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CaxeTak

XPpOHMYHA U3NOXEHOCT Ibyan BOAU KOja je KOHTaMUHMpaHa
LnjaHOBaKTEPUjCKMM XenaTOTOKCUYHUM jeantsernma (Lu-
jaHOTOKCUHMMA) MOXe [OBECTM A0 NoBehaHe y4ecTanocTtu
nojaee KapuuMHoma unu apyrux obrnuka oborbewa jeTpe.
I'byam mory 6BuTH N3noXxeHu LMjaHOTOKCUHUMA NyTEM UHre-
CTuje, Hxanauuje n AepmarHor KOHTakTa, OQHOCHO NPeEKo
nujahe Boae, BOAE 3a pekpealujy, Boge 3a xemoamjanuay
unu npeko xpaHe. Ko uUmjaHOTOKCMHA ca XenaToTOKCUY-
HUM [1ejCTBOM, NPEBACXO4HO Ce M34Bajajy LMKINYHN nen-
TMON MUKPOLMCTUHM U HOZYNapvH, NOTOM TPULMKITUYHK
ankanova UMNMHAPOCNEPMONCUH, a Nocneawux rogmHa
NCNnTYyje ce U TOKCUYHO [ejCTBO HOBOOTKPUBEHON XenaTo-
TOKCMYHOr UmjaHOBaKTepMjcKOr cekyHaapHor metabonuta
— NIUMHOTPUKCKHA. 300r pasnuunTUX XEMUJCKUX CTPYKTY-
pa OBUX LMjaHOTOKCKHA, NOCTOje U PasnUimMT MEXaHU3MN
HMXOBOI TOKCUYHOT AejcTBa. Ha rmobanHom HMBOY, xena-
TOTOKCUHW CYy Hajyewwhe 3acTynibeHn LujaHobaKTepujckn
TOKCUHU W, MeRy HUMa, MUKPOLIMCTUHU CE WUCTUYY Kao
Hajuewhe OeTekToBaHW MPUMKOM LnjaHoBakTepujckor
LBeTara 1 Kao HajorncexHuje ndydeHn. OBo nocriegme je
cnyyaj n y Penybnuum Cpbujn, roe cy cnyyajeBu LBeTaka
unjaHobakTepuja y BoAama Koje ce KOpucTe Kao U3Bopu-
LWTa 3a BogocHabaeBare NPeTexHO BE3aHN 3a BPCTE Koje
Cy NOTEHLUMjaNHN NPOAYLEHTM YNPaBO MUKPOLMCTUHA (HMP.
npeactasHuum pogosa Microcystis n Planktothrix). Tako-
fe, MUKPOUMCTMHM Cy W jeOuHa rpyna XenaTOTOKCUYHMX
LiMjaHOTOKCMHA 3a KOjy je YCrnoCcTaBibeHO pefoBHO npahe-
H€ Yy Haloj 3eMibu, U TO NMpe CBera Kof BoAa Koje ce Ko-
pucTe 3a BogocHabaeBane. 36or nosehaHe yyectanoctum
nojaee LmjaHoBaKTeEpPUjCKOT LiBETaHa KaKo Y CBETY TaKo U
KOA, Hac, BeOMa je BaXXHO 3HATU U pasyMeTu TOKCUYHOCT U
MOTEeHLUMjanHy KaHLEepOoreHOCT XenaToTOKCUYHUX NpoayKa-
Ta umjaHobakTepwja, LUTO je U rMaBHW LuIb OBOr paja.

Krby4uHe peun: umjaHobakTepuje, LMjaHOTOKCUHU, XenaTo-
TOKCWHM, XenaTouenynapHu kapuuHom (HCC), mukpoum-
CTVHU, LMIMHAPOCTIEPMOMNCUH
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Abstract

Chronic human exposure to water contaminated with hep-
atotoxic cyanobacterial compounds (cyanotoxins) can lead
to an increased incidence of hepatocellular carcinoma or
other forms of liver disease. Humans can be exposed to
cyanotoxins through ingestion, inhalation and dermal con-
tact, i.e. by using contaminated drinking water, recreation-
al water, water used for hemodialysis or via food. Among
hepatotoxic cyanotoxins, cyclic peptides microcystins and
nodularin should be emphasized, as well as the tricyclic
alkaloid cylindrospermopsin. In addition, the existence of
a new hepatotoxic cyanobacterial secondary metabolite,
called limnotrixin, has been investigated in recent years.
Due to the different chemical structures of these cyanotox-
ins, mechanisms of their toxic effects also differ. Globally,
hepatotoxins are the most common cyanobacterial toxins
and, among them, microcystins are the most frequently de-
tected during cyanobacterial blooms and also the most ex-
tensively studied. The latter is also the case in the Republic
of Serbia, where cases of cyanobacterial blooms in water
bodies used for water supply are mostly related to species
that are potential microcystin producers (e.g. representa-
tives of the genera Microcystis and Planktothrix). Addition-
ally, microcystins are the only group of hepatotoxic cyano-
toxins for which regular monitoring has been established
in our country, which primarily refers to the water bodies
used as water supply sources. However, since there is
an increased frequency of cyanobacterial blooming, both
worldwide and in our country, it is very important to moni-
tor potential risks and understand the toxicity and potential
carcinogenicity of hepatotoxic products of cyanobacteria,
which was the main aim of this study.

Key words: cyanobacteria, cyanotoxins, hepatotoxins,
hepatocellular carcinoma (HCC), microcystins, cylindros-
permopsin
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YBopg

Borectu jeTpe npencrtaerbajy BENVKW 30paBCTBEHU MPO-
Onem WMpom cBeTa 1 BENMUKO cy rmobanHo ontepeherse 3a
OpywTBo. BaxaH cy yapok mopbuguteta n mopranuteta y
cBeTy. [maBHuU chakTopm pusmka cy Bupycu xenatutmca L n
B, Tewka koH3ymaLmja ankoxona u 6esankoxonHa 6onect
jetpe [1]. Be3ankoxonHa BONECT jeTpe 0QHOCK Ce Ha CKyn
bonecTu jeTpe koA rbyam Koju Nujy Mano unv Humarno arn-
koxona. besankoxonHa GonecT jeTpe pasBuja ce y BENUKK
CBETCKM 34paBcTBeHM nNpobnem [1] n y Be3u je ca roguHa-
Ma CTapocTu nonynawuje, NoNoM U rojasHoLuhy Kao NOTeH-
unjanHum daktopmuma pusnka [2]. MHora ucTtpaxusama
yKaayjy Ha To ga 6e3ankoxonHa 6onect jeTpe 6p3o nocra-
je jow jepaH BaxkaH y3pok xenaToLenynapHor kapumHomMma
[3]. Mpema Hekum cTyaujama [3, 4] XpOHUYHA U3NTOXKEHOCT
reyan Bogm 3a nuhe Koja je 3arafeHa umjaHobakTepujckum
TOKCUYHUM jeduH-erUMa MOXE Ce Yy HEeKMM Cry4ajeBnma,
y KOMBMHauumju ca gpyrum aktopuma, 4OBECTM Y Be3y ca
nosehaHom yyecTanowhy KapuMHoMa jeTpe, U XPOoHUY-
HUM owTehereM 1 GonecTuma jeTpe.

LinjaHobakTepuje, No3HaTe u Kao Mogpo3erneHe anre, cy
POTOCUHTETCKN MPOKapUoOTM MPancTopujcKor nopekna
(npekambpujym) [5]. Kao apeBHU obnuvk xunBoTa, OHe 3ay-
31Majy roToBO CBaKy NnocTojehy eKONoLLKY HULLY, a hUxoBa
OpojHOCT orpaHunyeHa je AoCTynHoLWhy XpaHIbUBMX MaTe-
puvja, ogroBapajyhom TemnepaTypoM 1 KOSIMYNHOM CBETIO-
CTW. Y BOAEHUM ekocucTtemMmnma LmjaHobakTepuje cy yBek
NpUCYTHE, 1 HKXxoBa OPOjHOCT MOXe Aa Bapvpa of Bpro
Manor 6poja, na go suwe og munuoH henuja/ml. Bucoka
OpojHOCT Mnu uBeTawe LunjaHobakTepuja y NOBPLUMHCKUM
Bojama ucnorbasa ce ogpefheHOM BpeMEeHCKOM (Ce30H-
CKOM) AMHaMUKOM. Heke peke u jesepa umajy CE30HCKO
LBETaHE KOje 3anoynkse y NeTo 1 Tpaje 4O KacHe jeceHu,
y Hekuma LBeTare obyxBaTa cBa roguwitba noba, a Herge
Ce jaBrbajy eKCTpeMHU MUKOBW Uy NafoBu Yy Tpajary Of
CaMO HEeKONWKO AaHa, unu Hegerba. Ca NPOMEHOM rro-
b6anHe knume ¥ noBehawem aHTPOMOreHUX akTUBHOCTW,
eyTpodukaumja Boge (noBehaH npunue HyTpujeHata, je-
Onmserba asoTa u docdopa) gosena je 40 yyYecTanumjmx
uBeTaka unjaHobakTepuija [3, 6, 7], Tako ga oBa LBeTaka
nocTtajy 036urbaH Npobrnem y MHOrMM BOOHUM TenMMa Lin-
pom cBeTa. LLTeTHO anranHo uBeTake ce O3HayaBa Kao
HAB (enrn. Harmful Algal Blooms) n pgedwuHuwe ce kao
LBeTake Koje MmMa HeraTvBaH eKOSOLLKN N COLIMOEKOHOM-
CKM yTULAj 1 NpeacTaBrba NpeThy Mo jaBHO 3apasrbe [8].

XenaToTOKCUM4YHM NPOAYKTU LujaHobakTepuja
LinjaHoGakTepuje mMmajy CnocoBHOCT Aa CUHTETWLWY Be-

Nk 6poj cekyHaapHux meTtabonuTta, rgoe crnagajy u uu-
jJAHOTOKCMHM KOjU Cy XETEpOreHu no CTPYKTYpU, aKTUBHO-

Introduction

Liver disease represents a grave health problem world-
wide and imposes a great global burden of disease on
society. This is an important cause of morbidity and mor-
tality worldwide. Hepatitis C and B viruses, severe alcohol
consumption and non-alcoholic liver disease represent the
main risk factors [1]. Non-alcoholic liver disease refers to
a cluster of liver diseases in people that consume little or
no alcohol. Non-alcoholic liver disease is a growing global
health problem [1] which correlates with population age,
sex, excess weight and various potential risk factors [2].
Numerous studies indicate that non-alcoholic liver disease
is quickly becoming yet another very important cause of
hepatocellular carcinoma [3]. According to some studies
[3, 4], chronic exposure to drinking water contaminated
with cyanobacterial toxic compounds can, in some cases
and in combination with other factors, correlate with an in-
crease in liver cancer incidence or chronic liver damage
and liver disease.

Cyanobacteria, also known as blue-green algae, are pho-
tosynthetic procaryotes of ancient decent (Precambrian)
[5]. As one of the earliest forms of life, they take up nearly
every existing ecological niche, while their abundance is
limited by the availability of nutrients, adequate tempera-
ture and light. In aquatic ecosystems, cyanobacteria are
always present and their abundance can vary from a very
low number up to more than a million cells/mL. The high
number or blooming of cyanobacteria in surface waters is
manifested through a specific temporal (seasonal) dynam-
ic. Some rivers and lakes have seasonal blooms that start
in the summer and last until the late fall, in some water bod-
ies blooms occur in all seasons, while in others extreme
peaks and drops appear in a time range of several days or
weeks. With climate change and the increase in anthropo-
genic activities, water eutrophication (increased inflow of
nutrients, especially nitrogen and phosphorus compounds)
has increased the frequency of cyanobacterial blooms [3,
6, 7], which became a serious problem in many water bod-
ies worldwide. Harmful algae blooms are marked as HAB
(Harmful Algal Blooms) and defined as blooms which have
negative ecological and socioeconomic effects and pose a
threat to public health [8].

Hepatotoxic products of cyanobacteria

Cyanobacteria have the capacity to synthetize a large
number of secondary metabolites, which include cyanotox-
ins that differ in structure, activity and stability. Cyanotoxins
represent a wide spectrum of toxic compounds of low mo-
lecular weight, with no colour, taste or smell, which means
they often go unnoticed by water body users and water
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CTN 1 cTabunHocTu. LinjaHoTokCcMHM NpeacTaBrbajy LWNMpoK
cnekTap TOKCUYHUX jeOunHbera Marne MOSeKyrcke TeXMHe,
koju cy 6e3 6oje, ykyca n mupuca, Tako Aa 4ecTto 6usajy
HenpuMeheHn of CTpaHe KOPWCHWKa BOAHUX Tera W no-
Tpowaya Boge [9]. OBu meTabonmTn Mory JOCneTu y Bogy
OVPEKTHO, Unn HakoH henujckor pacnagara, LWTo MOXe
UMaTy Benuke Mocrneauue Ha akBaTUYHe opraHu3me, Kao
1 Ha 30paBrbe SbyAMN U XUBOTUHbA. [1pBY HAay4YHM N3BELLTA)
0 HeraTVBHMM Mocrieguuama Lpetawa Boge je objaBrbeH
naneke 1878. rogmHe 3a jesepo AnekcaHgpuHa y Ayctpa-
nnju, 1 OQHOCKO Ce Ha NoMop AOMahux XXUBOTUHA Ycres
TpoBaka BOAOM Y KOjoj Cy LiBeTane uujaHobakTepuje (Bp-
cta Nodularia spumigena). Aytop George Francis je pag
nog Hasusom ,,OTpoBaHo AycTpanujcko jesepo” objaBuo 3a
NPEeCTWXHW Hay4YHu Yaconuc Nature.

Tbyaun nsanoxeHun unjaHobakTeEPMjCKUM TOKCUHUMA MOTy pa-
3BUTK pasnunyuTe cumntome u 6onectu. MNpumapHn edek-
T LMjaHOTOKCUHA YKIbYy4yjy akyTHY XenaTtoTOKCUYHOCT,
aKyTHY HEYPOTOKCUYHOCT, racCTPOUHTECTUHAITHE CUMMTOME
N pecnupaTtopHe, AepMaTorioLlKe 1 aneprujcke peakuuje
[10].

XenaToToKCuHM cy rnobanHo Hajyewwhe 3acTynrbeHu um-
jaHobakTepujckn TokcuHmM [11]. Y oBy rpyny ce yb6pajajy:
MUKPOLMCTUHU, HOQYNAPWUHU U LUIMHOPOCNEPMONCUHM [6,
12], a npema HekMM casHakbMMa Ty crnaga U TOKCUH NUM-
HOTpUKCKH [7, 13]. CTabmnHOCT 1 NOCTOjaHOCT XenaToTOK-
CVYHMX MpoAyKaTa uujaHobakTepuja y XMBOTHOj CpeanHu
3aBUCK Off HbMXOBE CTPYKTYPE U YNHW YKIarare OBUX je-
Onkbersa npobnemaTnyHuM WTo noBehasa yKynHe 3gpaBs-
CTBEHE pU3MKe KOje OBM TOKCMHU NpeacTaBrbajy y Bogama
3a nuhe n pekpeauujy [12].

MVIKpOLIVICTVIH U HoAymnapuH — XenatToOTOKCUYHM LUu-
KNMUWYHWN nenTtugun

MukpounctuHn (MCs) cy ctabunHm n Hemcnaprbuem Mo-
nekynu, pacteopsemsu y Boan [14]. o xemujcKkoj CTpyk-
TYpU Cy UMKNUYHM NONMMNEenTMau Koju ce cactoje of 7
aMUWHOKUCENVHA, MOMEKYIICKe TEXWHE Koja Bapupa nsme-
Ay 800 n 1100 Da. lNpBa xemujcka CTPYKTypa TOKCUYHUX
LMjaHOBaKTEPUjCKNX LIMKMNYHUX NenTuaa MaeHTUduKoBa-
Ha je NoyeTKOM ocaMAecTuxX roguvHa npolunor Beka [12,
15], pa 6u ce Gpoj NOTNYHO OKapakTepuUCaHWX Morekyna
13 oBe rpyne TOKCMHa 3Ha4yajHo nosehao TokoM nocnepn-
e OBe AeleHuje. NpBa TakBa cyncraHua HafeHa y Boau
umana je cTpykTypy: umkno-(D-anaHuH1-X2-D-MeAsp3-
Z4-Adda5-D-rnytamat-6-Mdha7), roe DMeAsp3 npegn-
ctaBba D-eputpo-B-metunacnaptatHy kucenuHy, Mdha
je N-metungexmgpoanaHvH, a X u Z cy npomewuse L
amuHokucenuHe (crvka 1.1). X je Hajuyewhe neyumH (L),
aprvHuH (R) nnn tnposnH (Y), a Z aprvivH (R), anaHuH

consumers [9]. These metabolites can reach the water di-
rectly or after cell decay, and can have a negative effect
on aquatic organisms, as well as on the health of people
and animals. The first scientific report on the negative con-
sequences of water bloom was published in 1878 for the
Lake Alexandrina in Australia, and it referred to the death
of domestic animals due to poisoning by water in which cy-
anobacteria had bloomed (species: Nodularia spumigena).
The author, George Frances, published a paper named
“Australian Poisoned Lake” for the prestigious scientific
journal “Nature”.

People exposed to cyanobacterial toxins can develop
various symptoms and diseases. The primary effects of
cyanotoxin exposure include acute hepatoxicity, acute
neurotoxicity, gastrointestinal symptoms and respiratory,
dermatological and allergic reactions [10].

Hepatotoxins are globally the most prevalent cyanobacteri-
al toxins [11]. This group includes: microcystins, nodularins
and cylindrospermopsins [6, 12]; some researchers also
classify the toxin limnothrixin in this group [7, 13]. Stability
and persistence of hepatotoxic cyanobacterial products in
the environment depend on their structure, which compli-
cates the removal of these compounds and therefore in-
creases the overall health risks due to their presence in
drinking and recreational waters [12].

Microcystin and nodularin — hepatotoxic cyclic pep-
tides

Microcystins (MCs) are stable, non-volatile, water-soluble
molecules [14]. In terms of chemical structure, they are cy-
clic polypeptides consisting of 7 amino acids, with molecu-
lar weight that ranges between 800 and 1100 Da. The first
chemical structure of toxic cyanobacterial cyclic peptides
was identified in the early 80s [12, 15], while the number
of fully characterized molecules belonging to this group
of toxins significantly increased in the last two decades.
The first substance from this group found in water had the
structure: cyclo-(D-alanine1-X2-D-MeAsp3-Z4-Adda5-D-
glutamate-6-Mdha7), where DMeAsp3 represents D-eryth-
ro-B-methylaspartic acid, Mdha is N-methyldehydroala-
nine, while X and Z are variable L amino acids (Figure 1.1).
X is usually leucine (L), arginine (R) or tyrosine (Y), while
Z is arginine (R), alanine (A) or methionine (M). If those
are for example, leucine (L) and arginine (R), this structur-
al variant of microcystin is then microcystin-LR (MC-LR).
To date, more than 240 structural variants of MCs were
reported [16], which differ not only in X and Z amino acid
positions, but also in other modifications, such as demeth-
ylation of N-methyldehydroalanine, methylaspartic acid or
Adda [7]. The amino acid Adda, (2S,3S,8S,9S)-3-amino-9-
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(A) unu metnoHnH (M). Ako cy TO, Ha npumep, neyuuH (L)
n aprvHuH (R), oBa CTpyKTypHa BapujaHTa MUKPOLIMCTMHA
ce Taga HasvBa MukpouuctuH-LR (MC-LR). o pnaHac je
npujaerbeHo Buwe of 240 cTpykTypHUX BapujaHtu MC-a
[16], koje ce pa3snukyjy He caMO y aMUHOKUCeNMHaMma Ha
nosuumjama X n Z, seh n y gpyrmum mogmndukaumjama, Kao
wTo cy gemetunaumje N-meTungexuapoanaHuHa, MeTu-
nacnaparuHcke kucenvHe unm Adda [7]. AMUHO-KMCENNHA
Adda, (2S,3S,8S5,9S5)-3-amnHo-9-metokcun-2,6,8-tpume-
TMn-10-cbeHunaeka-4,6-gueHonnHa KucenvHa, Hajuewha
je CTpyKTypa U jedMHCTBeHa KapakTepucTtuka y oBoj rpynu
TOKCUHA.

MU KPOLIMCTMHM Cy Hajuyellhn TOKCUHM OETEKTOBAHN NPUnu-
KOM LiBeTara LmjaHobakTepuja, a Takohe cy 1 HajoncexHu-
je npoyyaBaHu LMjaHOTOKCUHU. CUHTETULLY CE NPEKO MYI-
TMEH3MMCKMX KOMMMekca HepubocomanHux nonuketmua/
nenTng cMHTeTase KoAMpaHMX reHCKom rpyrnom mcy. Hasme
cy nobunu no Bpctu Microcystis aeruginosa (cnvka 1.2.)
13 Koje cy npBu nyT u3onosaHu [17], ann nx npoaykyjy v
BpCTe n3 pogosa: Anabaena, Anabaenopsis, Gloeotrichia,
Hapalosiphon, Nostoc, Oscillatoria, Planktothrix,
Plectonema, Phormidium, Pseudanabaena, Radiocystis,
Rivularia, Synechococcus, Synechocystis n Tolypothrix
[4, 18]. Ha cnvum 1. (2—7) npukasaHe cy unjaHobakTepuje,
nNpoayLeHTM MUKPOLIMCTMHA, Koje cy Hajuyewhe 3abenexe-
He y noBpLIMHCKUM Bogama y Cpbuju.

methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic  acid,
is the most common structure and a unique characteristic
in this group of toxins.

Microcystins are most frequently detected molecules
during cyanobacterial blooms and are also the most ex-
tensively studied cyanotoxins. They are synthetized by
multienzyme complexes of non-ribosomal polyketide/pep-
tide synthetase coded through the mcy gene cluster. They
were named after Microcystis aeruginosa (Figure 1.2.)
from which they were first isolated [17], but they are also
produced by species belonging to the orders: Anabaena,
Anabaenopsis, Gloeotrichia, Hapalosiphon, Nostoc, Os-
cillatoria, Planktothrix, Plectonema, Phormidium, Pseu-
danabaena, Radiocystis, Rivularia, Synechococcus, Syn-
echocystis and Tolypothrix [4, 18]. Figure 1 (2-7), shows
the most common microcystin producing cyanobacteria in
Serbian surface waters.
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Cnuka 1. Xemujcka cTpykTypa MukpoumctmHa (1) n Bpcre
Koje ra npogykyjy: Microcystis aeruginosa (2), Oscillatoria
limosa (3), Plectonema sp. (4), Woronichinia naegeliana
(5), Planktothrix rubescens (6), Planktothrix agardhii (7)

OTtkpuhe reHa buocmHTese MukpoumctuHa y Microcystis-y
je monnovano nyT He camo 3a naeHTudukauunjy 1 pacee-
TrbaBake MyTeBa CMHTE3E MUKPOLUCTMHA Y DUNaMeHTo-
3HUM UmjaHoBakTepujckum pogoBuma nonyT Planktothrix n
Anabaena, Beh je goeno un go oTkprha eHsma ykbyde-
HUX y BrnocuHTedy HogynapuHa (NOD) y Bpctu Nodularia
spumigena [19].

HopynapuHu (NODs) cy No XeMujcKoj CTPYKTypwW, Kao u
MWUKPOLIMCTUHU, LUMKINNYHM NENTUAM, anu ce cacToje ce of
5 amuHokucenuHa monekyncke mace 824 Da [20]. leHe-
pyvyKa aMUHOKMCENMHCKa CeKBeHua HOoAynapuHa cacToju
ce og (1) MeAsp, (2) l-aprununa (Arg, R), (3) Adda, (4)
d-rnytamuHcke kucenuHe (Glu, E) i (5) 2-metunamu-
HO-2-0yTeHouyHe kucenuHe (N-metungexnapobyTUpuH).
CTpyKkTypHe Bapwujauuje ce Mory jaBUTu Ha CBaKOj aMWHO-
KMCEnuMHCKoj nosuvumju nentuga. CTpykTypHa aHanoruja
navefly NOD n MC y3pokoBaHa je cpogHuM GUOCUHTET-
Ckum MexaHusmuma [19]. HogynapwH je ngeHtudurkosaH
y OpakuyHum Bogama Ayctpanuvje, bantuykom mopy 1 Ha
Hosom 3enaHay. [lo gaHac je npujaBrbeHo 10 CTPYKTYPHUX

Figure 1. The chemical structure of microcystin (1) and
the species which produce it Microcystis aeruginosa (2),
Oscillatoria limosa (3), Plectonema sp. (4), Woronichinia
naegeliana (5), Planktothrix rubescens (6), Planktothrix
agardhii (7).

The discovery of microcystin biosynthetic genes in Micro-
cystis aeruginosa paved the way not only for the identifica-
tion and understanding of the MC synthesis paths among
filamented cyanobacterial genera, such as Planctothrix
and Anabaena, but also to the discovery of enzymes in-
cluded in the nodularin biosynthesis (NOD) by species
Nodularia spumigena [19].

As microcystins, nodularins (NODs) are cyclic peptides
in structure, consisting of 5 amino acids, with a molecular
weight of 824 Da [20]. The generic amino acid sequence
of nodularin consists of (1) MeAsp, (2) I-arginine (Arg, R),
(3) Adda, (4) d-glutamic acid (Glu, E) and (5) 2-methyl-
amino-2-butyric acid (N-methyldehydrobutyrin). Structural
variations can appear in each amino acidic peptide posi-
tion. The structural analogy between NOD and MC is a
consequence of their related biosynthetic pathways [19].
Nodularin was identified in brackish waters of Australia and
the Baltic Sea, as well as in New Zealand. There are 10
structural variants of nodularin reported to date [16].
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BapujaHTu HogynapuHa [16].
LUunuHapocnepmoncuH

Unnuugpocnepmoncud (CYN) je cactaBrbeH of Tpuum-
KINWYHOT ankanoua rae je TpUUUKIMYHa KOMNOHEHTa rea-
HUOWH 33 KOju je ca jefHe CTpaHe Be3aH XUOPOKCUMETUIY-
paumn (cnuka 2.1.), a ca gpyre cyndarHu joH, MOJeKyricke
TexmHe 415 Da [12, 15]. TpeHyTHO je no3HaTo YeTMpun aHa-
fnora UMNMHAPOCNEPMONCKHA, Ha NPUMep, OEOKCULIUITNH-
apocnepmoncuH (deoxy-CYN), Mare TOKCUYHa BapuvjaHTa
LUMNMHOPOCNEPMONCMHA U1, Kao LUTO MYy Me roBOpW, HELO-
CTaje KMCEeOHMK Be3aH 3a ypauunoB NPCTEH; enumep uu-
nMHOPOCNEPMONCUHa 7-enn-unnuHapocnepmMoncuH (7epi-
CYN) koju ce pasnukyje no opujeHTauuju XugpoKCuriHe
rpyne ypauurnHor npcTeHa, Kao 1 ABe HeaBHO OKapakTte-
pucaHe BapujaHTe 7-geokcugecyndo-CYN n 7-geokcuge-
cyngo-12-auetnn-CYN [21].

LinnmHgpocnepMoncuH npoaykyje Benvkn 6poj cratkoBog-
HUX unjaHobakTepwja: Raphidiopsis (Cylindrospermopsis)
raciborskii, Umezakia natans, Raphidiopsis curvata,
Raphidiopsis mediterranea, Aphanizomenon ovalisporum,
Lyngbya wollei, Aphanizomenon flos-aquae, Aphanizom-
enon gracile, Aphanizomenon ovalisporum, Anabaena
laponica, Dolichospermum mendotae, Chrysosporum
bergii n Chrysosporum ovalisporum [18, 22]. Bpcte
Aphanizomenon flos-aquae w Aphanizomenon gracile cy
Haj3HavajHuju npoayueHTn CYN-a y EBponu [21]. Ha cnu-
UM 2. npukasaHe cy BpCTe, NPOAYyLEHTU LmnmMHapocnep-
MOrcuHa, Koje ce Hajuewwhe cpehy y NOBPLUMHCKMM BoAa-
mMa y Cpbwuju.

JInMHOTpPUKCUH

Tek HegaBHO Cy Heke CTyAuje 3ano4derne UCnNUTUBaHe TOK-
cuyHoctn Limnothrix-a [13, 23]. OBM pagoBun HUCY OTKpU-
M NPUCYCTBO NPETXOOHO OMUCAHUX LmjaHOBaKTepMjCKunx
TOKCUHA (MUKPOLMCTUHMN, CAKCUTOKCUHU U LIUNUHApOChep-
moncuHmn). Takohe, BLAST npetpare reHoma Limnothrix-a
HWCYy Jane pesyntaTe HY 3a TOKCMHE aHaTOKCWH W FIMHIou-
aTtokcuH. CTora, npeanoXeH je HoBM Ha3nB 3a 0Baj TOKCKH
— ,JIMMHOTPUKCUH”, KOjU1 je NoBe3aH ca owTeherwunma jeTpe,
nnyha u racTpouHTeCcTUHanNHor Tpakta muwwesa [13], kao u
TOKCMYHOM akTuBHOLWhY Ha napsama xabe Bufo marinus
[23]. MehyTum, Byayhu ga jow yBek Huje mo3HaTta CTpyk-
Typa OBOr TOKCMHA, uaeHTuduKaumja reHa 0groBopHMX 3a
HeroBy 6MOCKHTE3Y je TeLuka.

Cylindrospermopsin

Cylindrospermopsin (CYN) consists of a tricyclic alkaloid
with molecular weight of 415 Da, wherein the tricyclic com-
ponent is guanidine with hydroxymethyluracil attached on
one side (Figure 2.1) and sulphate ion on the other [12, 15].
There are only four cylindrospermopsin analogs known, e.
g. deoxy-cylindrospermopsin (deoxy-CYN), a less toxic
variant of cylindrospermopsin, and as the name suggests,
lacking the oxygen bound to the uracil ring; epimer of cy-
lindrospermopsin, 7-epicylindrospermopsin (7epi-CYN),
which differs in orientation of the hydroxyl group in the
uracil ring, as well as two recently characterized variants
7-deoxy-desulpho-cylindrospermopsin-CYN and 7-deoxy-
desulpho-12-acetyl-CYN [21].

Cylindrospermopsin is produced by a large number of
freshwater cyanobacteria: Raphidiopsis (Cylindrospermo-
psis) raciborskii, Umezakia natans, Raphidiopsis curvata,
Raphidiopsis mediterranea, Aphanizomenon ovalisporum,
Lyngbya wollei, Aphanizomenon flos-aquae, Aphanizom-
enon gracile, Aphanizomenon ovalisporum, Anabaena la-
ponica, Dolichospermum mendotae, Chrysosporum bergii
and Chrysosporum ovalisporum [18, 22]. Species Aphani-
zomenon flos-aquae and Aphanizomenon gracile are the
most significant producers of CYN in Europe [21]. Figure
2. shows the most frequent cylindrospermopsin-producing
species in Serbian surface waters.

Limnothrixin

Recently, some studies started investigating the toxicity of
Limnothrix [13, 23]. This research did not reveal the pres-
ence of previously described cyanobacterial toxins (micro-
cystins, saxitoxins, and cylindrospermopsins). In addition,
a BLAST-search of Limnothrix genomes did not yield any
results for the toxins anatoxin and lyngbyatoxin. Thus, a
new name was suggested for this cyanotoxin — “limnothrix-
in”, which is associated with liver, lung, and gastrointesti-
nal tract damage in mice [13], as well as the toxic activity
against Bufo marinus larvae [23]. However, given that the
structure of this toxin hasn’t been resolved yet, identifica-
tion of the genes responsible for its biosynthesis is difficult.
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Cnuka 2. Xemujcka CTpyKTypa LUNUHAPOCNEPMONCU-
Ha (1) n BpcTe Koje ra npoaykyjy: Aphanizomenon flos-
aquae (2-3), Aphanizomenon gracile (4), Raphidiopsis
(Cylindrospermopsis) raciborskii (5)

TOKCUKOMOLLKU MeXaHU3MU

TOKCMYHOCT MUKPOLIMCTMHA 3aBUCK Of yAera KOohbyrosa-
HUX aneHa y Adda amnHo-KucennHu n HMBoa MeTunauuje
[12]. Adda pervoH je y nHTepakumju ca akTUBHUM MECTOM
npotenH ¢occatasze 1 n 2A. KoBaneHTHa Be3a usmehy
MeTUNXuapoanaHnHa M ocrtataka uMcTenHa Ha dhocda-
Tazama J0BOAW OO MpeBep3nbunHe MHxnbuumje npoTemH
doccatase 1 n 2A. 360r cBoje BENUUMHE 1 XMApPOUITHO-
CTW MUKPOLIMCTMHKN He Mory npohu Kpo3 henunjcky membpa-

Figure 2. The chemical structure of cylindrospermopsin (1)
and species that produce it: Aphanizomenon flos-aquae
(2-3), Aphanizomenon gracile (4), Raphidiopsis (Cylin-
drospermopsis) raciborskii

Toxicological mechanisms

Microcystin toxicity depends on the ratio of conjugated
dienes in the Adda amino acid and the methylation levels
[12]. Adda region interacts with the active site of protein
phosphatases 1 and 2A. Covalent binding between the
methyldehydroalanine of microcystins and cysteine resi-
dues on the phosphatases leads to an irreversible inhibi-
tion of protein phosphatase 1 and 2A. Due to their size and
hydrophilicity, microcystins cannot pass through the cell
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Hy npocToMm audysujom. Ctora, akymynaumja MUKpoOLM-
CTVHa y henuvjama 3aBuCK 0f, N3PaxXeHOCTU cneunguyHor
Na*- He3aBWCHOI OpraHCKO aHjoOHCKOr TpaHcropTta nornu-
nentnga (OATP). OpraHCKO aHjOHCKM TpaHCnopT nonu-
nenTuaa onaklwasa jeHOCMEPHUN aKTUBHN YHOC Broxemu;j-
CKUX jeduHberba U HyTpujeHaTa 3a KacHujy auctpubyumjy,
MeTabonusam 1 eKkckpeuujy y pasnuuntum Tkmeuma [12].
OBa rpyna TpaHcrnopTepa je u3paxeHa y pasnuyvtum Tu-
nosuma henuja, ykreyudyjyhu 6ybpexHe enutenHe henwje,
eHTepouunTe (UpeBHe agcopnTuBHe henuje), xenatouuTe,
kao n henwvje cpua, nnyha, cnesuHe. lNocne opanHe, nH-
TpanepuToHeanHe WNM WHTPaBEHCKE WHTOKCUKauuje, je-
Tpa je rmaBHW LUIbHM OpraH akymynauuje MUKpouucTnHa
W HofyrnapuHa. HakoH ynacka y xenatouuTte, OBU TOKCUHU
MHXMBMpajy cepuH npotenH cdocdarasy 1 n 2A ycnocra-
BSbajyhn KoBaneHTHY Be3y ca €H3MMOM Y Criyvajy MUKpO-
LMCTMHA U He-KoBaneHTHy Be3y 3a HogynapwH [24]. Ouc-
f6anaHc npoteuH docdopunauvje mnsasmBa packugame
LMTOCKemNeTa y jeTpu, WTO Aarbe BOOU TELLKOj XenaTuyHoj
Xemoparumju koja Moxe msassatu u cmpt [25]. MNMopen vH-
xnbuumje npotenH docdatase 1 1 2A, MUKPOLUCTUHM Oe-
nyjy n Ha ATP cuHTeTasy 1 MOry Aa goBefy Aa anonTtose
henuja.

lMopen akyTHe TOKCUYHOCTU, NPOBremM XpOHNYHE MHTOKCK-
Kauuje je Takohe npucyTtaH. Pasnuunta uctpaxusama Ha
XMBOTUHAMa HAKOH KOHTUHYMpPAaHOr YHOCa MUKPOLMCTUHA
nokasana cy ga gonasu 0O XpOHuU4YHor owTteherwa jeTpe
(mereHepauwuja xenaTtoumTa, XMCTONATOMOLLKE MPOMEHE,
XPOHUYHa ynana u nosehawe HMBOA €H3nMa jeTpe) U Ha-
CTaHKa KapumnHoma [5, 26]. TOKCMYHOCT CBaKOr nojeguHad-
Hor obnvka MUKpPOLMCTMHA Bapupa y Benukoj mepu. Tako
je LDS0 3a mukpoumuctuH-LR 50 pg/kg TenecHe TexuHe,
0ok je 3a mukpoumctnH-RR 600 pg/kg TenecHe TexuHe.
MehyHapoaoHa areHumja 3a UCTpaxuBamwe paka Kracu-
dukoBana je MuKpouucTuH-LR kao kapumHoreH rpyne
2b [27]. CmaTpa ce ga MUKPOLUCTUHU Aenyjy NpeTexHo
Kao TYMOPCKM MPOMOTEPU KPO3 UHXMOULM])Y MPOTENHCKMX
docdaTasza 1 1 2A, Ynme yTudy Ha perynaumjy paBHoTexe
namehy dgoccopunaumje henunjcknx npotemHa n gedoc-
dopunauuje, 3a Kojy ce nokasano ga je ANPEKTHO noBse-
3aHa ca HUXOBOM LIMTOTOKCMYHOLWNY 1 akTUBHOLLNY Koja
gosoau o nojaee Tymopa. [pyro, MHore ctyauje [24, 26]
cy nokasane ga MC-LR ytude Ha nosehaHy mpogykuwujy
peakTUBHUX BPCTa KNCEOHWKA, LUTO AOBOAM 0 nopemeha-
ja yuTockerneTa, OAUCHYHKUMje MUTOXOHApWja, cTpeca eH-
[onnasmMuykor peTukyrnyma u aeperynaumje henujckor um-
knyca. Tpehe, MC-LR moxe nHaykosatn JHK owTtehena
6uno anpekTHoMm nHTepakumjom ca OHK nnv nHampekTHum
MexaHU3MOM, CTBapaH-eM peaKkTMBHUX BPCTa KUCEOHWNKa U
nHxmbuumjom nytesa penapauuje OHK koju gonpuHoce re-
HeTCKOj HecTabunHocTty [3].

membrane by passive diffusion. Thus, the accumulation of
microcystins in cells depends on the level of expression
of the specific Na*-independent organic anion transporting
polypeptides (OATPs) [12]. The OATP-mediated transport
facilitates the unidirectional active intake of biochemical
compounds and nutrients for later distribution, metabolism
and excretion in different tissues [12]. This group of trans-
porters is expressed in various types of cells, including
kidney epithelial cells, enterocytes (red adsorptive cells),
hepatocytes, as well as heart, lung and spleen cells. After
oral, intraperitoneal or intravenous intoxication, the liver
is the principal target organ of microcystin and nodularin
accumulation. Once they enter hepatocytes, these toxins
inhibit serine protein phosphatase 1 and 2A via covalent
bonding with the enzyme, in the case of microcystin, and
non-covalent binding in the case of nodularin [24]. Protein
phosphorylation imbalance leads to cytoskeleton breaking
in the liver, which causes a serious hepatic haemorrhage
that can even be lethal [25]. In addition to inhibiting protein
phosphatases 1 and 2A, microcystins also affect ATP syn-
thetase and can lead to cell apoptosis.

In addition to acute toxicity, there is also a problem of
chronic intoxication. Various studies on animals have
shown that continuous microcystin intake causes chronic
liver damage (hepatocyte degeneration, histopathological
changes, chronic inflammation and increased liver enzyme
levels) and cancer development [5, 26]. The toxicities of in-
dividual structural forms of microcystin vary greatly. Thus,
LD50 for microcystin-LR is 50 ug/kg of body weight, while
for microcystin-RR it is 600 pg/kg of body weight. The In-
ternational Agency for Research on Cancer has classified
microcystin-LR as a Group 2B carcinogen [27]. Microcys-
tins are considered to act predominantly as tumor promot-
ers through inhibition of protein phosphatases 1 and 2A,
affecting the balance between cellular protein phosphor-
ylation and dephosphorylation, which has been shown
to be directly related to their cytotoxicity and tumorigenic
activity. Furthermore, many studies [24, 26] have shown
that MC-LR affects the increased reactive oxygen species
production, leading to cytoskeletal disorders, mitochondrial
dysfunction, endoplasmic reticulum stress, and cell cycle
deregulation. Also, MC-LR can induce DNA damage by di-
rect interaction with DNA or, indirectly, through the genera-
tion of reactive oxygen species and inhibition of DNA repair
pathways that contribute to genetic instability [3].

In the case of cylindrospermopsin, the hydroxyl group on
the methyl group between guanidine and uracil is responsi-
ble for its toxicity [12]. The mechanism of cylindrospermop-
sin toxicity still hasn’t been fully explained, but it was point-
ed out that the primary metabolic effect is an irreversible
protein synthesis suppression and a decreased glutathi-
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Kog umnuHgpocnepmoncnHa XuapoKCuIiHa rpyna Ha me-
TN rpynu namehy reaHugnHa v ypauuna je ogroBopHa 3a
HEeroBy TOKCMYHOCT [12]. MexaHn3am TOKCUYHOCTU LNINH-
OpocnepmMorcuHa joLl yBeK Huje y NoTnyHOCTW pasjallHseH,
anu ykasaHo je fa je rnaBHun Metabonunykm edoekar y Heno-
BpaTHOj 6rnokaan cMHTe3e NPoTeMHa M CMakEHOj CUHTE3M
TpunenTuaa rnytatnoHa. MexaHu3dam 3a Koju ce cmaTtpa
Ja je oA npMMapHe BaXXHOCTW 3a TOKCUYHOCT UMMAUHAPO-
crnepMoricvHa je aktusmpamne umtoxpoma P-450 (CYP450)
[24]. ExkcnepumeHTM ca nabopaTopujCKUM >KUBOTUH-aMa
Cy nokasanu ga UunvHApoCnepMoncuH JOBOAM [0 OLTe-
hena jeTpe, 6ybpera, nnyha, cpua, xenyua, KpBoToka 1
numaHor cuctema. Mako je umnuHOpOCNepmMOncuH reHe-
panHo KrnacudukoBaH Kao XernaToTOKCUH, OH MMa MHOro
LWwmpu cnekTap edekarta [12].

nyTeBVI U3NO0XeHOCTU U TpoBaka JbyaAn y3pPOKOBaHU
LleaHOTOKCVIHVIMa y BOAMU

[MmaBHM NyTEBU M3narawa rbyan XxenaToToKCMHUMA 1 Apy-
MM UMnjaHODaKTEPUJCKMM TOKCMHUMA cy npeko nujahe
BOAe, BOAe 3a pekpeaLlujy, Boge 3a xeMmoaujanusy 1 npeko
XpaHe (1 cynnemeHTMMa y ucxpanm) [14]. Takohe, nHxana-
Linja aepocorna Koju cagpKu TOKCUHE, TOKOM pekpeaTuBHUX
aKTMBHOCTM Yy BOfaMa rae je pasBujeH UBeT umjaHobakTe-
pvija, NNy NpUIMKOM TylLMpawa KOHTaMUHMPAaHOM BOAOM,
rnokasarna ce Kao jol jedaH HauyuMH KoHTaMuHaumje. [akne,
IbyOn MOry BUTU U3MOXEHW UMjaHOTOKCUHUMA MyTeM WH-
rectumje, uHxanauuje n gepmMmarnHor KoHTakta. Takohe, Beo-
Ma je BaXHa U MHAMPEKTHA U3NOXEHOCT LnjaHOTOKCUHUMA
Koja HacTaje KOH3yMaLuujOM >XUBOTUHSCKUX WUMU OUIbHUX
npou3soda Koju cy Ounm M3NoXeHu UMjaHOTOKCUMHUMA.
VcTpaxusara cy, Takohe, nokasana ga ce LunjaHOTOKCU-
HWM Mory BrnoakymynupaTtu, Tako 4a Ce HMXOBU TOKCUYHM
edekTn mory nosehatu Kpo3 naHue ucxpade [28]. MNpunu-
KOM m3naraka LMjaHOTOKCUHUMA, KO Ibyau ce MOry jaBu-
TN aKyTHMW, cyBaKkyTHM M XPOHWYHW 34paBCTBEHU Npobne-
Mun. CBeobyxBaTHW NpernegHy pag 0 akyTHUM TpoBakuma
XMBOTUH-A W TbYAM YCNen U3NoXeHOCTH LiMjaHOTOKCUHUMA
ypaguno je Wood [29], koju je ngeHtudukosao 115 mya-
CKUX Cry4yajeBa TpoBaa LMjaHOTOKCMHMMA MpUjaBIbeHNX
0o 2010. rognHe, o kojux je 27 npeko Boge 3a nuhe, a
65 HakoH pekpeaTUBHUX aKTUBHOCTM, YINMaBHOM BUREHNX
y CALl, KaHagn, Ayctpanuju n Esponu. Y Tabenu 1. npu-
KasaHu cy ogabpaHun npumepu TpoBaka Ibyan Npeko Boae
3a nuhe, Koje cy BpcTe unjaHobakTepuja Gune ogroBopHe
1 KOju cy OMnM cMMNTOMUK TPOBaksa.

HajpaHujn 3abenexeHun cny4yaj TpoBara Jbyan LinMjaHOTOK-
cvHuma poroguno ce 1931. roguHe y rpagosuma (Yapn-
cToH, 3anagHa Bupuunuja), gyx peke Oxajo (CAL), kaga
je 5000-8000 rbyam oboneno of racTpoeHTepmUTMCa HaKoH
ynotpebe Boge 13 peke Oxajo rge je uBetana uujaHobak-

one tripeptide synthesis. The mechanism considered to be
of primary importance for the cylindrospermopsin toxicity is
the activation of cytochrome P-450 (CYP40) [24].
Experiments with laboratory animals have shown that cy-
lindrospermopsin leads to liver, kidney, heart, stomach,
circulation and lymphatic system damage. Despite cylin-
drospermopsin being generally classified as a hepatotoxin,
it has a much broader range of impact [12].

Exposure routes and human poisoning caused by cy-
anotoxins in the water

The main routes of human exposure to hepatotoxins and
other cyanobacterial toxins are through drinking water, rec-
reational water, water for haemodialysis and food (includ-
ing food supplements) [14]. Furthermore, the inhalation
of aerosols that contain these toxins, during recreational
activities in the water bodies where cyanobacteria bloom,
or during showers with contaminated water, have proved
to be another contamination pathway. This means that
people can be exposed to cyanotoxins through ingestion,
inhalation and skin contact. Additionally, indirect exposure
to cyanotoxins is very important, mainly through the con-
sumption of animal or plant products containing cyanotox-
ins. Studies have also shown that cyanotoxins can bioac-
cumulate, meaning that their toxic effects increase along
food chains [28]. People can develop acute, subacute
and chronic health problems due to cyanotoxin exposure.
A comprehensive review of animal and human poisoning
related to cyanotoxin exposure was elaborated by Wood
[29], who summarized 115 cases of human cyanotoxin poi-
sonings reported until the year 2010, 27 of which occurred
through drinking water and 65 after recreation, mainly re-
corded in the US, Canada, Australia and Europe. Selected
examples of human poisoning through drinking water are
shown in Table 1, as well as the types of cyanobacteria
responsible, and the symptoms of poisoning.

The earliest case of human cyanotoxin poisoning occurred
in 1931 in cities alongside the Ohio River (Charleston,
West Virginia, USA) when 5000-8000 people suffered from
gastroenteritis after using the Ohio River water where the
cyanobacteria Microcystis bloomed [29, 30]. Since the
cause of the disease couldn’t be attributed to other infec-
tious agents, it was considered that the toxins produced by
the cyanobacteria could be responsible for the outbreak
[29]. A similar case also took place in the 1960s, when a
Microcystis bloom in a water reservoir lead to an occur-
rence of gastroenteritis in children in Salisbury, now Harare
in Zimbabwe [31].

Furthermore, one of the first reported incidents related to
recreational activities in water with cyanobacteria blooms
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Tepuja Microcystis [29, 30]. Kako ce y3pok 6onectu Huje
Morao npunucatn ApYrMM MHMEKTUBHUM Y3pOYHMLMMA,
cMaTpaHo je Aa Ccy TOKCWMHU Koje npou3Boae LunjaHobakTe-
puje Moxga 6unu ogroBopHM 3a enuaemujy [29]. Takohe,
CrnvyaH cryyaj ce 4ecuo 1 LWEeCAeCeTMX roamHa npoLusor
BeKa Kaja je LuBeTawe Microcystis-a, y akymynauuju 3a Bo-
nocHabaeBawe, OBENO [0 MNojaBe racTpoeHTepUTNCa Kog
neue y Canncbypujy, (caga Xapape), y 3umbabeey [31].

JedaH oA NpBUX MpujaBrbEHUX WHUMOEHaTa Koju cy no-
BE3aHW Ca peKkpeaTMBHMM aKTMBHOCTMMA Yy BOAM FOE Cy
uBeTane uujaHobaktepuje gorogmo ce y CA, wrto je go-
KymeHTOoBao Heise 1949. roguHe [29]. [NauunjeHT je HaKoH
nnvBaka y UCTOM je3epy CBaKor fieta npujaBrb1Meao Mo-
HaBrbajyhe enusoge actMme, KObYHKTUBMTUCA U upUTaumje
Hoca.

[JokymeHTOBaHM dhaTanHu CriyyajeBu akyTHUX TpoBaka
byon TOKCUMHMMA UuujaHOBakTepuja Cy OrpaHuyYyeHn Ha
oppefeHe HauMHe nanaraka, Kao LWTOo je, Ha NpuMep, Xe-
MOAMjann3Hu TpeTMaH BoAOM 3araheHOM LiMjaHOTOKCUHMN-
ma. OBakaB cny4aj ce gecuo y rpagy Kapyapy, y apxasu
lMepHambyko, y bpasuny, roe je debpyapa 1996. roguHe
Jowrno go n3bujarba b6onectn Ha KNUHWMLM 3a Xxemopuja-
nu3y M npeacraerba jefaH of Hajno3HaTujux criydajeBa
TpoBawa LnjaHOTOKCUHUMA. Hanme, Ha oBOj KnuHMum 116
(89%) oa 131 naumjeHTa nmarno je npobrneme ca BUOOM,
MYYHUHY, noBpahawe 1 cnaboct muwmnha, HakoH pyTUH-
cKor TpeTMaHa xemoauvjanusom. HakoH Tora, 100 nauwmje-
HaTa pa3Buro je akyTHy MHCyduumjeHurjy jeTpe, OOK je 3a
52 naumjeHTa oBaj MHUMAEHT UMAo neTanHe edekTe Koju
Cy Ce MOImu npunucatv CMHAPOMY KOju ce caga HasuBea
-Kapyapy cuHgpom” [32]. VicnntneBawbem hUTONnaHKToOHa
N Herope GPOjHOCTM, NoOKasano ce Aga cy umjaHobakTepu-
je bune pomuHaHTHe y pe3epBoapy 3a cHabgeBare BO-
nom osor rpaga y bpasuny og 1990. rognHe. MehyTum,
KIMHVKa je uMana COrncTBeHU CUCTEM 3a npeduwhaBare
BOAE M MPOLUEC je yKibydnBao hunTpaunjy Ha akTMBHOM
yrrby, NECKy U Ha jOHOM3MEHUBAYKMM CMOnama, a 3aTum
MUKpodpunTpaumjy npe ynotpebe 3a xemoaujanusy. Jouu
Taga ce MOCyMhano Aa Cy WMHTOKCMKauuje Sbyau morne
OMTK noBe3aHe ca LnjaHobaKTEPUjCKUM XeNaTOTOKCMHUMA
n, ga 6u ce noTBpAMna Ta xunortesa, ypaheHa je aHanusa
LMjaHOTOKCMHA Yy cucTemy 3a npednwhaBake Boge came
KIWHKUKE, Kao 1 U3 cepyMa 1 TK1Ba jeTpe nauujeHara.

AHanunsa joHoM3MeH-MBaykMx cMora, necka u akTUBHOT
yrrba U3 KNMHWYKOr cucTemMa 3a TpeTMaH BoJe, Kao u ce-
pyma 1 TKMBa jeTpe naumjeHaTa, ykasana je Ha npucycTBo
OBe rpyrne xenaTtoTOKCUYHMX LInjaHOTOKCUHA: MUKPOLIUCTH-
Ha (y CBUM OBMM y30puuMa) U uunuHgpocnepmoncuHa (y
YITbEHUKY M cMornama). opehewem cumnToma u nato-
noruje xptasa y Kapyapy ca ctyanjama Ha >XUBOTUHaMa

occurred in the United States, as documented by Heise in
1949 [29]. After swimming in the same lake every summer,
a patient had reported repetitive asthma episodes, con-
junctivitis and nose irritations.

Documented fatalities of acute human poisonings caused
by cyanobacteria are limited to certain exposure pathways,
i. e. haemodialysis treatment using cyanotoxin-contami-
nated water. Such a case occurred in the city of Caruaru,
state of Pernambuco, Brazil, where in February 1996 an
outbreak happened in the Haemodialysis clinic; this is one
of the best known cases of cyanotoxin poisoning. In this
clinic, 116 (89%) out of 131 patients had problems with
their sight, nausea, vomiting, and muscle weakness after
a routine haemodialysis treatment. Subsequently, 100 pa-
tients developed acute liver insufficiency, with 52 patients
having suffered lethal effects that could be attributed to the
syndrome that is now known by the name of Caruaru Syn-
drome [32]. Analysis of the phytoplankton and its popula-
tion numbers showed the dominance of cyanobacteria in
the water reservoir used to supply this Brazilian city since
1990. However, the Haemodialysis clinic had its own water
purification system, with processes that included filtration
through activated carbon, sand, and ion exchange resins,
followed by microfiltration, before the water would be used
for haemodialysis. Even then, it was suspected that human
intoxication could be related to cyanobacterial hepatotox-
ins and, in order to confirm this hypothesis, cyanotoxins
were measured in the clinic’s water purification system it-
self, as well as in the serum and liver tissue of the affected
patients.

In this regard, the analysis of activated carbon, sand, and
cation/anion exchange resins from the clinic’s water treat-
ment system, as well as of liver tissue and serum of patients,
demonstrated the presence of two types of hepatoxic cya-
notoxins: microcystin (in all samples) and cylindrospermo-
psins (in the carbon and resins). By comparing symptoms
and victim pathology in Caruaru with experimental animal
studies related to these two cyanotoxins, it was concluded
that the intravenous exposure to microcystin, especially
microcystin — YR, -LR, and -RR, was the main factor which
led to the death of dialysis patients [32].

Acute poisonings were also recorded after the consump-
tion of insufficiently treated surface waters, containing
large numbers of cyanobacteria, which had been used as
a water supply source following treatment with an algicide
[33, 34]. Introducing algicides into cyanobacteria-contain-
ing surface water causes the breakage of cyanobacterial
cells, leading to the release of intracellular toxic metabo-
lites into water; if this water is used as drinking water fol-
lowing inadequate treatment, the metabolites reach the
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Ha oBa ABa LMjaHOTOKCMHA OOLUMO ce OO 3aKrbyyka aa je
WHTPaBEHO3Ha W3MOXEHOCT MUKPOLMCTUHMMA, MNocebHOo
mMukpounctuHnHmma -YR, -LR i -RR, rnaBHu daktop koju
je poBeo 0o cMpTKM NauunjeHaTta Ha gujanusu [32].

AkyTHa TpoBaka rbyam cy, Takohe, buna npvjaBrbeHa Ha-
KOH KOH3yMupaHa HegoBOSbHO npeydnwheHe NnoBpLUMHCKE
BOAe, rae je 3abenexeHa BMcoka 6pojHOCT LmjaHobakTepu-
ja, Koja ce KOpuCTM Kao M3BOpULLTE 3a BOAOCHabaeBam-e,
HaKOH anrmumgHor TpetmaHa [33, 34]. Ybaumsawe anru-
unaa y noBpLUMHCKY Bogy onTepeheHy unjaHobakTepujama
JoBoau 40 pasaparsa henuja umnjaHobakTepuja npu vyemy
Ce WHTpauenynapHM TOKCUYHWM MeTabonutu ocrnobahajy
y BOAY, @ HAaKOH HeaJekBaTHOr TpeTmaHa Boge 3a nuhe
Aocnesajy Ao rbyacke nonynauuwje. HajnosHatuju cnyyaj
OBaKBOI TpoBaka rbyan ce ogurpao y lNanm Ucnangy y
AycTpanuju HoBeMbpa 1979. rogmMHe 1 Ha NoYeTky je enu-
JeMuja umana Hasme muctepuosHe 6onectn (Palm Island
Mystery Disease). Hanwve, 149 rbyam (yrmaBHOM geue us-
mehy 2 n 16 roguHa) je xocnuTanu3oBaHO ca CUMMNTOMM-
Ma xenaTtoeHTepuTuca, noBpahawa, owTehewa bybpera
n avjapeje [14, 26, 33, 34, 35]. MNMpBoOGUTHO ce MUCTIMIO
[a je y3pok oBe enuaemuje KOH3yMupare He3penux nio-
JoBa MaHra, MefyTum KacHuje je yTBphieHa nosesaHOCT
ca kBanuteToMm nujahe Boge. MeauUMHCKM CTpydhsaum
Cy NpMMETWM a je enugemuja HacTana Tpu AaHa nocne
TpeTupara NoBpLUMHCKE BoAe 3a BogocabaeBamse, rae je
OomuHupana Bpcta Raphidiopsis (Cylindrospermopsis)
raciborskii, 6akap-cyncdatoMm. bakap cyndar je nsassao
nusnpawe henuvja R. raciborskii, lWTo je goBeno 4o ocrno-
6ahana TokcuHa y Bogy. OBaj gorahaj je [oBeo 4o OTKpu-
Baba TOKCMHA UMNMHAPOCNEPMONCUHA.

Ennaoemuonoluka ctyamja nokanHor CTaHoBHULWITBA Y Ap-
mMuganey y AycTpanuju HakoH €KCTEH3UBHOI TOKCUYHOT
uBeTawa BpcTe Microcystis aeruginosa y n3BopuwiTy 3a
BogocHabaesawe (bpaHa Mannac) y 1981. rognHu, noka-
3ana je cybknuHuMYKo owTehewe jeTpe Kof rbyau, Koje ce
jaBrba nctoBpeMeHo ca TpetmaHom bakap-cyndartom [35].

Mpema Wood-y [29] TokoM Tellke enuaemuje ractpoeHTe-
putnca y pernony lNayno AndoHco (gp>xasa bawvja y bpa-
3uny) 1988. roamHe koja je noroguna suwe o 2000 cTa-
HOBHMKa npujaBrbeHo je 88 cMpTHUX criyyaja 3a 42 gaHa
[35]. Hucy nageHtTudukoBaHn y3podHULIM UHPEKLnje, HATK
Cy y BOO0BOAY NpoHaheHn Telku Metanu unun sarahuseadm
13 nossonpuspene. Mehytum, npumeheHo je ga ce Bpe-
Me MHUMAEHTa NOKIONUIIo ca UBeTaweM LujaHobakTepu-
ja (pogoBa Microcystis n Anabaena) y akymynaumju koja
cHabaeBa BogOM MOrof)eHo CTaHOBHULLTBO. AyTopM Cy 3a-
Krbyunnu ga 6 TOKCUHM Koje Npons3Bofe unjaHobakTepuje
mMornu 6utn moryhe objawwrere enugemuje.

human population. The best-known case of this type of
poisoning occurred in Palm Island, Australia in Novem-
ber 1979. A total of 149 people, mostly children between
the ages of 2 and 16, were hospitalized with symptoms of
hepato-enteritis, vomiting, kidney damage and diarrhoea
[14, 26, 33, 34, 35]. It was originally thought that the cause
of this outbreak was the consumption of insufficiently ripe
mango fruit; however, the connection to the drinking water
quality was established later. Medical experts noticed that
the outbreak began three days after the treatment of sur-
face water used for water supply, where the species Raphi-
dopsis (Cylindrospermopsis) raciborskii was treated with
copper-sulphate. The copper-sulphate caused the lysis of
R. raciborskii cells, which led to toxin release into the wa-
ter. This event led to the discovery of the toxin cylindros-
permopsin.

An epidemiological study of the local population in Armi-
dale, Australia, after an extensive toxic bloom of Microcys-
tis aeruginosa in the water supply source (Malpas Dam)
in 1981, showed subclinical liver damage in people that
occurred at the same time as the copper-sulphate treat-
ment [35].

According to Wood (2016), during a large gastroenteritis
outbreak in Paulo Alfonso, State of Bahia, Brazil in 1988,
which affected over 2000 inhabitants, a total of 88 deaths
were reported in 42 days [35]. In this regard, no causes of
infection were identified and the water from the supply sys-
tem showed no presence of heavy metals or agricultural
pollutants. However, it was observed that the time of the
incident coincided with cyanobacterial bloom (Microcystis
and Anabaena) in a reservoir which supplied the affected
population with water. The authors concluded that the tox-
ins produced by cyanobacteria could be the cause of this
outbreak.

In 1994, a total of 121 people suffered from stomach
pains, vomiting, nausea, diarrhoea, fever and headache
due to the consumption of untreated water from the River
Kavlinge in Sweden, containing a high number of the toxic
cyanobacteria Planktotrhrix agaradhii and Microcystis spp.
(microcystin producers) [30].
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KoHsymuparwem HenpeunwheHe Boge rge ce passuja
LBET TOKCUMYHUX UunjaHobakTepuja Planktothrix agardhii n
Microcystis spp. (npogyLeHTn MukpoumcTnHa) ns peke Ka-
BnuHreaH y Leeackoj (1994. roguHe), 121 ocoba je umana
fonose y TpOyxy, My4HuHyY, noBpahare, MPOonuB, rPO3HULLY
1 rmaeoborby [30].

Tabena 1. OgabpaHu npumepn TpoBaka LujaHobakTepu-
jama npeko Boge 3a nuhe [35]

Table 1. Chosen examples of cyanobacterial poisoning
though drinking water [35]

3ppaBcTBeHM Nnpobnemu

Health problems

[acTpoeHTepuTUC, noBpahare
Gastroenteritis, vomiting

[acTpoeHTepuTnC
Gastroenteritis

[acTpoeHTepUTUC
Gastroenteritis

XenartoeHTeputuc, noBpahamwe, owTehewe bybpera,
avjapeja

Hepato-enteritis, vomiting, kidney damage, diarrhoea
XenatoeHTeputuc, owtehewe jetpe
Hepato-enteritis, liver damage

[acTpoeHTepuTuc (2000 cnyyajea) n 88 cMpTHUX

FoguHa MpucyTHe unjaHo6akTepuje
Year Cyanobacteria present
CAL, Oxajo Microcystis
1931 USA, Ohio
3umbabee, Xapape Microcystis
1960-65. Zimbabwe, Harare
CA[L, MNeHcunBaHuja Schizothrix calcola, Plectonema,
1975. USA, Pennsylvania Phormidium, Lyngbya
AycTtpanuja, Nanv UcnaHg Raphidiopsis (Cylindrospermopsis)
1979 Australia, Palm Island raciborskii
AycTtpanuja, Apmuaane Microcystis aeruginosa
1981. Australia, Armidale
Bpasun, bauja, Mayno AndoHco Microcystis, Anabaena
1988. Brazil, Bahia, Paulo Alfonso
LLiBeacka, Manve Planktothrix agardhii
1994. Sweden, Malmé

TokoMm pekpeaTMBHUX BOAEHWUX CMOPTOBA Ibyan Mory 6utu
N3MNOXEHN KOHTaMUHMPaHOj BOAW AePMariHUM KOHTaKToM,
yaMcakweMm, anv u rytaweM. Ynotpeba 3araheHux nosp-
LLUMHCKMX CraTKOBOOHWX Terna y pekpeaTuBHe CBpXe npea-
CTaBrba 3HadvajaH W3BOP W3MNOXEHOCTU UuMjaHobakTepuj-
CKUM TOKCMHUMA, jep fbyan Mory 6UTu U3noxeHu BUCOKUM
KOHLUeHTpaumjama TokcmHa [10]. Y HajekcTpeMHujum cny-
YajeBMMa, peEKpeaTMBHO Wu3narake UujaHobakTepujama
[OBENO je 4O ONacHOCTM MO XUBOT M CTaka Koja 3axTeBajy
xocnutanusauujy, Ha npumep, 36or ynane nnyha npahexe
aucnHejom n owtehenwem jetpe [36], unu akyTHor owtehe-
Ha jeTpe Koje 3axTeBa TpaHcnnaHtauujy jetpe [37].

MHxanaumoHu nyT msnarawa LMjaHOTOKCUHMMA Y Teopu-
ju MOXe GUTKM onacaH, U NojeanHN eKcnepMMeHTasnHu no-
Jauun nogpxasajy oy moryhHocT [36]. JeagHa of cTtyauja
[OKYMeHTOBana je MHxanauuvoHW MyT uanarawa (TOKOM
pekpeaTMBHUX aKTUBHOCTU Yy/Ha BOAM KOHTaMUHMPAHO]
unjaHobakTeprjama) ca TanoXeweM aepoCONN30BaHMX
MUKPOLMUCTUHA Y HOCHOj WynrbuHK [10], a gpyra je ykasa-
na Ha noBehaHy y4ecTanocT racTpouHTECTUHANHKX Gone-

cnyuyaja, yrnaBHoM gele
Gastroenteritis (2000 cases) and 88 deaths, mostly in
children

My4HuHa, noBpahame, aujapeja, rpuere muwinha
Nausea, vomiting, diarrhoea, muscle spasms

During recreational water sports, people may be exposed
to contaminated water through skin contact, inhalation, as
well as swallowing. The use of contaminated water bodies
for recreational purposes represents a significant source
of exposure to cyanobacterial toxins, bearing in mind that
people can be exposed to large amounts of the toxins [10].
In the most extreme cases, recreational exposure to cya-
nobacteria has led to life threatening conditions, as well as
conditions that required hospitalization, e. g. pneumonia
followed by dyspnoea and liver damage [36], or acute liver
damage requiring a liver transplant [37].

Cyanotoxin exposure through inhalation can be danger-
ous in theory and certain experimental data support this
possibility [36]. One study has documented the inhalation
exposure (during recreational activities in/on cyanobacte-
ria-contaminated water), via deposits of aerosolized mi-
crocystins in the nasal cavity [10]; another study revealed
a higher frequency of gastrointestinal illnesses in human
populations that live in close vicinity to cyanobacteria-con-
taminated lakes, despite the fact that their recreational
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CTW y IbyACKOj Monynaumju Koja xueu y 6rnmauHu jesepa
KOHTaMMHMpaHKX uUnjaHobakTepujama, Yak U ako je HMu-
XOB peKpeaTUBHW KOHTAKT ca 3arafjeHoM Bogom 61o Bpno
orpaHuyeH [38]. 3a U3noXeHOCT aepoCconn3oBaHNM Lnja-
HODaKTEPUjCKMM TOKCUHMMa HeoNxoaHe cy 6orbe npoLeHe
LUTETHUX 30PaBCTBEHUX Mcxoda. Takohe, BaxHO je uctpa-
XXUTW NOTEHUMjanHo OCETIbMBE nonynauyuje koje 6u morne
CHaXXHWje fa pearyjy Ha OBy M3M0XEHOCT, NonyT ocoba ca
OCHOBHOM pecrnupaTopHoM Goneluhy.

LLinpom cBeTa cy gogaum ncxpaHu Ha 6asu anrm o3Hade-
HW Kao NPMPOOHN NPOU3BOAN YMja Cy CBOjCTBA KOPUCHA 3a
nobosrbliawe onwter 3gpaerba fbyau (HMOP. y4ecTByjy y
nosehawy eHepruje, 6orbeM pacnonoxemwy, UMajy aHTU-
OKCMAaTMBHA CBOjCTBA, Kao M aHTUKaHLLepOoreHo A4ejCTBO).
Mako ce nnacupajy Ha TPXULITY ca pasfiMynuTuM CNekTpom
30paBCTBEHUX A0OpPOOUTH, joLl yBEK HEMA OOBOSBHO Ha-
YYHUX [OKa3a Koju 61 npenopyyvvnu cynnemeHTaumjy mu-
Kpoanrama 3a 6uno koje reyacko ctawe [39]. OBu npou-
3BOAM reHeparnHo cagpXe HETOKCUYHe uujaHobakTepuje,
anu meToge ysroja y NpMpoaHUM Bodama 6e3 oaroBapa-
jyhmnx KoHTpomna kBanmuTeTra MOry OOBEeCTM A0 KOHTaMu-
Hauuje BpcTama Koje Cy NpoayLeHTn TOKCUHa. Y cTyauju
Roy-Lachapelle n capagHuka [40] uctpaxusano ce npu-
CYCTBO YKYMHUX MUKPOLMCTMHA, cegam nojeduHavyHux Mu-
kpouuctnHa (RR, YR, LR, LA, LY, LW, LF), aHaTtokcuHa-a,
OnXnapoaHaToOKCMHa-a, ernokcMaHaToKCcuMHa-a, UMnnHapo-
CMepPMOrCMHa, CakCUTOKCMHA U METUNaMmHo-L-anaHuHa y
18 pasnuunTux KomMepumjanHo OCTYMHUX NPOU3BOAA KOjn
cagpxe umnjaHobaktepuje Spirulina nnn Aphanizomenon
flos-aquae. Op, 18 aHanu3aupaHux npoussoaa, 8 je cagp-
)Karno Heke LUnjaHOTOKCMHE Ha HMBOMMA KOjy Cy Npenaswim
TonepaHTHe BPeAHOCTU AHEBHOr yHoca. [pucycTtso uuja-
HOTOKCMHa y OBUM Aojaumma ucxpanu Ha 6asu umjaHobak-
Tepuja ykasyje Ha nojayaHy notpeby 3a ©0rbOM KOHTPO-
NOM KBanuTeTa, Kao M Ha nogusarwe CBECTWU notpollaya
0 NoTeHUMjanH1Mm pmnsmLmMMma NoBe3aHUM ca KOH3ymaLmnjoM
OBWIX CynfiemMmeHaTa.

Enupgemuornoluke ctyauje

CvmMmnTomMKn TpoBaka BogoM 3a nuhe cy CAWYHW CUMI-
TOMUMA TaCTPOMHTECTUHANHUX CMETHU  Y3POKOBaHUX
OpojHnm natoreHum OakTepujama, YMMe ce oTexasa Au-
depeHUmjaumnja TpoBara LnjaHOTOKCMHUMA. Mako cy Ha
pacnonaraky 6pojHe envaemuonoLuke ctyguje o moryhoj
MOBE3aHOCTM U3IOXEHOCTM MUKPOLIMCTMHUMA Cca yyecTa-
nowhy nojaee xenatouenynapHor kKapuuHoMma, CBe Cy OHe
KOpUCTUNE YrMaBHOM PETPOCMEKTMBHE MPOLEHE U3NoXxe-
HOCTM MUKpouucTMHMMA. [akne, JOKYMEHTOBaHe envae-
MMWOSOLLKE CTyauje aHanuauparne cy noBes3aHocT usmehy
umnjaHoGakTepuja 1 xenarouenynapHor kapumHoma (HCC),
yrrmaBHOM npema npoueHama guctpmbyuuje Boge 3a nuhe

contact with contaminated water was very limited [38]. Re-
garding the exposure to cyanobacterial toxins in aerosols,
better assessments of adverse health outcomes are nec-
essary. It is also important to investigate potentially vul-
nerable populations that could have a stronger reaction to
exposure, such as individuals with a primary respiratory
disease.

Throughout the world, algae based dietary supplements
are labelled as natural products useful for the improve-
ment of the general health (e.g. they contribute to high-
er energy levels, improved mood and they have antioxi-
dant and anti-cancerogenic effects). Even though they are
marketed with different ranges of health benefits, there is
still insufficient scientific evidence that would recommend
supplementation based on micro algae for any condition in
humans [39]. These products generally contain non-toxic
cyanobacteria, but cultivation methods in natural waters
without adequate quality control can lead to contamination
with toxin-producing species.

The study by Roy-Lachapelle et al. [40] investigated the
presence of total microcystins, seven individual microcys-
tins (RR, YR, LR, LA, LY, LW, LF), anatoxin, dihydroanatox-
in, epoxyanatoxin, cylindrospermopsin, saxitoxin and me-
thylamino-L-alanine in 18 different commercially available
products containing Spirulina or Aphnizomenon flos-aquae
cyanobacteria. Out of 18 analysed products, 8 contained
some cyanotoxins in levels above allowed daily intake val-
ues. Cyanotoxin presence in cyanobacteria-based food
supplements shows a growing need for better quality con-
trol, as well as raising consumer awareness on potential
risks related to the consumption of these supplements.

Epidemiological studies

The symptoms of poisoning by drinking water are similar
to the symptoms of gastrointestinal problems caused by
numerous pathogenic bacteria, which makes differential
diagnosis difficult. Despite the availability of numerous ep-
idemiological studies of potential association between mi-
crocystin exposure and hepatocellular carcinoma incidence
increase, they all utilized mostly retrospective estimates
of microcystin exposure. In this regard, the documented
epidemiological studies were analysing the correlation be-
tween cyanobacteria and hepatocellular carcinoma (HCC),
usually according to the estimates of drinking water distri-
bution and the presence of cyanobacteria in water supply
reservoirs [4, 41, 42, 43, 44] or via cyanobacterial bloom
spatial distribution maps and standardized mortality rates
of non-alcoholic liver disease [45].

A study that directly examined the correlation between se-
rum MC-LR content and the risk of HCC in a case-con-
trolled population was performed by Zheng et al. [3]. The
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N NPUCYTHUX LMjaHODakTepuja y pesepBoapmMma 3a BoAo-
cHabgeBawe [4, 41, 42, 43, 44], i nyTeM mane npocTop-
He gucTpmbyumje uBeTara UnjaHobakTepuja n cTaHgapau-
30BaHMX cTona MopTtanuTeTa of 6e3ankoxonHe 6onectu
jetpe [45]. CTyomja koja je OUPEKTHO ucnuTana OJHOC
namehy cepymckor cagpxaja MC-LR un werosor pusuka
Ha nojaBy HCC y cepyMy Yy KOHTPONMUCAHO] nonynawuju
(case-control population) ypaheHa je og ctpaHe Zheng-a
n capagHuka [3]. Pesyntatn oBe ctyamje cy nokasanu ga
je MC- LR y cepymy 610 HesaBUCHM (hakTop pu3MKa 3a
HCC y jyrozanagHoj KuHu, n ga je nokaszao no3uTuBHY UH-
Tepakuujy ca Bupycom xenatutuca b n ankoxonom, anu
HeraTMBHY MHTepakumjy ca agpriaTokCMHOM. M oBa cTyguja
je ¥Mana HeKONnuWKo HedocTaTaka: NMPBO HAYMH XMBOTA U
uctopuja bonectn nauujeHata gobujeHn cy camonperne-
nom, wTo nosehaBa MOryhHOCT NpMCTPacHOCTU MHAOP-
Mauuja u, apyro, HUcy ce ogpehusane n gpyre BapujaHte
MUKPOLIMCTUHA Y CEPYMY, LUTO MOXE MOTLEHUTU PU3UK 3a
HCC.

UcTpaxkuBawa LMjaHOGaKTepuja U LMjaHOTOKCUHA Y
Cp6uju

HayuyHa ncnutuBama umjaHobakTepuja y akymynauuvjama
3a BogocHabaeBawe ce y Cpbuju cnposoge Beh ayrm H13
roguHa [46-56]. MehyTtum, HakoH wTo ce 2013/2014. ro-
OnHe aecno cnyyaj uBetanwa Bpcte Planktothrix rubescens
y akymynaumju BpyTum, kopuwheHoj 3a BogocHabaesare
rpaga Yxuua, a Koju je 3a nocneamuy MMao KOHTaM1HaLu-
jy BoAe 3a nuhe Ha nogpydjy YMTaBe OMWTUHE [3BaHUYHA
caonwTtenwa NJ3C ,dp Munan JosaHoBuh batyt”, 57, 58,
59, 60, 61], nogurHyTa je CBECT O 3Hayajy OBMX OpraHu3a-
Ma 1 MHOra BogHa Tena ce 3HaTHO cucTemaTuyHuje npare
[18, 61, 62, 63, 64, 65]. TOKCUKONOLLKA NCTPaXKMBaHa Cy
3aCTynrbeHa y MHOMO Mak0j Mepu, anun ce y nocrneghe
BpeMe 1 Ha oBOoM norby npumehyje nopact y 6pojy o6ja-
BIbEHWX pafdoBa, Kafa je ped O NoTeHUMjanHO TOKCUYHUM
umnjaHobakTepujama 1 NPOAYKUUjN HUXOBUX TOKCUMHA [66,
67, 68, 69], bMxoBOM yTULAjy Ha xm1BK cBeT [67, 70], kao n
moryhmm nocrneguuama no 3gpasree fvyau y Cpbujn [71,
72]. Y WI3C ,Op MwunaH JoBaHoBuh BatyT” je ycnocta-
BIbeHO penoBHO npahewe mukpoumctuHa LR, RR n YR,
anu rotoBO MCKIbYYMBO 3a BOOHA Tena Koja ce KopucTe
Kao n3BopvLTa 3a BogocHabaesare, AOK 3a pekpeaumo-
He BoZe (M ocTane Bofe 3a fbyAcky ynoTpeby) jow yBek He
MOCTOjM YCNOCTaBIMbEH CUCTEMCKM MOHUTOPUHT HY LjaHo-
BakTepuja, HATN XenaToTOKCMHA Koje By OHe MoTeHuWjaHo
Morne npogykosaTu. Minak, 3a nojeamHa Taksa BogHa Tena
nocToje Hay4He cTyaumje Koje ce baBe NoMeHyTOM npobne-
MaTukom [73, 74, 75], a Mehy brnMa nma n oOHUX Koje ce
6aBe ucTpaxvBamyMa Apyrnx rpyna xenaTtoToKCUYHMX -
jaHOTOKCMHA — umMnuHapocnepmoncuHa [65, 66]. Pesynta-
TN OBMX CTyAuja ykasyjy Ha To Aa noctoju notpeba ga ce

results of this study showed that MC-LR in the serum was
an independent risk factor for HCC in southwestern Chi-
na, and that it showed a positive correlation with HBV and
alcohol, as well as a negative correlation with aflatoxin.
Nevertheless, this study has certain limitations. Firstly, the
lifestyle and patient history were obtained through self-re-
porting, which increases the possibility of bias in the in-
formation and, secondly, other microcystin variants in the
serum were not analysed, which may have possibly under-
estimated the risk of HCC.

Research of cyanobacteria and cyanotoxins in Serbia

Scientific studies of cyanobacteria in water supply reser-
voirs were conducted in Serbia over a long period of time
[46-56]. However, after the bloom of Planktothrix rubes-
cens in the Vrutci Reservoir in 2013/2014, which result-
ed in contamination of drinking water in the entire munic-
ipality [Official statement by the Institute of Public Health
of Serbia “Dr Milan Jovanovic Batut” 57, 58, 59, 60, 61],
the awareness of the importance of these organisms was
raised and numerous water bodies are now being more
systematically monitored [18, 61, 62, 63, 64, 65].

There has been far less toxicological research on the
matter. However, an increase in the number of published
papers has recently been observed in this field, when it
comes to potentially toxic cyanobacteria and the produc-
tion of their toxins [66, 67, 68, 69], their impact on the living
world [67, 70], as well as possible consequences for hu-
man health in Serbia [71,72]. A regular monitoring of micro-
cystins LR, RR and YR has been established at the Insti-
tute of Public Health of Serbia “Dr Milan Jovanovic Batut”,
but almost exclusively for the water bodies used as water
supply sources, while there is still no systemic monitoring
established for recreational waters (and other types of wa-
ter bodies intended for human consumption) regarding cy-
anobacteria and the hepatotoxins that they could potential-
ly produce. However, there are scientific studies exploring
the aforementioned issues for some of these water bodies
[73, 74, 75], among which there are some that investigated
other groups of hepatoxic cyanotoxins — cylindrospermop-
sins [65, 66]. The results of these studies show a need to
expand the scope of regular monitoring to a wider range
of water bodies for human use (recreation, irrigation, fish-
ponds) and to monitor a larger number of cyanotoxins (pri-
marily cylindrospermopsin), all in order to better monitor
the factors that could potentially threaten public health and
increase liver cancer incidence.

Conclusion

Drinking water sources where toxic cyanobacteria bloom
can be an important risk factor for hepatocellular carcino-
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oncer peAoBHOr MOHUTOPUWHIa NpoLWMpKn Ha Behu cnekTap
BOOHWX Tena 3a rbyAcky ynoTpeby (pekpeauuja, npuraum-
ja, pubrbaum) n ga ce npatu Behu 6poj unjaHoTokcKHa (npe
cBera LMnuHapocnepmoncuHa), a y uursy 6orser npahema
dhakTopa Koju 61 NOTEHLMjaHO MOIMN Yrpo3nTU 34paBribe
CTaHOBHMLWITBA M noBehaTtn MHUMAEHUY KaHuepa jeTpe.

3akrbyyvak

ma in any area where water supply systems rely on con-
taminated water. There is also a need for permanent mon-
itoring of surface waters intended for human use (water
supply, recreation, irrigation, fishponds) for the presence
of cyanobacteria and their cyanotoxins, with the aim of es-
tablishing the level of cyanotoxin exposure (hepatotoxins).
Furthermore, it is important to adequately diagnose poi-
soning, even the mild cases, and to establish criteria for

risk management.

M3Bopuwita Boge 3a nuhe y Kojuma LBeTajy TOKCUYHE LUu-
jaHobakTepuje mory 6uTn BaxaH hakTop pusmka 3a crony
WHUMAEHUMje xenaTouenynapHor KapumHoMma 3a nogpyuje
Ha KOMe ce BpLUM BogocHabaeBaHe KOHTaMMHUPaHOM BO-
aom. Takohe, HeornxoAaH je KOHTUHYMPaH MOHUTOPWHT Mo-
BPLUMHCKUX BOAA HaMeH-eHUX 3a IbyacKy ynotpeby (Bogo-
cHabpeBawe, pekpealuja, HaBoAwaBake, pubHaum) Ha
MpUCYCTBO UujaHOBaKTepmja 1 LUMjaHOTOKCMHA Ca LMIbeMm
a ce yCTaHOBW CTENEH U3INOXEHOCTU Sbyan LiMjaHOTOKCU-
HUMa (XxenaToTokcMHMMA). [larbe, BaXKHO je ga ce npasur-
HO AWjarHOCTUKYjy TpoBaka, Yak 1 bnara, n ga ce ytepae
KpuTepujymn 3a ynpasrbake pusnumma.
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