOakrepiit. [lopiBHAHHS pe3ynbTaTiB aHami31B O10XIMIYHUX TMOKA3HUKIB TBapHUH
KacnepiBcbkoro BogocxoBuia, p. Ceper Ta KOHTPOJIBHOI JUISHKH J103BOJIMJIO

3pOOUTH BHCHOBOK, IO PUOH, SIKI HACEJSIOTh BOJOWMHM IMOOIM3Y JamMO, BUSBIISIOTH



TEH/ICHLIIO IO MOPYIIEHbh aHTHUOKCHUIAHTHOI CHCTEMHU Ta MPOSBIB IUTOTOKCHUYHOCTI
MOPIBHSHO 3 pUOAMU 3 KOHTPOJIbHOI AUIAHKH. binbiie Toro, y rpymnu 3 p. Cepet Hux4e
naMOM criocTepiraBcs 3HAYHUM OKUCHUM CTpecC, MOB’s3aHUM 3 TUCOATaHCOM CHUCTEM
AHTHOKCHJIAHTIB Ta MPOOKCUAHTIB, HU3bKUM PIBHEM METAJIOTIOHEIHIB, ayTo(dariero ta
€HJOKPUHHUMHU MOPYIICHHSIMH.

BigmiHHOCTI di3ionoro-6ioximMivHnX moka3HukiB pud Carassius auratus gibelio 3
BOJIOMM HIK4e Ta BUIle 1aMOu KacrepiBChbKol TiIpoeneKTpOCTaH il Ta KOHTPOIbHOT
JUISTHKA BKa3ylOTh HAa 3HUKEHHS KUTTEBOTO CTATyCy TBapHH HIDKYE JaMOM udepes
OUIbIIy IIBHJKICTH Te4li Ta BUIIMK BMICT KynpyMmy 1 IUitoMOymy. BinMiHHOCTI
MOKa3HUKIB pubO 3 BoJoMuU Buile namOu KacrepiBcbkoi TipOeIeKTPOCTaHII Ta
KOHTPOJIBHOI JUISTHKH, SKI XapakTEepPU3YIOTbCA CXO0KMMU YMOBaMH, CBIYaTh IpO
MPUCYTHICTh Y AOCIIIHUX BOJOMMAX W IHIIMX MOLIKOKYIOUMX YMHHHKIB, 30KpEMa,
MeTa0oITIB 1iaHOOAKTEPiH.

Jlns mepeBipkH 1€l TinoTe3n OyJo MpoaHaldi30BaHO BIUIMB €KCTPAKTIB KYJIbTYP
Raphidiopsis raciborskii, BumieHux i3 OCIIKyBaHUX BOIOMM 3axigHoi YKpaiHu Ha
130JIbOBaHI KJIITHHH Koporma 3Bu4aitHoro (Cyprinus carpio) B yMoBax eKCIIO3MIIT IN
vitro. Pazom 3 muM JociipkyBaiucs 4 €KCTpakTH 3 KYJIbTYp, OJEp)KaHUX 13 03ep
3axignoi [lonpimi, as mepeBipKH BIUIMBY TeorpadiyHOr0 YMHHHMKA Ha TOKCHYHI
e(eKTH TPOIYKTOBUX CIOJYK. YCl JOCHIKEHI €KCTPAKTH BUKJIMKAIW T1JBUIICHE
MPOJYKYBaHHA AaKTUBHHUX (OPM OKCUIeHy Ta, y OUIBIIOCTI BUMAJAKIB, 3POCTaHHS
aKTUBHOCTI Kacma3u-3. AKTUBHICTh KaTaja3u B renaTouTax CyTTEBO BapiroBajia — sK
3a HU3bKKX (1 MKJI/MIT), TaK 1 32 BUCOKUX (10 MKJI/MIT) KOHIIEHTpAIllid CrIoCTEpiragocs
1 301JIBIIICHHS, 1 3SMEHITICHHS I[bOT'0 TIOKa3HUKA. BUIBIICTh €KCTPaKTIB TAKOK BIUIHBAIIH
Ha IMyJ1 KJIITUHHKX T10J11B, 30KpeMa 3HNKYBAJIM aKTUBHICTh TITyTaTIOH-S-TpaHc(epasu,
MiJBULIYBAIM PIBEHb IIYTAaTIOHY Ta 3MEHIIYBajJd BMICT METAJOTIOHEIHIB (IUTaMu 3
yVKpaiHCbKUX BoaoWM). llurtoTokcmuHMii edekT, BU3HAYCHWHA SK TMOPYIICHHS
CTaOUIBHOCTI JI30COMAJIIbBHUX MEMOpaH y €pUTPOLMTaX KOPOIa, BUKIMKAB TIIbKU
mram R. raciborskii, sikuii moxoaus 3 Kacmepicbkoro Bogocxosuiia (cepres, 2017
p.). HelipoTOKCHYHICTh CIPUYMHSIIN YC1 JTOCIIKYBaH1 3pa3KHu.

Bigomo, 110 oxkpeMi BUU 111aHOOAKTEPiN Ta 3€JICHUX BOJOPOCTEH BUPOOIISIOTH

Tno(iabHI MOMIMETOKCH-1-aKeHH, SKi MOXYTh BUKIMKATH TEPATOTCHHI MPOSBU IN



Vivo. 3Baxkaroun Ha HeJoCTaTHiN piBeHb iH(opmarnii momo [IMA y Arthospira sp.
(xomepiirino Bigoma sk cripyminaa) ta Chlorella sp., sxi kyapTuUByrOTBCS Is
BUPOOHUIITBA XapyoBUX 010700aBOK, MM MpoaHaJi3yBalM piBeHb 0100€3MeKH
Xap4oBHX J00aBOK Ha ocHOBI xjopenu (n=10) Ta coipyman (n=13),
3apeectpoBaHux y €C 3 BUKOPUCTAHHSAM peakilii MOJEKYJSIpHUX MapkepiB Danio
rerio (in vivo). Mac-CrieKTpOMETpUYHUN aHalli3 (PPaKIiOHOBAHUX EKCTPAKTIB
JOCTDKyBaHUX MaTepialiiB HE BHUSBUB JKOJIHUX CIONYK, crnopigHeHux 3 [IMA.
AHamni30BaH1 3pa3Kkd HE MPOSBISIM TEPATOTEHHOI Mii, 32 BUHATKOM BUKPHBIICHHS
XOpAH, BUKJIIMKAHOTO (DpaKI[isIMU IBOX IMpenapariB Ha OCHOBI Xjiopenu. Pa3om 3 Tum,
npoaHai3oBaHi  0107100aBKM  BHUKJIMKadd TMPOSIBU  OKUCHOTO  CTpecy Ta
LIUTOTOKCUYHOCTI Yy TKAaHWHAX MEYIHKH JaHl0, Ha 110 BKa3ye MIABUIICHUN PIBEHb
aKTUBHUX ()OPM OKCUTEHY, aKTUBHICTh KaTala3u, MEPOKCUIHE OKUCHEHHS JIMIAIB Ta
30utbeHHs piBHa pparmenTanii JJHK. binbmicts (60 %) dpakiiit 3 npenapatiB Ha
OCHOBI XJIOPEJTM BUKJIMKAIN aKTUBAILIII0 XOJIHECTEPA3u Y MO3KY JIaH10, TOJIl K BILIUB
61,5 % (pakiiiit 3 mpenapaTiB Ha OCHOBI CHIPYJI1HU BUKJIMKAB MIPOTUIICKHY PEAKIIIIO —
il mpurnidenns. Haciigku BImuBy minogiIbHUX €KCTPAKTIB, 0COOJIMBO 3 MpenapaTsi
Ha OCHOBI xyopenu, Ha D. rerio Oymu CX0XMMHU Ha PEakiliio y BiJIIMOBIJb HA BIUIMB
EKCTPAKTIB I11aHOOAKTEPIH, 1110 MOYKE CBITIUTH MPO CXOXKICTh TOKCHYHUX METAOOJIITIB,
MpPOJyKOBaHUX 00OMa TIpylnaMH Opra”i3miB, 4Yu 3a0pyJaHeHHd 010700aBOK
11aHOOaKTep1sIMU. 3aCTOCYBaHHS 10 TOCIII)KYBAHUX 3pa3KiB pO3p00JIEHOr0 Ha OCHOBI
OMHCAHUX BUIIE JOCIIIKEHb CIOCOOY BHUSBIEHHS MOTEHIIMHO TOKCHYHHUX CHHBO-
3eneHux Boaopocren (Panbdpymmacska ta ['opun, 2019) nokasano, 1o npu BIUIMBI
Cl5,7 ta Sp 12 BianoBiap 130J50BaHUX KIITHH TKaHUH Kopora Cyprinus carpio MoxHa
OLIIHUTH K «cTpecy, a mis Cl6 Tta Sp2, 6 — «mepeAcTpecoBuil ctan» (amanTHBHA
peaxIis Ha MONIKO/KY0Yni BIUTUB). BigTak, He3BaXkarouu Ha Te, 110 MPOBEACHI HAaMU
JOCIIIKEHHS TMATBEPKYIOTh BIJICYTHICTh Y MPOaHATI30BaHUX MpernapaTax Ha OCHOBI
XJIOpeIu Ta CHIPYJIIHW TEPaTOTEHHUX CHOJIYK KJacy TMOJIIMETOKCHU-1-alKkeHiB, ix
IIUTOTOKCUYHHM €(PEKT CBITIUTH MPO HEOOX1THICTh TOAATBIITNX JOCIIKEHB 3 JAHOTO

HaIIpsAMKY.
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In recent decades, the structure of biohazards in the aquatic environment has
undergone a radical change: pollutants coming from known sources in relatively large
volumes (millimolar concentrations) have been replaced by spontaneous pollution
from scattered sources. The latter is characterized by composition variability, temporal
diversity, and toxic effects in minimal, nanomolar concentrations. Such contaminants
cannot be effectively removed with traditional wastewater treatment methods and
include pharmaceuticals, household chemicals (cosmetics, detergents, etc.), pesticides
and cyanotoxins.

Nowadays, there is an active spread of cyanobacteria, primarily of the Nostocales
order, in the surface waters of Europe and an increase in the number of cases of water
blooms with their involvement (Taranu et al. 2015). As recently shown, the Nostocales
are expected to expand into new habitats and then integrate into ecosystems, thus
disrupting their resilience. This is proven, for example, by the increase in the
prevalence of Raphidiopsis raciborskii in recent decades, especially in temperate
climates (Rzymski et al. 2018). This phenomenon can be explained by high phenotypic
plasticity, climate change and anthropogenic eutrophication (Cirés and Ballot 2016). It
Is obvious that freshwater reservoirs with a steadily elevated temperature regime
provide a favorable environment for the expansion of toxic species of cyanobacteria to
new areas with their subsequent spread.

Based on the data that the expansion of potentially toxic cyanobacteria began in
latitudes with tropical and subtropical climates, we chose for the study reservoirs
characterized by elevated temperatures due to geographical location (Kasperivtsi
Reservoir and the Seret River below its dam) or operating conditions (Netishyn

Reservoir). Phytoplankton analysis showed that cyanobacteria were the dominant



fraction in all cases with a more visible predominance in summer . In particular, several
potential producers of potent toxins were identified: Raphidiopsisraciborskii,
Aphanizomenongracile, Dolichospermumflos-aquae. However, screenings for
dissolved or partial cylindrospermopsin, microcystins (-LR, -YR, and -RR), and toxoid
were negative.

The cyto- and genotoxic properties of cylindrospermopsin, an alkaloid
biosynthesized by certain species of cyanobacteria, have been extensively studied in
experimental in vitro and in vivo models. Several independent studies have separately
identified the role of uracil, guanidine, and the hydroxyl group in CYN toxicity (Evans
and Murphy 2011; Cartmell et al. 2017). In the proposed study on a model of normal
carp hepatocytes in vitro, the toxicity of five synthetic simplified analogues was tested,
all of which contained a uracil component in their structure, but differed in
combinations of other components and functional groups inherent in CYN. All tested
analogues caused the reactive oxygen species, lipid peroxidation and increased levels
of DNA fragmentation/ The greatest increase in TBARS content and activity of
caspase-3 (a marker of apoptosis) was demonstrated by an analogue that, like CYN,
contains functional groups of guanidine, hydroxyl and uracil, but does not have its
complex tricyclic structure. Observations made in the course of this work confirm the
hypothesis that the toxicity of CYN is the result of the interaction of the components
of uracil, guanidine and the hydroxyl group.

Further studies were aimed at determining the vital status of aquatic organisms of
the experimental reservoirs, in particular the silver crucian Carassius auratus gibelio,
in order to identify the negative effects of other metabolites of cyanobacteria. A
comparison of the results of analyzes of biochemical parameters of animals of
Kasperivtsi Reservoir, Seret River and the control area allowed us to conclude that fish
inhabiting reservoirs near dams tend to have antioxidant system disorders and
cytotoxicity compared to fish from the reference site. Moreover, groups from the Seret
River below the dam experienced significant oxidative stress associated with an
imbalance of antioxidant and prooxidant systems, low metallothionein levels,

autophagy, and endocrine disruption.



Differences in physiological and biochemical parameters in Carassius auratus
gibelio from reservoirs below and above the Kasperivtsi dam and the control site
indicate the decrease in animals health status below the dam due to the higher flow
velocity and bigger contents of cuprum and plumbum. Differences in fish indicators
from the reservoir above the Kasperivtsi dam and control site which have similar
conditions serve as evidence that the analyzed reservoirs contain other damaging
factors, particularly, metabolites of blue-green algae.

To test this hypothesis, the effect of extracts of Raphidiopsis raciborskii cultures
isolated from the studied reservoirs of Western Ukraine on isolated cells of Common
carp (Cyprinus carpio) under invitro exposure was analyzed. At the same time, 4
extracts from crops obtained from the lakes of Western Poland were studied to test the
influence of a geographical factor on the toxic effects of food compounds. All studied
extracts caused increased production of reactive oxygen species and, in most cases,
increased activity of caspase-3. Catalase activity in hepatocytes varied significantly -
both at low (1 pl / ml) and at high (10 ul / ml) concentrations, there was an increase
and decrease in this indicator. Most extracts also affected the pool of cellular thiols, in
particular, reduced glutathione-S-transferase activity, increased glutathione levels and
decreased metallothionein content (strains from Ukrainian reservoirs). The cytotoxic
effect, defined as a violation of the stability of lysosomal membranes in carp
erythrocytes, was caused only by the strain R. raciborskii, which originated from the
Kasperivtsi Reservoir (August, 2017). Neurotoxicity was caused by all tested samples.

Certain species of cyanobacteria and green algae are known to produce lipophilic
polymethoxy-1-alkenes, which can cause teratogenicity invivo. Due to the insufficient
level of information on PMA in Arthospira sp. (commercially known as spirulina) and
Chlorella sp., which are cultivated for the production of food additives, we analyzed
the level of biosafety of food additives Chlorella (n = 10) and Spirulina (n = 13)
registered in the EU. Mass spectrometric analysis of the fractionated extracts did not
reveal any potentially related chemical compounds in the studied materials. The
analyzed samples did not show teratogenic effects, except for curvature of the spine
caused by fractions of two chlorella drugs. However, the analyzed supplements caused

oxidative stress and cytotoxicity in zebrafish liver tissue, as indicated by increased



levels of reactive oxygen species, catalase activity, lipid peroxidation and increased
levels of DNA fragmentation. The majority (60%) of chlorella fractions caused
cholinesterase activation in zebrafish brain, while the effect of 61.5% of spirulina
fractions caused the opposite reaction - its suppression. The effects of lipophilic
extracts, especially Chlorella, on Danio rerio were similar to the response to
cyanobacterial extracts, which may indicate the similarity of toxic metabolites
produced by both groups or contamination of bioadditives with blue-green algae.
Application to the studied samples of the method of detection of potentially toxic blue-
green algae developed on the basis of the studies described above (Falfushynska and
Horyn, 2019) showed that for Ch5,7 and Sp 12 the level of biosafety corresponds to
the indicator “stress” (acute stress response), and for Ch6 and Sp2, 6 — “pre-stress state”
(adaptive response to damage).

Therefore, although our studies confirm the absence of teratogenic compounds
belonging to the class of polymethoxy-1-alkenes in the Chlorella and Spirulina

preparations, their cytotoxic effect attests the necessity of further research.

Key words: cyanobacteria, cyanotoxins, carp fish, biomarkers, oxidative stress,

cytotoxicity, genotoxicity, neurotoxicity.
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