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Wstep

Mykotoksyny to wtorne metabolity syntetyzowane przez rdzne gatunki grzybow
strzepkowych m.in. z rodzaju Penicillium, Aspergillus, Fusarium, Trichoderma, Trichothecium
czy Alternaria. W produkcji mykotoksyn dominuja gtownie trzy rodzaje grzybow: Aspergillus,
Fusarium i Penicillium (Tabela 1). Grzyby te zanieczyszczaja produkty rolne i wytwarzaja
toksyny przed, w trakcie lub po =zbiorach — w czasie magazynowania zywno$ci
w niewlasciwych warunkach. Podczas gdy gatunki Aspergillus i Penicillium infekuja zywno$¢
I pasze podczas ich magazynowania, gatunki Fusarium zanieczyszczajg rosngce uprawy, takie
jak pszenica, jeczmien i kukurydza jeszcze na polu. Kilka czynnikow przyczynia si¢ do
obecnosci mykotoksyn w zbozach 1 wsrdd nich wyr6ézni¢ mozna mechaniczne uszkodzenia
ziaren, inwazja szkodnikdéw czy zle praktyki w zakresie zbiordw i przechowywania. Ponadto
warunki srodowiskowe takie jak temperatura i wilgotno$¢ powietrza wptywaja na kolonizacje

grzybow syntetyzujacych toksyny i samg produkcje mykotoksyn (Adeyeye 2016) (Praca nr 1).

Tabela 1. Gtoéwne rodzaje grzybow strzgpkowych i produkowane przez nie mykotoksyny.

Rodzaj Gatunek Mykotoksyny
A. flavus aflatoksyna B1, B2
) A. parasiticus aflatoksyna B1, B2, G1, G2

Aspergillus . .
A. nomius aflatoksyna B1, B2, G1, G2, kwas aspergilowy
A. ochraceus ochratoksyna A
F. sporotrichioides toksyna T-2, toksyna HT-2, neosolaniol

. F. poae toksyna T-2, toksyna HT-2, fusarenon

Fusarium . ] ]
F. graminearum deoksyniwalenol, niwalenol, zearalenon
F. culmorum zearalenon, deoksyniwalenol, fusarenon
P. citrinum cytrynina

Penicillium P. patulum, P. expansum patulina
P. verrucosum ochratoksyna A

Mykotoksyny stanowig grupe zréznicowanych strukturalnie toksycznych zwigzkow o niskiej
masie czasteczkowej, ktora wynosi ponizej 1000 Da. Zidentyfikowanych zostalo okoto 400
mykotoksyn 1 uwaza si¢, ze najwicksze obawy w kontekscie zdrowia publicznego
i agroekonomii wzbudzajg trichoteceny, ochratoksyny, aflatoksyny, zearalenon, fumonizyny,
patulina i cytrynina. Toksyczny wplyw mykotoksyn na zdrowie zwierzat i ludzi okreslany jest
mianem mykotoksykozy, ktorej nasilenie zalezne jest od stopnia toksyczno$ci mykotoksyn,
drogi ekspozycji, wieku i ogolnego stanu organizmu (El-Sayed et al. 2022; Alshannaq and Yu
2017; Oana et al. 2015).
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Organizacje takie jak Agencja ds. Zywnosci i Lekéw (ang. Food and Drug
Administration, FDA), Komisja Europejska (ang. European Commission, EC), Organizacja
Narodéw Zjednoczonych ds. Wyzywienia i Rolnictwa (ang. Food and Agriculture Organization
of the United Nations, FAO) oraz Swiatowa Organizacja Zdrowia (ang. World Health
Organization, WHO) opracowaty normy i limity regulacyjne dla gtéwnych klas oraz
wybranych mykotoksyn. Do identyfikacji i ilo§ciowego oznaczania mykotoksyn w probkach
zywnosci wykorzystywane sg rozne metody analityczne takie jak techniki chromatograficzne
a takze metody oparte na testach immunologicznych (The European Commission. Commission
Regulation (EC) No 1881/2006 of 19 December Setting Maximum Levels or
Certain Contaminants in Foodstuff. (accessed on 1 February 2023); Food and Agriculture
Organization of the United Nations. Worldwide Regulations for Mycotoxins in Food and Feed
in 2003 (accessed on 1 February 2023); World Health Organization. Evaluation of Certain
Contaminants in Food: Eighty-Third Report of the Joint FAO/WHO Expert Committee on
Food Additives (accessed on 1 February 2023)). Dzigki zastosowaniu roznych rodzajow
chromatografii tj. chromatografii cienkowarstwowej (ang. thin layer chromatography, TLC)
i wysokosprawnej chromatografii cieczowej (ang. high performance liquid chromatography,
HPLC) w potaczeniu z r6znymi detektorami, takimi jak matryca diodowa, fluorescencjai UV,
chromatografii cieczowej z tandemowa spektrometrig mas (ang. liquid chromatography-tandem
mass spectrometry, LC-MS/MS) oraz chromatografii gazowej z tandemowa spektrometrig mas
(ang. gas chromatography-tandem mass spectrometry, GC-MS/MS) technika ta jest szeroko
stosowana i dominuje w wykrywaniu mykotoksyn. W przypadku, gdy konieczna jest szybka
analiza mykotoksyn wykorzystywane sa testy immunologiczne, takie jak test
immunoenzymatyczny ELISA (ang. enzyme-linked immunosorbent assay) czy test
immunologiczny przeptywu bocznego (ang. lateral flow immunoassay, LFIA) (Tabela 2)

(Lattanzio et al. 2019).

Tabela 2. Techniki analityczne stosowane w wykrywaniu mykotoksyn w zywnosci.

Granica Granica
Technika detekcji Wykrywana Probka zywno$ci wykrywalnosci oznaczalnoSci
mykotoksyna (ang. limit of (ang. limit of
detection, LOD) guantification, LOQ)
Patulina Sok jabtkowy 14 pg/L -
TLC Orzechy
Aflatoksyny o - 2000 pg/kg
brazylijskie
HPLC Deoksyniwalenol Otreby pszenne 12,58 ng/kg
Ochratoksyna A Wino 0,09 ng/L
LC-MS/MS Fumonizyna B, Kukurydza 1 pg/kg
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Toksyna T-2 Piwo 0,001 pug/mL -
Platki
Zearalenon ] - 10 pg/kg
GC-MS/MS kukurydziane
Diacetoksyscipernol | Semolina pszenna - 5 png/kg
Aflatoksyna B 0,05 pg/kg
Aflatoksyna B, 0,04 ng/kg
ELISA Pszenica :
bezposrednia Aflatoksyna G 0,06 ng/kg
Aflatoksyna G; 0,07 pg/kg
Fumonizyny 30 pg/kg
ELISA _ Kukurydza -
kompetycyjna Deoksyniwalenol 70 pg/kg
Zearalenon Kukurydza 1 ng/k
LFIA . . Y/ ng/kg )
Diacetoksyscipernol Ryz 50 pg/kg

Trichoteceny to mykotoksyny wytwarzane przez gatunki grzybow takie jak Fusarium,
Myrothecium i Stachybotrys. Sg to cykliczne seskwiterpenoidy, ktorych charakterystycznym
elementem budowy jest pierscien 12,13-epoksydowy, ktory odpowiedzialny jest za toksyczne
dziatanie tej grupy toksyn. W zaleznosci od budowy pozostatej czgéci czasteczki, trichoteceny
zostaly podzielone na cztery typy: A, B, C i D. Trichoteceny wystgpuja powszechnie jako
zanieczyszczenia ziaren zbo6z takich jak pszenica, owies, jeczmien i kukurydza. Wystepuja
rowniez w sianie, slomie i1 kiszonce z zanieczyszczonych zbdz. Co wigcej, spozywanie
produktow takich jak miegso, mleko oraz jaja od bydta i drobiu karmionych pasza skazong
trichotecenami moze by¢ przyczyng zatru¢ u ludzi. Trichoteceny charakteryzuja si¢ duza
stabilnoscig 1 sg odporne na wysoka temperaturg czy swiatlo UV. Uwaza sig, ze trichoteceny
typu A sg najbardziej toksycznymi przedstawicielami tej grupy mykotoksyn (Pascari et al.
2020) (Praca nr 1). Ze wzgledu na powszechne wystepowanie trichotecenéw w produktach
bedacych zroédltem pozywienia dla ludzi i zwierzat hodowlanych stanowig one istotny problem
dla bezpieczenstwa zywnosci oraz zdrowia publicznego (Mahato et al. 2022).

Toksyna T-2 nalezy do trichotecenéw typu A i zawiera podwdjne wigzanie migdzy
C-9 i C-10 oraz grupe epoksydowa miedzy C-12 i C-13. Budowa chemiczna toksyny T-2
charakteryzuje si¢ grupg hydroksylowa (OH) w pozycji C-3, grupami acetyloksylowymi
(-OCOCH3) w pozycjach C-4 i C-15, atomem wodoru w pozycji C-7 oraz grupg izowalerylowa
z wigzaniem estrowym [OCOCH2CH(CH3)2] w pozycji C-8 (Rycina 1).
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Rycina 1. Budowa chemiczna toksyny T-2.

Toksyna produkowana jest przez rézne gatunki Fusarium, w tym F. sporotrichioides, F. poae
i F. acuminatum. Najlepszymi warunkami do wzrostu F. sporotrichioides, ktory jest glownym
producentem toksyny T-2 sa: zakres temperatur od -2 do 35°C oraz aktywno$¢ wody powyzej
0,88. Dlatego tez czg¢sto mozna go znalez¢ na ziarnach pochodzacych z regionéw o klimacie
umiarkowanym. Aktywnos$¢ wody i temperatura optymalne dla biosyntezy toksyny T-2 przez
F. sporotrichioides wynosza odpowiednio 0,980-0,995 oraz 20-30 °C (Kis et al. 2021). Toksyna
T-2 jest odporna na degradacje pod wptywem wysokiej temperatury i $wiatta UV. Pozostaje
rowniez aktywna podczas przetwarzania zywnosci i sterylizacji termicznej w autoklawie.
Toksyna T-2 moze by¢ skutecznie dezaktywowana w silnie kwasnym lub zasadowym
srodowisku, poprzez dzialanie temperatury 200-210 °C przez 30-40 min oraz metoda absorpcji
podchlorynem sodu (NaClO) i wodorotlenkiem sodu (NaOH) przez minimum 4 godziny.
Obecnos¢ wspotistniejacych grzybow lub bakterii moze rowniez prowadzi¢ do detoksykacji
T-2 poprzez zmiang jej struktury chemicznej. Obecno$¢ toksyny T-2 wykrywano w ziarnach
zboz takich jak pszenica, jeczmien, owies, kukurydza czy ryz, ale takze w produktach
zbozowych m.in. maka pszenna, ptatkach $niadaniowych czy wyroby piekarnicze (Lavinia et
al. 2011; European Food Safety et al. 2017) (Praca nr 1).

Wedtug przeprowadzonych badan naukowych toksyna T-2 ma najwyzsza toksyczno$é
sposrdd wszystkich mykotoksyn. Toksyna ta oddziatuje negatywnie na rézne narzady i uktady
organizmu ludzi 1 zwierzat. Wedlug badan toksyna T-2 wykazuje aktywnos$¢ toksyczna

wzgledem uktadu immunologicznego, nerwowego, pokarmowego, moczowego i piciowego
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(Li et al. 2011). Dziata ona m.in. jako inhibitor syntezy bialek poprzez wigzanie si¢
z podjednostka 60S rybosomow eukariotycznych co prowadzi do zahamowania aktywnos$ci
transferazy peptydylowej i zapobieganiu inicjacji tancucha polipeptydowego (Adhikari et al.
2017). Dodatkowo wykazano, ze toksyna T-2 niezaleznie od hamowania syntezy biatek
oddziatuje na funkcje btony komorkowej i wplywa na transportery aminokwasow, nukleotydow
i glukozy, a takze na aktywnos$¢ kanatlow wapniowych (Bunner and Morris 1988). Toksyna
T-2 ma charakter lipofilowy przez co moze by¢ tatwo wchtaniana z przewodu pokarmowego,
przez btony $luzowe drog oddechowych lub warstwy naskorka (Chaudhary and Lakshmana
Rao 2010) (Praca nr 1). Toksyczno$¢ ogolnoustrojowa toksyny T-2 moze wynika¢ z gtownych
drég narazenia: zotadkowo-jelitowej, wziewnej, kontaktowej i przezskornej. Objawy
mykotoksykozy spowodowanej przez toksyne T-2 sa zwykle obserwowane w ciggu dwoch do
czterech godzin, ale silna ekspozycja moze spowodowaé wystgpienie objawoéw juz w ciggu
kilku minut. Objawy toksycznego dziatania T-2 beda si¢ rozni¢ w zaleznosci od drogi
ekspozycji jednak ogodlnoustrojowe objawy u ludzi i zwierzat obejmuja nudnosci, wymioty,
biegunke, utrate masy ciata, ataksje a takze zawroty gtowy. W cigzkich przypadkach moze
wystapi¢ tachykardia, hipotermia i niedoci$nienie. Ekspozycja zotadkowo-jelitowa moze
powodowa¢ nudno$ci, wymioty i wodnista lub krwawag biegunke ze skurczowym bolem
brzucha. Uwaza si¢, ze mykotoksyna T-2 odpowiedzialna jest za rozwoj klinicznego zespotu
toksycznej aleukii pokarmowej (ATA); charakteryzujacej si¢ nudnosciami, wymiotami,
biegunka, leukopenia, krwotokiem, zapaleniem skory a w cigzkich przypadkach $miercia.
Wziewna droga narazenia moze powodowaé swedzenie nosa, bol, kichanie, krwawienie
i wyciek z nosa. Toksyczno$¢ ptucna i tchawiczo-oskrzelowa moze powodowaé dusznosci,
Swiszczacy oddech, kaszel 1 zabarwiong krwig plwocing. W przypadku kontaktu toksyny
z ustami i gardtem wystepuje bol i zabarwienie §liny krwig. Narazenie oczu moze wywolywaé
bol oka, tzawienie, zaczerwienienie, uczucie ciala obcego i1 niewyrazne widzenie. Przy
ekspozycji przezskornej zwykle obserwuje si¢ objawy takie jak piekacy bol, zaczerwienienie,
tkliwos¢, pecherze i progresja do martwicy skory. Toksyna T-2 wykazuje rowniez dziatanie
radiomimetyczne (uszkodzenie dzielacych sie¢ komorek) w szczegolnos$ci na aktywnie dzielace
si¢ komorki szpiku kostnego, grasicy, sledziony czy weztow chlonnych (Lavinia et al. 2011,
Rahman et al. 2020; U.S. Army Medical Research Institute of Infectious Diseases (USAMRID).
T-2 Mycotoxins. In: Medical Management of Biologic Causalities Handbook. 8th Edition.
September 2014. Fort Detrick. Frederick, Maryland 21702-5001 (accessed on 19 October
2022)). Cecha charakterystyczng toksyny T-2, ktdra wyrdznia ja na tle innych trichotecenow

czy toksyn pochodzenia biologicznego jest dzialanie silnie draznigce na skore. Uszkodzenia
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skory wywotane dzialaniem tej toksyny moga by¢ nawet 400-krotnie silniejsze niz przy
wykorzystaniu iperytu siarkowego, ktory nalezy do grupy parzacych bojowych $rodkow
trujacych broni chemicznej. Ponadto aktywnos¢ toksyny T-2 po wniknigciu do organizmu przez
drogi oddechowe jest porownywalna z aktywnoscig iperytu siarkowego, iperytow azotowych
1 luizytu. Dlatego tez wtasciwosci toksyny T-2 sg bardziej zblizone do srodkow chemicznych
niz toksyn biologicznych (Praca 2). Poczatkowe zmiany dotycza przede wszystkim naskorka
1 gornej czesci skory wlasciwej jednak w pozniejszych etapach rozszerzaja si¢ na obszar skory
wilasciwej i tkanke podskorng (Pang et al. 1987). W badaniach na myszach wykazano, ze
w uszkodzeniu skéry wywotanym dziataniem toksyny T-2 posredniczy stres oksydacyjny,
aktywacja mieloperoksydazy, aktywno$¢ metaloproteinaz macierzy pozakomorkowej, wzrost
poziomu cytokin prozapalnych oraz apoptoza komorek naskoérka. Zmiany histologiczne
obejmowaty wakuolizacje, obrzgk i1 powickszenie keratynocytow oraz naciek komoérek
zapalnych w skorze wlasciwej. Zwiekszenie dawki 1 czasu ekspozycji toksyny spowodowato
hialinizacje naskorka i cigzkg martwicg skrzepowa naskorka oraz skory wiasciwej (Agrawal et
al. 2012). Objawy takie jak rumien, intensywny obrzek z rozszerzeniem naczyn w skorze
wlasciwej, uszkodzenia fibroblastow i martwica sa gtéwnymi skutkami toksycznego
miejscowego dziatania toksyny T-2 (Hemmati et al. 2012; Ueno 1984). Dodatkowo ekspozycja
przezskorna na toksyne T-2 moze poczatkowo wywota¢ silny obrzek oraz zwickszong grubosé
warstwy kolczystej 1 podstawnej (warstwa Malpighiego) naskorka a takze pojawiajg sie
pecherze $rodnaskorkowe. Nastepnie wystepuje cigzka i rozlegla martwica skrzepowa
i tworzenie si¢ mikroropni $rédnaskorkowych. Ponadto na powierzchni uszkodzonej skory
moga wystapic strupy z koloniami bakterii ziarniakow. Zmiany patologiczne skory wlasciwej
w poczatkowym etapie dziatania toksyny charakteryzujg si¢ lagodnym okolonaczyniowym
naciekiem neutrofili, eozynofilii i makrofagéw, obrzekiem tagodnym do umiarkowanego,
odktadaniem  fibryny oraz rozerwaniem kolagenu w warstwie brodawkowatej
i okotonaczyniowych obszarach gornej warstwy siateczkowatej. W ciggu kilku dni zmiany te
mogg sta¢ si¢ coraz bardziej rozlegle i dotkliwe co prowadzi do martwicy i rozwoju stanu
zapalnego. Fibroplazja gornej czgsci skory wihasciwej rozszerzyé si¢ moze do tkanki
podskornej. Zmiany skorne takie jak gabczaste zapalenie skory wraz z wysigkiem surowiczo-
krwistym mogg si¢ przeksztalci¢ w miejscowe rozlegle martwicze zapalenie powigzi. Wynikac
moze to z immunosupresyjnego dziatania toksyny T-2 czego skutkiem jest zwiekszona
podatno$¢ na infekcje bakteryjne (Bhavanishankar, Ramesh, and Shantha 1988; Pang et al.
1987).
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Cel pracy

Mykotoksyna T-2 charakteryzuje si¢ szerokim spektrum toksycznego dziatania.
Pomimo wielu lat badan nad jej toksycznos$cig wzgledem réznych komorek, organéw oraz
uktadow w organizmie ludzi i zwierzat, wptyw tej toksyny na skore nadal nie zostat do konca
poznany. Badania nad toksycznym dziataniem toksyny T-2 wzgledem skory prowadzone do tej
pory opieraly si¢ gltowniec 0 obserwacje makroskopowe, mikroskopowe oraz analizy
histopatologiczne. Brak jest jednak informacji wskazujacych na molekularne mechanizmy
dziatania tej toksyny na komorki skory. W zwigzku z tym, celem niniejszej pracy byto
wyjasnienie mechanizmow cytotoksycznego i genotoksycznego dziatania toksyny T-2
w warunkach in vitro, wzgledem linii komérkowej prawidtowych ludzkich fibroblastow —
Hs68. Postawiony w ten sposob cel ogdlny zostal zrealizowany poprzez nastgpujace cele

szczegblowe:

1. Ocena bezposredniego toksycznego dziatania toksyny T-2 wzgledem ludzkich
prawidtowych fibroblastow linii Hs68.
2. Analiza wptywu toksyny T-2 na uszkodzenia mitochondriow komorek linii Hs68.

3. Ocena wptywu toksyny T-2 na uszkodzenia genomu jadrowego komorek linii Hs68.

Hipoteza badawcza: Toksyna T-2 produkowana przez grzyby z rodzaju Fusarium
w warunkach in vitro wykazuje witasciwosci cytotoksyczne oraz genotoksyczne wzgledem

komorek prawidtowych ludzkich fibroblastow linii Hs68.
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Materialy i metody

Material badawczy

Material badan stanowita linia komoérkowa prawidlowych ludzkich fibroblastow — Hs68
pozyskana z American Type Culture Collection (ATCC™). Hodowle komérek prowadzono
z wykorzystaniem medium DMEM zawierajacego dodatkowo 10% inaktywowang bydleca
surowic¢ ptodowa (FBS) oraz antybiotyki: 100 IU/ml penicyliny i 100 pg/ml streptomycyny.
Hodowla prowadzona byta w inkubatorze w srodowisku 5% CO3 oraz temperaturze 37°C. Przed
kazdym eksperymentem komorki pasazowano przy uzyciu TrypLe Express oraz hodowano

minimum 12 godzin.
Toksyna

W badaniach wykorzystano komercyjnie dostepng toksyng T-2, ktorg traktowano komorki linii
Hs68 w zakresie ste¢zen 0,001-100 uM oraz inkubowano przez 24 i 48 godzin. Toksyna T-2
produkowana przez grzyby Fusarium sp. zakupiona zostata w Sigma-Aldrich Chemical Co.

(St. Louis, MO, USA\) na licencji uzytkownika koncowego.
Metody

Celem zbadania bezposredniego toksycznego dziatania toksyny T-2 przeprowadzono

nastepujgce analizy:

e przezywalno$¢ komorek z wykorzystaniem testu z bigkitem trypanu

e przezywalnos¢ komoérek z wykorzystaniem testu MTT

e komoérkowy poziom ATP metodg bioluminometrii

e aktywnosc¢ kaspazy-3 oraz kaspazy-7 technikg cytometrii przepltywowe;j

e zmiany apoptotyczne i nekrotyczne z wykorzystaniem wigzania aneksyny V 1 jodku
propidyny metoda cytometrii przeptywowe;j

e stezenie cytokeratyny 18 przy uzyciu testu ELISA

W celu zbadania wplywu toksyny T-2 na uszkodzenia mitochondriéw przeprowadzono

nastepujgce analizy

e zmiany potencjatu blony mitochondrialnej przy uzyciu sondy fluorescencyjnej JC-1
e generowanie reaktywnych form tlenu (reactive oxygen species — ROS) przy uzyciu
sondy fluorescencyjnej dioctanu 2’,7'-dichlorofluoresceiny (H2DCFDA)
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uszkodzenia mitochondrialnego DNA metoda Semi-Long Run qRT-PCR
e ilos$¢ kopii mitochondrialnego DNA metodg Real-Time-gPCR

W celu analizy wplywu toksyny T-2 na uszkodzenia genomu jgdrowego przeprowadzono
nastepujgce analizy:

e uszkodzenia jadrowego DNA metoda kometowa
e uszkodzenia jadrowego DNA metoda Semi-Long Run gRT-PCR

zmiany ekspresji genow na poziomie MRNA dla genow odpowiedzialnych za naprawe

DNA oraz genéw zwigzanych ze stanem zapalnym z wykorzystaniem Real-Time-gPCR
e Analiza in silico wigzania toksyny do DNA
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Wyniki

Analiza bezposredniego toksycznego dziatania toksyny T-2 wzgledem ludzkich prawidtowych
fibroblastow linii Hs68

Do oznaczenia bezpo$redniego toksycznego dziatania toksyny wykorzystano szereg
metod.

Przezywalno$¢ komorek oceniono wykorzystujac dwie niezalezne metody (test
z blekitem trypanu oraz MTT), ktore oparte s3 na réoznych mechanizmach biochemicznych.
Wyniki obu metod wykazaty zalezny od dawki i czasu efekt cytotoksyczny toksyny. Ponadto,
na podstawie wynikow obliczono warto$ci parametru ECso (50% effective concentration),
wedtug ktérego okreslic mozna stezenie zwigzku niezbgdne do wywotania okreslonego efektu
u 50% badanej populacji. Wartosci dla metody z blekitem trypanu wynosity 22,71 uM dla
24-godzinnej inkubacji komorek z toksyng oraz 7,81 uM po 48-godzinnej inkubacji z toksyna.
Wartosci dla testu MTT wyniosty 25,98 uM po 24-godzinnej inkubacji komorek z toksyng oraz
10,35 uM dla 48-godzinnej inkubacji z toksyna.

Metoda bioluminometrii okreslono wzglgdny poziom ATP w komorkach Hs68 w celu
sprawdzenia aktywnego metabolizmu komorkowego. Ekspozycja komorek na toksyne T-2
spowodowata zalezny od dawki i czasu spadek poziomu luminescencji, co bezposrednio
odpowiadato poziomowi ATP w probce. Zmiany dla wszystkich stezen toksyny i czasow
ekspozycji z wyjatkiem najnizszego st¢zenia tj. 0,001 uM dla 24- i 48-godzinnej ekspozycji sg
istotne statystycznie w stosunku do komorek kontrolnych.

Stosujac metode cytometrii przeplywowej z podwdjnym barwieniem (aneksyna V
i jodek propidyny), zaobserwowano, ze inkubacja komoérek fibroblastow z toksyng T-2
spowodowata wzrost fluorescencji jodku propidyny. W najwyzszym badanym stezeniu toksyny
(100 uM) procent komoérek barwionych jodkiem propidyny wynosit 79% po 24 godzinach od
ekspozycji na toksyn¢ oraz 93% po 48 godzinach od ekspozycji. Wzrost fluorescencji jodku
propidyny, ktory wigze si¢ z DNA komorek z uszkodzong btong komoérkowa swiadczy
0 wystepowaniu procesu nekrozy. W zadnej probce nie zaobserwowano znaczgcego wzrostu
fluorescencji aneksyny V, ktéra zwigzana jest z procesem apoptozy w komorkach.

W kolejnym etapie badan przeprowadzono weryfikacje zdolnosci toksyny T-2 do
aktywacji szlaku kaspazy-3/7 w fibroblastach. Podczas oceny aktywnosci kaspaz na podstawie
fluorescencji zaobserwowano, ze traktowanie komorek fibroblastow toksyng nie indukowato
zadnych zmian we fluorescencji, co wyraznie wskazywalo na brak aktywnosci proteolitycznej

kaspaz 3/7 w tych komorkach.
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Aby potwierdzi¢ aktywacje szlaku nekrotycznego wywotywanego dziataniem toksyny
T-2 w komoérkach Hs68, przeprowadzono analize stgzenia ludzkiej cytokeratyny 18 (CK18)
w supernatantach z hodowli komoérkowych. Traktowanie komoérek toksyng spowodowato
zarowno dla 24- jak i 48-godzinnej ekspozycji zalezny od dawki wzrost stezenia cytokeratyny
18. Zmiany dla wszystkich zastosowanych stezen toksyny i czaséw ekspozycji sg istotne

statystycznie w stosunku do komorek kontrolnych (Praca nr 2).

Analiza wplywu toksyny T-2 na uszkodzenia mitochondriéw komorek linii Hs68

Pierwszym etapem oceny wplywu toksyny na funkcjonowanie mitochondriéw byta
analiza potencjalu blony mitochondrialnej komorek Hs68, ktorg przeprowadzono
z wykorzystaniem sondy fluorescencyjnej JC-1. Traktowanie linii komoérkowej toksyng
spowodowato zmiany stosunku fluorescencji agregatow do monomeréw co wskazywato na
spadek potencjatu blonowego w komorkach inkubowanych z toksyng T-2. Ekspozycja komoérek
na toksyn¢ T-2 spowodowala zaburzenia potencjalu mitochondrialnego zaréwno podczas
24- jak i 48-godzinnej inkubacji. Zaobserwowane zmiany dla wszystkich stezen toksyny
i czasOw ekspozycji z wyjatkiem najnizszego stezenia (0,001 uM) dla 48-godzinnej ekspozycji
sg istotne statystycznie w stosunku do komorek nietraktowanych toksyna.

Kolejnym etapem badan byta ocena wptywu toksyny T-2 na mitochondria Hs68 poprzez
analize wewnatrzkomorkowego wytwarzania reaktywnych form tlenu. W tym celu
przeprowadzono eksperyment z wykorzystaniem H2DCFDA. Inkubacja komorek Hs68
z toksyng T-2 we wszystkich badanych st¢zeniach (0,001-100 uM) zaréwno przy 24- jak
i 48-godzinnej ekspozycji na toksyn¢ nie wykazata jej wptywu na wewnatrzkomorkowy
poziom ROS.

Wykazano, ze toksyna T-2 ma wplyw na genom mitochondrialny badanej linii
komorkowej. Komorki traktowano toksyng w stezeniach 0,1, 1 oraz 10 uM 1 inkubowano 24
1 48 godzin. Genotoksyczno$§¢ toksyny obserwowano jako zmiang liczby kopii
mitochondrialnego DNA (mtDNA). Inkubacja z toksyna T-2 w sposob zalezny od dawki i czasu
powodowata zmniejszenie liczby kopii mtDNA w komoérkach. W przypadku najwyzszego
badanego st¢zenia (10 uM) i 48-godzinnego okresu inkubacji poziom spadt ponad 100-krotnie.
Uzyskane wyniki z wyjatkiem najnizszego stgzenia tj. 0,001 uM dla 24-godzinnej ekspozycji
sg istotne statystycznie w stosunku do komorek kontrolnych.

Okreslenie ilosci uszkodzen mtDNA wykonano za pomocg reakcji SLR-QRT-PCR,

gdzie pomiar oparty jest na zaleznosci, ze wszelkie uszkodzenia na matrycy DNA beda
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blokowa¢ polimeraz¢ DNA, czego skutkiem jest z kolei zmniejszenie amplifikacji sekwencji
docelowej. W tym celu zbadano uszkodzenia w dwoch regionach mtDNA: ND1 oraz ND5.
Reakcje SLR-qRT-PCR przeprowadzono z wykorzystaniem DNA wyizolowanego z komoérek
eksponowanych na toksyne T-2 w st¢zeniach 0,1; 1 1 10 uM przez 24 i 48 godzin. Analiza
wykazata, ze inkubacja komorek z toksyng T-2 w sposéb zalezny od dawki i czasu zwigkszyta
poziom uszkodzen mtDNA w obu testowanych regionach mtDNA. Zaobserwowane zmiany dla
wszystkich stezen toksyny i czaséw ekspozycji sg istotne statystycznie w stosunku do komoérek

nietraktowanych toksyng (Praca nr 3).

Ocena wplywu toksyny T-2 na uszkodzenia genomu jgdrowego komorek linii Hs68

Poziom uszkodzen DNA indukowanych przez toksyn¢ T-2 w komorkach linii Hs68
analizowano za pomocg alkalicznej wersji testu kometowego. Metoda ta identyfikuje jedno-
i dwuniciowe pekniecia DNA oraz miejsca alkalicznie labilne na poziomie pojedynczej
komorki. Miarg poziomu uszkodzen DNA jest dlugo$¢ ogona i ilo§¢ zawartego w nim DNA,
ktora wykazano jako rosnacy % DNA w ogonie komety. Wykazano, ze wszystkie zastosowane
stezenia toksyny zar6wno po 24- jak i 48-godzinnej inkubacji indukuja peknigcia DNA oraz
miejsca alkalicznie labilne. Stopien uszkodzenia DNA w komorkach jest skorelowany z dawka
i czasem ekspozycji na toksyne T-2. Zaobserwowane zmiany dla wszystkich st¢zen toksyny
1 czasOw ekspozycji sg istotne statystycznie w stosunku do komorek nietraktowanych toksyng.

Kolejng metoda wykorzystang do okreslenia ilo$ci uszkodzen jadrowego DNA (nDNA)
byta reakcja SLR-QRT-PCR, gdzie pomiar uszkodzen DNA oparty jest na zaleznos$ci, ze
wszelkie zmiany (uszkodzenia/peknigcia) na matrycy DNA beda blokowac polimeraze DNA,
a to nastgpnie skutkowac bedzie zmniejszeniem amplifikacji sekwencji docelowej. Zbadano
uszkodzenia w dwodch regionach nDNA, tj.: genach HPRT1 i TP53. Uszkodzenia DNA
okreslano jako poziom uszkodzen nDNA na 10 kpz DNA badanego regionu genu. Analizowano
uszkodzenia jadrowego DNA komorek eksponowanych na toksyne T-2 w stezeniach
0,1; 11 10 uM w dwodch okresach inkubacji — 24h i 48h. Zaobserwowano, ze traktowanie
komorek Hs68 toksyng T-2 w sposob zalezny od dawki i1 czasu zwigkszyto poziom uszkodzen
jadrowego DNA w obu testowanych regionach jadrowego DNA. Jednakze nie stwierdzono
réznic istotnych statystycznie w poziomie uszkodzen jadrowego DNA w porownaniu rejonow
obu genéw.

W celu oceny wptywu toksyny T-2 na ekspresje¢ istotnych dla uszkodzen DNA genéw

przeprowadzono analizg ekspresji gendw na poziomie mRNA metodg Real-Time PCR. Oceny
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zmian w ekspresji mRNA dokonano dla dwoch grup genow: genéw zwigzanych ze stanem
zapalnym (TNF, INFG, IL1A, IL1B) oraz genéw zwigzanych z procesem naprawy DNA (LIG1,
LIG3, FEN, XRCC1, APEX). Analiza wykazata, ze toksyna T-2 w sposéb zalezny od dawki
i czasu zwigkszata poziom mRNA dla TNF, INFG, IL1A i IL1B. W grupie gendéw zwigzanych
W procesem naprawy DNA zaobserwowano zmiany ekspresji indukowane przez toksyne T-2
w dwoch z nich — LIG3 i APEX. Poziom mRNA dla LIG3 zmniejszat si¢ w sposob zalezny od
dawki, podczas gdy dla APEX wykazano wzrost poziomu mRNA.

W celu okreslenia potencjalnego oddziatywania toksyny T-2 z dwuniciowg strukturg
DNA wykonano badania in silico. Ze wzgledu na dostgpno$¢ jedynie matych fragmentow DNA
w bazach danych struktur 3D, wykorzystano 3 ro6zne struktury pobrane z bazy RCSB PDB —
1BDZ, 3 AAF oraz 603T. Do kazdej z tych struktur toksyna T-2 wykazata bardzo silne
powinowactwo i posiadata termodynamicznie korzystnie przytaczony konformer strukturalny.
Jako punkt odniesienia dla uzyskanych warto$ci powinowactwa dla T-2 przeprowadzono
analizy zwigzku referencyjnego jakim byt iperyt siarkowy. Warto$ci powinowactwa toksyny
T-2 byty znacznie korzystniejsze (w zakresie -6.0 do -4.2 kcal/mol) niz otrzymane dla iperytu
siarkowego (oscylujg wokot -2 kcal/mol). Szczegdlowa analiza miejsca wigzania toksyny T-2
do czasteczki DNA wykazata, ze zwigzek ten ma silne powinowactwo do oddziatywania

z duzym rowkiem podwdjnej helisy DNA (Praca nr 4).
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Omowienie wynikow

Podczas prac badawczych zaplanowano szereg doswiadczen, ktorych sekwencja miata
na celu przedstawienie w ciggu logicznym molekularnego mechanizmu toksycznosci toksyny
T-2.

Testy MTT 1 z blekitem trypanu wykazaly, ze toksyna negatywnie wptywa na lini¢
komorkowa Hs68 i zmniejsza przezywalnos¢ komoérek. ATP to gtdéwny i uniwersalny no$nik
energii w organizmie a energia uwalniana podczas hydrolizy ATP jest wykorzystywana przez
komorke do przemian wymagajacych naktadu energii np. aktywnego transportu blonowego czy
reakcji syntez. Kiedy komorki przechodza procesy takie jak apoptoza lub nekroza, poziom ATP
ulega zmniejszeniu. Wykorzystanie bioluminometrii do oznaczenia wzglednego poziomu ATP
dowiodlo, ze toksyna wywotuje spadek poziomu ATP w komorkach, a co za tym idzie spadek
ich aktywnego metabolizmu. Dalsze analizy mialy na celu sprawdzenie czy za toksyczne
dzialanie toksyny T-2 odpowiedzialny jest proces apoptozy czy nekrozy. Podwojne barwienie
komorek aneksyna V i jodkiem propidyny wykazato wzrost fluorescencji jodku propidyny,
ktory wigze si¢ z DNA komorek z uszkodzong btong komoérkowa, czyli péznoapoptotycznych
I nekrotycznych. Nie zaobserwowano natomiast znaczgcego wzrostu fluorescencji aneksyny V,
ktéra wiaze si¢ z eksponowang na zewnetrznej blonie komodrkowej fosfatydyloseryna
w komorkach apoptotycznych. W kolejnym etapie badan przeprowadzono weryfikacje
zdolnosci toksyny T-2 do aktywacji kaspazy-3 i kaspazy-7 w komorkach apoptotycznych.
Zgodnie z wynikami fluorescencji, toksyna T-2 nie aktywuje kaspazy-3 oraz kaspazy-7
w komorkach fibroblastow. Dodatkowo przeprowadzono analize st¢zenia ludzkiej
cytokeratyny 18, ktéra obecna pozakomorkowo jest markerem martwicy komorek
nablonkowych. Wzrost stezenia cytokeratyny 18 potwierdzito nekrotyczne dziatanie badane;j
toksyny. Wyniki powyzszych badan wskazujg cytotoksyczne dziatanie toksyny T-2 wzgledem
komorek fibroblastow oparte na procesie nekrozy.

Nastepnym krokiem bylo okreslenie wptywu toksyny na funkcjonowanie
mitochondriow. Pierwszym etapem badan byta analiza potencjatlu btony mitochondrialnej
(MMP) komoérek. Jedna z teorii sugeruje ze w przypadku, kiedy spadek MMP jest zwigzany
z dysfunkcja mitochondriow 1 wyczerpaniem ATP, moze wystapi¢ Smier¢ komorek na drodze
nekrozy (Lemasters et al. 1998). W tym kontekscie, ekspozycja komorek na toksyne T-2
powodowata spadek MMP co wskazuje na zaburzenia funkcjonowania mitochondriow
wywotane zaburzeniami procesu fosforylacji oksydacyjnej umozliwiajagcym powstanie ATP,

co jest mechanizmem nekrotycznej $smierci komorki. Analiza wytwarzania reaktywnych form
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tlenu nie wykazata natomiast wptywu toksyny na wewngtrzkomorkowy poziom ROS. Wynika¢
to moze z braku dziatania stresu oksydacyjnego jako mechanizmu toksycznego dziatania
toksyny T-2. Biorgc pod uwage brak wplywu na poziom ROS oraz brak wplywu na aktywno$¢
kaspazy-3 i kaspazy-7, toksyna T-2 nie wywotuje procesu apoptozy W komorkach fibroblastow.
Wykazano takze, ze toksyna T-2 ma wplyw na genom mitochondrialny badanej linii
komoérkowej a genotoksyczno$¢ toksyny obserwowano jako zmiang¢ liczby kopii
mitochondrialnego DNA (mtDNA). mtDNA czlowieka zawiera 37 genow, ktore kodujg m.in.
13 biatek procesu fosforylacji oksydacyjnej odpowiadajgcego za produkcje energii. Przyczyna
deplecji mtDNA w komorkach moga by¢ zaburzenia czynno$ci mitochondriow w cyklu
przemian energetycznych co potwierdza wczeSniejsze wnioski dotyczace uszkodzen
mitochondridw i zaburzen produkcji ATP indukowanych przez toksyne T-2. Ilo$¢ uszkodzen
mtDNA analizowano w dwoch regionach mtDNA: ND1 oraz ND5. Geny te koduja
odpowiednio podjednostke 1 i 5 dehydrogenazy NADH, ktore jest biatkiem I kompleksu
tancucha oddechowego znajdujacego si¢ w wewngtrznej btonie mitochondrialnej. Analiza
wykazata, ze inkubacja komorek z toksyna zwigkszyla poziom uszkodzen mtDNA w obu
testowanych regionach mtDNA. Wyniki te potwierdzaja negatywny wptyw toksyny T-2 na
funkcjonowanie mitochondriéw, co w konsekwencji moze prowadzi¢ do zahamowania
produkcji ATP i procesu nekrozy komorek.

Jako podsumowanie badan okreslono genotoksyczne wiasciwosci toksyny T-2
w stosunku do genomu jadrowego. Wplyw toksyny T-2 na uszkodzenia genomu jadrowego
analizowano z wykorzystaniem testu kometowego w wersji alkalicznej, ktorego wyniki jasno
wskazywaly na wystgpowanie jedno- i dwuniciowych peknie¢ DNA oraz miejsc alkalicznie
labilnych w komorkach. Nastepnie zbadano uszkodzenia w dwodch regionach nDNA,
tj.. HPRT1 i TP53. Oba geny odgrywaja istotng role w funkcjonowaniu komorki. Biatko
kodowane przez gen HPRT1 to transferaza enzymatyczna, ktora odgrywa kluczowa rolg w
wytwarzaniu nukleotydow purynowych poprzez szlak odzyskiwania puryn. Gen TP53
natomiast koduje biatko p53, ktore bierze udzial w regulacji wielu proceséw komorkowych
np. aktywacji mechanizméw naprawy DNA czy indukcji apoptozy w odpowiedzi na
uszkodzenia DNA. Zwigkszenie poziomu uszkodzen jadrowego DNA w obu testowanych
regionach potwierdzito wyniki testu kometowego wskazujac na wywolywanie uszkodzeh DNA
przez toksyne T-2. Analiza ekspresji istotnych dla uszkodzen DNA genoéw zwigzanych ze
stanem zapalnym oraz genéw zwigzanych z procesem naprawy DNA wskazuje na indukcje
stanu zapalnego przez toksyne¢ ze wzgledu na istotny wzrost ekspresji genow IL1A oraz IL1B.

W grupie genow zwigzanych w procesem naprawy DNA zaobserwowano zmiany ekspresji
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w dwoch z nich — LIG3 i APEX. Wzrost ekspresji genu APEX wskazuje na wzrost uszkodzen
DNA komorki spowodowany pojawieniem si¢ miejsc AP. Spadek ekspresji genu LIG3 moze
by¢ wynikiem znacznego uszkodzenia komorek, a w konsekwencji uposledzenia
mechanizméw naprawy DNA. Wyniki analizy in silico jednoznacznie wykazaly interakcje
toksyny T-2 ze strukturg DNA. Wykonano dodatkowe dokowanie tych samych fragmentow
struktury DNA do iperytu siarkowego, roéwnie toksycznego dla DNA. Po przeanalizowaniu
wynikéw powinowactwa zwigzku referencyjnego do struktur DNA i poréwnaniu ich z energia
wigzania badanej toksyny z DNA mozna wnioskowaé, ze powinowactwo toksyny T-2 do
tancucha DNA jest co najmniej dwukrotnie wigksze niz powinowactwo iperytu siarkowego.
Wyniki te jasno wskazuja na silny potencjal genotoksyczny toksyny T-2, ktora
wielokierunkowo oddziatywujac na komorke jest zdolna do wywotania procesu nekrotycznego

poprzez uszkodzenia mitochondridow oraz czasteczek DNA jadrowego.
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Whnioski

1. Toksyna T-2 oddzialuje negatywnie na funkcjonowanie komorek prawidlowych
ludzkich fibroblastow linii Hs68 wywotujac $mier¢ komorek na drodze nekrozy.

2. Toksyna T-2 zaburza funkcjonowanie mitochondriow komorek oraz uszkadza strukture
ich DNA.

3. Toksyna T-2 posiada silne wlasciwosci genotoksyczne w stosunku do genomu

jadrowego i jest zdolna do bezposredniego oddziatywania ze strukturg DNA.
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Streszczenie

Mykotoksyna T-2 nalezy do trichotecendéw typu A i swojej budowie zawiera podwdjne
wigzanie migdzy C-9 i C-10 oraz grupe¢ epoksydowa miedzy C-12 i C-13. Struktura chemiczna
toksyny charakteryzuje si¢ grupa hydroksylowa (OH) w pozycji C-3, grupami
acetyloksylowymi (-OCOCH3) w pozycjach C-4 i C-15, atomem wodoru w pozycji C-7 oraz
grupg izowalerylowg z wigzaniem estrowym [OCOCH2CH(CH3)2] w pozycji C-8. Toksyna
T-2 produkowana jest przez rdézne gatunki grzybow strzgpkowych z rodzaju Fusarium takie jak
F. sporotrichioides, F. poae i F. acuminatum. Toksyna ta wykazuje odpornos$¢ na degradacje
pod wpltywem wysokiej temperatury i §wiatla UV. Toksyna T-2 wywotuje skazenia wielu
upraw a jej obecnos¢ wykrywano w ziarnach zboz takich jak jeczmien, pszenica, owies, ryz
i kukurydza, a takze w produktach zbozowych m.in. mace pszennej, ptatkach $niadaniowych
czy wyrobach piekarniczych.

Wsrod  trichotecendw  toksyna T-2 uwazana jest za najbardziej toksycznego
przedstawiciela. Dane literaturowe potwierdzaja, ze toksyna ta wykazuje toksycznosc
wzgledem réznych uktadow organizmu ludzi i zwierzat tj. pokarmowego, immunologicznego,
nerwowego, moczowego czy ptciowego. Co wiecej, toksyna T-2 oddziatuje silnie draznigco na
skorg 1 moze by¢ wchianiana przez nienaruszong powtoki skorne, powodujac ogélnoustrojowa
toksycznos$¢. Uwaza sig, ze uszkodzenia skory wywolane dziataniem tej toksyny moga by¢
nawet 400-krotnie silniejsze niz przy zastosowaniu iperytu siarkowego, ktory nalezy do broni
chemicznej. Ponadto aktywno$¢ toksyny T-2 po wniknigciu do organizmu przez drogi
oddechowe jest porownywalna z aktywnoscia iperytu siarkowego, iperytow azotowych
1 luizytu. Dlatego tez wtasciwosci toksyny T-2 sa bardziej zblizone do $rodkéw chemicznych
niz toksyn biologicznych. Dermatotoksyczne skutki dziatania toksyny charakteryzuja sie¢
zaczerwienieniem, obrzekiem a w ciezkich przypadkach owrzodzeniem i1 martwicg skory.
Pomimo wielu lat badan nad toksycznym dziataniem toksyny T-2 wzgledem skory brak jest
informacji wskazujacych na molekularne mechanizmy dziatania tej toksyny wzgledem jej
komorek.

Glownym celem pracy bylo wyjasnienie mechanizmow cytotoksycznego
i genotoksycznego dziatania toksyny T-2 w warunkach in vitro. Materiat do badan stanowita
linia komorkowa prawidlowych ludzkich fibroblastow — Hs68. Komorki traktowano
mykotoksyng T-2 w zakresie stgzen 0,001-100 uM oraz inkubowano przez 24 i 48 godzin.

Oceny bezposredniego toksycznego dziatania toksyny T-2 wzgledem ludzkich

prawidtowych fibroblastow linii Hs68 dokonano za pomocg analizy przezywalnosci komorek

27



z wykorzystaniem testu z biekitem trypanu oraz testu MTT. Oznaczono takze komorkowy
poziom ATP metoda bioluminometrii oraz aktywnos$¢ kaspazy-3 oraz kaspazy-7 technika
cytometrii przeptywowej. Analiz¢ zmian apoptotycznych i nekrotycznych przeprowadzono
z wykorzystaniem wigzania aneksyny V i jodku propidyny metoda cytometrii przeptywowe;,
natomiast stezenie cytokeratyny 18 oceniono przy uzyciu testu ELISA. Analize wptywu
toksyny T-2 na uszkodzenia mitochondriéw komorek linii Hs68 przeprowadzono oznaczajac
zmiany potencjatu blony mitochondrialnej przy uzyciu sondy fluorescencyjnej JC-1,
generowanie reaktywnych form tlenu (reactive oxygen species — ROS) przy uzyciu sondy
fluorescencyjnej H2DCFDA, uszkodzenia mitochondrialnego DNA metoda Semi-Long Run
gRT-PCR oraz ilo$¢ kopii mitochondrialnego DNA metoda Real-Time-gPCR. Analiz¢ wptywu
toksyny T-2 na uszkodzenia genomu jagdrowego oparto na ocenie uszkodzen jadrowego DNA
metoda kometows, z wykorzystaniem reakcji Semi-Long Run qRT-PCR oraz ocenie zmian
ekspresji genow na poziomie MRNA dla genéow zwigzanych z procesem stanu zapalnego
i naprawy DNA. Dodatkowo przeprowadzono analizg in silico dotyczacg wigzania toksyny do
DNA.

Przeprowadzone badania wykazuja, ze toksyna T-2 posiada toksyczne wlasciwosci
1 negatywnie wptywa na funkcjonowanie komorek prawidtowych ludzkich fibroblastéw linii
Hs68. Analizy in vitro obejmujace traktowanie linii komorkowej toksyna w zakresie stezen
0,001-100 puM przy 24- i 48-godzinnej inkubacji ukazuja zaréwno cytotoksyczny jak
i genotoksyczny charakter toksyny T-2.

28



Summary

T-2 mycotoxin toxin belongs to type A trichothecenes and contains a double bond
between C-9 and C-10 and an epoxy group between C-12 and C-13. The T-2 chemical structure
is characterized by a hydroxyl (OH) group at the C-3 position, acetyloxy (-OCOCH3) groups
at the C-4 and C-15 positions, an atom of hydrogen at the C-7 position and an ester-linked
isovaleryl [OCOCH2CH(CH3)2] group at the C-8 position. T-2 toxin is produced by various
species of filamentous fungi of the genus Fusarium such as F. sporotrichioides, F. poae and
F. acuminatum. This toxin exhibits resistance to degradation under the influence of high
temperature and UV light. T-2 toxin causes contamination of many crops, and its presence has
been detected in grains of cereals such as barley, wheat, oats, rice and corn, as well as in cereal
products such as wheat flour, breakfast cereals and bakery products.

Among the trichothecenes, the T-2 toxin is considered the most toxic representative.
Literature data confirm that this toxin exhibits toxicity to various human and animal body
systems, i.e., digestive, immunological, nervous, urinary and sexual. Moreover, T-2 toxin is
a strong skin irritant and can be absorbed through intact skin, causing systemic toxicity. It is
considered that skin damage caused by this toxin can be up to 400 times stronger than when
using sulfur mustard, which belongs to chemical weapons. In addition, the activity of the T-2
toxin after entering the body through the respiratory tract is comparable to that of sulfur
mustard, nitrogen mustard and lewisite. Therefore, the properties of the T-2 toxin are more
similar to chemical agents than to biological toxins. Dermatotoxic effects of the toxin are
characterized by redness, swelling and in severe cases ulceration and necrosis of the skin.
Despite many years of studies on skin toxicity of T-2 toxin, there is no information indicating
the molecular mechanisms of this toxin's action on this organ.

The main aim of the study was to elucidate the mechanisms of cytotoxic and genotoxic
action of T-2 toxin under in vitro conditions. The study material was a cell line of normal human
fibroblasts - Hs68. Cells were treated with mycotoxin T-2 at concentrations ranging from
0.001 to 100 uM and incubated for 24 and 48 hours.

The direct toxicity of T-2 toxin against human normal Hs68 fibroblasts was assessed by
cell viability analysis using the trypan blue and the MTT assays. The cellular ATP level was
also determined by bioluminometry and activity of caspase-3 and caspase-7 by flow cytometry.
Analysis of apoptotic and necrotic lesions was performed using the binding of annexin V and
propidine iodide by flow cytometry, while the concentration of cytokeratin 18 was assessed
using the ELISA test. The analysis of the impact of T-2 toxin on mitochondrial damage of Hs68
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cells was performed by determining changes of the mitochondrial membrane potential using
the JC-1 fluorescent probe, generating reactive oxygen species (ROS) using the H2DCFDA
fluorescent probe, determining mitochondrial DNA damage using the Semi-Long method Run
gRT-PCR and the number of mitochondrial DNA copies by Real-Time-gPCR.

The analysis of the impact of T-2 toxin on nuclear genome damage was based on the
assessment of NDNA damage using the comet method, Semi-Long Run qRT-PCR reaction and
the evaluation of changes in gene expression at the mRNA level for genes related to
inflammation and DNA repair. In addition, an in silico analysis of toxin binding to DNA was
performed.

The studies show that T-2 toxin has toxic properties and negatively affects the
functioning of normal human fibroblast cells of the Hs68 line. In vitro analyzes involving
treatment of the cell line with toxin concentrations in the concentration range of 0.001-100 uM

with 24- and 48-hour incubation show both the cytotoxic and genotoxic nature of the T-2 toxin.
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Abstract: Among trichothecenes, T-2 toxin is the most toxic fungal secondary metabolite produced
by different Fusarium species. Moreover, T-2 is the most common cause of poisoning that results from
the consumption of contaminated cereal-based food and feed reported among humans and animals.
The food and feed most contaminated with T-2 toxin is made from wheat, barley, rye, oats, and maize.
After exposition or ingestion, T-2 is immediately absorbed from the alimentary tract or through the
respiratory mucosal membranes and transported to the liver as a primary organ responsible for
toxin's metabolism. Depending on the age, way of exposure, and dosage, intoxication manifests
by vomiting, feed refusal, stomach necrosis, and skin irritation, which is rarely observed in case of
mycotoxins intoxication. In order to eliminate T-2 toxin, various decontamination techniques have
been found to mitigate the concentration of T-2 toxin in agricultural commodities. However, it is
believed that 100% degradation of this toxin could be not possible. In this review, T-2 toxin toxicity,
metabolism, and decontamination strategies are presented and discussed.

Keywords: trichothecenes; type A; T-2 toxin; toxicity; metabolism; decontamination

1. Introduction

Trichothecenes (TCT) are groups of chemically related mycotoxins compounds pro-
duced by diverse filamentous fungal species such as Fusarium, Myrothecium, Stachybotrys,
Trichoderma, Trichothecium, and Spicellum, which pose a threat to human and animal
health [1,2]. The fungi capable of producing TCT can be found throughout the world.
They are able to grow under a variety of environmental conditions including the nutri-
ent content, temperature, moisture content, and oxygen level in growth medium, which
resulted in successful colonization [3,4]. TCT are non-volatile, low molecular weight
(typically 200-500 Da) sesquiterpenoids synthesized by the terpenoid biosynthetic path-
way [5,6]. They are slightly soluble in water but highly soluble in polar organic solvents
such as ethyl acetate, chloroform, ethanol, methanol, and propylene glycol [7]. The TCT
common structure consists of a three-ring molecule known as 12,13-epoxytrichothec-9-ene
(EPT) (Figure 1) [8,9]. The cyclohexene (A-ring) is fused to the tetrahydropyran (B-ring),
which is bridged by a two-carbon chain at C-2 and C-5, thus forming a cyclopentyl moiety
(C-ring) [10]. TCT are divided based on the substitution pattern of EPT into four types
(A-D) (Table 1) [11]. Type A TCT is distinguished by a hydroxyl (OH) group at C-8, an
ester function at C-8, or no oxygen substitution at C-8 [12,13].
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Figure 1. The core structures for A, B, C, and D trichothecenes (TCT) types.

Table 1. Substitution pattern of EPT of common trichothecenes (TCT).

Toxin Type R, R, R3 Ry Rs
T-2 A OH OCOCH;3; OCOCH;3 H OCOCH,CH(CHj3;),
HT-2 A OH OH OCOCH;3; H OCOCH,CH(CH3;),
Neosolaniol (NEO) A OH OCOCH; OCOCH;3 H OH
Diacetoxyscirpenol (DAS) A OH OCOCH; OCOCH;3 H H
Nivalenol (NIV) B OH OH OH OH =0
Deoxynivalenol (DON) B OH H OH OH =0
S'Aceti’;?zg‘gﬁ;’aleml B OCOCH; H OH OH e
15'Ac‘ay51_iffngl‘\iTV)aler‘°1 B OH H OCOCH; OH =0
Crotocin C H OCOCH-CHCH3 H Epoxide
Roridin E D H Macrocyclic ring H H
Verrucarin A D H Macrocyclic ring H H

TCT are identified as a significant threat to human and animal health. The most toxic
TCT include T-2, HT-2 toxin, deoxynivalenol (DON), nivalenol (NIV), and diacetoxyscir-
penol (DAS) [14]. TCT toxicological activity is related to the presence of the epoxide at
the C 12,13 position. Their mechanism of action is mainly based on the protein synthesis
inhibition and oxidative cell damage, which is followed by the disruption of synthesis
of nucleic acid and the resulting apoptosis [15]. The main sources of TCT in food and
feed are wheat, barley, rye, oats, and maize [16-18]. They also occur in hay, straw, green
feed, and silage from contaminated cereals [19]. What is more, Myrothecium species can
contaminate various vegetables e.g., tomato [20]. TCT can also enter human food chains
through breakfast cereals, bakery products, snack foods, and beer. Moreover, consumption
of products such as meat, milk, and eggs from livestock and poultry that are fed with
TCT-contaminated feed are the primary cause of human poisoning [21,22]. TCT are easily
absorbed through the gastrointestinal membranes and distributed to different tissues and
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organs due to their low molecular weight and amphipathic nature. The consumption of
TCT contaminated products may cause variable adverse effects including emesis, anorexia,
carcinogenicity, hematotoxicity, immunotoxicity, and neurotoxicity [23-26]. Moreover, it
has been reported that T-2 is extremely toxic to the mucous membranes and skin [27].
These effects depend on various factors including mycotoxin's toxicity, time of exposure, or
individual nutritional status [28].

T-2 toxin, which belongs to the A TCT type, has the highest toxicity of all TCTs [14,29,30].
T-2 is produced by different Fusarium species, including F. sporotrichioides, F. poae, and
F. acuminatum [31,32]. Their presence in a variety of cereal grains has been documented in
cold and moderate climate regions and during wet storage conditions [33,34]. F. sporotri-
chioides, as the main T-2 producer, grows in the temperature ranging from —2 to 35 °C,
preferably with water activity (aw) above 0.88 [35]. The temperature and aw optimal for
the T-2 biosynthesis are 20-30 °C and aw in the range of 0.980-0.995, respectively [36]. T-2
is resistant to degradation in different environmental conditions, such as high temperature
and UV light. However, it is effectively deactivated in a strong acid or alkaline environment,
and it can be affected by the presence of coexisting fungi or bacteria leading to detoxifying
T-2 by altering its chemical structure [29].

T-2 poses a potential threat to humans and animals as a natural cereals contaminant
and can induce a wide range of toxic effects due to its strong toxicity. T-2 has different toxic
effects depending on the dosage, age, and ways of exposure (oral, dermal, and aerosol).
Generally, observed acute toxicological effects are feed refusal, vomiting, hemorrhages,
stomach necrosis, and dermatitis [37,38]. In addition, T-2 is considered to be a main cause
of a gastrointestinal disorder called alimentary toxic aleukia disease (ATA) affecting in
history soldiers in World War II and humans in certain world regions after eating molded
food [39,40].

The aim of this study is to characterize the T-2 mycotoxin with special attention paid
to the aspect of the multidirectional toxicity, metabolism, and decontamination strategies.

2. Structure and Physical and Chemical Properties of T-2 Toxin

The T-2 toxin belongs to type A trichothecenes. As a TCT, it contains a double
bond between C-9 and C-10 and an epoxy group between C-12 and C-13 [12]. The T-2
chemical structure is characterized by a hydroxyl (OH) group at the C-3 position, acety-
loxy (-OCOCHs3) groups at the C-4 and C-15 positions, an atom of hydrogen at the C-7
position and an ester-linked isovaleryl [OCOCH,CH(CH3),] group at the C-8 position
(Figure 2) [41].

H3C\ / /0 ‘\\\\\\OH

CHy O —o0
PO - 3/ o
H3C oY é )‘\
0
J§ Yo
CH3
H3C 0

Figure 2. Chemical structure of T-2 toxin.

3. Metabolism of T-2 Toxin

T-2 toxin has a lipophilic character and can be immediately absorbed from the ali-
mentary tract or through the respiratory mucosal membranes [42]. Liver is the primary
organ of toxin’s metabolism after its absorption [43]. After ingestion, toxin is rapidly
absorbed and excreted in feces and urine. The half-life of T-2 in plasma is short, and
elimination is usually completed within 48 h, depending on the administration mode,
the consumed amount, and on species-specific differences [44]. In addition, toxin does
not accumulate in significant quantity in various organs such as the kidneys, liver, or the
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skeletal muscle [45,46]. The major metabolic pathways are usually hydrolysis, hydroxyla-
tion, conjugation, and de-epoxidation [45]. Typical metabolites of T-2 toxin are HT-2 toxin,
T-2-triol, T-2-tetraol, neosolaniol (NEO), 3’-hydroxy-T-2 (3'-OH-T-2), 3’-hydroxyHT-2 toxin
(3’-OH-HT-2), deepoxy-3'-hydroxy-T-2-triol, deepoxy-3’'-hydroxy-HT-2, 3'-hydroxy-T-2-
triol, dihydroxy-HT-2 toxin, 3'7-dihydroxy-T-2 (3',7'-di-OH-T-2), and 3',7-dihydroxy-HT-2
toxin (3/,7'-di-OH-HT-2) [29]. In recent years, some in vitro and in vivo studies of T-2
bioconversion have been conducted. The performed studies have led to characterization of
the metabolic pathways and identification of the main T-2 metabolites in different species.

Yang et al. [47] performed in vitro study with animal and human liver microsomes
that aimed to investigate the phase I and II metabolites. In this study, T-2 was incubated
with chickens, swine, goats, cows, rats, or humans liver microsomes under identical
experimental conditions. As a consequence, four phase I metabolites (HT-2, NEO, 3'-OH-T-
2, and 3’-OH-HT-2) and three phase II glucuronide binding metabolites (T-2-3-glucuronide
(T-2-3-GlcA), HT-2-3-glucuronide (HT-2-3-GlcA), HT-2-4-glucuronide (HT-2-4-GlcA)) of T-2
were discovered. The HT-2 toxin was the predominant metabolite in all species, suggesting
that the HT-2 may serve as a biomarker allowing to assess the dietary exposure of animals
and humans to T-2. The T-2 possible metabolic pathways mainly consist of hydrolysis
(HT-2, NEO), hydroxylation (3’-OH-T-2 and 3/-OH-HT-2), and glucuronidation (T-2-3-GlcA,
HT-2-3-GlcA, HT-2-4-GIcA). However, a significant metabolic difference was observed
among species. Compared to other in vitro models, a large amount of unmetabolized
T-2 remained after incubation with chicken liver microsomes, especially in the phase
II incubation system. It suggests that the chickens have a lower ability to metabolize
and conjugate T-2. Moreover, a significant difference was observed on the hydroxylated
products. 3'-OH-T-2, 3 was the main hydroxylated product observed in chickens, cows,
and rats, while for goats, swine, and humans, it was 3-OH-HT-2. In addition, species-
specific patterns of T-2 glucuronidation were also noticed. The major glucuronidation
product in cows and goats was T-2-3-GlcA, while for the other animal species and human,
it was HT-2-3-GIcA [47]. In vitro studies with rat liver microsomes and liver S9 fraction
were used. The results showed that hydrolysis was the main metabolic pathway of T-2
toxin, followed by hydroxylation. The HT-2, NEO, 9-hydroxy-T-2 (9-OH-T-2), and 4-
deacetylneosolaniol were the main metabolites in liver microsomes systems, whereas HT-2,
4-deacetylneosolaniol (4-deAc-NEO), NEO, 9-OH-T-2, and 3/-OH-T-2 had high contents in
liver S9 fraction systems [43].

An in vivo study was performed by Yang and colleagues [47], which aimed to investi-
gate the metabolism of T-2 in chickens after oral administration. As a result, 18 metabolites
(Table 2) were detected and identified in the chickens bile and feces. Some of these metabo-
lites such as 3'-Hydroxy-T-2-3-sulfate (3'-OH-T-2 3-SO3H), 3'-Hydroxy-HT-2-3-sulfate
(3’-OH-HT-2 3-SO3H), 4'-Hydroxy-HT-2 (4'-OH-HT-2), 3’ 4’-Dihydroxy-T-2 (3',4’-di-OH-
T-2), 4-Carboxyl-T-2 (4’-COOH-T-2), 4’-Carboxyl-HT-2 (4'-COOH-HT-2), 4'-Carboxyl-3'-
hydroxy-T-2 (4'-COOH-3'-OH-T-2), and their isomers were discovered. T-2 was extensively
metabolized in chickens demonstrated by the recovery of only traces of unmetabolized
toxin in chicken excreta. This study showed that 3'-OH-HT-2 was the main metabolite of
T-2 [47].

What is more, the same results were obtained in a study with rats [43]. These results
suggested that in rats and chickens, T-2 was hydrolyzed to HT-2, and it could undergo
hydroxylation at the isovaleryl group and produce 3’-OH-HT-2. Therefore, this metabolite
may serve as a T-2 biomarker of exposure. What is more, two novel metabolites (3’-OH-T-2
3-SO3H, 3’-OH-HT-2 3-SO3H) indicate that the sulfonation may be a T-2 specific metabolic
pathway in chickens [47].

In vivo studies in rats as an animal model revealed a significant difference between
male and female rats concerning the type of T-2 toxin metabolites. For male rats, the main
metabolite of T-2 toxin was 3/-OH-HT-2 followed by de-epoxy-3'-OH-HT-2, 3/,7’-di-OH-
T-2, HT-2, 3'-OH-T-2, 4-deAc-NEO, and 7’-hydroxy-HT-2 (7/-OH-HT-2). In comparison,
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for the female rats, the main metabolites were HT-2, 3’-OH-HT-2, de-epoxy-3'-OH-HT-2,
3’-OH-T-2, 9-OH-T-2, and 4-deAc-NEO, sequentially [43].

Table 2. Summary of T-2 toxin metabolites in in vivo study in chickens.

Number of Metabolite Metabolite Metabolic Pathway
1 HT-2 toxin (HT-2)
2 Neosolaniol (NEO) Hydrolysis
3 4-deacetylneosolaniol (4-deAc-NEO)
4 3’-hydroxy-T-2 (3'-OH-T-2) ]
Hydroxylation
5 3'-hydroxy-HT-2 (3/-OH-HT-2)
6 3’-Hydroxy-T-2-3-sulfate (3'-OH-T-2 3-SO3H)
Sulfonation
7 3’-Hydroxy-HT-2-3-sulfate (3’-OH-HT-2 3-SO3H)
8 4'-Hydroxy-HT-2 (4/-OH-HT-2) _
Hydroxylation
9 4/-OH-HT-2 isomer
10 4'-Carboxyl-T-2 (4’-COOH-T-2)
11 4'-COOH-T-2 isomer
/! !/
12 4'-Carboxyl-HT-2 (4’-COOH-HT-2) Carboxylation
13 4/-COOH-HT-2 isomer
14 4'-Carboxyl-3'-hydroxy-T-2 (4’-COOH-3'-OH-T-2)
15 4'-COOH-3'-OH-T-2 isomer
16 3’ 4'-Dihydroxy-T-2 (3’ 4’-di-OH-T-2)
17 3’ 4'-di-OH-T-2 isomer Hydroxylation
18 4’ 4'-Dihydroxy-T-2 (4’ 4’-di-OH-T-2)

4. T-2 Toxicity

Many studies have been performed in the last few decades focusing on the cytotoxic
and genotoxic effects of T-2 toxin. At a cellular level, the major effect of T-2 is inhibition
of protein synthesis, which leads to secondary DNA disruption and RNA synthesis [48].
T-2 is hypothesized to bind and inactivate peptidyl-transferase activity at the transcription
site, resulting in the inhibition of protein synthesis. The most important molecular target
of TCT is the 60S ribosomal unit, where it prevents polypeptide chain initiation. This
inhibitory effect is most visible in actively proliferating cells such as the gastrointestinal
tract, skin, thyroid, bone marrow, and erythroid cells [49,50]. The oxidative stress associated
with detrimental effects, such as elevated lipid peroxidation, nuclear and mitochondrial
DNA damage, disturbances in the cell signaling, and inflammatory pathways are also
the effects of T-2 toxin intoxication. What is more, toxin affects the cell cycle and induces
apoptosis [51-53]. Both in vitro and in vivo studies confirmed the toxic properties of this
mycotoxin (Figure 3), and the results of some of them are presented below.

4.1. Hepatotoxicity

Ihara and colleagues [54] investigated whether T-2 possesses an ability to induce
apoptosis in a mice model. The analysis revealed that the DNA fragmentation in liver hap-
pened shortly after exposition to the toxin. The induction of apoptotic cellular lesions and
phagocytosis of apoptotic bodies by Kupffer cells was observed 2 hours after toxin admin-
istration. These lesions were not observed 12 hours after receiving T-2 [54]. In an in vivo
study, Yin et al. [55] assessed the toxicological effect of T-2 on apoptosis and autophagy
in chicken hepatocytes. The apoptosis rate and pathological changes degree hepatocytes
increased in a dose-dependent manner. Histopathological analysis showed that the toxin
caused pathological changes in liver tissue, including hepatocyte edema, increased volume,
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o Skin inflammation

o Skin fibroblast cells destruction

®Vacuolation, ballooning of basal keratinocytes
and infiltration of inflammatory cells in dermis

and more granules in the cytoplasm. It suggests that the exposition to the T-2 leads to hep-
atocyte apoptosis. At the molecular level, T-2-induced mitochondria-mediated apoptosis
was caused by producing reactive oxygen species (ROS) and promoting cytochrome c (cyt
¢) translocation between mitochondria and cytoplasm. What is more, the expression of
the autophagy-related proteins such as Beclin-1, ATG5, and ATG7 and the LC3-II/LC3-I
ratio were increased. It suggests that T-2 caused autophagy. Further experiments showed
that the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target
of rapamycin (nTOR) signal may be involved in autophagy induced by T-2 in chicken
hepatocytes [55]. An in vivo study with mice revealed the up-regulated expression of ox-
idative stress and apoptosis-related genes and the down-regulated expression of glycogen
metabolism-, lipid metabolism-, drug metabolism- and blood coagulation-related genes.
In particular, c-fos and c-jun expression was notably elevated immediately after T-2 toxin
administration and remained at a high level up to 24 hours after. Moreover, T-2 induced
death in a small number of hepatocytes 3 hours after administration, and dead hepatocytes
at the early stage corresponded to necrosis, while at the late stage they corresponded to
apoptosis, respectively [56].

Immune system

« Disturbing monocytes differentiation into
macrophages and dendritic cells

e Disrupting the initiation of inflammatory immune
responses against pathogens

® Apoptosis and depletion of lymphocytes

¢ Early atrophy of thymic follicles

Skin Nervous system

e Apoptosis in the pituitary

e Apoptosis of the astrocytes

o Activation of inflammatory mediators

e Interfering with central neuronal networks
devoted to central energy balance

T-2 toxin
Liver Reproductive system

« Apoptosis, autophagy and necrosis oDecrease‘ in live spermatozoa

of hepatocytes e Increase in abnormal spermatozoa
e Reactive oxygen species (ROS) production *Reduction of sperm production and serum
s Hepatocyte edema testosterone concentration
eIncreased volume and more granules * Disturbances in the hypothalamic, pituitary,

in the cytoplasm of hepatocytes and ovarian axis

¢ Delay of puberty age

\J

Kidneys

*Mitochondria degeneration of epithelial cells

¢ Apoptosis of proximal convoluted tubule (PCT)
and distal convoluted tubule (DCT) epithelial cells

¢ Necrosis of renal tubular

¢ Degeneration of the epithelial lining of proximal
and distal convoluted tubules

*Swelling and diffuse vacuolar degeneration
of the tubular epithelium

¢ Presence of karyomegaly and binucleation in
epithelial cells

Figure 3. The main toxic effects of T-2 toxin in the organism.
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4.2. Nephrotoxicity

A toxicopathological study of T-2 effects on the kidneys in juvenile goats was con-
ducted. The histological analysis revealed the changes in the kidneys after 30 days of T-2
toxin-contaminated diet. The nucleus and mitochondria showed extensive degeneration,
and the mitochondria were the most affected organelles. Affected epithelial cells had a loss
of cristae, leading to the creation of empty space and rendering the mitochondria to pleo-
morphic forms (variable sizes and shapes—rounded, dumb bell, curved). Heterochromatin
condensation and margination with an indistinct nuclear membrane were also noticed.
Within the kidney tissues, proximal convoluted tubule (PCT) and distal convoluted tubule
(DCT) epithelial cells exhibited apoptotic changes. In general, the findings showed dose
and duration-dependent modifications. Pathomorphological alterations included intersti-
tial engorgement, degeneration of the epithelial lining of proximal and distal convoluted
tubules, and renal tubular necrosis. All of these alterations in the renal tissues indicate
the toxin’s harmful effect on kidneys [14]. A similar study with rats also showed that T-2
induced nephrotoxicity. Biochemical analysis showed increased levels of blood urea nitro-
gen (BUN) and serum creatinine. A significant increase in oxidative stress enzymes such
as malondialdehyde (MDA) and decrease in superoxide dismutase (SOD), catalase, and
glutathione (GSH) in kidneys enhanced the role of free radicals in causing kidney damage.
The main renal histological changes were the swelling and diffuse vacuolar degeneration
of the tubular epithelium. After 12 weeks of toxin-contaminated diet, almost all animals
showed severe degenerated PCT epithelial cells, obliterating the lumen with the presence
of denuded cells and protein aceous material in their lumina. What is more, the presence
of karyomegaly and binucleation in epithelial cells was observed. The mononuclear cell
infiltration around glomeruli and in the interstitium was also recorded in rats [57].

4.3. Immunotoxicity

Minervini et al. [58] conducted an in vitro study to investigate T-2 immunotoxicity
effects on two lymphoid human cell lines, MOLT-4 (T lineage) and IM-9 (B lineage). As a
result, cytotoxicity appeared to be due to early apoptosis in MOLT-4 cells, as indicated by
the activation of caspase-3, and to direct cell membrane damage in IM-9 cells. Reduced
viability (58%) was observed on the IM-9 line after 8 h of toxin administration. MOLT-4
showed a membrane damage (41% of cell viability) only after 24 h incubation at the higher
than IM-9 line toxin concentration [58]. In a different in vitro study [59], the effect of
T-2 toxin on human monocyte differentiation into macrophages and dendritic cells was
shown. According to the results, T-2 is cytotoxic on monocytes during the differentiation
process (in dendritic cells or macrophages, the results are similar). After 24 hours of
incubation, only 32% of cells survived after 24 of incubation. What is more, 2% of immature
dendritic cells and 9% of macrophages were viable after 24 h of incubation with toxin. CD71
(specific phenotypic macrophages cells marker) expression was downregulated to 40% after
6 days of culture in the condition, inducing monocyte differentiation into macrophages
in the presence of toxin, whereas 91% of cells cultured without toxin expressed CD71.
In addition, the expression of CD1a (specific dendritic cells marker) was downregulated,
while the CD14 (specific monocyte marker) was upregulated. These results showed that
the T-2 disturbs the human monocytes” differentiation process into macrophages and
dendritic cells. In another study [60], the evaluation of the effects of T-2 on the activation
of macrophages by various agonists of Toll-like receptors (TLR) using an in vitro model
of primary porcine alveolar macrophages (PAM) was performed. It was established that
the ingestion of low concentrations of T-2 can alter TLR activation by decreasing the
pattern recognition of pathogens, thereby disrupting the initiation of inflammatory immune
responses against viruses and bacteria. Based on this finding, it could be hypothesized
that the exposure to low concentrations of T-2 can increase the animals” and humans’
susceptibility to opportunistic infections.

Rahman and colleagues [57] showed the immunopathological effects of T-2 mycotox-
icosis in rats. T-2 toxicity caused the suppression of both humoral and cellular immune
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responses in a dose and duration-dependent manner. Suppression was followed by de-
creased serum immunoglobulin G (IgG), immunoglobulin M (IgM), immunoglobulin A
(IgA) levels, hemagglutination (HA) titers, delayed type hypersensitivity (DTH) response
to ovalbumin, CD4+:CD8+ ratios, and the number of CD4+ and CD8+ lymphocytes in
peripheral blood and mRNA expression levels of cytokines such as interleukin 2 (IL-2),
interferon gamma (IFN-y), interleukin 4 (IL-4), and interleukin 10 (IL-10) in toxin-fed
animals. In addition, lymphoid organs (spleen, thymus, and Peyer’s patches) changes were
observed. Changes in all organs were of a similar nature but were more severe in thymus
than in spleen and Peyer’s patches. The depletion of lymphocytes started as single-cell
apoptosis, then forming large foci of lymphocytolysis, especially in the thymus. Changes
in thymus also included inter and intrafollicular hemorrhage and increased interfollicular
connective tissue, resulting in early atrophy of thymic follicles [57].

4.4. Neurotoxicity

Agrawal et al. [61] investigated the mechanism of T-2 toxin-induced apoptosis in a
human neuroblastoma (IMR-32) cell line. A study showed that the apoptosis is induced
through multiple signal transduction pathways. The exposition on IMR-32 cells to T-2 toxin
is characterized by the generation of ROS and then loss of mitochondrial membrane perme-
ability, caspase-3 activation, nuclear fragmentation, oligonucleosomal DNA fragmentation,
poly (ADP-ribose) polymerase (PARP) cleavage, and apoptosis. Additionally, ROS can
directly activate the Ras—Raf-MEK-extracellular signal-regulated kinase (ERK)-mitogen-
activated protein kinase (MAPK) signal transduction pathway, leading to cell cycle arrest
and apoptosis [61]. A different in vitro study showed that T-2 induces neurotoxicity in
a mouse neuroblastoma2a (IN2a) cell line in both a dose and time-dependent manner. A
study revealed that toxin exposure inhibits the Nrf2 /heme oxygenase-1 (HO-1) pathway
and p53 activation, which leads to abnormal mitochondrial function and oxidative stress,
which together contribute to caspase-dependent apoptotic cell death [62]. In another study,
normal human astrocytes (NHA) in primary culture were used to investigate the apoptotic
effects and accumulation of T-2 toxin. According to the results, human astrocytes were
highly sensitive to the T-2 properties at low concentration. An increase in caspase-3-activity
was reported 6 h after exposure to T-2, increasing up to 24 h. What is more, a strong
accumulation of toxin was detected, and a study revealed a fast cellular uptake and high
accumulation in NHA cells, leading to a 15- to 30-fold increased concentration in the
intracellular compartment [63].

A study with rats showed pathological lesions in the brain three days after exposure to
the T-2 toxin and damage in the pituitary seven days after exposure. Autophagy in the brain
and apoptosis in the pituitary suggest that this toxin can induce various acute reactions
in different tissues. Additionally, toxin was detected in the brain with low concentrations
in rat, suggesting that T-2 may cross the blood-brain barrier (BBB). It is also possible that
the detection of the toxin in the rat brain can be explained by individual differences in
T-2 absorption and metabolism in different experimental animals [64]. Gaige et al. [65]
provided that the T-2 toxin modifies feeding behavior by interfering with central neuronal
networks devoted to central energy balance in a mice animal model. The results also suggest
that inflammatory mediators partake in the toxin-induced anorexia and other symptoms
such as reduced water intake, energy expenditure, body temperature, glycaemia, and
locomotor activity. T-2 toxin ingestion resulted in the activation of several brain nuclei
such as nucleus tractus solitarus (NTS), dorsal motor nucleus of the vagus (DMV), arcuate
nucleus (Arc), paraventricular nucleus (PVN), and central amygdala (CeA) involved in
the autonomic and endocrine regulation of feeding behavior and physiology. The authors
suggest that cytokines from peripheral organs may signal the brain via neuronal and
humoral pathways to modify animal homeostasis [65].
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4.5. Reproductive System

Anin vivo study that aimed to evaluate the toxic effect of T-2 on a reproductive system
revealed that this toxin affects male mice fertility [66]. The results showed that the number
of live spermatozoa decreased significantly. Moreover, the number of abnormal spermato-
zoa increased notably, and a remarkable decrease in spermatozoa with integrated acrosome
was observed in mice treated with T-2 at both low and high doses. The efficiency of sperm
production and serum testosterone concentration, testicular, and cauda epididymal sperm
counts were significantly reduced in a dose-dependent manner. In addition, a low preg-
nancy rate and high fetal resorption rate were noticed when female mice were mated with
toxin-exposed males. In a different study, Yang et al. [67] investigated spermatogenesis
disorders in male mice caused by T-2 toxin exposition. Their studies also showed that the
T-2 hinders the spermatogenesis, which is reflected in the decreased spermatozoa count
and increased spermatozoa deformity rate. T-2 toxin exposition increased the ROS and
MDA level and decreased the total anti-oxidation capacity (T-AOC) and the SOD activity
in performed testes. In addition, an increased expression of caspase-3, caspase-8, caspase-9
mRNA, and Bax and inhibition of Bcl-2 expression were demonstrated. It suggests that
spermatogenesis disorders caused by T-2 are related with germ cell apoptosis and me-
diated by oxidative stress [67]. The effects of maternal T-2 exposure (during gestation
and lactation) on the development of testis in the mice offspring were investigated. The
results showed significant decreases in body weight and testicular weight at puberty in
male offspring. Toxin exposition led to the inhibition of an antioxidant system in testis
by oxidative stress and decreased testosterone synthesis, and it also led to a decrease
of testosterone levels at pre-puberty. What is more, a significant reduction in the gene
expression levels of StAR and 33-HSD that are involved in testosterone synthesis were
noticed. Additionally, results revealed that maternal exposure to the toxin had no notable
effects on the expression of genes related to apoptosis. In pre-puberty, the offspring of
mice maternally exposed to T-2 tended to decrease the expression of apoptosis-related
genes. However, maternal exposure to toxin had no significant impact on the offspring
testis after sexual maturity, suggesting a return to reproductive function [68]. A similar
study conducted by Perveen and colleagues [69] was performed. They investigated the
effect of gestational and lactational exposure to the T-2 and its effects on the puberty of
female mice offspring. The findings reported that postnatal exposure to the toxin delayed
puberty age, which appears to be influenced by the stage of the estrus cycle. The results also
showed that lactational exposure to the toxin induced disturbances in the hypothalamic,
pituitary, and ovarian axis and caused oxidative damage. The mechanisms of the toxic
effect of T-2 toxin on the reproduction system could be resulted by down-regulation of the
mRNA level of hypothalamic Gnrh, pituitary Gnrhr, Lhb, and Fshb, and ovarian Lhr and
Fshr, causing the interference with the relative expression of steroidogenesis genes and
disrupting the synthesis of estrogen and progesterone [69]. In an in vitro study, the impact
of T-2 on reproductive activity in pigs was investigated in porcine granulosa cell [70]. It
was found that T-2 toxin has potent dose-dependent inhibitory effects on granulosa cell
proliferation and steroidogenesis. The toxin strongly inhibited follicle-stimulating hormone
(FSH) and insulin-like growth factor 1 (IGF-I) and induced progesterone production as
well as granulosa cell proliferation.

4.6. Dermal Toxicity

Compared to other representatives of the trichothecenes, T-2 toxin has a toxic effect
on the skin. Skin inflammation, skin fibroblast cells destruction, and skin damages similar
to injuries caused by radiation are major topical effects of T-2 toxin [71]. The toxicity
of T-2 in swine following topical application was investigated. The results showed that
skin at the site of application was swollen and initially red and progressively turned
dark red and purple. By day seven, at the edge of the exposed area, clefts were formed
and were covered with serosanguinous exudate. These lesions were characterized as
a sponge-like inflammation and progressed to locally extensive necrotizing dermatitis.
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After seven days, the skin was focally separated from the underlying tissue and covered
with a thick scab. Morphological changes in the internal organs were minimal and were
based on the necrosis of single cells in the follicles of lymphoid tissues and in the exocrine
pancreas [72]. Agrawal et al. [73] investigated histological and biochemical alterations
of inflammation and cutaneous injury caused by T-2 in mice. The histological changes
included degenerative alterations such as vacuolation, ballooning of basal keratinocytes,
and infiltration of inflammatory cells in dermis. Topical application of toxin resulted in skin
oxidative stress in the form of increased ROS generation, lipid peroxidation, and neutrophil
mediated myeloperoxidase activity. The analysis of matrix metalloproteinases (MMP)-9
and 2 showed MMP activation and their role in degenerative skin histological alterations.
The results also revealed an increase in inflammatory cytokines, a significant increase in
the levels of phosphorylated p38 MAPK, and an increase in the sub-G1 population at
all toxin doses and time points indicating apoptosis. To summarize, T-2 induced skin
injury was mediated by oxidative stress, MMP activity, the activation of myeloperoxidase,
the activation of p38 MAPK and apoptosis of epidermal cells and consequently led to
degenerative skin histological alterations [73].

5. T-2 Degradation and Mitigation Strategies

Integrated mycotoxin contamination preventive practices could minimize the presence
of T-2 toxin in food. Operations including pre-harvest control (e.g., appropriate sowing
dates, balanced fertilization, pest infestation management, and selection of resistant vari-
eties), harvest control (e.g., proper timeliness of harvest, reduction of mechanical damages,
effective cleaning), and post-harvest strategies (e.g., efficient drying and good storage prac-
tices) should mitigate mycotoxin production in agricultural commodities [74]. However, it
may not be possible to completely prevent the formation of T-2 in agricultural products,
and decontamination strategies involving physical, chemical, and biological techniques
need to be used to decontaminate T-2 toxin [75].

5.1. Physical Methods

Segregation, cleaning, milling, boiling, roasting, irradiation, and microwave heating
are reported as commonly used physical methods for various mycotoxin control [74].
However, because of T-2’s heat-stable nature, cooking processing such as boiling, baking,
and extrusion cannot provide a 100% degradation rate of toxin from products [76]. The use
of color sorting in order to remove the discolored oat groats can reduce the mycotoxin's
level in end products of oat flake. The results showed that more than 90% of T-2 toxin can
be removed during industrial processing [1]. According to De Angelis et al. [77], during
bread-baking, T2 mitigation up to 74% was observed in naturally contaminated wheat
flour. In another study [78], flaked oats were artificially contaminated and processed at the
laboratory scale. During biscuit making, up to 45% of T-2 toxin was thermally degraded
at 200 °C for 30 min. Different feed adsorbents were developed as an effective strategy to
reduce mycotoxins. They have specific structures that allow them to absorb and trap target
mycotoxins in feed. Several types of montmorillonite (MMT) clay were tested for their
ability in binding T-2 in maize. Sodium montmorillonite (Na-MMT) was more effective
than unmodified MMT because of the presence of Na+ ion, an alkali metal ion, which made
the clay electrically neutral. As a consequence, the electrically neutral clay increased the
binding of T-2 toxin. The Na-MMT is able to decontaminate 66% of T-2 in maize when
applied at the level of 8%. Lemongrass powder mixed with MMT (LGP-MMT) was the
second most efficient. LGP-MMT at 12% decontaminated 56% of toxin in maize. LGP-
MMT contributed MMT clay that was more hydrophobic than the unmodified MMT. T-2
toxin, being a non-polar mycotoxin, attracts hydrophobic compounds and hence binds
to the surface of the LGP-MMT [75]. Wei et al. [79] evaluated the ability of modified
hydrated sodium calcium aluminosilicate (HSCAS) adsorbent to reduce the toxicity of T-2
in broilers. It was found that T-2 induced growth performance reduction, hepatic and small
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intestinal injuries in the group that was fed with a basal diet containing T-2 toxin. Dietary
supplementation of the modified HSCAS adsorbent mitigated these injuries.

5.2. Chemical Methods

Some chemical agents have been indicated as decontaminants dedicated for mycotox-
ins. Chemicals used nowadays for the decontamination of mycotoxins could be divided
into the following categories: alkaline (ammonia gas, sodium hydroxide, calcium hydrox-
ide); acids (acetic acid, phosphoric acid, formic acid, propionic acid); reducing agents
(sodium bisulfite, sugars: D-glucose or D-fructose); oxidizing agents (ozone, hydrogen
peroxide); other (chlorinating agents, salts, and other miscellaneous reagents). All of them
have efficiency related to particular mycotoxin [80]. However, there are not many pub-
lications related to efficiency versus T-2 toxin. There are data demonstrating that bases,
oxidizing agents, and organic acids are suitable for A type trichothecenes decontamination,
but they are insufficient for T-2 toxin decontamination [23,81].

The treatment of 0.25% NaClO in 0.25 M NaOH for four hours is able to inhibit the
biological activity of T-2 toxin and other trichothecenes. NaClO has also been acclaimed as
a decontamination agent for the T-2 toxin. However, these methods cannot be applicable
for all food staff [50]. Typical food processing could also reduce mycotoxins concentration;
for instance, water-soluble toxins could be washed out partially from the surface of grains.
Washing barley and corn three times reduces DON (deoxynivalenol) content by 65 to 69%,
while ZEN (zearalenone) reduces it by 2 to 61%. Since T-2 solubility in water is closer to
ZEN (T-2 347 mg/L, ZEN 117 mg/L while DON—36,000 mg/L), a rather smaller reduction
should be expected [23]. Reinholds et. al. [82] investigated the influence of ozone gas in
reduction of the T-2 toxin contamination in malting wheat grains. When the processing
time reached 130 min and the ozone concentration was 20 mg/L, the degradation rate of
T-2 in malting grain extended up to 65%.

Probably the most efficient approach to reduce mycotoxins concentration is the use of
adsorption powders. Olopade et al. [75] used differently modified montmorillonite clays
as an adsorption agent mixed with T-2 contaminated maize, showing even six times T-2
concentration reduction within 4 weeks of storage at 30 °C. Similar results were achieved
by Carson et. al. [83] with bentonite, but to efficiently reduce the T-2 toxin level, much more
than 10 g/kg of bentonite must be used. New adsorbents based on tri-octahedral bentonites
are very promising, absorbing a variety of mycotoxins reaching even 75% absorption rate
versus ochratoxin A, but these have not yet been tested against T-2 toxin [84].

5.3. Biological Methods

The effect of treatment with lactic acid bacteria (LAB) on various mycotoxins contained
in malting wheat grains was studied [85]. Analyses revealed that the presence of Pediococcus
pentosaceus strains resulted in the greatest reduction of T-2. The concentration of T-2 toxin
in malting wheat was decreased by 58%. The inhibition of T-2 and other mycotoxins
probably resulted from toxins binding with LAB or from the detoxification of toxin with
LAB. Nathanail et al. [76] showed that Saccharomyces pastorianus A15 lager yeast were able to
reduce the mycotoxins levels in wort or to mitigate their effects by physical binding and/or
conjugation. T-2 toxin reduction up to 31% was observed during the 96 h fermentation time.
In different study [86], the detoxification properties of probiotic Lactobacillus sp. bacteria
and Saccharomyces cerevisiae yeast toward various mycotoxins were investigated. After
24 h of incubation in the presence of Lactobacillus sp. strains, T-2 toxin concentration was
reduced by 61% in relation to the initial quantity of toxin. Similarly, the concentration of
the toxin after 24 h of incubation with S. cerevisiae strains was reduced by 61% of the initial
concentration. Hassan and colleagues demonstrated that Bacillus spp. has significant
T-2 toxin biodegrading capacity, leading to an 88% decontamination rate in substrates
artificially contaminated with mycotoxin [87].
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6. Conclusions

T-2 toxin is found in various regions worldwide and has adverse effects on both
human and animal health. T-2 affects many organs and systems and exhibits the follow-
ing characteristics: immunotoxicity, neurotoxicity, hepatotoxicity, nephrotoxicity, dermal
toxicity, as well as disruption of the reproductive system. Currently, there is no specific
therapy for T-2 toxin intoxication. Supportive measures such as superactivated charcoal
administration if toxin was ingested is suggested. Different decontamination strategies
have been found to mitigate the presence of T-2 toxin in agricultural products. There are
physical, chemical, and biological methods, and depending on the technique used, the
concentration of the toxin can be reduced by up to 90%. However, it may not be possible
to completely prevent the formation of T-2 in agricultural commodities. Therefore, it is
important to constantly monitor the level of contamination. Control and good agricultural
practices in the pre-harvest, during, and post-harvest stages can significantly reduce T-2
contamination of agricultural commodities and cereal-based products. In the future, new
or improved techniques of decontamination and degradation should be used to mitigate
the concentration of T-2 in various agricultural commodities.
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Abstract: T-2 toxin is produced by different Fusarium species, and it can infect crops such as wheat,
barley, and corn. It is known that the T-2 toxin induces various forms of toxicity such as hepatotoxicity,
nephrotoxicity, immunotoxicity, and neurotoxicity. In addition, T-2 toxin possesses a strong dermal
irritation effect and can be absorbed even through intact skin. As a dermal irritant agent, it is
estimated to be 400 times more toxic than sulfur mustard. Toxic effects can include redness, blistering,
and necrosis, but the molecular mechanism of these effects still remains unknown. This in vitro
study focused on the direct toxicity of T-2 toxin on human skin—fibroblast Hs68 cell line. As a
result, the level of toxicity of T-2 toxin and its cytotoxic mechanism of action was determined. In
cytotoxicity assays, the dose and time-dependent cytotoxic effect of T-2 on a cell line was observed.
Bioluminometry results showed that relative levels of ATP in treated cells were decreased. Further
analysis of the toxin’s impact on the induction of apoptosis and necrosis processes showed the
significant predominance of PI-stained cells, lack of caspase 3/7 activity, and increased concentration
of released Human Cytokeratin 18 in treated cells, which indicates the necrosis process. In conclusion,
the results of an in vitro human skin fibroblast model revealed for the first time that the T-2 toxin
induces necrosis as a toxicity effect. These results provide new insight into the toxic T-2 mechanism
on the skin.

Keywords: T-2 toxin; skin; Hs68 cell line; cytotoxicity; necrosis

1. Introduction

T-2 toxin (Figure 1)—((1R,9R,10R,11S,12R)-11-acetyloxy-2-(acetyloxymethyl)-10-
hydroxy-1,5-dimethylspiro(8-oxatricyclo(7.2.1.02,7])dodec-5-ene-12,2’-oxirane)-4-yl)-3-
methylbutanoate (according the IUPAC nomenclature)—is the most toxic member of the
fungal secondary metabolite belonging to the type A trichothecenes [1]. Trichothecenes
are tetracyclic sesquiterpene compounds that consist of a trichothecene core with epoxy
rings at the C-12 and -13 positions. This ring is responsible for toxicological activity. Tri-
chothecenes are classified based on the carbonyl group at the 8-position, macrolide rings at
the 4- and 5-positions, and the number of epoxy rings. Trichothecene-producing genera
include Fusarium, Myrothecium, Spicellum, Stachybotrys, Cephalosporium, Trichoderma, and
Trichothecium [2,3].

Int. . Mol. Sci. 2022, 23, 4929. https:/ /doi.org/10.3390/ijms23094929

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23094929
https://doi.org/10.3390/ijms23094929
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-0756-002X
https://orcid.org/0000-0001-5978-3386
https://orcid.org/0000-0001-8385-7744
https://orcid.org/0000-0002-7838-4097
https://doi.org/10.3390/ijms23094929
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23094929?type=check_update&version=1

Int. J. Mol. Sci. 2022, 23, 4929 2 of 14
H
3 =
1 27 H'3C = H36
CH,4 @) Y
) “\\\\\OH 28
12 (S) ...!ﬂlll”Oso
18 :
32 H = W31
10 =
34 290/ H
H;C 37 =
6 CH
3
14 260 2

4 H3C O 55

Figure 1. T-2 toxin chemical structure (structure generated from InChl code. Available online:
https:/ /pubchem.ncbinlm.nih.gov/ (accessed on 21 April 2022)).

The T-2 toxin is produced mainly by Fusarium species (F. poae, F. sporotrichioides,
F. tricinctum) and is a major crop and fodder pollutant. It can infect corn, barley, and wheat,
both in the field and in wet storage conditions. Consumption of mycotoxin-contaminated
cereal-based food and feed is a potential hazard for human and animal health [4]. The
conditions which are optimal for enhancing toxin production are: substrate humidity
(10-20%), relative humidity (>70%), temperature (0 to 50 °C, depending on the fungus
species), and oxygen availability [5].

The T-2 toxin has a low molecular weight of about 466.51 Da. It is also nonvolatile,
insoluble in water, and highly resistant to degradation in different environmental conditions
such as heat and UV light. It generates problems with toxin deactivation, however, the
decontamination process is effective in strong acid or alkaline conditions [6]. The chemical
structure of T-2 is characterized by the hydroxyl (OH) group at the C-3 position, acetyloxy
(-OCOCH3) groups at the C-4 and C-15 positions, an atom of hydrogen at the C-7 position,
and an ester-linked isovaleryl (OCOCH,CH(CH3),) group at the C-8 position. The presence
of hydroxyl groups, the structure, and the side-chain position affect the T-2 toxin’s biological
activity [7,8].

The T-2 toxin is readily absorbed by various modes, including topical, oral, and
inhalational routes. Unlike most typical biotoxins that do not affect the skin, T-2 is a potent,
strong skin irritant and can be absorbed through intact skin causing systemic toxicity. As a
blistering and dermal irritant agent, it is supposed to be 400 times more intoxicating than
sulfur mustard (mustard gas, yperite), which is a chemical warfare agent [7]. In addition,
the toxicity of the T-2 toxin by inhalation route is similar to that observed in mustards or
lewisite. Therefore, the T-2 toxin’s properties are more similar to chemical agents than
biological toxins. Dermal irritating properties of the T-2 toxin have been studied in different
experimental animal models, e.g., rats [9], rabbits [10], guinea pigs [11], and cynomolgus
monkeys [12]. In the case of poultry, dermatoxic effects are characterized as fatal ulceration
or necrohemorrhagic dermatitis. Some animals exhibit comb cyanosis and depigmentation
of the leg skin [13]. Agrawal et al. showed that in the mice model, T-2-mycotoxin-induced
skin inflammation and cutaneous injuries occur [14].
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In the late 1940s, scientists in the Soviet Union coined the term stachybotryotoxicosis to
characterize an acute syndrome involving pharyngitis, bloody rhinorrhea, dyspnea, tussis,
and fever resulting from mycotoxin inhalation. Alimentary toxic aleukia (ATA), a disease
responsible for the losses of thousands of Soviet Union civilians during World War II, was
caused by consumption of wheat that was unintentionally contaminated with Fusarium
fungi. The victims developed a protracted lethal illness with a disease pattern similar to
ATA [15].

Based on extensive eyewitness and victim accounts, it had been established that the
T-2 toxin was used during the military conflicts in Laos, Cambodia, and Afghanistan
from 1975 to 1981. The aerosolized form of the T-2 toxin was delivered by low-flying
aircraft in the form of yellow oily droplets. Witnesses called the event “yellow rain”
due to sticky, yellow drops of liquid that sounded similar to rain as they fell to the
ground. It is estimated that exposure to “yellow rain” caused more than 6300 death in Laos,
3000 in Afghanistan, and 1000 in Cambodia [16,17]. The first symptoms appeared after a
few minutes to an hour and included skin burning pain, tenderness, redness, and blistering.
In fatal cases, progression of skin necrosis with leathery blackening and sloughing of large
areas of skin occurred. Nasal contact was manifested by sneezing, pain, epistaxis, and
rhinorrhea. Nausea, vomiting, diarrhea, and abdominal pain occurred in gastrointestinal
toxicity. Systemic toxicity was manifested by weakness, ataxia, and loss of coordination.
Additionally, in lethal cases, hypothermia, tachycardia, and hypotension were reported.
Death occurred after a few minutes, hours, or days [18].

For this reason, it was decided to perform a study aimed at the direct toxicity action
of the T-2 toxin on a cellular model of human skin—fibroblast cell line Hs68. The level of
toxicity of the T-2 toxin as well as its cytotoxic mechanism of action were determined.

2. Results
2.1. Cell Viability

The cytotoxic effect of the T-2 toxin was evaluated in a normal human fibroblast
cell line (Hs68) by two independent methods (trypan blue and MTT) which are based
on different biochemical mechanisms. During the cytotoxicity assays for both methods,
the dose-dependent cytotoxic effect of the T-2 toxin in the tested cell line was observed.
Additionally, the cytotoxic effect was higher after 48 h of exposure in comparison to 24 h of
time. The results in the form of cytotoxicity curves are presented in Figure 1.

Using an online tool (https://www.aatbio.com/tools/ec50-calculator (accessed on
21 April 2022))—Quest Graph™ EC50 Calculator—AAT Bioquest (Sunnyvale, CA,
USA)—the T-2 toxin effective concentration 50 (EC50) parameters for the Hs68 cell line
were obtained. The calculated values for the trypan blue method (Figure 2A) were 22.71 uM
for 24 h of treatment and 7.81 uM for 48 h of treatment. The calculated results for the MTT
test (Figure 2B) were 25.98 uM for 24 h of treatment and 10.35 pM for 48 h of treatment.

2.2. Cellular ATP Level

Measurement of the level of ATP is the most sensitive, reliable, and convenient method
for monitoring active cell metabolism. Using the bioluminometry method, the relative level
of ATP in Hs68 cell suspension was determined. The treatment of the cell line resulted in a
dose-dependent and time-dependent decrease in the level of luminescence, which directly
corresponded to the ATP level in the sample (Figure 3).
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Figure 2. The T-2 toxin’s effect (in a concentration range from 0.001 to 100 uM) on Hs68 cell viability.
Cell viability was estimated by using trypan blue (A) and MTT (B) methods. The data represent cell
viability curves obtained from six independent measurements (1 = 6).

2.3. Apoptosis and Necrosis
2.3.1. Annexin V and Propidium Iodide Staining

It was observed, using the double-staining flow cytometry method, that incubation of
a normal human fibroblast cell line (Hs68) with T-2 mycotoxin resulted in both a dose-and
time-dependent increase in propidium iodide (PI) fluorescence. It was related to the cells’
necrosis process. In Figure 3, the results obtained during this analysis are presented. In
the highest tested concentration of toxin—100 uM—the % of PI-stained cells was 79% after
24 h of incubation and 93% after 48 h of incubation (Figure 4A). In all samples, any
significant increase of annexin V fluorescence related to the apoptosis process in cells
(Figure 4B) was not observed.
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Figure 3. The T-2 toxin effect on the necrosis of ATP-level Hs68 cells estimated by the bioluminometry
method. Values: means + SD (1 = 6). * p < 0.001. 0: untreated (control) cells; 0.001: concentration of
toxin—0.001 uM; 0.01: concentration of toxin—0.01 uM; 0.1: concentration of toxin—0.1 uM; 1: con-
centration of toxin—1 puM; 10: concentration of toxin—10 uM; 100: concentration of toxin—100 pM.

2.3.2. Caspase-3/7 Pathway

In the next step of the study, the verification of the T-2 toxin’s ability to activate the
caspase-3/7 pathway in human fibroblast cells was performed. During the fluorescence-
based caspase activity estimation, it was observed that T-2 treatment of human fibroblast
cells did not induce any changes in 590 nm fluorescence (Figure 5), which clearly indicated
the absence of caspase 3/7 proteolytic activity in these cells.

2.3.3. Cytokeratin 18 Concentration

To confirm the activation of the necrotic pathway by the T-2 toxin in Hs68 cells, the
analysis focused on examining full-length Human Cytokeratin 18 (CK18) concentration
in cell culture supernatants was performed. The cell line treatment resulted in dose and
time-dependent increased concentration of released Human CK18 (Figure 6). Additionally,
in all tested concentrations of T-2 toxin, statistical significance (p < 0.001) of differences in
comparison to the control sample was observed.
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Figure 4. The T-2 effect on necrosis and apoptosis induction in Hs68 cells. The cell death pathway
was assayed by flow cytometry with annexin V/propidium iodide staining after 24 h (A) and
48 h (B) of incubation with the toxin. Values: means + SD (n = 6). 0: untreated (control) cells;
0.001: concentration of toxin—0.001 uM; 0.01: concentration of toxin—0.01 uM; 0.1: concentration of
toxin—0.1 uM; 1: concentration of toxin—1 puM; 10: concentration of toxin—10 uM; 100: concentration
of toxin—100 uM.
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Figure 6. The T-2 effect on full-length Human Cytokeratin 18 concentration in Hs68 cells. Con-
centration was measured using ELISA method with absorbance measured at A = 450 nm. Values:
means £ SD (n = 6). * p < 0.001. 0: untreated (control) cells; 1: concentration of toxin—1 pM; 10:
concentration of toxin—10 uM; 100: concentration of toxin—100 uM.

3. Discussion

Human skin consists of a few tissue layers: epidermis, dermis, and subcutaneous
tissue. The first, the epidermis, is the outermost layer. It is composed of melanocytes
responsible for pigment production, keratinocytes for protein secretion, and lipids forming
the extracellular matrix (ECM), as well as Langerhans cells (LCs) involved the antigen (Ag)
presentation. Below the epidermis is the dermis, consisting of connective tissue, which
provides skin elasticity and tensile strength through the ECM. The skin’s innermost layer is
the subcutaneous tissue composed of macrophages that eliminate pathogens, fibroblasts
producing ECM proteins, and adipocytes [19].

The T-2 mycotoxin, in contrast to most biological toxins, is a strong skin irritant,
and it may cause toxicity through contact with intact skin [20]. Associated symptoms of
transdermal exposure are burning pain, redness, tenderness, and blisters, leading to skin
necrosis. In addition to the above-presented symptoms, the affected skin area is affected by
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leathery blackening and sloughing off of exposed skin areas. The immediate toxic effect
is characterized by the onset of symptoms seconds after exposure; however, lethal effects
are only achieved with a high dose of toxin T-2 [7]. Moreover, T-2 toxic effects expressed
by dystrophia in various organs (kidney, liver, heart, peripheral ganglia of the vegetative
nervous system), digestive system ulceration and necrosis, hemorrhagic inflammation,
diathesis, and injury of blood vessel walls have been observed [21].

Most of the information about T-2 blistering potential is based on observation, and
there is no research data concerning in vitro studies aiming to establish the toxic effect of
the T-2 toxin on human fibroblast cell line—Hs68.

The mechanism of the toxic effect of T-2 is based on the inhibition of protein synthesis,
reduction of lymphocyte proliferation, immunosuppression by inhibiting the production of
antibodies (Abs), and impaired development of dendritic cells (DCs) [22,23]. In vitro and
animal models studies have suggested a pro-apoptotic effect of the toxin through oxidative
damage of cellular components, mainly mitochondria and the rough endoplasmic reticulum.
The T-2 toxin inhibited cellular energy by blocking the activity of metabolically important
enzymes, leading to a reduction in protein synthesis in the mitochondria, and inhibiting
the oxidation of malate, pyruvate, and succinate. It has been noted that certain antioxidants
such as lycopene, vitamin E, and rutin counteracted the T-2 toxic effects by inhibiting
lipid peroxidation, regulating glutathione metabolism, and enhancing antioxidant enzyme
activity [7,24-26]. Thus, the cytotoxic activity of T-2 is associated with oxidative stress
induction leading to damage of DNA and lipids, as well as protein synthesis inhibition [27].

For these reasons, this study focused on the evaluation of T-2 toxicity in in vitro
conditions on human skin using an Hs68 human dermal fibroblast cell line. The evaluation
of the cytotoxic effect demonstrated the high toxic properties of the T-2 toxin in two
independent assays. The ECsy parameter is very often used as a compound toxicity
indicator as well as in pharmacology, because it serves as an indication of drug potency.
The calculated values of this parameter clearly demonstrate that T-2 as a dermal agent can
be very effective.

ATP is an intracellular energy transfer molecule which has been found in all known
forms of all living things. The properties of ATP are related to phosphate groups that link
through phosphodiester bonds, which are associated with electronegative charges exerting
a repelling force. The process of ATP hydrolysis to ADP is energetically favorable, yielding
Gibbs-free energy of —7.3 cal/mol. In eukaryotic cells, the main place of ATP synthesis
is the mitochondrial matrix, generating approximately thirty-two ATP molecules per one
glucose molecule that is oxidized [28]. ATP is involved in a variety of enzymatic reactions
to maintain normal life activities. When normal cells undergo apoptosis and necrosis, the
content of ATP will be characteristically changed. Thus, ATP has been widely accepted as a
valid marker of metabolically active cells [29]. One of the best measurement methods of
intracellular ATP is using firefly luciferase, which takes part in the oxidation of D-luciferin
to oxyluciferin [30]. In these experiments, it was confirmed that the T-2 decreases the level
of intracellular ATP in a dose-dependent manner. In the probes with the maximum tested
toxin concentration (100 uM), after 48 h, an almost total reduction in the ATP level was
observed. These results confirmed cytotoxic analysis of the T-2 toxin’s potential to damage
the human skin fibroblast cell line—Hs68.

Necrosis is uncontrolled cell death induced by external injury, such as inflammation,
ischemia, hypoxia, hypoglycemia, toxin exposure, extreme temperature changes, nutrient
deprivation, or ROS-induced injury [31]. The other cell death form, apoptosis, takes place as
the physiological state of the organism during development and ageing and is a homeostatic
mechanism to maintain cell populations in different tissues. During the apoptotic process,
there is no inflammatory reaction. This is related to three main characteristics of apoptosis:
(i) apoptotic cells do not release their cellular ingredients into the extracellular matrix; (ii) the
cell fragments are rapidly phagocytosed by neighboring cells and, (iii) the engulfing cells do
not produce anti-inflammatory cytokines [32]. In contrast to apoptosis, necrosis is a passive
process requiring only minimal energy. It does not require new protein synthesis and is not
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regulated by any homeostatic mechanism [33]. This form of cell death is accompanied by
extensive swelling of the cell (as it does not maintain homoeostasis with its environment),
distension of different cellular organelles, clumping and random degradation of nuclear
DNA, and extensive loss of the intracellular contents [34,35]. Necrosis is a consequence of
extensive crosstalk among several biochemical and molecular events at different cellular
levels. It often involves the upregulation of numerous pro-inflammatory proteins and
compounds, such as nuclear factor-«B (NF-«kB), resulting in a cascade of inflammation
and tissue damage [36]. In addition, necrosis can be accompanied by ATP depletion [35].
Necrosis may be the result of the toxicity of other mycotoxins, as shown by the following
studies. Dolensek et al. showed the effects of a diet contaminated with zearalenone (ZEN),
deoxynivalenol (DON), and fusaric acid (FA) on gilts” liver and their suckling piglets. The
experimental diet contained 0.09 mg ZEN, 5.08 mg DON, and 21.6 mg FA per kg of feed. The
gilts were fed the experimental diet for 54 £ 1 day. The results showed histopathological
liver changes and a significant increase in hepatocellular necrosis [37]. In a different study,
piglets receiving a diet multi-contaminated with DON (3 mg per kg of feed), ZEN (1.5 mg
per kg of feed), and nivalenol (NIV) (1.3 mg per kg of feed) for 28 days exhibited focal liver
necrosis [38]. Antonissen and colleagues conducted a study aimed at examining the effect
of DON on necrotic enteritis development in broiler chickens. Results demonstrated that
the intake of DON-contaminated feed at concentrations below the EU maximum guidance
level of 5.000 ng/kg feed significantly increased the number of broiler chickens affected
with necrotic enteritis. It lead to an altered intestinal barrier function and resulted in an
increased permeability of the intestinal wall [39]. A study with male rats as an animal
model demonstrated the neurodegenerative properties of aflatoxin B1 (AFB1). AFB1 was
orally administered to male rats at a dose of 0.025 mg/kg of body weight for 90 days. The
oral intake of AFB1 caused a time-dependent severity of histopathological impairments in
the brain tissue, including spongiform necrosis [40]. A different study concerned the effects
of fumonisin B1 (FB1) on the BV-2 cell line and primary murine astrocytes. Cells were
exposed to various concentrations of FB1 for 4 to 8 days. Results showed that FB1 induces
necrotic cell death in both BV-2 and primary astrocytes [41]. Kupski et al. studied the toxic
effects of ochratoxin A (OTA) in human neutrophils in vitro. The study showed that OTA
activates neutrophils culminating in cell death by necrosis. According to the results, OTA
induces the release of Ca%* from internal stores, leading to an increase in intracellular CaZ*
and human neutrophils” oxidative burst followed by depletion of ATP levels and changes
in mitochondrial potential, leading to cell death through necrosis [42].

The double-staining cytometry method was used to estimate which potential mecha-
nism of cell death is induced by the T-2 toxin. An annexin V and PI staining kit has been
specifically designed for the identification of apoptotic and necrotic cells. Annexin V is a
member of the annexin family of intracellular proteins that binds to phosphatidylserine
(PS) in a calcium-dependent manner. The surface expression of phosphatidylserine on the
cellular membrane lipid is a characteristic event of the apoptotic process, which leads to
the recognition of apoptotic cells for phagocytosis [43]. Pl is a fluorescent dye that binds
to DNA. Early apoptotic cells will exclude PI, while late-stage apoptotic cells and necrotic
cells will stain positively due to the passage of these dyes into the nucleus, where they
bind to DNA. The flow cytometry analysis clearly demonstrated the lack of presence of
PS on cells treated by the T-2 toxin, simultaneously showing the binding of PI to the cells’
genetic material (Figure 4), which suggests induction of necrosis by this compound. To
verify the absence of induction of the apoptosis, another method—evaluation of activa-
tion caspases 3 and 7—was used. These protease enzymes cleave proteins at positions
containing aspartic acid residues. The specificity of different caspases is dependent on the
recognition of neighboring amino acids. Furthermore, activation of caspases appears to
lead to an irreversible induction of programmed cell death [32]. This analysis confirmed
the purposes concerning no signs of an apoptotic pathway in T-2-induced Hs-68 cell death
(Figure 5). The increased cell permeability without significant increases in caspase 3/7
activation indicated that apoptosis is not involved in the death of these cells.
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For final verification of observations, the quantitative analysis of the presence of full-
length human cytokeratin was performed. CK18 is a cytoskeletal protein and the main
intermediate filament family member expressed in the liver. The full-length form is liber-
ated from necrotic cells, whereas a caspase-cleaved fragment is a product of the structural
changes that occur during apoptosis [44]. It was observed that supernatant concentration of
CK18 in cell samples increased in a dose-dependent and time-dependent manner (Figure 5).
This observation confirmed hypotheses based on other analyses presented in the current
study that the T-2 toxin has very strong toxic potential against human skin fibroblast cells
and is also a necrosis-induced factor. Other studies have shown that the T-2 toxin activated
p38MAPK (SAPK2) and/or Jun N-terminal kinase 1 (JNK1), which induced MAP kinases,
including ERK 1/2 [24]. Moreover, it has also been shown that the T-2 toxin stimulates
the caspase-3-dependent apoptotic pathway through the upregulation of Fas and p53,
which leads to an enhancement of the Bax/Bcl-xL and Bax/Bcl2 ratios [45]. In turn, in this
work, it was noted that the effect of T-2 on Hs68 cells was independent of the activation of
caspase 3/7.

4. Materials and Methods
4.1. Reagents

Dimethyl sulfoxide (DMSO) and T-2 Toxin from Fusarium sp. (cat. No T4887) were
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Penicillin-streptomycin
mixture, Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L Glucose and with
L-Glutamine, heat-inactivated fetal bovine serum (FBS), and PBS (1X) without calcium or
magnesium were purchased from Lonza (Basel, Switzerland). A cell viability kit with trypan
blue dye and cell counter slides was obtained from BIO-RAD (Hercules, CA, USA). A FITC
Annexin V Apoptosis Detection Kit I was obtained from Becton Dickinson (Franklin Lakes,
NJ, USA). The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and
CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). All other chemicals were reagent-grade or the
highest-quality available.

4.2. Cellular Material and Culturing Procedure

In this study, the human foreskin fibroblast line Hs68 (ATCC® CRL-1635™) obtained
from the American Type Culture Collection (ATCC™, Manassas, VA, USA) was used.
Hs68 cells were cultured in DMEM medium supplemented with 100 units of potassium
penicillin and 100 ug of streptomycin sulphate per 1 mL of culture media and 10% (v/v)
FBS. The cell growing process was performed in a humidified incubator at 37 °C and 5%
CO;. To perform the analysis, cells were seeded at 3 x 10° cells per well and were left in
the incubator for 12 h before treatment procedures. Next, the cell samples were incubated
with T-2 toxin with a concentration range of 0.001 to 100 uM for 24 h and 48 h.

4.3. Cell Viability Determination

The viability of T-2-treated cell samples was evaluated via two different methods. The
first method was the trypan blue dye exclusion test. Analysis of viability via this method
was performed using the BIO-RAD TC20 automated cell counter (Hercules, CA, USA),
according to the manufacturer’s protocol. Cell viability was expressed as a percentage
relative to the untreated (control) cells, defined as 100%. The second test was based on
measuring cell metabolic activity, which reduces the tetrazolium dye MTT to its insoluble
formazan. During this assay, the MTT (0.5 mg/mL) was added to all cell samples and
incubated for 4 h at 37 °C. Next, the MTT solution was discarded carefully, and the formed
formazan crystals were dissolved in DMSO. The amount of formed formazan crystals
was measured calorimetrically at a wavelength of 570 nm with background subtraction
at 630 nm on Microplate Reader—BioTek Synergy HT (BioTek Instruments, Winooski,
VT, USA). Cell viability was expressed as a percentage relative to the untreated (control)
cells, defined as 100%. Half maximal effective concentration (ECsy) parameters were
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calculated using “Quest Graph™ EC500 Calculator” (Bioquest Inc., San Francisco, CA,
USA, https://www.aatbio.com/tools/ec50-calculator (accessed on 19 March 2022)).

4.4. Analysis of Cellular ATP Level Using the Bioluminometry Method

The ATP level in Hs68 cells was evaluated using the bioluminometry method. This
method is based on the measurement of light emission that arises during enzymatic degra-
dation of ATP. Luciferase (via oxidation of luciferin) decomposes ATP molecules into AMP.
This reaction is accompanied by the emission of light photons with an electromagnetic
wavelength of 562 nm. Analysis of cells” metabolic activity via this method was performed
using the Hygiena SystemSURE Plus™ (Camarillo, CA, USA). The 100 pL of cell suspension
(3 x 10° cells/mL) in sterile DMEM was inserted in the Hygiena AquaSnap™ Total tubes
(Camarillo, CA, USA). After that, the tubes were activated by breaking a Hygiena Snap
Valve™ (Camarillo, CA, USA) and bending the bulb forward and backward to expel all
liquid reagent into the tube. The tube nest was shaken for 5 s to mix the sample. The
measurements were performed according to the manufacturer’s guidelines. The results
were expressed as relative light units (RLU). The baseline was calibrated using the pure
DMEM solution.

4.5. Apoptosis/Necrosis Assay—Annexin V Binding and Propidium lodide Staining

The presence of apoptotic cells was evaluated based on the exposition of phos-
phatidylserine residues by flow cytometry method using FITC Annexin V Apoptosis
Detection Kit I. After the culturing procedure, the cells were washed twice in cold PBS, then
suspended in 100 pL 1x annexin-binding buffer (cell density: 1 x 10°) and transferred to a
standard cytometric tube. Next to the cell suspension, the mixture of 5 uL of FITC Annexin
V and 5 pL of propidium iodide (PI) was added, and probes were incubated at 37 °C in
an atmosphere of 5% CO,. After 15 min of incubation, 400 pL of the 1x annexin-binding
buffer was added, and samples were analyzed by flow cytometry with the PARTEC CUBE 6
(Gorlitz, Germany) flow cytometer using 488 nm excitation. Gates for PI (630 nm Longpass
filter) and FITC (536/40 nm filter) fluorescence were estimated based on the fluorescence of
unstained probes. The apoptotic index was calculated as the mean percentage of apoptotic
cells in 5 x 10* cells measured in each experiment. All data analysis was performed in
CyFlow version 1.5.1.2—PARTEC (Gorlitz, Germany).

4.6. Determination of Activity of Caspase-3/Caspase-7

Flow cytometric detection of activated caspase-3 and caspase-7 in apoptotic cells was
performed using the CellEvent™ Caspase-3/-7 Green Flow Cytometry Assay Kit. For this
analysis, cells treated with the T-2 toxin were washed twice in cold PBS and suspended
(cell density: 1 x 10°) in 1 mL PBS in an Eppendorf tube. In the next step, to each tube, 1 pL
of CellEvent™ Caspase-3/-7 Green Detection Reagent was added and mixed gently and
left at 37 °C in an atmosphere of 5% CO,. After the incubation procedure (30 min), 1 uL of
the 1 mM SYTOX™ AADvanced™ (prepared in DMSO) was added and left in the dark, RT
for 5 min. The final step of the analysis was performed using 96-well black plates (Greiner
Bio-One, Kremsmiinster, Austria), where 50 puL of samples was transferred to each well.
Fluorescence was measured using the Bio-Tek Synergy HT Microplate Reader (Bio-Tek
Instruments, Winooski, VI, USA), with filter pairs of 530 nm /590 nm and 485 nm /538 nm.

4.7. Concentration of Cytokeratin 18 Analysis in Cell Culture Supernatants

Human Cytokeratin 18 (CK18) concentration in cell culture supernatants obtained
from the Hs68 cell line during the culturing process (with T-2 toxin) was analyzed using a
sandwich ELISA kit—Human Cytokeratin 18 /KRT18 ELISA (RayBiotech, Peachtree Cor-
ners, GA, USA). The whole procedure was performed according to the manufacturer’s
protocol. Detection of absorbance measured at A = 450 nm was performed using the SPEC-
TROStar Nano Microplate Reader (BMG Labtech, Ortenberg, Germany). The concentration
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of CK18 concentration in cell culture supernatants was determined based on a standard
curve expressed as ng/mL.

4.8. Data Analysis

All obtained experimental values were elaborated using Microsoft Excel (Redmond,
WA, USA) and expressed as means =+ standard deviations (SDs). The statistical analysis
was performed using StatsDirect statistical software V. 2.7.2.—StatsDirect Ltd (Cheshire,
UK). In the first step, all results were analyzed according to the normality of the distribution
by the Shapiro-Wilk test. Next, the results were analyzed according to equality of variance
via Levene’s test. The significance of the differences among the values was analyzed using
ANOVA: Tukey’s range test (for data with a normal distribution and equality of variance)
or the Kruskal-Wallis test; p < 0.05 was accepted as statistically significant [46,47].

5. Conclusions

We have demonstrated for the first time using an in vitro human skin fibroblast model
that the T-2 toxin is able to induce the necrosis process. This is a very important step for
research concerning the prevention of damages induced by this toxin. Further analysis at
the molecular level has been planned for the next research project, which will also focus on
T-2 toxin toxicity.
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Abstract: T-2 toxin is produced by different Fusarium species and belongs to the group of type A
trichothecene mycotoxins. T-2 toxin contaminates various grains, such as wheat, barley, maize, or
rice, thus posing a risk to human and animal health. The toxin has toxicological effects on human
and animal digestive, immune, nervous and reproductive systems. In addition, the most significant
toxic effect can be observed on the skin. This in vitro study focused on T-2 toxicity on human skin
fibroblast Hs68 cell line mitochondria. In the first step of this study, T-2 toxin’s effect on the cell
mitochondrial membrane potential (MMP) was determined. The cells were exposed to T-2 toxin,
which resulted in dose- and time-dependent changes and a decrease in MMP. The obtained results
revealed that the changes of intracellular reactive oxygen species (ROS) in the Hs68 cells were not
affected by T-2 toxin. A further mitochondrial genome analysis showed that T-2 toxin in a dose- and
time-dependent manner decreased the number of mitochondrial DNA (mtDNA) copies in cells. In
addition, T-2 toxin genotoxicity causing mtDNA damage was evaluated. It was found that incubation
of Hs68 cells in the presence of T-2 toxin, in a dose- and time-dependent manner, increased the level
of mtDNA damage in both tested mtDNA regions: NADH dehydrogenase subunit 1 (ND1) and
NADH dehydrogenase subunit 5 (ND5). In conclusion, the results of the in vitro study revealed
that T-2 toxin shows adverse effects on Hs68 cell mitochondria. T-2 toxin induces mitochondrial
dysfunction and mtDNA damage, which may cause the disruption of adenosine triphosphate (ATP)
synthesis and, in consequence, cell death.

Keywords: T-2 toxin; mitochondria; mtDNA damage; Hs68 cell line; skin

1. Introduction

Mitochondria are essential organelles playing a key role in various cell processes. They
are frequently called the “powerhouses of the cell”. This is mainly due to the fact that their
primary and most well-described role is in adenosine triphosphate (ATP) production via
oxidative phosphorylation (OXPHOS), which is executed by the mitochondrial electron
transport chain (ETC) [1,2]. However, mitochondria are also responsible for iron-sulphur
cluster formation, calcium handling, lipid metabolism, reactive oxygen species (ROS)
generation, cell signaling, apoptotic activation, and mediation of cell growth and death [3,4].
The mitochondrial membrane potential (MMP) generated by proton pumps (complexes I,
III, and IV) is a key indicator of mitochondrial activity. It reflects the process of electron
transport and oxidative phosphorylation and provides the driving force for ATP synthesis
in mitochondria [5]. Furthermore, MMP is required for mitochondrial protein import and
for regulating metabolite transport [6]. A loss of MMP is a signal of bioenergetic stress and
may cause the release of pro-apoptotic factors leading to cell death [7].
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Mitochondria contain their own genome: mitochondrial DNA (mtDNA), housed in
the mitochondrial matrix [8]. The mitochondrial genome is circular, double-stranded,
and contains very few introns, and it is built of 16,569 base pairs. Mitochondrial DNA
possesses a small number of genes, which encode 13 proteins, 22 transfer RNAs (tRNAs),
and 2 ribosomal RNAs (rRNAs): 125 and 165 in humans. These proteins are important
components of the mitochondrial respiratory chain (MRC) and of the ATP synthase complex,
while tRNA and rRNA are required for translation [9]. One mitochondrion can contain
2-10 copies of mtDNA, and up to 1000 mitochondria are present per cell [10]. Transcription,
translation, and replication of mtDNA, including the synthesis of ribosomal proteins,
are under nuclear regulation. As a consequence, mitochondrial function depends on
coordinated interaction between nuclear DNA (nDNA) and mtDNA-encoded proteins,
protein assembly factors, and chaperone proteins, which are involved in protein folding and
scaffolding and structural support [11]. mtDNA is inherited exclusively maternally, while
the sperm-borne mitochondria are mostly degraded by autophagy after fertilization [12].

T-2 toxin belongs to the group of type A trichothecene mycotoxins and is produced
by various Fusarium species, such as F. sporotrichioides, F. poae, and F. tricinctum [13]. T-2
mycotoxin contaminates a variety of grains, including wheat, barley, maize, rice, oat, and soy-
beans, and therefore poses a risk to human and animal health [14]. The European Food Safety
Authority (EFSA) established new standards for T-2 toxin: a tolerable daily intake (TDI) of 0.02
ug/kg body weight (bw) per day and an acute reference dose (ARfD) of 0.3 pug/kg bw [15].
T-2 is considered one of the most toxic trichothecenes [16]. It is mainly harmful to human and
animal digestive, reproductive, nervous, and immune systems. T-2 shows dermal toxicity,
hematotoxicity, carcinogenic, and mutagenic effects [17]. T-2 toxin is a low molecular chemical
compound with a weight of approximately 466.51 Da [18]. According to [UPAC nomencla-
ture: 1R 9R,10R,11S,12R(-11-acetyloxy-2-(acetyloxymethyl)-10-hydroxy-1,5-dimethylspiro(8-
oxatricyclo(7.2.1.02,7))dodec-5-ene-12,2’-oxirane)-4-yl)-3-methylbutanoate. The epoxy rings
at the C-12 and -13 positions are responsible for toxicological activity [19]. This structure is
responsible for T-2 toxin’s lipophilic character and the fact that it can be immediately absorbed
by exposed cells [20]. The main effect of T-2 toxin is protein synthesis inhibition, which leads
to the secondary disruption of DNA and RNA synthesis. Toxin also causes lipid peroxidation
and reactive oxygen species (ROS) generation, as well as apoptosis and necrosis [21,22].

Studies have shown that T-2 toxin causes DNA damage [23-25]. Cells are able to use
many mechanisms in order to repair their DNA; thus, the integrity of nuclear (nDNA) and
mitochondrial DNA (mtDNA) can be maintained. In the absence of damage recognition
or repair fails, an accumulation of DNA lesions appears [26]. mtDNA is associated with
a sustained 10-fold higher level of damage in comparison to nDNA due to the lack of
protective histone proteins in mitochondria [27]. The apparent lack of mtDNA repair
mechanisms and also the low fidelity of the mtDNA polymerase lead to a higher mutation
rate in the mtDNA compared to the nuclear genome [28]. Moreover, mtDNA is particularly
susceptible to mutation due to the production of ROS in mitochondria during respiration,
which can cause oxidative lesions in mtDNA [29,30]. mtDNA is more susceptible to damage
than nDNA, mainly due to the fact that the entire mitochondrial genome codes expressed
genes, whereas the nuclear genome contains a large amount of nontranscribed sequences.
Furthermore, in contrast to nDNA, mtDNA is continuously replicated, even in terminally
differentiated cells such as cardiomyocytes [31].

In our previous study performed on the human skin fibroblast Hs68 cell line, it was
demonstrated that T-2 toxin in a dose and time-dependent manner had cytotoxic effect. The
bioluminometry results showed that the relative levels of ATP in the treated cells decreased.
Further analysis of the toxin’s impact on the apoptosis induction and necrosis processes
clearly indicates the necrosis process in treated cells. This paper contains the results of
an in vitro human skin fibroblast model study and reveals for the first time that T-2 toxin
induces necrosis as an effect of toxicity [32].

Due to the lack of information on the T-2 molecular mechanisms of action on the skin
and the effects of this toxin on mitochondria, in vitro studies with a cell line of normal
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human fibroblasts Hs68 were conducted in order to explain the effect of this toxin on
mitochondria and mtDNA.

2. Results
2.1. Assessment of Mitochondrial Membrane Potential (MMP)

In the first step of our study, T-2 toxin’s effect on cell mitochondria’s physiological
status was determined. The effect of T-2 toxin on a cell line of normal human fibroblasts
Hs68 mitochondrial membrane potential was examined. MMP plays a key role in mito-
chondrial homeostasis through the selective elimination of dysfunctional mitochondria.
The treatment of cell line resulted in a dose- and time-dependent changes of tetraethylbenz-
imidazolylcarbocyanine iodide (JC-1) monomer fluorescence aggregates ratio (Figure 1),
which indicated a decrease in the membrane potential in cells treated with T-2 toxin.
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Figure 1. The T-2 toxin effect on the mitochondrial membrane potential of Hs68 cells estimated by
the fluorescence dye JC-1 method. The values are presented as means & SD (1 = 6). * p < 0.5.

2.2. Assessment of Intracellular Reactive Oxygen Species (ROS) Level

The next step of the study was the assessment of the impact of T-2 on Hs68 mitochon-
dria by an evaluation of the intracellular generation of reactive oxygen species. In order to
perform this analysis, the experiments with 2’,7’-dichlorofluorescein diacetate (DCFH-DA)
dye, which oxidizes to highly fluorescent 2’,7’-dichlorofluorescein (DCF) in the presence of
intracellular ROS, were executed. The incubation of Hs68 cells with T-2 toxin at all tested
concentrations showed no impact on the intracellular ROS (Figure 2).

2.3. Mitochondrial DNA (mtDNA) Copy Number Quantification

The next experiments focused on the impact of T-2 toxin on the mitochondrial genome.
The potential genotoxicity of T-2 was observed as a change in the mtDNA copy number.
According to the cytotoxicity results, three T-2 toxin concentrations were tested: 0.1, 1,
and 10 uM. The incubation of the Hs68 cells with T-2 toxin in a dose- and time-dependent
manner decreased the number of mtDNA copies in the cells (Figure 3). In the case of the
highest tested concentration (10 uM) and a 48 h incubation period, the level decreased by
more than 100 times.
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Figure 2. The T-2 toxin’s effect on intracellular ROS production in the Hs68 cell line, measured as the
DCF fluorescence intensity. The values are presented as means =+ SD (1 = 6).
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Figure 3. The T-2 toxin’s effect on the mitochondrial DNA copy number in the Hs68 cell line,
measured by real-time quantitative polymerase chain reaction (rt-qPCR). The values are presented as
means =+ SD (n = 6). * p <0.05.

2.4. Determination of Mitochondrial DNA Damage

As a complementary study on the determination of T-2 toxin on the mitochondrial
genome of Hs68 cells, toxin genotoxicity by measurement of the mtDNA damage was
performed. The mtDNA damage, by semi-long-run quantitative real-time polymerase
chain reaction (SLR-qRT-PCR) amplification of the DNA isolated from cells exposed to
T-2 toxin at concentrations of 0.1, 1, and 10 uM for both 24 and 48 h, was examined. The
incubation of Hs68 cells with T-2 toxin in a dose- and time-dependent manner increased the
level of mtDNA damage in both tested mtDNA regions—NADH dehydrogenase subunit
1 (ND1) (Figure 4A) and NADH dehydrogenase subunit 5 (ND5) (Figure 4B).



Molecules 2023, 28, 2408

50f12

[>]

mtDNA ND1 - 24h mtDNA ND1 - 48h

o 207 . o 207 .

= 3

= = T

% 157 % 15

c c

Q 20

7] 7]

g 10 = g 10 *

3 * 3 .

g L £

: AT

(=] o

0——* T | 0- | T
0 0.1 1 10 0 0.1 1 10
T-2 Concentration (uM) T-2 Concentration (uM)

mtDNA ND5 - 24h mtDNA NDS5 - 48h

7 20+ £ 20+

= * -

o (=] *

> 154 S 154

7] 7] T

5 L s :

» 10 » 10

2 2

© * ko] *

8 5 2 5-

: L ;

[} ]

(=] o

o'i T T O'i T T
0 0.1 1 10 0 0.1 1 10
T-2 Concentration (uM) T-2 Concentration (uM)

Figure 4. (A,B) The effect of T-2 toxin on mtDNA lesion frequency per 10 kb DNA in the ND1 and
NDS5 genes, estimated using SLR-qRT-PCR amplification of the total DNA from the Hs68 cells. The
values are presented as means & SD (1 = 6). * p < 0.05.

3. Discussion

T-2 toxin has a unique character, which was the main reason behind the initiation of
our studies focused on the determination of the molecular mechanism of action of T-2 toxin
in in vitro human foreskin fibroblast cell line Hs68. The first paper [32] in the series of
our studies showed the necrotic potential of T-2 toxin alongside a strong reduction in ATP
production by cells. Consecutively, the aim of this paper was to present the impact of T-2
toxin on mitochondrial physiology and disruption of mitochondrial DNA.

The mitochondrial membrane potential is a driving force behind the transport of ions
and proteins, which is crucial for healthy mitochondrial functioning [5]. The decrease in
MMP might be an indicator of cell death and a cause of various pathologies [33]. A decrease
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in MMP was observed in both necrotic and apoptotic cell deaths. One theory proposes
that the ATP level (ATP may be the switch) determines whether cell destruction occurs by
necrosis or apoptosis. In this context, necrotic cell death is solely dependent on oxidative
phosphorylation for ATP. When the decrease in MMP occurs without ATP depletion,
apoptosis can develop. When the decrease in MMP is related to mitochondrial disfunction
and ATP depletion, necrotic cell death might occur [34]. This theory is decisively confirmed
by our studies. In this study, a strong decrease in the mitochondrial membrane potential in
cells treated with T-2 toxin (Figure 1) was demonstrated. In our previous paper [32], using
the bioluminometry method, we observed that the treatment of cell line resulted in a dose-
and time-dependent decrease in the level of luminescence, which directly corresponds to
the ATP level in the sample (see Figure 3 in [32]). The samples were from the same batch of
culture used in the current research. In this context, the potential mechanism of necrotic
cell death caused by T-2 toxin is dependent on the mitochondrial damage caused by the
ATP disturbance in oxidative phosphorylation.

ATP oxidative phosphorylation in mitochondria points to the fact that these organelles
are the main cellular consumers of oxygen. The redox enzymes present in mitochondria
cause the transfer of single electrons to oxygen and nonenzymatic production of O,~°.
Mitochondrial damage and physiological imbalance can cause a disproportion between
ROS production and removal, resulting in net ROS production [35]. The results presented in
Figure 2 demonstrate that the T-2 toxin at all tested concentrations and times did not change
the intracellular ROS level. This observation also confirms the fact that T-2 toxin inhibits
ATP oxidative phosphorylation. In a study of the role of mitochondria in T-2-induced
apoptosis of human chondrocytes, a decrease in the MMP of chondrocytes following T-2
toxin administration was shown. In addition, the ROS levels, as a mitochondrial apoptotic
factor, significantly increased. In addition, caspase-3 and caspase-9 were activated in those
chondrocytes [36]. This study shows that T-2 toxin can also decrease the MMP of fibroblast
cells, however, with no effect on the ROS level. Our previous study on T-2 toxin’s impact
on the induction of apoptosis and necrosis processes in a fibroblast cell line showed a lack
of caspase-3, which controls the fragmentation of DNA and morphological changes of
apoptosis, and caspase-7, which is related to the loss of cellular viability [32]. The lack
of changes in the ROS level and the activity of caspase-3/7, which are involved in the
apoptosis process, indicate a necrosis process as the impact of T-2 toxin on the fibroblast
cells. Additionally, experiments on the same samples using the double-staining flow
cytometry method, which were presented in our previous paper [32], demonstrated that
the T-2 mycotoxin resulted in both a dose- and time-dependent increase in propidium
iodide (PI) fluorescence in cells. At the highest tested concentration of the toxin, 100 uM,
the % of Pl-stained cells was 79% after 24 h of incubation and 93% after 48 h of incubation.

The next steps of the research presented in this paper focused on molecular damage,
which can be caused by the presence of T-2 toxin in mitochondria. mtDNA is crucial for
mitochondprial physiological status and function. mtDNA replication is independent from
the cell cycle and from nuclear DNA replication. This process is conducted by the encoded
polymerase v, the only DNA polymerase found in mitochondria [37]. A sufficient number
of mtDNA copies is necessary to meet their specific requirements for the generation of
cellular energy through oxidative phosphorylation [38]. mtDNA is susceptible to reactive
species generated from cellular metabolism and to environmental agents, including ther-
apeutic drugs, radiation, and industrial byproducts [39]. The significance of mtDNA in
homeostasis is evidenced by the fact that many diseases are caused by mtDNA depletion or
mutations [40]. Mitochondrial dysfunctions are associated with numerous human diseases,
such as neurodegenerative disorders, neurometabolic diseases, cardiovascular disorders,
cancer, or obesity [41]. This study shows that T-2 toxin can cause a significant decline in
the number of mtDNA copies (Figure 3). This observation confirmed previous conclusions
concerning mitochondrial damage and the disturbance of ATP production induced by T-2.
The molecular mechanism of this action is probably linked to mtDNA damage. As a final
confirmation of the responsibility of T-2 toxin for mtDNA damage, the analysis of mtDNA
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lesions in two genes—ND1 and ND5—was performed. The mitochondrial ND1 gene is
translated into the NADH-ubiquinone oxidoreductase chain 1 (ND1) [42], whereas the
ND?5 gene encodes the NADH-ubiquinone oxidoreductase chain 5 protein [43]. Both of
these proteins are subunits of NADH dehydrogenase—the largest of the five complexes
of the electron transport chain [44]. The results of our research presented in the current
paper demonstrate that the T-2 toxin induced mtDNA damage in both of the tested mtDNA
genes—ND1 (Figure 4A) and ND5 (Figure 4B). This observation confirmed the damaging
effect of T-2 toxin on mitochondrial function at the molecular level, which can, consequently,
lead to the inhibition of ATP production [32] and cell necrosis.

The studies performed by Pace et al. [45] demonstrated that T-2 toxin, in dose-
dependent manner, inhibited protein synthesis in isolated rat liver mitochondria. The
concentration of toxin, which inhibited 50% of protein synthesis, was approximately
0.05 uM. T-2 toxin was presented as an inducer of mitochondrial dysfunction and an
inhibitor of ATP synthesis in cardiomyocytes [46]. Many studies have also demonstrated
that T-2 toxin induced MMP loss [36,47-49].

It has been shown that other fungal toxins can also cause mitochondrial and mtDNA
damage. A study on ducklings showed that the administration of aflatoxin B; (AFB1) can
induce hepatic mitochondrial antioxidant dysfunction. An analysis of the ducklings’ liver
tissue revealed morphological changes, including fat necrosis, steatosis, and the formation
of lymphoid nodules, with infiltrated lymphocytes. AFB; exposure induced mitochondrial
swelling with increased opening of the liver mitochondrial permeability transition pore. In
addition, a sequence analysis of the mtDNA D-loop region indicated that AFB1 induces
mtDNA damage. Mutations in the D-loop region interfere with a transcription of the entire
mtDNA genome and possibly cause potent alterations in mitochondrial function [50].

In this paper, for the first time, we have demonstrated the molecular mechanism of
mitochondrial disfunction induced by T-2 toxin. The damaging of mitochondrial DNA can
be responsible for ATP synthesis disruption and can lead to cell death.

4. Materials and Methods
4.1. Reagents

Dimethyl sulfoxide (DMSO) and T-2 toxin from Fusarium sp. (cat. No T4887) were
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified
Eagle medium (DMEM) with 4.5 g/L glucose and L-glutamine, heat-inactivated fetal
bovine serum (FBS), penicillin—streptomycin mixture, and PBS (1X) without calcium or
magnesium were purchased at Lonza (Basel, Switzerland). The 5,5',6,6'-tetrachloro-1,1’,3,3'-
tetraethylbenzimidazol-carbocyanine iodide (JC-1) probe, Hank’s Balanced Salt Solution
(HBSS), 2/,7'-dichlorodihydrofluorescein diacetate (HDCFDA) probe and JC-1 dye were
from Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals were of molecular
grade or the highest quality available.

4.2. Cell Culture

In this study, the human foreskin fibroblast cell line Hs68 (ATCC® CRL-1635™),
obtained from the American Type Culture Collection (ATCC™, Manassas, VA, USA), was
used. The Hs68 cells were cultured in DMEM supplemented with 100 units of potassium
penicillin and 100 pg of streptomycin sulphate per 1 mL of culture media, 10% (v/v) FBS
and kept in an incubator with a 5% CO, atmosphere at 100% humidity and 37 °C.

4.3. Assessment of Mitochondrial Membrane Potential (MMP)

The MMP was assessed using tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
cationic carbocyanine dye, which accumulates in the mitochondrial membrane in a potential-
dependent manner. A high potential of the inner mitochondrial membrane leads to the
formation of dye aggregates. Depolarization and permeation of the mitochondrial mem-
brane lead to a breakdown of aggregates into monomers emitting green fluorescence with
excitation and emission values of 485 and 538 nm, respectively [33]. The cells used for
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analysis were seeded into 96-well, black plates with transparent bottoms (Greiner Bio-One,
Kremsmiinster, Austria) at a density of 1 x 10° cells/well in 50 pL culture medium and
allowed to adhere for 12 h. Next, cells were incubated with T-2 toxin in a concentration
range of 0.001 to 100 uM for 24 and 48 h. The untreated cells were used as a control.
After treatment, cells were preincubated for 30 min with 5 uM JC-1 dye in HBBS in a 5%
CO, atmosphere at 37 °C. The cells were centrifuged (300x g for 10 min at 22 °C) and
washed twice with the HBSS. The fluorescence was measured on a Bio-Tek Synergy HT Mi-
croplate Reader (Bio-Tek Instruments, Winooski, VT, USA), with filter pairs of 530/590 and
485/538 nm. The results are presented as a ratio of the aggregates to monomer fluorescence.

4.4. Assessment of Intracellular ROS Level

The relative level of intracellular ROS in cells was measured using the 2’,7'-dichlorodihydr-
ofluorescein diacetate (H2DCFDA) dye. The nonpolar, cell-permeable H2DCFDA was diffused
into cells and deacetylated by cellular esterase to the polar and membrane impermeable form
2/, 7'-dichlorodihydrofluorescein (H2DCF). H2DCF is nonfluorescent, but in the presence of
intracellular ROS, it rapidly oxidizes to highly fluorescent 2/,7’-dichlorofluorescein (DCF). The
fluorescence intensity is proportional to the ROS levels within the cell cytosol [51]. The cells
used for analysis were seeded into 96-well plates at 1 x 10° cells/well in 50 pL culture medium
and cultured at 37 °C for 12 h in a 5% CO,-containing environment. Next, the cells were
treated with T-2 toxin in the concentration range 0.001 to 100 uM and incubated for 24 and 48 h.
The untreated cells were used as the control. After treatment, the cells were incubated with
5 uM of 2/,7-dichlorofluorescein diacetate (DCFH-DA) (prepared in Tyrode’s Ca2+/Mg2+ free
buffer) at 37 °C for 45 min. The fluorescence was measured at a 480 nm excitation wavelength
and a 510 nm emission wavelength, using a Bio-Tek Synergy HT Microplate Reader (Bio-Tek
Instruments, Winooski, VT, USA), and expressed as the intensity of the DCF fluorescence.

4.5. Isolation of Total Genomic DNA from Cell Lines

To perform the analysis, cells were seeded at 3 x 10° cells per well and left in the
incubator for 12 h before the treatment procedures. Then, they were incubated with T-
2 toxin (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) in the concentration range
0.1 to 10 uM for 24 and 48 h. The working solutions of the T-2 toxin were made by
the direct dilution of the toxin in culture medium. The untreated cells were used as the
control. The total genomic DNA (mitochondrial and nuclear) from the cell pellets was
isolated using the commercially available EXTRACT ME RNA & DNA KIT (BLIRT S.A,,
Gdansk, Poland), according to the producer’s protocol. The DNA concentrations were
determined by spectrophotometric measurement of the absorbance at 260 nm. The purities
were calculated by a A260/A280 ratio using the Bio-Tek Synergy HT Microplate Reader
(Bio-Tek Instruments, Winooski, VT, USA). The purified DNA was stored at —30 °C until
further analysis.

4.6. Mitochondrial DNA Copy Number Quantification

The relative number of copies of human mtDNA using nDNA content as a standard was
evaluated by quantitative real-time PCR (qQRT-PCR). For quantification, two primer pairs for
mtDNA detection (ND1 and ND5) and two primer pairs for nDNA detection (SERPINA1 and
SLCO2B1) were selected. All primers were designed with the Primer3 software (http:/ /bioinfo.
ut.ee/primer3-0.4.0/ (accessed on 15 July 2021)) and synthesized by Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Complete nucleotide sequences for each gene were obtained from
the ENSEMBL database (https://ensembl.org/ (accessed on 15 July 2021)). The mitochondrial
ND1 (124 bp fragment size) and ND5 genes (124 bp fragment size) were amplified using the
pairs of primers (forward primer 5'-CCTAAAACCCGCCACATCTA-3’ and reverse primer 5'-
GCCTAGGTTGAGGTTGACCA-3'; forward primer 5'-AGGCGCTATCACCACTCTGT-3' and
reverse primer 5'-TTGGTTGATGCCGATTGTAA-3/, respectively). The amount of nuclear DNA
was determined using the SLCO2B1 (135 bp fragment size) and SERPINA1 (148 bp fragment
size) genes as a reference: forward primer 5'-GATCCCAGCCAGTGGACTTA-3/, reverse primer:
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5'-CCTGAAGCTGAGGAGACAGG-3'; forward primer 5'-TGCAGCTTCCTCTTCACAGA-3’
and reverse primer 5'-CTCAGCCCCAAGTATCTCCA-3/, respectively. The qRT-PCR was
performed using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA, USA). The qRT-PCR reaction mix was performed in a total volume of 10 pL with
1 x Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA),
250 nM of each primer, and 1 pL (5 ng) of genomic DNA. The cycling sequence was as
follows: enzyme activation at 95 °C for 10 min, then 40 cycles of 3 s denaturation at 95 °C,
30 s annealing at 65 °C, and 15 s extension at 72 °C, with plate reading at this step. The
reactions were performed in duplicate and included a negative control (without template
DNA). The cycle threshold (Ct) values were computed automatically and then analyzed
using CEX ManagerTM Software, version 3.1 (Bio-Rad Laboratories, Hercules, CA, USA).
The relative nDNA copy number was calculated using the formula 22! and 22, where
ACtl = Ct for SLCO2B1 — Ct for ND1; ACt2 = Ct for SERPINA1 — Ct for ND5. The relative
mtDNA copy number was calculated using the formula 2" and 4“2, where ACt1 = Ct
for SLCO2B1 — Ct for ND1; ACt2 = Ct for SERPINA1 — Ct for ND5.

4.7. Determination of Mitochondrial DNA Damage

The assessment of the mtDNA damage was performed using a semi-long-run quanti-
tative RT-PCR (SLR-qRT-PCR) [52]. The levels of DNA lesions in the tested region of the
mitochondrial genome were measured using two fragments of different lengths (i.e., short
and long fragments) located in the same mitochondrial genomic region. The sequences
of all primers used in this study are listed in Table 1. All primers were designed using
Primer3 software (http:/ /bioinfo.ut.ee/primer3--0.4.0/ (accessed on 17 July 2021)) and
synthesized by Sigma-Aldrich (St. Louis, MO, USA). The complete nucleotide sequences
for each gene were taken from the ENSEMBL database (https://ensembl.org/ (accessed on
17 July 2021)).

Table 1. Specifications of the SLR-qRT-PCR primers used for the quantification of mitochondrial
DNA damage.

Forward Primer Sequences Reverse Primer Sequence

Target Gene Symbol -3 ' —3)) Amplicon Length (bp)
) ) Long fragment: ATGGC- Long fragment: GATGAGT- 1214
ND1 (mitochondrially encoded CAACCTCCTACTCCT GTGCCTGCAAAGA
NADH: ubiquinone oxidoreductase
core subunit 1) Small fragment: CCTAAAAC-  Small fragment: GCCTAG- 124
CCGCCACATCTA GTTGAGGTTGACCA
) ] Long fragment: TCCAACT- Long fragment: AGGTGAT- 1156
ND5 (mitochondrially encoded CATGAGACCCACA GATGGAGGTGGAG
NADH: ubiquinone oxidoreductase
core subunit 5) Small fragment: AGGCGC-  Small fragment: TTGGTTGAT- 104

TATCACCACTCTGT GCCGATTGTAA

The SLR-qRT-PCR amplification was performed using a CFX96 Real-Time PCR De-
tection System (Bio-Rad Laboratories, Hercules, CA, USA). The SLR-qRT-PCR reaction
mix was performed in a total volume of 10 pL with 1 X Power SYBR Green PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA), 250 nM of each primer, and 5 ng of
template DNA. The PCR reaction conditions were enzyme activation at 95 °C for 10 min
followed by up to 40 cycles of 15 s denaturation at 95 °C, 30 s annealing at 65 °C, and
15 s extension at 72 °C (for short amplicons) or 45 s at 72 °C (for long amplicons). The Ct
values were computed automatically and then analyzed using CFX Manager™ software
(version 3.1). The DNA damage was calculated as lesion per 10 kb DNA of each region, by
including the size of a particularly long fragment. The following formula was used: lesion
per 10 kb DNA = (1 — 2~ (Along = Ashort)) 5 10,000 (bp)/size of long fragment (bp), where
Along and Ashort show differences in the Ct value between treated samples and nontreated


http://bioinfo.ut.ee/primer3--0.4.0/
https://ensembl.org/

Molecules 2023, 28, 2408 10 of 12

cells (control). The DNA isolated from the controls was used as a reference, while the Ct of
the large and small mitochondrial fragments was used for the DNA damage quantification.

4.8. Data Analysis

All obtained experimental values were elaborated using Microsoft Excel software (Red-
mond, WA, USA) and stated as mean values + standard deviations (SDs). The statistical
analysis was performed using StatsDirect statistical software V. 2.7.2. (Cheshire, UK). All
results were analyzed according to the normality of the distribution using the Shapiro-Wilk
test. The results were examined according to equality of variance via Levene’s test. The sig-
nificance of the differences among the values was analyzed using ANOVA, Tukey’s range
test (for data with normal distribution and equality of variance), or the Kruskal-Wallis test;
p < 0.05 was accepted as statistically significant [53,54].

5. Conclusions

We demonstrated for the first time that in an in vitro human skin fibroblast model, T-2
toxin has an influence on the physiological role of the fibroblast mitochondrial Hs68 cell
line. Based on our current and previous observations, we conclude that T-2 toxin reduces
the mitochondrial membrane potential and inhibits the production of ATP. The T-2 toxin-
induced damage to mitochondrial functions is a probable major cause of necrotic death
of Hs68 cells. The molecular mechanism of this toxic effect is related to mtDNA damage,
leading to the maintenance of its integrity, which is critical for proper organellar function.
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Abstract

T-2 mycotoxin is the most potent representative of the trichothecene group A and is produced by
various Fusarium species including F. sporotrichioides, F. poae and F. acuminatum. T-2 toxin has been
reported to have toxic effects on various tissues and organs and alike humans and animals suffer a
variety of pathological conditions after consumption of mycotoxin contaminated food. The T-2 toxin
unique feature is dermal toxicity characterized by skin inflammation. In this in vitro study we
investigated the molecular mechanism of T-2 toxin induced genotoxicity in human skin fibroblast - Hs68
cell line. For the purpose of investigation, the cells were treated with T-2 toxin in 0.1; 1 and 10 uM
concentrations and incubated for 24 h and 48 h. The alkaline comet assay results showed that, T-2 toxin
induces DNA alkali-labile sites. The DNA strand breaks in cells and the DNA damage level is correlated
with the increasing concentration and time of exposure to T-2 toxin. The evaluation of nuclear DNA
damage revealed that exposure to toxin resulted in increasing lesion frequency in Hs68 cells HPRT1 and
TP53 genes. Further analysis were focused on mRNA expression changes in two groups of genes:
involved in inflammatory and repair process. The level of mRNA increased for all examined
inflammatory genes (TNF, INFG, IL1A and IL1B). In the second group of genes related with the repair
process, the changes of expression induced by toxin in genes — LIG3 and APEX was observed. The level
of mRNA for LIG3 decreased, while for APEX increased. In the case of LIG1, FEN and XRCC1 no
changes in mRNA level between the control and T-2 toxin probes were observed. Additional, in silico
molecular docking analysis exhibited that T-2 toxin has a strong affinity to interact with the major
groove of the DNA double helix. In conclusion, the results of this study indicate that T-2 toxin shows
genotoxic effects on Hs68 cells, and the molecular mechanism of this toxic effect is related to nDNA
damage.

Keywords: T-2 toxin; skin; Hs68 cell line; genotoxicity; DNA



1. Introduction

Trichothecene mycotoxins are produced mainly by Fusarium species and are common
contaminants found in various cereals, including wheat, maize, barley, and other agricultural products.
Therefore, there is a major health and food safety concern due to their toxicity to both humans and
animals [1]. T-2-toxin is the most toxic representative of the trichothecene group A and is produced by
different Fusarium species such as F. sporotrichioides, F. acuminatum and F. poae It is extremely high
chemically stable under various environmental conditions like high temperature and UV light. What is
more, the T-2 toxin inactivation during feed production and processing is not always effective. The T-2
toxin lipophilic nature suggests that, it is easily absorbed through the intestines, pulmonary mucosa
and skin [2]. Numerous in vitro and in vivo studies showed that exposure to T-2 toxin can cause various
organ damage, including liver [3], kidney [4], intestines [5], brain [6], and reproductive system In
addition, unlike most biological toxins, T-2-mycotoxin is characterized by possessing highly irritating
effect on the skin [7]. In our previous study [8] performed on human skin fibroblast Hs68 cell line, the
T-2 toxin cytotoxic effect was demonstrated . This study clearly indicated that, the T-2 toxin induces
necrosis as a toxicity effect in in vitro human skin model. A variety of mechanisms of action have been
proposed for T-2 toxin. At the molecular level, T-2 toxin inhibits the protein synthesis by binding
peptidyl transferase, which is an integral part of the 60S ribosomal subunit. The inhibition of DNA and
RNA biosynthesis by T-2 toxin were also observed [9]. T-2 toxin interferes with metabolism of
phospholipids membrane, and increases the level of liver lipid peroxides [10]. Studies showed that toxin
also inhibits the mitochondrial function, mitochondrial electron transport system and mitochondrial
protein synthesis [11]. In vitro study also revealed cell membrane disruption and toxic effect of cell
division and cell proliferation after T-2 toxin exposure [12].

A number of studies have suggested that T-2 mycotoxin may induce DNA damage and
apoptosis. Chaudhari et al. investigated the molecular mechanisms of DNA damage induced by T-2
toxin and apoptosis in human cervical cancer (HeLa) cell line. The obtained results showed increased
levels of mitochondrial apoptogenic factors Bax, Bcl-2 and cytochrome-c followed by activation of
caspases-3, -7 and -9, leading to DNA fragmentation and apoptosis. Moreover, caspase-independent
apoptosis-inducing factor (AIF) pathway also leads to DNA fragmentation and apoptosis in T-2 toxin
treated HeLa cells [13]. In different study, the impact of T-2 toxin on reproductive cells using TM3
Leydig cells was investigated. DNA condensation and fragmentation were clearly observed in TM3
Leydig cells treated with T-2 toxin. According to the results, T-2 toxin inhibited cell proliferation and
induced cell membrane and DNA damage, which led to increase apoptosis in treated cells [14]. In vivo
study provided the evidence that T-2 toxin is genotoxic to pig lymphocytes at concentration of 3 mg/kg
feed leading to the lymphocyte DNA fragmentation [15]. Similar results were obtained in experiment
on chickens, where T-2 toxin caused DNA fragmentation in spleen leukocytes, when added at
concentration of 10 mg/kg feed [16]. Different study results indicated dose-dependent impaired
performance and DNA fragmentation in spleen leukocytes of broiler chickens induced by T-2 toxin [17].
Szabo et al. analyzed the T-2 toxin genotoxic effect in broiler chicken hepatocytes. The aim of this study
was to evaluate the effect of mycotoxin resulted in DNA damage in chicken liver cells. Results showed
the potential T-2 toxin DNA damaging effect after 14 days of exposure [18].

Although T-2 toxin has adverse effects on different tissues and organs, its molecular effects and
mechanism of action on the skin still remain unknown. The objective of this study was to investigate
the T-2 effects resulted in DNA damage in the in vitro model using normal human fibroblast Hs68 cell
line.

2. Results

2.1. DNA damage — comet assay



The level of DNA damage induced by T-2 toxin in Hs68 cell line was determined using an
alkaline version of the comet assay, which measure the amount of DNA alkali-labile sites and strand
breaks. Significantly higher DNA damage was noticed after treatment of the Hs68 cells with T-2 toxin
(p <0.05) (Figure 1). The increasing DNA damages has been demonstrated as an increasing % of DNA
in comet tail and decreasing of % DNA in head. The dose-dependent manner as well as time-dependent
manner were observed.
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Figure 1. Mean level of DNA strand breaks, alkali-labile sites and oxidative DNA damage induced by T-2 toxin in
Hs68 cells. Values present means + SD (n = 6). * p <0.05.

2.2. Determination of Nuclear DNA Damage— Semi-Long Run gRT-PCR (SLR-qRT-PCR)

As a next evaluation of T-2 toxin genotoxicity, the determination in nDNA damages in the
HPRT1 and TP53 regions was performed. The nDNA damage by SLR-qRT-PCR amplification of DNA
isolated from cells exposed to T-2 toxin at concentrations of 0.1; 1 and 10 uM in two incubation periods
- 24h and 48h were examined. It was observed that treatment of Hs68 cells by T-2 toxin in a dose- and
time-dependent manner increased the level of nDNA damage in both tested nDNA regions —
hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1) (Figure 2A) and the tumor suppressor
protein p53 (TP53) (Figure 2B). No significant difference in the level of damage was found between
evaluated regions. In both tested genes in case of probes treated by T-2 toxin at concentration 10 uM
after 48 hours the maximum of calculation possibilities (the highest attempts measurements) were

obtained.
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Figure 2 (A, B). The effect of T-2 toxin on nDNA lesion frequency per 10 kb DNA in HPRT1 and TP53 genes,
estimated by SLR-qRT-PCR amplification of total DNA from Hs68 cells. Values present means + SD (n = 6). * p <
0.05.

2.3. Analysis of Gene Expression

In order to evaluate the effect of T-2 toxin on expression of important in DNA damages genes,

a gene expression analysis at the mRNA level using the Real-Time PCR method were performed. The



evaluation of changes in mRNA expression of two group of genes was executed. First were the
inflammatory genes: Tumor Necrosis Factor (TNF), Interferon Gamma (INFG), Interleukin 1 alpha
(IL1A) and Interleukin 1 beta (IL1B). The second group was related with DNA repair process - DNA
LIGASE 1 (LIG1), DNA LIGASE 3 (LIG3), Flap Structure-Specific Endonuclease (FEN), X-Ray Repair
Cross Complementing 1 (XRCC1) and Apurinic/Apyrimidinic Endodeoxyribonuclease (APEX). The
results presented on Figure 3A-D demonstrate that T-2 toxin in a dose- and time-dependent manner
increased the level of mRNA for TNF, INFG, IL1A and IL1B. In case of INFG gene it was detected in
probes without T-2 toxin and probes treated by T-2 toxin at the lowest concentration (0,1 pM) however
the mRNA was detected in probes treated by T-2 toxin at the lowest concentration of 1 and 10 pM in
both incubation periods — 24 h and 48 h (Figure 3B).

In the next group of genes (Figure 4A-E) the changes of expression induced by T-2 toxin in two
of them — LIG3 and APEX was observed. The level of mRNA for LIG3 decreasing in a dose-dependent
manner (Figure 4B), while for APEX increasing of mRNA level (Figure 4E). In the case of LIG1 (Figure
4A), FEN (Figure 4C) and XRCC1 (Figure 4D) the were no changes in mRNA level between the control
and T-2 toxin probes.
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Figure 3. The effect of T-2 toxin on the expression of INF (A), IFNG (B), IL1 (C) and IL1B (D) genes (measured at
the mRNA level). The results are expressed as a mean of 2-4%t (according to the reference gene - 18S rRNA) + SD,

n=6.
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Figure 4. The effect of T-2 toxin on the expression of LIG1 (A), LIG3 (B), FEN (C) XRCC1 (D) and APEX (E) genes
(measured at the mRNA level). The results are expressed as a mean of 2- 2t (according to the reference gene - 185
rRNA) + SD, n=6.

2.4. In silico molecular docking

In our in silico study, computer-generated models of interaction DNA structure and T-2 toxin
was created. Due to the availability of only small DNA fragments in the databases of 3D structures, 3
different structures were docked — 1BDZ [19], BAAF [20] and 603T [21]. For each of these structure T-2
toxin showed a very strong affinity and generated structural conformer thermodynamically favorably
attached to the Eukaryotic DNA structures. The Table 2 shows the numerical values of the obtained

affinities of T-2 toxin for the individual DNA structures.



Table 2. The affinity of T-2 toxin to DNA structures. Results (affinity in kcal/mol) were obtained during analysis
with Autodock Vina 1.0 algorithm [15].

Generated conformer 1BDZ structure (affinity | 3AAF structure (affinity | 603T structure (affinity
in keal/mol) in kcal/mol) in kcal/mol)
1 -6.0 -5.0 -6.0
2 -5.7 -4.9 -5.7
3 -5.6 -4.7 -5.7
4 -5.4 -4.7 -5.1
5 -5.4 -4.6 -5.0
6 -5.3 -4.4 -5.0
7 -5.3 -4.3 -4.8
8 -5.2 -4.2 -4.8
9 -5.2 -4.2 -4.8

As a reference point for the obtained affinity values for the T-2, the reference compound toxic to the
DNA structure were performed. For these analyses, sulfur mustard was selected, which possess the
ability to attach to DNA molecules (the so-called alkylating compound). The obtained affinity values
for sulfur mustard (numbers given below in table 3) are much lower (oscillating around -2 kcal/mol)
than those of T-2 toxin.

Table 3. The affinity of sulfur mustard to DNA structures. Results (affinity in kcal/mol) were obtained during
analysis with Autodock Vina 1.0 algorithm [15].

Generated conformer 1BDZ structure (affinity | 3AAF structure (affinity | 603T structure (affinity
in keal/mol) in kcal/mol) in kcal/mol)
1 -2.5 2.1 -2.3
2 2.3 -2.0 2.1
3 2.3 -2.0 2.1
4 -2.0 -1.9 -2.0
5 -1.9 -1.9 -2.0
6 -1.9 -1.9 -1.9
7 -1.9 -1.8 -1.9




Detailed analysis of the mycotoxin binding site within the DNA molecule shows that mycotoxin T-2 has
a strong affinity to interact with the major groove of the DNA double helix. On the example of the DNA
structure - 1BDZ, it was observed that all conformers were joined within this site in double-stranded
DNA. An example of such interaction is presented in Figure 5.

Figure 5. 3D structures of the DNA - T-2 toxin binding site. The DNA fragment crystal structure (PDB: 1 BDZ) was
taken from the RCSB PDB databank (http://www.rcsb.org/). 3D ligand structure was obtained from the PubChem
website (http://pubchem.ncbinlm.nih.gov/). Autodock Vina 1.0 together with Autodock Tools v 1.5.6rcl software



was used for docking. Visualization of the docking results (conformation with the highest affinity), was rendered
using Swiss-PdbViewer.

3. Discussion

The T-2 toxin possess harmful toxic effects on humans and animals [12,22]. Although various
studies have examined DNA damage in different in vitro and in vivo models [3,13,23,24], no reports have
focused on this effects of T-2 toxin on human skin. Herein, we report that T-2 toxin induces nuclear
DNA damages in human Hs68 cell lines.

DNA is the basic unit of inheritance and a template for the processes of replication and
transcription, making the maintenance of genetic stability crucial for viability. It is also an intrinsically
reactive molecule and is highly susceptible to chemical modifications by various endogenous and
exogenous (environmental) agents [25]. DNA damage is a common phenomenon for every cell during
its lifetime and is defined as a change in the chemical structure of genomic DNA. Most of the
endogenous DNA damage arises from the chemically active DNA involved in oxidative and hydrolytic
reactions with reactive oxygen species (ROS) and water, respectively, that are naturally present within
cells [26]. Cells may also accumulate somatic genome changes due to the errors during DNA replication
in the form of base small insertions or deletions (indels), substitutions, and gross chromosomal
rearrangements. DNA damaging events caused by endogenous agents generally occur much more
frequently than damage caused by exogenous agents [27]. The source of exogenous DNA damage are
ionizing radiation (IR), ultraviolet (UV), and various chemical agents [28]. IR is a type of high-energy
radiation which is able to release electrons from atoms and molecules generating ions that can break
covalent bonds. IR directly affects DNA structure by inducing DNA breaks, in particular DNA double-
strand breaks (DSBs). The secondary effect is ROS generation that oxidize lipids and proteins and also
induce several DNA damages such as generation of a basic sites and single strand breaks (SSBs). Taking
together, these changes induce mitotic failure and cell death [29]. UV is a form of non-ionizing radiation
that is emitted by the sun and different artificial sources like tanning beds, some halogen, fluorescent,
and incandescent lights or mercury vapor lighting [30]. UV radiation causes DNA damage indirectly by
producing ROS, and directly by covalent modification of neighboring pyrimidines. Two major UV-
induced DNA lesions are cyclobutane pyrimidine dimers, and 6-4 photoproduct that is characterized
by the formation of a covalent bond between two adjacent pyrimidine bases: C6 of the 5'-base and C4
of the 3'-base. DNA damage induced by UV radiation causes genetic alterations resulting in
mutagenesis and cancer formation [31]. Another exogenous DNA damage is caused by alkylating
agents. Major sources of external alkylating agents include industrial processing, tobacco smoke,
chemotherapeutic agents and dietary components. The cytotoxic effect of alkylating agents is mainly
due to the alkylation of DNA bases that can interfere essential DNA processes like DNA replication
and/or transcription [32]. Alkylating agents react with the nitrogen’s (N) ring and extracyclic oxygen
(O) atoms of DNA bases to form a variety of covalent adducts ranging from simple methyl groups to
complex alkyl additions. DNA damage generated by these agents depends on its specific chemical
reactivity (Sn1-type or Sn2-type nucleophilic substitution), number of reactive sites in the alkylating
agent (monofunctional or bifunctional), the type of alkyl group addition and the DNA substrate (single-
stranded or double-stranded) [33]. Monofunctional agents contain one active chemical moiety to modify
a single site in DNA, while bifunctional agents contain two reactive groups that can bond to separate
DNA bases, forming interstrand crosslinks. Sn2-alkylating agents mainly target ring nitrogen atoms in
DNA bases, whereas Sn1-alkylating agents can modify these nitrogen and the extracyclic oxygen
groups. Depending on the nature of the nucleophile and of the alkylating agent, preferential sites of
alkylation in DNA can be distinguished. Generally, base alkylation mainly occurs on position guanine
N7 and O6, adenine N1 and N3, and cytosine N3. Most of the monofunctional methylating agents
induce the formation of N7-methylguanine (7meG) as the dominant methylation adduct, which



accounts for 60-80% of all alkylation changes in DNA. 7meG does not have any cytotoxic and mutagenic
properties but it is prone to spontaneous depurination forming apurinic (AP) site that is toxic and
mutagenic. Monofunctional methylating agents can also generate N3-methyladenine (3meA) as the
other N-methylation product, which accounts for 10-20% of all methyl adducts. The 3meA is highly
cytotoxic, as it can block most DNA polymerases and thus inhibit synthesis of DNA [32,34]. Among the
DNA oxygen atoms , the O6 position of guanine is primary site of methylation by Sx1-type agents for
generating O6-methylguanine (O6meG). Induction of O6meG lesions is of crucial biological importance
as O6meG can easy mispair with thymine during DNA replication to cause many of the cytotoxic and
mutagenic effects [34]. Sulfur and nitrogen mustards are highly reactive bifunctional alkylating agents.
These compounds react readily with N7-guanine and, to a lesser extent, with N3-adenine and
N7-adenine forming N-monoadducts. Then, these monoadducts can react with another base to form
guanine—guanine (G-G) and guanine—adenine (G-A) inter-strand crosslinks [35].

This study is continuation of our in vitro research focused on T-2 mechanism of action on human
skin model. In our previous study [8] we demonstrated the necrosis potential of T-2 toxin with strong
reduction of ATP production by cells. We also determined the impact of T-2 toxin on mitochondria
physiology and disruption of mitochondrial DNA (mtDNA) [36]. This study focuses on the nDNA
damage of the human normal fibroblast cell line — Hs68 as a results of exposure to T-2 toxin.

The comet assay (single cell gel electrophoresis) is a method for measuring DNA damage in
eukaryotic cells. There are two types of comet assay. Neutral comet assay is used to detect DNA double
strand breaks (DSBs). Alkaline version of comet assay is the most widely used and is appropriate for
smaller amounts of DNA damage, including DNA single strand breaks (SSBs) and DSBs, SSBs
associated with incomplete excision repair sites, alkali-labile sites and DNA-DNA or DNA-protein
cross-linking. Both versions allow visualization of fragmented DNA, and provide a simple way to
quantify DNA damage [37]. Comet assay is considered as a sensitive method for in vitro and in vivo
genetic toxicological studies and is also suitable for various research areas, like molecular biology [38],
environmental monitoring [39] and medicine [40]. In various studies genotoxic effect of T-2 toxin was
measured by comet assay. In Szabo et al. [18] study, comet assay was used to investigate the DNA
damaging effects of T-2 and HT-2 mycotoxins in the liver of broiler chickens. Results showed that comet
assay was successfully adapted to chicken hepatocytes, and the DNA damage was determined by a
decrease of the DNA % in the comet tail in the experimental groups. Each toxin-treated group differed
significantly from the control group, indicating that this assay can be useful for the evaluation of
primary DNA damage caused by T-2/HT-2 mycotoxins. In different study, the rate of DNA damage
caused by T-2 toxin in healthy porcine mononuclear cells was assessed. As T-2 toxin concentration
increased, the frequency of intact lymphocytes decreased from 50.2% (0.1 uM) to 36.3% (1.0 uM) within
the first 24 h. It was concluded that a dose- and time-dependent DNA damaging effect of T-2 toxin could
be demonstrated using peripheral blood mononuclear cells from porcine by alkaline comet assay [41].
However, this is the first study in which the normal human fibroblast cell line - Hs68 exposed to T-2
toxin was used in comet assay to detect the time and concentration dependent DNA damaging effects.
Using this technique, we evaluated the rate of DNA damage caused by T-2 toxin in increasing
concentrations after 24 h and 48 h incubation. Our results showed that T-2 toxin induces DNA alkali-
labile sites and strand breaks in Hs68 cell line. The level of DNA damage in cells is correlated with the
level and time of T-2 toxin exposure. These results confirm that T-2 toxin is toxic to fibroblast cells, and
this toxicity includes DNA damage.

The HPRT1 (hypoxanthine-guanine phosphoribosyltransferase) gene is believed to be a
housekeeping gene and is the most frequently analyzed in DNA damage studies. The protein encoded
by this gene is an enzyme transferase which plays a crucial role in the generation of purine nucleotides
through the purine salvage pathway. HPRT1 enzyme recycles nucleotides to supply for DNA and RNA
synthesis in vital and actively dividing cells, explaining the great presence of HPRT1 in most tissues It



is considered that HPRT1 functions in multiple housekeeping roles, including cell cycle and
proliferation mechanisms, DNA replication and repair or RNA metabolism [42]. TP53 gene encodes a
TP53 protein containing transcriptional activation, DNA binding, and oligomerization domains. The
TP53 protein provides substantial functions in the cellular response to various stresses and ensures the
maintenance of genome integrity. It responds to diverse cellular stresses to regulate expression of target
genes, hence inducing DNA repair, cell cycle arrest, apoptosis or metabolic adaptations [43]. Both of
these genes play an essential role in cell function. In this study, we evaluated the effect of T-2 toxin on
nDNA lesion frequency in HPRT1 and TP53 genes from Hs68 cells. According to the results, T-2 toxin
increases DNA lesions in evaluated regions in a dose- and time-dependent manner. It confirms that T-
2 toxin has toxic effect to fibroblast skin cells, and this effect includes nDNA lesions.

A number of cytokines, especially Interleukin 1 (IL1) and tumor necrosis factor (TNF), play a
significant role in the initiating of inflammatory process. They are secreted by different cells including
macrophages, monocytes and adipocytes. Together with various cytokines and growth factors such as
Interleukin 8 (IL8) and the granulocyte-macrophage colony-stimulating factor (GM-CSF), induce gene
expression and protein synthesis. Thus mediating the onset and development of inflammation process.
IL1A and IL1B, which belong to the group of cytokines, which are elements of innate and adaptive
immunity, acting as mediators of inflammation. Interleukins are classified as proteins and are mainly
synthesized by leukocytes, although they can also be produced by non-immune cells such as endothelial
cells in response to inflammation. Despite the significant similarities of both interleukins in structure,
biological activity, and the same type of receptor, the key difference between both ILs is the place where
they interact with other cells. IL1A associates with the cell membrane of the cells in which it is produced,
from where it affects the cells in the immediate vicinity, while IL1B, synthesized in the form of pro-
interleukin, which requires caspase 1 to activate, is secreted into the blood, acting systemically [44]. The
level of gene expression of both ILs, and thus the activity of cytokines, is low in the case of good health,
and increases under the influence of inflammation. The increase in gene expression of both ILs suggests
that T-2 toxin induces inflammation in Hs68 cells. A particularly significant increase in expression is
observed in the IL1B gene, which may indicate that the inflammation induction associated with cell
DNA damage, resulting in the cell's necrotic pathway, may affect other, distant cells in the context of
the entire organism.

The APEX gene is responsible for encoding the major human endonuclease AP sites resulting
in DNA damage. In the case of DNA replication containing AP sites, random insertion of a nucleotide
may occur during the synthesis of a new strand of DNA. To eliminate replication errors that could result
in mutation, cells have developed a system to identify and repair AP sites. AP endonuclease leads to
cleavage of the phosphodiester backbone from the 5' end towards the AP site, initiating base excision
repair (BER) [26]. The APEX protein is ubiquitous in the organism, but variable levels have been found
in various types of cancer, like hepatocellular carcinomas, breast carcinomas, rhabdomyosarcomas or
gastric carcinomas. According to the Kim et al. [45] study results on the expression of APEX as a
potential diagnostic biomarker of clear cell renal cell carcinoma and hepatobiliary carcinomas suggest
active extracellular secretion of APEX from cancer cells, activated stromal and inflammatory cells. Thus,
it can be seen that APEX gene expression increases with the level of DNA damage. LIG3 encodes a
protein functioning in DNA replication and repair pathways, including nucleotide excision repair, base
excision repair and single-strand break repair. LIG3 is also involved in the repair of DNA double-strand
breaks when nonhomologous end joining (NHE]) activity is impaired. The LIG3 gene is ubiquitously
expressed at low levels in almost all human tissues and cells [46]. Treatment of Hs68 cells with T-2 toxin
at appropriate concentrations resulted in an increase in APEX genes expression, which indicates an
increase in cell’'s DNA damage caused also by the appearance of AP sites. Decrease in LIG3 gene
expression can be a result of substantial cells damage and as a consequence impairment of DNA repair
mechanisms.



The molecular dockings performed in our study were subjected to confirm or deny the potential
interaction between T-2 toxin and small fragments of double-stranded DNA molecules: 1BDZ [19],
3AAF [20] and 603T [21]. Docking software computes the best conformation and placement of chemical
compounds ligands in a 3D structure of biomolecule. For our study, we used the AutoDock Vina
program, which combines some of the advantages of knowledge-based potentials and empirical scoring
functions. It extracts empirical information from both the conformational preferences of the receptor-
ligand complex and from experimental affinity measurements [15]. The results of in silico analysis
clearly demonstrated interaction of T-2 toxin with DNA structure. To make the assessment of the affinity
energy of mycotoxins for DNA even more illustrative, a comparison to sulfur mustard was performed.
The second docking of the same fragments of the DNA structure to sulfur mustard, equally toxic to
DNA, was executed. The affinity results of dockings are presented in Table 1 and 2 and confirmed that
T-2 toxin has a very strong affinity for DNA structures. After analyzing the results of the affinity of the
reference compound to DNA structures and comparing them with the binding energy of the tested toxin
to DNA, it can be stated that the affinity of T-2 toxin to the DNA chain is at least twice as high as that of
toxic sulfur mustard.

4, Conclusions

We demonstrated for the first time that in in vitro human skin fibroblast model, T-2 toxin shows
genotoxic properties. Results presented in this study showed that T-2 toxin exposure causes DNA
fragmentation, decrease the expression of repair process gene and increase the expression of
inflammatory genes. Moreover, in silico analysis exhibited that T-2 toxin has a strong affinity to interact
with the major groove of the DNA double helix. The molecular mechanism of this toxic effect is related
tonDNA damage, leading to the impaired cellular function and cell loss.

5. Materials and methods
5.1. Reagents

Dimethyl sulfoxide (DMSQO), T-2 Toxin from Fusarium sp. (cat. No T4887) DAPI (4',6-diamidino-
2-phenylindole), low and normal melting point agarose were obtained from the Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). Penicillin-Streptomycin mixture, Dulbecco's Modified Eagle
Medium (DMEM) with 4.5 g/L Glucose and with L-Glutamine, fetal bovine serum (FBS) heat
inactivated, PBS (1X) without calcium or magnesium were purchased in Lonza (Basel, Switzerland).
High-Capacity cDNA Reverse Transcription Kit, TagMan probes and Universal Master Mix were
obtained from Life Technologies (Grand Island, NY, USA). All other chemicals were reagent grade or
the highest-quality available.

5.2. Cell Culture and Treatment

The human foreskin fibroblast line Hs68 (ATCC® CRL-1635™) was obtained from the
American Type Culture Collection (ATCC™, Manassas, VA, USA). Hs68 cells were cultured in DMEM
supplemented with 100 units of potassium penicillin and 100 pg of streptomycin sulphate per 1 mL of
culture media and 10% (v/v) FBS. Cultures were maintained at 37 °C in a humidified atmosphere with
5% COz. To perform analysis cells were seeded at 3 x 10¢ cells and left in incubator for 12h before
treatment procedures. Next the cell samples were incubated with T-2 toxin with a concentration range
of 0.1 to 10 uM for 24h and 48h. The working solutions of T-2 toxin were made by direct dilution of
toxin in culture medium. The untreated cells were used as control.

5.3. DNA Damage — comet assay



DNA damage in Hs68 cell line was estimated by the alkaline version (pH >13) of the comet
assay [47]. A freshly prepared suspension of cells in 0.75% low melting point agarose dissolved in
phosphate buffered saline was cast on a microscope slides precoated with 0.5% normal melting agarose
and then covered with a cover glass, and placed on a cold plate for 10 min. Next, cover glass was
removed, and cells were lysed for 1 h at 4 °C in a buffer consisting of 2.5 M NaCl, 100 mM EDTA, 1%
Triton X-100, 10 mM Tris, pH 10. Then, DNA was allowed to unwind for 20 min in electrophoretic
solution consisting of 300 mM NaOH, 1 mM EDTA. Electrophoresis was conducted for 20 min at electric
field strength 0.73 V/cm (30 mA) in a buffer of pH>13 (300 mM NaOH and 1 mM EDTA). After
electrophoresis, slides were washed twice with deionized water and left to dry out. For analysis,
samples were stained for at least 60 min with 2 pg/ml DAPI and covered with cover slips. Then the
comet pictures were captured at 200x magnification in an Eclipse fluorescence microscope (Nikon,
Tokyo, Japan) with COHU 4910 video camera (Cohu, Inc., San Diego, CA, USA) equipped with a UV
filter block consist of an excitation filter (359 nm) and barrier filter (461 nm) and connected to image
analysis system, Lucia-Comet v. 4.51 (Laboratory Imaging, Prague, Czech Republic). For each sample,
50 comets were randomly selected, and the comet’s tail DNA was measured. Two parallel tests with
aliquots of the same sample of cells were performed for a total of 100 cells. Each experiment was
repeated twice. Percentage of DNA in the tail (% tail DNA) was analyzed. The mean value of the % tail
DNA in sample was taken as an index of DNA damage.

54. Isolation of Total Genomic DNA from Cell Lines

Total genomic DNA (mitochondrial and nuclear) from the cell pellets was isolated by using the
commercially available EXTRACT ME RNA & DNA KIT (BLIRT S.A., Gdansk, Poland), according to
the producer’s protocol. DNA concentrations were determined by spectrophotometric measurement of
the absorbance at 260 nm. The purities were calculated by a A260/A280 ratio using the Bio-Tek Synergy
HT Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA). The purified DNA was stored at -30
°C until further analysis.

5.5. Determination of Nuclear DNA Damage — Semi-Long Run gRT-PCR (SLR-gRT-PCR)

The assessment of nuclear DNA (nDNA) damage was performed using the semi-long run
quantitative RT-PCR (SLR-qRT-PCR). The levels of the DNA lesions in the tested region of the nuclear
genome were measured using two fragments of different lengths, i.e., small and long fragments, located
in the same nuclear genomic region. The sequence of all primers used in this study are listed in Table 1.
All primers were designed using the Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and
synthesized by Sigma-Aldrich (St. Louis, MO, USA). Complete nucleotide sequences for each gene were
taken from the ENSEMBL database (https://ensembl.org/).

Table 1. SLR-qRT-PCR primers used for quantification of nuclear DNA damage.

Target gene Forward primer sequences Reverse primer sequence Amplicon
symbol (5'—>3) (5'—3" length

(bp)

TP53 Long fragment: Long fragment: 1172
(tumor protein p53) | GGGTGTAGATGATGGGG | AACTGCGGAATGAAACA

ATG ACC
Small fragment: Small fragment: 56
AAGCTGCTAAGGTCCCAC | GGAAAGATCGCTCCAGG
AA AA




HPRT1 Long fragment: Long fragment: 1018
(hypoxanthine AGGGCAAAGGATGTGTT | AGTGGTTTCTGGTGCGAC

phosphoribosyltran ACG TT
sferase 1) Small fragment: Small fragment: 69
TGCTGACCTGCTGGATTA | TCTACAGTCATAGGAATG
CA GATCTATCA

SLR-qRT-PCR amplification was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). The SLR-qRT-PCR reaction mix in a total volume of 10 pL included
1 x Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 250 nM of each
primer and 5 ng of template DNA. The PCR reaction conditions were as follows: enzyme activation at
95 °C for 10 min followed by up to 40 cycles of 15 s denaturation at 95 °C, 30 s annealing at 65 °C, and
15 s extension at 72 °C (for short amplicons) or 45 s at 72 °C (for long amplicons). The Ct values were
computed automatically and subsequently analyzed using the CFX Manager™ Software (version 3.1).
DNA damage was calculated as lesion per 10 kb DNA of each region, by including the size of the
particular long fragment. The following formula was used: lesion per 10 kb DNA = (1 - 2—(Along -
Ashort)) x 10,000 (bp)/size of long fragment (bp), where Along and Ashort show differences in Ct value
between treated samples and non-treated cells (control). DNA isolated from controls was used as the
reference while the Ct of large and small nuclear fragments was used for DNA damage quantification.

5.6. Gene expression analysis using Real-Time PCR

Total RNA from the cell pellets was extracted by using EXTRACT ME RNA & DNA KIT (BLIRT
S.A., Poland), according to the manufacturer’s protocol. RNA purity and concentration were
determined by comparing the absorbances at 260 and 280 nm using the Bio-Tek Synergy HT Microplate
Reader (Bio-Tek Instruments, Winooski, VT, USA). RNA was stored at —30 °C until further analysis.
cDNA was synthesized from total RNA using the High-Capacity cDNA Reverse Transcription Kit. A
sample of 2 pg of total RNA was used as a template in a total volume of 10 uL. Gene expression were
analyzed by TagMan probe-based real-time PCR assay. Reactions were carried out in a thermal cycler
CFX96™ Real-Time PCR Detection System (BIO-RAD Laboratories, Hercules, CA, USA). The thermal
cycling conditions were as follows: 10 min of polymerase activation at 95 °C, followed by 40 cycles of
30 s denaturation at 95 °C and 60 s annealing/extension at 60 °C. Each sample was run in triplicate. The
cycle threshold (Ct) values were calculated automatically by CFX96™ Real-Time PCR Detection System
software (BIO-RAD). Relative expressions of the studied genes were calculated using the equation 2-
ACt, where ACt = Ct target gene — Ct185 rRNA.

5.7. In silico molecular docking

The T-2 toxin ligand dockings to the DNA structure were calculated in silico with Autodock
Vina 1.0, an algorithm released by Scripps Research Institute [15] (http://vina.scripps.edu/), in
accordance with the previously used procedure [16-18]. The coordinates and PDB format structure of
the DNA structures were taken from the website of the RSCB Protein Data Bank (http://www.rcsb.org).
The  three-dimensional = chemical  structures  were  downloaded from  PubChem
(http://pubchem.ncbi.nlm.nih.gov/) and converted to pdb files using Avogadro 1.1.0, an open-source
molecular builder and visualization tool (http://avogadro.openmolecules.net/) [20]. DNA fragment
preparation for the docking procedure was performed in a Swiss-PdbViewer (http://spdbv.vital-it.ch/).

The non-bonded atoms presented in the crystal structure were removed. The DNA structure was
adapted in Auto Dock Tools v 1.5.6rcl (http://autodock.scripps.edu) [21] and the missing hydrogen

atoms, Gasteiger charges [22] as well as Kollman [23] united atom charges were calculated and assigned.
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The DNA structure file was prepared in .pdbqt format, which is pdb plus ““q”" charges and the ““t”
AutoDock type. The binding points were computed and the binding affinity of the ligand to the DNA
structure counted in kcal/mol. Analysis and visualization of the three-dimensional structures of the
DNA with the bound ligand was performed with the Python Molecular Viewer of Auto Dock Tools v
1.5.6rcl (http://autodock.scripps.edu) [21], and Swiss-PdbViewer (http://spdbv.vital-it.ch/) [24].

5.8. Data analysis

All obtained experimental values were elaborated using Microsoft Excel software (Redmond,
WA, USA) and stated as mean values + standard deviations (SD). The statistical analysis procedures
were made using StatsDirect statistical software V. 2.7.2. (Cheshire, UK). All data were analyzed using
the Shapiro-Wilk test for normality normal distribution. The results were examined according to
equality of variance via Levene’s test. The significance of the differences among the values was analyzed
using ANOVA: Tukey’s range test (for data with normal distribution and significant equality of
variance) or the Kruskal-Wallis test; p<0.05 was accepted as statistically significant [48,49].
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