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Abstrakt

V poslednich letech ziskala otazka kvality vody strategicky vyznam, a to jak v Evropské
unii, tak celosvétoveé. SouCasnym prvoradym ukolem je ucinn€ chranit vodni ekosystémy,

zachovat jejich dobry stav a omezit negativni dopady na zivotni prostiedi a lidské zdravi.

Zdravotnicka zafizeni a predev§im nemocnice produkuji vyznamné mnozstvi odpadnich
vod zatizenych komplexnimi smésmi toxickych chemickych latek nebo jejich metabolita,
pficemz nékteré z nich maji prokdzané genotoxické ucinky (napf. cytostatika, dezinfekcni
prostfedky, antibiotika apod.). Tyto antropogenni genotoxické latky prechazeji do
zivotniho prostfedi a mohou indukovat zmény v genetické informaci bunék. Chronicka
expozice nizkym davkam téchto chemikalii mize genotoxicky puisobit na urovni populaci
a vést az ke zméné€ genofondu znecisténého biotopu. U ¢clovéka muze chronicka expozice

genotoxickym latkam zvysit riziko vzniku rakoviny.

V soucasné dob€ proto vznika potifeba monitorovani odpadnich vod ze zdravotnickych
zatizeni z hlediska jejich genotoxickych ucinkl s ohledem na jejich potencialni zdravotni a
ekologicka rizika. Posouzeni genotoxickych uUc€inkii komplexnich smeési je vSak velmi
problematické, protoze jednim testem nelze obsahnout rozdilné koncové body potiebné ke

kvalifikovanému odhadu genotoxického rizika a je nutné vzdy volit vice testd v kombinaci.

Cilem ptedkladané disertacni prace je posoudit jednotlivé doporucované biologické testy
pro stanoveni genotoxického rizika odpadnich vod na zakladé soucasnych védeckych
poznatka a s ohledem na jejich vhodné kombinace a vyuziti specificky u odpadnich vod.
Na zakladé vysledk dosazenych v prezentované disertacni praci byla navrzena vhodna
kombinace biologickych testd. Vysledky disertacni prace byly prezentovany na vybranych

odbornych védeckych konferencich a publikovany v odbornych védeckych casopisech.
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Abstract

Recently, water quality became a topic of strategic importance in the EU and worldwide.
The current priority is effective protection of water ecosystems, maintenance of their

welfare and decrease of negative impacts on the environment and human health.

Healthcare facilities and particularly hospitals produce significant amounts of wastewater
loaded with complex mixtures of toxic chemicals or their metabolites, many of them with
confirmed genotoxic effects (e.g. cytostatics, disinfectants, antibiotics). These
anthropogenic genotoxic substances enter the environment and might induce changes of
the genetic information in cells. Chronic exposure to low doses of these chemicals has
genotoxic effects on the population level and leads to changes in the gene pool of the
polluted biotope. Chronic exposure to genotoxic substances may increase the risk of cancer

development in humans.

Consequently, the need for monitoring of wastewater produced by healthcare facilities is
becoming more urgent, particularly with regard to potential health and ecological risks.
However, the evaluation of genotoxicity of complex mixtures seems problematic, as one
separate test cannot comprise all the different endpoints necessary for a qualified

genotoxicity risk assessment and a battery of tests has to be employed in combination.

The aim of this thesis was to evaluate separate recommended biological tests for the
assessment of genotoxicity risks associated with wastewater with regard to the current state
of scientific knowledge, their feasible combinations and performance particularly in the
field of wastewater analysis. Based on the results of this work, an applicable combination
of biological tests has been proposed. The outcomes of this thesis were presented at

scientific conferences and published in peer-reviewed journals.
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1 UvVOD

Pétinasobného rustu globalni ekonomiky v poslednich 50 letech bylo dosazeno do zna¢né
miry na ukor zneciSténi zivotniho prostfedi. Evropska komise si nyni uvédomuje
naléhavost feSeni zmény klimatu, ztraty biologické diverzity a zneciSténi zivotniho
prostfedi na globalni urovni, predstavujici obrovska rizika pro zdravi lidi a ekosystému.
EU proto aktualné predstavila ambicidozni Akeni plan ,, Vstiic nulovému znecisténi ovzdusi,

vod a pudy” (tzv. Zelena dohoda pro Evropu, ,,Green Deal“) s cilem dosahnout do r. 2050

,SVéta, v némz je znecisténi snizeno na urovern, ktera jiz neni Skodlivd pro zdravi lidi
a prirodni ekosystémy . Jednim z hlavnich cilt tohoto planu je vyrazné zlepSeni kvality
vod. Na arovni EU byly jiz pfijaty rozsahlé pravni piedpisy a nafizeni, jez maji zamezit
zneCiSténi a chranit kvalitu vod. Zakladnim a zarovenl zasadnim pravnim piedpisem
Evropského parlamentu a Rady v oblasti vodni politiky je Vodni ramcova smérnice ¢.
2000/60/ES, ktera stanovi Clenskym statim EU ramec pro ochranu povrchovych,
brakickych, pobfeznich a podzemnich vod, ktery zajisti udrzeni a zlepSeni vodniho
prostiedi. Za GCelem dosaZeni té€chto cilti ulozila smérice v§em statim EU vypracovat tzv.

Plan povodi a jeho kli¢ovou soucasti je 1 monitoring stavu vody v oblasti daného povodi.

Dle konkrétnich dat jsou volena opatieni a investice do zlepSeni stavu vod.

Mezi dalsi dulezité predpisy EU tykajici se ochrany vod patii Smémice o ochrané
podzemnich vod (EU 2006/118/EHS), Smérnice o pitné vode (EU 98/83/ES), Smérnice o
¢isténi méstskych odpadnich vod (EU 91/271/ES) a Smérnice o normach environmentalni
kvality vod (EU 2008/105/ES). Nejen v ramci EU, ale 1 celosvétové nyni dochazi k
podpote programu podporujicich Cistotu vody, ktera je pro lidskou spolecnost a zdravi

¢lovéka nezbytna (napt. v ramci dohody ,, The Green New Deal v USA).

Jednim ze zdroji znecisténi vod jsou odpadni vody (OV) vzniklé antropogenni Cinnosti
vypousiténé z Gistiren odpadnich vod (COV). Zneéistujici latky v OV pochazeji z riznych
bodovych zdroji. Vyznamnym bodovym zdrojem znecisténi jsou OV ze zdravotnickych
zafizeni a zejména OV z nemocnic, které se svym specifickym slozenim velmi lisi od OV
zjinych zdroji. Nemocni¢ni OV je charakterizovana pritomnosti S§iroké skaly
nebezpecnych znecistujicich latek, jako jsou napt. farmaceutické latky a jejich metabolity,
hormony, chemické latky, radioizotopy, t€zké kovy, dezinfekce, mikrobidlni patogeny atd.
(WHO 2013, Beltifa et al. 2020, Achak et al. 2021, Khan et al. 2021, Majumerd et al.
2021). Ve védeckych pracich rizné skupiny kontaminanti a znecCistujicich latek nebyly

dosud terminologicky sjednoceny. Na turovni EU jsou nejvice pouzivany terminy
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mikropolutant a makropolutant a tyto vyrazy budou rovné€z pouzity v této praci.

Cast nebezpednych sloudenin nachazejicich se v nemocniénich OV ma prokazané
genotoxické a cytotoxické ucinky (Oliveira et al. 2017, Cevik et al. 2020). Jsou to
predev§im nové farmaceuticky aktivni latky, cytostatika, antidepresiva, antibiotika,
protizanétlivé léky, vedlejs§i produkty dezinfekce, nanocéstice a nové vyvijené bioaktivni

latky.

Karcinogenni, mutagenni nebo teratogenni toxikologické ucinky vykazuji obecné latky
klasifikované jako CMR (Carcinogenic-Mutagenic-Reprotoxic). Mohou se vyskytovat
v zivotnim prostiedi a zejména ve vodnim ekosystému, kde mohou zpusobit zmény
v genetické informaci vodnich organismi s naslednymi nepfiznivymi GCinky v dalSich
populacich. Genetické poskozeni mlize vést az k uplnému vymizeni daného organismu ze
znecisténého biotopu. Na zakladé informaci Svétové zdravotnické organizace (WHO) se
mohou genotoxiny vyskytujici se v zivotnim prostfedi podilet na zvySeném vyskytu

nadorovych onemocnéni u clovéka (WHO 2013, Gray et al. 2017, Beltifa et al. 2020).

Pravni upravou EU, podilejici se na snizeni a regulaci nebezpecnych latek ve vodnim
prostfedi obecné, je smérnice 2008/105/ES (viz nize). Bohuzel, navzdory vySe uvedenym
legislativnim nastrojim, se na Urovni EU dosud nepodafilo prosadit zavaznou smeérnici
nebo pokyny, které by fteSily specificky problematiku OV znemocnic a dalSich
zdravotnickych zafizeni. S nemocni¢nimi OV je nakladano v EU dvéma zpusoby:
v piipadé, ze je dle pravni upravy daného statu nemocni¢ni OV povazovana za
pramyslovou (napi. Spanélsko, Francie), je nutna piedbé&zna Gprava a povinnost splnit
regulacni limity (napf. chemické, fyzikalni a mikrobiologické limity, pH, NH4, NO,, NOs,
Escherichia coli apod.), na zaklad¢ kterych dochazi k vydani povoleni pted vypusténim
nemocni¢ni OV do kanalizacni sit¢ (EU 91/271/EHS). Pokud vsak je nemocni¢ni OV
legislativné povazovana v dané zemi za doméci nebo komunalni OV (napi. Némecko),

neni pfed vypousténim do kanaliza¢ni sit€ nijak upravena (Cararo et al. 2016).

Smérnice 2008/105/ES fte§i v EU snizeni a regulaci nebezpecnych latek ve vodnim
prostiedi. Tato smérnice stanovi normy environmentalni kvality (NEK) a limity
koncentraci prioritnich latek pro splnéni podminek dobrého chemického stavu
povrchovych vod. Aktualni seznam sledovanych prioritnich latek pro monitorovani v
ramci celé Unie je uveden v provadécim rozhodnuti Komise (EU) 2020/1161. V tomto

seznamu jsou uvedeny vysoce toxické latky predstavujici vyznamné riziko pro vodni



prostfedi. V pravidelné aktualizovaném seznamu byla v r. 2018 uvedena 1 prvni 1éCiva
(napf. amoxicilin a ciprofloxacin) a v aktualizaci v r. 2020 byla pfidana dal$i antibiotika
(napt. sulfomethoxazol, trimetropim), azolova léCiva (klotrimazol, flukonazol a mikonazol)

nebo antidepresivum venlafaxin.

V Ceské republice problematiku vypousténi OV z nemocnic upravuje pouze jedna norma -
CSN 75 6406, ktera se zabyva odvadénim a &isténim OV ze zdravotnickych zafizeni. Tato
norma plati pro zdravotnicka zafizeni produkujici OV se zvySenym obsahem rizikovych
chemickych latek, 1€Civ, cytostatik, infekcnich patogent a radioaktivnich latek. Pro
zajisténi bezpecnosti OV je velmi dualezité v blizké budoucnosti zavést optimalni strategii
testovani pro vyhodnoceni genotoxického potencialu, ktera bude vyuzita pro pravidelny

monitoring OV a bude podporovana legislativou.

Spravné a bezpecné nakladani s OV a zdravotnickym odpadem zpusobem, ktery bude
minimalizovat potencialni rizika pro zdravi lidi a zivotni prostfedi, je pro slozitost

problematiky jednou z nejvétSich vyzev zdravotnictvi.



2 CILE PRACE

Hlavnim cilem predkladané disertaéni prace je vypracovani a oveéreni navrhu baterie
biologickych testi vhodnych pro specifické vyuziti u OV a obecnych doporuceni

vhodnych pro stanoveni genotoxického potencialu OV ze zdravotnickych zafizeni.

Pro naplnéni hlavniho cile disertacni prace byly stanoveny nasledujici dil¢i kroky:

1/ Vypracovani reSerSe o vyuzivanych pfistupech biologického testovani a monitoringu

OV ze zdravotnickych zafizeni z hlediska posouzeni genotoxickych ucinkda.

2/ Stanoveni genotoxicity OV se zaméfenim na vybrand zdravotnicka zafizeni.

3/ Dlouhodoby monitoring a stanoveni genotoxického ucinku OV z vybraného

zdravotnického zafizeni za vyuziti riznych experimentalnich pfistupt.

4/ Porovnani raznych preanalytickych postupti vyuzitelnych pro pifipravu vzorki OV

uréenych pro sledovani genotoxickych ucinka a doporuceni nejvhodnéjsiho postupu.

5/ Zavedeni nového, legislativné doporucovaného screeningového testu na stanoveni

genotoxicity OV a porovnani tohoto testu se standardizovanymi validovanymi testy.

6/ Doporuceni konkrétni baterie biologickych testt vhodnych pro stanoveni genotoxického
potencidlu OV ze zdravotnickych zafizeni, které bude mozné vyuzit jako podklad pro

normativni a legislativni doporucent.

Dil¢i kroky byly feSeny v jednotlivych studiich v ramci souboru praci:

L Vlkova A., Wittlingerova Z., Zimova M., Jirova G., Kejlova K., Janousek S.,
Jirova D., 2016: Genotoxicity of wastewater from health care facilities. Neuro

Endocrinol Lett. 37 (1), 101-108.

II. Jirova G., Vlkova A., Wittlerova M., Dvorakova M., Kasparova L., Chrz J.,
Kejlova K., Wittlingerova Z., Zimova M. Hosikova B., Jiravova J., Kolarova H.,

2018: Toxicity of wastewater from health care facilities assessed by different



III.

bioassays. Neuro Endocrinol Lett. 39 (6), 441-453.

Janousek S., Vlkova A., Jirova G., Kejlova K., Krsek D., Jirova D., Kandarova H.,
Wittlingerova Z., Heinonen T., Mannerstrom M., Maly M., 2021: Qualitative and
Quantitative Analysis of Certain Aspects of the Cytotoxic and Genotoxic Hazard of
Hospital Wastewaters by Using a Range of In Vitro Assays. Altern Lab Anim. 49
(1-2), 33-48.

Wittlerova M., Jirova G., Vlkova A., Kejlova K., Maly M., Heinonen T.,
Wittlingerova Z., Zimova M., 2020: Sensitivity of Zebrafish (Danio rerio)
Embryos to Hospital Effluent Compared to Daphnia magna and Aliivibrio fischeri.
Physiol Res. 69 (4), S681-S691.



3 LITERARNI RESERSE

3.1 Odpadni vody ze zdravotnickych zarizeni z hlediska genotoxicity
3.1.1 Obecna charakteristika

Pti poskytovani zdravotni péce ve zdravotnickych zafizenich je generovano velké mnozstvi
OV. Nemocnice ve vyspéelych zemich produkuji 400 - 1200 litrd OV na lazko za den,
zatimco v rozvojovych zemich je to 200 - 400 litrd OV na lGzko za den. Mnozstvi a
charakter nemocni¢nich OV jsou zavislé na mnoha faktorech, pfedev§im na velikosti
nemocnice, geografické oblasti, na mnozstvi hospitalizovanych a ambulantnich pacientq,
poctu a typech oddéleni, dostupného technického vybaveni, rozsahu poskytovanych sluzeb

(pradelna, kuchyn, klimatizace) a charakteru fizeni nemocnice (Khan et al. 2021).

Z celkového poctu OV vzniklych €innosti v oblasti zdravotni péce patii témeét 80 % mezi
bézné OV, které jsou srovnatelné s komunalnimi OV. Zbyvajicich piiblizné 20 % OV je
povazovano za nebezpecné, které mohou byt infek¢ni, toxické nebo radioaktivni (Sharma
et al. 2013). Neékteré koncentrace mikropolutant (napf. antibiotika, analgetika, tézké
kovy) mohou byt ne€kolikrat vyssi v nemocnic¢ni OV nez v komunalni OV. Obecné 1ze fici,
ze OV z nemocnic jsou 5 — 15x toxictejsi nez komunalni OV. Tato vysoka uroven toxicity
je dana velkou variabilitou znecist'ujicich latek obsazenych v nemocni¢ni OV v dusledku

vyse uvedenych faktorti (Carraro et al. 2016, Oliveira et al. 2017, Kumari et al. 2020).
WHO charakterizovala nemocni¢ni OV podle ¢innosti do 3 kategorii:

e OV ze specializovanych ¢innosti, tzv. blackwater (Cernd voda) — operacni saly,

vyzkumné a diagnostické laboratofe, radiologie a jina specializovana pracoviste,
pohotovost a toalety z téchto oddéleni.

Tyto OV obsahuji nejvice nebezpeCnych latek, patogend, tézkych kovu,
kontrastnich latek, 1éCiv a jejich metabolitd, rtuti, sterilizaénich a dezinfek¢nich

prostredk.

e OV 7zprovoznich Cinnosti, tzv. greywater (Sedd voda) — pradelny, kuchyné,

technicky provoz, klimatiza¢ni jednotky, doprava.

Tyto OV obsahuji oleje, ropné produkty, predevSim velky objem C(isticich a

dezinfekénich prostedka.

e Destova voda, tzv. stormwater (srazkovd voda) — nejsou to OV v pravém slova




smyslu, jde o srazkové vody shroméazdéné z nemocnicnich stfech a ze zastavénych
ploch v nemocnicich. Tyto vody mohou byt pouzity pro zavlazovani, splachovani

toalet nebo mit jiné alternativni vyuziti (WHO 2013).

OV ze zdravotnickych zafizeni tvofi 0,2 - 2 % objemu komunalnich OV. I pfes tento
relativné maly podil se vSak vyznamné podileji na celkové koncentraci mikropolutantl v
prostedi. Priblizné 1/3 1é¢iv v komunalnich OV ma plivod v nemocni¢nich OV (Beier et

al. 2011, Chonova et al. 2017).
3.1.2 Chemické zneciSténi

Mezi chemické latky Casto detekované v nemocni¢nich OV patii farmaceuticky aktivni
latky, dezinfekéni prostiedky, chemikalie z laboratofi, detergenty, rozpoustédla, kontrastni
latky, kovy apod. Farmaceutické latky nebo jejich metabolity jsou vylouceny do
kanaliza¢niho systému nemocnic prevazné moci (55 - 88 %), méné stolici (4 - 30 %).
Ostatni chemické latky se dostavaji do nemocni¢nich OV béhem terapeutickych,
vyzkumnych a provoznich €innosti (Verlicchi et al. 2012, Majumder et al. 2021). Tyto
latky jsou rtiznou mérou eliminovany v COV na zakladé své rozpustnosti ve vodg,
tékavosti, polarity, molekulové hmotnosti, biologického polocasu rozpadu, rozlozitelnosti,
perzistence. Pokud nejsou dostatecné odstranény béhem Cisticich procest, jsou uvoliiovany

do zivotniho prostiedi (Sousa et al. 2017).

Lécivé latky a pripravky predstavuji skupinu Siroce pouzivanych chemickych latek
kontaminujicich zivotni prostiedi. Jsou relativné dobfe rozpustné ve vod¢ a maji potencial

kontaminovat vodni ekosystém (Pereira et al. 2020).

V soucasné dobé je v Evropé k dispozici vice nez 3 000 ucinnych slozek 1éCiv. Spotieba
1éciv se v Evropé kazdym rokem vyrazné€ zvySuje jako disledek narGstu a starnuti
populace v souladu se zkvalitndnim Iékaiské péce. Uméme ke zvysené spotieb& se budou
zvySovat koncentrace i zastoupeni rezidui a metaboliti 1éCiv v Zivotnim prostiedi.
V povrchovych, odpadnich, ale také podzemnich vodach ve vice nez 71 zemich celého
svéta bylo jiz identifikovano piiblizn€¢ 600 farmaceuticky aktivnich slozek nebo jejich

metaboliti a produktt transformace (Kiimmerer 2008, Kar et al. 2018).

Léciva, jako napft. antibiotika, cytostatika ¢i nanocastice, jsou vyvijena tak, aby vykazovala
mechanismus ucinku na organismus jiz pfi velmi nizkych koncentracich (pg/l, ng/l).

Nektera z nich mohou byt do zna¢né miry perzistentni a t€zko biodegradovatelna a mohou



byt nedostatend eliminovana konvenénimi procesy &isténi v COV (Beier et al. 2011, Khan
et al. 2021). Mezi 1é¢iva, u nichz byly zji§tény vysoké koncentrace v zivotnim prostredi,
patii paracetamol, ciprofloxacin, cyklofosfamid, 5-fluorouracil, metronidazol (Khan et al.

2021, Li et al. 2021).

Nejtoxictéjsi skupinou 1€Civ, ktera maji prokazané mutagenni, karcinogenni a teratogenni
ucinky na vSechny eukaryotické organismy, jsou cytostatika (Kar et al. 2018). V dusledku
zvySeného vyskytu rakoviny a zavadénim novych progresivnich zpasobti onkologické
1é&by dochazi celosvétove k velkému narlistu spotieby téchto 1éka. Napiiklad ve Spané&lsku
bylo v obdobi let 2010-2015 vydano prostiednictvim lékaren 25 tun onkologickych 1éku
(Franquet-Griell et al. 2017). Protinddorova 1éCiva jsou pro svoje chemicko-fyzikalni
vlastnosti vétSinou omezené metabolizovana a vyluCovana moci a exkrementy pacientu
v nezménéné podobé. Protoze onkologicka lécba je primarné realizovana v nemocnicich,
jsou nemocni¢ni OV vyznamnym zdrojem protinadorovych 1éCiv (Jureczko, Pryzystas
2019, Li et al. 2021). Tyto stabilni organické latky jsou obtizné degradovany jak
sekundarmim, tak tercialnim procesem &isténi v COV, a tim piedstavuji vyznamnou
hrozbu, pro vodni ekosystémy (Yadav et al. 2020). Ze vSech detekovanych
protinadorovych 1€kt jsou nejvice studovany cyklofosfamid a ifosfamid. Oba léky patfi
mezi alkylacni Cinidla, ktera poskozuji DNA za tvorby DNA aduktt, které mohou zpusobit
nekolik zasadnich udélosti béhem genové exprese — naruSeni replikace DNA, tvorba
kiizovych vazeb zabratiujicich separaci DNA pro transkripci, tvorba chromozomovych
aberaci a mutaci (Peterson 1980). V nemocni¢nich OV se nalezena koncentrace rezidui
cyklofosfamidu pohybovala v rozmezi 20 - 22 pg/l s detekéni frekvenci 8 - 100 % a
koncentrace ifosfamidu se pohybovaly v rozmezi 0,20 - 86 pg/l s detekéni frekvenci 30 -
69,3 % (Isidory et al. 2016). Tyto nebezpecné genotoxické a cytotoxické latky, které
nejsou dostateén& odstranény v COV, byly nasledn& nalezeny i v povrchovych vodach po
celém svété. Napriklad v Cinské fece Jingmei byla detekovana koncentrace cyklofosfamidu
az 500 ng/l (Lin et al. 2013) a koncentrace ifosfamidu ve Spanélské fece Guadarrama byla

az 41 ng/l (Valcarcel et al. 2011).

K 1écbé rakoviny jsou vyuzivana také nektera antibiotika. Svym mechanismem ucinku
zpusobuji interkalaci malych organickych molekul mezi nukloeotidové pary DNA, dochazi
k zablokovani transkripcnich a replikacnich procesu a tim je zahajen proces programované
smrti buniky. Mezi interkalacni antibiotika patii napf. antracyklin, daunorubicin a

doxorubicin (Li et al. 2021). Existuje jen velmi malo studii, které by se zabyvaly



sledovanim téchto specifickych antibiotik v nemocni¢nich OV. Jednou z nich je studie
Souza et al. (2018), ktefi naméfili v nemocni¢ni OV v Brazilii maximalni koncentraci

daunorubicinu a doxorubicinu 3,7 pg/l, resp.10,4 ug/l.

Benzodiazepiny (diazepam, oxazepam, flurazepam) jsou jedny z nejCaste)i

predepisovanych 1€kt na svété (Moore et al. 2017). Tato sedativni hypnotika mohou
poskytnout rychlou ulevu od pfiznaka jako je tizkost a nespavost, ale jsou také spojena s
fadou nezadoucich ucinkd, napt. se vznikem zavislosti a neuropsychologického poskozeni.
Vr. 1979 byly benzodiazepiny zafazeny na seznam omezenych lékii Food and Drug
Administration (FDA) a také byly zarazeny do skupiny ,,D* podle klasifikace FDA pro
vyskyt teratogenniho rizika (Goyal et al. 2015). Uzkostné poruchy se vyskytuji az u 15 %
téhotnych zen, mohou vyzadovat farmakologickou 1é¢bu. Odhaduje se, ze 10 az 26 %
téhotnych Zen ma predepsané benzodiazepiny nebo hypnotika podobna benzodiazepinim
(Huitfeldt et al. 2020). Pfi pouziti béhem téhotenstvi tyto 1éky prochazeji placentarni a
hematoencefalickou bariérou, kde se mohou vazat na receptory kyseliny y-amino maselné
ve vyvijejicim se centralnim nervovém systému plodu, coz potencialné ovliviiuje rast a
vyvoj plodu. Nejvice dukazii o teratogennim ucinku benzodiazepini bylo potvrzeno u
alprazolamu a diazepamu (Talova et al. 2014). Fick et al. (2017) ve své studii provedli
rozsahly screening vyskytu benzodiazepina ve 30 fekach 6 evropskych povodi. Vysledky
této studie prokazaly piitomnost jednoho nebo vice benzodiazepintii v 86 % analyzovanych
vzorkll povrchovych vod (n = 138) z 30 fek. Nejcasteji byly detekovany CcCtyii
benzodiazepiny (oxazepam, temazepam, clobazam a romazepam). Zejména oxazepam mgl
nejvyssi frekvenci detekce (85 %) a maximalni koncentraci 61 ng/l. Temazepam a
klobazam byly nalezeny v 26 % (maximalni koncentrace 39 ng/l) resp. 14 % (maximalni
koncentrace 11 ng/l ) analyzovanych vzorkli. Bromazepam byl nalezen pouze v Némecku s
maximalni koncentraci 320 ng/l. Tato studie prokazala, ze benzodiazepiny jsou béznymi
mikropolutanty nejvétSich evropskych ficnich systémi. Ackoli detekované koncentrace
jsou niz$i nez ty, u nichz se uvadi, ze maji negativni ucinky na exponovanou biotu, nelze

vzhledem k moznosti aditivnich a subletalnich G¢inkt vyloucit vliv na zivotni prostiedi.

Podle smémice 2004/27/ES musi zadost o povoleni humannich léCivych pripravka
obsahovat posouzeni rizika pro zivotni prostiedi dle pozadavki Evropské agentury pro
1écivé pripravky (EMA). Pro hodnoceni tohoto rizika se vSak pouzivaji pouze
ekotoxikologické testy pro vodni organismy (zooplankton, fasy, bezobratli, ryby) a nejsou

zde zahrnuty testy genotoxické.



Dal§im zdrojem genotoxického znecisténi nemocni¢nich OV jsou vedlejsi produkty

dezinfekce (DBP). OV z nemocnic a zdravotnickych zafizeni jsou vzdy vyznamné

kontaminovany patogennimi organismy (Zhang, Lu 2021), proto je zadouci je pred

vypusténim do kanalizacniho fadu dezinfikovat.

K technické dezinfekci nemocni¢nich OV se pouzivaji dezinfekCni prostredky, které lze
rozdélit na dezinfekéni prostiedky na bazi chloru (plynny chlor, oxid chloricity, chloramin,
chlornan sodny) a bezchlorové (ozonizace a UV zareni). Kazdy zplisob dezinfekce
generuje ruzné vedlejSi produkty dezinfekce (trichlormethan, bromdichlormethan,

chlorfenol, kyselina bromoctova, chloraminy, formaldehyd, bromoform apod.).

Vedlejsi produkty dezinfekce jsou tvoreny reakci dezinfekéniho prostiedku s ptirozené se
vyskytujicimi organickymi latkami, antropogennimi kontaminanty, jodidy a bromidy
ptitomnymi v OV nebo pitné vodé (Boucherit et al. 2015, Richardson, Postigo 2015). Na
vznik a formovani DBP ma velky vliv obsah prekurzorti v organickém materialu v OV.
Mezi prekurzory DBP patfi 1€Civa, antibakterialni latky, parabeny, nitrosaminy, huminové
kyseliny, kontrastni latky obsahujici jod aj. Tvorba a kinetika téchto rtznorodych
chemickych sloucenin je ovlivnéna pH, zakalem, teplotou, chemickym a fyzikalnim
charakterem organického materialu v OV, druhem a koncentraci dezinfekéniho prostredku

a také dobou kontaktu OV s dezinfekénim prostfedkem (Hong et al. 2013).

Jiz v 70. letech bylo ve studiich na hlodavcich prokazano, ze chloroform a bromoform jsou
karcinogenni a 3 bromované trihalomethany (THM) jsou mutagenni (DeMarini 2020). Pro
své nebezpecné vlastnosti Agentura na ochranu zivotniho prostiedi (EPA) v USA vydala
vr.1979 prvni nafizeni regulujici DBP. Nejdfive byly regulovany trihalomethany
(bromoform, chloroform, chlorodibrommethan, bromdichlormethan) a pozdé&i 5
halooctovych kyselin, chlore¢nany a chloritany. Do soucasné doby bylo identifikovano

témef 700 DBP (Richardson, Plewa 2020).

V poslednich c¢tytfech desetiletich bylo pfiblizné 100 DBP podrobné studovano a
analyzovano na cytotoxicitu, mutagenitu, genotoxicitu, karcinogenitu, teratogenitu a
naruSeni endokrinniho systému pomoci kvantitativnich a srovnavacich toxikologickych
analyz (Richardson et al. 2007, Liu et al. 2014). Laboratornimi testy na zvifatech a
bakteriich bylo u téchto latek vé€decky zjisténo, ze maji mutagenni a karcinogenni ucinky
(Wagner, Plewa 2017). Nékteré epidemiologické studie u lidi poukazuji na souvislost mezi

pitim dezinfikované vody a rakovinou mocového meéchyfe (Villanueva et al. 2004),
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rakovinou konec€niku a tlustého stfeva (Rahman et al. 2010).

Na mezinarodni trovni dlouhodobé pretrvava diskuse, které konkrétni DBP by mély byt
predmétem kontroly a regulace. Dle nékterych védeckych vysledkt dezinfekce za vyuziti
chloraming v COV sniZi regulované DBP aZ o 90 %, pfi¢emz timto zptsobem dochazi ke
splnéni prisnych regula¢nich limitd. Vysoka efektivita chloramint s ohledem na sniZeni
regulovanych DBP je vSak vykoupena vznikem dosud neregulovanych, presto mnohem
toxictejSich jodo-DBP a dusikatych DBP. Nahrazeni dezinfekce na bazi chloru pouzitim
nechlorovanych zpusobu dezinfekce (jako je napi. dezinfekce ozonem a UV zafenim) vSak
neni feSenim, nebot’ pfi té€chto alternativnich dezinfek¢nich postupech je provadéna tzv.
sekundarni dezinfekce chlorem nebo chloraminem za ucelem udrzeni dezinfikovaného
distribuéniho systému. Tim opét dochazi ke vzniku vysoce toxickych latek, jako napt.
ozonu, haloketonti, UV-halonitrimethanu. Dal§im vyznamnym neregulovanym vedlej§im
produktem dezinfekce je kyselina jodooctova. Tato kyselina inhibuje v buiikach
glyceraldehyd-3-fosfat dehydrogenazu a zpusobuje oxidacni stres v burice, ktery vede k
poskozeni DNA. Kyselina jodooctova neni jen vysoce genotoxicka, ale 1 karcinogenni a
ma nepiiznivy vliv na reprodukci, pfesto neni regulovana. Nicmén¢ v soucasné dobé jiz
probihaji studie této kyseliny na zviratech, a pokud se potvrdi tyto nepfiznivé ucinky diive
zjisténé in vitro na bunécnych liniich kfecka ¢inského (CHO linie), je pravdépodobné, ze

v brzké dobé bude kyselina jodooctova taktéz regulovana (Richardson, Plewa 2020).

Wagner, Plewa (2017) ve své studii provedli rozsdhlou srovnavaci analyzu indukce
cytotoxicity a genotoxicity u 103 DBP za pouziti jediné biologické platformy savcich
bunék (neoplastickych bunék ovarii kiecka Cinského - bunécna linie AS52). Genotoxicky
potencial jednotlivych DBP byl uren pomoci Comet testu a vysledky prokazaly

genotoxicitu u vét§iny sledovanych DBP.

Celosvétova pandemie onemocnéni covid-19 zplsobila vyrazny narGst uzivani
dezinfek¢nich prostifedkt na bazi chloru. Byly provadény intenzivni a pravidelné sanitace
nejen zdravotnickych zafizeni, ale také sanitace vnitfnich prostor budov, obchodd, ulic a
dokonce i plazi. OV v COV byly z preventivnich divod dezinfikovany vyssi davkou
dezinfekénich prostiedkt, aby se zajistila deaktivace RNA koronaviru (SARS-CoV-2),
jehoz ptitomnost v OV byla potvrzena v nékolika studiich (Mlejnkova et al. 2020, Tai et al.
2020). Ve své studii sledovali Zhang et al. (2020) pfitomnost RNA viru SARS-CoV-2
v nemocnici ve Wu-chan. Dle jeho studie nedoslo k uplnému odstranéni RNA SARS-CoV-

2 v septicich nemocnice, pokud bylo pii dezinfekci postupovano dle pokyna WHO. K
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uplnému odstranéni RNA SARS-CoV-2 doslo az po vyrazném predavkovani chlornanem
sodnym. Autor vSak upozoriiuje na vysoké davky DBP, které byly identifikovany
ve vypusti OV z COV sledované nemocnice. Naduzivani dezinfekénich prostfedkd na bazi
chloru béhem pandemie COVID -19 zpusobuje nejen vyskyt toxickych koncentraci chloru
v OV, které mohou ohrozit vodni ekosystém, ale druhotnym vyznamnym nebezpecim je

tvorba DBP.
3.1.3 Biologické znecisténi

OV z nemocnic muze slouzit jako idealni ristové médium pro rizné biologické vysoce
rizikové agens. Do této skupiny lze zaradit patogenni bakterie, viry, plisné, prvoky,
helminty, biotoxiny, bakteriofagy, geny rezistentni vici antibiotikiim a bakterie rezistentni

na antibiotika pochazejici prevazné z télnich tekutin.

Vyzkumy potvrdily, ze nemocni¢ni OV mohou byt potencionalnim zdrojem patogennich
bakterii, jako jsou Escherichia coli, Clostridium perfringens, Mycobacterium tuberculosis,
Legionella pneumophila, Pseudomonas aeruginosa, Shigella flexneri, Salmonella enterica,
Vibrio cholerae a Yersinia enterocolitica (Cai, Zhang 2013). Nékteré kmeny téchto
bakterii jsou puvodci velmi zavaznych onemocnéni, mezi néz patii tyfus, tuberkuléza,
cholera, uplavice, krvavy prijem, infekce moCovych cest nebo tézky zapal plic (Dougan,

Baker 2014, Teklehaimanot et al. 2014).

Rada téchto patogennich bakterii mize také produkovat a vyludovat bakterialni toxiny,
které jsou (bud’ pfimo, nebo nepiimo) odpovédné za patogenni reakce spojené s bakterialni
infekci. Jako pfiklad lze zminit ,cytolethal distending toxin“ produkovany nékolika
gramnegativnimi  bakteriemi (napt. E.coli), tyfusovy toxin produkovany nékterymi
sérovary S.enterica a  kolibaktin  produkovany hlavné fylogenetickou skupinou
B2 E.coli. Bakterialni genotoxiny jsou neobvyklé efektory, které indukuji poskozeni DNA
v infikovanych bunkéach a za specifickych okolnosti mohou piispét k rozvoji nadoru

kolonizovaného hostitele (Martin, Frisan 2020).

Viry jsou jedny zhlavnich lidskych patogent pfenosnych vodnim médiem, zejména
nemocni¢ni OV, a jsou pfiinou zavaznych onemocnéni a zdrojem infekci.
V nemocni¢nich OV nejvice prevladaji enteroviry, adenoviry, viry hepatitidy A-E,
rotaviry, parvoviry a noroviry, zpusobujici nevolnost, horecky, hepatitidu, gastroenteritidu,
poliomyelitidu a dalsi negativni reakce (Jia, Zhang 2020, Achak et al. 2021). N¢ekteré viry

jsou vysoce stabilni, béhem procesu Cisténi OV se mohou usazovat na suspendovanych
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latkach pritomnych v OV a tim se mohou stat jesté¢ odolnéjsi. Naptiklad enteroviry jsou
velmi odolné viéi dezinfekci a v OV mohou prezit i n€kolik mésici (Majumder et al.

2021).

Je znamo, ze genetické zmény vedouci ke vzniku nadori mohou byt vyvolany i
biologickym infekénim agens, jako jsou naptiklad praveé viry. Viry jsou ,,vnitrobunécni
parazité", ktefi vyuzivaji vnitiniho prostifedi a organely buiiky ke své replikaci. Virova
geneticka informace a virové proteiny predstavuji cizorodé molekuly, které mohou
reagovat s bunéénymi proteiny 1 bunénym genomem. Mechanismus karcinogeneze se u
raznych virt lisi. Viry DNA (napf. papillomaviry, herpesviry) mohou zpusobit neoplazii
inhibici tumor supresorovych gent, zatimco RNA viry (napf. retroviry, virus hepatitidy C)
vétsinou aktivuji protoonkogeny. Imunosuprese/imunodeficience je rizikovym faktorem
rakoviny, vcetné karcinogeneze zpusobené viry. V souladu s timto pozorovanim
Mezindrodni agentura pro vyzkum rakovin (JARC) Kklasifikovala virus lidské
imunodeficience typu 1 (HIV-1) jako agens skupiny 1, nepiimo spojené s rizikem rakoviny
prostfednictvim imunosuprese. Kromé vyse zminéného viru HIV-1 klasifikovala ITARC
do nejzavaznéj§i skupiny ¢.1, tzn.  karcinogenni pro Cloveéka“,i dal§i viry - virus
hepatitidy B, virus hepatitidy C, virus Epstein-Barrové, herpesvirus Kaposiho sarkomu,

viry lidského papilomu, lymfotropni virus T-bunék lidského typu 1 (Hatano et al. 2021).

V soucasné dobé¢, kdy je intenzivné feSena problematika souvisejici s onemocnénim covid-
19, jsou virové infekce v popredi celosvétového zaymu. Na zakladé mnoha studii posledni
doby, kdy je oralné-fekalni pfenos jedenim z moznych pfenost viru SARS-CoV-2, je
provadén intenzivni vyzkum a monitoring OV. Studie dosud identifikovaly SARS-CoV-2
v systémech OV réiznych zemi, véetné Australie, Francie, Italie, Nizozemska, Spanélska,
Ceské republiky, Japonska, Turecka, Izraele, Indie, Ciny a USA. Frekvence detekce
SARS-CoV-2 RNA ve vzorcich OV korelovala s procentem nakazenych lidi v dané zemi.
Na zéklad€ monitorovani OV je mozné predikovat pfitomnost viru v populaci (Mlejnkova

et al. 2020, Achak et al. 2021, Majumder et al. 2021).

Mikroskopické houby (plisné, kvasinky) jsou bé€zné heterotrofni organismy, které maji

schopnost vyuzivat organické latky z okolniho prostiedi a nemocnicni OV jsou pro né
idealnim médiem. Béznymi druhy mikroskopickych patogennich hub identifikovanych
v nemocni¢nich OV  jsou  Penicillium  rubrum, P.viricadum, Trichothecium
roseum, Rhizopus nigricans, Aspergillus flavus, A.parasiticus,A.niger, Microsporum

canis, Curvularia lunata, Fusarium sporotrichoides. NejCastéj§Sim rodem hub

13



v nemocnic¢ni OV byl Aspergillus (33,3 %) (Cairns et al. 2018, Assress et al. 2019).

Neékteré rody mikroskopickych hub pfitomnych v OV z nemocnic (rod Aspergillus,
Penicillium, Fusarium apod.) produkuji za urcitych podminek velmi toxické mykotoxiny
odolné vuci vysokym teplotam a chemickému i fyzikalnimu oSetfeni. Jejich nejCastéjSimi
ucinky na zdravi jsou nefrotoxicita, hepatotoxicita, imunosuprese, karcinogenita a

teratogenita (Janik et al. 2020).

Nejbéznéjsimi mykotoxiny je 18 typu aflatoxind, produkovanych rodem Aspergillus.
Aflatoxin B, je definovan jako nejsilngjsi karcinogen a mutagen a podle IARC je aflatoxin
B, klasifikovan jako karcinogen skupiny 1 (karcinogenni pro cloveéka). Aflatoxin
B, zpisobuje az 28 % celosvétovych piipadi hepatocelularniho karcinomu, coz je
nejCastéjsi forma rakoviny jater. V jaternich buikach je aflatoxin metabolizovan enzymy
oxidazy a je prevadén na toxictéjsi, vysoce reaktivni metabolity, které maji vysokou afinitu
k navazani na DNA za tvorby aduktd DNA, jehz vedou k mutacim DNA (Liu et al.
2017). Dal§im mykotoxinem je ochratoxin A metabolizovany n¢kolika druhy
mikroskopickych hub — Aspergillus bochraceus, A.carbonarius, A.niger, Penicillium
verrucosum, P.nordicum, P.viridicatum (Zhang et al. 2016). Ochratoxin vyvolava nékolik
toxickych ucinkl, jako je nefrotoxicita, hepatotoxicita, genotoxicita, teratogenita,
imunotoxicita a neurotoxicita (Janik et al. 2020). Byly pozorovany rizné mechanismy
genotoxického pusobeni ochratoxinu A. Toxin zptusobuje zastavu bunécného cyklu ve fazi
G2/M, apoptézu, nekrozu, inhibici sestavy mikrotubuli, procest déleni bunék nebo
syntézy proteind. Nekolik studii ukazalo, ze ochratoxin A indukuje generovani reaktivnich
forem kysliku (ROS), coz vede k oxidacnimu stresu a apoptdze zprostiedkované ROS,
jakoz i DNA adukty a zlomy DNA s jednim vlaknem (Janik et al. 2020). V duasledku
téchto genotoxickych uc¢inkii IARC klasifikovala ochratoxin jako karcinogen skupiny 2B

(mozny lidsky karcinogen).
3.1.4 Rizikové prvky

Terminem rizikové prvky lze oznalit chemické prvky, které jsou toxické pro Zzivotni
prostfedi a zdravi Clovéka. Do této skupiny byly zafazeny kovy a metaloidy, nekovové

prvky s vlastnostmi kova.

e, e

byly nalezeny v Erbesové papyrusu (toxicita Pb, Cu). Toxicky uc¢inek kovu je dan interakci

mezi volnym iontem kovu a organickymi makromolekulami v buiice (nukleové kyseliny,
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bilkoviny, lipidy, organely jako mitochondrie, buné¢na membrana, jadro). lonty kovu
reaguji s DNA, nukleovymi kyselinami a proteiny a v disledku téchto interakci dochazi k
poskozeni DNA, které nasledné vede k mnoha zménam na bunécné trovni — napf.
poskozeni bunécného cyklu, apoptoze, karcinogenit€¢ a mutagenit€¢ (Tchounwou et al.
2012). Karcinogenni proces neni ¢asto vyvolavan kationty kovl ptimo, ale ionty kovu
pusobi jako promotory a proces je vyvolan nepfimo, napf. v soucinnosti promotoru
s karcinogennimi organickymi latkami (napf. polyaromatickym uhlovodikem) (Kafka,

Puncocharova 2002).

V OV nemocnic byla identifikovana cela skala kovt o raznych koncentracich (Carraro et

al. 2016). Vétsina téchto nalezenych chemikalii neni regulovana legislativnimi predpisy.

Kovy v nemocni¢nich OV se vyskytuji v podobnych koncentracich jako v komunalnich
OV, avsak rtut’, gadolinium a platina byly v nemocni¢nich OV nalezeny ve vétsi mife
(Verlicchi et al. 2010). Goulle et al. (2012) ve své praci porovnavali nalezené koncentrace
antropogennich prvka v OV z Univerzitni nemocnice a méstské Cisticky v Rouenu. Pomoci
metody ICP (hmotnostni spektrometrie s indukén€ véazanym plazmatem) stanovili
v odebranych vzorcich celkem 34 prvki. V této studii byl opét prokazan zvysSeny vyskyt
gadolinia a platiny v nemocni¢ni OV v porovnani s méstskou OV, ale nebyl potvrzen
zvySeny vyskyt rtuti. Naproti tomu bylo zaznamenano vice antropogenniho stiibra. V
pracovnich dnech byly ve vzorcich OV z Univerzitni nemocnice koncentrace
antropogenniho stfibra, gadolinia a platiny pfiblizné 3x, 13x a 27x krat vyS$si nez v

komunalnich OV.

Cytostatika na bazi platiny (cis-platina, oxiplatina a karboplatina) se jiz mnoho let Siroce
pouzivaji pfi 1écbé nadorovych onemocnéni pro svij inhibi¢ni U€inek na proliferujici
bunky nadort. Pasobeni cytostatik neni selektivni, a proto jsou tyto latky v rizné mife
karcinogenni, mutagenni a teratogenni pro vSechny organismy v zivotnim prostfedi, a to i
pfi velmi nizkych koncentracich (ng/l), zejména pii dlouhodobé expozici (Zounkova et al.
2007, Isidori et al. 2016). Santana-Viera et al. (2020) studovali vyskyt cytostatik na bazi
platiny po dobu jednoho roku v OV z COV a v nemocniénich OV na ostrové Gran Canaria.
Bylo zjisténo, ze koncentrace platiny byla v rozmezi 81,94 az 13 913 ng/l v nemocni¢nich

OV amezi 3,97 a 75,79 ng/l ve vypusti z COV.

V dal§i studii byly vzorky nemocninich OV a piitokd a odtokii COV ze Slovinska a

Spanélska podrobeny analyze s cilem detekovat 22 vybranych protinadorovych 1é¢iv,
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jejich metabolit a produkti transformace pomoci kombinace chemickych analyz a
biotesti zaméfenych na genotoxické ucinky. 60 vzorkl z celkového poctu 220 bylo
pozitivnich na detekovatelné hladiny rezidui protirakovinnych 1é¢iv. V nemocni¢nich OV
byly nejcastéji detekovany slouceniny na bazi platiny ICP analyzou (90 %), a to v

koncentracich 226 - 352 ng/1 (Isidori et al. 2016).

Gadolinium je prvek vzacnych zemin (REE), ktery se ve formé chelatového komplexu
pouziva od r. 1988 jako kontrastni latka pfi zobrazovani tkdni magnetickou rezonanci
(MRI). Tento stabilni komplex je vylu¢ovan z lidského téla v nezménéné forme (Telgmann
et al. 2013, Ebrahimi 2019). Do 24 hod od aplikace se vylouci 85 - 90 % kontrastni latky
na bazi gadolinia. Nemocni€ni OV jsou zifejmeé nejvétSim bodovym zdrojem
antropogenniho gadolinia. COV maji jen omezenou schopnost (cca 10 %) odstrafiovat tyto
stabilni a inertni chemikalie a latky na bazi gadolinia jsou vypoustény do povrchovych
vod. ZvySena koncentrace gadolinia v povrchovych vodach byla jiz identifikovana
v mnoha zemich véetnd Austrilie, USA, ve vétsing zemi EU véetné Ceské republiky
(Moller et al. 2002, Ebrahimi et al. 2019). Z povrchovych vod migruje tento mikropolutant
do podzemnich vod (Johannesson, Burdige 2017) a pozitivni nalez gadolinia byl potvrzen i
v pitné vodé (Kulaksiz, Bau 2011). Mnozstvi gadolinia v prostfedi roste s mnozstvim
provedenych vySetfeni magnetickou rezonanci. V soucasné dobé je odhadovano, ze se
provadi az 30 miliond vySetfeni magnetickou rezonanci rocné, coz je asi o 50 % vice nez
v r. 2005 (Ebrahimi et al. 2019). Studie Wang et al. (2015) potvrdila ukladani gadolinia
v mozku, kizi a kostech potkanti vystavenych pusobeni neiontové i iontové kontrastni
latky na bazi gadolinia. Klinicky vyznam akumulace gadolinia v riznych tkanich neni

doposud vysvétlen (Rogosnitzky, Branch 2016).

Jeden z potvrzenych negativnich G&inkd souvisejicich s toxicitou je, ze iont Gd** ma
podobny iontovy polomér jako véapenaty iont Ca®* a tato podobnost vede ke
kompetitivnimu ovlivnéni“ biologickych procesi vyzadujici Ca** (Siew et al. 2020). I
pfes zvySujici se zajem o zkoumani toxikologickych informaci gadolinia jsou nékteré
podstatné informace o gadoliniu zatim nedostate¢né. Tym Centra toxikologie a zdravotni
bezpetnosti SZU se podilel na rozsifeni znalosti toxikologického profilu soli REE pomoci
raznych biotesti. Ve sledované praci bylo zjisténo, ze testované REE nemaji potencial
mutagenity nebo senzibilizace klize, vykazuji velmi slaby potencial naruseni endokrinniho
systému, ale maji akutni toxické ucinky prokazané testem akutni toxicity na niténce obecné

(test Tubifex tubifex) (Rucki et al. 2021). V dalsi studii Cho et al. (2020) se autofi zabyvali
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ovlivnénim  cytotoxického a  genotoxického uc¢inku gadolinia  vystaveného
nizkofrekvencnimu elektromagnetickému poli u lidskych lymfocytd. Kombinovana
expozice lymfocytt 02mM Gd spolu s60Hz extrémné nizkofrekvenénim
elektromagnetickym polem méla za nasledek snizeni zivatoschopnosti bunék, zvySeni
frekvence vyskytu mikronukleli, poskozeni DNA, apoptickou bunécnou smrt. Potvrdila
setedy zajimava skuteCnost, ze nizkofrekvencni elektromagnetické pole zvySuje

genotoxicitu gadolinia.

Rtut’ a jeji slouCeniny, piredevs§im organické, jsou latky vysoce toxické pro vSechny zivé
organismy. V nemocni¢ni OV se vyskytuji v koncentracich 0,3 - 8 ug/l (Tyagi et al. 2018).
Dle WHO 50 % z celkovych emisi rtuti ve Velké Britanii pochdzi ze zdravotnickych
zafizeni a uvoliuje se predev§im ze zubnich amalgami (WHO 2013). Pro prokazanou
toxicitu rtuti a jejich slouCenin pfijala EU opatfeni k feSeni problému se rtuti uvedenych v
Natizeni Evropského parlamentu a Rady (EU) 2017/852 o rtuti. V tomto dokumentu je
doporucovano postupné omezovani pouzivani zubnich amalgamut se rtuti az po jejich
uplny zakaz vr. 2030. Ve stomatologickych ordinacich je povinnost pouzivat separatory
rtuti a pouzivat zubni amalgam ve formeé kapsli. Toxicky Gcinek rtuti je zavisly na formé,
ve které se rtut’ vyskytuje. Mezi jeji nejnebezpecnéjsi slouCeniny patii methylrtut. Jeji
toxicita je dana schopnosti prostupovat jak plodovou placentou, tak hematoencefalickou
bariérou. Z tohoto divodu jsou methylrtut a jeji organické slouCeniny zafazeny mezi
embryotoxické a mutagenni latky a jsou hodnoceny dle IARC jako mozné karcinogeny pro

élovéka.

Navzdory prokazané souvislosti mezi zvySenym vyskytem rakoviny v oblastech
kontaminovanych rtuti neni stale zcela ziejmé, které genotoxické molekularni mechanismy
se podileji na vzniku rakoviny. Tyto mozné molekularni mechanismy hodnotili ve studii
Crespo-Lopez et al. (2009). Na zakladé vysledkti posouzenych studii vyhodnotili jako
mozné molekularni mechanismy, které vedou ke genotoxicité, generovani volnych radikalt
a oxidacniho stresu, pasobeni na mikrotubuly, vliv na mechanismy opravy DNA a pfimou

interakci Hg s molekulami DNA.

Stiibro bylo drive Siroce pouzivané pro své antimikrobialni vlastnosti a jako terapeuticky a
dezinfek¢éni prostiedek. S objevem penicilinu bylo jeho pouzivani siln€ omezeno.
V soucasné dobé se dostava do popiedi zajmu v nové vzniklém oboru — nanomedicing.
Nanocastice stiibra se vyuzivaji v celé fadé 1ééebnych preparati jako nosiCe pro cilenou

distribuci 1éCiv, napt. v onkologii, jako biocidni latky, jsou soucasti obvazového materialu
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a textilnich vyrobku se zdravotnim Uc¢inkem, pouzivaji se jako nanosenzory apod. Stiibro
je také stale standardné pouzivané ve stomatologii a zobrazovaci technice. Vzhledem k
vySe zminénému Sirokému vyuziti v mediciné je stiibro ve zvySené mire detekovano v OV

ze zdravotnickych zafizeni (Goulle et al. 2012).

Nanocastice obecné maji odlisné chemické a fyzikalni vlastnosti nez jejich chemické
analogy, které nejsou v nanoformé&. Toxicitu nanocCéstic je proto nutné posuzovat
samostatné. V poslednich letech probiha intenzivni vyzkum vSech toxickych ucinka
nanocastic stfibra (AgNP), zejména sohledem na jejich cytotoxicky, genotoxicky,

karcinogenni a teratogenni potencial (Kohl et al. 2020).

Vysledky studii AgNP v poslednim desetileti jiz prokazaly genotoxické ucinky, a to jak
poskozeni DNA, tak vznik chromozomovych aberaci vedoucich ke vzniku mutaci
v somatickych burikach a ke karcinogenité (Kohl et al. 2020, Rodrigues-Garraus et al.
2020). Bylo posouzeno 43 studii tykajicich se genotoxicity AgNP. Studie probihaly
v letech 2013-2019 a byly v nich pouzity riazné metody in vivo a in vitro s pouzitim
raznych modelt na riznych trofickych arovnich. Autofi na zavér konstatovali, Ze pozitivni
vysledky AgNP byly ziskany pro kazdou uroven poskozeni DNA jak v testech in vivo, tak
v testech in vitro stim, ze vice pozitivnich vysledk bylo v testech in vitro. Ani jedna
zvybranych védeckych studii nezahrnovala celou baterii testd genotoxicity
doporucovanych pro farmaceutické a chemické latky. Autofi ve studii doporucuji pouzit
pro testovani genotoxicity AgNP piednostné eukaryotické a nikoliv prokaryotické buriky.
To znamena, ze Ames test neni vhodny pro zji§téni mutagenniho potencialu. Tento fakt
zdivodnuji tim, ze AgNp pro svou antimikrobialni GCinnost nejsou kompatibilni
s metodou, a také tim, ze prokaryotické buriky maji jiné enzymatické a antioxidacni

vybaveni oproti eukaryotické buiice (Rodrigues-Garraus et al. 2020).

Studie spole¢nosti EAWAG (Swiss Federal Institute of Aquatic Science and Technology)
obsahuje vysledky stanoveni koncentraci 69 prvki ve vzorcich kalt a OV z 64 COV ve
Svycarsku. Tento soubor cennych dat predstavuje referenéni bod pro stanoveni celkové
zatéze povrchovych vod antropogennimi prvky vypousténymi z COV. Dle této studie je
spolu s OV vypousténo kazdy rok do fek zlato a stiibro v celkové hodnoté 3 miliony

Svycarskych frankt (Vriens et al. 2017).

Radioaktivni izotopy jsou dulezité pro tfadu Iékarskych diagnostickych a lécebnych

postupt, napf. terapie nuklearni mediciny vyuziva radioaktivni izotopy jako jod-131 nebo
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beta-zafiCe (fosfor-32, stroncium-89 a yttrium-90). Ve zdravotni péci a diagnostice se
vétsinou vyuzivaji radioizotopy s kratkym polo¢asem rozpadu, napt. radioizotop jod-131
ma polocas rozpadu 8 dni. Az 90 % z celkové podané radioaktivni davky béhem terapie je

vylu€ovano exkrementy pacienta do OV.

Genotoxické a mutagenni Uc€inky ionizujiciho zafeni jsou dlouhodob& znamy. Ionizujici
zateni indukuje léze DNA pfimo nebo nepfimo tvorbou volnych radikala
hydroxylu. Typem indukovanych DNA 1ézi jsou dvouvlaknové zlomy (DSB) a
jednoretézcové zlomy (SSB) stejné jako shluk DNA 1ézi. Jak DSB, tak shluky 1ézi DNA
jsou povazovany za vyznamné Skodlivé pro vSechny bunécné typy. Preruseni DNA
ozatovanim obvykle zvySuje bunécné reakce pocinaje detekci poskozeni DNA a zastaveni
bunécného cyklu. Neefektivni oprava lézi DNA je §iroce povazovana za kritickou iniciacni
udalost pro mutagenezi, genomickou nestabilitu a bunénou smrt (Honjo et al. 2020).
Embrya jsou extrémné citliva na uc¢inky ionizujiciho zafeni, citlivost se v raznych fazich
embryonalniho vyvoje li§i. Pro embrya béhem vyvoje plati Bergonieho — Tribondealv
zakon, ktery uvadi, ze radiocitlivost tkané je pfimo umérnd poctu nediferencovanych

bunék ve tkani, jejich mitotické aktivité a dob€, kterou stravi proliferaci.

Tonizujici latky kontaminujici OV maji regulaéni status a nakladani s nimi je v Ceské
republice legislativné oetfeno (Zakon &. 263/2016 Sb., atomovy zakon, CSN 75 6406).
Radioizotopy kontaminovana nemocni¢ni OV je zadrzena v zachytnych nadrzich, kde se
k eliminaci radioaktivity vyuziva pfirozeného rozkladu radioizotopu. Pii dodrzovani
podminek nakladani s radioizotopy v nemocnicich a zdravotnickych zafizeni nehrozi zadna

vyznamna kontaminace zivotniho prostiedi.
3.2  Genotoxické latky a jejich pusobeni

Chemické, fyzikalni a biologické faktory, které zpisobuji nezvratné zmény v genetickém
materialu bunky, tzn. zpisobuji mutace, jsou oznacovany za genotoxické latky. Mutace je
definovana jako kvantitativni nebo kvalitativni irreverzibilni zména genetické informace.
Zmény v genetickém materialu jsou zptisobeny genotoxickymi latkami, které interaguji na
konkrétnim misté se strukturou nebo sekvenci bazi DNA, vedou k jejimu poskozeni a

vzniku mutaci (Mohamed et al. 2017).

Latky s genotoxickym ucinkem ovliviluji normalni zdravé bunky, které plni své
fyziologické funkce dané jejich genetickym programem, pokud jsou v rovnovaze jejich
stimulacni a inhibi¢ni signaly z okoli. B&éhem procesu replikace DNA a déleni bunék
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existuje stalé riziko vzniku spontannich a exogennich mutaci. Na tuto negativni zatéz
reaguje burika adaptacnimi a specifickymi repara¢nini mechanismy a tim si udrzuje do
urcité miry svoji dynamickou rovnovahu, homeostazu. V piipadé€, ze dojde k naruseni této
rovnovahy, napf. nepfimérenym ¢i chronickym piisobenim latek s genotoxickym ucinkem,
dochazi k nevratnému poskozeni DNA a ke vzniku mutaci, nahodnych zmén, které narusi

genovou stabilitu buriky (Hofmanova 2013).

Z hlediska organizacni struktury bunééného genomu mohou mutace vznikat na urovni
samotného genu ¢i jejich skupiny (mutace genové), nebo maji za nasledek poskozeni na
chromozomalni uUrovni (mutace chromozomové), kde se projevuji jak poskozenim

chromozom, tak odchylkou v jejich poctech.

Genotoxickeé latky se vyskytuji piirozen€ v na§em zivotnim prostiedi (voda, ptda, ovzdusi,
potrava), anebo se jedna o latky syntetického ptivodu (Sousa et al. 2017). Studiem ucinka a
mechanisma pusobeni téchto latek se zabyva geneticka toxikologie. Ke svému studiu
vyuziva in vitro metody hodnotici samotny genotoxicky potencial latek, ale 1 in vivo

metody genetické analyzy, které hodnoti stav exponovaného subjektu.

Z hlediska vztahu davky a ucinku jde v pfipadé latek s genotoxickym pusobenim o
bezprahové ucinky, tzn. Ze genotoxicita mize byt vyvolana jiz pfi velmi nizkych

koncentracich téchto latek.

Latky s genotoxickym ucinkem mohou pusobit na lidského jedince rtiznymi zpusoby.
Dochazi-li k poSkozeni genetického materialu eukaryotickych somatickych te€lnich bunék,
muize dochazet az k nadorovému bujeni, tzv. karcinogennimu uc¢inku a vzniku nadorovych
onemocnéni. Genetické poskozeni zarodecnych bunek pak vede k dédi€nym mutacim
zpusobujicim vrozené vady a geneticky podminéna onemocnéni, nebo dochazi k porucham
prenatalniho vyvoje jedince, a takové latky oznacujeme jako teratogeny. Genotoxicka latka
pfitom nemusi byt pouze karcinogenem Ci teratogenem, ale muze zde byt i soubéh
pisobeni. Detailné jsou zminované procesy karcinogenity a teratogenity popsany

v nasledujici kapitole.

Jednim z dulezitych a nejvice diskutovanych mechanismt vedoucich k poskozeni DNA
genotoxickymi latkami je oxidativni stres. Bézné reaktivni formy kysliku (ROS) -
superoxid (Oy), peroxid vodiku (H,0,), ozon (Os), singletovy kyslik (‘0), hydroxylovy
radikal (OH") jsou generovany jako vedlej$i produkty metabolismu biologického systému

(fosforylace proteinti, apoptoza, imunita a diferenciace). Nizka, fyziologicky potfebna
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uroveii ROS se podili na syntéze bunécnych struktur a podili se i na obranném systému
organismu proti patogenum. Napftiklad fagocyty syntetizuji a ukladaji volné radikaly, aby
je uvolnily na zniCeni pohlcenych patogennich mikrobu (Pizzino et al. 2017). Pokud burika
ztrati schopnost udrzet ROS na potfebné urovni a dojde ke zvySené produkci ROS, volné
radikaly a oxidanty zptsobi tzv. oxidacni stres v burice. Tento Skodlivy proces muze
negativné ovlivnit membrany, lipidy, proteiny, lipoproteiny a DNA (Wu et al. 2013).
Volné radikaly a oxidanty jsou generovany z endogennich a exogennich zdroji organismu.
Produkce ROS miuize nastat v dusledku expozice polutantim Zzivotniho prostredi, t€zkym
kovim (Hg, Pb, Cd, AgNP), 1éCivim (napf. gentamycin, cyklosporin, bleomycin), dale
alkoholem, kourenim (obr. 1) (Thomas et al. 2015).

* ROS, lipid peroxidation » food, consumer products, workplace
+ amino acid metabolism * |onizing/UV radiation

Endogenous processes, e.g.: I Exposure to genotoxic compounds, e.g.:

Inactivation via reaction with
non-DNA targets

| ey —
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\ | / 0
DNA damage Cell cycle checkpoint
L—-—-‘ ‘=> activation
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Obr. 1: Schematicky nastin pricin a disledkit poSkozeni DNA. Vlevo - endogenni a
exogenni faktory a bunécné procesy vedouct k poSkozeni DNA. Vpravo - procesy snizujici
rozsah posSkozeni DNA (Thomas et al. 2015)
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3.2.1 Karcinogenita

Karcinom vznikd z jedné burky vlastni tkan€, ktera se dramaticky méni na zakladé
kumulace genetickych, epigenetickych, biochemickych a dalsich zmén v disledku bunécné
a genetické nestability. Transformace zdravé (normalni) buiky v maligni probiha
predevsim pies akumulaci mutaci v genech, které se podileji na fizeni zivotniho cyklu
bunky. Protoonkogeny stimuluji rast buiky, naproti tomu nadorové supresorové geny rust
bunky inhibuji. Mutaci téchto gent dojde k naruseni rovnovahy stimula¢nich a inhibi¢nich
signalti. Protoonkogeny se méni (transformuji) na karcinogennimi onkogeny a dochazi

k nadmémeé proliferaci bunek.

Proti neobvyklym zménam v procesu bunécného déleni je burika vybavena mechanismem
regulované (naprogramované) bunécné smrti — apoptdézou. Tohoto procesu se ucastni
nekteré specifické geny, napt. TP53, BCL-2 p53, bcl-2. V fadé studii bylo zjisténo, ze
mutaci té€chto specifickych geni dochazi k porucham apoptoézy. Neschopnost bunky
provést apoptozu je jeden z faktorti vzniku nadort a pfispiva k jejich rezistenci na 1écbu

(Hofmanova 2013).

Druhym obrannym mechanismem proti proliferaci je proces fizeného zkracovani segmentu
DNA na koncich chromozomu, tzv. telomery. Ty se po kazdém déleni zkracuji a po
dosazeni kritické délky dochéazi ke starnuti a smrti buiky. Aktivaci genu pro enzym
telomerazu v nadorovych burikach vsak dochazi ke kontinualni obnové segmentii DNA na
konci telomer a nadorova bunka se stava mitoticky nesmrtelnou. Tretim dulezitym
obrannym mechanismem je regulace replikace DNA.

Karcinogeneze je slozity vicestupiovy proces, pii kterém dochazi k porucham regulace
k irreverzibilni mutaci kritického genu a burika se méni v preneoplastickou. V této fazi se
muze proces zastavit. Ve fazi promocni neboli ristové dochazi pasobenim tzv. nadorovych
promocnich podnétd ke klonalnimu rastu buné€k. Proces lze odstranénim podparnych
faktorti (napf. exogenni xenobiotika) zpocatku zvratit, ale po dosazeni urcitého stupné je
jiz proces nevratny a dochazi ke vzniku maligniho klonu bunék. Tato faze karcinogeneze
muze trvat i desetileti. Posledni fazi karcinogeneze je faze progresivni, ktera je
charakterizovana akumulaci dalSich mutaci a genetickych zmeén a nekontrolovanym rtstem
nadorové masy. Aktivaci dalsich faktorti se zacnou nadorové bunky Sifit krevnim obéhem

a dochazi k metastazam. Velmi dulezitou podminkou rastu nadoru (karcinomu) je
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vytvofeni bohatého cévniho zéasobeni nadoru zivinami a kyslikem (nadorova

neoangiogeneze) (Hofmanova 2013).
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Obr. 2: Vicestupriovy proces karcinogeneze (https://med.libretexts.org)

Karcinogeneze je velmi slozity proces a muze tedy probihat i desitky let, ale v pfipade
vlivu vice negativnich faktord (napf. environmentalni faktory, koufeni, obezita) se faze
karcinogeneze mohou vyrazné zkratit. Dal§imi dulezitymi faktory vedoucimi ke vzniku
nadorti jsou mutace v genech zpusobujicich rakovinu (napit. BRCA1/2, TP53 u Li-
Fraumeniho syndromu, mutace DNA repara¢nich gent u Lynchova syndromu). Zhruba 5-
10 % z celkového poCtu nadorovych onemocnéni je oznacovano jako hereditarni, tzn.
dédicné, zpusobené vrozenymi mutacemi v konkrétnich genech (Garber, Offit 2005).
V ptipadé, ze rodicovska zarodecna burika obsahuje mutaci kritického genu, u potomka je

tato mutace jiz ve vSech burikach ptitomna a riziko vzniku rakovin se zvySuje.
3.2.2 Teratogenita

Pokud hovoifime o teratogenezi, pak jde o prenatalni toxicitu charakterizovanou
strukturalnimi nebo funkénimi vadami vyvijejictho se embrya nebo plodu. Zahrnuje
intrauterinni retardaci rustu, smrt embrya nebo plodu a také transplacentarni karcinogenezi.
Tato (transplacentarni) karcinogeneze znamena, ze expozice matky iniciuje vyvoj nadoru v
embryu nebo plodu, coz ma za nasledek pfitomnost nadorového onemocnéni ithned po

narozeni jedince. Teratogenni agens lze rozd¢lit na:

1) 1&¢iva (napt. hypnotikum Thalidomid, antibiotikum Tetracyklin)
2) fyzikalni agens (napf. radioizotopy)
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3) environmentalni agens (napf. dioxiny, polychlorované bifenyly, tézké kovy)

4) matetské infekce (napft. virus Zika)

V zavislosti na vyvojovém stadiu plodu (embrya) muze mit chemicka expozice u matky za
nasledek rtzné stupné toxicity u embrya nebo plodu. V preimplantacnim obdobi
prenatalniho vyvoje po vystaveni teratogenim dochazi ve vétSiné piipadd ke smrti
embrya. Béhem postimplantacniho obdobi muze chemicka expozice vést k ovlivnéni
konkrétniho vyvijejiciho se organu, coz vede k malformaci postizenych organt a nékdy i
ke smrti. Béhem tretiho fetalniho obdobi chemicka expozice zplisobuje zpomaleni rustu
nebo vede k usmrceni plodu. Vyslednymi teratogennimi efekty jsou spontanni potrat, ztrata
plodu, morfologické abnormality embrya a plodu, omezeni nitrodélozniho ristu, vyvoj

nadoru ¢i funk¢ni postizeni, napt. mentalni retardace (Gilbert-Barness 2010).

Dle dat WHO v r. 2018 celosvétoveé zemielo 283 582 novorozenci po mésici Zivota v

dusledku vrozenych anomalii (WHO 2020).

Mechanismy teraratogeneze nejsou dostatecné znamy, ale dle mnohych studii velmi zalezi
na nékolika faktorech. Teratogenni ucinek zavisi predev§Sim na genotypu matky a
plodu. Nejcastéjsimi mechanismy pusobeni teratogent jsou hyperacetylace, nerovnovaha
cholesterolu, zména metabolismu folatu a antagonismus folatu, nerovnovaha kyseliny

retinové, endokrinni naruseni, vaskularni naruseni a oxidacni stres (Mazzu et al. 2017).

3.3  Vybrané testy stanoveni genotoxicity

Nejcastéji vyuzivané testy pro detekci genotoxickych uacink in vitro jsou schopny
detekovat jen jeden koncovy bod ¢i mechanismus, a proto je tieba provést kombinaci
nékolika genotoxickych testi. Vétsina standardnich testt je validovana pro chemické latky.
Metodologické a operacni postupy jsou specifikovany ve specifickych standardech ISO,
pokynech pro testovani chemikalii (OECD TG) nebo databazich alternativnich metod (DB-
ALM) Evropského centra pro validaci alternativnich metod (EURL ECVAM).

3.3.1 Ames test

Zkouska na reverzni mutace s bakteriemi, dale jen Ames test (OECD TG 471), je nejdéle
pouzivana kratkodoba metoda vyuzivajici reverzni mutace bakterii kmene Salmonella
enterica subsp. enterica sérotyp Typhimurium. Tato mutace se nachazi v genech, které se

ucastni syntézy histidinu. Mutované kmeny vyzaduji pro svij rust externi zdroj histidinu.
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V testu se sleduje schopnost testované latky zpusobit reverzni mutaci a tim umoznit opét

rust bakterie v mediu bez histidinu.

K testovani genotoxického potencialu se pouziva kombinace minimaln¢€ 5 modifikovanych
kment bakterii S.typhimurium. Tyto kmeny detekuji substitu¢ni mutace, mutace, které
posunujici Cteci ramec, a mutace zpusobujici zkiizeni vazeb v DNA. Kombinace té€chto
kmenli umoziuje nalezeni mutagent, které pusobi odliSnymi mechanismy. Neékteré
slouceniny tak zapfiCini reverzni mutaci pouze u jednoho ¢i dvou kmend. Bakterialni
kmeny maji pfidané ,,pomocné™ mutace, aby byla zvySena senzitivita testu. Jedna z té€chto
mutaci je v genech zodpovédnych za syntézu lipopolysacharidt, ¢imz je dosazen snadnéjsi

prostup mutagenu bunécnou sténou, a dalsi mutace je v reparacnim systému buriky.

Timto lze detekovat i latky promutagenniho charakteru, jejichz genotoxicky ucinek se
projevi az po metabolické aktivaci v savéim organismu. Aby bylo mozno simulovat sav¢i
metabolismus, test se doplni o tzv. metabolickou aktivaci S9, ktera obsahuje extrakt z
krysich jater (Maron, Ames 1983). K vyhodnoceni Ames testu se nejCastéji pouziva
,pravidlo dvojnasobku®, které bylo popsané Mortelmansem, Zeigerem (2000). Testovana
latka se povazuje za mutagenni, pokud dojde k dvojnasobnému zvyseni poctu revertantnich
kolonii u testovaného vzorku oproti spontannim koloniim v negativni kontrole, nebo je

detekovana zietelna zavislost zvySeni poctu revertantnich kolonii na koncentraci vzorku.

Ames test byl Siroce pouzivan pro hodnoceni genotoxického ucinku rtznych typa vod,
napf. pitné vody (Shen et al. 2003) & vody po &isténi v COV (Jolibois, Guerbet 2006,
Sharma et al. 2015). V téchto testech jsou obecné pouzivané kmeny Salmonella TA100 a

TA9S.

Modifikovany mikrodestickovy fluktuacni test bakterialni reverzni mutace je zalozen na
stejném principu jako miskovy Ames test. Prednostmi tohoto testu jsou nizké pozadavky
na mnozstvi testovaného vzorku, pouziti méné plasti, snadné kolorimetrické vyhodnoceni
a predevs§im pozadavek na malé mnozstvi jaterniho homogenatu, a tim splnéni principu 3R
na snizeni pouzivani laboratornich zvifat v pokusech. Nevyhodou kapalného
mikrodestickového (format 384 jamek) Ames testu je obtizna detekce hranice toxicity
testovaného vzorku a kontaminace testu (obr. 3). Fluktuacni Ames test se v soucasné dobé
Casto pouziva k hodnoceni genotoxického potencialu chemikalii a vzorkd Zivotniho

prostedi (Jolibois, Guerbet 2006, Sharma et al. 2015).
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Obr. 3: Postup fluktuacniho Ames MPF testu (zdroj www.xenometrix.ch)
3.3.2 Comet test

Kometovy test (OECD TG 489: In Vivo Mammalian Alkaline Comet Assay), dale jen
Comet test, je jednoducha metoda umoziujici vizualizaci poskozeni DNA v
eukaryotickych bunkach (obr.4). Ke zlomim DNA dochazi v disledku preruseni
fosfodiesterové vazby mezi dvéma sousednimi deoxyribonukleotidy. Principem metody je
alkalické rozplétani DNA a nasledna alkalicka elektroforéza. Fragmenty DNA putuji pfi
elektroforéze k anodé a vytvareji pii vysokych pH charakteristicky obraz komety,
pozorovany ve fluorescenénim mikroskopu. Intenzita ohonu komety ve vztahu k jejimu

Celu odrazi pocet DNA zlomu (Brendler-Schwaab et al. 2005). Timto testem 1ze analyzovat

razné typy eukaryotickych bunék jak v systému in vitro, tak in vivo.

Obr. 4: Comet test -hodnoceni poSkozeni DNA. Vizudlni klasifikace podle velikosti komety,
tvaru ohonii a skore od 0 (neposkozené) do 1V (téZce poskozené) (Collins et al. 1995)

3.3.3 Mikronukleovy test

Mikronukleovy test spoCiva v pozorovani fragmentovaného jaderného materialu.

Mikronukleus (mikrojadro) je mala Castice vznikajici v disledku chromozomovych zlomu
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nebo poruchou funkce déliciho vieténka. V pfipadé chromozomovych zloma je
mikronukleus, ktery neni zaclenén v jadfe, tvofen acentrickym fragmentem chromozomu
nebo celym chromozomem. Pomoci testu lze tedy detekovat cytogenetické poskozeni
chromozomli nebo mitotického aparatu zpusobeného latkami s genotoxickym ucinkem.
Mikronukleovy test in vitro na sav¢ich buiikach (OECD TG 487: In Vitro Mammalian Cell
Micronucleus Test) je validovany test, ktery byl pfijat vr. 2016 organizaci OECD pro
testovani chemickych latek. Nespornou vyhodou mikronukleového testu je, ze jej lze

pouzit nejen na savCich burikach, ale na jakékoli délici se bunécné populaci bez ohledu na

jeji karyotyp.

3.3.4 Test chromozomovych aberaci

Test chromozomovych aberaci (OECD TG 473: In Vitro Mammalian Chromosomal
Aberration Test) umoziuje kvalitativni a kvantitativni analyzu chromozomovych
abnormalit (strukturalnich a numerickych aberaci) v sav¢ich buiikach in vitro pomoci
optického mikroskopu. V pfedem stanovenych intervalech po expozici jsou bunécné
kultury oSetfeny latkou zastavujici metafazi (napf. kolchicinem). Buiiky jsou ve vhodné
dobé& zpracovany a nasledné je z nich pfipraven mikroskopicky preparat. Preparaty jsou
obarveny vhodnym barvivem (napf. barveni Giemsa-Romanowsky) a metafazované buriky
jsou analyzovany mikroskopicky na pfitomnost chromozomovych aberaci. Stejné jako u
Comet testu 1ze chromozomové aberace analyzovat u riznych typi eukaryotickych bunék.

Koncovy bod je jednoduchy a snadno identifikovatelny.

3.3.5 Test Allium cepa

Test Allium cepa vyuziva pro hodnoceni toxicity cibule kuchyiiské A. cepa. V
monitorovacich studiich byly vyssi rostliny vyuzivany jako excelentni genetické modely
pro detekci mutagend, které ohrozuji zivotni prostiedi (Leme, Marin-Morales 2009).
Vzhledem k relativni jednoduchosti, citlivosti ke genetickému poskozeni, nizké cené
experimentu a malému pozadovanému mnozstvi testovaného vzorku pro kratkodobou
studii byl tento test uznan jako dulezity nastroj pro genotoxické studie. Bunky na konci
kofene poskytuji vyhodny systém pro makroskopické (mira rastu, hodnoty ECsp) i pro
mikroskopické parametry (mitoticky index, lepivost, chromozomalni zlomy, pfitomnost
mikrojadra). Protoze bunky produkuji dilezité rostlinné aktivacni enzymy, jsou vysledky z
testu na A.cepa v dobré shodé s vysledky z jinych testovacich systémua vyuzivajicich

eukaryotickych 1 prokaryotickych bunék. Metoda hodnoceni chromozomovych aberaci
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pouzivajici kofeny A.cepa je doporuCovana jako ucinny test pro analyzu a monitorovani
genotoxicity latek v zivotnim prostfedi v ramci International Program on Chemical Safety

(IPCS).

3.4 Technologicky pokrocilé testy stanoveni genotoxicity

Z technologicky pokrocilejSich testd stanoveni genotoxicity jsou vyuzivany pokrocilé
moderni technologie, zejména screeningové testy HTS (High Throughput Screening),
prediktivni modely in silico (QSAR), trojrozmérné (3D) in vitro modely rekonstruovanych
lidskych tkéani (napf. EpiOcular, EpiDerm, EpiCorneal, EpiVaginal) nebo technologie
zalozené na molekularné biologickych metodach (napt. DNA senzorech ¢i probach - DNA-
chips), pripadné organovych cipech (organs-on-a-chip). Tyto testy umozni zcela nové
integrované pristupy posuzovani genotoxického potencialu xenobiotik z hlediska
bezpecnosti pro ¢loveka, ale i jejich vyskytu a ucinkd v zivotnim prostiedi. Zavadénim a
validaci technologicky pokrocilych testi bude mozné nahradit nékteré testy na zviratech a

zkvalitnit a zrychlit posouzeni genotoxického rizika latek.

3.4.1 Stanoveni biomarkeru genotoxicity vysokokapacitnim screeningem (HTS)

S rostoucim chemickym a farmakologickym prumyslem vznikla naléhava potieba urychlit
zpusob hodnoceni nezadoucich ucinkd novych slouCenin a rychle identifikovat aktivni
slouceniny/molekuly, které moduluji konkrétni cil, drahu nebo biochemickou ¢i bunéénou
udalost. Vyuziti prediktivnich, vysoce vykonnostnich screeningovych testd (HTS - High
Throughput Screening) usnadiiuje a urychluje provedeni velkého mnozstvi biologickych
testl v kratkém cCasovém horizontu za pomoci pouziti robotiky, automatizovanych
manipulatora a sofistikovanych softwarii na zpracovani velkého mnozstvi dat (Nel et al.
2013). Tyto testy jsou provadény v mikrotitracnich destickach ve formatech 96, 384 a 1536
jamek. Nejvice jsou HTS pfistupy vyuzivany pro hodnoceni rizik novych chemikalii, ale
zjisténé toxikologické profily novych latek 1ze extrapolovat i na ekologické retrospektivni

hodnoceni rizik (Villanueva et al. 2019).

3.4.2 Testovani genotoxicity na 3D modelech

Aplikace téchto modeli v toxikologii poskytuje data, ktera jsou relevantnéjsi pro
hodnoceni genotoxicity nez standardni 2D modely. Buriky kultivované ve 3D se lépe
podobaji organové struktufe a jejich chovani je v nékterych aspektech podobnéjsi in vivo,

napf. zivotaschopnost bunék, proliferace, diferenciace, morfologie, genova a proteinova
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exprese a funkce (Chen et al. 2020). Pro hodnoceni genotoxicity byly vytvoreny robustni
protokoly pro 3D modely pro ekvivalenty kiize, dychacich cest a jaterni tkané. U komercné
dostupnych rekonstruovanych tkani kiaze (EpiDerm ™, EpiSkin ™) bylo prokazano, ze
maji stejné metabolické vlastnosti jako nativni kiize (Senapati et al. 2017). Dalsi vyhodou
téchto modelt je, ze vétsina 3D modela je zalozena na lidskych burikach, coz zvysuje

relevanci vysledktl pro stanoveni rizik pro zdravi lidi (Kohl et al. 2020).

Mikronukleovy test na rekonstruované kazi (RSMN) je test genotoxicity in vitro, ktery se
zabyva potencialem testovanych latek zplsobit genotoxicitu ve formé chromozomalnich
poskozeni (klastogenita a aneugenicita) spojenych s dermalni expozici. Test RSMN byl jiz
dostate¢né validovan a byl pfijat do vyvojového programu OECD pro testovaci smérnice

(Pfuhler et al. 2021).
3.4.3 Stanoveni genotoxicity in silico metodou QSAR

Metoda QSAR (Quantitative structure-activity relationship) je dlouhodobé pouzivany
vypocetni pfistup k analyze chemickych dat. Toto modelovani je zalozeno na predpokladu,
ze strukturné podobné chemické slouceniny vykazuji podobné biologické ucinky.
K modelaci kvantitativnich vztahti mezi strukturou a aktivitou je vyuzito statistickych
metod a metod pro analyzu dat za ucelem tvorby predikénich modeld (Thomas et al. 2019).
Jednou z vyzev je vyuziti QSAR k modelovani biologického ucinku smési, coz by mohlo
byt vyuzito k predikci bezpecnosti rtznorodych environmentalnich matric, jako je

napiiklad OV (Muratov et al. 2020).

Benigni, Bossa (2019) ve své studii provedli souhrn a vyhodnoceni dostupnych informaci,
které ovérovaly schopnost metod QSAR predpovidat mutagenitu Ames testu. Ve své praci
museli autofi konstatovat, ze schopnost poslednich novych modelit QSAR (napf. Derek
Nexus; LeadScope Model Applier; ADMET6.06.0007; ToxTree2.5.0) piedpovidat

mutagenitu Ames testu je ve shodé s vysledky ziskanymi pomoci Ames testu.

3.5 Hodnoceni genotoxicity odpadnich vod ze zdravotnickych zarizeni

Spravny odbér vzorku je nezbytnou podminkou, aby vysledky odpovidaly skutecnému
stavu slozeni OV. V CSN EN 5667-1 jsou uvedeny postupy odbéru viech druht vod,
sedimentll a kald. OV maji béhem dne velmi kolisavé slozeni. Z tohoto divodu neni
vhodné provadét pouze jednorazovy odbér prostych vzorka, ale je nutné odebirat praimérné

smeésné vzorky za urCenou c¢asovou jednotku (za 8 nebo za 24 hod) nebo provadét
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opakované odbéry podle prfedem pfipraveného planu a zji§tovat minimum a maximum
denniho, tydenniho nebo ro¢niho kolisani slozeni OV (Popl, Fahnrich 1999). V pievazné
vétsiné studii zabyvajicich se vyhodnocenim genotoxicity OV byly odebirany smésné
vzorky ru¢nim vzorkovacem po dobu 24 hod (Hartmann et al. 1998, Jolibois et al. 2006,
Ferk et al. 2009) nebo v dobé nejvétsi aktivity nemocnic, a to nejcastéji v dobé od 8 hod do
18 hod (Jolibois, Guerbert 2005, Sharma et al. 2015, Gupta et al. 2009). Vzorky po odbéru
musi byt udrzovany v chladu a skladovany bud’ pfi teploté 4°C (Gupta et al. 2014, Sharma
et al. 2013, 2015), nebo zamrazeny na -25°C (Hartmann et al. 1998, Jolibois et al. 2003,
2005, 2006, Magdaleno et al. 2014). Vzorky, které byly uchovavany pti 4°C, je nutné
zpracovat do 7 dni od odbéru. Je nutné si uvédomit, ze béhem odbéru muze dojit
k neptesnosti vzorkovani, a to vlivem tékavosti, biodegradace, oxidace ¢i redukce latek.
Takeé teplota pii odbéru, transportu a skladovani mé velky vliv na pfipadné ztraty a zmény

vzorku. Je tedy nutné minimalizovat tyto faktory vhodné zvolenym planem vzorkovani.

V nékterych pripadech, zvlasté pii provadéni bakterialnich genotoxickych testd (napf.
Ames test), je nutné vzorky OV pred vlastni analyzou upravovat, aby se zabranilo
kontaminaci béhem provadéni testu. Nejjednodussi a nejvice pouzivanou technikou Gpravy
tekutych vzorkd je filtrace pres specialni filtr (napf. nitrat celulozovy, acetat celulozovy
filtr) o velikosti port 0,45 um (Hartmann et al. 1998, Jolibois et al. 2003, 2005, 2006) nebo
o velikosti port 0,22 um (Paz et al. 2006, Magdaleno et al. 2014). I kdyz filtrace je nejvice
pouzivanou metodou, White et al. (1996) ve své studii upozomuje, Ze béhem filtrace muze
dojit k zachyceni nékterych chemickych latek na filtru a tim ke ztraté genotoxické aktivity.
Z téchto divodu Gupta et al. (2009, 2014) a Sharma et al. (2013, 2015) pouzili ve svych

biologickych testech neupravenou OV bez zakoncentrovani.

Dalsi moznosti zpracovani kapalnych vzorku je extrakce. Nejvice pouzivana je extrakce na
pevnou fazi - Solid Phase Extraction (SPE) (Paz et al. 2006, Abbas et al. 2019). Podstatou
této analytické techniky je zachyceni molekul latky na tuhém sorbentu v koloné, pfes ktery
protéka testovany vzorek. Nasledné dojde k uvolnéni zachycenych latek promytim kolony
vhodnym ¢inidlem o malém objemu. Zakoncentrovany vzorek je po vysuSeni Cinidla
rozpustén ve vhodném rozpoustédle (napt. DMSO) a je pfipraven k dalSimu zpracovani
nejen analytickymi metodami, ale i zpracovanim zkousSkami in vitro, napt. ke stanoveni
mutagenity Ames testem. Extrakce zabranuje mikrobidlni kontaminaci neoSetfenych
vzorkt a zlepSuje detekci toxikologickych ucinkd zptusobenych nizkymi koncentracemi

znecist'yjicich latek.
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Identifikace a kvantifikace jednotlivych mikropolutanti v nemocni¢nich OV, ktera je
provadéna pouze na zakladé analytickych chemickych metod (kapalinova nebo plynova
chromatografie, pratokova analyza, hmotnostni spektrometrie s indukéné vazanym
plazmatem (ICP), atomova absorpéni spektrometrie (AAS), gravimetrie, kapilarni
elektroforéza apod.), mize poskytovat zavadéjici a nepiesné informace. Tento pristup
nezohlediuje vicenasobné chemické interakce a nelze jimi posoudit synergické a aditivni
ucinky chemikalii v komplexnich smeésich (Verlicchi et al. 2012, Vlkova et al. 2016).
Z tohoto duvodu je vhodngjsi hodnotit genotoxicky ucfinek OV prednostné pomoci
biologickych testi (Jabbour et al. 2016, Yilmaz et al. 2017, Cevik et al. 2020), které
nevyzaduji presnou znalost slozeni vySetfovaného vzorku ani jeho chemicko-fyzikalni

vlastnosti.

Pomoci tady in vitro a in vivo biotestl je mozné identifikovat potencionalni mutageny a
karcinogeny na zakladé detekce primarnich lézi DNA, genovych a genomovych mutaci,
chromozomovych aberaci nebo tvorby mikrojader. VétSina téchto biotestu je dlouhodobé

vyuzivana, dobfe charakterizovana, validovana a pfijimana regulacnimi agenturami.

V soucasné dobé méa EU vypracované pokyny pro hodnoceni genotoxického rizika
v oblasti 1éCiv, chemikalii, pfipravkd na ochranu rostlin a kosmetiky. V téchto pokynech se
fidi postupnym piistupem, pocinaje zakladni fadou testd in vitro, po nichz v nékterych
ptipadech nasleduje testovani in vivo (obr. 5). AvSak, jak je vySe uvedeno, strategie
testovani genotoxického potencialu environmentalnich komplexnich smési neni upravena z

hlediska regulace.

Regulacni pozadavky pro testovani genotoxicity in vivo (na zvitatech) se 1isi v zavislosti na
typu regulované chemické latky. U kosmetickych piipravka je testovani in vivo v EU
zakazano od r. 2013 nejen pro testovani finalnich kosmetickych ptipravkd, ale i jejich
ingredienci (EU ¢. 1223/2009). U pramyslovych chemikalii a biocidnich pfipravka je test
in vivo vyzadovan pouze pokud ma jeden ztestd in vitro pozitivni vysledek (EU
€. 528/2012). V  regulacnich pozadavcich na humanni, veterinarni léciva a pfipravky
naochranu rostlin je vzdy vyzadovano testovani in vivo ICH S2 (R1), 2011). Mezi
doporucované testy in vivo patfi: Zkouska savCich erytrocytarnich mikrojader in vivo
(OECD TG 474), Zkouska na chromozomové aberace v buinkach kostni dfené savcu

(OECD TG 475), Comet test na savcich buitkkach (OECD TG 489).
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Veterinary Drugs

Regualion (ZC)  Reguaton (EU 13tion ¢
NOISOTIOS  RoToE honiiunaes
Regulaticn (EC) Ne 1223/2008a Mos. 283-284/2013 ICH Guidelne S2(R1).2011
SCCS'S notes 1564/2015
VICH GL22(R) 2014
|
In vitro test battery In vitro test battery Option 1 Option 2
Two tests covering 3 Usually three tests required covering 3
endpoints endpoints * 2in vitro tests * 1in vitro test
4 {Ames test)
H
E {if pasitive i wiva)
H « 1invivotest * invivo
: assessment in
H falways cequired) two tissues and
E two different
: endpoints (a
In vivo test maximum of
I NO In vivo tests I At least 1 appropriate test two tests)

Obr. 5: Souhrn narizeni a pokynii pro testovdni a posouzeni genotoxicity v EU 2017
(PPPs plant protection products) (Corvi, Madia 2017)

Je tfeba uvést, Ze jednim z obecnych cili EU v oblasti posouzeni u¢ink chemickych latek
1éCiv a pripravkd na ochranu rostlin na lidské zdravi je co nejvice minimalizovat pouZzivani
zkouSek na zviratech a povinnost dodrzovat principy 3R. Cilem 3R je nahradit pokusy na
zvifatech, kdykoli je to mozné (replacement), omezit pocet zvifat (reduction) a jejich
potencialniho utrpeni na minimum (refinement). Pfi posuzovani u¢inkt chemikalii a 1éciv
na lidské zdravi je tedy nutné pfednostné pouzit k testovani validovanou alternativni
metodu a testovani na laboratornich zvifatech by mélo byt provadéno pouze jako posledni
nezbytna moznost, mélo by byt védecky zdivodnéno a legislativné povoleno (EU

2010/63/EU).

V poslednich letech bylo kromé zavedenych in vivo testi vyvinuto a navrzeno nékolik in
vitro testovacich systémi vyuzitelnych pro monitorovani genotoxicity OV zejména na
zakladé dat ze stavajicich testi pro hodnoceni Cistych chemickych slouCenin a
farmaceutickych pripravka. Bohuzel, dosud nedoslo k harmonizované legislativni podpore

baterii testt, které by pomohly stanovit rizné koncové body genotoxicity.

Ke stanoveni genotoxického potencialu OV byla vtéto studii vyuzita kombinace
standardnich metod (Ames test, Comet test, test chromozomovych aberaci, test Allium
cepa) a unikatnich, méné€ vyuzivanych testi genotoxicity, konkrétné¢ testu CEGA
(Chicken Egg Genotoxicity Assay) a testu HET-MN (Hen's Egg Test for Micronucleus

Induction).
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4 VLASTNI PRACE

Disertacni prace je prezentovana souborem Ctyt védeckych studii, které byly publikovany v
odbornych recenzovanych casopisech. Vyhodnoceni toxicity OV ze zdravotnickych
zafizeni bylo provedeno na zakladé Siroké Skaly biologickych testd. Vlastni prace se tykala
predevsim praci na odbérech a zpracovani vzorkii OV, Gpravach vzorka v preanalytické
fazi a na cytogenetickych vyhodnocenich in vitro. Vyhodnoceni toxicity bylo provedeno na
zaklade Siroké Skaly biologickych testi. Pii prezentovani dosazenych vysledku byly pro
unikatni komplexnost hodnoceni toxicity OV ze zdravotnickych zafizeni pfednostné
voleny spole¢né publikace, ve kterych se prezentovaly i vysledky dosazené koordinaci
&innosti vice pracovist SZU spolupracujicich na feeni projektu institucionalniho vyzkumu
- Ekotoxicita odpadnich vod ve zdravotnickych zafizeni. Vzhledem ke stanovenym cilim
institucialniho vyzkumu se na jeho feSeni podilela predev§im dvé pracoviité SZU, a to
Narodni referencni centrum (NRC) pro hygienu pudy a odpadd a Oddéleni alternativnich
toxikologickych metod, jejimz pracovnikem je autorka této disertacni prace. Hlavnim
cilem prezentovanych praci bylo komplexni posouzeni environmentéalnich rizik OV ze

zdravotnickych zafizeni z hlediska negativnich ekotoxickych a genotoxickych ucinku.
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5. KOMENTAR K PUBLIKACIM

5.1 Studie I - Genotoxicity of wastewater from health care facilities

V poslednich letech jsou nemocnicni OV pro svoje negativni dopady na znecisténi vodni
bioty pfedmétem zvySeného zajmu studia a vyzkumu v raznych zemich svéta a pocet
publikaci rozSifujicich znalosti o slozeni a uc¢incich OV se neustale zvySuje (graf 1A).
Avsak prevazna vétSina studii je zaméfena na identifikaci chemického slozeni a
ekotoxicitu OV z nemocnic a zdravotnickych zafizeni a jen velmi malo z nich hodnoti

komplexni toxikologické ucinky a posuzuje genotoxicky potencial OV (graf 1B).
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Graf 1 A,B: Pocet publikaci dle bibliometrické analyzy databdze Web of Science Core
Collection. Klicova slova: Al ,,Hospital Wastewater*; B/ ,,Hospital wastewater genotoxicity “

Cilem studie I bylo shromézdit a analyzovat dostupna data, na zakladeé kterych dojde
k nasmérovani planovaného experimentalniho vyzkumu a bude zajiSt€na aktualizace
souCasného stavu poznani v oblasti posouzeni genotoxicity nemocni¢nich OV pomoci
raznych biotesti. Prehled nejdilezitéjsich védeckych praci v obdobi 1996-2015 ve studii |

je uveden v tabulce 1.
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Tab. 1: Prehled studii genotoxicity zamérenych na odpadni vody ze zdravotnickych
zarizeni na zdkladeé biotestit u necisténych vzorki (Vikova et al. 2016)

Percentage of

Reference Country Number of genotoxic Bioassay
samples
samples
Giuliani et al. (1996) Switzerland 851 13 % UmuC test
Steger—Hartman et al. .
(1997) Switzerland 6 50 % UmuC test
Hartmann et al. (1998) Germany 16 0% UmuC test
Ames test (TA100,
Hartmann et al. (1999) Germany 25 56 % * TA98),Chromosomal aberration
test, UmuC test
o Ames fluct. test (TA100
* ,
Jolibois et al. (2003) France 18 55 % TA98).SOS chromotest
o Ames fluct. Test (TA100
* ,
Jolibois & Guerbet (2005) France 71 65 % TA98, TA102).SOS chromotest
. Test Allium cepa,
Paz et al. (2006) Argentina 2 50 % Saccharomyces c. test
. Ames fluct. test (TA100, TA98,
Jolibois & Guerbet (2006a) France 38 82 % * TA102).SOS chromotest
o Ames fluct. Test (TA100
k )
Jolibois & Guerbet (2006b) France 14 93 % TA98, TA102).SOS chromotest
Ortolan & Ayub (2007) Brazil 28 32 % UmuC test
. 0% - Ames t. Ames test (TA98, TA100,
Ferk et al. (2009) Austria 3 100 % — Comet t. TA1535), Comet test
Bagatiny et al. (2009) Brazil 10 100 % Test Allium cepa
Gupta et al. (2009) India 6 100 % Ames test (TA98, TA100)
Alabi & Shokunbi (2011) Nigeria 1 100 % Animal assay
Atasoy et al. (2012) Turkey 108 56 % Ames test (TA98, TA100)
Sharma et al. (2013) India 20 100 % Ames test (TA98, T
Magdaleno et al. (2014) Argentina 20 40 % Test Allium cepa
. Ames test (TA98, TA100,
Gupta et al. (2014) India 15 100 % TA102)
Kern et al. (2015) Brazil 1 100 % Test Allium cepa
Sharma et al. (2015) India 12 100 % Ames fluct. test (TA100,

TA98), SOS chromotest

*pozitivhi v jednom testu
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Vysledky védecké literatury shromazdéné ve studii I potvrzuji, ze vSechny necisténé, ale i
nekteré Cisténé OV (Ferk et al. 2009) z nemocnic vykazuji genotoxicky ucinek (tab. 1).
Studie provedené v poslednich 5 letech potvrzuji zavéry predeslych studii uvedenych ve
studii I (Sharif et al. 2016, Jabbour et al. 2016, Yilmaz et al. 2017, Cevik et al. 2020,
Beltifa et al. 2020). Napftiklad ve studii Yilmaz et al. (2017) hodnotili environmentalni
riziko OV tfi nemocnic v Istanbulu, které vypoustéji OV do Marmarského mote. Dvé
nemocnice vypousStély OV do mofe piimo po predbézném Ccisténi. Treti nemocnice
vypoustéla své OV do mofte po prichodu méstskou biologickou Cistirnou. Environmentalni
riziko ve studii bylo hodnoceno kombinaci chemické analyzy, hodnocenim cytotoxicity a
stanovenim genotoxicity. Stanoveni genotoxicity bylo provedeno pomoci testu Ames MPF
(Xenometrix AG, Svycarsko). Vzorky viech tii nemocnic vykazovaly silnou mutagenni
aktivitu s maximalnim nartistem mutagenity (mutagenni index MI=10,4) oproti negativni
kontrole v zavislosti na koncentraci vzorkl a metabolické aktivité frakce S9. Dale nebyl
zjistén zadny rozdil mezi vzorky zpracovanymi filtraci (0,45 pm) a nefiltrovanymi vzorky.
Kmen TA98 byl citlivéj§i nez kmen TA100. Tato prvni studie nemocni¢nich OV

v Turecku ukézala vysoké environmentalni riziko OV sledovanych nemocnic v Istanbulu.

Z védecke literatury je ziejmé, ze hodnoceni genotoxickych u¢inki OV je extrémné slozity
problém ze dvou hlavnich divodi. Za prvé, nemocni¢ni OV maji velmi variabilni slozeni
zavisejici na mnoha proménlivych faktorech (kapacita nemocnice, rozdilné vyzkumné,
odborné a provozni Cinnosti apod.). Za druhé, komplexni hodnoceni genotoxicity nelze
stanovit pouze jednim testem, ale je nutné zvolit baterii 2-3 testt stanovujicich zakladni
koncové body genotoxicity jako jsou genové mutace, chromozomové aberace a veétsi

poskozeni genomu vedouci k aneuploidii (Turkez et al. 2017).

Ames test je jednim znejvice pouzivanych biologickych testd identifikujicich genové
mutace predevsim u chemickych a farmaceutickych sloucenin (tab. 2). Publikované studie
ukazuji, ze Ames test je také Siroce pouzivan pii posuzovani toxicity environmentalnich
matric, jakou je napfiklad OV (tab. 1). K jeho masivnimu rozsifeni pfispély nejen Cetné
vyhody tohoto testu (standardizace, reprodukovatelnost, snadna proveditelnost), ale 1 fakt,
ze jeho ,objevitel“ B. N. Ames ani jeho zaméstnavatel (Kalifornska univerzita Berkeley)
unikatni kmeny S.typhimurium pouzivané v testu nedali nikdy patentovat. Zcela zamérné je
dali volné k dispozici pro usnadnéni zavedeni a Sifeni testu v akademickych, pramyslovych

a vladnich laboratofich (Claxton et al. 2010).
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Tab. 2: Odhadovany pocet sloucenin s genetickymi toxikologickymi udaji v toxikologické
databazi Leadscope (Leadscope 2018)

Typ zkousky Pocet sloucenin
Bakterialni mutagenicita 10 440
Chromozomové aberace (in vitro) 1690
Chromozomové aberace (in vivo) 360
Mutagenicita na sav¢ich burnikach (in vitro) 2 390
Mikronukleovy test (in vivo) 290
Mikronukleovy test (in vivo) 1850

Statni zdravotni ustav v Praze dlouhodobé spliiuje akreditaéni pozadavky Ceského institutu
pro akreditaci pro zkousku na reverzni mutace s bakteriemi S.typhimurium (Ames test). Na
zékladé vyhodnoceni dostupnych dat a védeckych informaci ohledné jeho potencialniho
vyuziti pro vzorky OV a praktickych zkuSenosti s provadénim této akreditované zkousky
na pracovisti byl Ames test zvolen jako metoda prvni volby k hodnoceni mutagenity OV.
Byly vyzkouseny rizné postupy piipravy vzorkl a provedena co nejvhodnéjsi optimalizace

preanalytické faze.

V soucasné dobé existuje nékolik bézné vyuzivanych modifikaci provedeni Ames testu.
Pro testovani OV je nejcastéji vyuzivany puvodni miskovy Ames test (ISO 16240, 2005)
nebo mikrodestickovy Ames MPF test, tzv. fluktuacni (ISO 11350, 2012). V téchto
standardizovanych protokolech testovani genotoxicity vod jsou pouzivané dva specifické
kmeny S.typhimurium —kmen TA98 a TA100. Kmeny detekuji dva rozdilné typy mutaci, a
to ,,posunové mutace“ (TA98) a mutace ,,substituce pard bazi“ (TA100). Néktefi autofi
doporucuji pro testovani OV rozsifit sadu 2 kment o dalsi kmen TA102, umoziujici
detekci cross-over mutaci a vysokou citlivost pfi testovani genotoxicity OV. Jsou také

dostupné vysledky studie vyuzivajici pro testovani OV kmen TA1535 (Ferk et al. 2009).

Citlivost a selektivitu bakterialnich kmentu pouzivanych v Ames testu, uvedenych
v pokynech OECD TG 471, fedili na svém zasedani vr. 2017 v Tokiu c¢lenové
Mezinarodniho workshopu o testovani genotoxicity. Cilem tohoto zasedani bylo revidovat
validovany test OECD TG 471 po 20 letech pouzivani a doporucit moznou Upravu v poctu
pouzivanych kment. K detekci 3 typt mutaci je v pokynech OECD vyzadovano pouziti
minimaln€ 5 bakterialnich kment z 9 doporuCovanych (kmeny S.typhimurium TA97,
TA97a, TA98, TA100, TAI102, TAI1535, TAI1537, E.coli WP2uvrA,
E.coli WP2 uvrA pKM101).
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Rovnéz byla provedena analyza publikovanych dat zaméfena na vypovidajici schopnost
jednotlivych bakterialnich kment detekovat vznik mutaci, zahrnujici data o vice nez
10 000 slou€eninach. Analyza zamétena na kmeny TA98 a TA100 ukazala, ze tyto kmeny
byly dostatecné citlivé pro detekci vétSiny bakterialnich mutagent (93 %), a pokud budou
do posuzovani mutagenity zahrnuty také testy in vitro, které detekuji klastogeny, jako
je napf. test chromozomovych aberaci in vitro, tak vysledna baterie testd zvysi
detekovatelnost bakterialnich mutagenti na 99 %. Celkové tyto analyzy podporuji zavér,
ze kmeny S.typhimurium TA1535, TA1537, TA102 a kmen E.coli WP2 uvrA by mohly byt
odstranény z doporu¢enych v OECD TG471 s malou ztratou vypovidaci schopnosti a

citlivosti Ames testu pro detekci bakterialnich mutagenta (Williams et al. 2019).

Pti pouziti bakterialnich testd, jako je Ames test, je tieba brat v tvahu, Ze i po dezinfekci
OV obsahuyji urcité mnozstvi mikroorganismii. OV a kanalizacni systém jsou idealnim
prostfedim pro rust mikrobialni komunity. Aby nedoslo ke kontaminaci vzorkd, je nutné
pred testovanim provést vhodnou upravu vzorkit OV. Bézn€ pouzivanou technikou tGpravy
vzorku je sterilizace filtraci pres filtry o velikosti poru 0,45 - 0,22 pm (Cevik et al. 2020,
Jabbour et al. 2016). Dalsi moznosti zpracovani kapalnych vzorkd je extrakce. Nejvice
pouzivana je extrakce na pevnou fazi - Solid Phase Extraction (SPE) (Paz et al. 2006,
Abbas et al. 2019). Rizné zpusoby upravy budou hodnoceny a diskutovany v komentatich
studii 1T a II1.

Dalsi velmi perspektivni, dlouhodobé jiz od r. 1938 pouzivanou metodou pro ekotoxické
a genotoxické hodnoceni latek zneciStujicich zivotni prostfedi, je test zalozeny na
rostlinném testovacim systému A.cepa (cibule kuchyniské). Pouziti rostlin poskytuje udaje
o mozném poskozeni DNA v mnohobunééném kontextu eukaryotického organismu. Proto

1ze ziskané udaje extrapolovat u eukaryot obecné (Bonciu et al. 2018).

Dalsi vyhodou testu zalozeného na A.cepa je, Ze lze sledovat nékolik koncovych bodu
genotoxicity. Predev§im mezi né patfi genové mutace, které zpusobuji morfologické
zmény na chromozomech — chromozomové aberace. Model cibule A.cepa ma diploidni
genom pouze s 16 monocentrickymi chromozomy, které jsou pro svoji robustnost snadno
pozorovatelné svételnym mikroskopem a vhodné pro detekci karyomorfologickych zmén.
Mezi dalsi koncové body patfi sledovani odchylek bunétného cyklu hodnocené
mitotickym indexem (MI™), asynchronii bunééného cyklu, chromatidové fragmenty,
nukleoplazmatické mustky, numerické zmény chromozomi, aneugenické zmeény,

pfitomnost a pocet mikronuklet (Bonciu et al. 2018).
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Test Allim cepa je testovaci systém, kdy je modelovy organismus v pifimém kontaktu
s testovanou latkou, coz jej Cini idealnim testem pro hodnoceni genotoxickych rizik OV.
V neposledni fad¢ tento test vykazuje znacnou robustnost, proveditelnost, prenositelnost a
nizkou nakladnost. Pro vySe zminéné unikatni vlastnosti a standardni rutinni pouzivani
tohoto testu v laboratofi SZU byl tento test zvolen jako druhy zakladni test pro

optimalizaci stanoveni genotoxickych rizik OV.
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5.2 Studie II - Toxicity of wastewater from health care facilities assessed

by different bioassays

Cilem studie II bylo posouzeni toxicity OV z 5 nemocnic (H1-H5) v Ceské republice za
pouziti baterie biotesti zahrnujici hodnoceni ekotoxicity, genotoxicity a reprotoxicity.
Vybrané nemocnice provozuji uzaviené infekéni oddéleni a jsou povinny provadét radné
hygienické zabezpeteni a dezinfekci OV dle doporuceni v norm& CSN 75 6406 -
Nakladani s odpadnimi vodami ze zdravotnickych zafizeni vypousténymi do stokové sité
pro vefejnou potiebu. Jedna z posuzovanych nemocnic vypousti své OV piimo do vodniho
recipientu a ma svoji samostatnou COV. OV této nemocnice musi spliiovat ukazatele a
hodnoty pfipustného znecisténi OV dle Natizeni vlady ¢. 401/2015 Sb., tykajici se

vypousténi OV do vod povrchovych a do kanalizaci, a musi mit povoleni vypoustét OV do

povrchovych vod od prislu§sného vodopravniho uradu.

Odbéry vzorkli nemocnic H1-H5 byly provedeny v tnoru 2018 (13. 2. — 22. 2. 2018).
Jednalo se o Casové zavislé smeésné vzorky odebirané v dobé nejvétsi aktivity nemocnic, tj.
od 9 hod do 13 hod. Podobné schéma odbéru zvolili 1 ve své studii ekotoxicity Boillot et al.
(2008) nebo ve studii genotoxicity Gupta et al. (2009) a Sharma et al. (2015). Vzorky byly
odebrany v misté vytoku OV z COV do mé&stské kanalizaéni sitd nebo v mist& vytoku do

vodniho toku dle postupu predepsaného normou CSN EN 5667-1.

Ekotoxicita OV byla stanovena vyuZitim tif metod doporu¢ovanych CSN 75 6406 v piiloze
F (2020), a to testu inhibice pohyblivosti Daphnia magna (ISO 6341, 2012), testu inhibice
luminiscence Aliivibrio fischeri (ISO 11348-2, 2007) a testu inhibice rastové rychlosti
sladkovodnich zelenych tas Desmodesmus subspicatus (ISO 8692, 2012). Testy byly
doplnény ekotoxickym testem Allium cepa, kterym se stanovuje inhibice ristu kofend
cibule vystavenych vzorkim OV vici negativni kontrole s Cistou vodou. Ekotoxicky test
Allium cepa se ukazal ve studii II jako nejméné citlivy v porovnani s ostatnimi inhibi¢nimi
testy. Pokud hodnoty inhibice (toxicky efekt) u modelovych organisma piekrocily 50 %,
byla vypocitana hodnota ECsy. Vypocitané hodnoty ECs pro kazdy modelovy organismus

byly transformovany na toxické jednotky (TU) dle vzorce:

TU = [1/ECso (%)] * 100.
Pétistupniovy klasifikacni systém hodnoceni toxicity na zékladé vypoctu TU byl navrzen
autory Persoone et al. (2003) a je Casto vyuzivan k vyhodnoceni ekotoxicity OV (Yilmaz et

al. 2017, Laquaz et al. 2017). Ziskané hodnoty TU ukazaly, ze OV ze dvou posuzovanych
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nemocnic (H1, H4) patfi do tfidy toxicity III, tj. jako toxické, a ostatni tf1 vzorky OV z
posuzovanych nemocnic (H2, H3, HS) patfi do tfidy L tj. jako netoxické.

Reprotoxicita OV byla ve studii II testovana standardizovanym komer¢nim mikrotitraénim
(destickovym) testem YES/YAS (Yeast Estrogen Screen, Yeast Androgen
Screen, Xenometrix®, Svycarsko), ktery detekuje estrogenni a androgenni aktivity testo-
vanych vzorkli OV na geneticky modifikovanych kvasinkovych buiikach Saccharomyces
cerevisiae.

U vzorki OV znemocnic Hl a H4 byl potvrzen potencial agonistické aktivity vuci
estrogennimu a androgennimu receptoru. Je tfeba vzit v uvahu, ze vzorky OV v testu byly
250x koncentrované, proto musi byt interpretace vysledkt téchto i dalSich podobnych in

vitro testd provadéna s ohledem na biorelevantni koncentrace.

Genotoxicky ucinek OV sledovanych nemocnic byl ve studii IT posuzovan kombinaci dvou
testd, a to Ames testem a Comet testem, které jsou bézn€ vyuzivany pro hodnoceni toxicity
OV. U obou testi byla provedena uprava vzorka filtraci, aby se zabranilo mikrobiologické
kontaminaci vzorkd. Comet test byl proveden a vyhodnocen na Lékaiské fakulté
Univerzity Palackého v Olomouci. Comet test umoziiuje detekovat primarni poskozeni
DNA v sav¢ich burikach. Ve studii II byly pouzity 3T3 Balb/c (mySi embryonalni
fibroblasty) (Singh et al. 1988, Tice et al. 2000). Komety byly vizualizovany
fluorescen¢nimi barvivy a hodnoceny fluorescenénim mikroskopem. Ames test byl
proveden dle standardniho operac¢niho postupu vychazejiciho z metody OECD TG 471
(1997). Ve studii II byly pro Ames test pouzity dva testovaci kmeny pro detekci bodovych
mutaci, pro detekci posunovych mutaci byl pouzit kmen TA98 a pro substituci para bazi
byl pouzit kmen TA100. K simulaci metabolické aktivace savci byla pouzita aktivacni
smés S9 obsahujici homogenat jater hlodavci. Testy byly provedeny paralelné s/bez
pritomnosti vnéj§iho metabolického aktivacniho systému. Detailni popis metody vcetné
vlastni vyroby jaterniho homogenatu a optimalizace metabolické aktivacni smési SO je
uveden ve studii III. U zadného vzorku OV znemocnic H1-HS nebyla genotoxicita
potvrzena. Je pravdépodobné, ze genotoxické ucinky nebyly zaznamenany z divodu
sterilizace vzorkl filtraci, protoze v takovém piipadé muze dojit k eliminaci nekterych

(vysokomolekularnach) latek (White et al. 1996, Ferk et al. 2009).

Komplexnimu testovani toxicity nemocni¢nich OV (H1-H5) ve studii II pfedchézel pilotni
vyzkum sledujici tydenni dynamiku toxicity vzorka ¢isténych OV z nemocnice H1 ve dvou

ro¢nich obdobich. Prvni série odbéra byla provedena v listopadu 2016, druha v kvétnu
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2017. Po provedeni testli nebyly zjistény vyznamné rozdily ekotoxicity mezi jednotlivymi
dny v tydnu, nicméné byly zaznamenany vyssi hodnoty ekotoxicity v kvétnu ve srovnani
s listopadem. Genotoxicita téchto dvou tydennich odbéri byla hodnocena pouze Ames

testem a pozitivni vysledek nebyl zaznamenan u zaddného vzorku.

Na zakladé vysledkt studie II a ziskanych védeckych poznatkll z reSerSe ve studii I
vyvstalo nékolik otazek a ukold, jejichz objasnéni a realizovani je zadouci k prohloubeni
znalosti o dané problematice a pro optimalizaci testovani genotoxickych ucinku

nemocni¢nich OV:

1/ Porovnat rizné preanalytické postupy vyuzitelné pro vhodnou piipravu vzorku
OV uréenych pro sledovani genotoxickych acinkd.

2/ Doplnit dalsi analyzy a metody pouzivané pro sledovani genotoxickych acinku
OV.

3/ Posoudit, zda Gprava vzorku filtraci zptisobuje zmény ve vzorku OV.

Pti hodnoceni kvality vod je kriticky dulezita uprava vzorka pro testovani. Rtizné zpusoby
preduprav vodnich environmentalnich vzorkl jsou pfizptisobeny pievazné pro chemické
analyzy a nejsou optimalizovany pro metody in vitro. Z téchto divodi byla studie II
doplnéna o 3 rtizné zplsoby upravy testovanych vzorkti OV z nemocnic H1-H5. Nejvice
pouzivanou technikou sterilizace pii testovani riznych forem vod je filtrace pres vhodny
filtr o velikosti pora 0,45 um (Jolibois et al. 2003, 2005, 2006, Hartmann et al. 1998) nebo
az velikosti pora 0,22 um (Paz et al. 2006, Magdaleno et al. 2014). Pii Gpravé vzorku ve
studii II byla pouzita sada nylonovych filtri v sérii 1,6 pm, 0,45 um a 0,22 um. Filtry o
velikosti pora 0,22 um byly pouzity ve studiich II a III z diivodi opakované kontaminace
agarovych ploten po sterilizaci filtraci s filtry 0,45 um. Filtrace jako zpiisob Gpravy vzorka
OV je pozadovana také normou ISO 11350, ktera standardizuje detekci
genotoxicity/mutagenity OV pomoci fluktua¢niho Ames testu. V této normé vsak je
doporuceno pouzit pouze filtr o velikosti port 0,45 um. Nicméneé Cetné studie upozoriuji
na fakt ze filtrace vzorki OV mulze zpusobit eliminaci latek s cytotoxickym a
genotoxickym ucCinkem (Kreuzinger et al. 2007, Ferk et al. 2009). Jako druhy zpusob
zpracovani vzorki OV byl navrzen a vyzkouSen tzv. eluat z filtri. Nylonové filtry, pres
které byly filtrovany vzorky OV znemocnic H1-HS, byly umistény do lahvi s 15 ml
DMSO, inkubovany 24 hod pii 25 °C a pted vlastnim testovanim byly v DMSO 2 hod
ttepany (150 kmiti/min.). Poslednim zvolenym zptsobem predipravy vzorkd byla

extrakce na pevnou fazi. Tento zpusob extrakce je nejvice pouzivan pii testovani pitnych a
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povrchovych vod (Roubicek et al. 2020), kde je nutné konzervovat a koncentrovat
rozpusténé organické latky pro maximalni vytéznost jejich toxicity (Abbas et al. 2019).
500 ml vzorku gravitacné proteklo kolonou (sorbent Separon TM COPOL SE). Nasledné
byl sorbent vysuSen a extrahovan v acetonu. Acetonovy extrakt byl odpafen pod proudem
dusiku ve vodni lazni do sucha a rozpustén v 2 ml DMSO. Jako ,slepy”“ vzorek byl
testovan Ames testem extrakt destilované vody a soucasné kontrolovana Cistota DMSO
stejnym zpusobem.

Tab. 3: Hodnoty mutagenniho indexu (M) odpadnich vod z nemocnic HI- HS. Srovndni
7'l ruznych preduprav vzorkii

TA98 TA100 TA1535
S9- S9+ S9- S9+ S9- S9+

H1|FOV | 1,03 0097 | 1,25 L14 |12 0096|099 101|120 103|092 124
EF |[1.18 100|087 122|122 093|110 096|079 123|116 1,73
SPE | 1,08 0,94 0,92 1,10

H2 |FOV | 123 080 | 1,35 093 | 1,13 1,04 | 1,13 121 |080 086 | 1,25 0,76
EF | 148 1,18 099 127|108 101|104 1,11 091 138|092 145
SPE | 1,05 1,05 1,15 1,06

H3 |FOV | 1,30 1,10 | 1,22 1,07 | 092 109 | 100 120|100 104|135 113
EF [134 106|116 137|101 1,12]100 100|066 138|113 091
SPE | 0,92 1,14 1,10 1,14

H4 |FOV | 1,38 095 | 122 121 | L,17 1,19 | 1,03 103 | 086 0,76 | 1,12 132
EF | 119 116|089 091|124 121|106 103|072 1,74 1,00 1,03
SPE | 1,08 1,09 1,14 1,04

H5 | FOV | 1,03 000 | 1,12 1,10 | 098 1,09 | 1,10 096 | 0,81 0,87 | 0,80 1,02
EF [081 099|122 1,08]|104 097|113 121|112 148|083 095
SPE | 1,07 1,19 1,15 0,96

FOV - filtrovana odpadni voda; EF — eludt z filtrii; SPE — extrakce na pevnou fazi (Solid
Phase Extraction)

V tabulce 3 jsou uvedeny hodnoty mutagenniho indexu (MI) vzorkti OV z nemocnic H1-
HS, které byly pred vlastnim testovanim upravené tfemi rozdilnymi zpisoby. Mutagenni
potencial nebyl prokazan u zadného vzorku OV a nebyl zaznamenan ani zadny rozdil mezi
riznymi zpusoby upravy. Vzhledem k negativnim vysledkim mutagenity u vsech vzorka
nebylo mozné porovnat vliv uprav vzorki na vysledky, nicméné bylo potvrzeno, ze

nedochazi ke kontaminaci testovaciho systému.

Optimalizaci pfiprav vzorkl povrchovych, podzemnich a nemocni¢nich OV pro biologické
zkousky in vitro posuzoval ve své studii Abbas et al. (2017), ktery popsal a charakterizoval
vyhody a nedostatky bézné€ pouzivanych technik (filtrace, okyseleni, extrakce na pevnou
fazi). Ty zahrnovaly detekci

environmentalné vyznamnych endokrinnich aktivit,
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cytotoxicity a mutagenity. Mutagenita vzorkt byla posuzovana pomoci fluktuacniho Ames
MPF testu a Umu testu (mutagenni test na bakteriich E.coli). Ve studii byla také porovnana
ucinnost 3 sorbentd na extrakci pii kyselém (pH 2,5) a neutralnim pH 7. Vysledky studie
ukazaly, ze okyseleni vzorkd vyznamné ovliviiuje a zkresluje jejich toxicitu. Filtrace pres
filtry o velikost port 1 um neovliviiuje vysledky toxicity in vitro testi. Extrakce na pevnou
fazi je velmi selektivni a nevhodné zvoleny sorbent muze zpusobit ztratu biologicky
aktivnich sloucenin v matrici, které maji nizkou afinitu k sorbentu. Metoda SPE se
sorbentem Telos C18/ENV (pH 7) byla vybrana jako nejvhodnéjsi pro zpracovani vzorkt
OV. Navzdory probihajicim vyzkumim optimalizace upravy vzorki vod pro analyzu
biotestl zlstava stale fada nevyfeSenych otazek a je tedy velkou vyzvou pokracovat ve

vyzkumu a provést dal§i zkoumani v této oblasti.

Z provedené reSerSe ve studii I a dalSich publikaci je zfejmé, ze mikrodestickova fluktuacni
forma Ames testu je stale vice vyuzivana pro stanoveni genotoxicity nemocni¢nich OV
(Jolibois et al. 2005, 2006, Sharma et al. 2015, Vijay et al. 2018, Rainer et al. 2021).
Hlavni prednosti této metody je jednoduchost kolorimetrického vyhodnoceni. Proto 1ze
predpokladat, ze test bude vhodny pro rutinni testovani mutagenity. S ohledem na
problematické pouziti standardizovaného miskového Ames testu (ziskani pouze
negativnich vysledkii mutagenity) byl zaveden fluktuacni Ames test scilem potvrdit
vysledky standardniho miskového Ames testu a posoudit, zda by mohl byt fluktuacni
Ames test vhodn€jsi pro hodnoceni genotoxickych/mutagennich ucinkt OV z hlediska
proveditelnosti a vypovidajici schopnosti. Posouzeni mutagenniho potencialu vzorka OV
z nemocnic H1-H5 pomoci fluktuacniho Ames testu bylo provedeno podle pozadavki
protokolu dodavatele kitu — ,,Ames MPF 98/100 Aqua - ISO11350% (f. Xenometrix). Tento
kit splfiuje podminky mezinarodni normy ISO 11350, kterda specifikuje postup pro
stanoveni genotoxického potencialu OV pomoci bakterialnich kment S.zyphimurium TA98
a TA100. Vzorky OV z nemocnic H1-HS byly testované ve tfech koncentracich 100 %, 50
% a 25 %. U zadného vzorku nebyla prokazana koncentracni zavislost ani dvojnasobné
zvySeni poCtu revertantl oproti negativni kontrole. Je vSak nutné poznamenat, ze dle
normy ISO 11350 i protokolu f. Xenometrix je vyZzadovano provést sterilizaci vzorku

filtraci.

Vr. 2019 byl proveden odbér OV 7 nemocnic pro ucely studie IV. Vzorek H6 mél
specifické slozeni - ¢isténa OV na vytoku z nemocniéni COV se misila s ne¢isténou OV

z nemocnicni pradelny. Z védeckych publikaci je znamo, ze pravé nemocnicni pradelny
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z divodu zajisténi vysokého standardu Cistého a dezinfikovaného pradla jsou zdrojem
Siroké Skaly znecistujicich latek v dusledku aplikace vysokych davek dezinfekce, pracich
prostiedku, detergentti apod. Tyto latky zpusobuji, ze OV z nemocni¢nich pradelen mohou
vykazovat toxické a genotoxické vlastnosti (Kern et al. 2013. Lutterbeck et al. 2020).
Vzorek OV z nemocnice H6 byl po provedeni ekotoxickych testu klasifikovan jako velmi
toxicky (tfida IV) dle klasifikace Persoone et al. (2003) uvedené ve studii II. Na zakladé
téchto informaci bylo u vzorku H6 provedeno také stanoveni genotoxicity miskovym a
fluktua¢nim Ames testem. Opét byly pouzity dvé formy upravy vzorku (filtrace, vyluh
filtrd) pred testovanim. Testy byly provedeny stejnym zptisobem jako u vzorki OV
z nemocnic HI-HS. Vzorek byl testovan ve 3 koncentracich. Vysledky jsou zaznamenany

v tabulce 4.

Tab. 4: Miskovy Ames test - hodnoty Mutagenniho indexu (MI) vzorkii odpadnich vod z
nemocnice H6

TA98 TA100
S9- S9+ S9- S9+
096 | 1,17 1,07 1,13
1,38 | 0,92 0,98 1,00

FOV 100 %

FOV 50 % 0,90 1,14 0,86 1,05

FOV 25 % 0,91 1,19 0,86 1,10
504 | 553 | 2,02 2,05
338 | 335 | 1,29 1,31
FOV - filtrovand odpadni voda; EF — vyluh z filtrii

EF

U vzorki upravenych filtraci byl mutagenni index vzdy mens$i nez dveé, a to jak u
miskového (agarového) Ames testu, tak u fluktuaéniho Ames testu. Pozitivni vysledek byl
zaznamenan jen u specifické Upravy vzorku, a to vyluhu z filtri. Vyrazny mutagenni
potencial byl zaznamenan u kmene TA98, ale u kmene TA100 byla hodnota mutagenniho
indexu hrani¢ni. Hrani¢ni hodnota u kmene TA100 jiz nebyla potvrzena pii opakovani
testu. Pozitivni vysledek naznacuje, ze u vysoce toxického vzorku H6 byly pravdépodobné
vyluhovany zachycené latky z hydrofilnich filtrG. Tento navrzeny zpusob upravy bude

prfedmétem dalSiho zkoumani.

Srovnani dvou formati Ames testu bylo hodnoceno ve studii Rainer et al. (2021). Pro tento

ucel bylo vybrano 21 chemickych latek. Oba testy ukazaly vysokou shodu (> 90 %) pfi
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klasifikaci mutagennich a nemutagennich latek. AvSak nejniz§i ucinna koncentrace (LEC)
byla niz§i u 17 z 21 testovanych latek u fluktua¢niho formatu. Toto zjisténi vede k zavéru,
ze fluktuacni Ames test by mohl byt vhodngjsi pii testovani komplexnich smési, u kterych

jsou relevantngjsi nizké koncentrace nebezpecnych latek, jako jsou naptiklad vzorky OV.

V soucasné dobé onemocnéni covid-19 zpusobilo vyrazny narist uzivani dezinfekcnich
prostiedkt, zvlasté ve zdravotnickych zafizenich. Naduzivani dezinfekCnich prostredku
zpusobuje v OV vznik vedlejSich produkti dezinfekce (DBP), které maji prokazané
karcinogenni a genotoxické ucinky (Rahman et al. 2010, Wagner, Plewa 2017). Z téchto
divodi bylo rozsifeno posouzeni dynamiky genotoxicity CciSténych vzorki OV
z nemocnice H1 o tfeti tydenni odbér, ktery byl proveden 15. 3. - 19. 3. 2021. Byly
dodrZeny stejné podminky vzorkovani jako u odbért vletech 2016 a 2017. Srovnani
vybranych hodnot fyzikalnich parametrti s prfedeslymi odbéry je uvedeno v tabulce 5.

Podle predpokladu byl zaznamenan vyrazny nartst volného chloru.

Tab. 5: Srovnani vybranych fvzikalnich parametrii vzorkit odpadnich vod z nemocnice HI
v riiznych casovych obdobich

Konduktivita Volny chlor
Parametr pH uS/cm mg/l
X/2016 [ V/2017 [ 111/2021 | X/2016 [ V/2017 | 111/2021 [ X/2016 | V/2017 [111/2021

pondéli 805 | 801 | 752 | 2010 | 1125 | 685 | 0.04 | 025 | 3.59
utery 801 | 803 | 746 | 2130 | 1186 | 679 | 005 | 032 | 3.94
streda 8.12 | 807 | 764 | 2150 | 1205 | 689 | 007 | 015 | 048
ftvrtek 802 | 807 | 7.60 | 2090 | 1206 | 683 | 007 | 017 | 0.57
pitek 803 | 809 | 7.69 | 2160 | 1232 | 753 | 0.05 | 020 | 0.54

Genotoxicita vzorkll z nemocnice H1 (odbér v bfeznu 2021) byla vyhodnocena pomoci
miskového a fluktuacniho Ames testu (kmeny TA98, TA100). U zadného vzorku OV
nebyl zaznamenan pozitivni vysledek. Stejné jako u predeslych testd byly vzorky upraveny
filtraci, coz znovu naznalilo, ze tento zpusob upravy bud interferuje s testovacim
postupem, nebo je koncentrace potencialné genotoxickych latek ve vzorcich OV pod
limitem detekce. Podobna zjisténi byla zaznamendana i v jinych studiich (Ferk et al. 2009).
Nicméné v Cetnych studiich i po upravé vzorku OV filtraci jsou zaznamenany pozitivni
vysledky Ames testu (Sharif et al. 2016, Jabbour et al. 2016, Yilmaz et al. 2017, Cevik et
al. 2020).

Vzhledem k opakované ziskanym negativnim vysledkiim genotoxicity OV u filtrované OV
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bylo velmi vhodné ovéfit vliv filtrace na dal§i mechanismy toxicity a navrhnout vhodnou
optimalizaci upravy vzorkl. Pro srovnani filtrovanych a nefiltrovanych vzorkt byl pouzit
test inhibice rustové rychlosti fasy D.subspicatus. Byly testovany vzorky z nemocnic H1-
HS5 (odbér v tnoru 2018) a H6 (odbér v dubnu 2019). Filtrace byla provedena pomoci
nylonovych filtri s velikosti pord 1,6 pum, 0,45 um a 0,22 um. Vysledky porovnani lze
rozdélit do dvou skupin (tab. 6). U vzorku, které pred filtraci vykazovaly vysokou toxicitu
(H1, H2, H4), doslo po filtraci k jejimu vyraznému poklesu, coz nepochybné souvisi se
zachytem organickych Castic s absorbovanymi chemickymi latkami na filtru. Vzorky, u
kterych pred filtraci nebyla stanovena zadna toxicita, pouze mirna stimulace rustové
rychlosti (H3, HS), se filtraci prakticky nezmeénily. U vzorku z nemocnice H6, specifického
tim, ze byl smichan s OV z nemocni¢ni pradelny, byla stanovena 100% inhibice pred i po
filtraci. Toxicita vzorku byla natolik vysoka, Ze znemoznila srovnani neupraveného a
upraveného vzorku. Lze konstatovat, ze na zakladé vysledki testovani ekotoxicity jsou
toxické latky obsazené v nemocni¢nich OV efektivné zachycovany pfi filtrovani predev§im
filtrem 0,22 pum.

Tab. 6: Hodnoty inhibice riistové rychlosti Desmodesmus subspicatus u filtrovanych a
nefiltrovanych vzorkit odpadnich vod z nemocnic HI-H6

vzorek | datum odbéru inhibice (stimulace) (%)
NFOV FOV
H1 unor 2018 97,5 54,3
H2 unor 2018 31,4 -7,1
H3 unor 2018 -7,2 9,5
H4 unor 2018 79,1 20,4
HS5 unor 2018 -5,2 -3,6
H6 duben 2019 100 100

NFOV - nefiltrovand odpadni voda; FOV - filtrovana odpadni voda

U filtrovanych a nefiltrovanych vzorki OV z nemocnice H1 odebranych v bfeznu 2021
byla provedena semikvantitativni analyza kovi s pouzitim hmotnostniho spektrometru
s indukéné véazanou plazmou (ICP-MS). Obsah rtuti ve vzorcich byl stanoven pomoci
atomového absorpcniho spektrofotometru (AAS). Rozdily v obsahu kovi mezi
filtrovanymi a nefiltrovanymi vzorky byly zaznamenany u rtuti, hliniku, manganu, Zeleza a
bromu (tab. 7). Obsah ostatnich prvkd byl nezménén. Je zajimavé, ze zadny z prvku
naméfenych ve sledovanych OV nepiekroCil limity pro pitnou vodu dané Vyhlaskou

€. 252/2004 Sb., kterou se stanovi hygienické pozadavky na pitnou a teplou vodu.
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Tab. 7: Hodnoty kovii namérenych ICP -MS u filtrovanych a nefiltrovanych vzorki
odpadnich vod z nemocnice HI (brezen 2021)

Hg (ug/D Al (ug/l) Mn (ug/l) Fe (ng/l) Br (ug/l)
NFOV | FOV | NFOV | FOV | NFOV | FOV | NFOV | FOV | NFOV | FOV
pondéli | 0,89 | 0,26 | 18,3 1,3 54 2,7 29,3 | 19,9 | 139,2 | 102,0
utery 039 | 026 | 183 1,3 10,2 7,8 29,8 | 22,0 | 2352 | 191,0
stireda 032 | 0,20 | 20,0 1,2 9,9 7,7 30,2 | 20,7 | 261,3 | 170,1
ctvrtek | 0,26 | 0,23 | 16,8 0,0 10,2 7,3 31,8 | 17,9 | 272,5 | 183,8
patek 0,18 | 0,18 | 40,2 2,2 16,3 | 134 | 57,7 | 26,1 | 317,0 | 169,6
NFOV - nefiltrovand odpadni voda; FOV - filtrovana odpadni voda

Testem ICP-MS a testem inhibice ristové rychlosti fasy D. subspicatus bylo prokazano, ze
uprava vzorku OV filtraci méni kvalitu a toxicitu vzorku. Nicméné v nékterych studiich
hodnoticich genotoxicitu OV po upravé vzorku filtraci jsou zaznamenany pozitivni
vysledky Ames testu (Sharif et al. 2016, Jabbour et al. 2016, Yilmaz et al. 2017, Cevik et
al. 2020). Je tedy nutné pfi posuzovani genotoxicity obecné, ale pfedevs§im u OV, vzdy

doplnit Ames test dal§im genotoxickym testem.

Studie II je prvni studii v Ceské republice, ktera velmi komplexné hodnotila toxicitu
nemocni¢nich OV. Studie prokazala rizné urovné toxicity Cisténych nemocni¢nich OV u
vybranych nemocnic a zaroven sezoénné zavislou dynamiku toxicity vyhodnocenou
standardnimi ekotoxikologickymi testy. Genotoxicita nebyla potvrzena ani Ames testem,
ani Comet testem v zadném vzorku z nemocnic H1-HS, nemohou vSak byt vylouceny
nepifimé mechanismy vedouci k systémovym uclinkim, jak naznaCuji vysledky testu
zaméfeného na endokrinni disrupci a toxicita prokazana na vyssich biologickych urovnich
ve studii III. Negativni vysledky genotoxicity mohou byt velmi pravdépodobné dosazeny
v pfipadé€, Ze je vzorek nemocnicni OV podroben filtraci. Dopliujici testy za zaméfily na
optimalizaci testovani genotoxickych u¢inkti nemocni¢nich OV a porovnani 2 formati

Ames testu.
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5.3 StudieIIl Qualitative and Quantitative Analysis of Certain Aspects of
the Cytotoxic and Genotoxic Hazard of Hospital Wastewaters by Using a
Range of In Vitro Assays

Studie III pokracovala v komplexnim hodnoceni toxicity vzorkt OV z nemocnic HI1-H5 po
dezinfekénim procesu. Vzorky byly odebrany v tnoru 2018 a Castecné analyzovany ve
studii I (Jirova et al. 2018). Prezentovana studie III byla zameéfena na hodnoceni
cytotoxicity a genotoxicity za pouziti sady unikatnich biologickych metod, a to konkrétné
testu NRU (Neutral Red Uptake Assay), Comet testu, testu CEGA (Chicken Egg
Genotoxicity Assay) a testu HET-MN (Hen's Egg Test for Micronucleus Induction). Studie
IIT byla zaméfena na testy, ve kterych mohou byt zkouSeny vzorky bez upravy. Testy ve
studii III byly porovnany s miskovym Ames testem vyhodnocenym ve studii II, jehoz

provedeni vyzaduje sterilizaci vzorku filtraci.

Pred testovanim genotoxicity, zvlasté u neznamych komplexnich smési, je dulezité provést
nejprve kvantifikaci cytotoxicity, aby bylo dosazeno relevantnich vysledki a nedochéazelo
k chybnému vyhodnoceni genotoxickych ucinkti zpisobenych nespravné zvolenou
koncentraci testovaného vzorku (Fowler et al. 2012). Ve studii III bylo provedeno
hodnoceni cytotoxicity nemocni¢nich OV pomoci testu Neutral Red Uptake (NRU) na
bunééné kultufe mysich fibroblasti 3T3 Balb/c a nebyly zaznamenany zadné cytotoxické

ucinky na proliferaci fibroblasta.

Comet test se ukazuje jako uziteCny nastroj pii hodnoceni genotoxického dopadu
nebezpecnych znecistujicich latek v OV. Hlavni vyhodou Comet testu je vysoka citlivost
nizkych urovni poSkozeni DNA (Sharif et al. 2016, Tice et al. 2000). Proliferujici buiky
3T Balb/c byly ve studii III vystaveny 24 hod jednotlivym vzorkim OV nasledné bylo
vyhodnoceno poskozeni DNA (% DNA v jadie, % DNA v ocasu komety, olivovy a ocasni
moment) pomoci alkalického Comet testu. Vyrazné poSkozeni DNA bylo zaznamenano
pouze u vzorkl bez predtipravy. Pokud byly vzorky sterilizovany filtraci ¢i autoklavovany,
byly negativni. To je v souladu s vysledky Comet testu ve studii II, ve které byly vzorky

upraveny filtraci.

Ptaci vejce je jedineCny embryo-fetalni model in ovo pro testovani toxicity, ktery poskytuje
asepticky model vyvijejicitho se organismu. Tento model byl ve studii III vyuzit k testu
genotoxicity CEGA a mikronukleovému testu HET-MN. V testu CEGA byla injekce OV
v davce 10-100 pl aplikovana do vzduchového vaku 8. den vyvoje embrya. 10. den byl
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experiment ukoncen a bunécna suspenze fetalnich hepatocyti byla vyhodnocena Comet
testem. U testu HET-MN byl testovany vzorek pipetovan pifimo na membranu vnitiniho
obalu 8. den vyvoje embrya, nasledné byl otvor prekryt paskou pro udrzeni vitality
embrya. 10. den vyvoje embrya byla odebrana krev in situ z arteria umbilicalis a hned
vytvoren krevni natér. Priblizné 1000 erytroidnich bunék bylo podrobeno screeningu pro
stanoveni frekvence vyskytu mikrojader. Testy CEGA a HET-MN opét potvrdily
skutecnost, ze genotoxicky potencial byl zaznamenan u neupravenych vzorka OV, ale ne u
vzorkll upravenych filtraci nebo autoklavovanim. U kufecich embryi, ktera byla
exponovana neoSettenym vzorkim OV, byla zaznamenana nizka mira preziti. Lze
predpokladat, ze tento neobvykle rychly uhyn i pfi velmi nizkych davkach (10 pl) byl
zpusoben moznou mikrobialni kontaminaci. Z téchto divodi byl proveden jednoduchy
screening detekce mikrobialni kontaminace, ktery je detailné popsan ve studii IIL
Screening potvrdil vyznamnou mikrobidlni kontaminaci. Mikroskopickym vySetfenim byly
v OV nalezeny také kolonie A.flavus. Bakterialni kontaminace a nalez kolonii A.flavus je
jedno z moznych vysvétleni rychlého thynu kufecich embryi, ktera jsou extrémné citliva
na aflatoxin B; (Williams et al. 2014). Masivni bakterialni kontaminace byla zaroven
potvrzena vySetfenim na elektronovém mikroskopu provedeném na pracovisti Centra

epidemiologie a mikrobiologie SZU.

Dal§im testem, kterym byly posuzovany cyto/genotoxické ucinky OV z nemocnic H1-HS5,
byl test Allium cepa. Jak bylo uvedeno jiz ve studii I, je test Allium cepajednim z
nejCastéji pouzivanych testd vyuzivajicich vysSich rostlin pro stanoveni cytotoxicity a
genotoxicity ruznych polutantt zivotniho prostiedi (Bonciu et al. 2018). Protoze se jedna o
eukaryotické burnky s morfologicky podobnymi chromozomy s chromozomy savci
eukaryotické buiky, 1ze vysledky extrapolovat na savce. Tento test umoziuje posouzeni
raznych genetickych koncovych boda zpusobujicich poskozeni DNA, které se projevuje
chromozomovymi aberacemi, poruchami mitotického cyklu, jadernymi zmeénami a
ptitomnosti mikrojader v meristémovych bunkach. Vysledky ziskané testem Allium cepa
nebyly dosud publikovany a budou prezentovany v samostatné publikaci. Z tohoto divodu
bude na tomto miste struéné€ popsano i provedeni testu. Zdravé a stejné velké cibule byly
kliceny po dobu 60 hodin v destilované vodé, aby se navodil rist korenti. Cibulky byly
péstovany ve sklenénych nadobach pfi teploté 25°C a po dosazeni kofenti o délce 2-3 cm
byly exponovany vzorkiim nemocni¢nich OV po dobu 24 hodin. Je dulezité chranit cibulky

pred pfimym slune¢nim zafenim. Jako pozitivni kontrola byl pouzit ethylmethansulfonat
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(100 uM). Kontrolni kofeny byly udrzovany pouze v destilované vod€. Mikroskopické
preparaty kofene A.cepa byly piipraveny podle standardniho protokolu techniky squash
obarvené acetokarminem (Borboa, Torre 1996, Kumari et al. 2011). Preparaty byly
prohlizeny pod svételnym mikroskopem (Olympus BH2 RFCA mikroskop, Japonsko) a
analyzovany. Byly zaznamenany cytologické/chromozomové aberace jako jsou
chromozomové mustky a zlomy, chromozomy C-metafaze, lepkavy chromozom v
metafazi, lepkava chromozomova anafaze, zaostavajici chromozomy, mikronukleové
buriky, polyploidni butiky a dalsi anomalie. Ptiklady né€kterych chromozomovych aberaci

jsou zaznamenany na obrazcich 6 a 7.

Obr. 6: Priklady chromozomovych aberact v burikdch meristémii Allium cepa vystavenych
nemocnicnim odpadnim vodam (akridinovd oranz, pivodni zvétSeni 400x). (a) chromozomy C-
metafaze; (b) C-metafize, (c) multipolarni chromozomova dislokace; (d) zména chromozomové
metafdze a lepivost chromozomii; (e) destrukce chromozomii v profdzi; (f) normalni metafize

Na zakladé pozorovani bunék v mitdze byl vypocitan Mitoticky index (MI™) jako pocet
délicich se bunék na 1000 pozorovanych bun¢k (Fiskesjo 1997). Byl stanoven pocet bunék
v riznych fazich bunécného déleni a procenta celkovych/individualnich chromozomovych

abnormalit (Bakare et al. 2000). Cytogeneticka analyza je uvedena v tabulce 8.
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Tab. 8: Cytogeneticka analyza korenovych Spicek Allium cepa po expozici nemocnicnim
odpadnim vodam (HI-HS5) a kontrole (2x destilovand voda). (MI"-mitoticky index)

Vaorek o MVIm . Normalni d¢lici burika v % Nespecifikované
prims 1]‘)(‘%) Profaze Metafaze Anafaze anomalie (%)
Kontrola 13,81£1.9 8,65+2.9 18,65+3.1 10,61+£3,3 2,66x1.2
HI 21,9123 23.87+3.6 314142 25.33+43 13,1425
H2 30,35+3.8 23,534 .4 31,52+3,36 33,3345,5 9,15+3,3
H3 17,9+£3,6 28,78+3,9 40,02+4,1 19,38+3,3 17,58+4,8
H4 14,7+5,2 32,78+3,9 31,02+4,8 15,25+4,3 8,75+4.,8
H5 33,5+3,2 36,33+2,3 28,2243,1 26,31+6,3 9,58+3,8

Obr. 7: Priklady chromozomovych aberaci vyvolanych odpanimi vodami z nemocnic HI-
HS5 v buiikdach korenovych Spicek Allium cepa (Syberd Green, zvétSeni 400x); (a)
prodlouzend profaze a abnormdlni kinetika; (b) multipolarni anafaze; c) porucha vietena v
metafazi; (d) zlomy a denaturace vidken, které vedou k profdznimu rozpleteni DNA; (e)
naruSend metafaze s opozdénymi chromozomy; (f) porucha a dislokace vieténka v casné
anafazi

Pro stanoveni komet byly vyjmuty kotfenové Spicky A. cepa a meristémové buiky za

pouziti ocelovych jehel byly ihned vytlaceny. Izolovana jadra pak byla dispergovana ve 40
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ul destilované vody a vortexovana (pro ziskani dostatecné jaderné suspenze je zapotiebi
alesponl 500 jader meristémovych bunék). 60 ul 1% agarozy s nizkou teplotou tani (LMP)
bylo pfidano do izolovanych jader a 80 pl této suspenze bylo umisténo na ztuhlou agarozu
na mikroskopické sklicko, zakryto krycim sklickem a zpracovano tak, jak je popsano ve
studii III pro postup Comet testu s pouzitim mySich fibroblasti 3T3 Balb/c. Parametry

kometového testu jsou znazornény v grafu 2.
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Graf 2: Délka ocasu, % DNA v ocasu, olivovém a ocasnim momentu jako miry poSkozeni
DNA v burikach korenového meristému Allium cepa vystavenych neoSetienym vzorkiim
nemocnicnich odpadnich vod (HI1-HS5)

Kazdy neoSetfeny vzorek testovanych nemocnicnich OV poskytl jasny dikaz poskozeni
DNA v mitotickych burikdch meristému cibule kuchyiiské A.cepa a mikroskopicky byla

potvrzena chromozomalni nestabilita téchto bunék.

Vsechny vzorky OV z nemocnic H1-H5 testované metodami uvedenymi ve studii III lze
povazovat za potencialné genotoxické. Je vSak dilezité zduraznit, Ze genotoxicky potencial
se projevil pouze u vzorkd, které nebyly upraveny pied testovanim a testovaly se v tzv.
surovém stavu. Pokud byly vzorky upraveny filtraci nebo autoklavovanim, nebyl
genotoxicky potencial zaznamenan. To je v souladu s vysledky studie II, ve které vzorky
upravené filtraci a vyuzité v Comet testu a Ames testu nemély genotoxicky potencial a
zaroven byla dopliikovymi testy potvrzena zména toxicity vzorku po filtraci. Na zakladé
vysledkd studie III se lze domnivat, ze identifikovany genotoxicky potencial je

pravdépodobné zpiisoben vyssi mikrobialni kontaminaci a nalezenymi koloniemi A.flavus.
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Je znamo, ze nékteré bakterie mohou byt producenty genotoxind, které ovliviuji
metabolické pochody v buice za vzniku volnych radikalt. Volné radikaly mohou vyvolat
oxidacni stres, ktery mize nepifimo zpusobit negativni zmény v burice, jako je poruseni
DNA ¢i zastaveni bunécného cyklu, nebo mohou vyvolat apoptozu (Wu et al. 2013,
Druzhinin et al. 2018).

Ackoliv u vzorka upravenych filtraci ve studii II a III nebyl prokazan genotoxicky
potencial, v jiné studii hodnotici OV vypou§téné ze tii nemocnic a jedné méstské COV
v Istanbulu byl genotoxicky potencial identifikovan, i kdyz vzorky téchto nemocnic byly
upraveny filtraci dokonce i pres filtr svelikosti port 0,22 um (Cevik et al. 2020).
Analogické zjisténi bylo zaznamenéano i v dalSich studiich (Sharif et al. 2016, Jolibois,
Guerbet 2006). Rozdilné vysledky mohou byt zptusobeny velikosti davky genotoxické

latky ve vzorku a variabilitou slozeni nemocni¢nich OV.
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5.4  Studie IV - Sensitivity of Zebrafish (Danio rerio) Embryos to Hospital

Effluent Compared to Daphnia magna and Aliivibrio fischeri

V EU jsou testy akutni toxicity na akvatickych organismech jednim z nastroju slouzicich
k monitoringu kvality vod v ramci snahy o zlepSeni stavu evropskych povrchovych vod
dané Smeérnici o vodé (EU 2000/60/ES). Soubézné s tim je nutné implementovat zasady
Smérnice Evropského parlamentu a Rady 2010/63/EU o ochrané zvifat pouzivanych pro
védecké ucely a uplatiiovat principy 3R (Replacement, Reduction, Refinement). Pro
potfeby konvencéniho testu akutni toxicity na rybach in vivo (Fish Acute Toxicity Test,
OECD TG 203) je kazdorocné pouzito az 5 miliont ryb (Norberg-King et al. 2018). Jako
vhodna alternativa, vysoce korelujici s touto metodou, byl v r. 2013 validovan test akutni
toxicity na rybich embryich (Fish Embryo Acute Toxicity Test, OECD TG 236) — FET
test, ve kterém byli dospé€lci nahrazeni embryondlnimi vyvojovymi stadii. Metoda je
zalozena na predpokladu, ze rana stadia vyvoje pied pifechodem na exogenni vyzivu
nemaji nervovy systém vyvinuty natolik, aby citila stres a bolest. Podle Smérnice
2010/63/EU nejsou tudiz experimenty na rybich embryich povazovany za pokusy na
zvifatech. Metoda FET test tedy nejen spliiuje podminky 3R, ale je také vhodna pro
stanoveni toxicity odpadnich a povrchovych vod (Thellmann et al. 2015, Tenorio-Chavez

et al. 2020, Ribeiro et al. 2020).

Ryba D.rerio (danio pruhované) je moderni, pokrokovy a celosvétové uznavany zvifect
model. Védecké experimenty na dospélych rybach i embryich se stavaji popularni v
toxikologii a biomedicinském vyzkumu. Ve studii IV byla embrya D. rerio pouzita ke
stanoveni akutni toxicity nemocni¢nich OV.

Studie IV sledovala nékolik cilu:

1/ Porovnat citlivost FET testu (OECD TG 236) s konven¢nimi testy doporucovanymi
normou CSN 75 6406, a to se Zkouskou pohyblivosti na vodnim korys$i Daphnia magna
(CSN ISO 6341) a se Zkouskou na luminiscenénich bakteriich Aliivibrio fischeri (CSN
ISO 11348-2), a na zakladé vysledki vyhodnotit vhodnost metod pro stanoveni akutni

toxicity OV z nemocnic.
2/ Porovnat dva expozicni ¢asy FET testu:

e (as 96 hpf* doporu¢ovany OECD TG 236 (2013) — oznaceni FET 96 h
e (as 48 hpf* doporucovany (ISO 15088 (2009) — oznaceni FET 48 h
*hpf — hodiny po oplodnéni (hour post fertilization)
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3/ Vyhodnotit vliv modifikace FET testu pfidanim sledovani 5 subletalnich ucinkd na
citlivost

metody — oznaceni FET 96 h+sub
4/ Rozsifit védecké informace tykajici se toxicity OV z nemocnic v Ceské republice.

Vzhledem ktomu, ze se tato disertaCni prace zabyva hodnocenim genotoxicity
nemocni¢nich OV, byla studie doplnéna o posouzeni potencialu teratogenity odebranych

vzorku, které vSak nebylo publikovano.

Vzorky OV byly odebrany v r. 2019 na odtoku z COV 7 réiznych nemocnic v Ceské
republice podle normy CSN EN ISO 5667-1. Vzorek H6 byl odebran v misté, kde
dochazelo k miseni Cisténé OV z nemocnice a necisténé odpadni vody z nemocnicni
pradelny. Pfi odbéru a prepravé byly dodrzeny pozadavky normy (pfeprava v chladicim

boxu, zmrazeni na -18 °C) a vzorky byly zpracovany do 2 mésict po odbérech.

Ve studii byla nejprve stanovena imobilita (D.magna), inhibice luminiscence (A.fischeri) a
mortalita a vyskyt subletalnich ucinkd (D.rerio) a tyto ukazatele byly vyjadieny jako
procento toxického ucinku vSech 7 nefedénych vzorki OV. Ziskana data prokazala vysoce
variabilni toxicky u€inek OV na vSechny studované organismy. Testy FET 96 h a FET 96
h+sub prokazaly vysokou citlivost embryi D.rerio u 5 ze 7 vzorkt (H1, H3, H4, H5, H6)
s hodnotami toxického tGc¢inku 62,5 - 100 %. Toxicky ucinek vzorkti na dalsi studované
organismy byl vice variabilni (viz publikace €. 4, obr. 2a). Vzorky H2 a H7 vykazovaly
nizkou nebo nulovou toxicitu. U vzorkl a testovacich organismt, u nichz hodnoty
toxického ucinku prekrocily 50 % (tzn. H1, H3, H4, HS, H6), byly stanoveny hodnoty
ECso (D.magna, A.fischeri) a LCsy (D.rerio) (viz publikace €. 4, obr. 2b). V piipadé vzorku
OV, které byly hodnoceny jako nejtoxiCtéjsi a které negativné ovlivnily vétSinu
testovanych druha (H1, H3, H6), byla D.magna nejcitlivéjs§im organismem s hodnotami
ECsp 4,5 - 37,6 %. Citlivost metod na vzorky H1 a H3 klesala v nasledujicim poradi:
D.magna > FET 96 h+sub > FET 96 h > A.fischeri 15 min > FET 48 h. U nejvice
toxického vzorku H6 byly nejcitliveéjsimi organismy D.magna a A.fischeri.

Na zakladé porovnani tii akvatickych organismu ve studii IV se prokazalo, ze citlivost FET
testu neboli citlivost embryi D.rerio je srovnatelna a v neékterych piipadech i1 vySsi nez
citlivost organismt D.magna a A.fischeri.

Jednim ze zamért studie IV bylo srovnani tii moznosti provedeni FET testu a podle

dosazenych vysledki vytipovani nejcitlivéjsiho testovaciho zptisobu stanoveni toxicity OV
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ze zdravotnickych zafizeni. FET test byl hodnocen dle standardniho validovaného postupu
OECD TG 236 po 96 hpf na zakladé presné popsanych letalnich U¢inki (morfologické
koncové body letality) - koagulace embrya, neoddéleni ocasu od Zzloutkového vacku,
nepfitomnost tvorby somitd (bloky mezodermu podél struny hibetni) a nepfitomnost
srdeCniho tepu. Dale byla hodnocena pfitomnost letalnich G¢inkt po 48 hpf podle normy
CSN EN ISO 15088 - Stanoveni akutni toxicity odpadnich vod pro jikry dania
pruhovaného (Danio rerio). Nakonec byl FET test rozSifen o hodnoceni subletalnich
ucinkd OV na vyvoj embryi, a to po 48 hpf a 96 hpf expozice embryi vSem testovanym
vzorkim. Ve védecké literatufe byla popsana a charakterizovana cela fada castych
(specifickych) 1 méné obvyklych (nespecifickych) morfologickych subletalnich zmén
embryi D.rerio (Hellfeld et al. 2020). Pro ucely studie IV bylo vybrano pét subletalnich
efektl, které jsou nejCastéji publikované a které 1ze jednoznacn¢ identifikovat (Babic et al.
2017, Cedron et al. 2020). Mezi né patii zpomaleny srdecni tep, nedostateCnost krevniho
obéhu, pritomnost perikardidlniho edému a (nebo) edému zloutkového vacku, zaktiveni
patefe a porucha pigmentace. Pfidanim subletalnich efektd se citlivost FET testu zvysila o
1-12%. Frekvence vyskytu subletalnich zmén (malformaci) u embryi byla v nasledujicim
poradi: zakfiveni patefe (34,5 %), nedostatek krevniho obéhu (26,4 %), zpomaleny tep
srdce (25,7 %), poruchy pigmentace (12,7 %), vyskyt edému (0,7 %). Vyskyt subletalnich

ucinki ve dvou expozi¢nich Casech je uveden v tabulce 9.

Tab. 9: Prehled vyskytu subletdalnich efektii (+ pritomnost / - nepritomnost) po inkubaci ve
vzorcich HI-H7 ve dvou expozicnich casech (48 hpf/ 96 hpf)

Subletalni efekty H1 H2 H3 H4 H5 H6 H7
48 hpf / 96 hpf

zpomaleny srdecni tep -/+ -/- +/+ -/+ -/+ ++ -/-

nedostatecny krevniobéh -/+ -/- +/+ -/+ -/+ +/+ -/-

pritomnost edému -/+ -/- +/+ -/+ -/+ -/- -/-

zakriveni patere -+  -/- +/+ -/+ -/ + -/+ -/-

porucha pigmentace -+  =/- +/+ -/+ -+ +/+ -/-

Z tabulky 9 je zfejmé, Ze vyskyt subletalnich ucinkd je zavisly na dobé expozice a zaroven
je rozdilny mezi riznymi vzorky. Prodlouzena doba expozice embryi ze 48 hpf na 96 hpf

vyznamneé zvySila citlivost FET testu u 57 % testovanych vzorki. Jeden
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z pravdépodobnych faktori rozdilného vyskytu subletalnich ucinku pii rizné casové
expozicli je piitomnost bariérové funkce chorionu.  Chorion tvofi vnéjsi ochranu
vyvijejiciho se embrya a mize inhibovat absorpci nékterych chemickych latek s vysokou
molekulovou hmotnosti do embrya (Sobanska et al. 2017). Tato bariéra mizi béhem obdobi
lihnuti, coz je pfiblizné 72 h po oplodnéni v zavislosti na teploté vody. Po vyhodnoceni
vSech vysledka ve studii IV byla stanovena klesajici citlivost FET testu a jeho modifikaci

v nasledujicim poradi: FET 96 h+sub > FET 96 h > FET 48 h.

Ziskané vysledky ve studii IV lze vyuzit k odhadu teratogenniho potenciadlu OV na zakladé
vypoctu teratogenniho indexu. Teratogeneze je proces, ktery naruSuje normalni vyvoj
embrya tim, ze v zavaznych piipadech zpusobuje trvalé strukturalni a funkcni abnormality
projevujici se morfologickymi subletdlnimi malformacemi embrya. Embryonalni model
ryb D.rerio se ukazuje jako velmi perspektivni alternativni model k tradi¢nim testim
predpovidajicim teratogenni potencial predevsim chemickych latek a smési ¢i novych 1é€iv
a lze jej také vyuzit pfi screeningu genotoxicity/teratogenity environmentalnich matric
s uc¢inkem na volné zijici zvifata (Noyes et al. 2016). Teratogenni index (TI) se vypocita
jako pomér LCsy / ECso, kdy LCs je koncentrace testovaného vzorku zpusobujici uhynuti
50 % embryi D.rerio a ECsq je koncentrace testovaného vzorku zpusobujici malformace
(subletalni zmény) u 50 % embryi D.rerio stanovena pii expozici 96 hpf (tab. 10).
Testovany vzorek je podle kritérii Weigt et al. (2011) povazovan za teratogenni, pokud je

TI > 1, pokud je TI < 1, je hodnocen jako embryoletalni.

Tab. 10: Hodnoty teratogenniho indexu (T1), ECso, LCsp ve studii IV

H1 H3 H4 H5 H6
LC50 [%] 90,4 64,5 87,7 66,7 20,6
EC50 [%] 83,1 60,5 71,2 65,7 20,4
TI 1,09 1,07 1,14 1,02 1,01

Lze konstatovat, ze vzhledem k vyskytu subletalnich malformaci u embryi D.rerio u
vzorkii OV HI1, H3-H6 a hodnoté teratogenniho indexu TI >1, maji tyto OV teratogenni
potencial (Weigt et al. 2011, Tenorio-Chavez et al. 2020, Vasamseti et al. 2020).

Molekularni mechanismy, které fidi organogenezi u embryi ryb se podobaji mechanismim
u savcu i lidi. Tento proces je vSak u embryi ryb urychlen a dokoncen 120 hod po

oplodnéni (obr. 9).
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Obr. 8: Embryonalni vyvoj Danio rerio v prubéhu 120 hpf (hpf = hodiny po oplodnéni)

Nekteré srovnavaci studie teratogeneze dosahuji az 85 % shody (Gustafson et el. 2012)
nebo 87 % (Brannen et al. 2010), ale vysledky pro stejnou slouceninu se mohou mezi
laboratoremi podstatné lisit (Brannen et al. 2010, Ball et al. 2014, Lee et al. 2013, Teixido
et al. 2013). To lze vysvétlit rozmanitosti protokold (Pruvot et al. 2012) a vypoctu
teratogenniho indexu, coz naznacuje jasnou potfebu harmonizace tohoto alternativniho
testu ke stanoveni teratogenniho potencialu (Cassar 2020). Obdobny embryonalni model
pro hodnoceni rizika embryotoxicity a teratogenity je standardizovany FETAX test, ve
kterém jsou jako testovaci organismy pouzivana embrya zaby drapatky vodni (Xenopus
laevis) — Frog Embryo Teratogenesis Assay — Xenopus (ASTM E 1439-98). Princip
vypoctu teratogenniho indexu je stejny, avSak hranice pro pozitivni teratogenitu je
stanovena na TI=1,5. Omezenim metody je vSak nedostateCna pruhlednost Zabich zarodkt
na rozdil od zarodkd D.rerio, které jsou pro svou vysokou transparentnost velmi dobfe
hodnotitelné, a proto lze D.rerio povazovat za vhodnéjsi a perspektivnéjsi experimentalni

embryonalni model.

I pres tfadu vyhod, jakymi jsou geneticka a fyziologicka podobnost se savci (piiblizné 70
%), rychly embryonalni vyvoj, vysoka plodnost a prihlednost embrya, je prozatim D.rerio

malo vyuzivéano pro testovani OV.

59



Jednou ze sporadickych studii zabyvajicich se vyzkumem embryotoxického a
genotoxického potencialu OV s vyuzitim embryonalniho modelu D.rerio je studie Babi¢ et
al. (2017). Vzorky pied a po vypousténi z COV byly odebrany na 6 mistech
s predpokladanou rozdilnou mirou znecisténi. Genotoxicky ucinek OV na embrya po
48hod expozici byl vyhodnocen pomoci modifikovaného Comet testu, coz predstavuje
dal§i zajimavou moznost vyuziti embryi D.rerio. Histopatologicka analyza ukazala, ze
48hod expozice testovanym vzorkim vedla k narusSeni svalové organizace a zpomaleni
vyvoje o¢i a mozku. Tato studie prokazala, ze OV zpusobovaly zmény na urovni bunék,
tkani 1 celého organismu embrya. Potvrdila tim nejen existenci toxikologického rizika OV,
ale zaroven dostateCnou citlivost embryi D.rerio na toxicitu OV a vhodnost téchto

testovacich organismu pro jeji stanoveni.

Vysledky studie IV a mnoha védeckych publikaci (Babi¢ et al. 2017, Tenorio- Chavez et
al. 2020) podporuji vyuziti FET testu jako perspektivniho a uzite€ného nastroje k
hodnoceni akutni toxicity a teratogenity OV. Lze tedy doporucit, aby byl FET test,
spoleCné s ostatnimi pouzivanymi biomarkery, zac¢lenén do monitorovani nejen toxicity

OV, ale vodnich ekosystému obecné.
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6 ZAVER

V poslednim desetileti se vyrazné zvysilo povédomi o problémech s kvalitou vody v ramci
Evropské unie. Stanoveni toxickych ucinkti smési nebezpecnych latek a jejich metabolitt
nachazejicich se v odpadnich vodach (OV) je pfedmétem zajmu vyzadujicim naléhavou
pozornost a zaroveti velkou vyzvou pro odbornou vetejnost. Cilové analyzy zamétené na
kvantifikaci toxickych latek v OV ze zdravotnickych zafizeni pozadované soucasnou
legislativou jsou pro komplexni hodnoceni rizik OV nedostatecné, protoze nemohou
spravné urcit veskeré toxické ucinky téchto slozitych environmentalnich matric. Pro
relevantni vyhodnoceni rizik OV je zadouci tyto analyzy doplnit vhodné zvolenou baterii

biologickych testa.

V soucasné dob& pro hodnoceni rizik OV ze zdravotnickych zafizeni jsou v CR vyuzivany
pouze inhibicni ekotoxikologické testy na vodnich organismech na zakladé vypocti ECspa
LCs5, doporu¢ované normou CSN 75 6406 (2020). Zatazeni test stanoveni genotoxicity by
meélo byt povinnou soucasti posuzovani negativnich ucinki OV ze zdravotnickych zafizeni

z divodu zvySeni presnosti a spravnosti predikce rizika pro zivotni prostiedi.

Vyzkum provedeny v této diserta¢ni praci hodnotil nemocni¢ni OV pomoci Siroké Skaly
biotestl se zamérem nejen stanovit genotoxicitu OV vybranych nemocnic, ale také
optimalizovat postupy pro screeningové stanoveni genotoxického potencialu OV ze
zdravotnickych zafizeni. Publikované vysledky provedenych genotoxickych studii zarover
vyznamné€ prispély k rozsifeni informaci o genotoxickém potenciadlu OV z nemocnic

v Ceské republice.

Na zakladé¢ vysledkd dlouhodobého multifaktorialniho testovani OV  z vybranych
nemocnic je nutno zdlraznit, ze komplexni strategie testovani genotoxicity by meéla
zahrnovat jak identifikaci reverzibilniho primarniho poskozeni DNA, tak 1 detekci
irreverzibilniho poskozeni DNA (tj. genové mutace a chromozomové aberace), které je
prenosné na dalsi generace (Corvi, Madia 2016). Pro adekvatni posouzeni genotoxicity je
tteba hodnotit alesponi tfi hlavni ukazatele - genové mutace (mutagenita), strukturni
chromozomové aberace (klastogenita) a numerické chomozomalni aberace (aneugenicita).
Zadnym samostatnym testem nelze hodnotit genotoxicky potencial zcela komplexng, a
proto je nutné zvolit vhodnou baterii testd. V nasi studii byla vyuzita k testovani rozsahla
sada genotoxickych testt a byla porovnana a hodnocena jejich citlivost,

reprodukovatelnost a snadnost provedeni. Testy s riznymi genetickymi koncovymi body
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se navzajem vhodné doplnuji, pokud jde o citlivost vii¢i xenobiotikiim v Zivotnim prostiedi

a detekci nizkych urovni genotoxického potencialu.

Ames test, ktery byl pouzit v této praci kidentifikaci mutagenniho potencialu OV,
prokazal béhem 50 let pouzivani pozoruhodnou predikci genotoxické karcinogeneze a je
povazovan za spolehlivy prediktor relevantni mutagenity (Hartwig et al. 2020). V této
disertacni praci vysledky analyz ziskané pouzitim Ames testu dle metodiky OECD
neprokazaly genotoxicky potencial vzorkli nemocni¢nich OV. Vzhledem k negativnim
vysledkim miskového Ames testu byl ve studii zaveden novy, legislativné doporucovany
fluktuacni Ames test. Bylo provedeno srovnani téchto dvou formati Ames testu s cilem
posoudit jejich citlivost a proveditelnost pro rutinni testovani nemocnicnich OV. Vysledky
fluktuacniho testu byly ve shod¢ s vysledky miskového testu, tj. negativni. U zadného
vzorku nebyla nalezena koncentracni zavislost ani dvojnasobné zvySeni poctu revertantu
oproti negativni kontrole. Vzhledem k opakovanému ziskani negativnich vysledka
genotoxicity vzorki OV znemocnic H1-H5 je mozné usuzovat, ze jejich genotoxicita
muize byt zpiisobena jinymi mechanismy, nez vznikem bodovych mutaci, na jejichz detekci
je Ames test zalozen. Na zakladé pozitivnich vysledka estrogenni a androgenni disrupce
filtrované OV, a také mnoha pozitivnich vysledkii dosazenych ve studiich III a IV na
nefiltrované OV (test Allium cepa, test CEGA, test HET-MN, Comet test, FET test), je
mozné predpokladat, ze (geno)toxicita OV je nespecifické multifaktorialni povahy a mtze
byt zalozena na vice mechanismech a interakcich. Specifické interakce a narueni
mechanismi na bunécné Urovni (napf. interakce s receptory, transkripénimi faktory,
ovlivnéni aktivity enzyml vedouci k ovlivnéni replikace DNA ¢i transkripce a nasledné
proteosyntézy) se mohou projevit i na vysSich biologickych urovnich. Je nutné vzit v
uvahu, ze u Ames testu je vyzadovana preduprava vzorku filtraci. Vzhledem
k opakovanym negativnim vysledkiim filtrované OV v porovnani s pozitivnimi vysledky
vzorkl OV ve studii IIT a IV, u nichz filtrace neprobéhla, je velmi pravdépodobné, ze pii
upravé OV filtraci mize dochazet k zachyceni organickych cCasti, na kterych jsou
adsorbovany aktivni chemické latky na filtru, a tim ke snizeni jejich koncentrace v

testovaném vzorku.

Provedené studie v této praci ukazaly, ze tuprava vzorki pred vlastnim testovanim
ovliviluje vysledky biologickych testi. V ramci vyzkumu byly posouzeny rizné zpusoby
tpravy vzorkd OV, a to filtrace, extrakce na pevnou fazi (SPE) a autoklavovani. Upravy

vzorktl se bézné provadi pii analyze slozitych smési o neznamém sloZeni pro zvyseni
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vytéznosti toxicity nebo z divodu zabranéni kontaminace vzorkl. I kdyz maji tyto upravy
svlj vyznam, je tieba si uvédomit, ze vzdy urCitym zpusobem ovliviiuji realnou toxicitu
vzorku (Abbas et al. 2019). Pfi testovani vzorkti OV je nutné individualné posoudit, ktery
zpusob upravy je pro danou matrici optimalni, a pii hodnoceni vzdy zohlednit limity dané
upravy. Na zakladé ziskanych vysledku je zfejmé, ze Gprava vzorkt OV a zaroveri citlivost
in vitro metod jsou proto stézejni pro odhaleni genotoxicity ¢i mutagenity OV, které

mohou byt zptisobené i velmi nizkymi koncentracemi aktivnich latek.

Dosazené vysledky jsou zakladem pro formulaci vhodnych doporuceni a postupi na
hodnoceni genotoxickych ucinki OV a také dalSich smérd vyzkumu v této oblasti. Ames
test, zaloZeny na stanoveni mutagenity, je nejvice vyuzivanym testem k prokazani mutaci
slozitych smési jako jsou OV. Po porovnani 2 formatid Ames testu vSak bylo dosazeno
negativnich vysledk, proto nebylo mozné srovnat citlivost a vhodnost jednotlivych
format. Dle védeckych poznatkl jsou oba formaty v dobré shod€ (cca 90 %) a je tedy
mozné pro stanoveni genotoxického potencidlu OV vyuzit obé varianty dle vybaveni
laboratore. Oba formaty Ames testu jsou standardizovany ve schvalenych ISO normach

(miskovy Ames Test ISO 16240:2005, fluktuaéni Ames test ISO 11350:2012).

Test Allium cepa je dlouhodobé uznavany test pro detekci genotoxického potencialu
komplexnich smési zivotniho prostfedi. Umoziuje hodnotit poskozeni DNA
v mnohobunécném kontextu a nevyzaduje zadnou upravu vzorku. Vyhodou této
mikroskopické metody je tedy identifikace n€kolika genotoxickych koncovych bodi
v meristematickych bunkach kotenovych §pic¢ek A.cepa, jako jsou chromozomové aberace,
stanoveni frekvence vyskytu mikrojader, stanoveni mitotického indexu, naruSeni
bunécného cyklu, identifikace aneugenickych zmén apod. V soucasné dobé je metoda
doporucena védeckou komunitou a Evropskym centrem pro validaci alternativnich metod
(EURL ECVAM) a v jejich databazi je protokol uveden pod oznaCenim ,,DB-ALM

Protocol no 8: Allium Test*.

Na zaklad¢ veskerych shromazdénych poznatkii a novych informaci ziskanych v ramci
disertacni prace o genotoxicit¢ OV, Ames test a test Allium cepa lze povazovat za vhodné
standardizované testy pro komplexnéj§i posouzeni genotoxického potencialu OV ze
zdravotnickych zatizeni. Vysledky a doporuceni uvedené v této disertacni praci mohou byt
vyuzity jako podklad ke zmé&nam normy CSN 75 6406 v oblasti posuzovani

environmentalnich rizik.
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Disertacni prace svymi vysledky ziskanymi vramci genotoxickych studii pfispéla
k dosaZeni cild institucionalniho vyzkumu SZU (Ekotoxicita odpadnich vod ze
zdravotnickych zafizeni) feSeného Narodnim referencnim centrem pro hygienu pudy a
odpadu, tj. k vypracovani podkladi, metodickych pokynd a doporuceni pro komplexni
hodnoceni OV ze zdravotnickych zafizeni. Problematika hodnoceni environmentalnich
rizik OV z hlediska genotoxickych Gc¢inkl byla feSena v navaznosti na projekt Mezinarodni
konkurenceschopnosti  SZU ve vyzkumu, vyvoji a vzdé&lavani v alternativnich
toxikologickych metodach (No. CZ.02.1.01/0.0/0.0/16_019/ 0000860) a polozila

vyznamny zéklad pro dals§i sméfovani vyzkumu v oblasti toxicity OV.
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Abstract Health care facilities use for therapeutic purposes, diagnostics, research, and
disinfection a high number of chemical compounds, such as pharmaceuticals
(e.g. antibiotics, cytostatics, antidepressants), disinfectants, surfactants, metals,
radioactive elements, bleach preparations, etc. Hospitals consume significant
amounts of water (in the range of 400 to 1200 liters/day/bed) corresponding to
the amount of wastewater discharge.

Some of these chemicals are not eliminated in wastewater treatment plants and are
the source of pollution for surface and groundwater supplies. Hospital wastewater
represents chemical and biological risks for public and environmental health as
many of these compounds might be genotoxic and are suspected to contribute to
the increased incidence of cancer observed during the last decades. The changes
of the genetic information can have a lethal effect, but more often cause tumor
processes or mutations in embryonic development causing serious defects.

A review of the available literature on the mutagenicity/genotoxicity of medical
facilities wastewater is presented in this article.

INTRODUCTION

In recent years, along with improving health care,
researchers and experts have realized that wastes
from hospitals and health facilities represent an
increased risk of environmental pollution and
therefore may adversely affect human health.
However, no specific directive or guideline for
the management of hospital effluents has been
adopted in Europe so far. Hospitals and healthcare
facilities utilize for therapeutic purposes, diagnos-
tics, research, disinfection and daily operations
a number of chemicals, such as pharmaceutical
compounds (antibiotics, cytostatics, antidepres-

sants, etc.), disinfectants, heavy metals (platinum,
silver, mercury), iodinated X-ray contrast agents,
radioactive elements and bleaching agents (WHO
2013; Magdaleno et al. 2014).

A large part of hazardous substances found
in wastewater have proven genotoxic/mutagenic
effects and may cause changes in the genetic infor-
mation of an organism. Genotoxic effects are par-
ticularly dangerous as they have no threshold level,
their effects cannot be reversed and may affect the
next generation in the long term. Genotoxic sub-
stances occurring in the environment may have
contributed to the increase of cancer incidence in
the last decade (Jolibois & Guerbet 2005; WHO
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2013). To avoid these risks, the European Union does
not allow direct discharge of chemicals and metabolites
with mutagenic/carcinogenic effect to wastewater (EU
Directive 80/68 EEC; 76/464 EEC). However, some
compounds can reach the medical facilities wastewater
along with human excreta from toilets and during the
process of disinfection, washing and laundry (Kern et al.
2015). A significant source of genotoxic risks in hospi-
tal wastewater (HWW) represent also pharmaceuticals
(antibiotics, cytostatics), which are excreted primarily
in the urine (55-88%) and to a lesser extent by stool
(Santos et al. 2010; Verlicchi et al. 2012). In addition,
pharmaceuticals (PHs) past their expiration date con-
trary to regulations are frequently flushed down the
toilet, reaching through sewage a wastewater treatment
plant (WWTP). The currently used wastewater treat-
ment processes are able to capture or eliminate some
of these substances, however, from the WWTP some
PHs, being difficult to biodegrade, may get into surface
waters and rarely even into groundwater, which is the
source of drinking water (Kiimmerer 2009). Currently,
the presence of drugs (e.g. ibuprofen, karbazapin,
diclofenac) in drinking water in the Czech Republic was
already demonstrated (KoziSek et al. 2013).

Mercury, platinum and silver belong among heavy
metal elements with genotoxicity potential found in
the hospital wastewater (HWW). The World Health
Organization showed that up to 5% of mercury present
in the aquatic system originates from medical facili-
ties, mainly from dental amalgam and medical devices
(WHO 2013). Since mercury is on the List of Hazard-
ous Substances (EU Directive 2006/11/EC) the release
of amalgam to WW is prohibited and the use of amal-
gam separators at the dentists is obligatory (EU 2006).

Every year an increasing number of cancer patients
are treated with antineoplastic preparations contain-
ing platinum (Pt). 90% of these drugs are excreted in
urine to WW and consequently to WWTP. Goulle et al.
(2012) in their work showed that a large proportion of
Pt (68%) is not eliminated in the wastewater treatment
plants and pollutes the surface waters (e.g. the river
Seine 350 g/year).

The elimination of pathogens in healthcare facilities
requires the use of a large number of disinfectants and
detergents. The most widely used disinfectants are chlo-
rine-based (sodium hypochlorite) or contain aldehydes
or their derivatives, such as glutaraldehyde. Chlorine
from disinfectants reacts with organic substances pres-
ent in aquatic environments and produces toxic and
genotoxic adsorbable organic halogens.

ASSESSMENT OF GENOTOXICITY

Sampling and storage of samples

Proper sampling is essential for quality results of the
WW composition analyses. WW has a very variable
composition during the day and thus single sampling is
not appropriate. It is necessary to collect average com-

posite samples depending on time (per hour, per shift,
per 24 h). In most studies dealing with the evaluation of
the genotoxicity of WW, samples were collected with an
(auto)sampler during 24h (Steger-Hartmann et al. 1997;
Hartmann et al. 1999; Jolibois & Guerbet 206a, 2006b;
Ferk et al. 2009 2014) or at the time of the maximal hos-
pital activity (mostly from 8 a.m. to 4 p.m.) (Jolibois et
al. 2003, 2005; Sharma et al. 2015; Gupta et al. 2009).
All collected samples were immediately transported
in cooling boxes and stored either at 4°C (Giuliani et
al. 1996, Bagatini et al. 2009; Alabi & Shokunbi 2011;
Gupta et al. 2014; Sharma et al. 2013, 2015) or frozen at
-25°C (Steger-Hartmann et al. 1997; Hartmann et al.
1999; Jolibois & Guerbet 2005, 2006a, 2006b; Magda-
leno et al. 2014). The samples stored at 4°C were pro-
cessed within 7 days from the sample collection.

Sample preparation

It is necessary to adjust the collected WW samples from
medical facilities before the assessment of their geno-
toxic potential, especially when using bacterial tests, to
avoid any artefacts.

The most commonly used preparation technique of
liquid samples is filtering through a special filter (e.g.
cellulose nitrate, cellulose acetate filter) with a pore
size 0.45 pm (Jolibois & Guerbet 2005, 2006a, 2006b;
Hartmann et al. 1999) or with a pore size 0.22 pm (Paz
et al. 2006; Magdaleno et al. 2014). Paz et al. (2006)
tested each sample after filtration through a cellulose
nitrate filter (0.22 pm; Millipore) and as an ether extract
obtained using a special procedure. Although filtration
is the most widely used method, White et al. (1996)
mention in their study that certain chemical substances
may be captured on the filter during filtration causing a
loss of the genotoxic activity. For those reasons, Gupta
et al. (2009, 2014) and Sharma et al. (2013, 2015) used
untreated wastewater in their biological tests.

Methods

The quantification of risk associated with chemical pol-
lutants in wastewater is extremely difficult as they usu-
ally occur in concentrations too low to allow analytical
determination (Verlicchi et al. 2012) and the synergic
effects of mixtures cannot be evaluated by means of
chemical analytical methods. Therefore, genotoxicity is
preferentially evaluated using biological tests which do
not require the exact knowledge of toxicant identity and
physical-chemical properties of the wastewater sample.
The most widely used tests of genotoxicity are based on
bacteria Salmonella typhimurium and Escherichia coli
(i.e. Ames test, UmuC test/SOS chromotest).
Salmonella/microsome assay (Ames test; OECD TG
471) or Salmonella fluctuation assay (Ames fluctuation
test — a liquid vision of Ames test) is the longest-used
short-term bacterial reverse mutation assay for evalua-
tion of the mutagenic potential of chemicals or mixtures
by detecting their effect on histidine deficient strains of
Salmonella typhimurium in the absence and presence of
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liver metabolism activation (Maron & Ames 1983). The
Salmonella assay has been extensively used for evalua-
tion of genotoxicity of different types of water, e.g. tap
water (Shen et al. 2003), water after sewage treatment
(Morisawa et al. 2003), urban or hospital wastewater
(Hartmann et al. 1999; Jolibois & Guerbet 2006a; Ferk
et al. 2009; Gupta et al. 2014; Sharma et al. 2015). Sal-
monella strains TA100 and TA98 are commonly used
in these tests. Nevertheless, some studies have also uti-
lized strain TA102 (Jolibois & Guerbet 2005; Jolibois
& Guerbet 2006a; Jolibois & Guerbet 2006b; Gupta et
al. 2009; Gupta et al. 2014), which is recommended to
be used for its greater sensitivity to genotoxic agents in
wastewater. The use of all three strains allows the detec-
tion of a broader range of genotoxic substances as each
strain is capable to identify different types of mutations
(frame-shift mutation - TA98, base pair substitution
mutation — TA100, DNA cross-linking - TA102) (Fan
et al. 1998). The strain TA102 is more sensitive for
detection of oxidative mutagens and determination of
distinct aldehydes (Levin et al. 1982). Addition of liver
metabolic activation in these tests can detect promu-
tagenic properties of a substance when the genotoxic
effect occurs only after metabolic activation in the
mammalian organism.

SOS chromotest (Escherichia coli PQ 37) and UmuC
test (Salmonella typhimurium TA1535/pSK 1002) are
biological assays evaluating DNA damage or inhibition
of DNA replication in cells inducing the SOS repair
system. This colorimetric assay measures the expres-
sion of genes induced by genotoxic agents by means
of a fusion with the structural gene for $-galactosidase
(Giuliani et al. 1996; Sharma et al. 2015).

Comet assay (single-cell gel electrophoresis) is a
simple method for measuring DNA strand breaks in
eukaryotic cells. Electrophoresis at high pH results in
structures resembling comets, observed by fluorescence
microscopy; the intensity of the comet tail in relation to
the head reflects the number of DNA breaks (Brendler-
Schwaab et al. 2005).

In vitro Mammalian Chromosomal Aberration (CA)
Test (OECD TG 473) is based on cell cultures exposed
to the test substance both with and without metabolic
activation. At predetermined intervals after exposure
the cell cultures are treated with a metaphase-arrest-
ing substance (e.g. colchicine), harvested, stained and
metaphase cells are analyzed microscopically for the
presence of CA.

The Allium test utilizes bulbs of Allium cepa. In
monitoring studies, higher plants have been recog-
nized as excellent genetic models to detect environ-
mental mutagens (Leme & Marin-Morales 2009). Due
to relative simplicity, sensitivity to genetic damage, low
cost of experimentation and small amount of sample
required these short-term bioassays have proved to be
an important tool in genotoxic studies. The root tip
cells constitute a convenient system for macroscopic
(growth, EC50 values) and for microscopic parameters

Genotoxicity of hospital wastewater

(c-mitosis, stickiness, chromosome breaks, micronuclei
(MN)). Since the cells possess important plant activa-
tion enzymes, the results from the Allium cepa test have
shown good agreement with results from other test sys-
tems, eukaryotic as well as prokaryotic. The CA method
in Allium cepa roots is validated by the International
Program on Chemical Safety (IPCS) as an efficient test
for analysis and in situ monitoring of the genotoxicity
of environmental substances.

Saccharomyces cerevisiae Gene Mutation Assay -
(OECD TG 480) utilizes genetically modified strains of
S. cerevisiae for genotoxicity testing. Yeast cells have the
same advantages as bacteria in terms of high through
put, easy manipulation, fast growth and low cost. While
retaining the simplicity of unicellular organisms, they
are truly eukaryotes and therefore closer to mamma-
lian cells. DNA damage-inducible genes in yeast cells
respond to a much broader spectrum of DNA lesions.

A comprehensive overview of available methods and
their use in testing the genotoxicity / mutagenicity of
health care facilities wastewater is described in detail in
a review by Sharma et al. (2012).

GENOTOXICITY OF WASTEWATER FROM
HEALTH CARE FACILITIES

Recently a lot of studies focused on determination
of chemical composition of WW from hospitals and
health care facilities have been published, but only a few
of them have assessed the complex effect of wastewaters
and their overall genotoxicity. The overview of the most
important studies is included in Table 1. The table con-
tains the number of samples tested, the percentage of
samples inducing genotoxic effects and the used meth-
ods. Generally, all the listed studies confirm genotoxic
effect of untreated samples of wastewater from health
care facilities.

Table 1. Summary of genotoxicity studies focused on
wastewater from health care facilities, based on tests of
untreated samples.

The most extensive published study was carried
out by Giuliani et al. (1996). In this study, genotoxic
potential of WW from a Swiss hospital (1400 beds) was
evaluated. The samples of WW were collected for two
years (in total 851 samples) and the genotoxic effect was
assessed by UmuC test. Genotoxic activity was found in
13% of all samples and the highest number of positive
effects was recorded in the morning (6-10 a.m.), which
reflects the period of the highest activity in the hospital,
e.g. release of pooled urine or cleaning water.

Steger-Hartmann et al. (1997) observed the effect
of cyclophosphamide on the HWW genotoxicity in
Switzerland. His study identified biodegradation and
concentration of cyclophosphamide in WW before and
after treatment and investigated the effect of cyclophos-
phamide on the overall genotoxic potential of WW.
Three of the six hospital sewage water samples tested
proved to be genotoxic with S9 metabolic activation.
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Tab. 1. Summary of genotoxicity studies focused on wastewater from health care facilities, based on tests of untreated samples.

Reference Countr il AL () Bioassa
untry samples genotoxic samples Y
Giulianietal. (1996) Switzerland 851 13% UmucC test
Steger-Hartmanetal. (1997) Switzerland 6 50% UmuC test
Hartmann et al. (1998) Germany 16 NA UmuC test
Hartmann et al. (1999) Germany 25 56% * Ames test (TA100, TA98),
Chromosomal aberration test, UmuC test
Jolibois et al. (2003) France 18 55% * Ames fluct. test
(TA100, TA98),
SOS chromotest
Jolibois & Guerbet (2005) France 71 65% * Ames fluct. test
(TA100, TA98, TA102),
SOS chromotest
Pazetal (2006) Argentina 2 50% Test Allium cepa,
Saccharomyces c. test
Jolibois & Guerbet (2006a) France 38 82% * Ames fluct. test
(TA100, TA98, TA102),
SOS chromotest
Jolibois & Guerbet (2006b) France 14 93% * Ames fluct. test
(TA100, TA98, TA102),
SOS chromotest
Ortolan & Ayub (2007) Brazil 28 32% UmuC test
Ferketal.(2009) Austria 3 0% - Ames t. Ames test
100% - Comet t. (TA98, TA100, TA1535), Comet test
Bagatiny et al. (2009) Brazil 10 100% Test Allium cepa
Gupta etal. (2009) India 6 100% Ames test (TA98, TA100)
Alabi & Shokunbi (2011) Nigeria 1 100% Animal assay
Atasoy etal. (2012) Turkey 108 56% Ames test (TA98, TA100)
Sharmaetal. (2013) India 20 100% Ames test (TA98, TA100), Saccharomyces
c. test
Magdalenoetal.(2014) Argentina 20 40% Test Allium cepa
Guptaetal. (2014) India 15 100% Ames test
(TA98, TA100, TA102)
Kernetal (2015) Brazil 1 100% Test Allium cepa
Sharmaetal. (2015) India 12 100% Ames fluct. test
(TA100, TA98),
SOS chromotest

*positive in at least one test; NA - not available

Effluent samples after treatment in the WW treatment
plant were not genotoxic, although occurrence of cyclo-
phosphamide was confirmed analytically, leading to the
conclusion that the genotoxic potential of untreated
water was not caused by cyclophosphamide.

Hartmann et al. (1998; 1999) has confirmed in his
two studies that fluoroquinolone ATBs (e.g. ciprofloxa-
cin, norfloxacin) are an important source of genotoxic-
ity in samples of untreated HWW (Germany). In both
studies the induction of UmuC correlated with deter-
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mined concentrations of ATBs in the WW. In the study
from 1999, this finding was additionally supported by
other bioassays (Ames assay and CA assay).

Comprehensive assessment and research of geno-
toxicity in Rouen (France) was published by Jolibois
& Guerbet in their four studies from 2003 to 2006.
Genotoxic effects of chemical mixtures in WW were
determined using two bioassays — Ames fluctuation
test and SOS Chromotest, which are complement and
extend the ability to detect several types of gene muta-
tions. In the first study (Jolibois et al. 2003), 18 samples
of WW from the Rouen University Hospital were col-
lected and 56% were mutagenic in at least one assay.
In the second large study (Jolibois & Guerbet 2005)
the authors compared industrial WW, domestic WW
and HWW and the effect of treatment. Results from
the six different sampling sites showed toxic effects
of domestic WW at the same level as the other two
WWs. However, it is important to emphasize that all
the samples after treatment were not genotoxic. The
third study (Jolibois & Guerbet 2006a) again confirmed
the results of the previous ones (2003; 2005). From a
total of 38 samples, 31 were positive at least in one of
the used tests (Ames fluctuation assay, SOS chromot-
est). The fourth study (Jolibois & Guerbet 2006b) was
focused on detailed investigation of genotoxic effects of
Rouen hospital WW (13/14 samples positive) and also
on setting up a simple classification of HWW genotoxic
effects. The authors introduced a scale of five genotoxic
levels G1-G5, where G1 was the weakest effect and G5
the strongest one. This classification would simplify
and streamline the level of genotoxic risks not only for
scientists, but also for public. Nevertheless, it should be
noted that this method has not been frequently used
by other investigators. In the last three studies (Jolibois
& Guerbet 2005; 2006a; 2006b) the authors utilized
in the Ames fluctuation assay not only strains TA98
and TA100, but also the strain TA102, which proved
to be the most sensitive for determination of WW
genotoxicity.

The levels of genotoxic and toxic effects of WW
from the hospital facilities in Brazil and Argentina have
been investigated in the recent years by several scien-
tific teams (Paz et al. 2006; Ortolan & Ayub 2007; Baga-
tiny et al. 2009; Magdaleno et al. 2014; Kern et al. 2015).
These authors used in their studies predominantly the
Allium cepa test, S. cerevisiae assay and UmuC.

Magdaleno et al. (2014) investigated genotoxicity
and toxicity of WW from hospital in Buenos Aires
and the effect of treatment in a communal wastewater
treatment plant. 8 samples from 20 (40%) induced high
frequency of CA and MN. The correlation between
genotoxicity and determined concentrations of ATBs
and disinfectant agents was found only for cipro-
floxacin. This finding is consistent with the study by
Hartmann et al. (1999), where the correlation between
DNA damage and concentration of ciprofloxacin was
reported. Samples collected at the outlet of the WWTP

Genotoxicity of hospital wastewater

were not genotoxic in the Allium cepa test, but remained
toxic to algae, which indicated that cleaning of WW
was not totally effective.

The aim of the study conducted by Kern et al. (2015)
was to assess the ecotoxicity and genotoxicity of waste-
water from hospital laundry of a regional hospital in
Rio Pardo Valley, Brazil. The laundry contributed to
approximately 33% of the hospital wastewater quantity
and had a different composition than the wastewater
from the hospital wards. It contained high concentra-
tions of body fluids (blood, faeces, vomit, etc.), exhibited
high microbial load and potential presence of viruses.
A detailed analysis and ecotoxicological assessment
of these samples were performed by several methods
(physico-chemical analysis, gas chromatography, acute
toxicity tests on Daphnia magna and Danio rerio, etc.).
The Allium cepa test was used for the determination of
ecotoxicity and genotoxicity. No CA were observed in
root tip cells, but cells with higher frequency of MN
depending on sample concentration were recorded.
This study did not prove evidence of toxicity in the
water and soil ecosystem, however, the results con-
firmed that WW from hospital laundries contributes
significantly to the toxicity and genotoxicity of HWW.

Ortolan & Ayub (2007) used for evaluation of cyto-
toxicity and genotoxicity untreated hospital effluents
from hospital de Clinicas de Porto Alegre, Brazil.
Genotoxic effects were proved for 32% of samples and
only without S9 metabolic activation. WW toxicity and
genotoxicity in samples taken from inpatient units was
higher in comparison with laboratory departments.

India is another state currently focusing on testing
of dangerous properties of WW from medical facilities,
as in this country the HWW is routinely discharged
into the municipal sewage system and subsequently
processed together with domestic WW in the WWTP.
Gupta et al. (2009) in his work assessed mutagenicity
and genotoxicity of HWW from 3 main hospitals in
Delhi, one of the facilities had fully functional WWTP,
the other two discharged WW directly to the sewage
system. He compared genotoxic effects of untreated
WW and WW in different phases of treatment (after
filtration, aeration and chlorination). All untreated
samples from the 3 hospitals showed positive muta-
genic effects in the Ames test. Mutagenicity was slightly
decreased by filtration and no samples after complex
treatment showed any mutagenic effect confirming the
overall treatment process in the WWTP was highly
effective.

In another study by the same author (Gupta et al.
2014) five hospitals, three in Delhi and two in the area
of Jaipur, were selected for HWW sample assessment
by the Ames test using all three recommended strains.
According to the classification criteria of genotoxicity
set by Jolibois & Guerbet (2005), all the samples showed
strong genotoxic potential, however, only in the case of
strain TA 102, which proves the necessity to include this
strain in the standard Ames test used for testing WW.
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The studies by Sharma et al. (2013; 2015) conducted
in India confirmed that even diagnostic centres repre-
sent a small but significant source of genotoxicity to
the sewage system and that samples tested with meta-
bolic activation S9 showed stronger genotoxic activity
suggesting the presence of promutagenic substances
(Sharma et al. 2015).

Genotoxicity potential of WW from the oncology
department of General Hospital Vienna, (Austria) was
examined by Ferk et al. (2009). Two complement bacte-
rial tests were chosen for testing of the genotoxic poten-
tial — the Salmonella/microsome assay using strains
TA98, TA100, TA1535, and Comet assay. The influence
of different treatment process steps — membrane filtra-
tion, UV-radiation, filtration through activated coal
- was investigated. The Salmonella/microsome assay
showed negative results for all the tested samples, how-
ever, the Comet assay showed a strong damage of DNA
with respect to the dosage of cytostatics. The study con-
firmed the significant effect of membrane filtration on
the overall genotoxic effect, the decrease was in the range
of 62-77%. Nevertheless, the following treatment steps
did not cause any further decrease of genotoxic poten-
tial. Testing of various reference cytostatics showed
that the active concentrations, causing DNA damage,
were much higher than concentrations detected in the
untreated WW. The authors believe that cytostatics are
not the main source of genotoxicity in HWW. The posi-
tive results in the Comet assay are explained by contami-
nation by quarter ammonium compounds in the HWW.

The only available study that evaluates toxicity and
genotoxicity of HWW in vivo on animals was per-
formed by Alabi & Shokunbi (2011) in Niger. Albino
mice were intraperitoneally administered raw, unfil-
tered WW in 5 concentrations. The application was
carried out for 4 consequent days, followed by a bat-
tery of biological tests - MN, CA, and sperm count and
morphology. Test results showed a significant increase
of CA in bone marrow cells, increased frequency of MN
in bone marrow erythrocytes, altered sperm morphol-
ogy and their significant decrease in number in a dose
dependent manner.

All the above-mentioned studies prove that untreated
WW samples from medical facilities exhibit genotoxic
potencial in the extent from 13% samples (Giuliani et
al. 1996) up to 100% (see Table 1). However, a relevant
evaluation of the general genotoxic response is dis-
putable as the studies utilize different research meth-
ods and in some cases only a few samples have been
tested (Paz et al. 2006; Kern et al. 2015) 1. Moreover,
the genotoxic response of the tested samples has been
influenced by many factors. The variability and concen-
tration of chemical substances present in WW samples
is influenced by the size and type of the facility, number
of inpatients and outpatients, quantity and type of pro-
vided treatment and services, focus of research or sam-
pling procedure, time and season (Jolibois & Guerbert
2006a; Ort et al. 2010).

LEGISLATIVE MEASURES

Recently, a growing number of countries worldwide
have been aware of the problem with micropollutants
(MPs) in aquatic environment. MPs that are persistent,
bioactive, not completely biodegradable and cannot be
totally removed with conventional wastewater treat-
ment technologies pose the highest risk. The contin-
ued release of MPs with WW effluent is believed to
cause long-term hazards as the contaminants might
bioaccumulate and form new mixtures in the aquatic
system with unknown effects. It has been shown that
concentrations of dangerous MPs in hospital effluent
are greater than in domestic WW (Santos et al. 2013,
Verlicchi et al. 2012). It is estimated that HWW is 5 to
15 times more toxic than urbanic WW (Emmanuel et
al. 2009).

In Europe, no specific directive or guideline for the
management of hospital effluent has been adopted yet
and the member countries have their own specific leg-
islation and criteria for assessing the quality of HWW.
If a hospital facility is considered by the legislation of
the state to be industrial (e.g. in Spain and France), usu-
ally some type of pretreatment is required and specific
characteristics of the WW will have to be met before
permitted to discharge it in the municipal WWTP (e.g.
chemical, physical and microbiological limits for pH,
NH,, NO,, NO3, E. coli, biological oxygen demand, etc.)
(EU 91/271/CEE modified from Directive 98/15/CE).
On the other hand, in countries where HWW is con-
sidered to be domestic or communal, neither authori-
sation nor specific characteristics are required before
discharge (e.g. Germany) (Carraro et al. 2016). The
removal of pharmaceutical substances is not specifically
regulated by the Urban Waste Water Treatment Direc-
tive, which addresses the removal of organic pollution
at treatment plant level (secondary and biological treat-
ment) (EU 1991). However, in the areas identified as
“sensitive” under this Directive, member states should
consider additional treatment steps if necessary to meet
certain other legislative requirements, such as those of
the Water Framework Directive (EU 2000).

Recently, within the European Union legislative
action has been taken and a list of prioritized sub-
stances that have been seen as a threat to surface and
ground water has been published. In order to comply
with the environmental standards laid out by the EU,
the member countries should monitor the prevalence of
the substances on this list, starting in September 2015,
as specified in Directive 2013/39/EU, on priority sub-
stances in the field of water policy, and Water Frame-
work Directive 2000/60/EC (EU 2013; EU 2000). The
list currently contains 45 priority dangerous substances,
however, none of them are pharmaceuticals. The Direc-
tive 2013/39/EU states in Article 8b that the Commis-
sion shall establish a watch list of substances for which
Union-wide monitoring data are to be gathered for the
purpose of supporting future prioritization exercises.

Copyright © 2016 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu


http://www.nel.edu

Specific provisions for pharmaceutical substances are
mentioned in Article 8c. The environmental impacts of
medicines should be taken into account more effectively
in the procedure for placing medicinal products on the
market. The Commission should by 14 September 2017
propose measures to address the possible environmen-
tal impacts of pharmaceutical substances, with a view
to reducing discharges, emissions and losses of such
substances into the aquatic environment, taking into
account public health needs and the cost-effectiveness
of the measures proposed.

Switzerland is one step ahead and has already
decided to reduce MPs and toxicity of their wastewa-
ter. They have decided to upgrade 100 WWTPs (which
represents about 50% of the municipal wastewater in
Switzerland) during the next 20 years. http://www.
micropollutants.com)

CONCLUSIONS

Results from the available scientific literature indi-
cate that untreated wastewater from medical facilities
frequently exhibits genotoxic effects. However, the
evaluation of genotoxic effects of a given compound
in wastewater is not an easy task mainly due to the
variable characteristics of wastewaters, which depend
on the type of hospital activity (care, diagnostic tests,
analysis and research activities, numbers of inpatients
or outpatients, etc.).

Further long-term and regular monitoring will
be necessary for proper evaluation of the genotoxic
risks posed by wastewater from individual health care
facilities. In order to obtain relevant data to set up safe
limits for the legal regulation of genotoxic substances
contained in wastewaters, it will be essential to develop
a unified genotoxicity testing battery and produce
standardized methodologies for the individual tests to
enable comparison of the published results. In addition
to the conventional chemical analysis, biological geno-
toxicity assays should be included as additional param-
eters in WW hazard monitoring. A more in-depth
investigation should be conducted and specific treat-
ment proposed with the aim to decrease the discharge
of genotoxic chemicals into the local sewage system and
environment.
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Abstract OBJECTIVES: The purpose of this study was to determine toxicity of wastewater
from hospitals in the Czech Republic using traditional and alternative toxicologi-
cal methods. The pilot study comprised weekly dynamics of sewage ecotoxicity
of treated wastewater from one hospital in two different seasons. A detailed
investigation of wastewater ecotoxicity, genotoxicity and reprotoxicity followed in
five different hospitals.

METHODS: The seven following bioassays were used in this study: algal growth
inhibition test (ISO 8692), Vibrio fischeri test (ISO 11348-2), Daphnia magna
acute toxicity test (ISO 6341), Allium cepa assay, Ames test (OECD TG 471),
Comet assay and YES/YAS assay.

RESULTS: The wastewater ecotoxicity during one week showed no differences
in separate working days, however, higher toxicity values were recorded in May
compared to November. In the following study, samples from two of the five hos-
pitals were classified as toxic, the others as non toxic. Genotoxicity has not been
confirmed in any sample. In several cases, wastewater samples exhibited agonist
activity to the estrogen and androgen receptors.

CONCLUSION: The study demonstrated different levels of toxicity of treated
hospital wastewater. Variable sensitivity of individual bioassays for tested waste-
water samples was recognized. A more extensive study including proposal for
improvement of hospital wastewater treatment within the Czech Republic can be
recommended with the aim to decrease the discharge of toxic chemicals into the
local sewage system and the environment.
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Abbreviations:
wWw - wastewater

HWW - hospital wastewater

UWW - urban wastewater

WWTP - wastewater treatment plant

PHs - pharmaceuticals

EDs - endocrine disruptors

EC;, - effective concentration of the tested substance that
causes negative effect (inhibition, immobilization) in
50% of the organisms

EC20 - effective concentration of the tested substance that
causes negative effect (inhibition, immobilization) in
20% of the organisms

TU - toxic unit

INTRODUCTION

Wastewater from health care facilities (HWW) differs
from classical urban wastewater (UWW) mainly due
to the content of wider spectrum and higher quantity
of pharmaceuticals (PHs) and chemicals. The main
substances that can be found in HWW are antibiotics,
analgesics and anti-inflammatories, psychiatric drugs,
B-blockers, anaesthetics, disinfectants, chemicals from
laboratory activities, developer and fixer solutions from
photographic film processing and X-ray contrast media
(WHO 2013).

The occurrence of PHs in wastewater is limited by
the amount of drugs and chemicals used (varying in
different countries and evolving over time), entry into
sewage, degradation in sewage treatment plants and
occurrence in surface and groundwater (Vana et al
2010). If these substances are not sufficiently removed,
the contamination of the aquatic environment will
inevitably increase and affect all the relevant ecosys-
tems. Hence, a better understanding of the effect of PHs
in the environment is required.

In Europe, no specific directive or guideline for the
management of hospital effluents has been adopted
yet. Liquid waste must not be discharged into a foul
sewer but treated as a waste and collected and dis-
posed as such. For the effluents from the hospital foul
sewer there is no specific regulation issued and so each
member state of the European Union has its own dis-
tinct legislation (EU 2000).

The principles of drainage and subsequent purifica-
tion of HWW in the Czech Republic are indicated in
the standard CSN 75 6406. The methods of WW and
sludge treatment are further regulated with regard to
the occurrence, character and amount of germs, radio-
active substances and local conditions. Health care
facilities are obliged to disinfect WW if the facilities are
designed to isolate and treat transmissible diseases or to
manipulate infectious material (CSN 75 6406).

PHs and personal care products are considerably
resistant to current procedures of WW treatment. It
has been demonstrated that the majority of these sub-
stances and mixtures are not totally eliminated from
the liquid phase during WW treatment, especially

substances with low lipophilicity (Suarez et al. 2009). If
sewage treatment takes place only at the point of origin
(in the hospital sewage treatment plant), the cleaning
efficiency is around 90%. The maximum cleaning effect
is achieved with the double cleaning of HWW), i.e. at
the place of origin of the hospital treatment plant and
subsequent purification by a municipal cleaning plant
(Pauwels et al. 2006).

In most cases, HWW is diluted with municipal
sewage, and this usually leads to a reduction in pharma-
ceutical compounds amount in the final WW (Verlic-
chi et al. 2012). However, distinct drugs, even in small
concentrations, may be still toxic to the environment.
In their review, Orias and Perrodin (2013) summa-
rized data on observed concentrations of 297 pollut-
ants measured in the HWW including pharmaceutical
and non-pharmaceutical compounds (disinfectants,
alcohols, detergents, heavy metals). Metals as elements
associated with medical care are non-negligible compo-
nents of sewage water with a great variability of possible
concentrations. Therefore, in our study, selected metals
were determined in order to extend the characteristics
of the WW samples. Mercury is used in manometers for
measuring and controlling pressure, in thermometers,
in dental amalgam fillings, esophageal dilators and gas-
trointestinal tubes. Chemical compounds of mercury
are used as antiseptics in pharmaceuticals, as reagents
in laboratories, and as catalysts. Health care facilities
are one of the main sources of mercury release into the
environment (Rustagi & Singh 2010). They release 5%
of the mercury to water bodies through untreated WW,
and e.g. in the United Kingdom, more than 50% of total
mercury emissions come from mercury contained in
dental amalgam and laboratory and medical devices
(WHO 2013). In spite of successfully reduced emissions
into the aquatic environment in the past, mercury con-
tinues to be one of the heavy metals whose discharged
volume is still high. Mercury ultimately accumulates at
the bottom of water bodies, where it is transformed into
its more toxic organic form, methyl mercury, which
accumulates in fish tissue. Platinum-based cytotoxic
drugs are among the most used for the treatment of
testicular, prostate, colon and breast tumors. Most of
the platinum series cytotoxic agents are excreted via the
urine and thus enter the HWW (Kiimmerer et al. 1999).
Gadolinium complexes are used in magnetic resonance.
The concentrations measured in hospital effluents are
in the range of a few ug/l to 100 pg/l (Kiimmerer et al.
2000). For its antimicrobial properties, silver is a fre-
quent ingredient of creams, wound dressings and anti-
microbial coatings on medical devices. Silver is also
used in bone prostheses, reconstructive orthopedic
surgery and cardiac devices (Lansdown, 2006). Alu-
minum and alum are also used in medicine, they have
contraction and anti-inflammatory effects (e.g. alumi-
num acetate for swelling). They are used in dentistry,
PHs industry, and manufacture of surgical instruments
(Goullé et al. 2012).
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The purpose of this study was to determine toxic-
ity of HWW in the Czech Republic using conventional
and alternative toxicological methods. Our study repre-
sents the first study in the Czech Republic investigating
HWW by means of a wide range of biological methods
comprising not only tests of ecotoxicity, but also geno-
toxicity and reprotoxicity.

Standard ecotoxicity assays are a way to determine
some PHs and personal care products effects, such as
acute or chronic ecotoxicity, on organisms of different
trophic levels. Different species of fish, crustaceans,
algae are often used for this purpose; however, other
microorganisms, such as bacteria, have also been used
in these studies. Fish test has not been used in our
study with respect to the EU directive (EU 2010) on
the protection of animals used for experimental pur-
poses requiring the reduction of animal tests and their
replacement by alternative methods. In our study, the
preferred ecotoxicity method was luminescence bac-
teria test. The luminescence inhibition bioassay with
marine photobacteria Vibrio fischeri has been con-
firmed as a useful tool for estimation of acute toxicity of
numerous chemicals (Rosal et al. 2010b; Bialk-Bieliniska
et al. 2017; Valitalo et al. 2017). Green algae (e.g. Des-
modesmus subspicatus and Pseudokirchneriella sub-
capitata) comprise an essential component of aquatic
ecosystems and they are often considered as a good
indicator for anthropogenic pollution and water quality
(Ma et al. 2006) with high sensitivity in toxicity testing
(Magdaleno et al. 2014b; Russo et al. 2017; Vasconcelos
et al. 2017). Daphnia magna is a fresh water cladoceran
crustacean that is very sensitive to chemicals or pol-
lutants (Flaherty & Dodson 2005; Boillot & Perrodin
2007) and it is widely used to evaluate the ecotoxic-
ity of WW (Erbe et al. 2011; Kern et al. 2014). If it is
exposed to stress factors, its life, morphology, behavior,
and physiological properties may change (Jiang et al.
2018). Among several methods using higher plants, the
Allium cepa test is frequently used in the biomonitoring
of wide range of compounds (Herrero et al. 2012) or
for testing toxicity of WW (Firbas & Amon 2013). The
risks associated with the discharge of PHs and chemi-
cals into the environment are based not only on their
acute and chronic ecotoxicity, but also their genotoxic-
ity and endocrine disruption (Rosal et al. 2010a).

Genotoxicity was studied by a combination of two
tests: Ames test and Comet assay. The Ames test (OECD
1997) has been widely used to assess the genotoxic effect
of various types of water, such as drinking water (Shen
et al. 2003), water after sewage treatment (Morisawa et
al. 2003), or water from municipal or hospital wastewa-
ter treatment plants (Jolibois & Guerbet 2006; Ferk et
al. 2009; Sharma et al. 2015). Salmonella typhimurium
TA100 and TA98 strains are generally used in these
assays. The Comet Assay, also known as single cell gel
electrophoresis (SCRE), enables to determine whether
there has been deoxyribonucleic acid (DNA) damage to
a single cell from apoptosis (cell death) or cytotoxicity

Toxicity of hospital wastewater

(toxicity to cells) and the extent of this damage (Singh
et al. 1988; Tice et al. 2000).

Endocrine disruption (ED) endpoints for testing of
biotic systems are of great concern since EDs are recent
common contaminants of aquatic ecosystems. Impor-
tant sources of EDs are effluents from sewage treat-
ment plants including those in health care facilities.
Certain EDs, such as natural and synthetic hormones
are not completely removed with the use of conven-
tional wastewater treatment systems. With regard of
these concerns, there is increasing pressure to develop
advanced wastewater treatment methods and also an
appropriate battery of tests that will include endocrine
disruption endpoints (Hecker & Hollert 2011). Certain
in vitro methods based on transfected cell lines have
been already included in the OECD concept and in
vitro methods based on yeast strains have been stan-
dardized in the ISO standard system, e.g. Draft ISO
19040 (OECD, 2012; ISO, 2017). Both biological sys-
tems are effective to be used for hazard identification
within (eco)toxicological purposes. In our study, the
yeast-based microplate assay YES/YAS was used for
determination of estrogenic and androgenic potential
of concentrated WW samples.

Due to relative simplicity, sensitivity , low cost of
experimentation and small amount of sample required
all implemented short-term bioassays have proved to be
an important tool in genotoxic and reprotoxic studies.

MATERIAL AND METHODS

Wastewater samples

This study involved investigation of WW from five
hospitals (H1-H5) located in the central region of the
Czech Republic. Table 1 shows the characteristics of
the selected hospitals. In order to monitor the weekly
variation of HWW ecotoxicity, the samples from hos-
pital H1 were collected in two different seasons. The
first sampling series was done in November 2016 (Nov.
21-Nov. 25, 2016), the second sampling in May 2017
(May 22-May 26, 2017). Five composite samples were
taken in separate working days during the week in
both of the series. The sampling scheme was designed
in accordance with literature data (Goullé et al. 2012)
documenting decreasing amount of toxic substances in
WW on Saturdays and Sundays because of the absence
of typical medical activities.

The sampling of effluent from five different hospi-
tals was performed in February 2018 (Feb. 13-Feb. 22,
2018) with the aim of detailed evaluation of ecotoxicity,
genotoxicity and reprotoxicity. One composite sample
was taken from each hospital.

Our composite samples were collected in the course
of the maximal WW flow, i.e. from 9 a.m. to 1 p.m.,,
taking a partial sample every hour. This scheme was
in concordance with findings of Boillot et al. (2008)
reporting in their study of daily ecotoxicological fluc-
tuations of HWW that toxicity peak occurred from
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Tab. 1. Characteristics of the selected hospitals.

H1 H2 H3 H4 H5
Type of hospital university general oncology general university
Total capacity (number of beds) 2189 996 245 476 1375
Wastewater generation (m3/day) 50-100* 51* 124 10* 250
mechanical - mechanical - mechanical - mechanical - mechanical -
Wastewater treatment process o o o o -
biological biological biological biological biological
Disinfection process NaOdl NaOCl NaOCl cl, cl,

urban sewer

Wastewater discharges
system

urban sewer
system

urban sewer
system

urban sewer

water flow
system

* WW only from one part of the hospital.

9a.m. to 1 p.m. during the period of the maximum flow
rate and the highest frequency of care activities. Our
samples were taken after treatment activities in the dis-
charge site either into the urban sewer system or into
the water flow. The samples were transferred immedi-
ately to the laboratory in cooling boxes and stored at
<-18°C prior to analysis. With the exception of Ames
test and Comet assay, which methodically require
sterile samples, the analyses were performed on non
filtered samples. To ensure sterile samples, filtration
was performed using DURAPORE membrane filter
(MILLIPORE) - hydrophilic, porosity 0.22 pm. WW
samples tested for estrogenic and androgenic potential
using the YES/YAS assay were 250x concentrated in
compliance with Draft ISO/DIS 19040-1:2017(E) stan-
dard (ISO 2017).

The values of physical and chemical parameters of
the samples are displayed in Table 2 (a) samples from
hospital H1 collected in November 2016 and May
2017, (b) samples from hospitals H1-H5 collected in
February 2018. The physicochemical characteristics
were determined according to standard methods: tem-
perature (CSN 75 7342), pH (ISO 10523), conductivity
(ISO 7888), dissolved substances (CSN 75 7346), free
and total chlorine (ISO 7393-2). The measurements of
the temperature and the free chlorine were performed
in-the-field in order to monitor their values during
sampling. The analysis of metals and iodine was per-
formed as follows: Total mercury concentration was
determined using an atomic absorption spectropho-
tometer AMA 254 Trace Mercury Analyzer (Altec).
The samples were analysed without sample pre-treat-
ment. Total gadolinium, platinum, lead, silver, alu-
minium and iodine concentrations were determined
using an inductively coupled plasma mass spectrom-
eter (ICP-MS Elan DRC-e, Perkin Elmer). For deter-
mination of gadolinium, platinum, lead, silver and
aluminuim, the water samples were diluted 1 to 100
times using 1% (v/v) solution of nitric acid and ger-
manium, indium and rhenium were used as internal
standards. For iodine determination, the water samples

were diluted 10 to 100 times using 1% tetramethylam-
monium hydroxide (TMAH), 0,02% TRITON X-100
and tellurium was used as an internal standard. The
reference material (drinking water) from the interlabo-
ratory comparison and reference material Seronorm™
Trace Elements Urine L-2 was used for the laboratory
quality control.

Toxicological bioassays

This study represents the first study exploring HWW in
the Czech Republic by means of a wide range of biologi-
cal methods. Seven different traditional and alternative
toxicological bioassays were employed. Their character-
istics are listed in Table 3.

Algal growth inhibition test

The test was carried out using freshwater algae Desmo-
desmus subspicatus (BRINKMANN 1953/SAG 86.81)
obtained from the Culture Collection of Autotrophic
Organisms (CCALA). K,Cr,0, was used as positive
control for monitoring the sensitivity of algae culture.
Five test sample dilutions in triplicates were prepared
in every test run. The test flasks were inoculated
by algal cells to obtain 10* cells.ml-! and incubated
under 23+2°C with constant illumination intensity of
6000-10000 Ix and color temperature 4300 K. After
72 h exposure, direct cell count measurement was per-
formed using microscope OLYMPUS CH30. The probit
method was used for the calculation of EC5,. Inhibi-
tion of specific growth rate was calculated in relation to
negative control samples (test growth medium) grow-
ing under the same standard conditions.

Luminescent bacteria test

Liquid-dried luminescent marine bacteria Vibrio fisch-
eri NRRL- B-11177 (HACH LANGE) were used. Bac-
teria sensitivity was monitored using positive controls
(ZnSO,.7H,0 and K,Cr,0,). Bacteria were reconsti-
tuted by adding reactivation solution. Samples salin-
ity was corrected by NaCl. The suspensions of diluted
WW samples and bacteria were maintained at 15+1°C.
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Tab. 2. Physicochemical characteristics of the samples.
a) samples from hospital H1 collected in November 2016 and May 2017.

Toxicity of hospital wastewater

Temperature* pH Conductivity Free chlorine*
Parameter °C pS.cm-1 mg.I-1
X/2016 V/2017 X/2016 V/2017 X/2016 V/2017 X/2016 V/2017
Monday 10.0 13.5 8.05 8.01 2010 1125 0.04 0.25
Thuesday 104 13.5 8.01 8.03 2130 1186 0.05 0.32
Wednesday 1.0 13.0 8.12 8.07 2150 1205 0.07 0.15
Thursday 106 134 8.02 8.07 2090 1206 0.07 0.17
Friday 11.0 13.0 8.03 8.09 2160 1232 0.05 0.20
*in-the-field measurements-average values of five partial samples.
b) samples from hospitals H1-H5 collected in February 2018.
Parameter Unit H1 H2 H3 H4 H5
Temperature * °C 6.5 6.5 13.0 40 6.0
pH 7.91 7.51 7.88 7.65 7.81
Conductivity pS.cm-1 1163 869 979 811 23800
Dissolved substances mg.I-! 580 532 707 465 1970
Free chlorine * mg.I-! 0.04 0.08 0.20 0.08 0.14
Total chlorine mg.I-! 0.06 0.53 0.42 >6.00 2.09
| ug.I-! 130 1577 86 1390 183
Hg pg.l-1 1.48 0.50 <0.30 0.52 0.47
Ag pg.l-1 0.58 0.09 0.04 0.15 0.92
Gd pg.I-! 1.55 2.75 0.15 5.01 1.51
Pt pg.I-! 0.17 0.05 0.45 0.11 0.13
Pb pg.I-! 0.35 0.58 0.19 0.70 0.42
Al mg.I-! 3.71 1.82 1.33 2.00 2.37
*in-the-field measurements-average values of five partial samples.
Tab. 3. Characteristics of bioassays used in the study.
- Sample Biological parameter and -
Method Organism Standard preparation exposure time Endpoint
. Desmodesmus ) growth inhibition 0
Algal growth inhibition test subspicatus 1SO 8692 non filtered 72h ECsq [%] /TU
. . g g . . bioluminescence inhibition 0
Luminescent bacteria test Vibrio fischeri 1SO 11348-2 non filtered 15 min, 30 min EC5q[%]/TU
Crustacean immobilization test ~ Daphnia magna 1SO 6341 non filtered mom;ﬂ\";g'ﬁ'tlon ECsq [%] /TU
Allium cepa assay Allium cepa non filtered inhibition of bu7I;) rioot elongation ECsq [%] /TU
Bacterial reverse mutation test Salmonella ) number of revertants qualitative
(Ames agar plate test) typhimurium OECDTG 471 filtered 72h determination
Comet assay single-cell gel NIH 3T3 mouse filtered % DNA in tail qualitative
electrophoresis fibroblasts 24h determination
YES/YAS-Yeast based reporter Saccharomyces  in compliance with  non filtered B-gal expression qualitative
gene assays cerevisiae DraftISO 19040 concentrated 48h determination
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Solution of 2% NaCl was used as negative control. Bio-
luminescence was recorded after 15 min and 30 min
of exposure to eight increasing sample concentrations.
Every concentration was measured in two replicates
using luminometer Sirius (Berthold Detection Systems)
and thermostat LUMIStherm (HACH LANGE). ECs,
which causes 50% inhibition of the bacteria light emis-
sion with respect to the negative control was calculated
for each sample.

Crustacean immobilization test

The test was performed using less than 24 h old speci-
mens of Daphnia magna Straus. Neonates of at least
third generation originated from the laboratory culture.
The sensitivity of crustaceans was controlled by regu-
lar tests with K,Cr,0- and test medium was used as a
negative control in all runs. Six sample concentrations
were used per test. Five organisms in four replicates (for
a total of twenty organisms) were exposed to each con-
centration for 48 h with 16:8 light:dark cycle without
feeding. Temperature during the test was maintained at
20+2°C. For the test validity, the oxygen concentration
had to be >2 mg.I-1. The percentage of immobilization
in the control group had to be <10%. Daphnia immo-
bility was the test endpoint and the ECs, after 24 h and
48h exposure was determined.

Allium cepa assay

The experiment was performed using small onion
(Allium cepa L.) bulbs of the size 16-18 mm, free from
any chemical treatment. The sensitivity of the test onion
bulbs was controlled by 1% MMS (methylmethansul-
fonate) as positive control. The bulbs were exposed
for 72h to undiluted samples and negative control
(tap water) in six replicates. The test temperature was
maintained at 22+2°C with protection against direct
sunlight. At the end of the experiment the root length
was measured with a precision of 1 mm and inhibi-
tion of root elongation relative to negative control was
calculated.

Data evaluation of ecotoxicity tests

The ECs, values calculated for each species were trans-
formed to toxic units (TU) using the formula:

Tab. 4. Toxicity classification system by Persoone et al. 2003.

Toxic unit Toxicity class Toxicity
TU<04 | non toxic
04<TU<1.0 Il low toxic
1.0<TU< 10.0 1] toxic

10.0 <TU < 100.0 \% very toxic
TU> 100 v extremely toxic

High TU value indicated high toxic effect on the
organism.

Many authors applied TU to evaluate ecotoxicity of
industrial, urban and hospital WW (e.g. Manusadzianas
et al. 2002; Zgorska et al. 2011; Vasquez & Fatta-Kassi-
nos 2013; Maselli et al. 2015; Hamjinda et al. 2015;
Laquaz et al. 2017). Our samples were ranked by toxic-
ity classification system (Table 4) based on the calcula-
tion of TU as suggested by Persoone et al. (2003). The
samples were classified into five classes on the basis of
the highest TU value shown by one of the organisms
applied.

Statistical analysis of ecotoxicity tests

To evaluate the results of the pilot study of the weekly
and seasonal variability of ecotoxicity, three-way analy-
sis of variance (ANOVA) was used to assess the differ-
ence between factors (method, day and month). When
statistically significant effects were identified, compari-
sons of means were further examined by Bonferroni
correction to ascertain which specific means differed.
Two-way ANOVA was used to assess the differences
between individual levels of day and month factors for
all ecotoxicity methods. Values of p<0.05 were taken
as statistically significant. All statistical analyses were
performed using SPSS software package for Windows
(version 23).

Bacterial Reverse Mutation Test (Ames test)

Two tester strains to detect point mutations, which
involve base pair substitution (TA100) and frameshift
mutations (TA98), were used in the study. A cofactor-
supplemented post-mitochondrial fraction (S9) pre-
pared from the liver of rodents (Wistar rat) treated
with enzyme-inducing agent (polychlorinated biphenyl
Delor) was used for modeling of mammalian metabolic
activation.

In each run, relevant positive and negative controls
were included, both with and without metabolic acti-
vation. The samples and controls were tested in tripli-
cates. Briefly, the mixture of 2 ml TOP agar with His/
Bio solution, 100 ul of bacterial culture, 100 pl of the
test sample, 500 pl S9 mix (S9+) or 500 pl PBS (S9-)
was added to sterile test tubes maintained in a dry box
(cca 37°C). The contents of each tube was mixed and
poured over the surface of minimal agar plates. The
overlay agar was allowed to solidify and then the plates
were placed upside down into the incubator (37 °C) for
72 hours of incubation. The number of revertant colo-
nies was counted by automatic computer of bacterial
colonies Schuett colony Quant HD (Schuett Biotec)
for the tested samples and compared to the number
of spontaneous revertant colonies on negative control
plates. The dose dependence of the mutagenic effect
was expressed as Mutagenic Index = MI. Generally, the
sample eliciting at least twofold increase of revertants
compared to the control revertants is considered to be
mutagenic.
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Comet assay

DNA damage was tested using NIH 3T3 cells (mouse
embryonic fibroblasts) according to the protocol
described in previous studies (Tomankova et al.
2011; Manisova et al. 2015). Briefly, the cells were
incubated in DMEM with the tested water samples
in ratio 1:1 for a period of 24 hours. Then the cells
were trypsinized, centrifuged and the cell pellet was
dispersed in PBS and vortexed. 1% low melting point
agarose was added to this solution and this suspen-
sion was placed on the solidified agarose on the pre-
coated microscope slides and covered by coverslips.
After the agarose had solidified, the coverslips were
immersed in lysis buffer at 4 °C for a period of 60 min.
After lysis the slides were placed in an electrophoretic
tank and dipped for 40 min in a cool electrophoretic
solution. The electrophoresis was run at 350 mA and
0.8 V. cm-! for 20 min. Following completion of the
electrophoretic separation the slides were carefully
rinsed twice for 10 min with a neutralisation buffer
at 4°C, stained by means of SYBR Green and manu-
ally scored using fluorescence microscope with CCD
camera CometScore 1.5 software. 80 cells from each
sample were randomly chosen and median values of
the amount of the Olive moment, DNA in tail, and
DNA in the head, which is directly proportional to the
intact DNA, were evaluated as follows:

Olive Moment = (tail mean — head mean) x % of DNA
in the tail

Head % DNA =100 x (I;, /1)

I, = total intensity of the head

I.= total intensity of the comet (head and tail together)

Tail % DNA = 100 - Head % DNA.

Statistical analysis of Comet assay

Mann-Whitney U-test with Bonferroni correction was
performed for the statistical analysis of the % DNA in
head.

YES/YAS microplate assay

Microplate assay (XenoScreen YES/YAS, Xenome-
trix®, Switzerland), based on genetically modified
Saccharomyces cerevisiae strains, expressing human
estrogen and androgen receptors, was performed
according to the provided standard operating pro-
cedure, using the supplied standardized material and
chemicals in order to study agonistic activity of WW
samples to human estrogen and androgen receptors.
WW samples were 250x concentrated in compliance
with Draft ISO/DIS 19040-1:2017(E) standard, dis-
solved in DMSO and applied to the yeast culture
for 48 h. The optical density of the red product
resulting from conversion of the yellow substrate
after secretion of [B-galactosidase, indicating the
endocrine activity of the tested substance, was mea-
sured on Biotec Eon™ High Performance Microplate
Spectrophotometer.

Toxicity of hospital wastewater

RESULTS AND DISCUSSION

Weekly dynamics and seasonal variability
of wastewater ecotoxicity

In the pilot study, focused on investigation of the weekly
variation of sewage ecotoxicity, the samples of treated
WW from one large hospital (H1) have been analysed.
In addition to comparison of individual working days,
two different seasons (spring vs. autumn) were com-
pared. In their review Orias and Perrodin (2013) rec-
ommended to assess the HWW ecotoxicity during a
day, a week and a year in order to gain more wealth of
information.

For the purpose of our work three different species
have been used: D.subspicatus, V.fischeri and A.cepa.
The results are shown in Figure 1. No statistically
significant differences were found in separate work-
ing days (from Monday to Friday) for D.subspicatus
(p=0.601), TU values lay in the range of 2.46-3.58 in
November and 4.14-5.40 in May. For V.fischeri (15 min
and 30 min) TU values showed considerable fluctua-
tion on Mondays that was probably related to weekend
hospital activities. Therefore, subsequently only values
from Tuesday through Friday were compared. The
results showed no significant differences for V.fischeri
15 min (p=0.337) with TU values between 3.15-3.76
in November and 3.47-4.86 in May and for V.fischeri
30 min (p=0.359) with TU values between 2.27-2.94
in November and 4.16-4.73 in May. These findings
differed from results of Magdaleno et al. (2014a), who
discovered big differences of raw HWW samples (from
stimulating effect to growth inhibition 44.5%) during a
week using the green algae Psubcapitata.

Regarding seasonal variation, in our study higher
toxicity values were recorded in May compared to
November (from Tuesday to Friday). The statisti-
cal analysis of results obtained in these two months
confirmed significant difference for D.subspicatus
(p=0.039) and V.fischeri 30 min (p=0.002) while no
significant difference was found for Vfischeri 15 min
(p=0.085). Seasonal differences could be caused by a
wide range of specific hospital therapeutic activities
and their variability over time. Similar results were
seen in other studies, e.g. Coutu et al. (2013) discov-
ered high seasonal fluctuation in ambulatory and hos-
pital consumption of antibiotics. Laquaz et al. (2017)
investigated HWW and UWW and they found high
variability of ecotoxicity for Psubcapitata during the
year.They supposed that seasonal differences were due
to e.g. seasonal pathologies or disinfection campaigns
which may have led to the release of high quantities of
toxic compounds. Magdaleno et al. (2014a) found that
growth inhibition of Psubcapitata varied widely during
the period from April to September. These results were
also confirmed by Vasquez and Fatta-Kassinos (2013)
in their study in which higher toxicity of treated UWW
for Psubcapitata, D.magna and V.fischeri was observed
in spring and summer in comparison with autumn and

Neuroendocrinology Letters Vol.39 No. 2018 - Article available online: http://node.nel.edu

447


http://node.nel.edu

Gabriela Jirovd, et al.

O Desmodesmus subspicatus
6

@ Vibrio fischeri 15 min

B Vibrio fischeri 30 min

November

H

w

TU (Toxic Unit)

N
T

May —

TU (Toxic Unit)

Monday Tuesday

Wednesday

Thursday Friday

Fig. 1. Weekly dynamics of wastewater ecotoxicity from hospital H1 - comparison between November and May.

winter, potentially due to decreased dilution during
the summer dry period or different composition of the
WW.

In our study, A.cepa was less sensitive to all tested
samples compared to D.subspicatus and V.fischeri.
Although the data showed toxic responses of A.cepa
with values of inhibition of bulbs roots elongation from
7.2% t0 29.7% after exposure to undiluted samples, they
did not achieve 50% inhibition and thus it was not pos-
sible to calculate EC,. Therefore, TU was described as
0. Similar results related to sensitivity of this organism
were seen in the study by Firbas and Amon (2013) who
reported, that treated UWW induced equal root lenghts
of A.cepa bulbs as the negative control.

Comparison of wastewater toxicity
from different hospitals

448

WW samples from five hospitals with different dimen-
sions were studied. In order to provide true information
of their quality and evaluate their individual impact on

the receiving UWW or directly on the water flow, a
detailed investigation of ecotoxicity, genotoxicity and
reprotoxicity was performed using seven conventional
and alternative methods.

Ecotoxicity was determined by the use of a bioassay
battery consisting of four test organisms: D.subspicatus,
V.fischeri, D.magna and A.cepa. Table 5 presents the
summary results for all the tested species. In order to
describe and compare their ecotoxicological potential,
hospitals have been classified by the toxicity classifi-
cation system described in Table 4. The obtained data
demonstrated different levels of ecotoxicity of samples
from individual hospitals. The TU values indicated that
two hospitals belong to toxicity class III as toxic and
three hospitals belong to toxicity class I as non toxic.

In the study published by Hamjinda et al. (2015),
which examined treated HWW, TU values calculated
for freshwater algae Scenedesmus quadricauda lay in
the range of 1.15-2.18 and for Chlorella vulgaris in the
range of 1.94-2.42. Zgoérska et al. (2011) investigated
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HWW before treatment. Based on the test results esti-
mated for Psubcapitata (TU = 5.32), D.magna (TU =
4.81), V.fischeri (TU = 2.16) and crustaceans Thamno-
cephalus platyurus (TU = 4.42) and Artemia salina (TU
= 1.67), they classified their samples in toxicity class
III as toxic. Numerous studies indicated that HWW
are characterized by higher ecotoxicological potential
than UWW. This assertion was confirmed by Laquaz et
al. (2017). For D.magna 24 h the TU of UWW samples
reached a maximum of 1.9. For Psubcapitata the TU
values of raw HWW samples calculated using EC,,
were 1.6-6.8 and TU values of UWW were up to 3.3.
21 industrial and urban WW samples before and after
treatment were analysed by Manusadzianas et al. (2002)
using six test species. Two samples were characterized
as non toxic (class I), six as slightly toxic (class II), nine
as toxic (class III), four as very toxic (class IV) and none
of them as extremely toxic (class V).

When we drew a comparison between our tested
organisms, we could observe numerous differences. As
can be seen in Table 5, the rank of species” reactions
levels was for samples of hospital H1: D.subspicatus
> V.fischeri > D.magna > A.cepa and of hospital H4:
D.magna > D.subspicatus > V.fischeri > A.cepa. In sum-
mary, the samples of H1 and H4 were highly toxic to
D.subspicatus, V.fischeri and D.magna, whereas A.cepa
was affected much less with the values of inhibition of
root elongation 26.3% (H1) and 19.8% (H4).

The samples of H2, H3 and H5 had low toxic effect
on D.subspicatus, V.fischeri and A.cepa. Immobilization
of D.magna was not observed at all. Inhibition values of
these undiluted samples did not exceed 50%, therefore

Tab. 5. Toxicity classification based on ecotoxicity tests results.

Toxicity of hospital wastewater

it was impossible to calculate EC5, and TU was repre-
sented as 0. The D.subspicatus and A.cepa tests showed
both inhibition and stimulation of growth with the
values from -12.7% to 2.7% (D.subspicatus) and from
-9.4% to 27.9% (A.cepa). For V.fischeri EC,,was calcu-
lated and the values lay between 30.3%-92.0% (15 min)
and 25.1%-82.1% (30 min).

Although we have found certain differences among
species in sensitivity to the HWW samples, TU values
of D.subspicatus, V.fischeri and D.magna were at the
same level of classification (the same toxicity class)
in all cases of samples from the selected hospitals. It
implies that these three species are equally suitable for
the estimation of HWW ecotoxicological potential and
this bioassays battery could be used for routine HWW
testing. These conclusions are in agreement with Zgor-
ska et al. (2011). On the other hand, according to our
findings it can be assumed that A.cepa test that is based
only on measuring of onion bulbs roots is not suffi-
ciently sensitive for ecotoxicity assessment of HWW
but it could be suitable for detection of genotoxicity as
was demonstrated in numerous studies (e.g. Herrero
et al. 2012; Kerm et al. 2014; Magdaleno et al. 2014a).
The test Allium cepa is validated by the International
Program on Chemical Safety (IPCS) as an efficient test
for analysis and in situ monitoring of the genotoxicity
of environmental substances (Bagatini et al. 2009). We
may consider such analysis in next studies, however, in
the present study the Ames test and Comet assay for
genotoxicity were employed.

The outcome of genotoxicity and reprotoxicity
assays is summarized in Table 6. Genotoxicity of the

H1 H2 H3 H4 H5
Organism ECy gy toxicity ECs o, toxicity EC5o o, toxicity ECs o, toxicity EC5o 4, toxicity
[%] class [%] class [%] class [%] class [%] class
Desmodesmus 1]l ! ! 1l !
; 253 3.95 . ND 0 non ND O non 353 283 . ND O non
subspicatus toxic ) ) toxic .
toxic toxic toxic
Vibrio fischeri 426 235 1] ND O ! ND O ! 43.1 232 1] ND O !
15 min toxic non non toxic non
toxic toxic toxic
I . | | |
Vibrio fischeri 1]l 1l
30 min 289 3.46 toxic ND 0 non ND O non 413 242 toxic ND O non
toxic toxic toxic
Daphniamagna  67.6 1.48 1] ND O ! ND O ! 39.3 254 1] ND O !
. non non . non
24h toxic ) ) toxic .
toxic toxic toxic
Daphnia magna 11l ! ! 1l !
613 1.63 . ND 0 non ND O non 243 412 ) ND O non
48h toxic ) . toxic .
toxic toxic toxic
. N0 ! n oo ! n oo ! N0 ! NDoo
Allium cepa non non non non non
toxic toxic toxic toxic toxic
ND (not detected): < 50% inhibition in the undiluted sample, TU (toxic unit)=[1/ECs in %]x100
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Tab. 6. Genotoxicity and reprotoxicity tests results.

Method H1 H2 H3 H4 H5

Ames test negative negative negative negative negative
Comet assay negative negative negative negative negative
YES positive positive negative positive negative
YAS positive negative negative positive negative

tested WW samples has not been confirmed by the
plate Ames test, where filtered samples were tested on
two strains with and without S9 activation. The number
of revertants elicited by the test samples never achieved
a twofold increase in numbers compared to the negative
controls. Results of the Comet assay showed no signifi-
cant differences in the amount of fragmented DNA in
samples H1 and H4 compared to control cells. Signifi-
cant differences were observed in samples H2, H3 and
H5, however, the average difference higher than 5% in
the amount of fragmented DNA was not observed in
either of these samples, suggesting minimal genotoxic
effect. Eukaryotic cells have a DNA repair mechanism
that makes it possible to repair damaged DNA (Chu
2014). Based on the results of the viability tests, it can
be assumed that the detected amount of the fragmented
DNA did not affect the viability of NIH 3T3 cells.

A literary review showed, that most of the untreated
HWW samples had a mutagenic effect (Vlkova et al.
2016). In contrast, the genotoxicity of treated WW
samples was found significantly reduced (Sharma et al.
2015, Gupta et al. 2009). With regard to the method
principles, the Ames test and Comet assay require
pre-treatment of the samples and/or sterilization. The
simplest and most commonly used preparation tech-
nique is filtration through a filter (e.g. cellulose nitrate,
acetate cellulose filter) with a pore size of 0.45 pm (Joli-
bois & Guerbet 2006; Hartmann et al. 1999) or 0.22 pm
(Paz et al., 2006, Magdaleno et al., 2014a). However,
White et al. (1996) reported that during filtration some
chemical substances may be captured on the filters,
thus causing a loss of genotoxicity potential, and the
study of Ferk et al. (2009) confirmed the significant
effect of membrane filtration on the overall genotoxic
effect, the decrease was in the range of 62 % - 77 %.
In the YES/YAS assay, WW samples (250x concen-
trated stock samples), in 4 final concentrations (1% -
0.325% - 0.1% - 0.0325%) exhibited agonistic activity
to human estrogen receptor, showing a concentration-
dependent curve in two highest non-cytotoxic con-
centrations (1%, 0.325%), in case of samples H1, H2,
and H4. Agonistic activity to human androgen recep-
tor was confirmed in one non-cytotoxic concentration
(1%), in case of samples H1 and H4. The advantage
of methods based on yeasts is the absence of complex
mechanisms regulating the expression of the reporter
gene. Yeast based methods are not influenced by cross-

cellular signaling interferences, and thus detect only a
specific interaction with the receptor and are effective
for screening and hazard identification.

Toxicity differences of WW from different hospitals
may be caused by a number of factors. As complex mix-
tures of many substances, HWW are generated inter-
mittently by different hospital services (e.g. medical
care, diagnostics, disinfection, cleaning, laboratory and
research activities). Therefore, HWW quality is influ-
enced by the type and specialization of the hospital (e.g.
general, oncologic, pediatric), number of inpatients,
type and number of wards, season or day of the week,
hospital location and also country. Orias & Perrodin
(2014) recommended to continue determining the
cumulative ecotoxic effects of the HWW compounds
corresponding to different hospitals, size of the hospital
and different locations. Hamjinda et al. (2015) showed
a good correlation between antibiotic concentrations in
HWW and amount of usage. According to Santos et al.
(2013), the impact of hospitals to the input of PHs in
UWW was in concordance with their dimensions. The
contribution of great hospitals was considerably higher
in comparison with smaller facilities. The variability of
pharmaceutical concentrations between the WW from
four hospitals were related to pharmaceutical consump-
tion, which was connected with the number of beds,
number and type of wards and units. These conclusions
are in agreement with other similar studies (e.g. Al
Aukidy et al. 2014; Verlicchi et al. 2012).

The quality of treatment processes is one of the cru-
cial points which affect HWW composition before dis-
charge into the sewage system or water flow. Although
HWW is often treated before discharge into the sewage
system or directly into the water flow, numerous stud-
ies confirmed a lot of residues of pharmaceutical
products in HWW after treatment processes either
because of deficiencies of the treatment or resistance of
certain substances to the applied process. Hamjinda et
al. (2015) investigated HWW characteristics focusing
on antibiotic contamination in three hospitals, reveal-
ing the removal efficiency of different treatment pro-
cesses from 0% to 99% depending on the type of drug.
Similar results were reported by Santos et al. (2013),
who discovered that removal efficiency of WWTP
may vary from over 90% for PHs as acetaminophen
and ibuprofen to absolutely no removal for B-blockers
and salbutamol. Ketamine and its metabolites with a
high ecotoxic potential to aquatic organisms cannot be
removed or degraded by conventional WWTPs (Li et
al. 2017). Wiest et al. (2017) found 11 of 13 monitored
PHs in HWW and UWW after treatment with median
concentrations from 19 ng/l to 810 ng/l and confirmed
that antibiotic concentrations remained higher in
HWW than in UWW. Chonova et al. (2015) evalu-
ated efficiency of biological treatment with conven-
tional activated sludge and discovered relatively high
concentrations of antibiotics and analgesics in HWW
after treatment, despite good removal during treatment
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(antibiotics 95.1%, analgesics 99.9%), because of their
high initial concentrations. The membrane bioreactor
had emerged as an efficient compact technology for
WW treatment. The results of the study of Albasi et
al. (2009) proved that WW treatment using membrane
reactors provides a suitable process for lowering anti-
cancer drug cyclophosphamide concentrations before
discharge into the aqueous environment. Despite this
clear benefit of membrane bioreactors, removal is only
partially achieved and a tertiary treatment is necessary
for the complete elimination of cytostatic agents com-
pounds. Other studies (Chiarello et al. 2016) showed
that the membrane bioreactor also was effective in the
removal of enalapril, tetracycline and paracetamol up
to 94 %. The elimination efficiency of carbamazepine
is very low due to the specific characteristics of the
molecule such as resistance to degradation and low
capacity to attach to the sludge (Ternes et al. 2007;
Zhang et al. 2008).

Another important aspect that may affect living
organisms is disinfection as the final stage of the
treatment process performed with the aim to prevent
the spread of pathogenic microorganisms. The most
widely used methods of HWW treatment are disin-
fection with chlorine, sodium hypochlorite, chlorine
dioxide, ultraviolet radiation or ozonization (Drinan
& Spellman 2012; Chen et al. 2014). During the disin-
fection process, undesirable by-products such as tri-
halomethanes are formed by reaction of disinfectants
with natural organic matters (Richardson et al. 2007).
Sodium hypochlorite (used in H1, H2 and H3 hospi-
tals in our study) contains about 5-20% of free chlo-
rine. Its toxicity is lower than pure chlorine, but it can
not be neglected, especially because of the amount of
trihalomethanes produced. The advantages of sodium
hypochlorite furthermore include greater stability,
trivial handling and lower operating costs. However,
it is necessary to mention its negatives, which include
higher energy consumption, strong corrosivity and
overall lower disinfection efficiency (Chen et al.
2014). Gaseous chlorine (used in hospitals H4 and
H5) is a very powerful oxidizing agent and has been
commonly used to disinfect HWW. The free chlorine
content in Cl, is close to 100% (it also contains impu-
rities), so its sterilization capability is high (Chen et
al. 2014). According to the findings of Emmanuel et
al. (2004) or Park et al. (2016) organohalogen com-
pounds are ecotoxic and genotoxic for aquatic organ-
isms and are considered as persistant environmental
contaminants.

CONCLUSIONS

HWW is a complex mixture of many diverse com-
pounds that have proved toxic effects on living organ-
isms. The main problem is the insufficient knowledge
of the quality of treated hospital effluent discharged to
the sewage system or surface water. In our study we

Toxicity of hospital wastewater

wanted to highlight the necessity of solving this ques-
tion within the Czech Republic. For our investigation
we selected seven biological methods, conventional
and alternative, with the intention to compare their
sensitivity and suitability for toxicological examination
of HWW.

The WW ecotoxicity during one week showed no
differences in separate working days, however, higher
toxicity values were recorded in May compared to
November. Our work demonstrated considerably dif-
ferent levels of toxicity of treated WW between differ-
ent hospitals. The samples from two of the five hospitals
have been assessed as toxic, the others as non toxic
based on the evaluation by the toxicity classification
system. We found that the battery of three organisms
consisting of D.subspicatus, D.magna and V.fischeri may
be appropriate for routine testing of ecotoxicological
potential of HWW.

Variable sensitivity of individual bioassays for
tested WW samples was determined. According to our
results, A.cepa test based on testing the onion bulb root
elongation is not sufficiently sensitive and effective for
detection of HWW ecotoxicity as it has not identified
any differences between the samples and classified all of
them as nontoxic.

Genotoxicity has not been confirmed neither by
Ames test, nor Comet assay in any sample. It can be
assumed that the results of Ames test and Comet assay
may be influenced by sample sterilization (by filtration)
which might have caused a loss of genotoxic and repro-
toxic activity as certain chemicals may be captured on
the filters. The study will continue with optimization of
sample preparation.

Estrogenic and androgenic potential of cer-
tain WW samples has been detected. WW
is a heterogenous mixture of natural and synthetic
residues and unknown hormonally active micropol-
lutants, certain of which may be persistent or bioac-
cumulative. In vitro methods are thus effective for
screening of WW treatment effectivity and for detec-
tion of potential hazard of bioaccumulative effects
of endocrine disruptors from chronic exposure to
low doses of these micropollutants from the aquatic
environment.

Our study signalized insufficiency in the hospital
sewage treatment processes. A more extensive study
including proposal for improvement of HWW treat-
ment within the Czech Republic may be recommended
with the aim to decrease the discharge of toxic chemi-
cals into the sewage system and thus to contribute to
the improvement of the environment.
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Abstract

Health care facilities and hospitals generate significant amounts of wastewater which are released into the sewage system, either
after a preliminary treatment or without any further treatment. Hospital wastewater may contain large amounts of hazardous
chemicals and pharmaceuticals, some of which cannot be eliminated entirely by wastewater treatment plants. Moreover,
hospital effluents may be loaded with a plethora of pathogenic microorganisms or other microbiota and microbiome residues.
The need to monitor hospital effluents for their genotoxic hazard is of high importance, as detailed information is scarce. DNA-
based information can be acquired directly from samples through the application of various molecular methods, while cell-based
biomonitoring assays can provide important information about impaired cellular pathways or mechanisms of toxicity without
prior knowledge of the identity of each toxicant. In our study, we evaluated samples of chlorinated hospital wastewater dis-
charged into the sewage system after this disinfection process. The assessment of cytotoxicity, genotoxicity and mutagenicity of
the hospital effluents was performed in vitro by using a broad battery of biomonitoring assays that are relevant for human health
effects. All the tested hospital wastewater samples could be classified as potentially genotoxic, and it is concluded that the
microbiota present in hospital wastewater might contribute to this genotoxic potential.
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on culture-independent molecular microbiology and
chemistry techniques, enables the acquisition of DNA-
based information directly from wastewater samples.

Introduction

The high consumption of water in health care facilities
and hospitals results in a significant volume of wastewater
loaded with complex mixtures of chemical and biological

toxicants, and a plethora of microorganisms.' The dis-
charge of hospital effluent without any processing could
have a massive impact on public health, through the
spread of infectious microbial agents, or through the pres-
ence of other chemical/physical toxicants or pharmaceu-
ticals. The need to monitor hospital effluents for human
health safety is currently of high importance, with detailed
information on the genotoxic impact of such effluents
being particularly scarce.? There are no strict rules
or limits on hospital wastewater treatment before
discharging.®* The application of novel methods, based
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Direct sample analysis, such as amplicon or metagenomic
DNA sequencing methods, permit the identification of
microbial contamination in effluents from the hospital
environment.” Moreover, the identification of various
genes encoding antibiotic resistance could closely be
associated with the use of certain pharmaceuticals in the
treatment of infectious diseases in a clinical setting. This
could lead to the modification of some of the microbiota
present in the wastewater by gene transfer, in addition to
promoting growth of the resistant bacteria in the wider
environment. This would be facilitated by the presence
of the specific antibiotics in the effluent, mostly at low
concentrations, exerting high selective pressure on bacter-
ial communities and promoting the acquisition and main-
tenance of resistance.® Novel approaches and advanced
methodologies should be employed to evaluate micro-
biome or microbiota contamination, with the aim of better
characterising the internal hospital environment itself and
gauge its effects on the wider external environment.

For the purposes of screening hospital wastewater for
potential health hazards, in vitro biomonitoring assays,
which broadly assess genotoxicity without the prior knowl-
edge of the identity of each toxicant, can be reasonably
applied. Choosing an appropriate in vitro assay to monitor
a given endpoint among the available options is a challen-
ging task.” Moreover, multiplexing strategies may enable a
more in-depth data evaluation from a single experiment,
leading to more robust conclusions compared to a single
endpoint measurement. In this study, the genotoxicity
assessment of hospital wastewater was performed in vitro
by using a series of assays, namely: the hen’s egg test for
micronucleus induction (HET-MN assay); the bacterial
reverse mutation test (Ames assay); the nuclear morphol-
ogy assay; and the Comet assay with mouse 3T3 BALB/c
fibroblasts and chicken embryonal hepatocytes (in the
chicken egg genotoxicity assay; CEGA). In addition, the
microbiota of hospital wastewater has been evaluated by
bright field and transmission electron microscopy (TEM).

The presence of waterborne bacterial pathogens in was-
tewater remains an important public health concern. Bac-
teriophage (phage), which are presumably non-pathogenic
to humans, are the most abundant form of life. The number
of phage entities is estimated to be 10 times higher than the
number of bacteria, and there are an estimated more than
10®! phage particles on the planet.® It is well known that
phage play a key role in regulating the microbial balance.
In addition, because phage participate in specific bacterial
lysis and strict species-specific infection, they can be used
for bacterial classification and identification. The phage-
mediated biocontrol of wastewater, exploiting bacterial
pathogens and phage—host interactions, has been proposed.
While the large-scale genomic projects deal with the iso-
lation and sequencing of the genomes of a wide range of
bacteriophage, some studies have instead focused on their
morphological identification. Some types of phage have

been investigated as potential model organisms for water
quality assessment, with the somatic coliphage and F-
specific RNA bacteriophage or bacteriophage infecting
Bacteroides fragilis seeming to be the most feasible in this
respect. In the current study, the filamentous bacteriophage
Myoviridae, Siphoviridae and Podoviridae, were identified
and quantified. Bearing in mind that the identification of
filamentous phage on the basis of electron microscopic
observations is prone to error, due to the risk of confusion
with other filaments, we have concentrated only on tailed
viral particles.

In addition, to study the survivability of bacterial species
in chlorinated hospital wastewater, we carried out bacteria
cluster counting (with the Coulter Counter method) and
used the filter paper method for the detection of transferred
bacteria on MacConkey agar plates. The filter paper count
method for bacteria on MacConkey agar is not specific for
one type of bacterium and several organisms can be iso-
lated, such as coliform bacteria (e.g. Escherichia coli),
Streptococcus faecalis, Pseudomonas aeruginosa, Kleb-
siella spp., other Streptococcus spp., etc. The Coulter
Counter method detects any microbes and particles concur-
rently, while the filter paper count method detects only
living microbes. The hospital wastewater samples were
tested in their original form whenever possible (i.e. without
further processing in the laboratory), or were processed
appropriately depending on the requirements of the test.

Materials and methods

Chemicals, reagents, sampling and further laboratory
processing of hospital wastewater

Dimethyl sulphoxide (DMSO), Triton™ X-100, disodium
ethylene diamine tetra acetate (EDTA), normal melting
point agarose (NMPA), low melting point agarose
(LMPA), tris(hydroxymethyl)aminomethane (Tris),
SYBR Green, ethidium bromide and Neutral Red, were
all obtained from Sigma-Aldrich (Prague, Czech Repub-
lic); May-Griinwald solution (eosin methylene blue solu-
tion, modified for microscopy) and Giemsa-Romanowski
(Dr Kulich Pharma, Hradec Kralové, Czech Republic);
Dulbecco’s Modified Eagle’s Medium, 4.5 g glucose
(DMEM high glucose; Carl Roth GmbH, Karlsruhe,
Germany), fetal serum and trypsin—ethylenediamine-
tetraacetic acid (Gibco, Prague, Czech Republic);
TrypLE™ Express solution (Gibco/ThermoFisher Scien-
tific, Denmark) and penicillin—streptomycin (10,000 U/ml
penicillin and 10,000 U/ml streptomycin; Lonza, Kourim,
Czech Republic). The chemicals and reagents used were all
of high analytical grade.

Balb/3T3c¢ mouse fibroblasts (3T3-L1) were purchased
from the European Collection of Authenticated Cell
Cultures, Great Britain (ECACC No. 86052701). The cell
cultures were kept in a subconfluent state in standard
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cell culture conditions (37°C, 5% v/v CO, and 95% humid-
ity; Heraeus electronic incubator, Germany). They were
maintained in complete DMEM (4.5 g glucose) containing
10% v/v fetal serum and 1% v/v penicillin—streptomycin
(10,000 U/ml penicillin and 10,000 U/ml streptomycin),
and were passaged at 1:10 ratio by using trypsin—EDTA
(1x).

Wastewater samples were collected in pre-cleaned
glass bottles. The samples were taken during maximal
hospital activity periods (09:00-13:00). One composite
sample was taken from each hospital following the
schedule of one sampling per hour during the interval of
09:00-13:00 inclusive (i.e. the five combined samplings
represent one composite sample). All collected hospital
wastewater samples were immediately placed on ice,
transported to the laboratory and frozen (—20°C) for sub-
sequent analyses.

The physicochemical characteristics of the samples
were determined according to standard methods: tempera-
ture (CSN 75 7342)°; pH (CSN ISO 10523)'%; conductivity
(ISO 7888)'"; dissolved substances (CSN 75 7346)'%; and
free and total chlorine (ISO 7393-2)."* The measurements
of temperature and free chlorine content were performed in
the field, in order to monitor their values during sampling.
The analyses of metals and iodine were performed as fol-
lows: total mercury concentration was determined by using
an atomic absorption spectrophotometer (AMA 254 Trace
Mercury Analyzer, Altec); total gadolinium, platinum,
lead, silver, aluminium and iodine concentrations were
determined by using an inductively coupled plasma mass
spectrometer (ICP-MS Elan DRC-e; Perkin Elmer). For the
determination of gadolinium, platinum, lead, silver and
aluminium, the water samples were used undiluted or
diluted up to 100x in 1% (v/v) nitric acid solution —
germanium, indium and rhenium were used as internal
standards. For the determination of iodine, the water
samples were diluted by a series of factors between
10x and 100x in 1% tetramethylammonium hydroxide
containing 0.02% Triton X-100 — tellurium was used as
the internal standard.

Unless specified, the samples were analysed without any
further processing. However, when necessary, the hospital
wastewater samples were passed through an appropriate
filter series (1.6 pm, 0.45 pm and 0.22 pm nylon filters)
or autoclaved (121°C for 1.5 hours). Wastewater samples
from five hospitals (referred to as H1-HS), located in the
central region of the Czech Republic, were evaluated by
using the methods described in the following sections.

Determination of cell viability: Neutral Red Uptake
assay
The method used was regulatorily accepted in EU member

states as DB-ALM Protocol No. 46."* Balb/c 3T3 fibro-
blasts were maintained in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with newborn calf serum
(10% v/v), subcultured in 96-well plates (1 x 10* cells/
well) and incubated for 24 hours at 37°C prior to use. The
cells were exposed to hospital wastewater samples (up to a
maximum of 1.3x DMEM dilution) for another 24 hours.
Neutral Red uptake (i.e. cell viability) was determined with
a fluorescence/luminescence reader FLx800TBI (BioTek,
Winooski, VT, USA). The viability of the wastewater-
exposed cells was expressed as the percentage viability as
compared to the baseline control (i.e. cells exposed to cul-
ture medium only).

Determination of cell viability: Nuclear morphology
assay

For the detection of nuclear morphological changes with a
fluorescence microscope, 3T3 Balb/c cells were incubated
in 6-well plates for 24 hours in standard DMEM and
exposed to non-processed (i.e. neither filtered nor auto-
claved) wastewater samples (up to a maximum of 1.3x
DMEM dilution) for another 24 hours. Then, they were
washed with phosphate buffered saline and stained with
SYBR Green. Fluorescent microscopy images were taken
with an Olympus BH2 RFCA microscope, photographed
with an Imaging Source camera and analysed with NIS
Elements (advanced imaging software; Nikon, Japan) and
PASW 18.0 (SPSS Inc., Chicago, IL, USA). Morphometric
parameters were determined for each single image of the
nucleus, and characteristic changes were determined for
approximately 200 cells from each hospital sample. The
data were compared with those from the control sample
exposed to double distilled water. The measurements were
calculated according to the following formulae or
definitions:

— area, as a principal size criterion;

— elongation, as a ratio of Max Feret and Min Feret
features, where the Max or Min Feret are the
maximal or minimal values of the set of Feret’s
diameters at different angles «;

— perimeter (as the total boundary measure), as calculated
from four projections in the directions 0, 45, 90 and 135
degrees by using Crofton’s formula: Perimeter = IT
(Pr0 + Pr45 + Pr90 + Pr135)/4;

— circularity = 4 II (area)/(perimeter)’;

— shape factor = 4 II (area)/(convex hull perimeter)?;
and

— roughness = (convex hull perimeter)/(perimeter).

Elongation is a useful feature by which to characterise the
shape of an object. Circularity equals 1 only in circles; all
other shapes are characterised by circularity smaller than 1.
Roughness indicates the degree to which the object is
rough; a value of 1 indicates minimal roughness. For the
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purposes of statistical analysis, the Nuclear Index (NI) was
defined as:

NI = —elongation + perimeter + circularity
+ shape factor + roughness

The selection of the measurement features used, and the NI
formula given above, were based on the results of dimen-
sion reduction (Principal Component Analysis) using
PASW 18 statistics and NIS Elements advanced image
software.

Determination of mutagenicity: Bacterial reverse
mutation assay (Ames test)

The Ames test was performed in accordance with OECD
TG 471."° Three Salmonella typhimurium tester strains
with point mutations (namely, a base pair substitution in
TA100, and a frameshift mutation in TA98 and in TA1535)
were used in the study. A cofactor-supplemented post-
mitochondrial fraction (S9 mixture), prepared from the
livers of Wistar rats treated with an enzyme-inducing agent
(the polychlorinated biphenyl, Delor), was used for model-
ling mammalian metabolic activation in the assay, and pre-
pared as follows: The experimental process for the
preparation of rodent liver homogenate was performed in
accordance with Directive 2010/63/EU" on the protection
of animals used for scientific purposes, and the validity of
the experimental project No. 46/2019 was approved by the
Ministry of Health of the Czech Republic.

Five days after Delor application, the animals were
sacrificed by cervical dislocation and the livers removed.
The tissue was placed in ice-cold sterile 0.15 M KCl solu-
tion (3 ml/1 g liver) and mechanically homogenised by
using a Potter-Elvehjem tissue grinder with a PTFE tip in
combination with a tube of borosilicate glass mortar, at a
maximal speed of 400 rpm and constant cooling of the tube
on crushed ice. The resulting mixture was centrifuged
(9000g for 20 minutes) and aliquots of the supernatant were
immediately frozen (—80°C). The preparation of the homo-
genate was performed under sterile conditions and at 4°C.
Prior to use, the protein content (mg) in 1 ml of homogenate
was determined by using a Pierce BCA Protein Assay Kit
(ThermoFisher Scientific, Prague, Czech Republic). The
optimal amount of homogenate for use in the S9 mixture
was determined, based on the responses of individual
strains to mutagens at different protein concentrations. In
our case, the protein content of the homogenate was
32 mg/ml, and 0.26 ml of the homogenate was used in
10 ml of S9 mixture (comprising also 4 mM NADP,
5 mM glucose-6-phosphate, 8 mM MgCl,, 33 mM KCI,
100 mM sodium phosphate, pH 7.4 and distilled water).

For the Ames test, the samples of wastewater were ster-
ilised by filtration (i.e. filtered water; FW). The material
left on the used filters was also evaluated (i.e. filter

extracts; FE). These samples were prepared by placing the
used filters in 15 ml DMSO on a shaker for 18 hours at 4—
8°C. The samples and the controls were tested in triplicate.
The dose-dependency of the mutagenic effect was
expressed as the Mutagenic Index (MI), which represents
the average number of revertants per sample plate divided
by the average number of revertants per negative control
plate. A sample eliciting at least a two-fold increase in the
number of revertants compared to that of the control was
considered to be mutagenic.

Determination of genotoxicity: Hen’s egg test for
micronucleus induction (HET-MN assay)

Fertilised eggs (COBB 500 and ROSS 308) were obtained
from a commercial hatchery (Habry, Czech Republic), and
placed in an upright position with the blunt end upper-most
and incubated vertically at 37.5 + 0.5°C, with a relative
humidity of 70.5 + 5.5%. The incubation commenced on
day 0 (D0), so D1 was considered to be an incubation period
of 24 hours. The test samples were applied at DS, as sug-
gested by Wolf et al.'” Six eggs were used per sample. Two
different cell lines were assessed: a) a line of definite ery-
throcytes (EII), consisting of immature erythroblasts, proer-
ythroblasts, early-, middle- and late-polychromatic
erythrocytes (PCEs), and mature normochromatic erythro-
cytes (NCEs); and b) a line of primitive erythrocytes (EI),
consisting exclusively of mature, normochromatic cells, at
least within the experimental window. The PCE/NCE ratio
was calculated as the quotient » = [percentage of PCE]/
[percentage of NCE (including EI)].

Determination of genotoxicity: In vitro Comet assay
with mouse 3T3 BALB/c fibroblasts

Microscope slides were first pre-coated with 1% w/v high
melting point (HMP) agarose dissolved in double distilled
water and placed in a drying oven for 30 minutes at 60°C.
An aliquot of 85 pl of 1% HMP agarose in PBS was applied
onto each of the pre-coated slides, covered with a coverslip
and placed in a refrigerator in order to enhance the setting
of the agarose. DNA damage was tested by using mouse
3T3 BALB/c fibroblasts according to the protocol
described previously,'® with the minor modification of the
cells being harvested with TrypLE™ Express solution
(applied for 15 minutes at 4°C).

Electrophoresis was performed at 300 mA and 0.73 V/
cm for 20 minutes at 4°C. Following completion of the
electrophoretic separation, the slides were carefully rinsed
twice with a neutralisation buffer (0.4 M Tris, pH 7.5) for
10 minutes at 4°C. The samples were stained with SYBR
Green and visualised with a fluorescence microscope
(Olympus BH2 RFCA). Photographs were taken with an
Imaging Source camera and scored with CometScore 1.5
software (TriTek, Wilmington, NC, USA).



Janousek et al.

37

Determination of genotoxicity: Chicken egg
genotoxicity assay (CEGA)

As indicated for the HET-MN assay described above, the
fertilised eggs were placed in an upright position with the
blunt end upper-most and incubated vertically at 37.5 +
0.5°C, in 70.5 + 5.5% relative humidity. The incubation
commenced on day 0 (D0), so D1 was considered to be an
incubation period of 24 hours. All injections were made
into the air-sac. The dose regimen consisted of a single
injection of hospital wastewater sample (10—100 pl) on
DS8. At the end of the experiment, on D10, the eggs were
opened and the fetuses were decapitated. The fetal abdom-
inal cavity was accessed and the liver removed, rinsed with
ice-cold PBS buffer containing 20 mM EDTA and 10% v/v
DMSO, minced into fine pieces with a glass pestle, filtered
through a nylon mesh and allowed to settle before Comet
assay procedures were initiated. Aliquots of the cell sus-
pensions were assayed immediately, following the proce-
dure described above for the Comet assay with mouse
fibroblasts.

Electron microscopic examination

Non-processed (i.e. neither filtered nor autoclaved)
hospital wastewater samples were centrifuged (10,000g,
60 minutes) and a 500 pl aliquot of the pelleted sediment
was placed on two formvar/carbon-coated TEM grids laid
onto parafilm, and allowed to stand for 20 minutes. The
grids were pre-treated with 1% w/v Alcian blue to increase
hydrophilicity. One of the grids was stained with a 2% w/v
aqueous solution of ammonium molybdate and the other
grid stained with a 2% w/v aqueous solution of uranyl
acetate. The grids were analysed under a transmission
electron microscope (Hitachi HT-7800, Hitachi, Tokyo,
Japan). For detailed phage classification, the following
morphometric parameters were determined:

— head diameter (hd; width perpendicular to the tail);
— head length (hl; along the tail axis);

— tail diameter (td); and

— tail length (tl).

Particles with tl <40 nm were classified as Podoviridae; for
viruses with longer tails, the td value was used to classify
them as either Myoviridae (td > 16 nm) or Siphoviridae (td
<16 nm), according to previously published morphometric
rules.”

Microbiome, bacteria, particle and cell counting

The method described by Smither®® for particle/bacteria or
microbe counts, and the filter paper method based on Mac-
Conkey agar plates,”' were used. The cells were counted
with a Model FN Coulter Counter (Beckman, Bromma,
Sweden).

Table I. Physical characteristics of the wastewater from the
different hospitals.

Parameter (unit) HI H2 H3 H4 H5

T (°C) 6.5 65 13.0 4.0 6.0
pH 791 751 788  7.65 7.8l
G (mS/m) 1163 869 979 8l.1  2380.0
ClI (mg/l) 0.04 008 020 0.08 0.14

HI-HS5 refer to the five hospitals sampled.

Data analysis

The differences between test sample and control groups
were analysed with a one-way analysis of variance
(ANOVA) test, and multiple pair-wise comparisons were
performed with the Sidak’s multiple comparison post-test.
The Chi-squared test, Student’s #-test and Mann—Whitney
test were used to verify the significance at p < 0.05. Statis-
tical analysis was performed by means of PASW 18.0 soft-
ware (SPSS Inc.).

Results

Cell viability and cytotoxicity determination

The hospitals featured in this study are described in detail
in our previous paper.?*> They are characterised according
to: the type of hospital; the number of beds; the volume of
wastewater produced; the type of wastewater discharged;
and the treatment/disinfection processes used. Thus, the
hospital wastewater samples (labelled H1-HS5) originated
from the same batches of wastewater sampled previously.*
Generally, there were no evident anomalies in the tested
physical properties of the hospital effluents HI-HS5, except
for HS conductivity being very high (see Table 1). With
regard to their chemical composition, it was evident that HS
had a higher level of ‘dissolved substances’, and that H2
had a higher iodine concentration relative to other samples
(see Table 2). This assessment of chemical composition
focused on selected elements, such as trace metals and/or
elements that represent high risk for human health.

In terms of cytotoxic effects to 3T3 BALB/c fibroblasts,
according to the Neutral Red Uptake assay, the tested waste-
water samples did not induce cytotoxicity (at up to a max-
imum 1.3x dilution of the culture medium), as depicted in
Figure 1. When the morphology of the 3T3 BALB/c fibro-
blasts exposed to the test samples was examined by micro-
scopy (Figure 2), cells with atypical patterns of nuclear
pyknosis or nuclei fragmentation were observed, suggesting
a significant cellular impact. In addition, the nuclear changes
detected were quantified according to the principles pro-
posed by Mandelkow et al.>* Briefly, apoptosis can ordina-
rily be demonstrated by the assessment of apoptosis-specific
molecular events like nuclear DNA fragmentation (e.g. ter-
minal deoxynucleotidyl transferase-UTP nick-end labelling,
caspase enzyme activity, or microscopic analysis of
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Table 2. Chemical composition of the hospital wastewater
samples.

Parameter (unit) HI  H2 H3 H4 H5

Total chlorine (mg/l) 0.06 0.53 042 >060 209
Dissolved substances (mg/l) 580 532 707 465 1970
Hg (ng/l) 148 050 <030 0.52 047
I (ngl) 130 1577 86 390 186
Ag (ugl) 058 0.09 004 0.15 092
Gd (ng/l) 1.55 275 0.5 501 I5I

Pt (ng/l) 0.17 0.05 045 O0.11 0.13
Pb (ng/l) 035 058 0.19 070 042
Al (mg/l) 371 1.82 133 200 237

HI-H5 refer to the five hospitals sampled. Only selected elements, i.e.
trace metals and/or those representing high risk for human health, were
assessed.

Hospital characteristics at the time of sampling (i.e. the type of hospital,
number of beds, volume of wastewater produced, type of wastewater
discharge, treatment and disinfection processes applied) are described in
our previous paper.”?

H2 H3 H4 H5

Figure l. The evaluation of hospital wastewater cytotoxicity to
3T3 BALB/c fibroblasts, by using the Neutral Red Uptake (NRU)
assay. 3T3 BALB/c fibroblasts were exposed to wastewater
samples from five hospitals (HI-H5) and cytotoxicity evaluation
was performed by using the NRU assay. The data are expressed as
the % of control (100% viability of cells in standard DMEM), and
are presented as the mean + SD of three independent
measurements.

% of control

H1

phosphatidylserine translocation to the outer face of the
cytoplasmic membrane). It is also possible to apply micro-
scopy techniques to detect apoptosis-specific nuclear
changes morphometrically. While apoptosis assays based
on molecular events are restricted to the assessment of a
single apoptotic stage, assays based on nuclear morphology
cover various stages — for example, early stages such as
chromatin condensation, as well as late and very late stages
(e.g. nucleus shrinking or the formation of apoptotic bodies).
Although membrane destruction is a universal indicator of
cell death and evidence of the cytotoxic effects of a com-
pound, it does not reveal the earlier mechanisms leading to
the cell death. Fluorescent microscopy was used in this study
to investigate changes to 3T3 BALB/c fibroblasts exposed to
hospital wastewater samples, with the aim of detecting
apoptotic-specific and/or necrotic modulations of cellular

nuclei. The data from the morphometric analysis are given
in Table 3.

Any observed nuclear fragmentation is an important
issue in relation to the results of the Comet assay. It has
previously been considered, for instance, whether the
Comet ‘ghost’ morphology was related to apoptotic or
non-apoptotic cells. It has been argued that only the latter
cells are repairable, and that apoptotic cells are not repair-
able due to the irreversible nature of the process.** In our
study, the wastewater-exposed 3T3 BALB/c fibroblasts
proliferated well, even under bacterial/microbiota over-
growth and under an antibiotic shield (i.e. 3T3 BALB/c
fibroblasts were always maintained in DMEM medium
containing 1% penicillin/streptomycin solution 10,000 U/
ml penicillin and 10,000 U/ml streptomycin). This observa-
tion may suggest a high rate of 3T3 BALB/c fibroblasts
proliferation or cell senescence (or both, at different stages)
during exposure to hospital wastewater. The nuclear frag-
mentation detected by microscopy might signal the pres-
ence of cytotoxic/genotoxic stressors, as well as the
occurrence of apoptotic/necrotic cellular growth modula-
tion, due to the bacterial overgrowth of the cell culture.

Genotoxicity and mutagenicity testing

In order to evaluate the genotoxic hazard of hospital waste-
waters, the in vitro Comet assay and the bacterial reverse
mutation assay (Ames test) were carried out. Genotoxicity
is a term that refers to the ability of a xenobiotic to interact
with DNA and/or the cellular apparatus that ensures the
integrity of the genome (i.e. DNA, spindle apparatus and
enzymes involved in the maintenance of the genetic mate-
rial). On the other hand, mutagenicity refers to the induc-
tion of permanent transmissible changes in the structure of
the genetic material of cells or organisms. These changes
may involve a single gene or a block of genes, such as a
given chromosome segment. To assess genotoxicity and/or
mutagenicity, different possibilities must be considered —
for example, besides the induction of point mutations, a
compound can induce changes in chromosome number
(e.g. polyploidy or aneuploidy) or structure (e.g. breaks,
deletions, rearrangements). Mutagenicity/genotoxicity test-
ing includes the assessment of DNA primary damage that
can be repaired and is therefore reversible, as well as the
detection of stable and irreversible damage (i.e. gene muta-
tions and chromosome aberrations) that can be transmissi-
ble to the next generation if it occurs in germ cells.

There was no mutagenic effect evident for any of the
hospital wastewater samples, when tested in the bacterial
reverse mutation assay (Ames test) at a dose level of 100 pl
per plate. None of the water samples induced a greater than
two-fold increase in the number of revertants, as compared
to negative controls, in any of the three histidine-deficient
strains of Salmonella typhimurium used, with or without
metabolic activation. The Mutagenic Index (MI) values



Janousek et al. 39

Figure 2. Examples of the morphological appearance of 3T3 BALB/c fibroblasts after exposure to hospital wastewater. Images show:
(a) control nuclei; (b) nuclear blebbing; (c) different forms of nuclei fragmentation; (d) nuclear line membrane disintegration; (d)
multinucleated cell formation; (f) large nuclear blebs with chromatin super-aggregation. SYBR Green stain, scale bar = 5 um, original
magnification = 400x.

Note: The colour version of this image is available online.

Table 3. The morphometric features of 3T3 BALB/c fibroblast nuclei following exposure to hospital wastewater samples.

Morphometric feature  Control (DW) HI H2 H3 H4 H5

Area 6.32 + 2.84 334 + 3.78FF 232 + 415 414 + 4067 354 + 4.77F% 321 + 4.95%
Perimeter 9.53 + 293 597 + 5.84%* 463 + 5.28¥* 718 £+ 533 627 + 5.89FF 552 + 570%kk
Circularity 0.83 + 0.13 0.79 + 0.20* 0.72 + 0.23% 0.76 + 0.25%* 0.7]1 £+ 0.24** 0.73 £+ 0.23***
Elongation 1.37 £ 041 196 + 4.11 2.00 + 3.90 1.87 + 3.96 2.24 + 5.04* 1.59 + 053
Shape factor 091 + 0.16 0.89 + 0.16 0.84 + 0.20% 0.87 + 0.18 0.83 + 0.20%* 0.85 + 0.I8%*
Roughness 095 + 0.05 0.90 + 0.10%* 0.88 + 0.08* 0.89 + 0.1 0.89 + 0.09% 0.88 + 0.09**
¥ NP 1086 + 290 6.60 + 7.02*% 5.08 + 6.18%* 7.83 + 6.62%* 647 + 7.51"* 6.39 £+ 5.63**

HI-H5 refer to samples from the five hospitals sampled; double distilled water (DW) was used as the control sample.

*Nuclear Index (NI) = —Elongation + Perimeter + Circularity + Shape factor + Roughness. Data are shown as mean + SD (n = 3); each group
consisted of 200 cells approximately. ANOVA statistics for NI: F-ratio = 29.58; significance between groups p < 0.001. All values shown are mean + SD
(n = 3); % < 0.05, *p < 0.0l and ***p < 0.001 (asymptotic significance compared to control).
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Table 4. Mutagenic Index (Ml) values of the different hospital wastewater samples.

TA98 TAI00 TAI1535
S9— S9+ S9— S9+ S9— S9+
HI FW 1.03 0.97 1.25 .14 1.12 0.96 0.99 1.01 1.20 1.03 0.92 1.24
FE 1.18 1.00 0.87 1.22 1.22 0.93 1.10 0.96 0.79 1.23 .16 1.73
H2 FW 1.23 0.80 1.35 0.93 1.13 1.04 1.13 1.21 0.80 0.86 1.25 0.76
FE 1.48 1.18 0.99 1.27 1.08 1.01 1.04 .11 0.91 1.38 0.92 1.45
H3 FW 1.30 1.10 1.22 1.07 0.92 1.09 1.00 1.20 1.00 1.04 1.35 1.13
FE 1.34 1.06 .16 1.37 1.01 .12 1.00 1.00 0.66 1.38 1.13 0.91
H4 FW 1.38 0.95 1.22 1.21 1.17 1.19 1.03 1.03 0.86 0.76 1.12 1.32
FE .19 .16 0.89 0.91 1.24 1.21 1.06 1.03 0.72 1.74 1.00 1.03
H5 FW 1.03 0.90 1.12 1.10 0.98 1.09 .16 0.99 0.8l 0.87 0.80 1.02
FE 0.8l 0.99 1.22 1.08 1.04 0.97 1.20 0.90 1.12 1.48 0.83 0.95

HI-HS5 refer to the five hospitals sampled in the study. FW = filtered water; FE = filter extract.

S9—: without metabolic activation (samples with 0.5 ml buffer); S9+: with metabolic activation (samples with 0.5 ml S9 mixture). The two columns of
data underneath each S9— or S9+ heading represent two independent experimental runs.

Positive control Ml values (Ml values of > 2 are considered to be mutagenic.):

TA98 (S9—): 4-nitro-o-phenylenediamine, 10 ug/100 pl, in the range of 24.4-39.3

TA98 (S9+): 2-aminofluorene, 5 ug/100 pl, in the range of 56.9-89.6
TAI100 (S9—): sodium azide, 5 ng/100 pl, in the range of 13.3-14.7
TAI100 (S9+): 2-aminofluorene, 5 ng/ 100 pl, in the range of 13.8—16.4
TAI1535 (S9-): sodium azide, 5 png/100 pl; in the range of 33.3—64.2

TAI1535 (S9+): cyclophosphamide, 5 mg/100 pl; in the range of 26.8—44.5

Table 5. Characteristics of DNA damage in the population of 3T3 BALB/c fibroblasts exposed to hospital wastewaters, as assessed in

the in vitro alkaline Comet assay.

Comet

parameters

assessed DW HI H2 H3 H4 H5

Cells observed (n) n = 666 n =830 n = 827 n =748 n =895 n=719

% DNAinhead  96.14 + 876 87.17 + 11.43% 86.42 + 20.63% 90.97 + 18.70% 8].I5 + 24.67* 90.36 + 16.25%*
% DNA in tail 385 + 2.76 12.82 + 543 |3.57 £+ 7.63%*  9.02 + 870%* 1885 + 14.64* 9.60 + 624
Tail length (mm) 280 + 1.95 11.27 £+ 9.35%* [3.70 + 12.00%* 9.86 + 10.68%* 2453 + 17.05%* 8.93 + 10.70%"*
Tail moment 075 + 3.59 17.93 £+ 9.87% [7.78 + 9.61** 1291 + 8.14%* 2365 + 9.10%* 159 + 4.10
Olive moment 1.14 + 1.16 1045 + 4.16%* 11.2]1 + 520"  7.65 + 5.18%* .07 + 2.20 .11 + 218

¥ CDIP 470 + 1871 39.65 + 10.5% 4270 + 1031 30.42 + 10.97 63.35 + 12.7]* [8.97 + 4.73*

?Comet Damage Index (CDI) = tail length (im) + tail moment + olive moment. Data are shown as mean + SD of each group exposed (H1-H5, with
respect to the control DW = double distilled water). TriTec CometScore |.5 software was used for the Comet parameter calculations.
ANOVA statistics: F-ratio = 43.17; significance between groups p < 0.001. All values are shown as mean + SD in triplicates; *p < 0.05, **p < 0.0l and

*#%p < 0.001 (asymptotic significance compared to control).

recorded were in the range of 0.9—1.7; therefore, the samples
were considered to be non-mutagenic. The detailed data are
shown in Table 4. It is important to stress here that, before
the bacterial reverse mutation assay was performed, the hos-
pital wastewater samples had to be sterilised (or filtered)
because of unspecified bacterial presence. This disqualifies
the use of the Ames test for hospital wastewater testing
without further laboratory processing of the collected
samples. However, numerous previous studies”~° have
shown that potential genotoxic effects were not successfully
detected as a result of such sample filtration, which may lead
to the removal of the toxicants. In this study, analogous
effects (i.e. negative results) were also evident following
autoclaving of the wastewater samples.

Contrary to the results of the Ames test, the results from
the in vitro alkaline Comet assay showed a genotoxic
impact of hospital effluents on 3T3 BALB/c mouse fibro-
blasts. Parameters such as % DNA in head, % DNA in tail,
tail moment or olive moment, were determined by using
TriTec CometScore 1.5 software (see Table 5). However,
the Comet assay data indicated that any potential genotoxic
effects were only apparent in the hospital wastewater sam-
ples that had not been subjected to further processing. Thus,
when the samples were passed through an appropriate filter
series (1.6 pm, 0.45 pm and 0.22 pm nylon filters) or auto-
claved (at 121°C for 1.5 hours), the results of the Comet
assay with the 3T3 BALB/c mouse fibroblasts were nega-
tive. Furthermore, the CEGA and the HET-MN assay also
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Table 6. Erythroid cell suppression and micronuclei induction in chicken embryos exposed to hospital wastewater (HET-MN assay).

PCEearly PCE middie PCEppce NCE El PCE/NCE MNEII
Sample (% +SD) (% + SD) (% + SD) (% + SD) (% + SD) (ratio) (%o + SD)
NC 07 + 0.1 43 + 07 338 + 0.7 56.1 + 1.5 84 +06 059 + 0.l 1.0 + 03
PC 03 £ 0.1% 15+ 0.5% 0.1 + 0.9 823 & |.I*® 48 4 |20 014 & 0.1% |27 + | g
HI 24 + 0.6 35+ 09 159 + LI 724 + 1.8 58 4 1.3* 021 + 0.2% 3.7 + 0.6%
H2 44 + 08% 254 08 149 + 129 714 + 155 68 + 09%  0.16 + 0.I* 27 + 0.9%
H3 34 £ 085 25+ LI* 253 & LI 707 £ L9 62 + 2.1% 021 + 0.3* 33 + 0.9%
H4 44 1 099 15 4+ 0.3 289 4+ 2% 697 + |.2% 59 + 08 025 + 02* 47 + 0.3%
H5 34 £ 095 15+ 045 229 & LI 734 £ 17% 68 4 09 020 + 0.I* 42 + 0.3+

HI-HS5 refer to the five hospitals sampled in the study. All values are shown as mean + SD in triplicates; *p < 0.05, **b < 0.0l and ***p < 0.001
(asymptotic significance compared to control; Mann—-Whitney, one-sided test). Double distilled water was used as the negative control (NC), and

100 mM methylmethane sulphonate as the positive control (PC).

El = primitive erythrocytes; Ell = definite erythrocytes; PCE = proerythroblasts (early-, middle-, and late-polychromatic, as indicated); NCE =
normochromatic erythrocytes; PCE/NCE = ratio percentage of PCE/percentage of NCE (including El); MNEIl = micronucleated Ell.
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Figure 3. An overview of the results obtained with chicken egg genotoxicity assay (CEGA). The Comet assay was performed with
embryonal chicken hepatocytes (CEGA). Parameters of tail length, % DNA in tail, olive and tail moments, were used to assess the
extent of DNA damage in liver cells exposed to non-processed hospital wastewater samples (H1-H5) and double distilled water
control. Data are shown as mean + SD of each group exposed (HI-H5, with respect to the control), six eggs comprised each
experimental run. ANOVA statistics: F-ratio = 53.12; significance between groups p < 0.001.

confirmed the genotoxic potential of the non-processed
wastewater samples, but not of the further processed ones
(i.e. those filtered or autoclaved). The results of the HET-
MN assay and the CEGA, with the non-processed (i.e.
neither filtered nor autoclaved) wastewater samples, are
summarised in Table 6 and Figure 3, respectively. More-
over, when chick embryos were exposed to the non-
processed hospital wastewaters, nearly all embryos died
within 72 hours of exposure to a single dose of wastewater
sample (data not shown).

Microbiota examination

A simple screening for possible microbial contamination of
the tested hospital wastewater samples, by means of

bacteria cluster counting (Coulter Counter method) and
with the filter paper method for the detection of transferred
bacteria on MacConkey agar plates, revealed significant
bacterial and other microbial contamination.

Appropriate dilutions of hospital wastewater samples
were prepared in order to obtain microbe/particle initial
concentrations of around 1000, 10,000, 50,000 and
100,000 microbe/particles per millilitre. The filter paper
strips were dipped into each of these dilutions and the foot
of the strip was placed on a MacConkey agar plate. After
incubation for 24 hours at 37°C, the number of colonies in
the inoculated area was counted. The number of colonies
counted in each area was closely related to the microbe/
particle count in the wastewater sample. The results of the
filter paper transfer method and the Coulter Counter
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Figure 4. Relationship between the number of colonies formed on a MacConkey agar plate and the number of microbes/particles per
ml of wastewater, as determined by the Coulter Counter method. HI-H5 refer to the five hospitals sampled in the study. Deter-

mination in triplicate of 1000, 10,000, 20,000, 50,000 and 100,000 microbes/particles per ml, as determined by the Coulter Counter
method (double distilled water was used as the control). The mean difference between groups (multiple comparisons); p < 0.001 (one-

way ANOVA).
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Figure 5. Microbe/particle counts of non-processed hospital
wastewaters before and after a 24-hour incubation period at
37°C, as evaluated by the Coulter Counter method. Determina-
tion of the microbe/particle count per ml of each hospital was-
tewater (samples tested in triplicate; control = double distilled
water). Paired sample t-test, significance (2-tailed), p < 0.001. HI—
H5 refer to the five hospitals sampled in the study.

method are shown in Figures 4 and 5, respectively. In addi-
tion, a plethora of microbiota were observed by means of
brightfield microscopy and TEM. A range of bacteria, such
as Escherichia coli, Pseudomonas aeruginosa, Enterococ-
cus faecalis, Staphylococcus, as well as fungal entities such
as Aspergillus flavus and Candida albicans, were detected.
Finally, a simple morphotype identification of filamentous

Table 7. Morphological characteristics of the filamentous phage
identified in the wastewater samples.

Phage
Myoviridae Siphoviridae Podoviridae
Hospital R SD R SD R SD
HI 0982 0.113 1.197 0.195 [1.010 0.145
H2 1.145 0.144 1.082 0.100 n.d. nd.
H3 1.095 0.142 1.053 0.132 1.033 0.289
H4 1.047 0.195 1.659 0866 1.156 0.195
H5 1.143 0.140 nd. n.d. nd. nd.

HI-HS5 refer to the five hospitals sampled in the study. The morphological
characteristics, namely the ratio between head length/head diameter (R),
was used to identify the type of filamentous phage. n.d. = not detected; SD
= standard deviation. ANOVA statistics: F-ratio = 3.58; significance
between groups p = 0.031.

phage was performed, in order to compare their incidence
in the individual hospital wastewater samples (see Table 7
and Figure 6). Examples of the biodiverse microbiota, as
detected by electron and bright field microscopy in the
hospital wastewater samples, are illustrated in Figure 7.

Discussion

In our previous publication, we studied the potential ecotoxi-
city of hospital effluents.” In this current study, we obtained
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Figure 6. The incidence of filamentous phage particles in the
hospital wastewater samples. HI-H5 refer to the five hospitals
sampled in the study. According to the previously published
morphometric rule,'” particles with a tail length (tl) < 40 nm were
classified as Podoviridae, and the tail diameter (td) measurement
was used to classify viruses with longer tails as Myoviridae (td >
16 nm) or Siphoviridae (td < 16 nm). Chi-squared tests, asymptotic
significance (2-sided) p < 0.001.

additional data about the potential hazards of the hospital
wastewater by using a broader battery of in vitro biomoni-
toring assays that are relevant to human health effects. The
evaluation of cytotoxicity is considered to be a useful initial
step in determining the potential genotoxicity of a test sub-
stance.?” Confirmed cytotoxicity is often considered in asso-
ciation with the concentration at which an increased
incidence of genotoxicity or enhanced mutation frequency
occurs. This means that genotoxic compounds commonly
show positive effects in in vitro genotoxicity assays at low
levels of concurrent cytotoxicity. For example, the upper
limits of cytotoxicity have been defined as a greater than
50% reduction in cell number or culture confluency, or
50% inhibition of the mitotic index. On the other hand, a
high cytotoxicity of a tested compound may disqualify its
genotoxicity results (as being non-relevant or threshold
results). This phenomenon may frequently be associated
with a compound that is cytotoxic as a result of its indirect
action on DNA — for example, when a compound is above a
certain critical level, it might affect DNA by mechanism(s)
and cellular physiological processes that may not be opera-
tive at doses below that critical threshold. To distinguish true
genotoxins from those acting indirectly in this manner, the
detailed quantitation of cytotoxicity is a necessity.

In this study, no cytotoxic effects on the proliferation of
mouse 3T3 BALB/c fibroblasts were apparent, for either the
further processed or non-processed hospital wastewater sam-
ples. It should be noted here that some differences were
observed regarding the physical parameters and inorganic
element composition of the individual hospital wastewater
samples tested, namely: conductivity; ‘dissolved substances’;
and iodine concentration. In this respect, the conductivity and

‘dissolved substances’ content of H5, as well as the iodine
concentration of H2, were relatively higher than the other
samples tested. Moreover, it is noteworthy that the aluminium
levels (at 1.3 to 3.7 mg/ml) were found to be high in all of the
hospital samples tested (H1-HS), as compared to the levels of
the other inorganic elements analysed (Hg, I, Ag, Gd, Pt and
Pb). Aluminium has long been utilised in various medical
applications — for example, as an adjuvant in vaccines and
as an inert metal coating for medical surfaces.

Iodine concentrations in the hospital wastewaters were
found to be in the range of 86 to 1577 pg/ml, and this could
originate from various iodine treatment procedures in the
clinical setting. Neither aluminium nor iodine levels
exceeded the EQS (Environmental Quality Standard),
according to Government Regulation No. 401/2015 Coll.*®
for wastewaters discharged into surface water. Hospital
wastewater is destined to become drinking water after pas-
sage through a water treatment plant, and as such the con-
centrations of both of these elements (aluminium and
iodine) should be carefully monitored. In general, although
higher levels of iodine exposure may occur in specific
instances, extended periods of exposure to this element are
still thought to be unlikely, and a guideline value for daily
iodine exposure has not been recommended as yet. How-
ever, an adequate iodine intake of between 70 and 200 pg/
day, and upper total intake levels of 1100 pg/day, have
been proposed by the World Health Organisation.*’

To monitor processes in the wastewater treatment plant,
conductivity estimates can be used as an indicator of water
quality (for guidance), especially as a function of the
amount of dissolved salt.>* A high conductivity estimate
is commonly associated with corrosion in the sewage pipe
network,?! and microbial nutrient removal has also been
proposed to reduce the conductivity of wastewater through
the reduction of inorganic species such as phosphate,
nitrate, carbonate, bicarbonate, chloride and sulphate.3 2,33
Nevertheless, the abundance of microbiota and bacterioph-
age, in association with urine and faecal contamination,
may affect the levels of inorganic or organic elements
(including solid particles) in hospital wastewater. Waste-
water treatment plants are relatively able to reduce the
presence of bacteria in their final product of effluent water.
However, any genetic material or phage present can escape
such treatment. Virions cannot ordinarily be removed by
conventional filter systems designed for bacterial removal.
Some extent of virus removal through filtration systems is
possible, if they are closely attached to bacteria or to solid
particles. For example, most wastewaters entering a treat-
ment plant contain a bacteriophage load of between 10° and
10® plaque forming units (pfu) per litre.**>” Through con-
ventional treatments, these numbers can still be reduced
significantly. It has been shown that certain phage (e.g.
coliphage) are more sensitive to filtration processes than
the majority of other phage.*® While the current technolo-
gies implemented in wastewater plants are efficient in
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Figure 7. The biodiversity of the hospital wastewater microbiota, as detected by TEM and bright field microscopy. TEM and bright field
microscopy (BFM) examination of hospital wastewater, showing: a) Indications for phage morphology parameter measurement (TEM);
(b) bacterial overgrowth of a 3T3/c mouse fibroblast culture (BFM); c) phage morphotype detection (TEM): namely, Inoviridae [1], a
Cystoviridae fragment [2], Fuselloviridae [3], Siphoviridae [4], and Microviridae [5 and 6]; (d) Aspergillus flavus with conidia and conidiospores
in DMEM culture (BFM); e) viral infection and bacteria lysis (TEM); (f) 3T3/c BALB fibroblast with nucleolus (BFM). Uranyl acetate stain
was used for images (a), (c) and (e); Giemsa-Romanowski stain was used for images (b), (d) and (f).

Note: The colour version of this image is available online.

removing most bacterial species, it is evident that bacter-
iophage survive the treatment processes, thus affecting the
bacterial infection load of the wastewater.

Genotoxicity and mutagenicity of hospital wastewater

No single in vitro or in vivo test for the detection of muta-
genicity or genotoxicity can adequately detect gene muta-
tions as well as structural and numerical chromosomal
damage. Therefore, a battery of tests usually needs to be
applied. Numerous OECD-validated in vitro methods are
currently available to evaluate genotoxic effects in somatic
cells, and many of these methods have practical relevance
in regulatory safety assessment.>

One highly effective tool for the evaluation of geno-
toxicity is the Comet assay (or ‘single cell gel electro-
phoresis’), which is a very sensitive test that can be
performed with any type of eukaryotic cell, as long as it
can be individually isolated. The alkaline (pH > 13) Comet
assay was developed to permit the detection of DNA
single-strand breaks, alkali-labile sites, DNA-DNA or
DNA-—protein cross-linking and single-strand breaks related
to incomplete excision repair sites.** Compared to other
genotoxicity tests, the major advantage of this assay is its
high sensitivity for the detection of very low levels of
DNA damage.*! When the Comet assay was performed
in the current study, both with 3T3 BALB/c fibroblasts
and embryonal chicken hepatocytes (CEGA), overall
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positive outcomes indicative of genotoxicity were obtained
with all tested groups and both cell types.

With regard to mutagenicity testing with the Ames test,
none of the hospital wastewater samples tested exhibited
any mutagenic effects. Analogous findings have been docu-
mented in other studies.*> However, numerous studies have
proposed that any potential mutagenic effects of hospital
wastewaters perhaps remained undetected because of sam-
ple filtration, which may lead to the removal of toxicants.**
It is likely that this crucial phenomenon might have simi-
larly affected the results of the Ames test in the current
study. The hospital wastewater samples had to be further
processed prior to the assay, by passing through an appro-
priate filter series because overgrowth by unspecified
microbial contamination that otherwise occurred. One final
important point to consider is that, with regard to the results
of the Comet assay and Ames test, one should keep in mind
that a species-specific response to toxicity exists. The bac-
terial response to toxicity is a mutation to adapt and sur-
vive, whereas the mammalian cell default reaction to
toxicity is predominantly cell death.**

Chicken embryo exposure

In contrast to other ‘animal-free’ micronucleus assays, the
physiological conditions of the incubated hen’s egg are more
similar to the conditions present in mammals than those of
any other in vitro systems. The incubated hen’s eggs are used
to monitor micronucleus induction in erythroid cells formed
in the yolk sac. This approach provides a simple and rapid
indirect measure of induced structural and numerical chromo-
some aberrations.'” Here, a significant increase in the number
of micronuclei in circulating peripheral erythrocytes was
detected after exposure to the non-processed (i.e. neither fil-
tered nor autoclaved) hospital wastewater samples. The onset
of fetal erythropoiesis might be an alert signal for potential
cytotoxic effects. In the current study, this was demonstrated
by an increased frequency of polychromatic definitive ery-
throcytes (PCE). However, the appearance ofa disproportion-
ate increase in the frequency of PCE.,1, among the PCEyy,,
middle/late POpUlation might be a significant endpoint along the
continual decrease in the PCE/NCE ratio that is used as a
proliferation marker. This ratio can also indicate chromoso-
mal instability and signal potential micronuclei formation.
These positive outcomes might indicate both inherent meta-
bolic activity and an incompetency of the chicken embryo
immune system during the early incubation periods.

A low chicken embryo survival rate was continually
apparent in this assay, despite the fact that no cell cytotoxi-
city was detected in mouse 3T3 BALB/c fibroblast cul-
tures. Nearly all of the chicken embryos died within
72 hours post-exposure, and this high mortality rate follow-
ing exposure to further non-processed hospital wastewater
is particularly worrying. Indeed, exposure to hospital was-
tewater involves potential contact with a number of

unknown pathogens and toxins, and while acute or suba-
cute effects are well-known, the evidence related to long-
term exposure is less clear.

When 3T3 BALBY/c fibroblast cultures were visualised
under the microscope, a plethora of microbial entities was
apparent. Particularly, the identification of Aspergillus fla-
vus contamination could be a potential life-threating issue,
and this could perhaps be the reason for the early fetal
chicken mortality and embryotoxicity. Fungi are known
to occur widely in wastewaters, and Aspergillus spp. is the
second most common isolate identified during sewage
treatment.*> Health hazards associated with the inhalation
of wastewater aerosols, including those containing the con-
idia of Aspergillus spp., have been reported.*® Aflatoxin B1
is produced by two specific Aspergillus spp., and exposure
may result in severe health problems, including cancers
arising from mutagenesis and carcinogenesis. One of the
main mechanisms of aflatoxin Bl-induced carcinogenesis
is its biological activation and interaction with DNA.*
Aflatoxins are highly thermostable. However, studies have
shown that aflatoxin B1 levels are significantly reduced
by heating at temperatures between 100 and 150°C for
90 minutes. Our data support this observation, since
chicken embryos that were exposed to hospital waste-
water samples that had been further processed by auto-
claving at 121°C for 1.5 hours, had a markedly improved
survival rate.

The impact of the microbiota

As mentioned above, in contrast with the poor survival rate
exhibited by the exposed chicken embryos, no cytotoxic
effects were detected in in vitro tissue cultures. The 3T3
BALB/c fibroblasts proliferated well, even in the presence
of bacteria overgrowth and under an antibiotic shield, as
was demonstrated microscopically. In some respects, expo-
sure to microbial contamination can in fact be considered
as exposure to microbial exotoxins and endotoxins. The use
of pharmaceuticals in hospitals, including antibiotic and
cytostatic drugs, can lead to the release of residues of these
and other drugs into the environment, and this could pro-
mote the development of antibiotic resistant bacteria.*® In
this study, the filter paper method for the detection of bac-
teria on MacConkey agar demonstrated the survivability of
a range of bacteria in hospital wastewater disinfected prior
to release by a chlorination treatment. TEM microscopy
examination documented an extensive microbiota contam-
ination in the hospital wastewaters sampled.

A difference was identified between the incidence of the
Myoviridae phage family (which was generally more pre-
valent) and that of Siphophiridae or Podoviridae families.
In particular, none of the latter two phage types were iden-
tified in the samples from hospital HS. This might indicate
a higher resilience of Myoviridae virions and/or a greater
resistance of their bacterial hosts to the disinfection
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treatment. In a study into the biodiversity of bacteriophage
in urban sewage,*’ the Myoviridae family were more fre-
quently evident than other phage types, under conditions
that were potentially challenging to their respective host
bacteria.

Such challenging environmental conditions may affect
not only the survivability of phage and bacterial species but
also their diversity. Bactericidal treatments, including
chlorination, decrease the survivability of bacteria and les-
sen the infection load of the wastewater. However, a frac-
tion of the bacteria may still survive the disinfection
treatment. Moreover, bacteriophage can also survive the
disinfection processes and remain able to infect the micro-
biota, transfer resistance genes and establish a reservoir of
antibiotic resistant bacteria.’® Phage can not only kill bac-
teria, but can also alter their pathogenicity, lending them
virulence while acting as prophage.’’ Phage themselves
can carry virulence genes and non-phage DNA is fre-
quently packaged in phage capsids and transferred into
other bacteria upon downstream phage infection.

Furthermore, microbial entities may generate free radi-
cals that cause nuclear genomic damage. This damage
may involve a single gene or a block of genes. It is
well-known that protein genotoxins can target cellular
DNA, causing single and double strand breaks. Keeping
in mind that the chlorinated hospital wastewater that is
discharged to urban sewage or other water flow systems
was tested in this study, the results obtained require appro-
priate attention. In view of the evident surviving micro-
biota, and presumably the presence of microbiome
residues, including genes encoding antibiotic resistance,
the potential inadequacy of current disinfection proce-
dures needs further elucidation and more in-depth study.
Culture-independent methods, such as direct DNA
sequencing, can be used to reveal the entire toxin or
microbiome profile of hospital wastewater. In addition,
as this study shows, in vitro cell-based models are feasible
and appropriate, and as such could be used for these types
of studies.

Conclusions

All the hospital wastewater samples tested in this study
could be classified as potentially genotoxic with respect
to the results of individual in vitro assays, except the bac-
terial reverse mutation test (Ames assay). However, the
performance of this assay was strongly limited by the pres-
ence of bacterial contamination, with the procedures nec-
essary for its removal potentially interfering with the assay
results obtained. The microbial contamination in the sam-
ples appeared to play a particularly important role in the
chicken embryo assay (CEGA). The relatively high fre-
quency of nuclear abnormalities could be considered to
be a significant indicator of chromosomal instability,
potentially leading to pre-mutagenic lesions and

genotoxicity risk. Moreover, the overall positive results
of the mammalian in vitro Comet assays in this study could
be readily linked to these observations.

Based on an in-depth understanding of in vivo and in
vitro toxicological processes, new specific toxicological
endpoints should be defined, in order to facilitate an
expanded evaluation of the issues and concerns arising
from this study. The implementation of an efficient and
robust in vitro testing strategy, based on molecular methods
(such as specific, multiplex and real-time PCR, DNA
sequencing, hybridisation techniques, etc.) is urgently
needed. For screening purposes, however, in vitro biomo-
nitoring assays, which assess genotoxicity without any
prior knowledge of each toxicant’s identity and/or its phy-
sicochemical properties, could be reasonably applied. Nev-
ertheless, with regard to the in vifro genotoxicity testing of
wastewater, it is important to consider the potential differ-
ences between results obtained from further processed (i.e.
filtered or autoclaved) and non-processed samples, as
demonstrated in this study. Finally, it must be mentioned
that adequate public health and environmental policies
should be established, in order to properly evaluate and
ensure hospital wastewater safety, both to humans and the
wider environment.
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Summary

The Fish Embryo Acute Toxicity (FET) Test was adopted by the
Organisation for Economic Co-operation and Development as
OECD TG 236 in 2013. The test has been designed to determine
acute toxicity of chemicals on embryonic stages of fish and
proposed as an alternative method to the Fish Acute Toxicity Test
performed according to OECD TG 203. In recent years fish
embryos were used not only in the assessment of toxicity of
chemicals but also for environmental and wastewater samples. In
our study we investigated the acute toxicity of treated
wastewater from seven hospitals in the Czech Republic. Our main
purpose was to compare the suitability and sensitivity of
zebrafish embryos with the sensitivity of two other aquatic
organisms commonly used for wastewater testing — Daphnia
magna and Aliivibrio fischeri. For the aim of this study, in
addition to the lethal endpoints of the FET test, sublethal effects
such as delayed heartbeat, lack of blood circulation, pericardial
and yolk sac edema, spinal curvature and pigmentation failures
were evaluated. The comparison of three species demonstrated
that the sensitivity of zebrafish embryos is comparable or in some
cases higher than the sensitivity of D. magna and A. fischeri. The
inclusion of sublethal endpoints caused statistically significant
increase of the FET test efficiency in the range of 1-12 %. Based
on our results, the FET test, especially with the addition of
sublethal effects evaluation, can be considered as a sufficiently
sensitive and useful additional tool for ecotoxicity testing of the
acute toxicity potential of hospital effluents.

Key words
Fish Embryo Toxicity (FET) test e Hospital wastewater  Acute
toxicity e Aquatic organisms e Sublethal endpoints
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Introduction

The Fish Embryo Acute Toxicity Test (FET test)
was adopted by the Organisation for FEconomic
Co-operation and Development as OECD TG 236 in
2013 (OECD 2013). The method using fish embryos as
the testing organisms has been primary designed to
determine acute toxicity of chemicals. Fish embryos as
non-feeding developmental stages are not categorized as
protected vertebrates according to the European Directive
2010/63/EU on the protection of animals used for
scientific purposes (European Parliament and Council
2010). Therefore, the FET test is considered as
an alternative to experiments with adult fish with a good
correlation with the Fish Acute Toxicity Test by OECD
TG 203 (OECD 2019) as reported in studies by Lammer
et al. (2009) and Dang et al. (2017). Recently, its use has
been extended also to the assessment of complex
mixtures (e.g. environmental samples, wastewater (WW),
construction products). The zebrafish embryos represent
a useful model with a wide range of possible applications
in environmental hazard and risk assessment (Scholz
et al. 2008). However, the FET test sensitivity to
substances is variable and its applicability domain has not
yet been fully defined (Dang ef al. 2017, Sobanska et al.
2017).

Hospital wastewater (HWW) is a source of
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diverse pollutants which may have negative impact
mainly on the aquatic environment (Pérez-Alvarez et al.
2018). Hospital higher
ecotoxicological potential than urban wastewater (Laquaz
et al. 2017). This fact is due to the content of wider
spectrum and higher quantity of pharmaceutical
compounds (Santos ef al. 2010, Wiest ef al. 2018) and
other chemicals. In their review Orias and Perrodin
(2013) highlighted a great diversity of the substances
present within hospital effluents, and in some cases their

effluents are prone to

high ecotoxicity. Due to the requirements of the EU
Water Framework Directive (European Parliament and
Council 2000), the quality of surface waters in the EU has
been constantly improving in recent decades. One of the
main objectives is to improve the treatment processes at
WW treatment plants aiming to significantly reduce the
discharge of undesirable substances, including
pharmaceuticals, pesticides, industrial substances and
human care products. Although HWW is mostly treated
by WW treatment plants before discharge into the sewage
system or the environment, numerous pharmaceuticals
and other chemicals are insufficiently removed during
treatment and end up in surface water (Wigh et al. 2016,
Vilitalo et al. 2017). Therefore, in our research we
investigated HWW to evaluate the efficacy of the
processes within the Czech Republic.

Moreover, WW samples were selected from different

treatment

hospital types and sizes with the intention to consider the
variability of their composition.

In the review focused on conventional and
alternative bioassays suitable for ecotoxicological
evaluation of WW, Jirova ef al. (2016) highlighted the
need to supplement the conventional methods (based on
bacteria, algae, crustaceans, fish and seeds) with the
FET test as an alternative approach to vertebrate
ecotoxicity tests and a useful tool for efficient detection
of acute toxicity. However, scientific data regarding the
sensitivity and suitability of the FET test for hospital
effluent testing are scarce so far. Therefore, the primary
objective of our study was to extend knowledge of this
issue and make acomparative assessment of the tests
based on the zebrafish embryos and other used aquatic
species.

For the determination of ecotoxicity of WW
from health care facilities, a battery of three bioassays
with Daphnia magna (ISO 6341), Aliivibrio fischeri
(ISO 11348-2) and Desmodesmus subspicatus (ISO 8692)
is recommended by the Czech standard CSN 756406
(2020). In the study investigating treated effluents from

five different hospitals, Jirova et al. (2018) concluded
that the battery of three species consisting of D. magna,
A. fischeri and D. subspicatus may be appropriate for
routine testing of ecotoxicological potential of hospital
effluents. For our purpose, based on the conclusions of
foregoing and numerous other studies (Abbas ef al. 2018,
Ellepola et al. 2020, Laquaz et al. 2017, Li et al. 2017,
Vasconcelos et al. 2017), D. magna and A. fischeri were
selected as sufficiently sensitive comparative test
organisms.

The international standard ISO 15088 was
adopted in 2007 and its merit is to determine acute
toxicity of WW to zebrafish eggs after 48 hpf (hours post
fertilization) of exposure. Therefore, in the present study
we compared the results of two final test exposure times
48 hpf (according to the ISO 15088) and 96 hpf
(according to the FET test).

Based on their experience with the FET test,
many authors recommend the inclusion of further
endpoints to increase the sensitivity of the assay.
Braunbeck ef al. (2015) recommended more research to
better define the domain of applicability of the FET test
and suggested modifications of the method with addition
of more endpoints for the detection of a multitude of
toxic effects. In a comparative study, Stelzer et al. (2018)
indicated the need to complement the FET test with
sublethal metrics which would increase its efficiency, and
also highlighted the necessity to validate this statement
by further studies using other WW samples. For the aim
of our study, in addition to the lethal endpoints of the
FET test (coagulated embryos, lack of somite formation,
non-detachment of the tail and lack of heartbeat),
sublethal effects comprising delayed heartbeat, lack of
blood circulation, pericardial and yolk sac edema, spinal
curvature and pigmentation failures were evaluated.

In this study the WW samples from seven
different hospitals were investigated to compare the
suitability and sensitivity of zebrafish embryos with the
sensitivity of two other aquatic organisms — D. magna
and A. fischeri. Other purposes were to evaluate the
sensitivity of the FET test after inclusion of sublethal
parameters and to confirm the increase in efficiency of
the method after prolongation of exposure time.

Methods

Wastewater samples
The samples were collected in 2019 from the
outlets of WW treatment plants of seven different
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hospitals located in the central, southern and eastern
regions of the Czech Republic. Table 1 shows general
characteristics of the hospitals and their WW treatment
plants. The sample H1 was a mixture of treated HWW
and untreated hospital laundry WW. One sample was

taken from each hospital. The samples were collected
after treatment activities before discharging into the urban
sewer system, stored in cooling boxes, transported to the
laboratory and deep frozen at <18 °C prior to analysis.

Table 1. Characteristics of hospitals and their wastewater treatment plants.

Hospital Type of Sizing Wastewater Wastewater Disinfection
hospital (beds) treatment process generation (m>-d™) process

HI General 476 Mechanical-Biological 10 Cl,

H2 University 1006 Mechanical-Biological 50 NaClO

H3 University 2199 Mechanical-Biological 50-100 NaClO

H4 General 500 Mechanical-Biological 30-50 Cl,

H5 General 423 Mechanical-Biological 40 Do not chlorinate

H6 General 1447 Mechanical-Biological 360 Cl,

H7 University 1600 Mechanical-Biological 100-120 NaClO

Ecotoxicological tests

Ecotoxicological potential of hospital WW was
described using three organisms which represented three
trophic levels: A. fischeri (formerly Vibrio fischeri) as
a decomposer, D. magna as a primary consumer and
Danio rerio as a secondary consumer. Characteristics of
bioassays used in the study are summarized in Table 2.

As a first step, undiluted samples were analyzed
by means of D. magna and D. rerio assays. In the case of
A. fischeri test, 80 % concentration of the sample was
used in accordance with the method procedure. The

Table 2. Characteristics of bioassays used in the study.

results were expressed as percentage of toxic effect on
each species.

If the values of toxic effect exceeded 50 %, ECs,
or LCs, (effective or lethal concentration of the sample
that caused negative impact in 50 % of the tested
organisms) were calculated by the probit method. The
experiments were conducted using a series of increasing
concentrations depending on the level of HWW toxicity.

Every test was performed in two independent
runs and the results were expressed as mean.

. Exposure .
Method Organism Standard . Endpoint
time

Daphnia immobilization test Daphnia magna 1SO 6341 A8 D Immobility [%]
(D. magna) ECs [%]
Luminesceﬁce in%tibition -test Alitvibrio fischeri 1SO 11348-2 15 @n Luminescence inhibition [%]
(A. fischeri 15 min, 30 min) 30 min ECs [%]
FET test Danio rerio Mortality [%]

OECD TG 236 48 hpf
(FET 48 h) embryo P LCso [%]
FET test Danio rerio Mortality [%]

OECD TG 236 96 hpf
(FET 96 h) embryo P LCso [%]
FET test Danio rerio OECD TG 236 96 hof Mortality + sublethal effects [%]
(FET 96 h-+sub) embryo modified P LCs [%]

hpf: hours post fertilization.
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Fish Embryo Acute Toxicity (FET) test

The FET test was performed according to OECD
TG 236 (OECD 2013). Three different protocols of the
method were carried out: the test with basic exposure
time 96 hpf (hours post fertilization), the test with
reduction of exposure time to 48 hpf and the test with
addition of five sublethal endpoints with exposure time
96 hpf.

The breeding stock of AB line of D. rerio wild
type was maintained in Zebrafish Housing System
ZebTEC Stand-Alone (Tecniplast) with continuous
treatment and monitoring of important water parameters
including pH, conductivity and temperature. Mature
zebrafish aged between 6 and 18 months were used to
obtain fertilized fish eggs, which were collected from
aminimum of three breeding groups and selected for
testing at random.,

Spawning took place in two-liter breeding tanks
which capitalize on the fish natural tendency to spawn in
shallow water. After spawning, the eggs were rinsed with
maintenance water adjusted to pH 6.5 to 7.5 and final
hardness 70 to 100 mg-1" CaCO;. The eggs were checked
under inverted microscope. Viable embryos maximally at
the 16 cell-stage without obvious irregularities were
individually placed into polystyrene 24-well plates and
incubated under 26=+1 °C with 16:8 light:dark cycle. Each
well contained 2 ml of test solution. Five sample
concentrations were prepared in each test run. 20 eggs per
concentration were exposed to the samples. Dilution water
with a final concentration of 294.0 mg-1"" CaCl, x 2H,0,
1233 mg- 1" MgSO, x 7TH,0, 63.0mg-1" NaHCO;,
5.5 mg-1"" KCl (as defined in ISO 7346-2) was used for the
preparation of the test concentrations and negative
controls. The sensitivity of embryos was controlled by

negative control

3.4-dichloroaniline (4 mg/l) as positive control in each
test run. All experiments were carried out in a static way
without change of exposure solution. The test was
considered as valid when oxygen concentration was
maintained above 80 % during the test and mortality in
the negative controls did not exceed 10 %.

Embryos were observed for four lethal and five
sublethal effects. Lethal parameters described in the
OECD TG 236 (OECD 2013) comprised coagulation of
embryos, lack of somite formation, non-detachment of
the tail and lack of heartbeat. Added sublethal endpoints
included delayed heartbeat, lack of blood circulation,
presence of edema (pericardial or yolk sac), spinal
curvature and pigmentation failures. Examples of the
observed sublethal effects are illustrated in Figure 1.
Embryos placed in the culture plates were examined
separately using inverted microscope Olympus CKX53
equipped with a digital camera Canon EOS 2000D. For
determination of heart rate, embryos were video recorded
and heartbeat was counted when the video was slowed
down. The heart rate of embryos exposed to the samples
was evaluated in relation to the negative control groups.

The cumulative mortality of zebrafish embryos
was recorded at 48 hpf (termed FET 48 h) and 96 hpf
(termed FET 96 h) in experimental and control groups.
The results were calculated as percentage of mortality
(toxic effect) of the tested embryos, or as LCs.

After the addition of sublethal effects to the
lethal endpoints, the embryos development was evaluated
at 96 hpf (termed FET 96 h+sub). Sublethal criteria were
counted only if lethal parameters were not observed. The
results were calculated as percentage of toxic effects on
the tested embryos, or as ECsy,.
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Fig. 1. Representative sublethal abnormalities of zebrafish embryos after 96 hpf (hours post fertilization) exposure to the hospital
wastewater samples. PE=pericardial edema, YSE=yolk sac edema, SP=spinal curvature, PF=pigmentation failure.
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Daphnia immobilization test

The acute toxicity test with D. magna Straus was
carried out according to ISO 6341 (2012). Neonates (less
than 24 h old specimens of D. magna) of at least third
generation originated from laboratory culture were
exposed to five designated dilutions of samples.
20 organisms were placed in each concentration and
negative control (dilution water according to ISO 6341
was identical to the dilution water used in the FET test
mentioned above) and incubated 48 h under the following
test conditions: temperature 20+2 °C, 16:8 light:dark
cycle, oxygen concentration >2 mg-1", no feeding. For
the experiment validity, the inhibition of mobility in the
negative controls had to be <10 %. The sensitivity of test
organisms was monitored by regular tests with K,Cr,O;
used as positive control.

The results were expressed as percentage of
Daphnia immobilization (toxic effect), or as ECs, after
48 h exposure.

Aliivibrio bioluminescence inhibition test

The luminescent bacteria test followed
ISO 11348-2 (2007). The test was performed using
liquid-dried bacteria A. fischeri NRRL-B-11177 (HACH
LANGE). Bacteria were activated by rehydration with
reactivation  solution. For the experiments, the
conductivity of the samples was >10 mS-cm™, pH 6.0 to
8.5 and oxygen concentration >3 mg-1'. 2% NaCl
solution was used as dilution water and negative control.
The suspensions of bacteria and diluted samples (ten
sample concentrations in replicates) were incubated at
15+1 °C. Luminescence was measured after 15 min and
30 min of exposure to the sample concentrations series by
luminometer Sirius (Berthold Detection Systems). The
bacteria sensitivity was controlled using positive control
(ZnSO, x THY0).

The results were presented as percentage of
inhibition of the bacteria light emission (toxic effect) with

respect to the negative control, or as ECs.

Statistical analysis

Linear mixed model was used to evaluate the
results of the monitoring of wastewater ecotoxicity and to
assess the difference between methods (fixed effect)
while taking into account the wvariability between
hospitals (random effect). The dependent variable was
angularly transformed percentage (of toxic -effect).
Transformed percentages more closely approximate the
normal distribution (Sokal and Rohlf 1995). When

statistically significant effects were identified, Sidak’s
multiple comparisons procedure was applied to ascertain
which specific methods differed. Values of p<0.05 were
considered as indicating a statistically significant result.
All statistical analyses were performed using Stata
software package, release 14.2 (Stata Corp LP, College
Station, TX, USA).

Results

Comparison of the methods sensitivity based on the toxic
effects values

To compare the sensitivity of three aquatic
species to the acute toxicity of HWW, the samples from
seven different hospitals were investigated. In the first
part of the the percentage of immobility
(D. magna), luminescence inhibition (4. fischeri),
mortality and sublethal effects (D. rerio embryos) after
exposure to HWW samples were expressed as toxic

study,

effects. The results are shown in Figure 2a. The obtained
data demonstrated highly variable toxic impact of
hospital effluents on the studied organisms. The tests
FET 96 h and FET 96 h+sub indicated high sensitivity of
zebrafish embryos to five samples out of seven samples
(i.e. H1, H3-H6) with toxic effect values in the range of
62.5-100 %. The results of other methods for these five
samples were more variable with values ranging from
0 % to 100 % of crustacean immobility and fish embryo
mortality (FET 48 h) and from 0 % to 98.4 % of bacteria
luminescence inhibition. Based on the results of all
samples, no statistically significant differences were
found between FET tests (FET48h, FET 96 h,
FET 96 h+sub) and D. magna test (p=0.123, p=0.507,
p=0.275 respectively). However, the results showed
statistically significant differences between FET 96 h and
A. fischeri  15min, 30 min (p=0.018, p=0.024
respectively) and between FET 96 h+sub and A. fischeri
15 min, 30 min (p=0.006, p=0.008 respectively).

Comparison of methods sensitivity based on the EC50,
LC50 values

In the following study, if the values of toxic
effect exceeded 50 % (H1, H3-H6), ECsy or LCs, values
were calculated. The results are presented in Figure 2b. In
the case of samples which were assessed as the most
toxic and which negatively affected the majority of the
test species (H1, H3, H6), D.magna was the most
sensitive organism with ECs, values ranging from 4.5 to
37.6 %. The method sensitivity to the samples H1 and
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H3 decreased in the following order: D. magna>FET
96 h+sub>FET 96 h>A. fischeri 15 min>FET 48 h and to
sample H6: D. magna>A. fischeri 15 min>A. fischeri
30 min>FET tests.

Comparison within the FET tests

When we made a comparison within the
different protocols of the FET test, a decreasing
sensitivity of each method was observed as follows: FET
96 h+sub>FET 96 h>FET 48 h. Mortality was manifested
most frequently by lack of heartbeat, growth retardation,
and less commonly by coagulation of embryos. As shown
in Figure 2b, the inclusion of sublethal endpoints has

reduced the LCs, values for all samples with statistically
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significant increment of the FET test sensitivity
(p=0.026) in the range of 1-12 %. The presence of
sublethal effects was variable not only between different
samples but it also varied depending on the exposure time
(Table 3). Prolonged exposure time caused a statistically
significant increase of the zebrafish embryos sensitivity
(p<0.001) in 57 % of the tested samples. The frequency
of occurrence of sublethal criteria was: spinal curvature
34.5%, lack of blood circulation 26.4 %, delayed
heartbeat  25.7 %, 12.7 %,
occurrence of edema 0.7 % of all sublethal parameters we
observed. According to Kimmel et al. (1995), embryos
development in control groups was normal during all the

pigmentation failures

experiments.

WFET 96 h + sub Fig. 2. Ecotoxicity of wastewater
samples from different hospitals
(H1-H7) expressed as: (a) toxic
effect [%] of undiluted samples
and (b) ECsp, LCsovalues [%].
Comparison between  Daphnia
magna (Dm), Aliivibrio fischeri
(Af) and Danio rerio embryos.
FET=Fish Embryo Acute Toxicity
Test.
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Table 3. Overview of the observed sublethal effects on zebrafish embryos after 48 hpf and 96 hpf (hours post fertilization) exposure to
the wastewater samples from different hospitals (H1-H7). Sublethal effects were measured only if lethal effects were not observed.

Sublethal effects H1 H2 H3 H4 HS He6 H7
48 hpf/96 hpf

Delayed heartbeat —/+ -/= +/+ —/+ -/+ +/+ -/-

Lack of blood circulation —/+ -/= +/+ —/+ —/+ +/+ -/-

Presence of edema —/+ -/= +/+ —/+ -/+ -/= -/-

Spinal curvature —/+ -/= +/+ —/+ -/+ -/+ -/-

Pigmentation failures —/+ -/= +/+ —/+ -/+ +/+ -/-

- not observed, + observed.
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Discussion

The problem of the discharge of chemical
contaminants from hospitals into wastewater and

subsequently into the aquatic ecosystems is well-known
(Datel et al. 2020). The presence of micropollutants such
as pharmaceuticals, disinfectants and personal care
products in treated effluents
ecological risk for the aquatic environment (Meza ef al.
2020, Rogowska et al. 2020). Numerous studies have
been carried out to determine ecotoxicity of target
substances commonly detected in HWW (Halling-
Sorensen ef al. 2000, Cleuvers 2003, Cleuvers 2005,
Brandhof et al. 2010, Matrtins et al. 2012, Li et al. 2016,
Romanucci et al. 2019). However, examination of
individual target compounds, causing ecotoxicity does
not cnable to determine the interactions between all

poses considerable

known and unknown hazardous substances which are
present in HWW and to evaluate their overall impact on
aquatic organisms. The mixture of two or more
substances may produce synergistic, antagonistic and
additive interactions which may increase or decrease the
resulting WW ecotoxicity (Emmanuel ef al. 2005, Godoy
etal. 2019).

Therefore, it is necessary to investigate the
whole effluent as a complex mixture of substances. In our
present study a high variability of toxic effects of WW
samples from individual hospitals on the used aquatic
organisms was demonstrated. Similarly to these
conclusions, Jirova et al. (2018) confirmed considerable
different levels of ecotoxicity of treated wastewater from
five hospitals. This variability relates to the different
wastewater quality which may be influenced by a number
of factors comprising current therapeutic procedures, the
type and specialization of the hospital, its location,
number of inpatients, flow rate, season, the day of the
week and the daily period (Boillot ef al. 2008). Good
correlation was demonstrated between the amount of
antibiotics in the wastewater and their volume currently
being administered to patients (Hamjinda et al. 2015).
Additionally, the insufficient degradability of certain
substances during the cleaning process in the wastewater
treatment plants causes the presence of residues of
pollutants in wastewater (Li et al. 2017). A literary
review showed that the quality of treatment processes is
another important factor which affects the treated
wastewater composition (Vetlicchi ef al. 2015).

A specific type of effluents is generated from the
hospital laundry. It has a different composition from WW

produced by other hospital departments having a high
concentration of organic and microbial loads depending
on the washing stage. In the study of Kern et al. (2015),
acute toxicity of hospital laundry WW was investigated
by D. magna immobilization test and adult D. rerio
lethality test. The obtained data showed extremely toxic
impact on D. magna (48 h ECs5p=2.01 %) and lower acute
toxicity for D. rerio (48 h LC5=29.25 %). In our study,
the sample that can be considered as the most toxic (H6)
because of its low ECsy and LCs, values (Fig. 1), was the
mixture of treated hospital WW and untreated laundry
WW before discharging to the sewage system. It can be
assumed that the high level of acute toxicity was caused
by the complement of untreated laundry effluent to
common HWW.

Ecotoxicological evaluation of WW should be
performed using the battery of indicator organisms from
different trophic levels as different species may show
diverse levels of sensitivity to the pollutants. The results
of our study, as well as those of Jirova et al. (2018),
showed the suitability of D. magna and A. fischeri for
routine testing of HWW ecotoxicity. To our knowledge,
the information on effects of HWW on fish early life
stages using the FET test, is scarce. Stelzer ef al. (2018)
compared the FET test and other standard fish protocols
used worldwide for WW analyses. LCs, value of
untreated hospital effluent determined by the FET test
was 53.5 %. Based on findings of this study, the zebrafish
embryos may not
developmental stage of D. rerio compared to larvac and

represent the most sensitive
juvenile. In another study, a mixture of urban and hospital
effluents was evaluated for ecotoxicity by Wigh ef al.
(2016). After 96 h of exposure to the untreated WW,
100 % of zebrafish embryos died. The mortality
decreased to 13 % after the WW treatment. The addition
of sublethal criteria for evaluation, such as the presence
of edema, blood circulation defects, malformation of the
heart, yolk sac, tail, head, spine, an abnormal eye
development and pigmentation, resulted in a considerable
improvement of the test efficiency.

By adding sublethal parameters, we wanted to
explore the potential of the FET test for the evaluation of
hospital effluent toxicity. Our conclusions are in
agreement with findings of numerous studies which have
reported an increase in the FET test sensitivity after
addition of sublethal endpoints (Babi¢ et al 2017,
Krzykwa et al. 2019, Cedron et al. 2020). We selected
five sublethal effects, which may be easily determined:
delayed heartbeat, lack of blood circulation, presence of
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edema (pericardial or yolk sac), spinal curvature and
pigmentation failures. Tenorio-Chavez et al (2020)
investigated treated WW from one hospital using
zebrafish embryos and obtained LCs, value 6.1 %. ECs
value of sublethal malformations was 2.5 % which means
higher sensitivity of sublethal parameters compared to
lethal endpoints. The main effects identified were
pericardial edema, yolk sac malformation, hypopigmen-
tation, hatching abnormalities, tail and
deformation, without fin,

chorda
chorion and craniofacial
malformation. Stelzer ef al. (2018) observed an increase
in embryo test sensitivity of >30 % after addition of three
sublethal parameters comprising immobility, formation of
edema and nonhatching.

According to our results, when we draw
a comparison between FET 48 h and FET 96 h, we can
see the increase in efficiency of the method caused by the
prolonged exposure time from 48 hpf to 96 hpf. In our
study, the LCsy values of FET 48 h were constantly
higher than those of FET 96 h. We are of the opinion that
these findings could be related, besides other factors, to
the chorion as a possible barrier for some chemicals,
mainly substances with very high molecular weight
(Braunbeck ef al. 2015, Sobanska et al. 2017). This limit
disappears during the hatching period of embryonic
development from about 72 hpf to 96 hpf (Kimmel et al.
1995). Similar results were presented by Stelzer et al.
(2018), who, based on analyses of HWW samples,
discovered less sensitivity of FET 48 h (LC5,=56.5 %)
compared to FET 96 h (LCs,=53.5 %).

Conclusions

The Fish Embryo Acute Toxicity Test is used
worldwide for ecotoxicological research as an alternative
method to the experiments with adult fish. Considering
the lack of scientific data regarding the suitability of
D. rerio embryos as the testing organisms for HWW
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Introduction
Health care faciliies use for therapeutic purposes, diagnostics, research, and disinfection ahmmmberol
chemical such as (e.g. antibiotics,

surfactants, metals, radioactive elements, bleach preparations, efc. Hospitals consume significant amounts of
waler (in the range of 400 to 1200 Iiters/day/bed) corresponding to the amount of wastewater discharge

Some of these chemicals are not eliminated in wastewater treatment plants and are the source of pollution for
surface and groundwater supplies Hospital wastewater (WW) represents chemical and biological nsks for
public and environmental health as many of these compounds might be genoloxic and are suspecled to
confribute fo the increased number of cancers observed during the last decades.

The presented poster summarizes the current situation in waslewaler pollution from health care facilities with
regard to genoloxicity and suitable biological tests

Sources of genotoxicity L
Pharmaceuticals (Phs) ;

= Around 3000 different Phs are used in human medicine in Europe A _

= Phs and their metabolites are persistent and bioaccumulative —_—

= Phs and their metabolites in unine, stool and improper disposal Ao
enter via wastewater info the environment _

= Phs are effective at very low concentrations from ng/l to pgi o

= Cytostatics exhibit intnnsic mutagenic effects

= Elimination of Phs in a wastewater treatment plant is 10% -90%

Disinfectants

= Commonly used disinfectants are based on chlorine or contain aldehydes
and their derivatives, classified as carcinogen | group (IARC)

= Chlonne reacts with organic ssmmoes present in wastewater, leading to the
formation of halogens

Heavy metals

= Mercury is possibly carcinogenic to humans (IARC)

= Health care facilities contribute fo cca 5% of mercury release lo aquatic system in the UK

= More than 50% of total mercury emissions come from dental amalgam and medical devices

|

= Mercury is found in diagnostic (T
diuretics and medical equipment
= Cis —platinum is a widely used cylostatic, classified as carcinogen | group (IARC)
Radioactive elements
= Patients release isotopes via their excreta

= The main concem is iodine 131, however, detection of this radioisotope in waslewaler is reported below
public dose imit (ICRP)

Comparison of different genotoxicity studies on hospital WW

Number of | Genotoxicity
samples ‘ response %

Genotoxicity studies Country Bioassay

Assessment of genotoxicity

The quantification of risk associated with chemical pollutants from health care facilibes is exiremely difficult
as they usually occur in concentrations too low to allow analytical determination and the synergic effects of
mixtures cannol be evalualed by means of chemical analylical methods Therefore, genoloxicity is
preferentially evaluated using biological tests which do not require the exact knowledge of foxicant identity
and physico -chemical properties of the wastewater sample

Methods
Ames agar plate test / Ames fluctuation test
The objective of this assay is to evaluate the mutagenic potential of test chemicals or mixtures by studying

their effect on several histidine deficient strains Salmonella typhimurium in the absence and presence of liver
metabolism system.

Ames Microplate Assay

- = - B -
S 8 B

SOS chromotest / Umu C test

The SOS chromolest (Escherichia coli PQ 37) and Umu C (Salmonella typhymunium Ta1535 pSK 1002) are
biological assays evaluating DNA damage or inhibition of DNA replicaion in cells with induced SOS repair
systém DNA. This colonimetric assay measures the expression of genes induced by genotoxic agents by
means of a fusion with the structural gene for §-galactosidase.

Comet assay

The comet assay (single-cell gel electrophoresis) is a simple method for measuring DNA strand
breaks in eukaryotic cells. Electrophoresis at high pH results in structures resembling comets,
observed by fluorescence microscopy ; the intensity of the comet tail relative to the head reflects the
number of DNA breaks.

= \/ S

Test Allium cepa

The Allum test is inexpensive and easy fo perform . The root tip cells constitule a convenient system for
macroscopic (growth, EC50) as well as for microscopic parameters (c-mitosis, stickiness, chromosome
breaks, micronuclei) - Since the cells possess important plant activation enzymes, results from the Allum test
ent with results from ofher cell systems, eukaryotic as well as prokaryolic

have shown

In vitro mammalian cl In iof

CelwhlﬁaeemedwhmmbmhwmmmMmmmm At predetermined
intervals affer exposure of cell cultures to the test substance, they are treated with a metaphase -amresting
substance (e.g. colchicine), harvested, stained and metaphase cells are analyzed micros for the

presence of chromosomal aberrations
Giuliani et al. (1996)  Switzerland 851 13% Umu C test j ‘ J
Steger-Hartmann(1097)  Switzerland 6 50% Umu C test ‘ ( € .,‘..,.. ,..,. ,.‘
i e — Ames s, Chromosomal Wastewatertreatmenttechnolo ies
aberration lest, Umu C test Chemical oxidation_- formation of OH radicals from H ;0 by UV radiafion; ozonation, Fenton reaction
Jolibois et al. (2003) France 18 55% * Ames fluct fest, SOS chromotest (H;0 + Fe — HO» + OH- + Fe™), radiolysis, electrolysis, photolysis
: = Membrane processes — Phs from urine
Jolibois & Guerbert (2005)  France 7 5% Ames flucttest, SOS chromoest T
Jolibois & Guerbert(2006)  France 38 82% " Ames fluct test, SOS C of these ques increase the efficiency of pollutant removal
Jolibois & Guerbert (2006)  France 14 93% " Ames fluct test, SOS chromotest Conclusions
< - 09%- Ames Results from the available scientific Werature indicate that untreated wastewater from medical faciliies
FLLLA e 5 100 % - Comet S frequently exhibits genotoxic effects. However, the evaluation of genotoxic effects of a given compound in
Guptaet al (2000) India 6™ 100 % Ames fest wastewater is not an easy task due mainly to the vanable charactenistics of wastewaters, which depend on
the type of hospital activity (care, diagnostic lests, analysis and research activities, numbers of inpatients or
Bagatiny et al. (2009) Brazil 10" 100 % Test Allium cepa outpatients, elc.)
Nasoy et al (2012) Turkey 108 56 % Ames test Further long-term and regular monitoring will be necessary for proper evaluation of the genotoxic risks posed
e by wastewater from health care facilities . In order o obtain relevant results, utilizable for the development of
Sharma et al. (2013) India 20" 100 % e, limits for the legal regulation of genotoxic substances contained in wastewaters, it will be essential to develop
Saccharomyces cerevisiae test a single genotoxicity testing battery and produce standardized methodologies for the individual tests to
Magdaleno etal (2014)  Argentina 20" 40% Test Alium cepa enable comparison of the published resulls. In addition to the conventional chemical analysis, biological
genoloxicity assays should be included as additional parameters in WW monitoring.
Gupta et al (2014) India 15 100 % Ames fest A more in-depth investigation should be conducted and specific treatment proposed with the aim lo decrease
the discharge of genotoxic chemicals into the local sewage system and environment .
Kemetal (2015) Brazil 1 100 % Test Allum cepa In August 2013, in the framework of the adoption of Directive 2013/39/EU as regards 10 priority substances
in the field of water policy, the Commission was asked to develop a sirategic approach to pollution of water
Sharmaet al (2015) India 12 100 % Ames fluct test, SOS by by the end of 2015 but the term has been prolonged until 2017
Jabbour etal (2016)  Libanon %0 6% Ames fluct fest (1499, SOS chromoltest The research was supported by Ministry of Health, Czech Republic - development of research
otgmmfm(_WH IN 75010330')mdbyERDFIESFpm}ed'hlemumal of NIPH in research,
* positive at least one test, ** untreated samples; CA- MNC- fest thods” (No. CZ.02.1.01/0.0/0.0/16_019/0000860)
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Introduction

Czech Republic as a member state of the EU has implemented the Directive 2010/63/EU on the
protection of animals used for scientific purposes into the Act No. 359/2012, amending Act No.
246/1992, on the protection of animals against cruelty. The new directive and amended act include the
protection of animals used for scientific purposes and for toxicological testing. The aim of the new
directive is the reduction of animals in tests (Reduction), refinement limiting their suffering
(Refinement) and replacement of animal testing by alternative in vitro methods utilizing cells and
tissues of human origin (Replacement.

Member States are required by Directive 2010/63 / EU:

e to ensure support to alternative methods and disseminate information on their use

® to nominate a single point of contact to provide advice on the regulatory relevance and suitability of
alternative approaches respecting the 3Rs, which becomes a member of PARERE network

o to nominate suitable specialized and qualified lab to the European Commission to carry out
validation studies within the EU NETVAL network

e to establish a specific committee for the protection of animals for scientific purposes at the Ministry
of Agriculture

The Ministry of Agriculture has nominated as the contact point and specialized laboratory the National

Institute of Public Health (NIPH) in Prague, namely the National Reference Laboratory for

Experimental Inmunotoxicology at the Centre of Toxicology and Health Safety, headed by

Dagmar Jirova, M.D., Ph.D.

Following a selection procedure, the inated ialized laboratory at NIPH has been inted

Alternative methods performed in NIPH

Prefered alternative methods are based on cells and
tissues of human origin in model systems of tissues
and organs in vitro.

Assessment of local toxicity
Irritation / corrosion for skin and mucous membrane
d Human Epidermis (RhE il

o In VitroSkin Corrosion: R
OECD 431; Regulation (EC) No. 440/2008 (B.40a)
o In Vitro Skin Irritation: R d Human Epid

OECD 439; Regulation (EC) No. 440/2008 (B.46)
Irritation / corrosion for eyes

© Chicken Embryo ChorioalantoicMembrane Test (HET-CAM)
INVITTOX Protocol No. 47 (http://ecvam-dbalm.jrc.ec.europa.eu)
® Test on aReconstructedCornea Model
OECD 492; MatTek Corporation, SK - EpiOcular

Skin absorption and penetration

into the network of 37 national reference laboratories (EU NETVAL). The appointment is based on

internationally recognized scientific, personal and laboratory qualification of the facility in the field of
and imple ion of alt methods in toxicological practice, participation in a

number of national and international scientific projects and personal reputation of team members, who

were appointed as members of EURL-ECVAM Scientific Advisory Committee, or members of working

groups and committees of the OECD and ECHA (European Chemical Agency)

The presented poster summarizes the range of activities of the contact point and reference laboratory.

Main tasks of the Reference Laboratory and Contact Point

® basic and applied research in the area of alternative approaches

e participation in validation studies organized by EURL-ECVAM

© advice on validated and scientifically recognized afternative methods as a centre for information
exchange within the Czech Republic

. ion for p i public and state on the possibilities of

using alternative methods for health risk of chemicals and products

participation in working groups of ECVAM organizations, OECD and ICCVAM in the process of peer -

review for new alternative approaches

. ions and training in pproaches, seminars, training of the members of the

committee for approval of experimental project s

seminars for inspectors supervising the i of animal p

promoting dialogue between legislators, standards makers and industry representatives, biomedical

scientists, consumer organizations and animal welfare associations, on the development,

validation, legal and use of alternative app!
Global cooperation on the validation of alternative methods
I JRC > P

0G DG
ENV____SANCO _ECHA, EFSA,
EMA

MAD
piogr. DG ENTI
of eIIIe \

Single points
t

~

@

Civil Soclety.
Orgs

Author: J Kreysa: ECVAM

ECVAM European Centr e for Validation of Alt Methods

OECD Organization for E: E ic Cooperati

PARERE Network for Preliminary A of Regulatory Rel

ESTAF ECVAM Stakeholder Forum

ESAC ECVAM Scientific Advisory Committee

EUNETVAL European Union Network of L ies for Validation of Methods
ICATM I ional C ion on Al Test Methods

® Skin Absorption:in VitroMethod
OECD 428; Regulation (EC) No. 440/2008 (B.45)

Skin sensitization

« Skin Sensitization: Local Lymph Node Assay: DA
OECD 442A; Regulation (EC) No. 440/2008 (B .50)

® In Chemico Skin Sensitization: Direct Peptide Reactivity Assay
OECD 442C; Regulation (EC) No. 440/2008 (B.59)

® In Vitro Skin Si AREN2 Lucif Test Method
OECD No 442D; Regulation (EC) No. 440/2008 (B.60)

Phototoxicity

® In Vitro: 3T3 NRU Phototoxicity Test
OECD 432; Regulation (EC) No. 440/2008 (B.41)
© PhototoxicityTest on the 3D Skin Model EpiDerm
INVITTOX Protocol No.121 (http:/ecvam-dbalm jrc.ec.europa.eu)

Assessment of systemic toxicity

Acute toxicity

© 3T3 NRU in Vitro Cytotoxicity Test Method to Identify Substances
Not Requiring Classification forAcute Oral Toxicity 1

OECD GD 126
Genotoxicity / mutagenicity

® BacterialReverse Mutation Test
OECD 471; Regulation (EC) No. 440/2008 (B.13/14)

o In VitroM o IAbecvatioes Toat
OECD 473; Regulation (EC) No. 440/2008 (B.10)
o TestAllium cepa

Validated by the International Program on Chemical Safety (IPCS)
In Vivo Mammalian Alkaline Comet Assay

OECD TG 489; Regulation (EC) No. 440/2008 (B.62)
Mammalian Cells Micronucleus Test

OECD 487; Regulation (EC) No. 440/2008 (B.49)

Reprotoxicity - endocrine disruptors

© In Vitro Assays to Detect ER/ARAgonists and Antagonists
OECD TG 455/457;

® YES/YAS- Yeastbased reporter gene assays
Using Saccharomyces cerevisiae

Estimation of toxicological effects

©® QSAR analysis- Quantitative Structure - Activity Relationships

Supported by Ministry of Health, the Czech Republic - conceptual development of research
organization (‘National Institute of Public Health - NIPH, IN: 75010330%).
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Abstract

Many scentific studies have confirmed that hospital wastewaters (HWWSs) are often cytotoxic or
genotoxic or both. However, evaluation of the effects of the in HWWs is not a
simple matter, mainly due to the vanable charactenstics of the HWWs which depend on the type of
hospital activity. We monitored the cyto/genotoxic potential of WWs from 5 hospitals (H1-H5, Table 1) in
the Czech Republic by means of different in vitro methods. Our study confirmed that all tested HWWs
samples can be assessed as polentially genotoxic or mutagenic based on the results of the used in vitro
tests, with the exception of the bacterial Ames test. C of WWs by

agents appears to be the key factor causing significant cellular and nuclear damage in this study.

Tab. 1. Characteristics of the hospital (H1-H5) wastewaters samples

Vlkova A.%2, Janousek S.}, Jirova G.22, Kejlova K., Heinonen T3,

Mannerstrém M.3, Wittlingerova z.2, Maly M.! shten,

1 Centre of Toxicology and Health Safety, National Institute of Public Health, Prague, Czech Republic
2 Faculty of Environmental Sciences, Czech University of Life Sciences, Prague, Czech Republic

3 FICAM, Faculty of Medicine and Health Technology, Tampere University, Tampere, Finland
alena.vlkova@szu.cz

Hospital characteristics H1 H2 H3 H4 H5
Type of hospital university general oncology general university
2189 996 245 478 1375
50-100 51 124 10 250
Wastewaler treatment biological M biological e
Disinfection process NaOCI NaOCI NaOCI Ci2 ci2
o o urban sewer |  urban sewer water flow | urban sewer | urban sewer
Weslewaler discharges system system system system

The results indicated that none of the tested samples showed any significant abnormalities of
physicochemical charactenstics

Methods/Results

Bacterial reverse mutation test (AMES test)

The test performed according to OECD TG 471 on 3 histidine deficient strains of Salmonella typhimurium
in the absence and presence of liver metabolism system did not reveal any mutagenic effects of the
fested samples Negative results of this test may be affected by the necessary sample stenlization
(filtration ) leading to removal of genotoxicants .

Bacteria, particle and cell countingin HWWs samples

The method described by Smither (1977) and filter paper method using McConkey agar plates were
used. The results are summarized in Fig.1 and 2

v Ebctore iccubation [l afte incubation
-

i %J.hll.

Fbg 1. Microbiome/particle counts of untreatedHWWs  Fig. 2. Number of colonies formed on agarplate with
(H1-H5) before and after 24 hourincubation regard to the number of the microbiome/particle count

transferred by filter paper stips.
Allium cepa genotoxicity assay

The root tip cells of Alium cepa were utilized for evaluation of genotoxicity by analysis of microscopic
paramelers (c-mitosis, stickiness, chromosome breaks, micronuciei) (Fig. 3 and 4) and by single cell gel
electrophoresis - Comet Assay (Fig. 5). Clear evidence of DNA damage was obtained in this test
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Fig 3 Ch Fig 4. Cy Fig. 5. Results of Comet assay performed
in root fip cell A cepa A cepa menistem cells on root meristem cells of A cepa
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Cell based methods
Cellline Balb/c 3T3 munine fibroblasts was used in the following six methods

Cell viability determinaion by Neutral Red Uptake Assay, metabolic activity determination by Cell
counting kit-8, Comet Assay, apoplosis /necrosis evalution using AnnexinV-FITC apoptosis detection
kit, Nuclear morphology assay, and Cell transformation assay (CTA).

Cytotoxicity of all samples was recorded by Cell counting Kit-8 and their genotoxic impact was confirmed
in the Comet Assay. All samples induced apoplosis /necrosis (Fig.6), morphological changes (Fig. 7), and
formation of foci lll in the culture of Balb/c 3T3 murine fibroblasts.
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Chicken egg based bioassays
The following two methods were used in the study
Chicken egg genotoxicity assay (CEGA), Hen's egg test for micronucleus induction (HET-MN).

The non-sterle HWWS samples showed high toxicity for the chicken embryos. Both tests indicated
positivity for genotoxic hazard for all test samples, expressed as DNA damage of hepatocyles (Fig.8) or
micronuclei induction in erythrocytes (Fig. 9)

B HI OHZ OHI D He M

1 i

Fg. 8 Resuts of he dlicken ogg gencloscly assay mewmmw"t
(CEGA) :::.-m \oa.-p-an-n- lem_ i

Conclusions

1/ The HWWs samples tested in this study could be classified as potentially genotoxic or mutagenic
with respect fo the results of each performed in vitro assay, except the bacterial Ames assay

2/ The tests revealed high frequency of cells with apoplotic features as well as aneuploidy or polyploidy, ie.
chromosomal instability, confirming a genotoxic and/or mutagenic risk

3/ Good between and cell and tissue based methods in vitro
was observed
4/ The low survival rate of !he chick embryos exposed to untreated hospital wastewaters could be
with
5/ C by agents of WWs appears to be the key faclor causing

significant cellular and nuclear damage in this study

6/ Choosing a battery of in witro tests for testing of is a complex task
with regard to limitations of individual tests and the need for optimization of fest sample preparation

7/ An adequate public health and/or environmental policy should be established in order to

relevantly evaluate and ensure hospital wastewater safety .
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education in altemative toxicological methods* (No. CZ.02.1.01/0.0/0.0/16_019/0000860) and by Ministry
of Health, Czech Republic - of research i (.National Institute of Public
Health - NIPH, IN: 75010330°)



mailto:alena.vlkova@szu.cz

PUBLIKACNI PREHLED
Prispévky v Casopise s IF

Janousek S., Vlkova A., Jirova G., Kejlova K., Krsek D., Jirova D., Kandarova H.,
Wittlingerova Z., Heinonen T., Mannerstrom M., Maly M., 2021: Qualitative and
Quantitative Analysis of Certain Aspects of the Cytotoxic and Genotoxic Hazard of
Hospital Wastewaters by Using a Range of In Vitro Assays. Altern Lab Anim. 49 (1-2),
33-48.

Svobodova L., Rucki M., Vlkova A ., Kejlova K., Jirova D., Dvorakova M., Kolarova H.,
Kandarova, H., Pobis, P., Heinonen, T., Maly M., 2021:“Sensitization potential of medical
devices detected by in vitro and in vivo methods”, ALTEX. 38 (3), 419-430.

Rucki M., Kejlova K., Vlkova A., Jirova D., Dvorakova M., Svobodova L., Kandarova
H., Letasiova S., Kolarova H., Mannerstrom M., Heinonen T, 2021: Evaluation of
toxicity profiles of rare earth elements salts (lanthanides). Journal of Rare Earths. 39 (2),

225-232.

Wittlerova M., Jirova G., Vlkova A., Kejlova K., Maly M., Heinonen T., Wittlingerova
Z., Zimova M., 2020: Sensitivity of Zebrafish (Danio rerio) Embryos to Hospital
Effluent Compared to Daphnia magna and Aliivibrio fischeri. Physiol Res. 69 (4), S681-
S691.

Kejlova K., Bendova H., Chrz J., Dvorakova M., Svobodova L., Vlkeva A., Kubac L.,
Kofinkova R., Cerny J., Ocadlikova D., Rucki M., Heinonen T., Jirova D., LetaSiova S.,
Kandarova H., Kolarova H., 2020: Toxicological testing of a photoactive

phthalocyanine-based antimicrobial substance. Regul Toxicol Pharmacol. 115, 104685.

Chrz J., Hosikova B., Svobodova L., Ocadlikova D., Kolatova H., Dvorakova M., Kejlova
K.,Malina L., Jirova G., Vlkova A., Mannerstrom M., 2020: Comparison of methods used

for evaluation of mutagenicity/genotoxicity of model chemicals — parabens. Physiol Res.

69 (4), S661-S679.



Jirova G., Vlkova A., Wittlerova M., Dvorakova M., Kasparova L., Chrz J., Kejlova K.,
Wittlingerova Z., Zimova M. Hosikova B., Jiravova J., Kolarova H., 2018: Toxicity of

wastewater from health care facilities assessed by different bioassays. Neuro Endocrinol

Lett. 39 (6), 441-453.

Chrz J., Vlkova A., Jirova G., Wittlerova M., Wittlingerova Z., Zimova M., Kolarova H.,
2017: Wastewater from health care facilities - Toxicity for human health and the

environment. Toxicol Lett. 280S, S202-S213.

Vlkova A., Wittlingerova Z., Zimova M., Jirova G., Kejlova K., Janousek S., Jirova D,
2016: Genotoxicity of wastewater from health care facilities. Neuro Endocrinol Lett. 37

(1), 101-102.

Jirova G., Wittlingerova Z., Zimova M., Vlkova A., Wittlerova M., Dvotakova M., Jirova
D., 2016: Bioindicators of wastewater ecotoxicity. Neuro Endocrinol Lett. 37 (1), 17-24.

Rencova J., Vlkova A., Cufik R, Holusa R., Vesela G., 2004: Influence of heavy metals
upon the retention and mobilization of polonium-210 in rats. Int J Radiat Biol. 80

(10), 769-776.



ODBORNY ZIVOTOPIS

Osobni informace:

Jméno: Mgr. Alena Vlkova

VS, fakulta: Ceska zemé&délska univerzita v Praze, Fakulta Zivotniho prostiedi
Pracovisté: Katedra aplikované ekologie

Forma studia: prezencni forma

Studijni obor: Aplikovana a krajinna ekologie

Odborné zaméreni: Stanoveni genotoxicity v odpadnich vodach

Vzdélani:

2016 — soucasnost: Doktorské studium, Ceska zemé&d&lska univerzita v Praze, Fakulta
zivotniho prostredi

2007: Osvédceni k vykonu zdravotnického povolani bez odborného dohledu v oboru
Odborny pracovnik v laboratornich metodach a v pfipravé 1é¢ivych piipravka

1999: Osvédéeni o zpsobilosti k navrhovani pokust a projektt pokusi dle zakona CR
€.246/19928b. na ochranu zvifat proti tyrani

1990: Prirodovédecka fakulta Masarykovy univerzity v Brn€, obor - obecna biologie

Pracovni zkuSenosti:

1998 - soucasnost: Statni zdravotni ustav, Praha,

Centrum toxikologie a zdravotni bezpecnosti, Oddéleni alternativnich toxikologickych
metod, Oddéleni biomediciny a welfare laboratornich zvifat, vedouci Narodni referencni
laboratofe na ochranu zvifat

Centrum pracovniho Iékarstvi, Odborna skupina toxikologické analyzy

Centrum pracovniho lékarstvi, Odborna skupina radiotoxikokinetiky

1990 — 1998: Hygienicka stanice hl. mésta Prahy, Oddé€leni autovakcin



Ucast na projektech:

2018 — 2023: Mezinarodni konkurenceschopnost SZU ve vyzkumu, vyvoji a vzdélavani v
alternativnich toxikologickych metodach, reg. ¢.: CZ.02.1.01/0.0/0.0/16_019/0000860,
financovaného z EFRR/ESF

2015 — 2018: Ekotoxicita odpadnich vod ze zdravotnickych zafizeni. Institucionalni

podpora vyzkumné organizace. Statni zdravotni Gstav, Praha

2017 — 2019: Ptiprava vzorkl pro stanoveni mutagenity odpadnich vod ze zdravotnickych

zafizeni. Institucionalni podpora vyzkumné organizace. Statni zdravotni ustav, Praha

2016 -2019: Grantovy projekt: Identifikace zdravotnich rizik z potravinafskych obalti na
bazi papiru a lepenky, reg.¢. NT14375-3/2013

2001-2003: Vliv chemickych a fyzikalnich faktori na kinetiku a dekorporaci alfa-
emitujicich radionuklidd u hlodavct, IGA MZCR, reg. &. 67772-3

Vybrané konference

2021: Konference Analytika odpadu, 21. —22. 10. 2021, Kutna Hora

2020: TOXCON 2020 - 25™ Interdisciplinary Toxicology Conference. 3. — 5. 9. 2020,
Praha

2019: 14" Felasa Congress 2019, Federation of European Laboratory Animal Science
Associations Congress, 10. — 13. 6. 2019, Praha

2019: Ames MPF / Ames II User Meeting, 25. — 26. 5. 2019, Basilej, Svycarsko

2019: 46. rocnik konference Primyslové toxikologie a ekotoxikologie, 28. — 30. 5. 2019

Kouty nad Desnou
2019: Konference Analytika odpadu, 5. — 6. 11. 2019, Ttebic

2018: 45. rocnik Primyslova toxikologie a ekotoxikologie, 29. - 31. 5. 2018, Kouty nad



Desnou

2017: TOXCON 2017, 2pnd Interdisciplinary Toxicology Conference, 21. — 23. 6. 2017,

Plzeni

2016: TOXCON 2016, 21™ Interdisciplinary Toxicology Conference, 22. - 24. 6. 2016,
Vysoké Tatry - Stara Lesna, Slovenska republika

2014: 9" World Congress on Alternatives and Animal Use in the Life Sciences, 24. — 28.8.
2014, Praha

Ostatni

Ridigské opravnéni: B
Jazyky: Anglicky jazyk (B2)

Préce na pocitaci: MS Office, EcoTox,



